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Synopsis

The tyre tread compound for passenger car tyres is a blend of natural rubber -

- (NR), styrene butadiene rubber (SBR), polybutadiene rubber (BR) and synthetic
polyisoprene (IIR). It is designed to have high abrasion resistance and traction,.
low rolling resistance énd long: durability in service. To achieve these

“requirements, reinforcing fillers such as colloidal carbon blacks and synthetic
silicas are added to raw rubbers. Reinforcing ﬁllers'helps to increase the

properties mentioned above and also hardness, tensile properties and tear

strength. In recent years, silica has been replacing carbon black in'industrial

rubber articles, for example passenger car tyres, offering significant benefits, "

Some studies have shown that using silicas in rubber compounds can reduce the
excessive use of the curing chemicals without compromising the mechanical
properties of rubber vulcanisates, which are essential for long service life.

In this study, effects of 60 parts per hundred rubber by weight (phr) precipitated
amorphous whiié silica nanoﬁllrer. on the viscosity, curing, mechanical . and
dynamic properties of NR, SBR, BR and IR rubber compounds were
investigated.' The . silica surfaces were pre-treated - with  bis(3-
triethoxysilylbropyl)tetrasulphane (TE_SPT) bifunctional organosilane, known also

as Si69 coupling agent, to_' chemically bond silica to rubber. The rubbers were

- primarily cured by using sulphur in TESPT, and the cure was optimised by the
addition of accelerator and activator, which.hélped to form stable covalent
sulphur chen'iical bonds between the rubber and filler. Different amounts of
accelerator and activator were needed to fully crosslink the filled rubbers. The
mechanical properties of the NR, SBR, BR and IR wulcanisates improved

substantially by the incorporation of the filler. This was due to high levels of
rubber-filler adhesion and formation of sulphur chemical bonds between'the_
* rubber and filler via TESPT. | |
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The unfiled and silanized silica filled NR, SBR and BR rubbers were
subsequently mixed together to produce SBR/BR and NR/BR blends. Using the
modulated temperature differential scanning calorimetry (MTDSC) technique, the
composition and mass fraction of the interphase in the blends were determined.
The rubbers were mixed together for different times, temperatures and rotor
speeds to produce the blends. The mass fraction of the SBR with respect td BR
“in the blend was increased to measure its effects on the composition and mass
fraction of the intérphase in the blend. The effect of silica nanofiller on the -
oompos:tlon and mass fraction of the 1nterphase in the blends was also
investigated. The viscosity, cure properties, hardness, tensile strength,
elongation at break, stored energy density at break, tear strength, Young’s'
modulus, tensile modulus at different strain amplitudes, abrasion resistance, heat -
buﬂd up, and tan & of the blends were measured.
This study showed that long mixing times up to 30 minutes, hlgh mixing
temperatures up to 105°C, and mcorporat:on of silica in the rubbers increased
the mass fraction of the mterphase and altered its composition in the blend.
However, increasin'g the rotor speed and the mass fraction of SBR with respect
to BR did not benefit the mass fraction of the interphase in the blend. Properties
related to fracture such as elongation at break, stored energy density at break,
tearing energy and resistance to abrasion benefited significantly from an increase
in the mass fractlon and changes in the composition of the interphase in the
blend. Furthermore, MTDSC was a useful technique for studylng the interphases
in the blends of SBR/BR and SBR/NR rubbers.
The dynam'ic properties of the silanized silica filled SBR, NR, BR a’nd IR rubbers
and SBR/BR (75:25 by mass) blend were measured as a function of oscillation
amplitude, test frequency and temperature. The blends were prepared by mixing
the filled SBR and BR rubbers for 1, 7 and 20 min. This study showed that these
parameters had a profound effect on the tand, loss and storage modulus of the
rubbers. There were a few blends, which were ideal for tyre tread applications
because of their high tand at low temperaturés (good for high skid resistance)

and low tanJ at high temperatures (good for low rolling resistance).
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CHAPTER 1 |

General Introduction

1.1 Introduction |

The wheel is one of the greatest inventions in human history due to its wide
range of applications for example transporting people, materials, or equipment.

Charles Goodyear [1] invented the ﬁfst rubber tyres in 1859 when he accidently
discovered that when natural rubber was mixed with sulphur and then heated on
a hot stove, it hardened and its mechanical properties improved. This was called
vulcanisation. He éubsequently used this discovery to develop rubber tyres. In
1886, R. William Thomson [2] introduced the idea of first pneumatic tyre.

With the discovery of sulphur vulcanization, and the beginning of the industrial
revolution in both Europe & North Amerida, the tyre evolved from a rubberised
cahvas protecting a rubber tube to a more complex structure containing fabric,
steel and elastomers.

A tyre consisfs of several components inc!udihg tread, sidewall, carcass, beads
.and‘ inner liner. The tread is probably the most critical component of a tyre -
determining its durabilify, performance‘and service life. It is also the thickest paf't
~ ofthe fyre structure, which contributes to energy losses and increases in running
temperature or heat build up and fuel consumption of vehicle. Tread is “also
responsible for the safety of a tyre and hence a car and its surface is desighed to
provide good grip in contact with the road surface in normal driving condition
such as dry, wet, ice or snow, but with minimum noise generafion. In fact trying to
- achieve good wear resistance, high wet- and ice- grip and low rolling resistance,
as well as niany other essential properties such as gbod re'sisfance to crack
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growth, has lead to the development of a wide range of tread formulations made -
from several natural and synt_hetic‘rubbers and different types and amounts of
reinfofcing fillers [3-19]). Raw rubbers possess poor mechanical properties even
after vulcanization and therefore there is a need to add reinforcing materials to
achieve improve?nent in- their mechanical properties. Traditionally, there have |
been two major materials used in rubber reinforcement, they are carbon blacks
and silicas [20-36]. '
The introduction of carbon blacks in rubber compounds as a reinforcing agent
- goes back to 1.904, which lead to a substantial increase in tread wear resistance.
Carbon blacks are used to reinforce rubber compounds énd provide enhanced
phyéical properties of the cured rubber. Since 1912, carbon blacks have replaced
zinc oxide in rubber compounds as a reinfrocing filler to provide adequate
mechanical and physi'cal properties, while a small amount of zinc oxide, up to 5 '
phr, is still added to rubber compounds to assist with the curing reaction and
formation of sulphur crosslinks in the rubber.

Since early 1940s, carbon blacks have been COmplemehted by a group of highly

active silica fillers because they signiﬁcantly | improve wear as well as _
performance of tyre tread. HoWevef, technological reasons, e.g. the fact that

silicas retard sulphui' curing reaction in rubber compounds and have a tendency

to form aggregates and agglomerates in the rubber matrix, prevented the use of

silicas in tyre tread compounds until recently. Conventionally, carbon blacks are

~ considered to be a more effective reinforcing égent for tyre treads than silicas, if-
" the latter is used without a (coupli'ng agent.' In fact, good dispersion of reinforcing

fillers in polymer matrix is a key factor in achieving good mechanical and physical

properties, which before using coupling agents restricted the use of silicas in

- rubber compounds. ' ‘

Bifunctional organosilanes or coupling agents modify silica surfaces chemically
by reacting with the silanol or hydroxyl groups. which make the filler acidic and
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hydrophobic, and either destroy these groups or make them inaccessible to the
rubber chains [37-47]. In addition, bifunctional coupling agents which contain
sulphur can chemically react with chemically active double bonds or unsaturated

sites along the rubber chains and form strong covalent sulphur crosslinks
between the filler and rubber. ‘

Since the introduction of green tyres [48], the use of silicas in rubber compounds
for tyre applications has been increasing. Use of silicas in gfeen tyre c.ompounds
has reduced rolling resistance up to 20% and consequently lowered fuel
consumption by. about 5% [49). In addition, silicas enhance wearing resistance
including abrasion resistance, hardness and modulus as well as wet- or ice- grip,
which prevent car from skidding on road surfaces in winter [50-52]. '

Tyres comprise of chemicals, whié_h are potentially harmful to the human body
and the environment. For example, when tyres are disposed of in landfills at the
end of their useful service life, rubber chemicals can leach out and get into
underground water resources polluting the drinking water. Moreover, handling
_ rubber chemicals can cause danger to the safety and well-being of workers in the
rubber industry. Therefore, it is essential to reduce the number and amount of
these chemicals in rubber formulations [53]. For instance, it is customary to use
up to 5 phr zinc oxide (Zn0O) and 2 phr stearic acid in the sulphur cure systems of
tyres. High concentration of zinc in water is known to be toxic to aquatic
~ organisms, in particular many species of algae, crustaceans and salmonids [53].
The rubber dust produced from worn tyres that becomes airborne or.‘is collected
along the road- sides and highways is of major concern due to high surface area
of the dust particles and its ready access to drainage and runoff streams. Hence,
reducing or eliminating ZnO and stearic acid in rubber compounds must be a
priority [53]. This project will offer a novel technique for reducing ZnO and
eliminating stearic acid altogether from rubber formulations.



1.2 Aims and objectives

The overall aim of this project is to develop new blends of SBR/BR 'rubbers filled
with pfecipitated amorphous white silica nanofiller pre-treated with bis(3-
triethoxysilylpropyl)tetrasulphane (TESPT) for use in green tyre tread. Equally, to
develop and test a novel technique for reducing or eliminating the excessive use
of the curing chemicals in rubber compounds using silanized silica nanofiller, and
to promote a safer, more efficient and environmental-friendiy method for
preparing rubber compounds. ’ | | |

- The specific objectives are:

1. To prepare natural rubber, styrene-butadiene rubber, polybutadiene rubbér
and synthetic polyisoprene compbunds filled with 60 phr silanized silica
nanofiller. The filler particles will be dispersed well in the rubber matrix by
increasing the mixing time. |

2. To crosslink or cure, the rubbers primarily by using squhUr in TESPT, and
optimise the cure by.the addition of accelerator and activator, which will
form strong covalent sulphur chemical bonds between the rubber and filler
via TESPT. To measure the viscosity and cure properties of the rubber
corhpounds in order to assess effects of the filler, accelerator and activator
on the processing properties of the rubber compounds.

3. To fully cure the unfilled and silanized silica filled NR, SBR, BR‘ and IR
rubber comp'ounds to produce suitable test pieces for measuring the
| Mooney viscosity, cure properties, hardness, tensile strength, elongation at
bfeak, stored energy density at break, tearing energy and tensile modulus
at different strain amplitudes. In addition, to measure the dynamic
properties such as tand, loss and storage modulus as a function of the
_oscillation amplitude, test frequency and test temperature. The bound



- rubber content and crosslink density of the rubber vulcanisates_ will be
~ determined by swelling in toluene in order to understand the me‘chanism‘ of |
reinforcement of the filler in the rubbers by filler-filler and ru'bber-ﬁll_err '
interactioné. |

. To mix the unfilled and silanized silica filed NR, SBR and BR rubber
compounds together for different mixing times, e.g. 10 and 30 min, mixing
temperatures, e.g. 23 to 100°C, and rotor speeds, 45 and 90 r.p.m. to
produce NR/SBR and NR/BR blends, and determine the mass fraction of
the interphase and its compdsition in these blends, using modulated
temperature differential scanning calorimetry (MTDSC). The idea will be to
identify the mixing condition/conditions where the interphase properties in
these blends can be optimised. |

. To measure the viscosity and cure properties of the SBR/BR blends, and
fully cure the blends to produce suitable test pieces to measure the
hardness, tensile strength, stored energy density at break, elongation at
break, tearing -energy, tensile modulus at different strain amplitudes,
abrasion resistance, heat build up and dynamic properties such as tané,
loss and storage modulus of the cured blends at different oscillation
amplitude, test frequency and test temperature. The bound rubber and
crosslink density of the cured blends will be determined in toluene in order .
to understand the extent of filler-filler and filler-rubber interaction in these '_ '
blends.

