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Abstract

In last decade, “Nanofillers” have been explored extensively in rubber
compounds to improve dynamic-mechanical properties. Three classes of nanofillers:
Clay minerals, Carbon nanoTubes and Graphitic nanofillers have been often used. Most
recently, an attention towards “graphene” as nanofiller was reported due to its
exceptional mechanical, thermal and electrical properties. In present Ph.D. thesis,
different types of commercially available “few layer graphene” were explored in both
apolar and polar diene rubbers. These nanofillers were dispersed with melt mixing
technique which is most suitable technology for industrial applications, such as for tires.

Structural-morphological characteristics of the nanofillers were made with SEM,
TEM, XRD and static adsorption isotherms. Features such as shape anisotropy, number
of graphene layers in a stack, BET surface area, surface activity and porosity of
nanofillers were obtained. Optical microscopy was employed to obtain filler dispersion
index and estimation of filler’s aggregates, agglomerates. Dynamic mechanical
properties of the rubber compounds were made with rheometric curves for scorch and
curing time, rheological properties through RPA (strain sweep and frequency sweep) for
viscoelastic properties and filler networking, stress-strain for tensile strength and multi-
hysteresis cycles for energy dissipation, dynamic mechanical thermal analysis for high
and low temperature properties, hardness of compound for processing features and tear
strength tests for compound durability. The electrical properties of rubber compounds
were investigated via dielectric AC conductivity and permittivity tests.

Epoxidation of diene rubbers (low rate, <10%) was obtained to investigate the
effects of presence of epoxy functional groups along polymer chains on filler
networking, polymer-filler interactions, filler dispersion and dynamic mechanical
properties of rubber compounds. Quantitative analysis of epoxidation, rate of
epoxidation and its influence on rubber matrix (such as change in glass transition
temperature) was investigated through *"NMR and DSC tests. Under multi-hysteresis
stress-strain cycles, it was found that a stable filler networking can reduce hysteresis

losses.
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Fillers-

CNTs - Carbon nanoTubes

FLG - Few Layer Graphene

GNP - Graphite nanoPlatelets

XGnP — exfoliated-Graphene nanoPlatelets
EG — Expanded Graphite

nanoG — nanoGraphite

OC - Organo Clay Minerals

CB — Carbon Black

Ingredients
ZnO — Zinc Oxide
CBS - Cyclohexyl Benzothiazol-2-Sulfenamide

Rubbers

SBR - Styrene Butadiene Rubber

IR — Synthetic Poly(1,4-cis-isoprene) Rubber

EIR — epoxidized -Synthetic Poly(1,4-cis-isoprene) Rubber
epoxy- SBR — epoxidized- Styrene Butadiene Rubber

NR — Natural Rubber

XNBR — Carboxylated Acrylonitrile Butadiene Rubber

Techniques and related abbreviations

SEM - Scanning Electron Microscope

TEM - Transmission Electron Microscope

XRD - X-Ray Diffraction

WAXD — Wide angle X-Ray Diffraction

FWHM — Width at Half Height

HCP — Hexagonal Close Packing

'NMR - protonated-Nuclear Magnetic Resonance
RPA — Rubber Process Analyzer

Few Layer Graphene Reinforced Rubber Compounds for Tires

Abbreviations



DMTA — Dynamic Mechanical Thermal Analysis
DSC - Dynamic Scanning Calorimetry

Other technical abbreviations

FPT — Filler Percolation Threshold

EPT — Electric Filler Percolation Threshold
SIC — Strain Induced Crystallization
(E-Eo)/Eq — Excess of Initial Modulus

phr — Per Hundred Parts of Rubber/Filler
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Symbols

~ - approximately

sp® — sp? carbon hybridization

sp® — sp® carbon hybridization

0-D — zero dimensional

1-D — one dimensional

2-D — two dimensional

3-D — three dimensional

hk¢ - miller indices for crystalline materials
D. - correlation length Dgo,, that means out-of-plane correlation length
D| - correlation length Dy, that means in-plane correlation length
A —wavelength

Boos - FWHM of 00¢ peak

0 — diffraction angle

Q—0Ohm

dB — decibel

M.U. — mooney units

rpm — rounds per minute

oF — filler’s volume fraction

o — stress

of — stress of filled rubber compound

oo — stress of unfilled rubber compound

y — strain

M_ — lowest torque value in rheometric curves
My — highest torque value in rhemoetric curves
t’g0 — curing time

G’ — storage modulus

G” — loss modulus

tand — loss tangent

G* - complex modulus

n’ — dynamic viscosity

D, — filler dispersion index

Q —swelling
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Ty — glass transition temperature

H,0, — peroxide

HCOOH — formic acid

X% - rate of epoxidation

Acpoxy — SUmM of integral protons area by appearance of epoxy functional groups
VIV, —surface coverage

Vm — monolayer volume

p/po — relative pressure

po — saturated pressure at 77 K
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Chapter 1

Introduction

A pneumatic tire is a toroidal, high performance rubber compound exhibiting
characteristics of a flexible-membrane pressure container with load carrying, cushioning,
and road handling capabilities. More than half of the total natural rubber and synthetic
rubbers and > 85% of the worldwide produced carbon black are presently consumed by

tire industries.

Due to increasing concerns on global warming for reducing green house gases,
tire companies are consistently addressed to make fuel efficient tires. Now-a-days, the
concept of “Green tires” is implemented which are characterized by low rolling

resistance, high abrasion resistance and low skidding.

1.1. Requirements of Green tires
1.1.1. EU Tire Labeling Legislation (Regulation EC Nr. 1222/2009)

Fuel efficiency
class

Wet Grip
Class

e e

Noise Class -
1222/2008 - C1

Figure 1.1: Concept of green tires [taken directly from Regulation EC Nr. 1222/2009]
Since 2009 onwards, a new EU tire labeling legislation enforces tire companies to
meet new requirements. The 1% label in figure 1.1 presents fuel efficiency class/rolling
resistance for the modern tires. A rolling tire deforms and dissipates energy actively.
Such energy that's lost is known as rolling resistance and directly affects fuel
consumption of the vehicle. The 2™ label presents the needfulness of tires to improve wet
grip and according to regulation EC 1222/2009. Wet grip is defined as the capacity of a
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tire to brake on a wet road. In 3" requirement, the exterior noise levels are measured in
decibel (dB) and shown as one, two or three sound waves on the label. One wave is the
best performance, three is the worst.

It is well known that “fillers” influences the hysteresis loss in rubber compounds.
In the last 2 decades, a significant improvement in properties (such as rolling resistance
reduced by ~18%) was achieved through various innovative methodologies, techniques
such as “silica technology”. However, further improvement from present levels is needed.
Recently, “Nanofillers” as new class filler materials are extensively explored to improve

dynamic mechanical properties of rubber compounds.

1.2. Nanofillers for green tires

New improved rubber compounds used for “green tires” are needed to balance
among important parameters such as low rolling resistance, high abrasion resistance and
good wet traction. Fuel efficiency, life-span and safety on wet roads are considered as
main requirements for high performance tires. %! Nanofillers are recently adopted as a
viable option to improve performance in rubber compounds in so-called “green tires”.
Most frequently used nanofillers are clay minerals ["*!, carbon fillers such as carbon
nanotubes (CNTs) 112 and graphitic nanofillers [ *2%. These nanofillers are made by
primary particles, with at least one dimension <1-100 nm that can be individually
dispersed in the rubber matrix. Their features such as high surface area, high aspect ratio
promotes higher dynamic-mechanical properties of rubber compounds. These
characteristic features of nanofillers require low content (less than 10% by weight) in a
rubber matrix to form filler networks, provided that they are uniformly dispersed as

individual particles in the rubber matrix. %%,

A significant aspect of achieving homogenous nanofiller dispersion can be
obtained through exploring different filler dispersing mixing techniques or improving
filler-polymer compatibility by using these nanofillers in pristine and modified forms. For
example, clay minerals are functionalized with liphofilic ions ™ and graphitic nanofillers

are modified through the various functional groups ***?" SBR is widely synthetic rubber

Few Layer Graphene Reinforced Rubber Compounds for Tires 2



(3] in tire industry due to its higher dynamic-mechanical properties, and durability of

compounds. Use of graphitic nanofillers in SBR is available in scientific literature %%,

However, in order to improve dynamic-mechanical properties of rubber
compounds based on these new class fillers, there are open problems such as to promote
uniform filler dispersion, improving filler networking and to improve polymer-filler
compatibility. This thesis focuses on part of these challenges via exploring low and high
surface area “few layer graphene (FLG)” as new class nanofillers into both apolar and

polar diene rubbers.
1.3. Objectives of the present thesis
Main objectives of the present thesis can be summarized as follows

1. To study elastomeric compounds based on diene rubber and carbon nanofillers
made by few layers of graphene (FLG) stacked in crystalline aggregates. Such
carbon nanofillers are characterized, commonly indicated in the thesis as “few
layers graphene or FLG”. Both apolar and polar diene rubbers are used for
compound preparation: poly(1,4-cis-isoprene) (IR) and styrene butadiene rubber
(SBR) as apolar diene rubber and nitrile butadiene rubber (NBR) and epoxidized
IR and SBR as polar diene rubbers.

2. To characterize FLG as nanofillers for determining their surface area, surface
activity and porosity. To prepare the rubber compounds without any treatment of
the pristine nanofillers prior to their mixing, in order to maintain the sp? nature of
the graphitic carbon atoms. The nanofillers must be dispersed with a technology

suitable for industrial development, such as melt mixing.

3. To study dispersion of FLG in polymer matrices through TEM or optical
microscopy. To utilize optical microscopy for calculating filler dispersion index,
and analysis of aggregates, agglomerates. Use of diene rubber with different
polarity, as an aim to enhance homogenous filler dispersion, improving filler

networking and ultimate mechanical properties.
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4. To study filler networking, assessing the content of nanofiller required to have
percolation, performing such determination through mechanical and electrical
measurements. To study ultimate properties of the elastomeric compounds,
determining in particular elongation, stress and elongation at break.

5. To identify the carbon nanofillers features that mostly affect their behavior in the

elastomeric rubber compounds and thus, the compound properties
1.4. Structure of the thesis

Introduction to the thesis is reported in the present Chapter (Chapter 1). Chapter 2
presents description on carbon allotropes, few layers graphene and rubber compounds
based on these graphitic nanofillers. Four chapters are then presented (Chapters 3-6),

dedicated to elastomeric compounds. Their content is summarized in Table 1.

Table-1: Description for chapters containing rubber compounds

S.No. | Chapter | Type of Rubber | Nature of | Type of Few Surface
Rubber Layer Graphene | area®

1. Chapter 3 | SBR, IR APOLAR | SFG6, KS4. Low
EXG 9840

2. Chapter 4 | SBR, IR APOLAR | xg C750, xg M5, | High
nanoG, CB-N234

3. Chapter 5 | NBR POLAR xg C750, xg M5, | High
UF1 C98, CB-
N339

4. Chapter 6 | Epoxidized-IR, | POLAR xg C750, High

Epoxidized-SBR CB-N234

2 Surface area (m%/g: are 13.8 for SFG6, 23.8 for KS4 and 39.5 for EXG 9840,
817.3 for xg C750, higher 168.3 for xg M5, 114.3 for CB-N234, 330.3 for nanoG, 91.8
for CB-N339).
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Finally, Chapter-7 describes the experimental part of thesis. More detailed
explanation of Chapters is reported as follows.

Chapter 2 focused on introduction to graphitic nanofillers in rubber compounds.
It describes structural and morphological features of graphite, its polymorphic forms,
concept of shape anisotropy and its uses as nanofillers. Dynamic-mechanical properties

of rubber compounds based on them are presented.

Chapter 3 describes the rubber compounds based on apolar IR, SBR polymer
matrix, with long-range filler-networking of a FLG (low surface area) as nanofiller
formed at lower filler concentration, without any treatment of the pristine graphite prior
to its mixing with the polymer. The structural and morphological characteristics of
nanofillers were shown and dynamic mechanical characteristics properties of rubber

compounds based on these nanofillers were reported.

Chapter 4 presents FLG (high surface area) reinforced rubber compounds in
apolar IR, SBR polymer matrix without any treatment of the pristine nanofiller prior to
its melt mixing with the polymer in small Haake 600®. The structural and morphological
characteristics of FLG as nanofiller were presented and their dynamic mechanical

characteristics, dielectric properties are described.

Chapter-5 shows FLG (high surface area) as nanofiller in polar NBR baased
rubber compounds with pristine state of nanofiller before its melt mixing with the
polymer in Big Haake 3000®. The characteristic features of FLG and other nanofillers are
described. The dynamic mechanical characteristics of FLG reinforced NBR compounds

are investigated.

Chapter-6 demonstrates improved polymer-filler interaction, filler dispersion of
pristine FLG (high surface area) as nanofiller in polar epoxidized-IR and SBR matrices.
The compounding was performed by melt mixing in Small Haake 600®. The
characteristic features of epoxidized rubber were presented. The dynamic mechanical

characteristics of few layer graphene reinforced NBR compounds were presented.

Chapter-7 presents details on materials, chemicals, preparation procedures and
characterizations techniques used in present research activity of the thesis.
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Chapter 2
Graphitic Nanofillers in rubber compounds

Carbon (with atomic number-6 and electronic configuration1s?2s?2p?) is well-
known for its allotropic nature. It exists in three main families that are diamond, graphite
and fullerenes. Diamond (sp* (tetrahedral) hybridization) and Graphite (sp® (trigonal)
hybridization) are naturally occurring form of carbon and are well known since centuries.
Fullerene (also known as Buckminsterfullerene or Bucky Balls) was first generated in
1985 ™M,

2.1. Graphite

Graphite, made up of sp? hybridized carbon atoms, arranged in a honey-comb like
structure, consists of carbon layers bonded with covalent and metallic bonding within
each layer. These layers are stacked in a hexagonal close packed (HCP) crystal structure,
held together by weak van der Walls forces (figure 2.1). The single 2-d layer in graphite

is also called as “graphene”.

+— Carbon atoms

F.m hm

0.67 nm

Van der Waals

—

Figure 2.1: Crystal structure of hexagonal graphite

2.1.1. Graphene — mother of all graphitic forms

Graphene is defined as “a form of carbon allotrope, consisting of planar sheets,
which are one atom thick (2-D), with the carbon atoms (sp? hybridized) arranged in a
honeycomb-shaped lattice”. It can be wrapped up into 0-D fullerenes, rolled into 1-D
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nanotubes or stacked into 3-D graphite and therefore regarded as “mother of all graphitic
forms” as represented in figure 2.2. 1

i f%gg*i Graphene (2 D)

Fullerence (0 D)

Carbon nanoTubes
(1D)

«— Few Layer
Graphene (3 D)

Figure 2.2: Graphene as mother of all graphitic forms; [adopted from reference] !

2.2. Description of Graphitic structure features and concept of shape anisotropy

2.2.1. Graphitic structure

X-ray diffraction (XRD) technique is often employed to investigate the crystalline
order of materials such as graphite. In general, XRD patterns of hexagonal graphite
shows three main reflections: 004, hkO and Ak€. As it is shown in figure 2.3, XRD
patterns of pencil graphite reveal 002 reflections at 25.80° as 26 value, corresponding to a
doo2 distance of 0.339 nm, and 004 reflections at 54.3° as 20 value. The dgo, distance
corresponds to the distance between adjacent planes. 002 reflection of pencil graphite
appear quite narrow. The 100 and 110 reflections at 42.9° and 77.3° as 20 values
respectively indicate the crystalline order in the structural layer. From wide angle X-ray
diffraction (WAXD) data, the dimension of crystallites, in directions orthogonal and
parallel to structural layers, can be estimated, by calculating the correlation length Dy,
that means the out-of-plane correlation lengths (D.), and the correlation length Do, that
means the in-plane correlation length (D). The D1 was calculated from 002 and 004

reflections by using the Scherrer equation:

Drke = 0.9/ Brke cosOnke
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where 0.9 is shape factor (scherrer’s constant), A is the wavelength of incident
beam, B is the width at half height (FWHM) and 6y is the diffraction angle. Taking into
account that the dog; interlayer distance is 0.339 nm, a number of about 3000 regularly

stacked layers in crystalline domain can be estimated for pencil graphite.

002 1 _

d=0.335

1 100 004
d=0.212 d=0.167

Intensity (in a.u.)
Intensity (in a.u.) *10

101 110
d,=0.203 d=0.123

A

10 20 30 40 40 50 60 70 80
20 ., (deg) 20, (deg)

Figure2.3: (a) Stack of pencils; (b) XRD pattern in 10° to 80° 26 range of crystalline
graphite obtained from pencil.

2.2.2. Concept of shape anisotropy
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Figure 2.4: XRD pattern in 10° to 80° 20 range of nanoGraphite (nanoG) obtained from
nano-G filler.
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The shape anisotropy is defined as the ratio (D) / D) between the crystallites
dimensions in directions orthogonal (D+) and parallel (D) to structural layers. B From
WAXD pattern of nanoGraphite (nano-G) as shown in figure 2.4, DL can be obtained
from 002 and 004 reflections, whereas the D| was determined from the 100 reflections.

The shape anisotropy of nanoGraphite (nano-G) is described in table 2.1 below —

Material doo2 DL Number of staked | D Shape anisotropy

(innm) | (innm) | layers estimated | (innm) | (D} /D)

nanoGraphite | 0.337 9.8 ~30 30.2 3.1
(nano-G)

2.3. Graphitic nanofillers in rubber compounds

Conventional fillers such as carbon black and silica are well-known source of
reinforcement and used in various rubber products such as tires [* ° Recently, carbon
nanofillers based rubber compounds are investigated to improve their dynamic and
mechanical properties. Apart from graphite and carbon nanotubes, an increasing interest
is for graphene, a two-dimensional (2D) sheet made of sp®-hybridized carbon atoms in an
extended honeycomb network. © It is due to its wonderful thermal, electrical, and
mechanical properties. Due to 2-d nature of Graphene and its high lateral dimension that
is a very high aspect ratio, make it an ideal candidate for use as filler in rubber or
polymer matrix. Its theoretical elastic modulus of 1 TPa, and the Young modulus of
1060 MPa, is many times higher than other nanofillers such as clay minerals. [7-9]
Therefore, remarkable efforts are made to prepare graphene or graphitic nanofillers made
by few layers of graphene to achieve such wonderful dynamic and mechanical properties

in rubber compounds.

Detailed reviews are available on different aspects of graphite nanoparticles
(GNP), describing their synthesis, modification and processing. GNPs are defined as a
type of graphitic nanofillers made up of stacked 2D graphene sheets. GNP are
characterized by a high surface area (theoretical value up to 2630—-2965 m?/g) 1 and

provide a high aspect ratio, when GNP aggregates are formed by a low number of
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graphene sheets. To achieve high aspect ratio, the reduction number of stacked layers in
GNP stack is attempted various techniques such as oxidation followed with chemical or
thermal reduction, intercalation or ultrasonic treatment in different solvents. GNPs are
reportedly used in variety of applications %! and as reinforcing filler in various
polymer and rubber matrixes. GNPs uses as nanofillers for polymers is recently reported
and reviews are already available on processing and mechanical and electrical properties
[24-42] of the ensuing polymer nanocomposites. GNP is used for thermoplastics *°*!! and
for thermosets, such as epoxy resins. 2 An improved dynamic-mechanical, thermal and

electric properties in these GNPs reinforced polymer matrix were reported.

Papers are available on GNPs reinforced elastomers [43-46: 48 49 51. 52,53, 55-591 g g

improved dynamo-mechanical, thermal and electric property was reported. GNPs were
used in both pristine and modified state to achieve a higher level of exfoliation. For
example, pristine GNP with a thickness of 10 nm was used to prepare electrically
conductive NBR-based composites . In other case, EG (prepared by microwave
irradiation of graphite oxide) was used and subsequently suspended in an aqueous
medium as graphite nanosheets with the help of a surfactant and microwave irradiation.
(541 Rubber compounds were finally prepared by adding suspended EG in NBR latex
under vigorous stirring and improved tensile and dynamic mechanical properties were
observed.®” To introduce more acid and hydroxyl groups onto the graphene layers,
commercially available EG was oxidized with acids. ! It was also reported that a master
batch based on EG and epoxidized NR was prepared by solution mixing and finally
compounding was carried out by melt blending. An improved mechanical, thermal, and

dynamic-mechanical property for EG reinforced epoxy-NR was obtained.

2.3.1. Dispersion of Graphitic nanofillers in rubber

As compared with carbon black, silica, clay minerals or CNTSs; graphitic
nanofillers have not been explored extensively in field of rubber reinforcement. Very less
data are available in which GNP and nanoGraphite were used as nanofillers. To obtain
graphene, GNP which has few layer graphene has been sonicated in many different
solvents and, in most cases, coating layers have been prepared, but no data appeared in

with isoprene rubbers is explored as the matrix. In some cases, melt mixing has been
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reported as a filler dispersing technique in IR as the rubber matrix:®®? a homogenous
nanoG dispersion was reported, though it was not possible to identify in the final

composite single graphene layer.

2.3.2. Polymer filler interactions

The reinforcement exerted by nanofillers depends essentially on polymer-filler
interaction. The investigation dealing with polymer-filler interaction is performed at
different ranges: (i) short range in which the nanofiller-polymer interface is investigated,
(if) medium range dealing with the tests performed under strain of the composite up to
about 25% (iii) long range, performing a strain of the composite higher than 25%, for
example Tensile tests in which we strain the sample upto elongation at break. Table 2.1
summarizes the characterization techniques adopted, as a function of the investigation
range, and the subjects of the investigation.

Table 2.1. Investigation of nanofiller-rubber interaction [**!

Range of the Characterization Subject of the
investigation technique investigation
Short range TEM, SEM, solid state | interface

NMR, Raman, bound rubber

Medium range Dynamic-mechanical tests break up of

nanofiller network

Long range Tensile, quasi static tests strength of nanofiller-

Raman rubber interaction

2.3.2.1. Interactions of Graphitic nanofillers with Isoprene rubber matrix
Graphitic nanofiller-rubber interaction has not explored yet. No data is available
for nano-graphitic fillers. Alternatively, investigations are dedicated to CNTs and Clay

minerals as nanofillers in which Polymer-filler interactions studies are explored. (%%

2.4. Properties of Graphitic rubber compounds
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2.4.1. Graphitic nanofillers based Isoprene rubber compounds

As of now, very few data are available for rubber compounds based on isoprene
rubber and nanoGraphite (nanoG).**®% These findings provides first preliminary
information on the reinforcing ability of nanoG in IR matrix. The tensile tests were
performed on compounds based on IR with an increasing amount of nano-G, from 1 to 60
phr. The filler percolation threshold (FPT) of nanoG was also described in these studies
which were calculated using Huber-Vilgis model. In this model, double logarithmic plot
of the excess of initial modulus (E - Eg)/Ep on nanoG content was taken where two
straight lines were identified, with slope 0.9 and 3.5, below and above the percolation
threshold, The FPT was found to be at 21.2 phr. The network formation occurs at a level
not much lower than one typical observe for traditional fillers such as CB (about 30 phr).
But, it was shown that nanoG promotes higher reinforcement with respect to CB. An
interesting feature of nanoG is the ability to allow high elongations at break for the
rubber compounds, appreciably higher than for CB based composites at lower loadings.

Recently, hybrid nanoG/CB filler systems prepared in IR as the rubber matrix
were also reported. In samples containing 60 phr of CB, a discontinuity was observed for
the dependence of the excess of modulus on nanoG content, at about 6 phr as nanoG

content, as if nano-G was able to establish a continuous network in the polymer matrix.

2.4.2. Rheometric curves of Graphene filled NBR compounds

Rheometric curves for graphene filled NBR matrix, at an increasing loading from
0 to 20 vol%, 160 °C is shown in figure 2.5. It can be noticed that with addition of
graphene in the NBR matrix, the torque increases from ~11 dNm (at 0 vol%) to ~ 24
dNm. The increase of torque could be due to influence of filler networking of graphene
and its interaction with rubber. At higher filler concentration (>10 vol%), rheological
behavior of filled compounds became more pronounced. It is due to the formation of
long-range filler-networks that consists of interconnected filler flocs. At higher
oscillatory pre-shear amplitude, these network linkages are disrupted and lead to the
formation of isolated flocs. The large number of isolated flocks also results in enhancing

torque as observed in rheometric curve.
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Figure 2.5: Rheometric curves for NBR based compounds with xg M5 concentration
from 0 to 20 vol% [taken directly from reference]. [

2.4.3. Expanded graphite effect on mechanical properties in XNBR rubber
compounds

20phr/”
10phr Bphr

/ neat XNBR

T ' T ' T
0 200 400 600
£ (%)

Figure 2.6: Stress-Strain behaviour of EG in XNBR matrix, with content increasing from
0 to 20 phr. [taken directly from reference]. (¢!
Stress-Strain curves for expanded graphite (EG) filled carboxylated NBR

(XNBR), with increasing filler loading from 0 to 20 phr, is shown in figure 2.6. It was
found that the mechanical behavior of the rubber compounds was greatly improved with
the increase of EG loading, and this resulted from the large aspect ratio of the layered

structure and the uniform dispersion of EG. A sharp improvement in stress was observed
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after 10 phr loading of EG that was due to attainment of filler percolation threshold. It
was also found that the elongation at break decreases after 5 phr loading of EG in xXNBR

rubber compounds.

2.4.4. Electrical resistivity of Graphite nanoPlatelets filler NBR compounds

Electric resistivity of Graphite nanoPlatelets (GNP) filled NBR matrix, with
increasing filler concentration from 0 to 5 phr, is shown in figure 2.8. It was observed
that the resistivity of NBR complounds faals sharply from unfilled (~ 10" Q c¢m) to (~10°
Q cm) and attains equilibrium after 2 phr loading. It is due to attainment of filler

percolation threshold of the GNP after 1 phr loading in NBR matrix.

107 o

105 4

Resistivity (Cxcm)

1044

103

0 1 2 3 A 5
GHP content (phr)

Figure 2.6: Resistivity of GNP in NBR matrix, with loading increasing from 0 to 5 phr.
[taken directly from reference]. ¢
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Chapter 3
Compounds based on low surface area few layer graphene and apolar diene

rubbers

3.1. Introduction

Over the last few years, nanofillers have been employed to improve reinforcing
properties of rubber compounds for industrial applications such as tires. ***! In present
chapter, the main objective of the research activity was to investigate compounds based
on low surface area few layer graphene (FLG) and apolar diene rubbers (SBR and IR),
their filler networking and dynamic-mechanical properties. FLG as nanofiller promotes
long range filler-filler interaction that is attainment of filler percolation threshold (FPT) at
lower filler loading in rubber matrix. Strain sweep tests were performed in torsion mode
on raw compounds to obtain dynamic-mechanical characteristics such as storage modulus
-G’ (in kPa). Tensile strength tests were performed through stress-strain measurements.
The dependence of excess modulus (Gymin’-G’,)/G’, at lower deformation (~0.56%) were
investigated to obtain FPT. This work demonstrates the correlation of surface area,
number of graphene layers on filler percolation threshold, filler-networking and over-all

mechanical properties for FLG as nanofillers.

3.2. Results and discussion
3.2.1. Morphological characterization of FLG as nanofillers by Scanning Electron
Microscopy (SEM)

SEM micrographs of EXG 9840, KS4, SFG6 as FLG nanofillers are presented in
figures 3.1 at lower and higher magnifications. EXG 9840 shows “worm-like” or
“accordion-like” morphology presenting highly corrugated or exfoliated graphene like
layers which are stacked loosely to each other (figure 3.1(a,b)). Such corrugated nature
of EXG 9840 (expanded FLG) could be due to their preparation under acidic or thermal
treatments. It is interesting to observe the SEMs micrographs of KS4 (figure 3.1(c,d))
and SFG6 (figure 3.1(e,f)). Both FLG nanofillers show “platelet” morphology. SFG6
shows denser particles distribution than KS4 with a distorted arrangement of the

graphene sheets.
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Figure 3.1: SEM micrographs at lower and higher magnification respectively: EXG 9840
(a,b); KS4 (c,d); SFG6 (e,f).

3.2.2. Wide angle X-Ray Diffraction (WAXD) of FLG as nanofillers
The crystalline order of SFG6, KS4, EXG 9840 as FLG nanofillers were
investigated through WAXD analysis (presented in figure 3.2). WAXD patterns of FLG
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as nanofillers reveals 002 reflections at 26.20° as 20 value, that refers to a dyo, distance of
0.339 nm, and 004 reflections at 54.3° as 20 value. The width of 002 peaks of all three
FLG as nanofiller (SFG6, KS4 and EXG 9840) was relatively similar and the presence of
amorphous carbon is revealed by the pattern. The 100 and 110 reflections at 42.5° and
77.6° as 20 values respectively indicate the crystalline order in the structural layer M2,
Considering the interlayer distance of doo> peak, number of about 45 regularly
stacked layers can be calculated for SFG6, 45 for KS4 and 48 for EXG 9840 respectively.
The shape anisotropy is defined as the ratio between the crystallites dimensions in
directions orthogonal and parallel to structural layers. ™! The shape anisotropy of SFG6
was 1.7, KS4 was 1.6 and 1.0 for EXG 9840 was estimated. The features of higher shape
anisotropy of these FLG as nanofillers, in particular of SFG6 and KS4, would favour the
formation of filler percolation threshold into rubber matrix at lower filler concentration.
The method for calculating number of layer and shape anisotropy is described in section

2.2.1 and 2.2.2 of chapter 2.
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Figure 3.2: XRD pattern in 10° to 100° 26 range of crystalline FLG as nanofillers (EXG
9840, SFG6 and KS4).

3.2.3. Nitrogen adsorption isotherms of FLG as nanofillers
Surface features of SFG6, KS4 and EXG 9840 were obtained from static
adsorption isotherms measurements (figure 3.3). The surface coverage (V/Vn, where Vi,

is the monolayer volume) was performed in nitrogen as a function of relative pressure
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p/po (Po is saturation pressure at 77 K). The procedure for calculating BET surface area
using adsorption isotherms on similar filler systems was adopted from literature ?2. BET
surface area calculated at a relative pressure range (p/po) =10 - 10°. The values are 13.8
m?/g for SFG6, 23.8 m? /g for KS4 and 39.5 m? /g for EXG 9840.
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Figure 3.3: Nitrogen adsorption isotherms of nanographitic fillers — KS4, SFG6,
EXG 9840: plot of surface coverage versus relative pressure.

3.3. Compounds based on styrene butadiene rubber as apolar diene rubber
3.3.1. Rheometric curves

The rheometric curves for SFG6 filled SBR matrix with an increasing filler
concentration from 2 phr to 40 phr, is presented in figure 3.4a. KS4 and EXG 9840
rheometric curves showed a similar trend as SFG6 filler.

Three regions are observed in rheometric curves. The first region is the scorch
delay or induction period where the torque of filled rubber compounds decreases. The
second region is where the curing reaction occurs. The cross-linking network structure
was formed in this period, and an increment of the torque was observed. In third region, it
was observed that the curing curves reached to a plateau and networking features matured
to equilibrium.

M_ is the lowest torque and My is the highest torque at curing curves. My-Mp
(increase in torque) represents the crosslink density of vulcanization; curing time (t’go) is

defined as the time where 90% of the maximum torque is reached.My-M_ (increase of
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torque) increases after increasing loading of SFG6, KS4 and EXG 9840 (figure 3.4b).
This indicates that the addition of filler affects crosslink density of rubber vulcanization,
in agreement with literature that increasing filler concentration increases the torque. ™
22:26.39 On other hand, curing time decreases (figure 3.4c). The curing time t’s was
found ~32 minutes at lower loadings (upto 20 phr) and decreased to ~28 minutes at
higher loadings (after 20 phr). It was further observed that EXG 9840 (acid treated)
shows sharp fall in curing time compared to SFG6 and KS4. It could be due to presence
of acidic functional groups that facilitate sharp acceleration of curing reaction.

S.H. Song et al already reported that the curing time of rubber compounds using
acid-graphite platelets are faster than that of rubber composites with natural-graphite
platelets.””®! We have observed similar behavior for EXG 9840 (acid treated), SFG6 and
KS4. It was described that the reason for the shorter cure time of the rubber compounds
using acid treated (similar to EXG 9840) is probably due to the improvement of thermal
transition of SBR in the presence of acid centers which could promote curing reaction
either by improving polymer-filler interaction or other unknown reasons. %!

S.H. Song et al recently reported that the cure time of SBR composite can be
influenced by using acid-graphite and coupling agent (A/C) which improves than other
rubber composites. 1 Many recent studies on rubber-clay compounds emphasize the
importance of understanding the curing mechanism %% The study of curing kinetics
and processing behavior through rheometric curves as described below provides a clear
insight into the actual mechanisms of curing and its effect on the final properties of the

end products. 1%
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Figure 3.4: Rheometric curves for SBR based compounds: (a) containing SFG6
concentration from 2 to 40 phr; (b) torque versus fillers loading with different
concenrtration of SFG6, KS4, EXG 9840; (c) the t’go (curing time) decreasing behavior
with increasing filler loading of SFG6, KS4, EXG 9840 nanofillers.

3.3.2. “Exfoliation-polymer intercalation-shear’’ model

The surface energy or surface activity of filler determines intermolecular
interactions at the interfaces of a filler and polymer chains in a compound. It could be
suggested that due to reactivity of graphene sheets arranged in stack, free surface energy
or higher surface activity of acidic graphite filler such as EXG 9840, polymer chains
adsorption on filler’s surface and within the graphitic interlayer galleries occurs. This
physical adsorption of filler with rubber matrix could be caused by intermolecular
interactions at interfaces, i.e., London dispersive force, Debye inductive force, Keesom
orientation forces or hydrogen bonding etc. The shear forces would create randomness in
regular graphitic structure (as shown in Scheme 3.1) thereby providing the intercalation
for more individual polymer chains within the filler’s galleries. Once a sufficient
interlayer gap is created in graphitic galleries, the polymer chains intercalate into the
interlayer spacing. In next stages, they push away the single graphite layers apart (as

shown in Scheme 3.1). Such process is accelerated by the mechanical shear forces during
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melt mixing. The phenomena of intercalation of graphite by a polymer chains contributes

in filler’s exfoliation which enhance reinforcing characteristic of filler.

Initial stage

Intermediate stage

s (Graphitic layers
Polymer Chains Final stage
—— Mechanical shear forces

Scheme 3.1:““Exfoliated-Polymer intercalation-Shear’’ model for polymer intercalation
into graphite gallery. It presents that shear forces that exerts during Haake mixing or
other mechanical forces during dynamo-mechanical tests contributes in exfoliation of
filler with platelet morphologies such as Graphite and in the end led to filler intercalation
with polymer chains or filler exfoliation due to shear energy.

3.3.3. Rheological Properties through RPA studies

Rubber processing analyzer (RPA) was used to characterize the filler network and
interaction between filler and rubber as a function of strain sweep (from 0.28% to 400%).
Storage modulus- G’ (in kPa) as a function of strain amplitude for SFG6/SBR
compounds with increasing filler content from 2 to 40 phr is presented in figure 3.5a. It
was observed that the storage modulus increases with increasing filler content. Such
effect could be due to the increase in the degree of compaction of the filler in rubber
matrix due to filler networking. A higher degree of compaction is expected to increase
the stiffness and reduce the deformation that is responsible for viscous behavior.[?*) A
sharp fall in modulus was observed after 100% strain amplitude. It could be due to
rupture of filler networking at higher strain amplitude. It was reported that due to the
accordion-like microstructure of exfoliated graphite and the preferred in-plane orientation
of the graphite layers in flexible graphite ¥, an in-plane compression is expected in such

systems that cause more sliding among the graphite layers that make up a cell wall of
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exfoliated graphite than out-of-plane compression and therefore results into filler’s
exfoliation or polymer intercalation in filler’s gallery.

The sliding behavior in graphitic filled system causes interface-related energy loss
that is stored in the system. The storage modulus (G', in kPa) and dynamic viscosity (n’
in MPa-s) of SFG6, KS4 and EXG 9840 filled SBR rubber compounds as a function of
filler loading are comparatively presented in figure 3.5b and 3.5c. It can be noticed that
G' and n’ values of all filled rubber compounds were found increasing with increasing
filler loading. It was recently reported that the rheological behavior (such as complex
viscosity, storage, and loss modulus) of rubber composites strongly depends on the
formation and evolution of the filler networking structures in rubber with strain, time, and
temperature. ! The increasing loading of GNPs in a melt polymer could gradually lead
to a phase transformation, due to formation of mechanically stable networking by GNPs
interacting with polymer chains. To be more specific at low loading, the G' and n’ values
of the compound melt is frequency dependent at low frequencies, the same as pure
polymer melt. As the loading goes up, the network of GNPs will form step by step, and
the frequency dependence of storage modulus at low frequency, indicating a typical
solid-like behavior. 1 We had same hypothesis for our filler system presented in figure
3.5b and 3.5c. Another reason for enhancement of G' and n’ values could be due to
“Exfoliation-polymer intercalation-shear” model as described above. In general, when
filler is added for reinforcing a polymer matrix, the degrees of freedom of the rubber
chains are decreased due to the interaction and adsorption of non deformable filler’s
surface onto the rubber. This adsorption reduces the mobility of the rubber chains and
results in formation of a “rubber-shell” on the filler surface. The reduced mobility and the
rubber shell increase the viscosity of rubber composite.