.- To collect results and findings from all the tests performed in objective 5 to
identify the blend or blends with the lowest rolling resistance and highest.
skid resistance which may be suitable for green tyre tread applications. o




1.3 Structure of the thesis

Chapter 1 — Background to the aims and objectives of the project

This chapter will include a brief introduction to the development of early 'fyres: .'

important tyre properties such as wear, wet- and ice-grip and rolling resistance
~ and the importance of tyre tread in tyre' performance will be mentioned. The need
to use reinforcing colloidal carbon blacks, synthetic silicas and coupling agents to
improve the mechanical properties of rubber compounds for use in tyre
manufacture will be emphasised. In addition, the hazards, which rubber
chemicals cause to health, safety and the environment will be mentioned briefly.
| Finally, the overall aim and objectives of the project will be listed.

Chapter 2 — Reinforcement of rubbers with silanized silica nanofiller

This chapter will include a brief mention of the previous work done on the use of
silanized silica and carbon black in rubbers and compares the effects of these
fillers on the rubber properties. The mechanism of sulphur curing in hydrocérbon
rubbers énd the use of accelerators and activators to increase the cure efficiency
will be discussed. There will be a brief mention of other ingredients such as
~ antidegradants and processing aids. Differences between the surface chemistry
~of synthetic silica and carbon black fillers will be examined,.and the reaction
mechanism of bifunctional organosilanes or coupling agents with the functional
groups on the silica surfaces and hydrocarbon rubbers will be discussed.

Chapter 3 — Mechanical and dynamic properties of rubbers

- This chapter will discuss a wider range of rubber properties measured with

" standard laboratory procedures. These properties are of significant importance to
tyre rubbers. These include cure or vulcanization characterisation with oscillating

" disc rheometers, hardness, abrasion resistance, tear resistance, tensile
- properties and Mooney viscosity. To understand the mechanism of reinforcement

in cured rubbers, crosslink density and bound rubber content will be calculated .
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using appropriate expressions after swellirig the rubber samples in. toluene.
* Principles behind measuring tans, stoi‘age moduius and 'Ioss modulus and théir
dependence on temperature for rubbers filled with surface pre-treated silica will
‘be discussed too. There 'wiI! be a review of some of the work reported onl the
effect of silane-treated silica on the dynamic properties of rubber vulcanisates
suchas NRand SBR. o -

Chapter 4 - Use of modulated temperature differential scanning calorimetry
(MTDSC) to measure the mass fraction and composition of interphases in

rubber blends - |

This chapter will review several techniques for measuring interphases in rubber

' blends including MTDSC. The principles and basic equations for MTDSC will be

- discussed and its merits and advantages over the more traditional techniques will

be highlighted. ‘

Chapter 5 — Employed standard procedures for measuring the mechanical
and dynamic properties of cured rubbers | |
This " chapter will mention the raw rubbers, chemicals, antidegradant and
processing oil used for this study. It will also describe briefly the British Standard
test brocedures for preparing rubber samples and measuring the rubber
properties such' as Mooney"viscosit'y,' cure properties ljsing oscillating disc
rheometer, hardness, abrasion resistance, tear strength, tensile properties and
tensile modulus at different strain amplitudes. The methods for measuring glass
transition temperature, tang, loss and storage modulus and the equations for
calculating crosslink density and bound rubber content will be me'ntion_ed too.

Chapter 6 — Effects of silanized silica nanofiller on the crossking and
'mechanical properties of NR

This chapter will discuss the mixing procedure for the NR compounds,

optimisation of cure or chemica!l bonding between the filler and rubber via TESPT

with accelerators, activators and elemental sulphur. Crosslink density and bound"
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rubber.measurements of the cured NR rubber compbunds will be included. The
hardness, mass and volume losses in the abrasion tests, bound rubber content,
tearing energy, tensile strength, elongation at break, stored energy density at'
break, tensile modulu_s at different arhplitudes and hysteresis results of the cured
* NR rubbers will be presented. | S

.Chapter 7 - Assessing effects of several processing p_arameters on the
mass fraction and composition of interp'hases in the unfilled and uncured
SBR/BR and NR/BR blends using MTDSC
This chapter will discuss the mathematical principles behind the use of MTDSC
technique for calculating the mass fraction and composition of interphases in the
SBR/BR and NR/BR rubber blends, and will summarise effects of mixing.
temperature, mixing time, rotor speed, and different weight ratios of SBR to BR
rubbers in the SBR/BR blend on the interphase properties.

Chapter 8 - Measuring the mass fraction and compositidn of inierphases in
SBR/BR rubber blends filled with silanized silica nanofiller prepared at
different mixing temperatures and mixing times using MTDSC ‘
This chapter will discuss the procedures for preparing the SBR/BR rubber blends
at different mixing temperatures and mixing times. The mass fraction of thé
| interphase and its composition in the SBR/BR blends will be meésured and the
results | will be examined to determine how the pfocessing parameters
aforementioned affected the interphase properties in the blend. The aim will be to
optimise the interphase properties in order to achieve the besi possible
mechanical and dynamic properties for the blend. -

Chapter 9 - Evaluéting effects of silanized silica nanofiller on the
~mechanical properties of the SBR and BR rubbers and SBR/BR blend _
~ This chapter will evaluate effects of silanized silica nancfiller on the Mooney
| viscosity, cure characteristics and mechanical propetties of the SBR and BR

rubbers. The silanized silica filled SBR and BR rubbers wiil be mixed together for




different times and at different tempefatures to produce SBR/BR blends. The
mass fréction and _compoéitidn of the interphase in the blends will be determined
using MTDSC. The Mooney viscosity of the SBR/BR compounds (blends). will be -
measured, and- after the blends are cured, the hardness, terisile strengt'h_, o
elongation at break, stored enefgy at break, tearing energy, tensile modulus at
different strain amplitudes and bound rubber content will be measured.

Chapter 10 - Measuring dynamib properties of the SBR, BR, NR and IR
rubber vulcanisates filled with silanized silica nanofiller at different test
temperatures, test frequencies and oscillation amplltudes

This chapters reports the tand, loss modulus and storage modulus test results
for the cured SBR, BR, NR and IR rubbers filled with 60 phr snlanlzed silica
nanofiller at test frequencies 1-100 Hz, test temperatUres' -50 to 100°C and
oscillation amplitudes 15-1000 pm. The overall aim is to evaluate how these
parameters will affect the dynamic properties of these rubbers before they are
~ mixed together to produce blends for further work. In addition, effect of elemental
sulphur on these propertieé will be examined too. |

Chapter 11 — Evaluating the dynamic properties of the silanized silica-filled
SBR/BR rubber blends | |

This chapter reports the tan &, loss modulus and storage modulus test results for |
the SBR/BR (75/25 weight ratio) rubber blends which will be measured at 256-
1000 pm oscillation amplitudes, -50 to 85°C temperatures, and 1 and 20Hz test
frequencies. Ir{itially, the SBR and BR rubbers filled with 60 phr silanized silica
nahoﬁller will be prepared and mixed together for 1, 7 and 20 min and then
tested at different températures, ie. -50 to 85°C. The idea is to identify the
~ blends or blend, which will have the highest tan& at low temperatures (good skid
resistance) and the lowest tané at high temperatures (low rolling resistance).
Such as blends or blend will be idea for trye tread applications.
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Chapter 12 - Measuring effects of an increasing Ioéding of silanized silica
nanofiller on the viscosity, green strength and adhesion strength of SBR, "
BR, NR and SBR/BR rubber blend S _
" This chapter reports the effects of up to 75 phr silanized silica nanofiller on the -
viscosity, green strength and tack or adhesion of the SBR, BR, NR rubbers and
SBR/BR (75/25) blend. The tack of the rubbers was measured as a function of
~the intimat'e contact time for up to 32 min by means of the peel test method at.
180° and at ambient temperature. The aim was to assess effect of the filler on
“the strength of the interfacial adhesion, since when the two rubbers are mixed to
produce blend, the mechanical properties of the blend will depend on good
adhesion forming at the interface between the two rubbers. '

Chapter 13 — Conclusions and suggestions for future work

- In this chapter, all the important conclusions from this study will be summarized.
In addition, the viécosity, cure, mechanical and dynamic properties of some
SBR/BR blends, which are currently used to manufacture treads for green tyres
will be compared with the results from this study to show the advantages of the-
new blends developed. Results for tyre treads containing carbon black/silica _
combihation will also be included in this chapter. "

Finally, some suggestions for further work and continuation of this project work in
 the future will be put forward. | ‘
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LITERATURE SURVEY

CHAPTER 2

Re_inforcemeht of rubbers with silanized silica

nanofiller

2.1 Introduction

Ansarifar and co-workers [1-7] studied effects of precipitated silica nanofiller pre-
treated with TESPT on the processing, mechanical and dynamic properties of
BR, NR and SBR rubbers and reported significant improvements in these
properties. According to their findings, silanized silica filler was a more efficient
reinforcing material than some fine grades of carbon black. For example, when

the mechanical properties of SBR vulcanisates containing the same amount of

precipitated silica and high abrasion furnace carbon black of roughly the same
avérage particle size were compared, the rubber with silica had superior

elongation at break, tensile strength, stored energy density at break and tearing

energy [8]. The minimum fatigue life of the silica-filled rubber was noticeably
longer than that of the carbon black filled one. In addition,_thé use of TESPT pre-
~ treated silica offered major advantages over the more traditional silica/liquid
silane mixture [8]. Previous studies [9,10] have shown that when a large amount
of liquid TESPT was mixed wifh precipitated silica and then added to NR, the
filler dispersion was poor and there were large aggregates formed in the rubber
“matrix. Moreover, there was evidence that the silica surfaces were not properly
treated with the liquid silane, which could have cauéed retardation of the curing

reaction in the rubber compound. Use of the TESPT pre-treated silica was more -

efficient and easier to handle and mix with the rubber.
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2.2 Curing systemé for rubber compounds |

| Crbsslinking‘or curing where covalent sulphur or hydrogen bdnds aré formed
between polymer chains, is a widely used technique for improving the polymer
properties such as hardness, tensile strength 'and fracture properties [11].

As mehtibned earlier, the first method of curing or crosslinking rubber was
developed.by Charles Goodyear in 1839 [12] wHen he cured NR with elemental
sulphur at é high temperature. It took Ionger than 5 hours to achieve a
reasonably full cure. Since then, the vulcanization process has been massively
improved, and in addition to elemental sulphur, a huge number of new curing
chemicals have been manufactured and marketed;' which are being used
éuccessfully by the rubber industry to crosslink a Wide range of natural and
" synthetic rubbers. Cure systems often consist of several ingredients such as
accelerators, activators and curing agents. In addition to the curing chemicals,
antidegradants, processing aidé, fillers and special purpose materials, e.g. flame
retardants and-blowing age'rflts. are also added to raw rubbers. However,
reinforcing fillers and curing chemicals are by far the most important ingredients
added to raw rubbers to improve their physical and mechanical properties.

2.2._1 Elémental sulphur

Initially, vulcanization was accomplished by heating elemental s'ulbhur' at a
~ concentration of 8 phr in the rubber for 5 hours at 140°C. The addition of ZnO
reduced the cure'time to 3 hours. Accelerators in concentratidns as low as 0.5 '
phr helped to reduce the vulcanization time to 1-3 minutes. As a result, the
vuicanization procesé with sulphur and without accelerator is no longer of
commercial sigpiﬂcance [13]. An exception is the use of about 30 phr of
elemental sulphur, with little or no accelerator, to produce moulded products of a
hard rubber called ebonite.
Fig.ure 2-1 shows typical sulphur bridge forrhed between two polymer molecules
[13]. As can be seen in this figure, double bonds or un saturation sites along the
" back- bone of rubber chains contribute to the formation of crosslinks by
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enhancing the activity of the allylic hydrogen, at which the crosslinking takes

place.

Figure 2-1: Typical sulphur-bridge between rubber chains[13]. _

Thé mechanisms of sulphur curing i-s not fully understood, but it is believed that
_thé accelerator reacts with sulphur to give sulfide of the type:

o8, - Ac - o o

where Ac is a free radical derived from an accelerator. These polysulfides then
interact With the rubber to give intermediates of thg type: |

rubber — S - Ac

This reacts further with the ﬁnal' crosslinks being of the general type shown in .
Figure 2-1. Over the years, three different cure systems have been developed.
They are efficient vulcanization (EV), Semi-efficient vulcanization (SEV) and
- Conventional vulcanization (CV) systems.

In EV system, there is a low level of sulphur and a correspondingly high level of
accelerator or sulphurless curing to produce a vulcanisate. This is suitable when
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an extremely high heat and reversion resistance is requwed In the conventlonal
curing system, the sulphur dosage is high and correspondlngly the accelerator
level is low. The CV systems provide better flex and dynamic. properties but
poorer thermal and reversion resistance. For optimurh mechanical énd dynamic |
properties with intermediate heat, reversion, flex and dynamic properties, the so-
called SEV system with an intermediate level of accelerator and sulphur are :
employed. The levels of accelerator and s_u!phur in CV, SEV and EV systems as
‘shown in Table 2-1.

Table 2-1 Levels of accelerator and sulphur in CV, SEV and EV systems

Type Sulphur (phr) Accelerator (phr}’ Accelerator!su!phur ratio
cv 235 | 0412 0.1-0.6
SEV 1017 (1224 . 07-25
EV 0.4-0.8 | 20-5.0 2.5-12

In addition to elemental sulphur, sulphur- bearing compounds that donate sulphur
at the vulcanization temperature can be used as curing agent [11]. Some

- compounds like DTDM (4,4"-dithiodimorpholine), can directly substitute with
elemental sulphur and some rriay use directly as accelerator, like
TMTD(Tetramethyl Thiuram Disulfide ). Sulphur donors may use when there is
not need to high amount of sulphur as they use in EV or SEV systems.

2.2.2 Accelerators

Although vulcanization or crosslinking can take place by heating sulphur in |
rubber, the process is‘relatively‘ slow. It can be speeded up quite considerably by
adding small amounts of organic or inorganic compounds known as accelerators.
Organic accelerators were not used until 1906. Sixty five years after Goodyear
~ and Hancock developed un accelerated vulcanization, the effect of aniline on
sulphur vulcanization was dlscovered by Oenslayer [13].

Aniline, however, is too toxic for use in rubber products. Further developments
led to the introduction of guanidine accelerators [14]. Reaction products formed
be_tweén carbon disulfide and aliphatic amines (dithiocarbamates) were first used
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as accelerators in 1919 [15] ..However, most dithiocarbamate accelerators give |
little or no scorch resistance and therefore, can not be used in all applications.
The first delayed action accelerators were introduced in 1925 with the o
developmeht of 2-mercaptobenzothiazole (MBT) and 2- ‘
mercaptobenzothiazoledisuIfide (MBTS) [16-18)]. Even more delayed action and |
yet faster-curing vulcanization became possible ih 1937 with the introduction of -
the first commercial benzothiazole sulfenamide accelerators [19, 20]. F_urther
progress was made in 1968 [21] with the introduction of pre-vulcanization o
inhibitor (PVI), N-cyclohexylthiophthalimide (CTP), which can be used in small
concentrations together with benzothiazolesulfenamide accelerators. Figure 2-2

~ shows the cure behaviour of several accelerators used in NR at 140°C [11].

Figure2-2 : Cure behaviour of several accelerators in NR at 140°C [11].

Accelerators can be divided into two major groups: prifnary and secondary.
Primary accelerators are generally efficient and have good processing safety in
rubber compounds and exhibit a broad vulcanization'plateau with relatively low
crosslink density. Secondéry accelerators may be used in combination with
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primary accelerators in rubber compounds. These combinations produce much
faster rate of vulcanization than each product separately and therefore, are more
efficient for general -properties of industrial rubber products. Figure 2-3

represents these categories in brief [11].

Dithiocarbamate

Figure2-3: Some examples of primary and secondary accelerators

- 2.2.3 Other ingredients in cure systems

In addition to reinforcement agents or fillers, which will be discussed fully in
section 2-3, elemental sulphur and accelerators, there are many other
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ingredients that are added to raw elastomers. They are: -activators,
antidegradants, pfocéSsing aids such as processing oils (to redLnCe viscosity) and

- special purpose materials for example, flame retardants and colouring agents. "
Activators are added to improve the efficiency of accelerators in sulphur-cure
systems. - | |

The most widely used activators for sulphur cure‘systems are zinc oxide (ZnO)
and stearic acid. Stearic acid is a fatty acid, which is added to improve the
solubility of ZnO in the rubber. The role of zinc oxide, which produces zin¢ ions in

the presence of stearic acid, is to form chelates with the accelerator and sulfides.
~ This hel'p's to increase the efficiency of the vulcanization process.

Rubbers that pd)s::sess chemically active double bonds or un saturation sites
along their backbones and in their side groups such as NR, SBR, nitrile rubber
(NBR) and ethylene-butadiene diene rubber (EPDM), are sensitive to heat, light
and particularly oxygen. - Unless protected with antidegradants such as
antioxidants and antiozonants (e.g. a and p-naphtylamines), the rubber will age
by an autocatalytic process accompanied by an increase in oxygen content. The
consequences of aging may be either softening or embrittlement depending on
the elastomer type,. suggesting competing processes 'of degradation and
croSslinking of polymer chains. The first step in the ageing procéss is bresumed
to be the same as that in the oxidation of any olefin, that is, the formation by free
radical attack of a peroxlde at a carbon atom nextto a double bond [11].

—CHZCH ~CH-— _~4CH —CH =CH -+H°

o : - /
H°+-CH-CH=CH-+0, —> HO-0-CH-CH=CH-
Sﬁbsequent steps may include c.rosslinking or chain cleavage or involvemént of

the double bonds, probably iniﬁally through an epoxide group. Many of the steps
in the reaction process resemble closely those of certain types of vulcanization.
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‘Many unsaturated rubbers when subjected to a minimum 5-6% applied strain are

sensitive to attack by ozone, and therefore require protection by antiozonants.:

These are often derivatives of p-phenylenedlamme and are thought to react with
the ozone before it can undergo reaction with the rubber surface

2.3 Reinforcement mechanism of fillers in rubber

- 2.341 .Reinforcing agents for rubbers

For many applications, even vulcanized rubbers may not exhibit satisfactory
mechanical properties including tensile strength, stiffness (hardness), abrasion

resistance, and tear resistance, These properties can be enhanced by the .

addition of certain types of fillers to the rubber before curing. Fillers for rubber are

divided into two distinct groups, inert or extender fillers, such as clay, whiting and
barites, which make the rubber mixture easy to process before_\)ulcanization but

have little effect on the mechanical properties of rubber wvulcanisates; and
reinforcing fillers, which do improve the mechanical properties of rubber
vulcanisates. Carbon blacks and silicas are in the latter group. In fact,
vulcanization offers a partial improvement to the rubber properties for example
rubber becomes stiffer and its hard_ness and tensile strength improve because of
crosslinks between the rubber chains. However, this still leaves significant focal
chain segmental mobility in the rubber. High reinforcement stifiens the rubber
mass and 'imp'rove.s_ its toughness by restricting chain mobility and freedom of
movement to a much larger extent. ‘

23.2 Comparis'on of carbon black with silica in hydrocarbon rubbers

Precipitated amorphous white silica has been used in the rubber industry for a
long time and in some applications for instance in shoe soles, it has replaced
carbon black entirely. However, its use in tyre compounds had been limited to
two types of compounds: off-the-road tread compound to improve chipping and
chunking resistance, and textile and steel cord bonding compound for increasing

adhesion between the cord surface and_ rubber materials [22] . Even in these two
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~ applications, silica had to be blended with up to 15 phr carbon black. The reason
that silica could not completeiy replace carbpn black as the main filler in tyre
compounds was because it caused processing difficulties and exceedingly long
cure times of the rubber compounds. The reason for poor process.ability was its
weak polymer-filler interaction and strong filler-filler interaction, which increased
the compound viscosity and made it difﬁcuit to disperse the silica particl‘es well in
the rUbber matrix. Both of these problems were associated with the surface
chemistry of the filler. | B |

The surfaces of carbon blacks consist of a certain number of unorganized
carbons and ‘are made mainly of graphitic basal planes with some fﬁnctional
groups and mostly oxygen containing groups. which are located on th.e edges’
and crystal defects. The silica surfaces are made of siloxane and silanol or
hydroxyl groups. Based on the adsorption investigation of different chemicals by
means of inverse gés chromatography (.G.C), it has been found that carbon

blacks possess a high dispersive component of surface energy, »?, whereas
silicas have low y¢ . By contrast, the specific or polar component of the surface

free energy, »*, estimated from the specific interaction between the filler surfaces
and polar chemicals, is much higher for silicas than it is for carbon blacks [23, 24]

' With regard to polymer-filler and fillerfiller interactioné, Wang et al [23] were
able to differentiate between carbon blacks and silicas by means of measuring
the adsorption energies of model compbunds‘. which were associated with
different components of their éorresponding surface free energies. In principle, as
cited earlier, while silica fillers have polar surfaces, hydrocarbon rubbers are
generally noh-polar, dr have very low polarity. The higher adsofption energy 6f

non-polar chemicals such as heptane, resulting from higher »¢ of the filler

surface, indicated a greater ability for the filler to interact with h_ydrocarbon

rubbers. However, the higher adsorption energy of a more highly polar chemical
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such as acetonitile (MeCN), resulting from a higher, ys", was representative of
filer aggregate- aggregate interaction in hydrocarbon rubbers. The existence of ‘
éilanbl or hydroxyl groups on the silica surfaces led to strong hydrogen bonding
‘_betwe'en' silica aggregates and formation of a stronger filler network in
comparison with its carbon black counterpart. In addition, the lower filler-polymer
interaction of silica with hydrocarbon rubber also resulted in low bound rubber
content in the compouhd | ‘[25,26], which facilitated filler flocculation.
Consequently, the filler network of silica was more develobed and much stronger
in hydrocarbon rubbers. In fact, with silica and carbon black having similar
surface éreas and structures, Wolf et al [25, 27] demonstrated that the Payne
- effect of the silica filled NR compound was much higher than that of a carbon
- black filled compound. - '

2.3.3 Cbupling agents

Apart from difficulties encountered in mixing silica with rubber and dispersing it
~ well in the rubber matrix, silica is also an acidic 'material because of silanol or’
hydroxyl groups on its surfaces. The presence of these groups interfere with the
reaction mechanism of sulphur cure in the rubber, which often fequires alkaline
condition [28]. This cure retarding effect and the difficulties expérienced in mixing
and dispersing hydrophilic silica particles are often remedied with bifunctional
ofganoé.ilanes known also as coupling agents. |

Bifunctional organosilanes perform two functions in rubber. They react with the
_rubber to form strong bonds, which increases the rubberfiller adhesion. They
also react with the silanol groups on the surfaces of silicas to form stable
filer/ TESPT bonds. The use of silane coupiing agent also improves the
dispersion of silica particles in the rubber matrix and prevents formation of
aggregates and agglomerates in the rubber [29].