The filler networking can be investigated by determining the dependence of
storage modulus- G’ values at minimum deformation G’(y min) against the filler volume
fraction. Filler percolation threshold (FPT) was calculated from excess modulus by
adopting Huber-Vilgis double logarithmic plot (figure 3.5d). From the plot, it was found
that FPT obtained from double log plot for FLG as nanofillers are: SFG6 (~29.5 phr),
KS4 (~31.1 phr), EXG 9840 (~28.2 phr).
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Figure 3.6: Rheological Properties of SBR compounds through RPA studies: (a) Storage
modulus (G’, kPa) as a function of different strains (increasing from 0.28% to 300%) for
SFG6 filler; (b) Storage modulus at minimum strain for compounds based on SFG6,
KS4, EXG 9840 fillers; (c) Dynamic Viscosity at minimum strain on SFG6, KS4, EXG
9840 fillers; (d) Filler Percolation Threshold: Double logarithmic plot of the excess
modulus, with respect to neat rubber, as a function of the filler volume fraction / (Huber—
Vilgis plot).

3.3.4. Stress-strain behavior for Tensile strength

The stress-strain behavior of vulcanized SFG6 filled SBR compounds are
displayed in figure 3.6a. It can be clearly seen that with the increase in the SFG6 content
from unfilled system to 40 phr, the slope of curve at initial stage increased significantly,
and the compound improves in stiffness than compared with softer unfilled SBR
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compounds. As already reported in literature for similar filler in carboxylated NBR that
such high reinforcement by graphite nanosheets could be attributed due to the nanoscale
uniform dispersion of graphite as well as the large aspect ratio of the layered structure,
which was similar to nanoclay filler. %%

It was found that that with increasing SFG6 concentration in SBR matrix, the
tensile strength of rubber compound is found to be superior leading to higher tensile
stress and elongation, indicating that nano-size dispersed SFG6 can be dispersed more
uniformly and reinforce rubber more effectively. It could be proposed that with
increasing graphite content, higher dispersion and exfoliation of graphite higher effective
filler volume fraction, better graphite-rubber interface adhesion and better rubber
reinforcement. Recently, L. Wang et al reported that nano-sized graphitic flake filled
NBR shows higher tensile strength than micro-sized flakes. Micro-dispersion of graphite
leads to thick sheets, poor interfacial adhesion, interfacial stress concentration, and
fracture at low tensile stress and low elongation rate. In our case, we used SFG6 and we
obtained higher reinforcement, better adhesion and relatively higher elongation at break.
(29 A comparative reinforcing factor that means the ratio between the stress at a particular
strain between filled and unfilled composites (ot/6o), studies at 50%, 100% and 200%
elongation respectively shows that SFG6/SBR compounds show higher reinforcing factor

than all other comparative fillers (figure 3.6b-d) at all respective elongations.
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Figure 3.6: Stress-Strain behaviour of SBR compounds: (a) for SFG6 content increasing
from 0 to 40 phr; Reinforcing factor (or/60) on SFG6, KS4, EXG 9840 fillers: (b) at 50%
elongation; (c) at 100% ; and (d) at 200%.

3.4. Compounds based on synthetic isoprene rubber as apolar diene rubber
3.4.1. Rheometric curves

The rheometric curves for EXG 9840/IR compounds, with an increasing filler
concentration (from 0 to 30 phr), are presented in figure 3.7a. The behavior of
rheometric curves, their curing and scorch time were found not to deviate largely. The
increasing concentration of EXG 9840 in IR improves the increased torque, AS (S’max-
min.) and decreases the scorch time.

It is well known that reversion process experienced in natural or isoprene rubber
would led the vulcanized rubber to revert back to the gum state. It involves three types of
crosslinks in the vulcanizate such as - polysulfidic, disulfidic and monosulfidic.
Lyubchanskaya et al. demonstrated that the thermal decomposition of polysulfidic bonds
proceeds at one order of magnitude faster than the oxidation of the polymer chain for a
vulcanizate not containing antiozonants. B! Blackman et al. suggested that crosslink
degradation processes might contribute to the deterioration in physical properties of the
vulcanizate. ®? Nasir et al. found that for NR, polysulfidic crosslinks gave rise to
improved mechanical properties, except tear strength, than either mono or disulfidic
crosslinks. B3I A little higher AS and lower scorch time was seen for acidic EXG 9840

Few Layer Graphene Reinforced Rubber Compounds for Tires 31



filled IR at similar loading which could be due to better filler-polymer interaction. The
torque changes (AS) and curing time (t’go) for KS4 and EXG 9840/IR were presented as a
function of filler loading (figure 3.7b,c) where it was found to be relatively similar at
smaller loading level (upto 12 phr) which indicate that they were cured to similar
crosslinking degree. It was however seen that AS increases with further increase of filler
loading (after 12 phr loading) which was higher in EXG 9840 than KS4. It can be due to
improved polymer-filler interface in EXG 9840 (acidic) as described above. Therefore, it
could be concluded that filler dispersion and the magnitude of interfacial interaction
between filler particles and rubber matrix could be dominant factors results an improved
AS of filled rubber compounds. Similar interfacial interaction hypothesis is presented by

Yang et al. %!
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Figure 3.7: Rheometric curves for IR based compounds (a) with EXG 9840

concentration from 0 to 40 phr; (b) The increased torque (AS) torque change as a function

of filler loading with different concentration of EXG 9840 and KS4; and (c) t’gs (curing
time) for SFG6 and KS4 filler.
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3.4.2. Rheological Properties through RPA studies

It was observed from figure 3.8a that the curing time decreases with increasing
filler loading. EXG 9840/IR rubber compounds shows lower curing time than KS4 filled
IR compounds. Similar behavior of EXG 9840/IR was observed with SBR matrix as
described in section 3.3.3 of this chapter. It could be due to improved filler-polymer
interaction in EXG 9840 as described above. The shape and surface activity of the filler
play huge roles in the polymer-filler interaction and thus for reinforcement. The role of
the physicochemical nature of the filler’s surface in reinforcement offered to rubber
matrix is however not fully understood yet. % The storage modulus comparative (G', in
kPa) of KS4 and EXG 9840/IR filled rubber compounds were described with increasing
filler concentration and are presented in figure 3.8a. It can be noticed that G' values for
EXG 9840 and KS4/IR filled rubber compounds were found increased with increasing
filler concentration.

For spherical fillers such as carbon black, high modulus produced by the high
structure blacks was not because the carbon black agglomerates restricted the crosslinked
network. It is because these aggregates when broken down during methods like dry
mixing for filler’s dispersion that produces active free radicals. These radicals are capable
of reacting with rubber thereby promoting polymer-filler interactions.*®) EXG 9840/IR
compounds shows higher values of G’ after 20 phr loading which could be also be due to
improved polymer-filler interaction due to acidic nature and reactive functional groups of
EXG 9840 in IR than KS4 filler. At higher filler concentration, increase in filler flocs
would also led the higher increase of G’ values after 20 phr concentrations of both EXG
9840 and KS4 filled compounds. It was reported that such flocculation depends on filler’s
concentration, filler’s chemistry, polarity of rubber matrix etc. 37 The flocculated filler’s
aggregates particles provide sites for high stress concentration because they act like flaws
that initiate failure. In order to achieve a high degree of reinforcement the particulate

must be well dispersed and uniformly distributed within the rubber matrix.
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Figure 3.8: Rheological Properties of IR compounds through RPA studies: Storage
modulus at minimum strain for compounds based on KS4, EXG 9840 fillers.

3.4.3. Stress-strain behavior for Tensile strength

The reinforcing factor that means the ratio between the stress at a particular strain
between filled and unfilled composites (6t/6,) comparatives of KS4 and EXG 9840/IR
rubber composites at 50%, 100% and 200% are presented in figure 3.8a-c. It can be
noticed that KS4 shows higher reinforcement than EXG 9840/IR for all filler loadings at
50% elongation, 100% elongation and 200% elongations. The reinforcement magnitude
increases progressively with increasing filler concentration in the polymer matrix. It was
observed in figure 3.8c that at 200%, the extent of reinforcement increases sharply as
compared to reinforcement at 100% as shown in figure 3.8b. It could be due to a good
extent of favorable molecular orientation of isoprene rubber chains which takes place
during extension and led to the rise in degree of crystallization due to strain is known as
“Strain induced crystallization (SIC)” resulting an enhanced reinforcement at 200%
strain. The crystallites in SIC consist of many chains aligned closely together and provide
some form of reinforcement. The stress is such cases transferred to the crystals which are
made up of lumps of chains. It is similar as if the stress is transferred to hundreds of
chains that are knitted together closely. The chain segments are of different dimensions
(short and long) which are distributed randomly in the network. Under strain, the shortest

chain will break first and the stress will be transferred to surrounding chains. Its worth to
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know that in crystallizing rubbers such as natural rubber, hystersis occurs mainly from
crystallization at high strain and is relatively unaffected by changes in temperature or

frequency, while the hystersis of SBR is due to internal viscosity which is continually

varying.
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Figure 3.8: Stress-Strain behaviour of IR compounds: Reinforcing factor (er/6o) on KS4,
EXG 9840 fillers: (a) at 50% elongation; (b) at 100%; (c) at 200%; and (d) Elongation at
break.

3.5. Conclusions

It has been demonstrated from the study that the use of few layer graphene
characterized with “low” surface area (EXG 9840, SFG6 and KS4) brings a significant
improvement in dynamic mechanical properties of compounds. SEM micrographs show

“worm-like” morphology of EXG 9840 presenting highly corrugated or exfoliated
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graphene like layers which are stacked loosely to each other. It is interesting to observe
the SEMs micrographs of KS4 and SFG6 a typical platelet-like morphology. From
WAXD, a number of about 45 regularly stacked layers were calculated for SFG6, 45 for
KS4 and 48 for EXG 9840 respectively. The shape anisotropy of SFG6 was 1.7, KS4 was
1.6 and 1.0 for EXG 9840 was estimated. Surface characteristics of the nanofillers
studied through adsorption isotherms. BET surface area calculated at a relative pressure
range from p/po =10 to 10° was calculated as 13.8 m?/g for SFG6, 23.8 m? /g for KS4
and 39.5 m?/g for EXG 9840.

The compounds were successfully prepared using small Haake 600® by dry melt
mixing method. Rheometric curves show that the scorch time (t’gs) decreases with
increasing filler concentration in the rubber matrix. Acid treated EXG 9840 shows sharp
fall in curing time with increasing filler loading in SBR matrix than SFG6 and KS4 filled
compounds. Strain sweep measurements shows that the characteristic plateau of G' at
low strain increases with an increase of filler concentration in rubber matrix. Filler
percolation threshold was obtained using Huber—Vilgis double logarithmic plot in both
neat and filled rubber matrix from tensile tests; it was observed that the stresses increase
with filler content in the rubber matrix.

Stress-Strain measurements in SBR compounds demonstrate that SFG6/SBR has
dominant tensile strength against KS4 and EXG 9840 filled compounds. In other side,
Strain curves of Ir compounds shows that KS4/IR has higher reinforcing factor and
elongation at break than EXG 9840 filler.
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Chapter-4
Compounds based on high surface area few layer graphene and apolar
diene rubbers

4.1. Introduction

In present work, few layer graphene (FLG) with high surface area were explored
as nanofillers for improving reinforcing and dielectric properties of apolar diene rubber
compounds. Exfoliated graphene nanoplatlets (xGnPs), nano-graphite with high shape
anisotropy (nanoG) and furnace carbon black (N234) were selected as the carbon
nanofillers. The shape anisotropy is defined as the ratio between the crystallites
dimensions in directions orthogonal and parallel to structural layers. ™ Nanofillers were
characterized with adsorption isotherms to obtain surface characteristics such as BET
surface area, surface activity and porosity. ) Dynamic-mechanical measurements were
performed in the torsion mode, with strain sweep and frequency sweep experiments.
Guth-Gold Smallwood equation was used to correlate initial modulus values with the
filler volume fraction. Mechanical properties were assessed by means of stress-strain and
multi-hysteresis tests. Electrical properties were investigated through dielectric AC
conductivity measurements. This work describes the correlation of FLG with high surface
area, shape anisotropy, number of graphene layers on filler networking, filler dispersion,

dynamic mechanical and dielectric properties of rubber compounds.

4.2. Results and discussion
4.2.1. Morphological characterization of FLG as nanofillers by Scanning Electron
Microscopy (SEM)
The xGnPs consists of a FLG arranged parallel to each other in form of a stack.
These graphene stacks are a few nanometers thick and have large lateral dimensions. The
structural morphology of xGnPs were investigated by SEM. figures 4.1 (a) and 4.1 (b)
show SEM of xg M5 filler grade. High in-plane lateral dimension (from 0.5 to >2 um) of
xg M5 was observed at low resolution. The high resolution image (figure 4.1 (b)) shows
a typical platelet-like morphology and random arrangement of graphene sheets in a stack
was observed. figures 4.1 (c) and 4.1 (d) show SEM of xg C750 at lower and higher
magnification respectively. The high resolution image shows a damaged (ruptured)
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platelet morphology which could be due to several vigorous treatments (acidic or
thermal) during preparation to achieve high surface area. A discontinuous arrangement of
these graphene sheets was also noticed. The aggregates and agglomerates were found to

be in the range of a few nanometers to a sub-pm in lateral dimension.

Figure 4.1: SEM micrographs at different magnifications of xg M5 (a,b); and xg C750
(c,d) graphene filler grades.

4.2.2. Wide angle X-Ray Diffraction (WAXD) of FLG nanofillers

The crystalline order of both xGnPs samples were studied by means of WAXD
analysis. As it is shown in figure 4.2, WAXD patterns reveal 002 reflection of xg M5
sample appear quite narrow. The 002 peak of xg C750 is larger and the presence of
amorphous carbon is revealed by the pattern. The 100 and 110 reflections at 42.5° and
77.6° as 260 values respectively indicate the crystalline order in the structural layer ™.
Taking doo, interlayer distance into account, a number of about 26 and about 59 regularly
stacked layers can be estimated for xg C750 and xg M5 respectively. The xg C750 has
larger shape anisotropy (2.7) than xg M5 (1.7). xg C750 reveals thus a large in-plane

correlation length. The features of xGnPs, in particular of xg C750, should favour the
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formation of rubber compounds. The method for calculating number of layer and shape

anisotropy is described in section 2.2.1 and 2.2.2 of chapter 2.
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Figure 4.3: XRD pattern in 10° to 100° 26 range of crystalline FLG as nanofillers (xg
C750 and xg M5).

4.2.3. Nitrogen adsorption isotherms of FLG nanofillers

10 T T T T
+ xg C750
gg —— xg M5
S 14 ]
el
% el . .
o M (I) Surface activity region
o #
§ 0.1 /?" (I) BET Surface Area
bt e (1) Surface roughness
'g / - - - - -
=2 0.014 j E
@ i o1l ay ||

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
Relative Pressure (p/p,)

Figure 4.3: Nitrogen adsorption isotherms of xg M5, xg C750 and nanoG filler: plot of
surface coverage versus relative pressure.

Surface characteristics of carbon nanofillers (xg C750, xg M5) were investigated
from adsorption isotherms measurements (as shown in figure 4.3). The surface coverage
(VIVm where Vp, is the monolayer volume) was studied in nitrogen as a function of

relative pressure p/p, (po is saturation pressure of nitrogen at 77 K). The low pressure
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regime (p/po =107 to 10°®) gives data on the filler’s surface activity. The methodology for
calculating surface activity, BET surface area and surface porosity using adsorption
isotherms on similar filler systems was adopted from literature without any significant
change 2. The BET surface area of xg C750 in N calculated from isotherms was found
to be 817.3 m?/g, higher than the one of xg M5, equal to 168.3 m?/g. The surface activity
(%) of xg C750 was found 7.3 at partial pressure of 3*10° and 29.1 at partial pressure of
3*10°. The surface activity (%) of xg M5 was found 4.6 at partial pressure of 3*10° and
43.9 at partial pressure of 3*10™. The third region (p/p, =10° to 10%) at highest pressure
presents porosity or surface roughness of the fillers. The roughness of xg C750 was
higher (~2.759 nm) than xg M5 (~ 2.676 nm). figure 4.3 shows that the large amount of
adsorbed gas in the low-pressure regime illustrates the presence of strongly adsorbing

sites on surface of nanofillers like xg C750 and xg M5.

4.2.4. Morphological characterizations of compounds through TEM
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Figure 4.4: TEM micrographs at different magnifications of G-2 (a,b) containing 2 phr
of nanoG; and G-12 (c,d) containing 12 phr of nanoG on crosslinked IR rubber
compounds.

TEM analysis was performed to assess distribution and degree of dispersion of
nanoG into the IR matrix. figures 4.4a and 4.4b show TEM micrographs of IR rubber
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compounds containing a low amount of nanoG, 2 phr. At low magnification (figure
4.4a), G appears to be evenly distributed, with a fairly fine dispersion. Most
agglomerates have sub-micrometric dimensions, some are about 5 um large and only few
are about 10 pum large. At higher magnification (figure 4.4b) it is possible to observe a
disordered placement of graphene layers inside the agglomerates and stacks of only a few
graphene layers, as indicated by the stack thickness. It is thus possible to comment that
nanocomposites were prepared from nanoG, being 100 nm the size threshold for having a
nano-ingredient. ©! At this low content, nanoG particles do not form a long-range filler-
networking in the IR matrix. figures 4.4(c) and 4.4(d) show TEM micrographs of

crosslinked composites containing a higher amount of nanoG: 12 phr.

Figure 4.5: TEM micrographs of G-20 (a,b); and G-40 (c,d) crosslinked composites.

NanoG appears to be evenly distributed and highly delaminated (figure 4.5¢c, low
magnification). Moreover, it appears to form a network, though not continuous, made by
nanoG agglomerates, few of which are about 7 um large, some are about 3 um large and
many are submicrometric sized. The agglomerates appear highly disordered. At higher
magnification (figure 4.5d and insert), very few graphite layers appear located close to
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graphene agglomerates and, in few cases, are dispersed in the IR matrix. figure 4.5 shows
TEM images of nanocomposites G-20 and G-40, containing 20 phr (figures 4.5a and
4.5b) and 40 phr (figures 4.5c and 4.5d) of nanoG, respectively. TEM images of both IR
rubber compounds show, at low magnification, an even distribution of nanoG particles. A
high level of delamination was observed: agglomerates are not larger than 10 um and
most of them are submicrometric sized and characterized by a disordered structure of the
graphene layers. A very high amount of few and single graphite layers can be observed at
higher magnifications, also in G-40, in spite of the high nanoG content. A continuous
nanoG network within the IR matrix can be identified in micrographs of G-20 and is
evident in TEM images of G-40.

4.2.5. Wide-angle X-ray Diffraction (WAXD) studies of compounds
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Figure 4.6: X-ray diffraction (CuK,) pattern in the 2 range 0 - 100° of nanoG containing
12 phr loading.

XRD analysis was performed on the IR rubber compounds containing nanoG, to
investigate the crystalline order of stacked layers in the polymer matrix. figure 4.6 shows
the XRD patterns of the sample with 12 phr as nanoG content as taken from the mixer,
not crosslinked. Both patterns show a sharp peak at 26.2° as 2[1 value, corresponding to
the 002 reflection of nanoG. The Williamson-Hall plot could not be applied to determine

the Dpk, correlation lengths, because of the low intensity (absence) of reflections other
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than 002. Dy, were thus determined by applying the Scherrer equation to the 002
reflection. Dy, values of about 11 nm for the uncrosslinked sample and of 22 nm for the
crosslinked sample were calculated. Taking into account that the dgo, interlayer distance
in crystalline graphite is 0.339 nm, a number of about 32 and about 65 layers, stacked in
an ordered manner, was estimated for the uncrosslinked and the crosslinked sample,
respectively. Interestingly, the crosslinking step, that implies the application of a
remarkable pressure (150 bar) on the rubber nanocomposites, promotes a higher degree
of order in the graphite aggregates: a higher number of sheets become regularly stacked
in crystalline domains. It could be commented that the application of energy on a system
makes the system moving towards a minimum of energy, such as the nanoG crystallite.

Cured samples were also characterized through dynamic-mechanical measurements.

4.3. Compounds based on styrene butadiene rubber as apolar diene rubber
4.3.1. Rheometric curves

Rheometric curves for xg M5 based SBR rubber compounds, at increasing filler
loading (from 0 to 30 phr), are presented in figure 4.7a. It can be observed that the
addition of nanofiller leads to the increase of torque and to the decrease of scorch time.
The decrease in scorch time could be due to amino groups or by sulphur itself adsorbed
on the filler's surface, that accelerate the crosslinking reaction thereby favoring earlier
network formation. Recently, similar behavior was reported for xg M5/IR
nanocomposites ¥ . A comparative rheometric study of xg M5, nanoG and N234 filled
rubber compounds were performed. Rheometric curves for composites with 2 phr as
nanofiller content are presented in figure 4.7b, whereas the dependence of the t'gs
(scorch) time on the amount of carbon filler is shown in figure 4.7c. Enhancement of
torque at shortest times and more pronounced reduction of scorch time can be observed,
in figure 4.7b and 4.7c respectively, for the compounds based on nanoG and xg M5 as
the nanofillers. The effect of carbon fillers on torque and on the scorch time is
appreciably different for the different nanofillers and appears to be more evident with the
increase of the filler surface area. These findings are in line with what reported recently
by Klueppel et al ©: the incubation time decreased for CB and xg M5/NBR based
compounds as the filler content increased and the incubation times for xg M5 based

composite was shorter than for the CB systems %1,
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Figure 4.7: Rheometric curves for SBR based nanocomposites (a) containing xg M5
concentration from 0 to 30 phr; (b) comparative for xg C750, xg M5, nanoG and N234
filler grades at 2 phr loading; (c) The t’gs decreasing in SBR nanocomposites with
different concentration of xg M5, xg C750, nanoG and N234 filler grades.

4.3.2. Rheological Strain Sweep tests

The viscoelastic behavior of xGnPs, nanoG and N234 filled composites was
investigated via strain sweep and frequency sweep measurements. The dependence of
storage modulus-G' as a function of strain amplitude for xg C750 filled nanocomposites,
with nanofiller amount from 0 to 50 phr, is presented in figure 4.8a. It appears that the
characteristic plateau of G' at low strain reaches lower strain amplitudes as the filler
content increases. Particular enhancement of the G’ plateau value is observed passing
from 20 to 30 phr as xg C750 content. Substantial reduction of G value is observed only

for relatively large strain amplitudes. This phenomenon is known as Payne effect that is
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interpreted with two main models. The first model relates to the filler networking concept
and assumes agglomeration - de-agglomeration process of the filler network above the
filler percolation threshold " . The second one refers to the filler—matrix interaction and
assumes matrix-filler bonding and debonding mechanisms ' *°!. The storage modulus (G',
in kPa) at lower strain (values taken at 0.56 % strain) of xg C750, xg M5, nanoG and
N234 filled composites is plotted in figure 4.8b as a function of filler loading. It can be
noticed that higher G' values at low deformation were measured for xg C750 filled rubber
nanocomposites. The high surface area of such nanofiller is likely to favour the filler
networking in the SBR matrix. A high polymer — filler interfacial area is known to
provide better stress transfer from matrix to the filler. The dependence of storage
modulus on the filler volume fraction was studied by adopting the Guth-Gold Smallwood
model M According to this model, the enhancement of the initial modulus for filled
polymer melts and elastomers, as a consequence of the presence of spherical filler, is
predicted by the following equation (equation 4.1): G" = G", (1+0.67f¢+ 1.62f°¢ %)

- [4.1]

Deviations of experimental data, from the best fitting line according to
equation 4.1, occurs when filler network is formed and filler particles jam either by
direct contact or via layer of rubber shell around them. The experimental values of excess
storage modulus - G’ at lower strain (values taken at 0.56% strain) and the curve (dotted
line) derived from the theoretical values calculated using the Guth-Gold Smallwood
equation, are reported in figure 4.8c. A good fitting was obtained for N234 up to a value
of @ of about ~0.117 (~28 phr) and for xg C750 up to a value of @ of about ~0.067 (~15
phr). Deviations from the theoretical curves should be thus due to the filler percolation.
Filler percolation threshold (FPT) was calculated adopting the Huber-Vilgis method. The
double logarithmic plot of the storage modulus excess ((G’-G,)/G,) as a function of filler
volume fraction is shown in figure 4.8d for xg C750 and N234 as well as for xg M5 and
nanoG filled rubber composites. It appears that the lowest FPT is obtained for xg C750
(~16.6 phr), followed by xg M5 (~23.2 phr), nanoG (~21.9 phr), and N234 (~29.6 phr).
From measurements in the torsion mode, dynamic viscosity (n’- in MPa-s) was measured
as a function of filler loading for xg C750, xg M5, nanoG and N234 filled uncured SBR

composites. Dependence of dynamic viscosity on filler loading is presented in
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figure 4.8e. xg C750 filled nanocomposites shows higher 1” values than xg M5, nanoG
and N234 fillers at all filler loadings. N234 based compounds reveal stronger
enhancement of dynamic viscosity as the filler content increases, with respect to xg M5
and nanoG based compounds. It is known that the viscosity of a rubber compound
depends on the amount of occluded rubber that is expected to achieve larger values for

nanostructured fillers.
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Figure 4.8: (a) Storage modulus -G’, in kPa) as a function of different strains (increasing
from 0.28% to 300%) for xg C750 filler; (b) Comparative storage modulus (G’, kPa) with
different filler loading of xg C750, xg M5, nanoG and N234; (c) Dependence of excess
storage modulus (G’, kPa) in xg C750, N234 filled SBR nanocomposites with increasing
loading from O to 40 phr: experimental (dark dots) and Guth- Gold predicted (dotted
line); (d) Double logarithmic plot of the excess modulus, with respect to neat rubber, as a
function of the filler volume fraction / (Huber—Vilgis plot); (¢) Comparative dynamic
viscosity (n’, MPa-s) with different filler loading of xg C750, xg M5, nanoG and N234
filler grades.

4.3.3. Frequency-sweep studies using RPA

Storage modulus and dynamic viscosity dependence on type and amount of fillers
were studied with frequency sweep tests. Curves in figure 4.9a show the increase of
storage G” modulus with increasing filler loading for xg C750 filled compounds, over the
whole frequency sweep range (from 0.1 to 30 Hz). It can be observed that all xg C750
filled nanocomposites show an increase of G' at frequencies from 0.1 to 4 Hz and attain
stability after 4 Hz. Storage G' modulus was then determined, with frequency sweep tests,
for composites based on xg C750, xg M5 and nanoG, at 20 phr nanofiller loading: curves
are in figure 4.9b. xg C750 shows slightly higher G’ values, whereas xg M5 and nanoG
based composites show very similar curves on the same levels.

The dynamic viscosity (') of nanocomposites with xg C750 as the nanofiller
decreases with increasing frequency and increases with increasing filler loading from 2
to 50 phr loading, as revealed by the curves in figure 4.9c. At 20 phr loading (figure
4.9d), the comparative studies for xg C750, xg M5 and nanoG filled SBR
nanocomposites shows that xg C750 and nanoG filled compounds have comparable n'

values, higher than those of xg M5 filler grades.

—wmesee[ T @)l 600 ()
— 2100 - 4 phr 1~
Dﬂf w8 phr g
X 18004 — 1apnr ~ 500-
E 20 phr E
_\/ i =30 phr _\’
o 1500 — o a00.
2 1200- E
=] =] i
S 900+ 135 300
% 600 4 %\ — unfilled SBR
4 // g 2001 —— 20 phr of xg C750
S 300- / | o 20 phr of xg M5
& . = 9 1004 —— 20 phr of nanoG
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (in Hz) Frequency (in Hz)

Few Layer Graphene Reinforced Rubber Compounds for Tires 49



—opnr T T T T — O
9 0.1- ——2phrofxg C750 | &3 —— 20 phr of xg C750
« —— 4 phr « —— 20 phr of xg M5
o —— 8 phr o —— 20 phr of nanoG
E ——— 12 phr E .
S —— 16 ph E
= o =0.01 7
c p =
" 001 = 30 phr '
> 0017 —— 40 phr 2
-g ——— 50 phr 8
o

S 2
£z S
o O1E-3 E
£ 1E-34 15
: S d
2 ()] & . , , , , , , ()

T T T T T T T 0 5 10 15 20 25 30

Frequency (in Hz) Frequency (in Hz)

Figure 4.9: Storage modulus variation in different frequency (a) from increasing filler
loading from 0 to 50 phr for xg C750; (b) at 20 phr for xg C750, xg M5 and nanoG filled
nanocompsoites; (¢) Dynamic viscosity (n’, MPa-s) plotted against frequency from 0.1 to
30 Hz from increasing filler content from 0 to 50 phr for xg C750; and (d) for xg C750,
xg M5 and nanoG filled nanocompsoites at 20 phr.

4.3.4. Stress-strain behavior for Tensile strength
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Figure 4.10: Stress-Strain behaviour of xg M5 (a) content increasing from 0 to 40 phr;
(b) Reinforcing factor at different filler loading of xg M5, xg C750, nanoG and N234
filled SBR compounds.

Stress-strain curves for xg M5 filled SBR compounds are in figure 4.10a. Stresses
at all the elongations remarkably increase with the filler content in the SBR matrix. The

xg M5 based compounds shows appreciably higher modulus at low strain with respect to
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the xg C750 and nanoG based ones. Dominating character of fillers at low strain, beside
the volume fraction, is the aspect ratio. However, for high aspect ratio filler, one must
also consider the influence of processing that might orient the filler particles, as in the
case of fillers with platelet morphology, such as xg C750, xg M5 and nanoG. The same
behavior of xg C750, xg M5 and CB systems are reported in NBR matrix recently . The
reinforcing effect of the carbon fillers was studied by calculating, for compounds with
different filler content, the so called reinforcing factor, that means the ratio between the
stress at 100% strain between filled and unfilled composites (6+/60)100%. Reinforcing
factor is shown in the bar chart of figure 4.10b. xg M5 shows better reinforcing ability
than xg C750, nanoG and N234, for the explored filler contents.The filled rubber
nanocomposites undergo phenomena such as energy dissipation and losses beyond elastic
limit during loading and unloading cycles.

The multi-hysteresis is a well-accepted technique to describe such phenomena and
was carried out for N234 and xg C750 filled SBR compounds in present work. In
figure 4.11a, are shown multi-hysteresis stress strain curves. For N234 filled compounds,
with increasing filler loading (from 0 to 30 phr) in SBR matrix, the hysteresis loop
broadens, revealing increase in energy dissipation and increase in stress values as it is
shown in figure 4.11a. Loading-unloading cycles are shown in figure 4.11b for xg C750
filled (loading from unfilled to 20 phr) SBR nanocomposites. Lower filled composites
show lower stresses at low strains and lower energy dissipation than with higher xg C750
filled composites. It can also be noted that the first cycle exhibits higher energy
dissipation than the third cycle. Higher hysteresis in the first cycle could be due to the
break down, during loading cyclic strain, of more pronounced filler network, that is not
completely re-established during successive cycles. Larger amount of filler leads to a
larger number of filler-filler interactions. The stress-strain hysteresis may be significantly
related by the filler networking because of reduction of an effective volume of the rubber
and by the surface energy distribution on the filler surface (active regions). Another
reason for high energy dissipation would be the release of bound rubber after breaking of
filler networks when cyclic sweeps are extended to higher strains. Under stress, the filler

clusters can break and become softer, leading to a decreasing strain amplification factor.
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Figure 4.11: (a) Multi-Hysteresis Stress-Strain of xg C750 filled SBR nanocomposites;
(b) Multi-Hysteresis Stress-Strain of xg C750 filled SBR nanocomposites.

4.3.5. Dielectric AC Conductivity Properties

The dielectric AC conductivity and permittivity properties were measured within
frequency range from 10 to 10° Hz (figure 4.12a and 4.12b). The conductivity was
studied for filler concentration of 2 phr, 16 phr, 20 phr and 30 phr in SBR matrix for
xg C750, and nanoG. The nanoG data is not presented since it showed very poor
dielectric AC conductivity (10™ at 40 phr). The conductivity of xg C750 filled
nanocomposites increases with increasing filler concentration into SBR matrix. At lower
loadings, the dielectric conductivity shows a plateau value at small frequencies, whereas
the conductivity does not appreciably change over the whole range of frequencies. The
enhancement of electrical conductivity in polymer nanocomposites is strongly dependent
upon the filler morphology; the formation of percolating pathways between filler
particles is necessary to render an insulating polymer such as rubber *?. Conductivity of
greater than 10”° (Siemens/cm) was observed at 30 phr filler loading of xg C750.

To obtain electrical percolation threshold (EPT), dielectric conductivity was
taken at very low frequency (0.1 Hz) and plotted against filler volume fraction (figure
4.12c). An exponential increase in dielectric conductivity was seen at all frequencies for
filler loading ~18.9 phr. This could be due to either due to the attainment of filler

percolation threshold or the establishment “web-like” structure of xGnPs platelets in SBR
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matrix. It was reported that reduced graphene oxide in natural rubber (RG-O/NR)
nanocomposites showed maximum enhancement in conductivity not when the filler was

homogeneously dispersed, but rather arranged into a connected ‘‘web-like’” structure of

platelets 1.
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Figure 4.12: (a) Dielectric AC conductivity; (b) Dielectric AC Permittivity as a function
of frequency of xg C750 filled SBR nanocomposites; (c) Filler Percolation Threshold:
Dielectric AC conductivity as a function of xg C750 filled SBR nanocomposites.

4.4. Compounds based on synthetic isoprene rubber with high surface area few layer
graphene
4.4.1. Rheometric curves

figure 4.13(a) shows the rheometric curves for compounds with different xg M5
nanofiller loadings. It is evident that the increase of nanofiller content brings about the
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reduction of scorch time (t'ss) and the increase of the maximum torque. figure 4.13(b)
shows the reduction of scorch time as a function of increasing filler loading.

The scorch time values decrease moving from CB-N234 to xg M5 to xg C750. It
seems that they are not related with the filler surface area. However, it could also be
hypothesized that the surface are detected for xg M5, the nanofiller with larger number of
stacked layers, is completely accessible to the nitrogen molecules used for the
determination, but only partially interacts with the polymer chains. This assumption for
nanofillers was recently reported !, to justify the different correlation of initial modulus
values with surface area for CB, CNT and nano-graphite.

Activating effects due to the interaction of fillers with activating (ZnO) or
accelerating (CBS) ingredients could also play a role in such effects. The reversion of

crosslinking reaction for all fillers was observed to be below 4-5%.
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Figure 4.13: (a) Rheometric curves for IR based nanocomposites containing xg M5
concentration from unfilled to 40 phr; (b) The t'os decreasing behavior in IR
nanocomposites containing xg M5, xg C750 and N234 filler grades.

4.4.2. Rheological Properties through RPA studies (strain sweep)
The dependence of storage modulus (G, in kPa) on strain amplitudes is presented
in figure 4.14(a) for uncured xg C750 filled nanocomposites. The non linear behaviour,

observed in the figure 4.14(a) is known as “Payne effect” and indicates the occurring of
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the filler networking phenomenon. The filler network is formed by filler particles
interactions either by direct contact or via interaction with polymer chains around them.
G' values at low strain increase with increasing filler content, from 2 to 50 phr. A long
plateau for the G’ values were evidenced up to about 10% strain. The increase of strain
amplitude beyond this value leads to a decrease of G', with a sharp fall beyond 100%
strain. This severe decrease could be attributed due to disentangling of rubber
macromolecular chains, rupture of secondary interactions or reorientation of filler
anisotropy or polymer chains against direction of applied strain.

Experimental Storage modulus-G’ as well as dynamic viscosity (n’) and
theoretical points were elaborated according to the Guth-Gold Smallwood equations.
(101111 short, actual changes inn’” and G by addition of filler can be directly related with
filler concentration, by using Guth-Gold Smallwood equation up to a filler concentration
at which filler network is established.

Excess modulus (G'-G)/G, at 0.56% strain for xg M5 and N234 based
composites is shown in figure 4.14(b) as a function of filler loading. Storage modulus
(G") and Dynamic viscosity (") at 0.56% strain for xg C750 based composites are shown
in figure 4.14(c). In both curves it is evident the deviation of experimental points with
respect to theoretical curves at about 0.0743 as volume fraction (¢), that means at about
15 phr.

FPT is defined as a concentration in the rubber matrix after which long range
filler-filler networs are established and measurements values deviated largely from
normal pattern of the property under investigation. Here, we calculated FPT by plotting
dynamic viscosity and storage modulus as a function of filler volume fraction, in  figure
4.14(d) and 4.14(e) respectively. It was found that the experimental values improve
largely after filler percolation threshold. A lower percolation threshold was observed for
xg C750 filled nanocomposites than for xg M5 and N234 filled nanocomposites. The
larger ability of xg C750 to give rise to filler networking is in line with the higher surface
area and surface activity of this nanofiller.
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Figure 4.14: (a) Storage modulus (G") as a function of different strains (increasing from
0.28 % to 300 %) for xg C750 filled uncured IR nanocomposites; (b) G” with different
filler loadings of xg C750, xg M5 and N234; (c) Dynamic viscosity (n') and storage
modulus (G") in xg C750 filled IR nanocomposites with increasing concentration from 0
to 50 phr: experimental (dark) and Guth-Gold predicted (dotted lines); (d) Filler
percolation threshold: Dynamic viscosity; (e) Storage modulus (G”) both as function of
filler volume fraction for xg C750, xg M5 and N234 filled uncured nanocomposites.