(silica reactive part) (RO), —Si—~(CH,), —SH (rubber‘ reactive part)
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The formation of strong filler-rubber linkages via organosilanes has a major
influence on the properties of rubber compounds [30). 3-

mercaptopropyltrimethoxysilane was one of the first coupling agents for rubber -

appllcatlons [31]. Addition of this silane to a silica filled NR compound increased

the tensile strength tear strength and modulus, and improved hysteresis and

: Io_wered permanent set of the rubber vulcanisate [30]. However, two properties of

this silane were disadvantageous. It emanated an unpleasant odor during mixing,
especially at elevated temperatures and.causéd scorch problerhs and therefore
its use remains limited [28]. | |

Using ftrichlorosilane as a starting point, more than one hundred different
- organosilanes were synthesised by Wolff and co-workers [32, 33]. These
compounds were subsequently tested for their utility in silica-filed. rubber
compounds. Only two silanes were found to be suitable as coupling agents .

namely, 3-thiocyanatopropyltriethoxy) (TCPTS), (C,H,0),-Si—(CH,),=SCN)

and bis(3-triethoxysilylpropyl)tetrasulphane (TESPT). The latter is shown in
Figure 2-4.

. Figure 2-4: TESPT chemical structuref32].

The remaining silanes had drawbacks regarding héndling, odor, ease of
transport, storage stability, kinetics of the modification and/or curing reactions,
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\)

toxicological Asafety and their reaction products. TESPT is used in the Michelin’s
green tyre formulation [34]. Wolff [35] assumed that the reaction mechanism of
TESPT with silica surfaces and the rubber would be as following (Figure 2-5):

Figure 2-5:. Mechanism of TESPT reaction with silica and rubber (NR)

As shown in figure 2-5, the ethoxy grqups_ react with the silanol groups on the -
surfaces of silica ‘particles to form stable filler/TESPT bonds. This reduces the
number of silano! groups after reaction with TESPT, and the remaining groups
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. become |ess accessible to the rubber because of steric hmdrance ThiS weakens
the strong mteractlon between silica particles, which reduces the viscosity of
rubber compounds, and improves cure properties by preventing acidic silicas
from interfering with the curing reaction in sulphur-cured rubbers. The
tetrasulphane groups react with the rubber in the presence of aecelerators' at
elevated temperatures, i.e. 140-24060, with or without elemental sulphur being
preserit to forrﬁ crosslinks in unsaturated rubbers. In order to obtain optimum
effect in rubber properties, it is eseential to ensure that both reactions take place
under strict temperature control. |

. 234 Precipitated amorphous white silica nanofiller pre-treated with TESPT

In this work, a precipitated amourphous white silica nanofiller pre-treated with
TESPT was used. Using pre-treated silica nanofiller in rubber compounds has
major advantages over sillicalliquid silane mixture. There are several
disadvantéges in using silica/liquid silane mixtures in rubber compounds [36]. For -
example, the reaction that takes place between silica, silane and rubber takes
place at elevated temperatures, often greater than 140°C, and this releases a
considerable amount of alcohol, which must be ventilated. In this regard, the use
of TESPT pre-treatee silica is safer and much cleaner. This also places the
responsibility for the snlanlsatlon process onto the producers of silica and not
users such as the tyre mdustry ' ‘

Owing to the fact that for a silanized silica, the reaction between silica and silane
had already taken place fully, the filler can then be stored for a period of at least
“one year before its use in rubber with no or very little adverse effect on the
rubber properties. TESPT pre-treéted silica was stored for a period of one year at
50°C and then used in SBR at regular intervals to determine whether storage had ‘
any adverse effect on the rubber properties. The tests showed no adverse effects
at all and therefore it was concluded that the filler had retained its original
properties and integrity after a year in storage[36). | '




As a result of silanisation, the filler will have less tendency to adsorb moisture
and when it is added to rubber, the curing reaction will be more efficient as a
result of a drier filler. Moreover, the filler particles will disperse a lot better in the -
rubber matrix, which will be greatly beneficial to the rubber properties. |

Let us now consider the reaction kinetic of TESPT with silica. Udo Goerl -
proposed a reaction kinetic for silica and TESPT [37], but, this may not be the full
story, since side reactions in one form or another may also take place. According
to his view, 1 mol of TESPT reacts to produce 2 mols of EtOH. This means that
the primary reaction completes according to'equati‘on 2.1 without any secondary
reaction proceeding. ' '

TESPT — Z1+ 2E:OH _ - | 2.1)

where Z1 is the primary reaction product and is described by the following first
order rate law: '

d[EOH]

_ d[TESPT]
dt dt

= k,[TESPT] = (2.2)
where . [TESPT] is the concentration of TESPT in mol/lkg, [EtOH] is the
concentration of ethanol in mol/kg, ¢ is time in minute and %, is the rate constant

_ inminute™

Based on the assumption that 1 mol of TESPT reacts to form 2 mols of ethanol,
the concentration of TESPT at any time is determined from the amount of ethanol
evolved. This amount is determined experimentally [37] and consequently the

values of k, is determined at several temperatures.

In secondary'reaction‘s, three sequential reaction steps of the first order follow: '
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ko ‘ S
Z1—>Z2+ EtOH Secondary reactions - (2.3)

& ' : : _ .
Z2—>Z3+EtOH - | - S (2.4)

ko ' : o _
Z3—->P+ EtOH S - - (2.5)

where k, is the rate constant in minute™ | Z1,22,Z3 are intermediate pfoducts,
and p is the final product of the reaction between silica and TESPT.

In summary, it seems carbon black éhould be replaced with silica in tyre industry.
This replacemenf makes several benefits for this industry, including improvement '_
of tyre mechanical and dynamic properties. ' '

So far, tyre manufacturers hadn’t enough tendency toward silica due to
_processing difficulties. _

In this s'tudy, author tries to introduce silanized pre-treated silica nanofiller as a
strong reinforbement filler which has enough eligibility to discard car_bon black
completely. ' o
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CHAPTER 3

Test procedures for measuring the mechanical and dynamic |

pfoperties of rubber compdun'ds and rubber vulcanisates

The testing procedures described in this chapter are based on the British
‘standards for measuring rubber properties [1 -4]. = |

3.1 Measuring vulcanization or cure characteristics of rubber
compounds '

According to the British standard [5], the curemeter is designed to measure
increases in the stiffness of a vulcanizable rubber compound during heating. The
curemeter, or rheometer as it is known, is used to determine the time needed to
cure or vulcénise a rubber compound at a given temperature, i.e. somewhere
between 140 and 240°C, which industrial rubber articles are cured and also to
asse's's the scorch time or onset of cure in rubber compounds at elevated curing
temperatures [6].

Figure 3-1: Typical vulcanization curve (ODR results) .

Figure 3-1 represents a typical vulcanization curve[6].
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where F is shear force or torque, F, minimum force or torque, F, force or torque
at a specified time 't,. t, scorch time (time to incipient curve), z;(yj time to a
- percentage y of the full curve from minimum force or torque, F,,. plateau force

or torque.

, The minimum force or forque F, oheractefises the stiffness of the unvulcanized
| compound at the curing temperature. The scorch tlme,tsx, is a measure of the
processing safety of the compound and start of the crosslinking process. The
time ¢,(y) and the correspondmg fo;ce or torque value give information on the
_progress of cure. The optimum cure is often shown as r,(90) orz, (95) The

highest force or torque is a measure of the stlﬁness of the vulcanized rubber at
the curing temperature '

Three types of curemeter have found widespread use in the rubber industry.
They are oscillating-disc rheometer (ODR) (Figure 3-2), reciprocating-paddle,

which was popular but is now hardly used, and rotor less curemeter [5] .

- Lower platen .

Hoater:

Figure 3-2: ODR rheometer
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. 2
| The ODR curemeter has for many years been the most widely used machines‘;
" but more recently, the rotor less curemeter has been used too. The prin.eipal
advantages of the latter is that s'pecif ed temperatures are reached in a shorter
time after insertion of the rubber sample into the die cavity and moreover, there is
better temperature dlstnbutlon in the test plece

3.2 Measurement of the mechanical propert:es of rubber
vulcanisates : :

3.2.1 Hardness

Unlike other hardness test methods, which measure resistance to permanent
deformation, in rubber, the hardness measurement is the indication of rubber
stiffness [7]. Hardness is determined from the depth of indentation of a spherical |
indentor, Llnder a specified force, into a rubber sample. An empirical relationship
between depth. of indentation and Young’'s modulus for a perfectly elastic .
isotropic material is used to derive a hardness scale, which may conveniently be
used for most rubbers.

A hardness scale {7] chosen so that 0 represents the hardness of a meterial
having a Young’s modulus of zero, and 100 represents the hardness of a
material of infinite Young's modulus, with the following conditions being fulfilled
- over most of the normal range of hardness: ' o

| a) One international rubber hardness degree (IRHD) always represents
apprommately the same proportionate difference in the Young’s modulus

b) For highly elastic rubbers, the scales of IRHD and the Shore A durometer are
comparable, ‘

The indenting force is applied in three ways' [8] as follow: ,
a) A constant force is applied and the resulting indentation is measured
- b) A force required to produce a constant indentation is measured
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c) A'épring loading is used, which results:c in variation of the indentihg force with
the depth of indentation
The pri_nciple of a hardness tester is a load, which is applied by a weight or a

spring, acting on the rubber through an indentor of defined geometry. The -

resulting indentation is measured with a displacement transducer (traditioriélly a
dial gauge) relative to the test piece surface and, in order to define this, an
annular foot of specified dimensibns exerting a specified load surrounds the
~ indentor. ' '

Equation 3.1 represents the empirical relation between hardness and other
parameters for example YoUng’s modulus [7].

- - F0.4- f 74 E
D=615R 48[(E) ! —(E)OM] | @A)

where Dis indentation in hundredths of a millimetre, R radius of the ball, E
Young's modulus, F total indenting force in Newton and f contact force.

3.2.2 Abrasion resistance

~Abrasion is the loss of material {(mass loss or wear) resulting from frictional action -

upen a surface [8]. The resistance of rubbers to abrasion is one of their most
important mechanical properties. However, the analysis of the processes of
abrasion and its measuréﬁnent under laboratory conditions and in service, have
proved to be very challenging.

In performing laboratory abrasion tests, it is generally n‘ecessa[y to obtain a
significant amount of abrasion in a short time in order to have measurable méss
losses. This has led to tests based on the use of sharp abrasive surfaces of

corundum, high loads, and high slip velocities, though these conditions are not
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characteristic of abrasion in service. Wear in service, for example, can take place
, not‘only on surfaces with sharp asperities but also on mechanically smooth
surfaces such as glass or polished metal. In the ‘case of asperities, thé
predominant action is that of cutting or tearing of the surface, and loss of material
" which occurs as asperities plough through the su_rface.‘The mass loss is directly'
rélated to the‘sliding distance and t_d the applied load. It is also very dependent
upon the sharpness of the edges of the aspe'rities and upon the hardness of the
rubber. With sm_ooth surfaces, abrasion is.due to différent processes and is
considered to arise from stress concentrations in the surface associated with the
mechanism of friction of polymers. However, abrasion by frictional forces
between relatively smooth surfaces is not of sufficient interest to justify the
preparation of a standard method at the present time. No close and rﬁeaningful
relationship between the results of an abrasion test and service performance can
~ be inferred at this stage. |

3.2.3 Tear properties

In a tear test, the force is concentrated on a deliberate flaw or shérp discontinuity
| and the force to continuously produce a new surface in the rubber is measured.
The force needed to start or 'maintain tearing will depend in rather a complex
manner on the geometry of the test piece and on the nature of the discontinuity.
Hence, it would be expected that different tear methods, using different
geometries, will yield different tear strengths. However, there is evidence that, for
at least a number of rubbers, the ranking Qf compounds is the same regardless
of which tear method is used [10-12]. What is certain is that the ihitiation and
propagation of a tear is a real and very important factor in the failure of rubber
products, being involved in fatigue and abrasion processes as well as the
catastrophic growth of a cut on the application of a stress. There is, therefore,
considerable interest in the tearing resistance of rubbers.
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The British standard [13] suggests three test methods for the determination of the
tear strength of vulcanised rubbers, namely: o

Method A, using a trouser test piece (this method will be used in this study)
Method B, using .an angle test piece, with or without a nick of specified depth
Method C, Llsing a crescent test piece with a nick _ ,

 The value of tear strength obtained depends on the shape of the test piece,
speed of stretching and test temperature. It may also be susceptiblé to grain
effects in vulcanized rubber, o |

Method A is preférred because it is ndt sensitive to the length of the cut, unlike
the other two test pie'ce geometries in which the nick has to be very closely
coritrolled. In addition, the results obtained are more easily related to the
fundamental tear properties of the material and are less sensitive to modulus
effects, provided that the leg extension is negligible, and the rate of propagation
of the tear is directly related to the rate of grip separation. With some rubbers, the
propagation of tear is not smooth, and analysis of the tests results may be
difficult. |

| 'The grips should separate at a rate of 50mm/min until the test piece fractures.