4.4.3. Rheological frequency sweep tests

Many static or dynamic experimental techniques are available to study
viscoelasticity of rubber. At low frequency, the storage modulus (G') (figure 4.15(a)) and
dynamic viscosity (n") (figure 4.15(b)) respectively shows a non-linear behavior as a
function of frequency. G' and n' for all filled IR compounds increase with increasing
filler loading.

The transient filler network does not break during frequency sweep tests as they
are carried out at 0.1° strain which was too weak to break filler interactions. The
compounds beyond filler percolation threshold show lower elastic responses and at low

frequencies, there is sufficient time for polymer chains to relax fully.

T T T T T T T Ol T T T
4001 @ o —— unfiled IR

< o —— 2 phr of xg C750

& % — 4phr

c 300+ Nt —— 12 phr

Nt £ —— 16 phr

9 5, 0013 —— 20 phr

‘I” 2001 ) —— 40 phr

2 8 —— 50 phr

3 — unfilled 2

g 100- —— 2 phrof xg M5 3

: | e

g 04 ——16 phr S

N [a]

] — 40 phr (b)
0 5 10 15 20 25 30 5 10 15 20 25 30

Frequency (in Hz) Frequency (in Hz)

Figure 4.15: (a) Storage modulus (G’) variation in different ranges of frequency for
xg M5 filled nanocomposites; (b) Dynamic viscosity (n") plotted as a function of
increasing frequency from 0.1 to 30 Hz for xg C750 filled IR nanocomposites.
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4.4.4. Stress-strain behavior for Tensile strength

The tensile strength as a function of filler loading was plotted in figure 4.15(a).
The increased stress values at higher strain amplitudes reflect the transfer of deformed
strain in the form of heat dissipated from polymer chains to interface of enclosed xGnPs
aggregates. Above 16 phr, a stronger increase in stress was observed along with a
decrease in the elongation at break. For high cis-polyisoprene, it is known to exhibit
strain induced crystallization (SIC) above a certain strain value which makes a significant
contribution to reinforcement at higher deformations. This effect is much lower than in
the case of natural rubber because of the slightly reduced cis-1,4-content.

However, especially for high aspect ratio fillers, the influence of processing,
orientation of filler etc. on reinforcement should also be considered. It is also very
interesting to study effect on reinforcing factor as a function of filler loading (figure
4.15(b)). With regard to the unfilled state which displays very poor tensile strength,
significant improvement in reinforcement properties was observed when nanofillers were
incorporated. The tensile tests show that with an increase in the concentration of
graphene into IR-based nanocomposites, there is a significant increase in reinforcement at
100% strain and decrease in elongation at break as shown in figure 4.15(b) and 4.15(c).
The reinforcement by xGnPs which was compared with N234 as traditional filler clearly

shows the differences both at low and high filler loading.
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Figure 4.15: (a) Stress-Strain curves obtained from xg M5/IR nanocomposites with
varying strain; (b) Reinforcing factor factor for xg M5, xg C750 and N234 filled IR
nanocomposites with increasing filler loading from 2 to 40 phr; (c) Elongation at break
(%) dependence against different filler concentration for xg M5, xg C750 and N234 filled
IR nanocomposites.

4.4.5. Dielectric AC Conductivity Properties

The dielectric AC conductivity and electrical permittivity for xg M5 filled rubber
nanocomposites were plotted against frequency (figure 4.16a and 4.16b). The electrical
conductivity and permittivity of xg M5 were found very low at 2 phr as filler content and
increased with the filler loading. At lower loadings, the conductivity plateau remained
almost similar in a small frequency range and conductivity was not affected significantly.
An exponential increase in dielectric conductivity and permittivity was seen at all
frequency for filler loading above 20 phr which is due to attainment of filler percolation
threshold.

To investigate electrical filler percolation threshold (EPT) of carbon nanofillers,
conductivity S’ (S/cm) was measured at low frequency (~0.1 Hz) and plotted as a
function of nanofiller loadings (figure 4.16¢c). However, a careful inspection of the
curves reveals that xg C750 filled nanocomposites exhibit percolation threshold at lower
filler loadings than xg M5 based ones. This is in line with the larger surface area of xg
M5. Electrical conductivity equal to 10° (S/cm) is considered sufficient for many

applications such as the one for tire compounds. The xg C750 filled nanocomposites
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showed dielectric conductivity of ~2x10® at 30 phr filler loading

considered suitable filler for antistatic tyre compounds.
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Figure 4.16: Scheme of dielectric measurements: (a) di-electric AC conductivity; (b)
dielectric AC permittivity for xg M5/IR nanocomposites respectively at different
frequency range; (c) The electric filler percolation threshold behavior for conductivity at
0.1 Hz with varying filler concentration of xg M5/IR cured nanocomposites.

4.5. Compounds based on synthetic isoprene rubber with high shape anisotropy and
high surface area few layer graphene

45.1. Rheometric curves

Characterizations were performed on samples crosslinked with a typical sulphur

based system. Rheometric curves are shown in figure 4.17. The reversion of the
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crosslinking reaction was lower than 5% and the values of both M, and My increased
with the nanoG content. As it can be seen in figure 4.17, the crosslinking reaction
became faster as the nanoG content increased: ts; and tgy values decreased from 13 to 4
min and from 19 to 10 min, respectively, passing from the neat IR matrix to the
nanocomposite with 60 phr of nanoG. In the literature, the crosslinking reaction of NR
was reported to be accelerated by a so called functionalized graphite, obtained by thermal
reduction of GO and containing about 9% of oxygen atoms.™™ The enhanced thermal
conductivity of the nanocomposite was commented to be responsible for the faster curing
reaction. Conversely, it is also reported in the literature that, with CNT as the carbon
nanofiller, the curing reaction rate was lower than that of pure natural rubber (NR) 16 "]

and the scorch time was longer.

The adsorption of curatives on CNT was hypothesized to cause higher curing
activation energy and lower reactivity. ** 1 Analogously, in SBR as the polymer matrix,
the curing time of the composites filled with CNTs was found to be longer than that of
samples with CB.[*®! The decrease of vulcanization time, scorch and optimum cure time
and the increase of the maximum torque was also found ™! by adding acid treated and
ball milled CNT to NR. The effect of carbon nanofillers on vulcanization behaviour
seems to deserve further investigations. However, crosslinking data reported in this

chapter allows concluding that polymer chains were properly crosslinked.
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Figure 4.17: Rheometric curves for IR based composites with nano-G content from
unfilled to 60 phr.
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4.5.2. Rheological Properties through RPA studies

Strain sweep tests were carried out at 50°C in the torsion mode, by applying a
sinusoidal stress with a frequency of 1 Hz and strain amplitude increasing from 0.1 to
25%. Dynamic shear storage G’ and loss G moduli were determined as a function of the
strain amplitude. The filler networking phenomenon was investigated by determining the
dependence of G’ modulus at minimum deformation G ’min) On the filler content and the
dependence of G’ and G’” moduli on nanoG content. figures 4.18a and 4.18b show the
dependence on the strain amplitude of the storage G’ and loss G’” moduli, respectively. It
is known that viscoelastic moduli of polymer melts and elastomers depend on the strain
amplitude, besides on frequency and temperature, in the presence of a filler network. This
non linear behaviour is known as “Payne Effect” *¥ and implies a reduction of G~ as the
strain increases and a variation of G”, that usually passes through a maximum. This
phenomenon is due to the disruption of a secondary network formed when filler particles

join together either by direct contact or via layer of polymer shell around them.

o
w

Increasing filler content 0.6 4 Increasing filler content

=,
5
% 3 ] [from 0 to 60 phr) ;_5\ {from 0 to 60 phr)
< § 0.5 -
E 2.5 ig
3 w 04 -
37 3

B 03
i 15 3
I e "
i) —~ [
R O O S

05 oo
a)
Q0+ T
01 1 10 100
Strain (%) Strain (%)

Figure 4.18: Behaviours of G’ (a) and G” (b) as a function of strain for composites
containing different amounts of nanoG.

4.5.3. Stress-strain behavior for tensile strength

Nominal stress — nominal strain curves are shown in figure 4.19. As it can be seen,
the presence of nanoG leads to worsen ultimate properties of the nanocomposites, in spite

of the good dispersion, the high surface area, the relatively high aspect ratio and the high
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shape anisotropy of the nanofiller. However, other factors can affect the ultimate
properties of filled and crosslinked elastiomeric composites, as for example the filler-
matrix adhesion, the crosslink density and the strain crystallization behavior. The effect
of nanoG on these factors is still unknown. The partial re-aggregation of graphite sheets,
shown by XRD analysis, could somehow favour the deterioration of ultimate properties.
However, it is noteworthy that nanocomposites based on nanoG still show remarkable
elongation at break, higher than 700 % and 410 %, even for nanoG content of 40 and 60
phr, respectively
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Figure 4.19: a) Nominal stress—nominal strain curves obtained for crosslinked IR/nano-G
composites; b) nominal stress at break (open circles) and nominal strain at break (open
triangles), with standard deviations, vs phr of nanoG

4.6. Compounds based on synthetic isoprene rubber with hybrid filler system

4.6.1. Rheometric curves

The rheometric curves for hybrid filler system at increasing filler concentration of
xg C750 (from 0 to 15 phr) are presented in figure 4.20a and 4.20b. It was observed that
an increasing concentration of filler results in decreasing scorch time and an increase in
torque. Similar behavior of decreasing scorch time and increasing torque is reported and
described in the literature both for xg C750 based fillers or other hybrid systems
(nanoG+CB) etc in IR or SBR or NBR rubber compounds % * 222\
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Figure 4.20: (a) Rheometric curves for Hybrid/IR system based nanocomposites
containing xg C750 concentration from 0 to 15 phr; (b) The t’1o decreasing behaviour in
Hybrid/IR nanocomposites containing different filler concentration of xg C750.

4.6.2. Rheological Properties through RPA studies

Strain sweep tests were employed to investigate the dynamic-mechanical
behaviour of the compounds containing hybrid filler system. It is known that viscoelastic
moduli of polymer melts and elastomers depend on the strain amplitude, besides on
frequency and temperature, in the presence of a filler network. This non linear behaviour
implies a reduction of G’ as the strain increases. The filler networking phenomenon was
investigated by determining the dependence of G’ modulus at minimum deformation
G’(Ymin) on the filler content and the dependence of G° modulus on xg C750 content in
hybrid system as presented in figure 4.21a. It was observed that the characteristic plateau
of storage modulus (G’) increases at lower strain amplification with increasing filler
concentration and decreases with increasing strain.

Similar behavior is reported and described in the literature both for xg C750 based
fillers or other hybrid systems (nanoG+CB) etc in IR or SBR or NBR rubber compounds
2521221 The storage modulus (G', in kPa) of Hybrid/IR filled rubber compounds as a
function of filler loading are comparatively presented in figure 4.21b. It can be noticed
that G' values for xg C750 filled rubber nanocomposites were found higher than other

fillers investigated. It could be due to high surface area which favors improved filler
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networking in IR matrix. The addition of xg C750 brings about a shift in G’ values to
higher values at lower strain values (~0.56%). The pronounced enhancement of G’ (in
particular after 3 phr of xg C750) and the findings reported in figure 4.21c suggest
investigating if xg C750 is able to develop a synergism with CB+CNT. Recently, it was
reported in literature that in composites based on CB/CNT [, CB/nanoG *! and CB/OC,
CB/Nanoclay, ?? hybrid filler systems, nanofillers (OC, NC, nanoG, CNT) were found to

develop a synergism with CB.

j j j (a) 2600 1 Hybrld SyStem‘ (b)
& 10004 1.£ 2400 |
~ g
c o 4
= @ 2200
© 3
é’ T =80°C, f= 1.0 Hz, y = 0.28% 8) 2000
2 100 1~ ]
g —— 0 phr of xg C750 S 1800
© —— 2 phr of xg C750 < ]
S —— 5 phr of xg C750 < 1600
] —— 10 phr of xg C750 o oo o ~
® Lol ——15phrofxg C750 1400 | T=80°C,f=10Hz,y=028%
1 10 100 0 3 6 9 12 15
Strain (%) Filler loading (in phr)
2600 { —— Hybrid System]| (©)

2400 7
2200 1 T=80°C, f=1.0Hz,y=0.28%
2000 3

1800 1 Very high modulus

LA

‘20 phr of CB (printex)+2 phr of CNT + 3 phr of xg C750
T

10
Filler loading (in phr)

G' (in kPa) @0.56% strain

1400

Figure 4.21: (a) Storage modulus (G’, kPa) as a function of different strains (increasing
from 0.28% to 300%) for Hybrid/IR nanocomposites; (b) Comparative description of
storage modulus with different filler loadings of xg C750 for Hybrid/IR nanocomposites;
(c) Synergestic effect demonstrated from storage modulus as a function of filler loading
for xg C750 in Hybrid/IR nanocomposites.
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4.6.3. Stress-strain behavior for Tensile strength

The stress-strain curves for Hybrid/IR system shows marked improvement in
modulus with increasing xg C750 concentration in rubber matrix (figure 4.22a). It was
found that nanocomposites containing xg C750 are able to attain remarkable elongations
at break. These results are in line with similar results stress-strain published recently on
CB/CNT ™ cB/nanoG Y and CB/OC, CB/Nanoclay, #? hybrid filler systems.

Recently, it was reported in literature that by incorporating 10 phr of nanoclay to
the control SBR containing 20 phr CB shows 153% increase in tensile strength, 157%
increase in elongation at break and 144% stress improvement at 100% strain, which
showed synergistic effect between the fillers. ! Similar synergistic effects in our hybrid
system was noticed in which we observed increased in tensile strength, increase in stress
and increase of elongation at break upto 10 phr of xg C750 after which it decrease. These
findings agree with those published in literature. We concluded that hybrid system
improves properties of composites. ““For a given polymer and cure system, the impact
of the filler network, both in its strength and architecture, on the dynamic modulus and
hysteresis during dynamic strain was reported in the literature !, The filler induced
stress softening and hysteresis of highly strained elastomers are referred to the
hydrodynamic reinforcement of rubber elasticity.

The multi-hysteresis stress-strain was carried out for Hybrid/IR system. In figure
4.22b, we have presented multi-hysteresis for hybrid system containing 0 and 2 phr of xg
C750 filler grade in IR matrix master batch containing 20 phr of CB-Printex xe2+2 phr of
CNT. During multi-hysteresis cyclic strain, it can be hypothesized that a stable filler
network can reduce the hysteresis of the filled rubber, the breakdown and reformation of
the filler network could cause an additional energy dissipation (as can be seen especially
for 1% cycle) that resulting in higher hysteresis.

It could be due to strain amplification by stiffer filler clusters and cyclic
breakdown and re-aggregation (healing) of softer, already damaged filler clusters.In
simpler sense, one can hypothesize that all soft clusters are broken at the turning points of
the cycle and the mechanical energy stored in these strained clusters is completely
dissipated; i.e. only irreversible stress contributions result. Theorotically, the cluster

mechanics of the material is complicated to be understood fully due to the fact that not all
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soft clusters are broken at the turning points of a cycle. °\. A comprehensive for 5 phr,
10 phr and 15 phr of xg C750 filled IR master batch are shown in figure 4.22c. It was
also reported that the filler network can substantially increase the effective volume of the
filler due to rubber trapped in the agglomerates, leading to high elastic modulus. !
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Figure 4.22: (a) Stress-Strain curves obtained from Hybrid/IR nanocomposites; (b)
Multi-Hysteresis Stress-Strain curves comparatives for 0 phr and 2 phr of xg C750 in
Hybrid/IR nanocomposites; (c) Multi-hysteresis Stress-Strain comparative for 5 phr, 10
phr and 15 phr of xg C750 in Hybrid/IR nanocomposites.

4.6.4. Dynamic mechanical temperature analysis (DMTA analysis)
The mechanical performance can be further evaluated through DMTA test. It was
performed to analyze the reinforcing efficiency of the graphene and the extent of
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polymerfiller interaction °!. figure 4.23a and 4.23b presents the behavior of modulus
and loss tangent (tan §). The glass transition temperature (Ty) can be obtained from the
maximum peak in the tan & curve and G*, and it can be observed that the Tg of
composites containing 15 phr of xg C750 (-65.4 °C) was ~3°C higher than that of
composites containing no xg C750 (-63.6°C).

It could be because of the fact that the xg C750 can enforce restriction to the
polymer chain mobility due of the strong interfacial adhesion or higher polymer-filler
interaction (since xg C750 has higher surface activity) between NR and xg C750
platelets. The area under tan & curve under different temperatures indicates the total
amount of energy that can be absorbed by a material. It can be concluded that the
introduction of xg C750 improves the overall stiffness of IR master batches; its elasticity
is not affected significantly. Such characteristics are exciting, because most
reinforcement will inevitably lead to a higher rigidity. Similar hypothesis is reported for

such behavior in the literature 27,
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Figure 4.23: (a) DMTA comparative of Hybrid/IR system based nanocomposites
containing xg C750 concentration from 0 to 15 phr; (b) tan 8 comparative of Hybrid/IR
system based nanocomposites containing xg C750 concentration from 0 to 15 phr.

4.6.5. Dielectric AC Conductivity Properties
The dielectric AC conductivity and properties were measured within frequency
range from 107 to 10° Hz (figure 4.24a and 4.24b). The conductivity was studied for
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filler concentration of O phr, 2 phr, 5 phr, 10 phr and 15 phr of xg C750 in IR master
batch. A very good conductivity of the Hybrid system was seen which increases with
increasing concentration of xg C750 into IR master batch. At lower loadings, the
dielectric conductivity plateau remains almost similar at small frequency range and
conductivity does not affected significantly. A higher conductivity of greater than 1.4*10°
! was observed at hybrid system containing 15 phr of xg C750 in IR matrix. To obtain
electrical synergistic effect, dielectric AC conductivity was taken at very low frequency
(0.1 Hz) and plotted against filler volume fraction (figure 4.24c). A significant
improvement of conductivity was observed after 3 phr which could be due to filler
synergistic effect at this concentration. The conductivity of composites of hybrid system
with varying content of xg C750 exhibit a synergistic effect at lower values due to

electron high mobility of nanoparticles in IR matrix.
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Figure 4.24: (a) Di-electric AC conductivity of Hybrid/IR composites; (b) Synergestic
effect demonstrated from di-electric AC conductivity as a function of filler loading for xg
C750 in Hybrid/IR nanocomposites.

4.7. Conclusions

It has been demonstrated from present investigations that the use of nanofillers
(xg C750, xg M5 and nanoG) brings a significant improvement in over-all properties of
nanocomposites as compared with traditional filler such as CB-N234. Adsorption

isotherms show that BET surface area and surface activity of xg C750 graphene grade
was higher than xg M5 filler grade. From SEM investigations, it was found that the
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platelet-like morphology was observed to be more damaged (ruptured) in the xg C750
filler grade than in xg M5. TEM analysis in compounds revealed that in all the samples,
an even dispersion of nanoG and the presence of nanometric aggregates made also by
few layers of graphene. Through XRD analysis, it was observed that the DL correlation
length of nanoG aggregates remained substantially unchanged passing from pristine
sample to the IR nanocomposite and increased upon performing the crosslinking reaction,
thus suggesting the re-organization of nanoG in a liquid matrix such as IR, upon applying
a high pressure. NanoG behaves thus differently from clays, that experience a progressive

exfoliation as a consequence of the mixing energy.

The compounds were successfully prepared by dry melt mixing method and a
sulphur-based crosslinking system was observed to be effective. From rheometric studies,
it was found that the scorch time (t’os) was found to decrease with increasing filler
concentration which was more pronounced for nanoG than xg M5 and N234 fillers. The
effect of carbon fillers on the scorch time was found to differ appreciably for the different
nanofillers. From strain sweep measurements, It was found that the characteristic plateau
of G at low strain reaches lower strain amplitudes with an increase of filler concentration
in rubber matrix. A particular enhancement of the G’ plateau value is obtained passing
from 20 phr to 30 phr loading ofnanofillers. A quantitative analysis of the percolation
threshold with Huber—Vilgis double logarithmic plot was performed in the neat and filled
rubber matrix through dynamic-mechanical measurements. From stress-strain
measurements, it was observed that the stresses at all the elongations remarkably increase
with the filler content in the SBR matrix. The xg M5 shows dominating reinforcing
properties and reinforcing factor than xg C750, nanoG and N234 fillers at all loadings.
Multi-hysteresis stress-strain investigations show the first cycle exhibits higher energy
dissipation than the third cycle and it was demonstrated that a stable filler networking can
reduce hysteresis losses.

For compounds based on SBR as diene rubber, during dry mixing temperature
was observed to increase upon adding the nanofiller and remained however below 85 °C
which was far below the curing temperature (150 °C). A filler percolation threshold of xg
C750 (~16.6 phr), followed by xg M5 (~23.2 phr), nanoG (~21.9 phr), and N234 (~29.6
phr) was estimated.
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For compounds based on IR as diene rubber and high surface area few layer
graphene, it was found that the maximum temperature during dry mixing (90 °C) was far
below than vulcanization temperature of 150 °C. The filler percolation threshold of
xg C750 was achieved at lower loading (< 20 phr) than xg M5 (~22 phr) and N234 (~25
phr). The xg C750 based rubber nanocomposites had diecectric conductivity of ~2x10°® at
30 phr filler loading which is sufficiently higher than needed for applications in the tire
industry.

For compounds based on IR as diene rubber and high shape anisotropy and high
surface area few layer graphene, a pristine nanoGraphite (nanoG), without any pre-
treatment to reduce the number of stacked layers, was found to promote filler networking
in poly (1,4-cis-isoprene), at a relatively low concentration. This work presents that shape
anisotropy as an important feature of layered nanofiller such as a nanoGraphite. NanoG
with high shape anisotropy was successfully dispersed in an elastomer matrix as
aggregates made by few layers, thus forming a long-range filler-networking at relatively
low concentration without the need of any pre-treatment and maintaining a long range
crystalline order within the layer. Further investigations have to be performed in order to
assess the correlation between the nanofiller shape anisotropy and the nanocomposite
properties. NanoG with high shape anisotropy appears as the ideal candidate to achieve

extensive exfoliation through the treatments reported in the prior art.?*34

For compounds based on IR as diene rubber and hybrid filler system, it has been
demonstrated from experiments that the use of hybrid filler system in IR brings a
significant improvement in the properties of rubber nanocomposites. A synergistic effect
was observed after xg C750 loading of 3 phr in IR master batches. The glass transition
temperature (Tgy) can be obtained from the maximum peak in the tan & curve and G*, and
it can be observed that the Tg of composites containing 15 phr of xg C750 (-65.4 °C) was
~3 °C higher than that of composites contining 0 phr of xg C750 (-63.6 °C). The xg C750
based rubber nanocomposites had diecectric conductivity of ~1.4x10™ at 15 phr filler
loading of xg C750 in hybrid system which more than sufficient than needed for

applications in the tire industry.
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Chapter 5
Compounds based on high surface area few layer graphene and

polar acrylonitrile butadiene rubbers

5.1. Introduction

The nanofillers have been reported and study widely in polymer matrix and
formulations based on nanofiller shows improved properties. **! In this chapter, an
overview of rubber compounds based on high surface area few layer graphene and nitrile
butadiene rubbers are discussed. The nanofillers used are xg C750, xg M5 as high surface
few layer graphene which are compared with UF1 C98 nanographitic filler and traditional
filler carbon black N339. The measurements were performed both on cured and uncured
rubber compounds. Mechanical properties were assessed by stress-strain and multi-
hysteresis investigations. This work demonstrates the correlation of FLG with high
surface area on filler networking, filler dispersion, and dynamic mechanical and dielectric

properties in a polar NBR rubber.

5.2. Results and discussion

The morphological and structural chatacertizations such as SEM, XRD of
xg C750 and xg M5 high surface area FLG are described in section 4.2.1 and 4.2.2 of
previous chapter 4. Static adsorption features of the filler as described below.

5.2.1. Adsorption isotherms of nanofillers in nitrogen and butane

N
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Figure 5.1 : (a) Nitrogen adsorption isotherms of xg M5, xg C750, UF1 C98 and
CB-N339 as nanofillers: plot of surface coverage versus relative pressure; (b): BET
surface area comparision of nanofllers in nitrogen and butane.

The adsorption isotherms measurements were carried out to observe surface
characteristics of fillers. The adsorption isotherms were carried out for xg C750,
xg M5, UF1 C98 and CB-N339 as shown in figure 5.1(a). The differences in surface area
of xg C750, into n-butene and N are presented in figure 5.1(b). It was interesting to
observe the decrease in the BET surface area while changing gas from nitrogen to butane.

The BET surface area in (m%/g):
Nitrogen- 817.3 for xg C750, 168.3 for xg M5, 91.8 for CB-N3309.
Butene- 534.4 for xg C750, 101.7 for xg M5, 77.9 for CB-N339.

5.2.2. Optical microscopy for studying filler dispersion

The filler dispersion of the FLG filled NBR matrix is studied by optical
microscopy as presented in figure 5.2 (a,b) shows optical image of NBR composite
containing 10 vol % of N339 and xg C750. A homogenous dispersion of N339 filler
particles in NBR was observed. In xg C750 filled compounds; filler was found to be un-
evenly distributed, with appearance of larger aggregates, in a fairly fine dispersion. Most
aggregates and agglomerates have sub-micrometric dimensions, some are about 5-10 pm
large and only few are above 10 um large. figure 5.2(c) presents the dispersion index @
70% grey scale (the shape of grey-scale histogram is directly related to the quality of the
dispersion that is low variance represents good filler dispersion). It can be noticed that
xg C750 shows uneven dispersion (D, of < 50% @ 10 vol %) irrespective as compared to
N339 filled NBR compounds irrespective of high surface area of xg C750. The lower
filler dispersion of xg C750 presents poor filler-rubber matrix compatibility that results in
formation of higher aggregated xg C750 filler particles. On the other hand, N339 shows a
very good filler dispersion index (D;) of more than 99.5% overall and hence good filler-
rubber compatibility.

Optical images of fillers were processed in program “analysis pro” for getting the
dimension of filler aggregates and agglomerates in rubber matrix. figure 5.2(d.e)

describes the quantative analysis filler aggregates and agglomerates for both N339 and xg
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C750. It was found that in N339, particles of dimension upto 300 pm? were observed
while xg C750 shown particle aggregates of upto 700 um?® A large number of particles
(>1200) were noticed into xg C750 with range between 30-100 pm?. as compared with

N339 which has ~30 number of particles.
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Figure 5.2: Optical micrographs in NBR rubber matrix at lower magnification: (a) 10 vol
% CB-N339; (b) xg C750; (c) Filler dispersion index plot of xg C750 and xg M5 as a
function of filler loading; Quantitative analysis of filler aggregates, agglomerates for (d)
xg C750; and (e) N339 fillers.
5.3. Compounds based on nitrile butadiene rubber as polar diene rubber
5.3.1. Rheometric curves

The sulphur based crosslinking system was adopted in present work. figure 5.3(a)
shows Rheometric curves of N339 filled rubber compounds. A comparative study on
increase in torque change, AS (My-My) for xg C750, xg M5, UF1 C98 and N339, is
presented in figure 5.3(b). It was found that AS increases with increasing filler loading.
The increase of torque could be due to influence of filler networking of graphene and its
interaction with rubber. It was reported that filler particles has higher interaction in butyl
rubber (BR) due to large number of unsaturated bonds in BR than NBR, EPDM and
isoprene-co-isobutylene rubber (11R).[*!
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Figure 5.3: Rheometric curves for NBR based compounds (a) with N339 concentration
from 0 to 20 vol%; (b): Torque increase (AS that is S’max. —S’min.) @s a function of filler
loading with different concentration of xg M5, xg C750, UF1 C98 and CB-N339 filler.

5.3.2. Rheological Properties through RPA studies

Dependence of storage modulus-G' as a function of strain amplitude for xg C750
filled compounds, with nanofiller amount from 0 to 20 vol%, is presented in figure
5.4(a). The storage modulus increases with increasing filler loading in NBR matrix. This
could be due to high surface area of xg C750 or improved filler networking in due to
polarity of NBR. The storage modulus — G’ as a function of filler loading for xg C750, xg
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M5, UF1 C98 and CB-N339 are described in figure 5.4b. G’ increases with increasing
filler loading in the NBR matrix. Among all the filler investigated, xg C750 shows
dominant G’ at all loading than xg M5, CB-N339 or UF1 C98. Storage modulus
decreases from increase in temperature from 60 °C to 100 °C as presented in figure 5.4c.
The filler networking is influenced by several parameters like temperature, pH of matrix
for compatibility of polymer-filler, mixing and processing parameters. The temperature
affects orientation-disorientation of XxGnP platelets which affects polymer-filler
microstructures formed during compounding in filler-dispersion phase. The interfacial
interactions between organic and inorganic phases play an important role in filler
dispersion, reinforcement and other properties and are temperature dependent. The
characteristic properties improve with increasing filler concentration and above a certain
filler concentration, a sharp increase in these properties was observed. This filler
concentration is known as “filler percolation threshold” loading concentration. figure
5.4d presents percolation threshold calculation for xg C750 (~6.5 vol%), xg M5 (~9
vol%), UF1 C98 (11.4 vol%) and CB-N339 (14.1 vol%). The percolation threshold was
seen to be less dependent on polymer chain regime (entangled or rouse regime) and has

direct dependency on filler volume fraction.
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Figure 5.4: Rheological Properties of NBR compounds through RPA studies: (a) Storage
modulus (G’, kPa) as a function of different strains (increasing from 0.28% to 300%) for
xg C750 filler with increasing loading from 0 to 20 vol%; Storage modulus at minimum
strain for compounds based on xg C750, xg M5, UF1 C98, N339 fillers: (b) as a function
of filler loading; (c) as a function of temperature (60 °C, 80 °C and 100 °C); (d) Filler
Percolation Threshold: plot of the storage modulus at minimum strain, as a function of
the filler volume fraction for xg C750, xg M5, UF1 C98, N339 fillers.

5.3.3. Stress-strain behavior for Tensile strength

The reinforcing factor (6r/6p) at 50% strain and elongation at break of rubber
compounds is presented in figure 5.5 (a, b). It was found that xg M5 shows highest
reinforcement properties followed by xg C750, UF1 C98 and CB-N339 exhibits least
reinforcement. It was however found that UF1 C98 shows best elongation at break
properties where at 20 vol % filler loading, it shows upto 249% elongation when
compared with other fillers such as CB-N339, xg C750 and xg M5.
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Figure 5.5: Stress-Strain behaviour of xg C750, xg M5, UF1 C98, CB-N339 in NBR
compounds: (a) Reinforcing factor (6r/oo) at 50 % for content increasing from 0 to 20
vol%; (b) Elongation at break on same fillers.

5.3.4. Hardness

Hardness is considered as one of important parameter as it directly affects several
characteristics properties of rubber compounds. The softer compounds (<70 Shore A
hardness) can be stretched and processed easier for several applications. Harder rubber
compounds on other side offers obscure properties like high extrusion resistance or high

enthalpy consumption during processing in tire based applications. figure 5.6 show that
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XGnP filled compounds exhibits good hardness properties at very low filler loading as
compared with UF1 C98 and N339. Higher hardness was obtained (~91 Shore A) for
xg M5 filled compounds at higher loading of 20 Vol%.

| xg C750 " DIN53505
B xg M5

| I UF1 Cc98
[ cB-N339
I 0 vol %

=
N
o

=
o
o

80

60 4

40 1

20

Shore A Hardness (median values)

o
|

5 10 15 20
Filler Loading (vol%)

Figure 5.6 — Hardness (Shore A) comparative of xg C750, xg M5, UF1 C98, N339 filled
NBR compounds

5.3.5. Tear Strength
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Figure 5.7: Tear Strength for NBR compounds: (a) CB-N339 concentration increasing
from 0 to 20 vol%; (b) tear strength of on xg C750, xg M5, UF1 C98, N339 fillers for
loading from 0 to 20 vol%.

The tear strength of fillers (xg C750, xg M5, CB-N339 and UF1 C98) are studied

comparatively according to 1SO 34 standards as presented in figure 5.9. The tear strength
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scheme for CB-N339 filled composite is presented in figure 5.9(a). It can be observed
from measurements that neat rubber has very low capacity to bear mechanical. The
compounds with low tear resistance normally show poor abrasion resistance or durability
of life span. The tear strength of the xg C750, xg M5, UF1 C98 and N339 are
comparatively presented in figure 5.9(b). An UF1 C98 filled rubber compound shows
highest resistance to tear propagation under load than xg M5, xg C750 and N339. It could
be proposed due to higher platelet like morphology of the filler which resists crack

propagation

5.3.6. Swelling Tests

The swelling tests were performed to study networking density of cured rubber
nanocomposites in presence and absence of filler. The amount of solvent uptake as a
function of time for filled NBR rubber nanocomposites are shown in figure 5.8 (a, b).

It was observed that the amount of solvent uptake decreases with increasing filler
loading from unfilled to 20 vol %. It can be interpreted that the rate of solvent intake in
compounds continues until equilibrium between the forces inside polymer chains
balances the forces that tend to swell the networks. Least quantity if solvent was observed

in 20 vol % filled compound. It could be due to higher filler networking density.

2.0 T T
(a) 2.0 (b) = xg C750
v e xg M5
— 15- — 181 s UF1C98
§ /\E\ 1.6 4 v CB-N339
£ 101 € 14]
< £ 1.4
o 05 o 12
= —— unfilled NBR 210
% —— 5 vol% of xg C750 3
= 0.0 10 vol% (,;) 0.8 Solvent used - Butanone
n Solvent used - Butanone | —— 15 yo|% 0.6 (at ambient conditions)
(at ambient conditions) 20 vol% .
1 ’ 3 B 5 5 10 15 20
Number of Days Filler Loading (vol%)

Figure 5.8: Swelling tests for NBR compounds: (a) Swelling as a function of number of
days for xg C750 filler; (b) Swelling on xg C750, xg M5, UF1 C98, N339 as a function
of filler loading
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5.4. Conclusions

It was demonstrated that xGnP can be a promising alternative of CB-N339 to
improve over-all properties of rubber compounds for tire applications. It can be
concluded from adsorption isotherms that the nature of gas infused for BET surface area
characterization significantly provide different surface area (xg C750 shows BET area of
817. 3 m%g in N, and 573.6 m%/g in n-butene). The dry mixing method was successfully
implemented for dispersing fillers.

From rheometric curves, we have found that torque increases and scorch time
decreases with increasing filler concentration in NBR matrix. We have also found that
curing time (t’go) decreases with increasing filler loading. DIAS filler dispersion studies
shows that CB-N339 was very highly efficient (>99.5% dispersion over all) and
compatible with NBR matrix than xg C750 in which filler dispersion increases with
increasing filler loading. xg C750 shows large number of particles whch ranges from a
broad range from 30 um? to >700 um? as compared to N339. The hardness of rubber
nanocomposites increases with increasing filler loading in NBR matrix where xg M5
shows highest over all hardness as compared with other comparative fillers.

The RPA study shows an increase in storage modulus with increasing filler
loading and decreasing temperature from 100 °C to 60 °C. The filler percolation threshold
(FPT) was achieved at very low filler loading using nanofillers xg C750 (~6.5 vol%),
xg M5 (~9 vol%), UF1 C98 (11.4 vol%) and than other traditional fillers such as CB-
N339 attains FPT at 14.1 vol%.

From stress-strain measurements, it was found that xg M5 shows higher
reinforcing ability for NBR rubber matrix than other filler investigated. Higher strain
prior to break was observed for all N339 filled nanocomposites. The elongation at break
was found highest in unfilled rubber which decreases from UF1 C98 to xg M5. Multi-
hysteresis strain-strain experiments show that stress increases with increasing filler
loading. From swelling measurements, it was found that amount of solvent intake
decreases with increasing filler loading. The dielectric conductivity and permeability
measurement shows that xg M5 as nanofiller can provide higher electric properties than
CB-N339.
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Chapter 6
Compounds based on high surface area few layer graphene and
polar epoxidized diene rubbers

6.1. Introduction
This work presents the correlation of FLG with high surface area, effects of
presence of epoxy functional groups along polymer chains on filler networking, polymer-
filler interactions, filler dispersion and dynamic mechanical properties of rubber
compounds. The rate of epoxidation was quantitatively demonstrated using *"NMR, DSC
technique was adopted to study epoxidation effects on T, Optical microscopy was
carried out to examine the filler dispersion index of rubber compounds. Rheological
properties were studied through strain sweep measurements and mechanical
measurements were studied with stress-strain tests, dynamo-mechanical temperature
experiments. The stress-strain multi-hysteresis experiments were carried out to

investigate compound stability under cyclic strains determining the energy dissipation.

In present study, xg C750 and carbon black-N234 were used as nanofillers as
described in section 7.1.1 (Chapter-7). The morphological and structural characterizations
of these nanfillers are described already in section 4.2.1, 4.2.2 and 4.2.3 (chapter-4). The
filler loading in epoxidized-rubber was increased from 0 to 40 phr. SBR and IR were
used as rubber matrix as detailed in section 7.1.2 (chapter-7). The chemicals used for

epoxidation are described in section 7.1.4. (chapter-7).