- The tear_strehgth,i!: will be expressed in kiloNewton per metre of thickness, and

is given by equation 3.2

T, = —= o o (3.2)

where F is median or mean force in Newton, and d med'ian thickness of the
test pieces in mm.

Method B for measuring tear strength, is a combination of tear initiation and
propagation. Stress is built up at the point of the angle until it is sufficient to
~ initiate a tear and then, further stresses propagate the tear. However, it is only
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possible to measure the overall force required to rupture the test piece, and,
therefore, the force cannot be resolved into two components.

Method C, _also measures the force required to propagate a nick already
- produced in the test piece though the rate of propagation is not related to the jaw -
speed. ' '

324 Tensile.properties

After indentation hardness measurement, the most common type of stress strain

measurément is that made in tension. The ability of a rubber to stretch to several

times its original length is one of its chief characteristics and:it is worth

mentioning that at least as many rubber products are used in compression or

shear as are used in tension. Besides being of relevance to products strained in

tension, tensile stress/ strain pi‘operties have been taken, since the beginning of

the industry, as a general guide to the quality of a rubber, being sensitive to filler
or plasticizer content as well as to mixing and curing efficiently.

Two shapes of test pieces are generally used, ring and dumb-beli and both are
covered by international standard, 1ISO-37 [14] and ASTM D412 [15].

 The advantages of rings are that there are no grippirig problems,‘ as the ring may
be moﬂnted on two pulleys, and that the elongation is easily measured by
monitoring the distance between the pulleys. Their principal disadvantage is that
the strain distribution in the ring is not uniform. | —
Dumb-bells, on the other hand, are rather more difficult to grip and the
measurement of elongation cannot be taken from grip separation as the strain
along the whdle test piece is not uniform. However, the stress and strain is
uniform throughout the central parallel portion of the dumb-bell and, hence, the
problem of non-uniform strain in ring test pieces is avoided. In addition, by cutting
~ dumb-belis in different directions, grain effects can be studied which is not
possible with ring-shaped test pieces. Largely because of the uneven strain
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problem, but perhaps also because most laboratories consider ring-shaped test
pieces to be more difficult to cut from cured sheets of rubber, dumb-bells are the
most commonly used of the two test pieces.”

‘Considerable effort has been put into selecting the best dumb-bell shape and -
size, particularly by ISO committee TC45 (Figure 3-3). Type 1 dumb—bell shape
of ISO 37 with a 6 mm wide centre portion and preferably cut from 2 mm thick
sheet is widely used but type 2 has gained in popularity simply because it is
smaller and uses less material. ‘

' < E Transition radius outside
*F Transition radins insid

Figure 3-3: Standard dumb- bell dimensions for tensile properties |
measurement :

3.2.5 Mooney viscosity

The torque necessary to rotate a metal disc in a cylindricai chamber filled with un
compounded or compounded rubber is measured by this method using a
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" Mooney viscometer. The Mooney Viscosity number (MU) is proportional to the
value of the torque [16, 17]. The Mooney viscometer has a single speed rotor,
two half dies which form a cylindrical cavity and can be heated and maintained at
constant temperature and pressure. The method measures the torque needed to
flow thé rubber in the die cavity and is ideal for measuring the flow 'properties of
" rubber compou'nds. The results. from this method are expressed as ML(‘I +4,

- 100°C), where, M, means Mooney, L, large rotor, 1 minute preheat time, 4
minutes run time and the tests are performed at 100°C.

3.3 Crosslinking and bound rubber

Bound rubber, sometimes termed filler gel, has been recognized as an important
factor in the mechanism of rubber reinforcement, and is often considered to be a
measure of surface activity of reinforcing fillers [18, 19]. The ﬁrét description of
the bound rubber phenomenon was by Twiss in 1925, who observed that the
resistance of carbon black filed NR mixes to solvents was related to improved
mechanical properties. Boiry studied many of the factors influencing the '
insolubilization of NR by fillers including type, amount of fillers, mixing and testing
variables. In 1937 J. H. Fielding of Goodyear developed a so-called “bound
rubber” test because of his interest in the possibility of chemical bond formation
- between fillers and rubber. LDuring the start of the U.S. ‘'synthetic rubber program
In 1945, Baker and Walker reported insolubilization of SBR when mixed'with
carbon black significantly greater than the amount of normal gel in the unfilted
elastomer. They were also the first to report that the amount of gel increased with
increasing molecular w_eight and that a selective adsorption of high molecular

o weight' material occurred. Since that time, many investigations have confirmed

these findings with many other elastomers, and theories of bound rubber
formation have been based on these observations. The early concept that bound
rubber is a gel of carbon black particles held together in a three-dimensional
lattice by Ionge'r‘inter particle polymer molecules is still valid. | "
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The nature of the segmental attachments of the polymer molecules to the filler
surfaces now appears to be both physical ahd chemical, depending upon filler

- surface activity and chemical functibnality, and the chemical composition éhd

- functionality of the elastomer. Re'gardless of the type of interaction, the bonding
is essentially permanent and can only be disrupted by extraction with good
solvents at high temperatures.

The relationship of bound rubber to reinforcement was shown by Sperberg who
correlated the amount and tightness of the gel to abrasion resistance
encountered in actual road tests. Switzer who coined the term “carbon gel
complex “ agreed with Sperberg and concluded that the carbon gel complex was
basic to reinforceinerit because it was affected not only by particle size and
structure but also by surface activity. There is now general agreement that bound
rubber is an important factor in rubber reinforcement [20].

Bound rubber is determined by immersing small pieces of cured or uncured mix

in a large excess of a good solvent such as toluene for three to four days at room

temperature. Soluble rubber is extracted from the sample by the solvent, but a-
small amount of soluble rubber must remain within the swollen gel. The pieces

swell to as much as 40 times their original volume, forming a weak coherent gel

containing all of the carbon black and from 5 to 60 wt% of the original rubber

contént, depending on factors such as the amount and type of filler. In'order to
minimise extraneous mixing and storage factors and approach more stable

values, some investigators 'preheat the samples for one hour at 145°C.

3.4 Dynamic properties
3.4.1 Introduction
Although static mechanical properties such as tear strength and abrasion

resistance have a great role to  play in the service life of tyres, attention must
also be given to the dynamic properties of rubber vulcanisates. In fact wearing
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properties of a tyre as well as it's performance in service are two sides of the
same coin. | | | . |

‘When fillers are added to polymer systems, they are known to bause a '7
cohéiderable change in dynamic properties, not only the viscous (loss) modulus
and elastic (stofage) modulus, but also their ratio, tans , which is related to the

portion of the energy dissipated during dynamic deformation [20]. In practice, the

~ energy loss in rubber products during dynamic straining is of great importance, -

as for example, in vibration mounts and automotive tyres where it affects the
service performance of these products with regard to heat generation and fatigue
life for the former, and rolling resistance, traction and skid resistance for the
latter. In fact, with regard fo tyre applicétions, it is well known that repeated
straining of the compound due to rotation and braking can be approximated to a
- process of constant energy input involving different temperature and frequencies |
[21-23]. o | |

" Rolling resistance is related to the movement of the whole tyre corresponding to
deformation at a frequency of 10-100Hz and a temperature of 50-80°C [20]. In
the case of skid- or wet- grip, the stress is generated by resistance from the road
. surface and movement of the rubber at the surface, or, near the surface of the
tyre tread at frequénc_ies around 10* to 107 Hz at room temperature [22-23]. It is |
therefore obvious that any change in the dynamic hysteresis of rubber compound
at different frequencies and temperatures will alter the performance of the tyre.

Since certain tyfé properties involve frequencies, which are too high to be
measured, these frequencies are reduced to a measurable level (1Hz) at lower
temperatures by applying the time-temperature equivalence principle even
th'ough in the case of filled vulcanisates the shift factors for building the elastic
modulus master curve are not exactly the same as those for the master curve of
viscous modulus, hence of tan5[24]. However, the master curve fb_r each
property can be constructed experimentally according to the temperature-
.frequency principle. Figure 3-4 [25] shows tand versus temperature for a SBR-

1500 rubber compound. As can be seen, several distinct features are present as
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temperature rises from transition zone or near glass transition temperatUre,Tg to

ambient and higher temperatures. From the viscoelastic property point of view,
an ideal compound which is able to meet the requirements of a high-performance
tyre should give alow tané value ata temperature of 50-80°C in order to reduce
rolling resistance and éave energy [20]. The ideal 'compound should also
demonstrate high hysteresis at low temperatures, e.g. -20' to 0°C, in order to
obtain high skid resistance and wet grip. However, the factors involved in skid
resistance are recognized to be more complex than a single compound property.
Dynamic properties of compounds as well as their terriperature dependent
bahaviour can be influenced by filler parameters. The effect of filler morphology,
namely, its fineness related to surface area and particle size and particle size
distribution, and its structure related to its aggregate irfegularity of shapes and
their distribution, has been imfestigated and reviewed by Medalia [21] . A large
change in dynamic propeﬁies, both storage and loss modulus, can also be
achieved via chemical modification of filler surfaces [26]. The silanized silica
nanofiller used in this project is a filler the surfaces of which had been chemically
treated by a silane coupling agent and therefore, was significantly different from
untreated silica. |

Figuré 3-4: Typical tan 5versus temperature for a SBR-“ISOO rubber
compound. |

]
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3.4.2 Principal equations

~When a shear stress is imposed periodically with a Sinusoidal alternation at a

frequency of ® ona viscoelastic rubber, the strain will also altemate smusmda!ly. o

but wili be out of phase, the strain will lag the stress (Figure 3- 5)

y = ¥esinot - (3.3)

where;fls shear strain, y, is maximum amplitude of strain, wis oscnllatlon

‘ frequency and ¢ is time.
oc=0,sin(wt+38) ' ' (3.4)'

where cis shear stress, o,is maximum shear stress amplitude anddis the

phase angle between stress and strain.

- Alternatively, equation 3.4 can be written as:

o =0, sinaxcosc?%Jo cosaxsing | . (3.5)

Figuré 3-5: Shear stress and strain versus wt
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Accordingly, the dynamic stress-strain behaviour of a rubber can be expressed
by a modulus G , whichis in .phase with strain (élast_ic or storage modulus), and a
modulus G", Which is 90° out 6f bhase (viscous or loss modul.us). Hence
equation 3.5 can be re written as: '

o =y,G sinat+y,G coswt : | - (3.6)
~ where G'=(0,/%,)cosd - (3.7)
G =(0,17,)sind (38

Hence | '
ans=< (3.9)

Alternatively, the cbmplex, G’ can express the global modulus as:
G =(0,/7,)=G +iG | (3.10)

The energy loss during one cycle of strain, AE is gi\}en by:
AE= | oy = Igmi‘g%dr' o (3.11)
Substitute the relevant values from equations 3.3 and 3.6 in equation 3.11:

AE=wy,? [ (G sinatcosat + G cos’ an)dt = ny,’G" « (3.12)

By substituting equation 3.8 in equation 3.12, AE can be written as:

AE=70,y,8in6 = 7oy, tan & . (3.13)




If the stress is plotted against strain for a single deformationlc_ycle, a hysteresis
loop is obtained. The area within this closed loop is the amount of mechanical
energy converted to heat durin~g this cycle, which is termed hystereéis orH.His
given approximately by the following equation [27]. |

H=(z/4)(DSA/1002G tans @314

where DSA is the double or peak to peak strain amplitude as a percentage of the |
undeformed sample dimension.

3.4.3 Measurement of dynamic properties of cured rubbers

Many types of instrurhents have been 'developed over the years for measuring
the dynamic properties, energy losses or heat generation of rubber products [27].
' The most versatile and the costliest are the servo-hydraulic machines. These can -
be uséd for testing rubber articles, as well as special test specimens, under
arbitrary conditions of strain or (with some limitations) stress. Data can be
obtained after ohly a few cycles, or, if desired, during prolonged cycling.
Commercially available electromagnetic test equipments are useful for testing
small specimens but lack the power to test most rubber 'products'. Of the other
devices, special mention should be made of the rebound tester, which permits
- rapid precise measurement of the loss tangent at very low equipment cost.

The Goodrich Flexometer is widely used for measuring the heat build-up and
flexing fatigue of rubbers in compression [28]. While a static load is applied to
maintain a constant static compression, the cycling is carried out at a definite
_strain amplitude (typically 17.5% DSA). The temperature is monitored and
recorded in a platen at the end of a cylindrical spécimen. Since the specimen
“temperature changes considerably during a test run,' especially at the centre of

the specimen where the temperature rise can be much greater than the
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measured temperature rise, this instrument is not generally suitable .for' basic
_ studies. This instrument is especially valuable for detecting the irreversible .
changes, which take place during cycling at elevated temperatures. However, the
results should be interpreted with caution in view of the difference in heat'
transfer, ambient temperature strain cycle, and oxygen diffusion between the
flexometer and the actual servrce condltlons of a glven rubber article.

- 3.4.4 Temperature dependence of G, G™ and tans for unfilled

rubbers _ R ' .

- Generally, for unﬁiled rubbers, storage modulus, loss modulus and tand are
highly affected by temperature changes (Figure‘ 3-4). At sufficiently tow

temperetures, the tan & values are very low because the viscosity of the rubber |
is high and the free volume in the polymer is so small that the movement of the
polymer segments and adjustment of their relative positions can hardly take
place in the time scale involved in the normal dﬁ/namic experiment. This results in- |
low energy dissipation in the rubber, hence low hysteresis. Under this condition,
the polymer falls in the glassy state with a very high storage or elastic modulus.

With increasing rubber temperature, the movement of the polymer segments
increases. When the temperature reaches a certain |evel the free volume of the
polymer increases more rapld!y than the volume expansson of the molecules,
facilitating segmental motion. From this point on, which is known as the glass
transition temperature, 7, the viscosity of the polymer decreases very rapidly and

the molecular adjustment takes place_.more easily. Therefore, the sterage
modulus decreases and the energy di'ssipation in the polymer will increase with
temperature, resulting in high hysteresis. Moreover, at high temperatures, the
Brownian motion is very rapid and the viscosity is very low in the polymer. The
“thermal energy is comparable to the potential energy barriers to segmental
motion, hence, the molecular adjustment will be quick enough to be able to follow
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the dynamic straining. In this case, long range contour changes of polymer
molecules may take place and low resistanbe to.'strain. In fact, the material falls
in a so-called rubbery region with low modulus and low energy dissipation during
dynamic deformation. '

From the above discussion, it is concluded that the dynamic properties of rubbers
depend on the time scale of the ekpetiment. This is a fair conclusion, since the
‘loss and storage modulus as well as tan & are depehdent on the test frequency
[20-30]. | | |

3.4.5 Temperature dependencé of G, G" and tans for filléd rubbers

Carbon black

Carbon blacks are thle_mo'st widely used reinforcing filler in rubber. When added
to rubber, they increase mechanical properties such as wear or abrasion
resistance, hardness, tear strength and tensile strength. Moreover, the filler
absorbs ultraviolet light and conéequently prevents the rubber from degradation.

The effect of carbon black on the dynamic properties of rubbers has been
studied by several workers [20, 27, 31-34]. The results showed that the addition
of carbon .black increased the loss and storage modulus with temperature -
changes in comparison with the unﬁl_l'ed rubber. The values of tans at low
temperatures, were lower and at high temperatures higher than those measured
for the unfilled rubbers. |

In rubber compounds with r’einforcing fillers, the filer makes a major contribution
to heat generétion [21]. Carbon black forms aggregates in rubber. At normal
loading, aggregates form networks, which extend throughout the rubber
| compourid. The existence of the networks is proved unequivocally by the sharp
rise in electrical condubtivity as the ioading of carbon black is increased beyond a

threshold value of about 20-25 phr, depending on the grade of black.
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When rubber ie subjected to strain cycling of moderate magnitude for example,
1- 20% in compression or approximately three times this in shear, a continuous
process of network breakdown and re-formation takes place. Durlng each cycle, |

the increasing strain breaks down inter-aggregate bonds, starting with the
weakest bonds (or those which are least affected by the strain) and progressing
to the breakdown of stronger bonds. As the specimen is deformed, the
aggregates form new bonds in new positions, which are again broken down and
then re-formed in new positions. The breakage and re-formation of inter-

- aggregate bonds is a hystereS|s process which, in typical reinforced rubber |

_ compounds is responsible for the major share of the heat generation. At very low
strain amplitudes, deformation of rubber causes very little network breakdown
and thus the contribution of the carbon black to hysferesis is negligible. 'Under
these conditions, the filler network makes a major contrlbutlon to the stiffness or
modulus of the compound '

‘The effect of cart_)on black on storage modulus and tané is essentially added to
the effect produced by crosslink density in the rubber, as shown by Payne and
co-workers [35]. Similarly, Kraus and Rollmann [36] have found good correlation
between the loss compliance of gum and black-filled 'polybutadiene rubbers
containing different amounts of untrapped entanglements, though with some
deviation. This was attributed to the adsorption of polymer chain segments onto
the carbon black surfaces. |

Wang [37] studied effect of different amounts of carbon black on the storage
modulus, loss modulus and tan& of some SBR compounds at a test frequency of
10 Hz and DSA 5%. He concluded that simply by reducing the filler loading, it
was possibie to 'satisfy the dynamic properties of the rubbers for tyre applications

at least from the point of view of hysteresis. In fact, while the gum rubber gave

lower hysteresis at relatively high temperatures, its friction coefficient remained

higher [38]. Enough filler should be loaded in tyre compounds to meet the
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requirements for stiffness, wear resistance and tensile strength. These properties
influence not only the service life of the tyre but can also affect driving safety as
hysteresis may not be the only factor to govern‘ skid resistance and cbrnering'
perfdrmance. Wang concluded that the Ioading effects at different température
regions, were govéi'ned by different lméchahisms. It seemed that at temperatures
near the tand peak in the transition zone, the presence' of carbon black gave a
‘lower hysteresis for a given energy input. This Was understood in térms of a
redubtion in polymer fraction in the composite as the polymer in situ was
responsible for the high portion of energy dissipation, and individual solid filler
particles in the polymer matrix did not absorb energy significantly. While this
interpretatioﬁ was reasonable for hysteresis in the transition zone, it Waé not true
at high temperatures where the hysteresis increased by the introduction of the
filler. In fact'at high temperatures, another mechanism governed the hysteresis
behaviour of the rubber. That was break down and re-formation of the filler-filler
‘and/or polymer-ﬁl!er‘ network, which was responsible for heat dissipation rather

than the polymer matrix.

The number and strength of inter aggregate bonds are largely affected by the
dispersion of carbon black particles in the rubber. The mixing process can thus
~ have a considerable influence on the heat generation of the compound. During
mixing, the pellets are crushed and the fragments are progressively swollen and
“broken down into agglomerates of micrometre or sub-micrometre dimensions,
~ which form a network with high conductivity and tan & . Continued mixing breaks
down these fragments and agglomerates, and pulls apart the individual
aggregates and separates them from one another. The increased inter-aggregate
separation'or separation dispersion, gives reduced values for tan & and electrical
conductivity [27]. '

Precipitated silica
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The second most |mportant filler for relnforcmg rubber is precipitated white silica
" [39]. Like carbon -black, silica is composed of fused aggregates but the
aggregates tend to be larger and more tightly clustered than those of carbon
black. |

The silica surfaces have a high population of hydroXyl or silenol groups, which
affect the rate and state of cure in sulphur-accelerator cure systems. The
interaction of hydrocarbon chains with silica is weaker than with carbon black as
shown by the lower heat of adsorption of hexane, 32 kJ/mol for the former and 62
kJimol for the Iatter Conversely, the mter—aggregate interaction of silica is
stronger, as shown by the tendency of silica-filled stocks to stiffen up on
standing. Probably owing to this strong inter-aggregate interaction, silica gives
higher hysteresis than carbon black in rubber compounds adjusted to be
comparable in other respects. Because of its surface chemistry, silica is
| particularly emenabie to treatment by coupling agents. With suitable coupling
agent for example TESPT, S|I|ca gives lower hysteresis than carbon black in

otherwise comparable compounds. The reduction in hysteresis due to the
| addition of coupling agent could be attributed to improved dispersion of the filler
or to an increaee in the effective crosslink density or both. It is difficult to
determine the state of dispersion of silica, especially the separation dispersion,
which is important for hysteresis. Wagner [40] studied the effect of coupling
agent on the hysteresis of NR compounds.

The formation of crosslinks contributed by coupling agents such as TESPT
where polymer chains bond to the surfaces of silica via sulphur in the coupling
agerit, have the same effect as crosslinks formed by using larger amounts of
cross linking agent such as elemental sulphur. Thus, the main effect of the
coupling agent on hysteresis was due to the formation of greater number of
effective crosslinks between the_ﬁller and rubber. Wagner reported results with
dicumylperoxide, methacryloxysilane (MAS), and a sulphur-accelerator cure
systetn with a mercaptosilane coupling agent in a SBR rubber compound. With
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carbon bIack MAS gave little or no coupllng, ‘and therefore there was no -
distinction between different amounts of MAS [40]. Interestlngly, at the same
_crossllnk densrty, silica gave sllghtly hlgher hysteresns than carbon black (N285).

- Although in many systems which were adjusted to give comparable physical -

_ propert|es the combination of silica with a coupllng agent gave lower hystereS|s'
" than carbon black {39]. It is also interesting that higher cross_ll_nk density reduced o

“the initial rate of temperature rise, despite increasing the stiffness and storage =

modulus of the rubber, which in itself should have increased the hysteresis.

| 3.4.6 ‘Temperature dependence of G ,G" and tan & for compounds filled
~, with surface pre-treated silica nanoflller

Physical surface modification : _
~ When certain chemicals are added to a silica-filled compound they may be

~ strongly ‘adsorbed on the silica surfaces via drspersrve interaction, polar
interaction, hydrogen bonding, and .acid-basic interaction. Examples inctude
g.lycols, glycerol,_triethanolamine, 'secondary amines, as well"as diphenyl
- guanidine (DPG) or di-o- tolylguanidine (D‘OTGV) [41]. B

" _Ge'nerally, the polar o.r basic groups of t'hese‘ chemicals are directed towards the
. silica surfaces, and the less polar or alkylene groups, towards the polymer
- matrix, thereby increasing affinity with the hydrocarbon polymer. Co'nseq'uently,"
the tendency of the filler particles to network sub'stantially retards, reSuIting in
‘better_ dispersion of the filler particles_in the p'olymer matrix, Idwer viscosity of the
compound. - |

With"respect to dynamic properties, this modification results in a lower dynamic

\ | * modulus. Tan [42] measured the effect of increasing dosages of diethylene‘glycol .