6.2. Results and discussion
6.2.1. Epoxidation of diene rubber

The epoxidation of polybutadiene rubbers such as SBR was obtained by using
peroxide and formic acid that converts the double bonds of polymer chains into epoxy
groups (figure 6.1). This conversion is based on the reaction of in-situ formed performic
acid with 1,4- and 1,2 poly-butadiene units. In this reaction, a cyclic transition state is
formed in which the proton of the peroxy acid is transferred to the carbonyl group of the
same molecule. This destabilizes the O-O bond and the nucleophile oxygen can be added
to the unsaturated double bond of the alkene. For these experiments, we selected a fixed
reagent relation of H,O,/C=C/HCOOH (3/2/1.5) at 25°C and are easily attackable by
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nucleophile species. Epoxy rings are only attacked by nucleophile species if side products
of the reaction are carbonyl groups or hydroxyl groups due to the opening of the oxirane
ring. 1,2-vinyl units are less reactive than 1,4-cis and 1,4-trans units due to due to steric
hindrance. 2 It was reported in the literature that the nature of ring-opened structures
depends directly on the epoxidation degree. At lower epoxidation degree, the majority of
epoxide groups are isolated, simple diols and oftenly hydroxyacetates are formed.
However, at high level of epoxidation, blocks of epoxide predominate and majority of
products are five-membered cyclic ether. At 100 mole% modification, a white amorphous

thermoplastic product was obtained that consist of almost entirely “furan” structures 3

Reaction step 1:

HO—OH + 4/{ - . %
o

Reaction step 2:

O—0H 0
=/ + _< - n +
m le) 0] m OH
cis 1,4 unit
— O—0OH 0]
+ —< r———- 0 -+
n o n OH
m m
trans 1,4 unit
O—0OH 0
m + _< B m +
= ~n 0 n OH
o]
1,2 vinyl unit

Figure 6.1: Schematic representation of epoxidation in diene rubbers such as SBR.
6.2.2. NMR studies for determining degree of epoxidation

The structural changes of epoxidized rubber can be investigated by *H-NMR
spectroscopy. Particularly, the epoxidation reaction can be followed by the disappearance
of peaks of polybutadiene double bonds of cis and trans-1,4 units and 1,2 vinyl units and
the appearance of the epoxy group peaks (figure 6.2). The peaks of the created epoxy
groups can be divided also into cis and trans 1,4- (6=2.7 ppm and 6=3.0 ppm) and 1,2-
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units (3.4 ppm). These *H-NMR corresponding peak are in line with published results .
It was reported that with an increase of epoxy groups (~34%), signals at 2.45 ppm and
2.70 ppm (trans and cis-epoxy) increases while 5.2 ppm peak (unsaturated 1,4-
polybutadiene protons) decreased . The rate of epoxidation was maintained low (below
10%) to preserve the T4 of the epoxidized-SBR and to keep it nearer to unepoxidized-
SBR.

The calculation of epoxidation degrees of SBR samples was carried out by the

method described by R.H. Schuster et al ! using the following equation 6.1 -

Apox

A%
Agpox + A1a + A1z (6.1)

where Aepoxy IS the sum of the integrated proton area intensities by the appearance
of the epoxy groups of cis and trans-1,4 units and are the proton area intensities for the
unsaturated double bonds of 1,4 and 1,2 units. The separation of the epoxy peaks of trans
1,4- and cis 1,4- polybutadiene enables the verification of the preferred double bonds in

the polybutadiene structure. equations 6.2 and 6.3 used for determining cis 1,4 or trans

1,4 peak is-
. Agpox (1,4 trans)
B Ao (L2 trans) + A, (LA cis) + Ais + Ar (6.2)
Agpox (14 cis)
X% -
Agpox (L4 trans) + Agpee (1,4 i) + A1 0 + Ap 2 (6.3)

Table 6.1: Summary of epoxidation degrees for epoxidized-SBR against reaction times

Epoxidation time Cis 1,4-unit | Trans 1,4-unit| All over 1,4-unit
[min] [%] [%] [%]
0 0 0 0
60 1.47 2.96 4.44
90 2.81 4.35 7.16
180 6.11 8.2 14.31
Master Batch 3.58 5.21 8.79

The epoxidation degree depends on the microstructure of the used rubber. In

polybutadiene rubber, trans 1,4 units are more reactive for the epoxidation reaction than
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cis-1,4 units. The epoxidation reaction rate is as well higher for 1,4 units than for 1,2
vinyl units. All samples containing low epoxidation degrees (<15 %) where the behaviour
of epoxidation degree is linear against glass transition temperature. It was reported that
that the epoxidation rate is inversely proportional to vinyl content that is increases with
decrease of vinyl content under the same epoxidation conditions. It indicates that 1,4

units are more reactive during the epoxidation reaction than the 1,2 units **/.

—— unepoxidized-SBR
—— epoxidized-SBR

(after 1 hr. of reaction time)
—— epoxidized-SBR (after 3 hrs.)

(in ppm)

Figure 6.2: 'NMR comparative of SBR with epoxidized-SBR at different conditions

6.2.3. DSC measurements

The insertion of epoxy groups in unsaturated double bonds of polybutadiene
rubber increases the stiffness of main backbone polymer chain. The shift of Tg with
increase of degree of epoxidation is shown in figure 6.3a. The T4 of un-epoxidized
rubber SBR changed during the epoxidation reaction (3 h) from -47.2°C to -34°C. For
SBR type 2525 (that is 25% vinyl and 25% styrene) which was used in the experimental
setup, a conversion factor of 0.91 °C/mol% was found. The degree of epoxidation as a
function of reaction time (figure 6.3b) shows that with increasing reaction time, both T,

and rate of epoxidation was increased. Also, if we consider that the epoxidized segments
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are distributed statically alongside the polymer chains, their individual contribution to
chain mobility is strongly additive. Recently, R. H. Schuster et al reported that DSC
measurements can be used to determine the epoxidation content lower than 10 mol%

considering that the precision of the measurement is ~1.8 °C 1.

—SBR 1-s- Tg -=- Epoxidation degree ,+ 114

—— epoxidized-SBR (after 60 min. reaction time) -33 - : = om0 ‘.
-1 4| |—— epoxidized-SBR (after 90 min.) . Eixiogogim' A5 L7 o112
—— epoxidized-SBR (after 180 min.) 36 - R 10 S
) 7’ 7z (0]
. 7 (0]
2'2' ~ -39 RO 18 5
= 0 v, @
2 ° ! ‘4 16 a)
c R c
2 < -42 1 ‘v, o
T -3 o 4 14 =
= ~ pe ©
8 45 1 e ‘ °
T 7 12 8
-4 4 v’ w )
48 ' : 10 w

),
5 - : ' : : : ;
0 30 60 90 120 150 180

-100 80 60 40 -20 0 20 Reaction time (min)
Temperature (°C)

Figure 6.3: (a) DSC curves showing shift of glass transition temperature with increasing
rate of epoxidation; (b) Comparative figure showing change of degree of epoxidation and
T, as a function of reaction time.

6.2.4. Optical Microscopy for studying filler dispersion

The properties of rubber compounds depend mostly on quality of filler dispersion.
An optical microscopy tool was utilized to study filler dispersion. Optical microscopy
helps us to investigate influence of filler loading on properties such as filler dispersion,
amount of increase in aggregates, agglomerates and number of particles in such
aggregating range. Optical image for carbon black-N234 filled rubber compounds at 20
phr and 40 phr loading is presented in figure 6.4a, b. It can be noticed that the filler
dispersion increases with increasing loading from 20 to 40 phr but it led to formation of
more aggregated and agglomeratic structures. Filler dispersion index (D;) at 85 % grey
scale for N234 filled rubber compounds is presented in figure 6.4c. It was found from the
D, that N234 shows increase in filler dispersion from 20 phr (~65%) to 40 phr (~79%).
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Figure 6.4a: Optical Image of N234/ epoxidized isoprene rubber compounds (EIR)
containing (a) 20 phr; (b) 40 phr of filler; (c): Di calculated for N234/EIR compounds.

6.3. Compounds based on Styrene butadiene rubber used as polar epoxidized diene
rubber
6.3.1. Rheometric curves

Rheometric curves for N234 filled epoxidized-SBR compounds are presented in
figure 6.5a and were used for obtaining curing time (t’90) of rubber compounds. It was
found that the torque increases and the curing time decreases with increasing filler
loading for both N234 and xg C750 fillers. Such effects are due to influence of filler
networking and epoxidized functional groups in the filled rubber matrix. Our results of
decreasing scorch time and increasing torque respectively as a function of filler loading
agrees with published data in literature with similar filler or rubber systems 2.
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A comparative study of t’gs (scorch time) as a function filled loading is presented
in figure 6.5b for both xg C750 and N234 filled epoxidized-SBR compounds. It was
found that scorch (t’gs) time decreases with increasing filler loading and a sharp fall in
scorch time for xg C750 filled epoxidized-SBR composites was observed. Investigations
are reported which presents role of change in initial accelerator and sulfur concentration
in the rubber during wvulcanization or identified and determined the intermediate

compounds which appear to be formed during vulcanization ™!,

18] + unfilled - —— N234
* 2 phrof N234 26 ——Xg C750_
20 phr —————— =
15 1 4
z 51 . 30phr ',n"" £
_(Z3 12 40 phr f! c
Nerd < 4 4
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s 6 Vg = 27
g i {I =
3 "w-"’ ; 8
A p—— 055 I
gesz=sss=zsss 3 0-
0+ T=150°C, t= 1667 Hz,y=6.98% (&) T =150°C, f = 1.667 Hz, y = 6.98% (b)
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Time (in minutes) Filler loading (in phr)

Figure 6.5: (a) Rheometric curves for epoxidized-SBR based nanocomposites containing
N234 concentration from 0 to 40 phr; (b) The t’os (scorch time) decreasing behaviour in
epoxidized-SBR nanocomposites containing different filler concentration of xg C750 and
N234.

6.3.2. Rheological Properties through RPA studies

The viscoelastic behavior of xg C750 and carbon black-N234 filled epoxidized-
SBR compounds was investigated through strain sweep tests. The behavior of storage
modulus - G’ (in kPa) as a function of strain sweep for xg C750 filled epoxidized-SBR
compounds, with increasing loading from 0 to 40 phr, is presented in figure 6.6a. It was
observed that with an increase in filler loading in epoxidized-SBR matrix, the main
characteristic plateau of G' at low strain (~0.56%) reaches lower strain amplitudes. A
substantial decrease in G’ values were observed at relatively large strain amplitudes

(>100% strain). It could be due to break-down of secondary in-rubber interactions at this

Few Layer Graphene Reinforced Rubber Compounds for Tires 91



strain. It was reported in the literature that the values of G’pand G’ enhances in modified
systems due to improved filler networking in rubber matrix ™*. We have also observed
increase G’pand G’ values that could be due to presence of epoxy groups which influence

improved filler networking in xg C750 filled epoxidized compounds.

A comparative study for carbon black N234 and xg C750 filled epoxidized-SBR
rubber compounds as a function of filler loading is presented in figure 6.6b. It can be
noticed that an exponential increase in modulus was seen for the loading above 20 phr for
both xg C750 and N234 filled compounds. Such increase in modulus could be due to
improved interactions in filler networking. The relatively improved interaction in filler
networking between epodixized-SBR (than un-epoxidized SBR) with xg C750 or N234
fillers can be interpreted due to presence of reactive species such as functional groups
like OH or COOH (which possibly exist due to acidic treatment in xg C750) or due to
other reactive species from epoxidized-SBR such as a proton catalysed opening of
oxirane ring favors interactions. Similar hypothesis for precipitated silica/epodixized-
SBR was reported in literature 4. The improved stiffness therefore results an enhanced

filler networking and thus higher modulus.

_ 1400 ] ——xg C750Epoxy IR | " (b)
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1000 @ = ——xg C750/R
< & 1200 { —— N234/Epoxy IR
e ® — N234
N = 1000 | _
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Figure 6.6: (a) Storage modulus (G’, kPa) as a function of different strains (increasing
from 0.28% to 300%) for xg C750 filled uncured epoxidized-SBR nanocomposites; (b)
comparative description of storage modulus with different filler loadings of xg C750 and
N234 filled epoxidized-SBR and SBR 2 nanocomposites.
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6.3.3. Stress-strain behavior for Tensile strength

Stress-strain measurements were carried out at 200 mm/minute on 2 mm thick
cured samples and the behavior of xg C750 filled rubber nanocomposites is shown in
figure 6.7a. It was observed that with an increasing concentration of xg C750 in
epoxidized-SBR matrix, the stress values increases with increasing strain amplitude
which goes to maximum before elongation at break. It was due to influence of improved
filler networking in xg C750 that cause such effects. The stress-strain behavior for xg
C750 and N234 filled epoxidized-SBR composites at 8 phr loading were presented in
figure 6.7b. The stress—strain curves initially increase relatively flatly, upto
approximately 100% strain. It was observed that the xg C750 shows a behavior almost
similar to the N234-filled sample at 100% strain, irrespective of the fact that the BET
surface area of xg C750 is about ~8 times more than N234. The similar findings for
xg C750 and CB systems are reported recently in NBR matrix.

Multi-hysteresis experiments were carried out at 40 mm/minute to study the effect
of filler loading on energy dissipation. The increase in N234 concentration in epoxidized-
SBR matrix increases stress and decreasing the elongation at break (figure 6.7c). Under
stress, the filler clusters can break and become softer, leading to a decreasing strain
amplification factor. It could be further attributed due to cyclic breakdown of new
clusters and re-aggregation or re-formation of damaged clusters. A comparative multi-
hysteresis stress-strain at 8 phr for N234 and xg C750/epoxidized-SBR nanocomposites
is presented in figure 6.7d. It was observed that xg C750 based composites shows higher
stress while N234/epoxidized-SBR shows higher stress values at higher elongations.
When the sample is stretched beyond elasticity range, irreversible deformations happens
that led to permanent changes in filler networking structure. Recently, such experimental
findings are theoretical modeled for three-dimensional stress states using the concept of

representative directions >,
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Figure 6.7: (a) Stress-Strain curves obtained from N234/epoxidized SBR
nanocomposites with varying strain; (b) Stress-Strain comparative curves at 8 phr loading
from N234 and xg C750/epoxidized-SBR nanocomposites; (c) Multi-Hysteresis Stress-
Strain curves comparatives for N234/epoxidized-SBR Nanocomposites; (d) Multi-
hysteresis Stress-Strain comparative for 8 phr of N234 and xg C750/ epoxidized-SBR
nanocomposites.

6.3.4. Dynamic Mechanical Temperature Analysis (DMTA)

The mechanical performance can be further evaluated through DMTA test. It was
performed to analyze the effects of epoxy functional groups on filler networking and thus
reinforcement 81, In DMTA, we study the behavior of complex modulus (G*) as a
function of temperature sweep increasing from -60 °C to 80 °C. The low cryogenic
temperature was achieved by continuous supply of nitrogen during measurements. A
comparative behaviour of G* (in Pa) for both fillers, in epoxidized-SBR matrix at 30 phr
loading, are presented in figure 6.8a. It can be seen that the modulus falls sharply after

glass transition region. As compared with unfilled rubber, a small shift in Ty was
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observed for both xg C750 and N234/epoxidized-SBR composites which is due to
influence of fillers. Similar extent of shift in tan & (figure 6.8b) peak near glass transition
temperature was also found. Filler’s networking results smaller Ty shifts by influencing
polymer chain mobility. The area under tan 6 curve under different temperatures indicates
the total amount of energy that can be absorbed by a material *#*°). Such characteristics
are exciting, because most reinforcement will inevitably lead to a higher rigidity. Similar

hypothesis is reported for such behavior in the literature F8*9.
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Figure 6.8: (@) DMA comparative of N234 and xg C750/ epoxidized-SBR
nanocomposite containing 30 phr of filler; (b) tan 6 comparative of N234 and xg C750/
epoxidized-SBR nanocomposite containing 30 phr of filler.

6.4. Synthetic isoprene rubber used as polar epoxidized diene rubber
6.4.1. Rheometric curves

The sulphur based rheometric curves of N234/ epoxidized-isoprene rubber (EIR)
compounds are shown in figure 6.9. The cross-linking reversion was found very low
(less than 5%) for both fillers. Rheometric curve shows that with increasing concentration
of N234 in the EIR matrix, torque increases and scorch time decreases from 0 to 40 phr
of N234 in EIR. Such increase in torque is enhanced by improved filler networking due
to presence of epoxidized functional groups in the filled rubber matrix. These findings are

in line with literature on similar filler or rubber systems 2,
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A comparative study of t’gs as a function of filled loading is shown in figure 6.9b
for both xg C750 and N234 filled EIR compounds. It was found that t’os (scorch time)
decreases with increasing filler loading. The xg C750 shows lowest t’gs as compared to
N234/EIR compounds at all filler loadings. The decrease in scorch time is influenced
either by epoxy functional groups or improved interactions between filler and rubber. The
high surface area also promotes sharp improvement in scorch time as found in xg C750
filled epoxidized rubber compounds. The thermal conductivity of the filler also plays a
significant role in decreasing activation time and it could be proposed to be another

reason for sharp fall of scorch time for xg C750 filled compounds.
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Figure 6.9: (a) Rheometric curves for N234/EIR compounds; (b) Comparative study of
scorch time for N234 and xg C750/EIR compounds.

6.4.2. Rheological Properties through RPA studies

The strain-sweep behavior of storage modulus - G’ (in kPa) for xg C750 filled
EIR composites are shown in figure 6.10a. We found a non-linear dependence (Payne
effect) of G” with an increase in strain amplitude upto 100% strain. It could be due to
polymer-filler networking in this region. A comparative study of G’ for N234 and
xg C750 filled EIR rubber compounds (epoxidized and un-epoxidized) as a function of
filler loading is shown in figure 6.10b. The improvement in storage modulus values are

due to enhancement filler networking and presence of reactive functional groups. The
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increase in G’ in EIR was more pronounced due to presence of reactive species as

described previously in section 6.3.2 of same chapter.
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Figure 6.10: (a) RPA strain-sweep study for xg C750/EIR compounds; (b) Comparative
study of Storage modulus for N234 and xg C750/EIR compounds. The results were
compared with un-epoxidized nanocomposites.

6.4.3. Stress-strain behavior for Tensile strength

The Stress-Strain behavior of N234/EIR rubber nanocomposites is shown in
figure 6.11a. It was observed that with increasing N234 concentrations from 8 to 40 phr
in EIR, the stress value increases before elongation at break. The stress-strain behavior
for xg C750 and N234 filled epoxidized-SBR composites at 8 phr and 30 phr loading
were presented in figure 6.11b. It was found that with an increase in concentration of xg
C750 and N234 into EIR matrix, stress values increases with increasing strain amplitude.
At 30 phr loading, N234 shows dominant stress and elongation at break as compared to
xg C750. Such effects are due to influence of increasing aggregates and agglomerates in
xg C750 as compared with low surface area and spherical filler that is N234 filled EIR

compounds.