(DEG) on E (G ) of peroxrde-cured NR vulcanisates contalmng 50 phr silica and

no oil. The measurements were carried out at low strain amplitudes (less than
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2% DS.A) and at room tempe'ratu_re. Whereas effect of DEG on the E'(G') of the

gum compounds was insignificant, increasing the concentration of DEG Iead toa

_drastic'decrease inthe E'(G) of the silica-filled vulcanisates. However, as DEG

physically bound onto the surféces of silica, it réadily extracted from the

vulcanisates in a good solvent. In fact, the E(G) of the silica-filled rubber was

| substantially restored after extraction with ethanol. This phendmenoh attributed
to the restoration of the filler network upon removal of the DEG. In addition, the

inc_:rease in E(G) by extraction was so great that it provid.ed some information

about the filler network structure. If the high modulus of the extracted

vulcanisates was related to the reconstruction of the filler hetwork, either the-

silica aggregates were very close to each other, or, there was little or no rubber
between the aggregates, since in a crosslinked polymer the aggregates are only
able to move very short distances fo form filler networks following extraction.
" Another possible interpretation was associated with Very low polymer-filler
interaction as DEG served as a lubricant like matérial at the polymer-filler
interface, thereby reducing the modulus. However, if this was the case, it was not

the main cause of the low E'(G') because at this very low strain amplitude,

significant slibpage of the polymer molecules over the filler surfaces could not
have occurred. Nevertheless, surface modification by the physical adsorption of

the chemicals was not preferred, as the solvent could have extracted the

chemicals, or, evapprated' at high temperatures. In addition, such an approach
rarely applied in highly reinforced compounds because of the relatively poor
polymer-filler interaction. |

Chemical surface modification

~ With chemical treatment, the filler surfaces can be modified ih such a way that
the filler is tailored to new applications such as for use in rubber compounds. The

filler surfaces can be chemically treated to perform two functions: chemical -~~~
groups can be grafted on the filler surfaces to change the surface characteristics -
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of the filler, and at the same time, the chemical groups cah react with pdlymer
chains to form strong stable covalent bonds. These chemicals are frequehtly
called coupling agent or bifunctional organosilane as they prbvide chemibal‘
linkages between the filler surfaces and polymer. molecules via the coupling
agent. There are also ‘monofunctional coupling agents that do not react -
chemically with polymer chains but modify the filler surfaces.

Surface chemical modification to change the surface chemistry of silicas has
been investigated [43], and chemically treated silica fillers have been found to
have many applications in different fields. According to the thermodynamic
analysis of filler networking, one would expect that formation of linkage or
crosslinks between polymer chains and filler surfaces would result in significant
changes in the nature and intensity of the surface energy of the filler, providing a
surface similar to that of the polymer, thus eliminating the driving force behind the
filler networking. Although more work will be needed to understand this
phenomenon, surface Imodification of silica has demonstrated the impofta'nce of
the effect of surface energy on the flocculation of filler particles in a polymer.

By esterification of fumed silica (Aerosill 130- surface area of 130m*/ g) with

methanol and hexadecanol, Donnet et al. [44-45] have shown a drastic reduction
in thé filler surface energy, both the dispersive and specific components. In ihe
case of hexadecanol modified silica, the polarity of the filler surfaces was
eliminated, producmg very hydrophobic filler. The effect of surface modification
on the filler networking was investigated by measuring the rheologlcal bahaviour
of suspensions, which gave some information about the formation of a partlculate
network or a flocculated structure [46-47].

Wang and 'co-WOrkers [48] found that grafting monofunctional silanes for
example, octadecyltrimethoxy or hexadecyltrimethoxy, with a long alkyl chain on
silfca surfaces, produced non-polar and low-energy filler that was more
compatible and had more affinity with hydrocarbdn polymer chains. When such
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modified silica was incorporated in NR, a compou-nd with low-filler networ_'kihg
- was produced and characterized by a substantially lower Payne effect as shown
by Wolff [49]. | |

* Although modification of sifica surfaces by monofunctional chemicals may greatly
improve the micro-dispersion of the filler particles and provide low hystereéis _
materials, the absence of polymer—ﬁller interaction would result ih_ a lower static
" modulus and consequently pdorer mechanical properties particularly abrasion or
wear resistance. The bifunctional chemicals referred to here are a group of
" chemicals that are able to form molecular bridges between the filler surfaces and
polymer matrix. These chemicals are‘generall‘y referred to as coupling agent and
'_ they enhance the degree of polymerfiller interabtibn, hence, impart improved
‘mechanical properties to the filled materials. | |

The chemicals belonging to this group are numerous and include titanate-based
coupling agents [30], zirconate-based coupling agents [51] and other metal
complex coupling agents [50, 52], which have found application in inorganic filler
reinforced polyfner composites. The most important coupling agents for inorganic
filler modification for example silica, is the group of bifunctional organosila'nes
with the general formula as:

X,,—R, —Si—(CH,),-Y
where X is a hydrolysable group such as halogen, alkoxyl or acetoxyl groups,
and Yis a functional group, which itself is able to react chemically with the
polymer chain either directly or through other chemicals. It may also be a
chemical group, which is able to develop a strong physical interaction with
polymer chains. For the Y groups, important silane coupling agents include
amino, epoxy, acrylate, vinyl, and sulphur-containing groﬂps such as mercapto,
thiocyanate, and polysulfide [53-57]. '
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The bifunctional silane _coupling agents most often contain three (m =O)X groups |
and a functional group Y is generally in the y position (n=3). Practically, when
silica is incorporated in a hydrobarbon rubber, the most popular and effective
coupling ~agents are y-mercaptopropyltrimethoxy silane and bis(3- - ‘
triethoxysilylpropyl)tetrésuIphane (TESPT) known as Si 69 COu'pIing agent. _
In fact, as far as the commercialized coupling agents are c_oncem'ed,'_.TESPT IS
the most widely used silane, enabling silica to be used in tyre tread Compouhds.

The hysteresis at higher temperatures for rubbers with silica and coupling agent
is significantly lower than those with carbon black [58]. |

At low temperatures, rubbers filed silica and coupling agent‘ showed higher
" hysteresis. These ﬁ‘ndings showed the eligibility of silica and coupling agent
(TESPT) for better dynamic properties compared with carbon black in. rubber
-compounds. Hashim and co-workers [59] studied the reinforcing effects of silica
on the dynamic properties of SBR with and without TESPT. They compared the
tané and G’ of the compound with silica and no TESPT with those of the
compound with silica and TESPT. They found that the formation of crosslinks
between rubber and filler via TESPT significantly decreased the damping and
heat build-up properties of the rubber vulcanisates. | :

Summary

To conclude, for .a given polymer filler system, filler networking is the dominant
factor in the determination of the hysteresis of the filled vulcanisates. Its roles
are: o k

e To the extent that the filler network cannot be broken down under the
applied deformatioﬁ, the formation of filler network substantially increases
the effective volume fraction of the filler due to the rubber trapped in the
agglomerates. o '
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¢ The breakdown and reforfnation of the filler network would cause
additional energy dissipation, hence higher hysteresis during cyclic strain
~ in the rubbery state. o o

"~ e Alternatively, in the transition zone at low temperaturés,'where the main
portion of the composite for energy dissipation is _polymér matfix and the
filler network "may not be easily broken down, the hySteresis may be
significantly attenuated by the filler rnetworking due to the reduction of the
effective volume of the polymer. | | |

e Also in the transition zone, once the filler network can be broken down and

reformed under a cyclic deformation, the hysteresis can be substantially

| augmented through release of polymer to participate in energy dissipation
and change in the netwbrk structure. |

o Accordingly, besides the ‘hydrodynamic effect, the necessary conditions
for high hysteresis of filled rubber, among others, are presence of filler
network and breakdown and reformation of the network under dynamic

strain.
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CHAPTER 4
Modulated temperature' differential scanning
calorimetfy (MTDSC) technique for measuring the mass fraction .

and composition of interphases in rubber biends

4.1 Introduction

In the last three decades, the precision and resolution of calorimetric methods
have increased significantly by the application of improved non-adiabatic and/or
dynamical methods[1-3], which are called temperature-modulated calorimetry
(TMLC), differential scanning éalorimetry (DSC) [4,5], heat-pulse (or relaxation-
time) calorimetry [6,7] , continuous heating calorimetfy [8,9] and the revived 3w
method [10], which was introduced by Corbino in 1910 [11]. The recent
application of -temperatdre modulation 1 principles to differential 'scanhing
calorimetry (DSC), resulted in the construction of what is known as temperature-
modulated differential scanning calorimeter (TMDSC) [12]. This had a profound
impact on the technical development of both DSC and TMC equipment, oh the
undérlying theoretical background of these dynamic instruments as well as on
the phyé.ics and chemistry of the measured values, e.g. dynamic heat capacity
and related kinetic mechanisms. |

Modulation calorimetry, better known to physicists as AC calorimetry, was
introduced in 1968 by Sullivan and Seidel [1, 13, 14] and Handler et al. [2],
simultaneously. Today, it is a well-established, reliable and widely used classical
calorimetric method particularly suited for the investigation of small samples and
good resolution at all temperatures. The method is theoretically well
‘understood[1,5,15-22]. It has been set up in widely different types of
experimental arrangements and used at very low and very high temperatures
(up to 3600 K} as well, including linear temperature scanning, measurement of
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frequency-dependent heat capacities [5, 10, 16, 21430] and time dependence of
- specific heat [1'0, 31-34]. However, in most experiments, the information from the
phase of the temperature signal was not utilized. The frequency dependence of
the heat capacity was scarcely studied over more than one and a half decades -’
and the frequency range remained usually restricted to the (1-10)Hz range. On
the other hand, differential scanmng calorlmetry was widely used in physics,
chemistry and material science in the temperature range from 100 to 2000 K. It is
accepted as a useful tool for the investigation of chemical reactlons phase
transition, a source of thermodynamic data and for establishing phase diagrams.
Since they are commercially available, these instruments are widely used in
industrial research and production control. In recent years, the theory of DSC and
its applications progressed considerably [35-39], and some shortcomings, which
were identified with the technique at the early stages, were corrected for [36-39].

The combination of DSC and TMC techniques, however, caused some confusion
and misunderstanding in recent years with respect to the interpretation of data
produced with MTDSC. Although data from TMC and IDSC by themselves are
understood rather well in most details of heat flow and internal thermellrela'xation
times, it turned out that the simultaneous effects of temperature scanning and
periodic heating lcooiing were not described sufficiently by the present models.
The essential implication of MTDSC originates from the fact that, besides the
| ferhperatureQdependent heat capacity, the frequency dependence of heat
capacity becomes involved. Hence, any type of relaxation phenomena, being
intrinsic to the sample studied and/or characterlstlcs of the calorimetric cell used,
i.e. heat resistance, influences the expenmental results.