Multi-hysteresis experiments were carried out at 40 mm/minute to study the effect
of filler loading on energy dissipation (figure 6.11c). When the sample is stretched

beyond elasticity range, irreversible deformations occurring and leading to a permanent
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change in the filler network structure. A multi-hysteresis stress-strain at 8 phr and 30 phr
for xg C750/EIR nanocomposites is presented in figure 6.11d. It was found that the
amount of energy dissipation increases with increasing filler concentration. Higher

energy dissipation was noticed in composites of both filler at 30 phr loading.
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Figure 6.11: (a) Stress-Strain study for N234/EIR nanocomposites; (b) Stress-Strain
study for comparative at 8 phr and 30 phr N234 and xg C750/EIR nanocomposites; (c)
Stress-Strain multi-hysteresis study for comparative at 8 phr and 30 phr N234/EIR
nanocomposites; (d) Stress-Strain multi-hysteresis study for comparative at 8 phr and 30
phr xg C750/EIR nanocomposites.

6.4.4. Dynamic Mechanical Thermal Analysis (DMTA)
Behaviour of complex modulus G* (in Pa) as a function of temperature, for N234
and xg C750 filled EIR matrix at 30 phr loading, is presented in figure 6.12a. The results

were compared with unfilled EIR. It was found that the modulus falls sharply below glass
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transition region. At 30 phr, a small shift of Ty was observed for both xg C750 and
N234/EIR compounds. The tan & (figure 6.12b) peak shifts slightly near the glass
transition temperature due to the influence of the used filler and higher tan & can be

evidenced at higher temperature for xg C750/EIR compounds.
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Figure 6.12: (a) DMA study for comparative at 30 phr for xg C750 and N234/EIR
nanocomposites; (b) tan & study for comparative at 30 phr for xg C750 and N234/EIR

6.5. Conclusions

All epoxidation reactions were successfully prepared in a 5 L Buchi reactor with
mounted thermostat at 25°C. The epoxidation reaction rate is as well higher for 1,4 units
than for 1,2 vinyl units, because of the not determinable 1,2 epoxy groups. NMR study
shows that the rate of epoxidation increases with increasing reaction time in both
epoxidized-SBR and IR. All samples containing low epoxidation degrees below 15 %
where epoxidation degree is in linear reaction range of the epoxidation in both rubbers
studied.

The filled epoxidized-SBR and EIR compounds were prepared successfully by
dry melt mixing method suing small Haake Rheomix 600®. Optical microscopy shows
that the dispersion index (D;) that N234 shows increase in filler dispersion from 20 phr
(~65%) to 40 phr (~79%). It was demonstrated that the functionalization of IR with
epoxy groups improves polymer-filler interaction and over-all properties especially

“mechanical reinforcement” for the epoxidized-SBR and EIR compounds. It has been
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demonstrated from our present work that the “high” surface area nanofillers such as xg
C750 shows an improvement in rheological properties (such as scorch time, storage
modulus etc) in both epoxidized-SBR and EIR compounds as compared with traditional
filler such as CB- N234. A significant improvement in scotch time was found for xg
C750 than N234/epoxidized-SBR and EIR compounds. From RPA strain sweep
experiments, we found a non-linear dependence of G’ with an increase in strain
amplitude from 0.28% to 300 % and it decreases sharply after 100% strain. Stress-Strain
measurements shows a significant improvement in stress with increasing filler loading
where xg C750 filled nanocomposites shows higher reinforcement at lower strain ranges
while N234/epoxidized-SBR shows higher at higher strains. Multi-hysteresis shows
higher stability of filler networking and increase of dissipation energy with increasing
filler loadings. From DMTA measurements, it was concluded that the modulus falls
sharply below glass transition region. A small shift (< 2 °C) in T, was observed even at
higher loading of 30 phr for both xg C750 and N234/epoxidized-SBR composites. The
Rheological studies show that the xg C750 filled epoxidized-SBR compounds shows
higher storage modulus than SBR 2 and N234 filled compounds.

DSC studies show that the glass transition tempearutre of the master batch of
epoxidized-SBR did not shift significantly (less than -8 °C). The T4 of un-epoxidized
rubber SBR was changed during the epoxidation reaction of 3h from -47.2°C to -34°C at
an epoxidation degree of ~ 13%. For this SBR type 2525 (that is 25% vinyl and 25%
styrene) which was used in the experimental setup, a conversion factor as 0.91 °C/mol%

was found.
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Chapter 7

Materials, Chemicals, Preparation and Details of Characterization
Techniques

7.1. Materials used
7.1.1. NanoFillers

Commercially available “few layer graphene” nanofillers utilized were: an
exfoliated graphene nanoplatelets (xGnPs) of type xg C750 and xg M5 - purchased from
XG Sciences, nanoG (Synthetic Graphite 8427°, named as nanoG in present work) -
purchased from Asbury Graphite Mills Inc., UF1 C98 and EXG 9840 — bought from
Kropfmihl AMG.

Carbon Black - N339 and N234 were purchased from Cobot®, Carbon Black-
Printex xe2 was obtained from Orion Engineered Carbons.

Carbon nanoTubes with trade name NANOCYL NC 7000™ obtained from
Nanocyl S.A, Belgium.

7.1.2. Rubbers

Synthetic poly(1,4-cis-isoprene) (IR) was from Nizhnekamskneftechim Export,
with trade name SKI3 and 70 M.U. as mooney viscosity (MLy.4 at 100 °C). Similar IR
grade was used in epoxidation.

Styrene Butadiene Rubber (SBR) with trade name Buna VSL 2525-0 M (having
25% styrene and 25% vinyl content) with mooney viscosity (MLi+4) of 54 and Tg of
-49 °C) and synthetic nitrile butadiene rubber (NBR, acryl-nitrile content was 39%, and
ML1.4 at 100°C was 45 and density of 0.99 g/cm®) with trade name - Perbunan® 3945 F

were purchased from Lanxess AG. Similar SBR rubber was used for epoxidation.

7.1.3. Crosslinking Ingredients

Zinc oxide and Stearic acid were used as activators for sulphur based crosslinking
system. Cyclohexyl benzothiazol-2-sulfenamide (CBS) was used as an accelerating
agent.
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7.1.4. Chemicals used in epoxidation experiments

Hydrogen Peroxide (H,O,, 30%wt, Merk) Formic acid (98%, Fluka), Tween 20,
Toluene (CG Chemikalien) and Ethanol (CG Chemikalien).

7.2. Preparation Procedures
7.2.1. Compounds were prepared by melt mixing as
A. Using Small Haake Rheomix 600®

The rubber compounds characterized in chapter 3 (part-1 and part-2), Chapter 4
and chapter 6 were prepared using lab mixer (Haake Rheomix 600® at 60 rpm and at an
initial temperature of 50 °C.

In step 1, rubber (IR or SBR) was masticated in the mixing chamber for the first
minute. The filler was introduced in step 2 and mixed for 4-5 minutes until a stable
torque was achieved. The maximum temperature of nearly 90 °C was reached during
mixing at 50 phr loading in xg C750 -filled rubber compounds. Zinc oxide and stearic
acid were fed into mixing chamber for 2 minutes in step 3. In step 4, curatives were
added by introducing 2 phr of sulphur at starting temperature of 50 °C and mixed for 2
minutes. CBS was added alongside with the sulphur. Master batches were passed through
a two roll-mill 5-6 times for homogenizing ingredients.

Following roll milling, rubber compounds were kept for upto 24 hours at least
under ambient temperature before monitoring vulcanization time through rheometric
curves. The vulcanization conditions (temperature at 150 °C, strain at 6.67% and
frequency at 1.67 Hz) for obtaining rheometric curves were kept constant for all filler
loading. The vulcanization time (t'qo) is defined as the time where 90% of the maximum
torque was reached and this duration was used for crosslinked compounds. The raw
rubber compounds were cured in a hot rubber press under 150 bar pressure at 150 °C to
t'90. The two minutes were added to the final t'go curing time to compensate 2 mm plate
thickness which counted as delayed heat transfer across sample. The tensile tests and

dielectric measurements were conducted on these crosslinked samples.
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B. Using Big Haake Rheomix 3000®

The rubber compounds characterized in Chapter 5 were prepared using lab mixer
(Big Haake Rheomix 3000® at 50 rpm and at an initial temperature of 50 °C. The Haake
Rheomix 3000®. The mixing was initiated as step-1 by introducing rubber in mixing
chamber and mastication upto 2 minutes. In step-2, nanofillers were added step by step
and mixed thoroughly. The ZnO and Stearic acid were added at 11™ minute and total
mixing last for 20 minutes before discharging master batches from mixing chamber for
adding curing systems. The sulphur curatives were added on open-mill for additional 5

minutes and finally homogenized 5-6 times under nip size of 1 cm.

7.2.2. Procedure for epoxidation

All epoxidation reactions were performed in a 5 L Bichi reactor with mounted
thermostat at 25 °C (figure 7.1). The SBR rubber (~175 g; 2.91 mol) was dissolved in
toluene (~2.62 L; 24.7 mol) at ambient temperature conditions by stirring at 300 rpm
overnight. The solution was then heated and maintained at 25 °C before adding Tween 20
solution (~8.7 ml) with a concentration of ~0.075 g/ml. After 15 minutes till solution
attains equilibration under continuous stirring; hydrogen peroxide (446 ml) was added.

After adding H,0,, the solution was stirred for 15 minutes before formic acid
(~55 ml; 1.45 mol) was added. The reaction was finally aborted through neutralizing
acidic solution with a 5% w/V sodium carbonate solution (~1.54 L). For a complete
reaction, the reaction was stirred for additional 30 minutes. Lastly, from separating
phases, the aqueous phase was removed. Finally, the rubber solution was washed with
water two times and then precipitated with ethanol. The precipitated polymer was lastly
dried in a vacuum oven at 40 °C under low pressure for 24 h. The epoxidization of
rubbers were performed through cooperation with Mr. Uwe Schneider and Mr. Viktor

Jose at DIK eV, Germany.
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Figure 7.1: Experimental set-up for epoxidising rubber.

7.3. Characterization Techniques
7.3.1. Optical Microscopy for studying filler dispersion

The Janovert Olympus DP72 12.5x0.25 «/-A, GF - Plamachromont was
employed for imaging and samples were imaged, processed in program “analysis pro”
for getting filler dispersion index (D,) on 70% grey scale for NBR compounds and 85%
grey scale for epoxidized- rubber compounds. The filler dispersion can be studied using

optical microscopy.

7.3.2. Transmission Electron Microscopy (TEM)

TEM micrograph on rubber compounds were obtained by using Zeiss EM 900
microscope incorporated with an accelerating voltage of 80 kV. Ultra-thin sections (~ 40-
50 nm in thickness) were obtained by using a Leica EM FCS cryo-ultramicrotome with a
diamond knife (sample temperature: ~120 °C). The low cryogenic temperature condition
was maintained with continues nitrogen supply in the sample chamber. The TEM
samples were than deposited on copper grids coated with carbon film and analyzed.
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7.3.3. Scanning Electron Microscopy (SEM)

Surface morphology of nanofillers were observed using scanning electron
microscope (SEM, Zeiss EVO MA 10) equipped with tungsten filament and carried out at
a controlled voltage of 8 kV. The conductivity of the specimen surface can be improved
by sputtering a thin coating of a conductive metal such as gold.

7.3.4. Static adsorption isotherms

The static gas adsorption isotherms were carried out using a volumetric
adsorption tool BELSORP-max (BEL, Japan Inc.). The adsorption isotherms were
obtained at a relative pressure (p/p,) range of 10°°-10* and a surface coverage (V/Vi)
from 107-10', where V,, is the monolayer volume. The nanofiller samples were
characterized in N, and n-butene with isotherms to obtain their surface characteristics
such as BET area, surface activity, porosity and surface roughness.

7.3.5. Wide angle X-ray diffraction (WAXD)

The investigations were obtained using automated Bruker D8 advanced
diffractometer which was operated at an accelerating voltage of 35 kV using Ni filtered
Cu-K, radiation of A = 1.5418 A. The important features of a filler such as shape
anisotropy, number of graphene layers in a stack, can be calculated through WXRD
technique. The correlated stack dimensions can be calculated using Scherrer's equation

and d-spacings can be obtained from well known Bragg's equation.

7.3.6. Dynamic Scanning Calorimetry (DSC)

The DSC on freshly epoxidized-SBR samples was carried our using TA-
instruments DSC 2920 CE. The heating rate was kept constant at the rate of 10 °C/
minute. The epoxidized-SBR samples were infused in sample holder before placing them
in sample chamber of the instrument. Liquid nitrogen was used to maintain cryogenic

conditions during the experiment.
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7.3.7. Nuclear Magnetic Resonance (NMR)

The protonated NMR (*H-NMR) on epoxidized-SBR samples were carried out
using Bruker DPX 400 MHz spectrometer. The epoxidized-SBR suspensions were made
in CDClI; solvent and homogenized on a shaker overnight before pouring the solution
(20 mg/ml) inside NMR tubes for characterization and investigations were utilized to
calculate the degree of epoxidation in SBR. The NMR studies were performed through

cooperation of DIK eV and Leibniz Universitdt Hannover, Germany

7.3.8. Hardness

The hardness of rubber compounds was investigated using 6 mm thick cured
sample using Shore A durometer Zwick 5109.01 according to DIN 53 505 standards at
ambient conditions and 70-80 durometer hardness offers good processing and favorable

properties most often for applications like tires.

7.3.9. Rheological Properties through RPA studies (strain sweep)

Rheological measurements were carried out on rubber compounds using a Rubber
Process Analyzer (RPA 2000) at 80 °C and 1 Hz frequency in a strain sweep range from
0.28 % to 300 %.

7.3.10. RPA Frequency sweep experiments

Rheological strain sweep investigations were carried out on rubber compounds
using Rubber Process Analyzer (RPA 2000) at 80 °C from 0.1 Hz to 30 Hz.

7.3.11. Stress-strain behavior for Tensile strength

The tensile strength of cured samples were investigated according to DIN 53 504
standards using universal tensile testing machine (Zwick/Roell Z010) with a preload of
0.5 N. The measurements were carried out by simply stretching strips of dumbbell shape
sample between two clamps as a sequence of increasing weights attached to lower clamp.
The gauge length was measured with cathetometer.

Multi-hysteresis measurements were obtained from 2 mm thick cured compounds

carried out using an universal tensile testing machine (Zwick/Roell Z010) with a preload
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of 0.5 N at strain rate of 40 mm/minute and were utilized to calculate energy dissipation

during stress-strain cycles.

7.3.12. Tear Strength

The tear resistance test of filled rubber compounds were investigated using 2 mm
thick cured sample using universal Zwick/Roell Z010 under ambient conditions. The
experiments were carried out at strain rate of 100 mm/minute. The measurement was
carried out according to ISO 34 standards. The trouser-shape sample was hold between

two clumps like in stress-strain measurements.

7.3.13. Dynamic Mechanical Thermal Analysis

The dynamic mechanical analysis of filled rubber compounds was investigated
using 2 mm thick cured sample using Rheometer (ARES, Rheometric scientific) at
temperature range from -40 °C to 80 °C at 10 Hz and 0.1 % strain. The low cryogenic
temperature was achieved and maintained with continuous N, supply. The modulus peak

shift in tan & plot can be observed carefully from findings.

7.3.14. Dielectric AC Conductivity Properties

Dielectric properties of rubber compounds samples (d=2 mm, and diameter of 20
mm) were studied using a Dielectric Broadband Analyzer (BDA, Novaconctrol GmbH)
from 102 Hz to 10° Hz. The samples were first ultrasonically rinsed for 10 minutes in
ethanol to clean the surface. The surface of rubber compounds was then sputtered with
gold for 10 minutes to form thin film to decrease the surface contact resistance of rubber

compounds.
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Conclusions

In this thesis, rubber compounds based new class innovative carbon nanofillers
made by few layers of graphene (FLG) were analyzed. Research activity on FLG was
initiated by selecting FLG nanofillers mainly on basis of surface area and shape
anisotropy. The number of graphene layers in a stack and shape anisotropy of nanofiller
were successfully calculated using Scherrer’s equation and Bragg’s equation from
WAXD characterizations. The investigations for calculating surface area, surface activity
and porosity were obtained through adsorption isotherms tests.

It has been demonstrated that the use of nanofillers brings a significant
improvement in over-all properties of compounds in both apolar and polar diene rubbers
as compared with traditional filler such as CB- N234 and CB-N339. Generally, scorch
time (t’os) for both high and low surface area FLG filled rubber compounds, decreases
with increasing filler concentration in all diene rubbers. A strong correlation of surface
area with scorch time was obtained in both single and hybrid filler systems. A high
surface area xg C750 - FLG nanofiller shows shortest scorch time as compared with all
other nanofillers investigated. The characteristic plateau of storage modulus- G' at low
strain reaches lower strain amplitudes with an increase of filler concentration for all diene
rubbers investigated. A particular enhancement of the G’ plateau value is obtained for
values passing nearer to filler percolation threshold of nanofillers. A correlation of
surface area with values of G' at low strain amplitude were noticed in all diene rubbers
investigated. A high surface area xg C750 - FLG nanofiller shows dominant values of G’

at low strain against all FLG fillers investigated.

Filler networking was studied quantitatively with Huber—Vilgis double
logarithmic plot in the neat and filled rubber matrix through dynamic-mechanical and in
some studies with electrical measurements. Filler with high surface area shows attainment
of filler percolation at lower concentration in all diene rubbers. Nanofiller with higher
shape anisotropy but lower surface area (nanoG, 21.9 phr in SBR matrix) stills found to
attain filler percolation threshold at higher concentration than a filler with high surface
area (xg C750, 16.6 phr in SBR matrix) in apolar diene rubbers. As compared with
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traditional fillers like CB-N234 and CB-N339, higer filler flocculation was observed for
nanofillers at higer concetration in both diene rubbers. For filler-networking in hybrid
filler systems in IR, a synergistic effect was observed after xg C750 loading of 3 phrin IR
rubber. For all FLG, Stresses at all the elongations remarkably increase with the filler
content in both diene rubbers. However, no direct evidence of FLG with high surface area
(xg C750) for enhancing tensile strength was observed in both diene rubbers. Multi-
hysteresis stress-strain investigations show the first cycle exhibits higher energy
dissipation than the third cycle and it was demonstrated that a stable filler networking can

reduce hysteresis losses.

Finally, epoxidation of diene rubbers (IR and SBR) was successfully carried out
in a 5 L Bichi reactor. Rubber master batches were prepared and their X% and T4 was
investigated quantatively using 'NMR and DSC technique respectively. A direct
correlation between X% and T4 was found. In last part of thesis, it was demonstrated that
presence of epoxy finctional gropus along polymer chains enhances filler networking,
polymer-filler interactions, filler dispersion and dynamic mechanical properties of rubber
compounds. A direct evidence of such enhancement was observed and was demonstrated
in figure 6.6b and figure 6.10b of chapter 6 of thesis.
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