Strictly speaking, MTDSC should be called spectrometry. It enables the
measurement of the dynamic heat capacity C(T, ») that is as a function of
| temperature and frequency. This feature, at a first glance, appears surprising,
- since heat capacity is in general considered to be a statistical thermodynamic
quantity. More drastically, it can be expressed as follows: thermodynarhica!ly
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| non-equilibrium prdpérti_es can be studied with terhperature scanning methods at
various scanning rates. This situation necessitates recalling the conéept of
dynamic heat capacity and considerihg how the heat capécity depends on the
time scale of the éxperiment. Similar to the'concept of treating real and imaginary
| parts of physical parameteré, e.g. impedance, susceptibility, dielectric constant,
sound velocity or optical absorption, the specific heat displays real and imaginary
contributions. Indeed, the mathematical fundamentals of dynamic / Cbmplex heat
capacity have already been described in the literature [40, 41]. .It is referred, in
analogy to the mechanical modulus (stress / strain ratio), to the general response
theory in order fo extend the definition of the static specific heat to a dynamic
one. Thére is, however, an essential difference between the imaginary part of
heat capacity and the imaginary part of other physical properties. The latter are
~ normally related to dissipation processes. That is generally not true for heat
capacity because heat is not converted to other forms of energy. Whénéver, an
Imagin'ary term exists, the entropy increases. However, for the heat capacity
phenomena, the phonon system acts usually as a thermodynamic heat reservoir,
and during storage and loss of heat by samples, the intrinsic relaxation
phenomena remains in most cases reversible when averaged over a sufficiently
long time, i.e. chemical reaction are excluded. The reader may find more details
on that tricky problem in the contributions by Donth et al. [46], Jeong [47],
Schawe [48] and Wunderlich et al. [45]. - |

4.2 Basic équations [49)

" Heat capacity can be defined as the amount of energy required to increése the
temperature of a material by 1 degree Kelvin or Celsius. Thus:

Cp=QIAT ' o (4.1)

where Cpis heat capacity, AT, is change in temperature and ¢ is amount of

heat required to achieve AT,
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Often, it is considered that this is the heat stored in the molecular motioh
available to the material that is the vibratienal'and translational motions, and is
| stored reversibly. Thus, the heat given out by the semple when it is cooled down

by 1°C is the same as that required to heat it up by the same amount. This type'
of heat capacity is often called vibrational heat capacity. When temperature, '

: changes, the rate of heat flow required to achieve it, is given by
dQ/dt=CpdTl dt o {4.2)

where ¢ is time.

This is intuitively obvious. Clearly, if one wishes to increase the temperature of

the material twice as fast, twice the amount of energy per unit time must be

supplied. If the sample has twice the heat capacity, this also doubles the amount

of heat required per unit time for a given rate of temperature rise.

Considering a linear temperature program, such as is usually employed in
scanning calorimetry: '

T=To+/ | w3

where Tis temperature To is startlng temperature and B is heatlng rate, dTldt
This leads to '

doidt=pCp | way
Or

Cp=(dQ/d)! B o o : (4.5)
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This provideé one way of measuring heat capacity in a linear rising temperature
experiment. One simply divides the heat flow by the heating rate. |

If the temperature program is replaced by one comprising of a linear temperature
ramp modulated by a sine wave, this can be expressed as

. T%To+ﬁ+Bsinat S L @
Where B is the amplitude of modulation, wthe angular frequency of modulation.
fhe derivative with respect to time of this is

dT/dt=B+aBcosat - @.7)
Thus, it follows:

dQ/dt - Cp(f +wBcosat) | (4.8) |
For the épecial c;ase wheré p is zero, this yields:

d01dT = Cp @B cos ot | | B ' 49)

For the simplest possible case, from equation (4.2), the resultant heat flow must
_ also be a cosine wave. Thus,

Abf cos ot = Cp wB cos ot - . (4.10)

where Ahf is the amplitude of heat flow modulation.
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It follows that @B is the amplitude of the modulation in the heating rate.

Thus, .
Cp= Ahf! Ahr - I Rk

where Ahr is the amplitude of modulation ih the heating rate.

This provides a second method for measu ring the heat capacity by looking at the
amplitude of modulation. The same relationship applies even if there is an
underlying heating ramp. |

In essence, MTDSC is based on simulténeously measuring the heat cabacity of
the sample using both methods, the response to the linear ramp and the
response to the modulation, and comparing them. When the sample is inert and
there are no significant temperature gradients between the sample temperature
sensor and the centre of the sample, both methods should give the same value.
The interest lies in the fact that during transitions, these two methods give

different values [49].
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EXPERIMENTAL
- CHAPTER 5

Materials and methods for measuring curing properties,
crosslink density, bound rubber, glass transition temperature,
mechanical and dynamic properties of rubber vulcanisates

5.1 Materials
5.1.1 Rubbers and filler
The raw rubbers used were standard Malaysuan natural rubber grade L (SMRL)
containing 98 wt % cis 1,4 polyisoprene, polybutadiene rubber (Buna CB 24,
Bayer; not oil-extended) containing 96 wt % 1,4 cis, styrene-butadiene copolymer
(23.5 wt % styrene; Intol 1712, Polimeri Europa) and IR (synthetlc polylsoprene
_ minimum 96 wt % cns-1-4content Kraton IR—307) (Table 5- 1)

The reinforcing filler was Coupsil 8113 (Evonik Industries AG, Germany). Coupsil
8113 is precipitated amorphous white silica-type Ultrasil VN3 surfaces of which
had been pre-treated with TESPT. It has 11.3 % by weight TESPT, 2.5 % by
weight sulphur (included in TESPT), 175 m?/g surface area (measured by N
adsorption), and a 20-54 nm particle size. |

Table 5-1: Raw rubber specification

Rubber Specific gravity | Mooney viscosity, ML(1+4) at 100 °C | T,(°C)
NR(SMRL) | 092 | 96.71 , ‘ 1764
SBR-1712 | 0.94 51.30 ' -50
High cis-BR | 0.91 49.00 ' -107.

IR 0.91 - 69.0Q - -61

The glass transition temperatures of the raw rubbers were measured by the
MTDSC technique. |
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The speciﬂc gravity was determined using 2 g of each pure rubber and by
measuriﬁg the liquid displacement in a calibrated cylindrical column of water -
(Table 5-1). ' ' '

5.1.2 Curing chemicals, antidegradants and processing oil

In addition to the raw n.ibbers and filler, the other ingredients were N-t-butyl-2-
benzothiazole sulfenamide _(Santdcure TBBS, Flexsys, USA; a safe—prodessing
delayed action accelerator), zinc oxide (ZnO, Harcros .Durham Chemicals, UK:
activator), stearic acid (Anchor Chemical itd, UK; activator), elemental sulphur
(Solvay Barium Strontium, Hannover, Germany; cuﬁng agent), N-(1,3-
dimethylbutyl)-N'ephenyl-p-phenylehediamine (Santoflex 13, Brussels, Germany;
antidegradant) and heavy paraffinic distillate solvent extract aromatic proCessihg
oil (Enerflex 74, Milton Keynes, UK). The cure sysiem consisted of TBBS, Zn0O,
stearic écid, and elemental sulphur, which were added to optimize the chemical
bonding or crosslinks between the rubber and filler.

Accelerators are_ingrediénts used to contro! the onset and rate of cure and the
crosslink density in rubber. Activators are chemicals used to enhance the
effectiveness of ihe accelerators during the cUring reaction in rubber. Elemental
sulphur is a curing agent used to crosslink rubbers with unsaturation sites or
chemically active double bonds such as NR. Processing oils such as Enerflex 74
are added to modify viscosity.

5.2 MeaSuring cure properties of the rubber compounds

An oscillating disc rheometer curemeter (ODR) (Monsanto, Swindon, UK) was
used to measure the cure properties of the rubber cdmpounds. These included
scorch time, ts1 or ts2, which is the time for the onset of cure, and the optimum
cure time, too OF tes, which is the time for the completion of cure. These pfoperties;
were measured from cure traces generated at 140°C by the ODR at an angular

displacement of + 3° and a test frequency of 1.7 Hz [1]. The cure rate index,
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which is a measure of the rate of cure in the rubber, was calculated using one of
the following equations [2]; '

CRI =100/(t,s —¢,)) or CRI=100 /(tp,—1,, ) . (5.1)

The rheometer tests ran for up to 2 h. Atorque, which is the_diffefence between
the maximum and minimum torque values on the cure traces of the rubbers
tested and is an indication of crosslink density changes in the rubber [3] was
subsequently plotted against the loading of TBBS, ZnO, stearic acid, and
elemental sulphur. - ' | ‘

5.3 Compound curing procedure -

An electrically heated hydraulic press was used to cure the rubber compounds
under a nominal atmosphere pressure of 110 (40000 kg. on an 20 cm diameter
disc). The curing temperature was 140°C and the curing times for the rubber
compounds were taken from the ODR ftraces. About 150 gr. of the uncured -
rubber compound was placed in the centre of a square-shaped mould, 2.5 mm |
thick, 22.5 cm long and 22.5 cm wide, to enable it to flow in all directions when
‘pressure was applied. To prevent the rubber from sticking to the mold surfaces,
the uncured rubber compound was placed between two thin sheets of polymer.
After the rubber was cured, the mold was removed from the press and the cured
rubber was taken out of the mold. The profecting polymer sheets were removed
and the rubber was allowed to cool down at ambient temperature. Since the fresh
rubber surfaces were sticky, talc powder was used to minimize its stickiness.
Finally, the cured rubber was placed in some clean plastic bags and stored for at
least 48 h at ambient temperature. The hardness, tensile properties, tear
strength, Young's modulus, tensile modulus, abrasion resistance, heat buildup
and dynamic properties were subsequently measured.
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'For measuring the hardness, abrasion resistance, and bound rubber conteht,
cylindrical 'sampieé 9 mm in height, 16 mm in diameter, or, 13 mm in high and 29
‘mm in diameter were cured. | | '

5.4 Crosslink density and Bound rubber' measurement

Bound rubber is a measure of the percentage of polymer bounded by filler. The
solvent used for bound-rubber and crosslink density determination was thUene
(Merck-Germany). For the deterrﬁination, cylindrical samples, 9 mm in high and
16 mm in diameter, were placed individually in 60 ml of the solvent in labeled
bottles and allowed to swell. The weight of the samples was measured every day
until they reached equilibrium. The solvent was subsequently removed and the
samples were dried in air for 9 h. The samples were then dried in a vacuum oven
at 85 °C for 24 hours, and allowed to stand for an extra 24 hours at ambient
temperature (23°C) before they were re-weighed. The bound rubber and
crosslink density were calculated using the following equations [4]:

Iy =W Ky ) 10 o 52)

b Wim, /(mp +m,)]

~ where R, is the bound rubber content, Wf‘ is the final weight of the sample after

- reaching equilibrium in the solvent (g), W is the initial weight of the samplé

before swelling, m ; is the amount of filler in the sample (g), and m, is the

amount of polymer in the sample.

~ For measuring the crosslink density of the rubberé, the Flory-Rehner equation

was used [5]: -

_ 1 Ln(1-02)+0? + x@?)? 5 3
Pc W WY —0012 | ( .f )

s
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where p, is the crosslink density (rhollm3), V.= is the molar volume of toluene

(1.069)(10“‘ m?fmol at 25°C), . vf,_ is the fraction of rubber (polymer) in the

swollen gel, x is the interaction parameter.

5.5 Measurement of the rubber viscosity.

The viscosity of the rubber compounds was measured at 100'°C‘ in a single-
speed rotational Mooney viscometer (Wallace Instruments, Surry, UK) according
to British Standard 1673 [6].

5.6 Measurement of hardness

For measurement the hardness of the rubbers, cylindrical samples 13 mm in
height and 29 mm in diameter were used. The samplés were placed in a Shore A
durometef hardness tester (The Shore Instrument & MFG, Co., New York), and
the hardness of the rubber was measured at ambient temperature (~ 23 °C) over
a 20 s interval, after which a reading was taken. This was repeated at four
.different positions on the sample, and the median of the four reading was
calculated [7]. |

5.7 Measurement of abrasion resistance

For determining the abrasion resistance of the rubbers, molded cylindrical test
pieces 8 mm thick and 16 mmin diameter were cpred. The tests were performed
at 23°C in accordance with BS 903:Part A9:1995 with method A.1 (Zwick
abrasion tester 6102, Croydon, UK and abrasion standard rubber $S1) [8]. The
abrasion resistance of the blends was measured by applyirig a similar procedure
and using standard rubber S2, a typical tyre compound formulation [8]. The
rabras'io'n resistance was expressed as an abrasion resistance index (ARI). An
index value of greater that 100% indicated that the test compound was more
resistance to abrasion than the standard rubber under the conditions of the test.
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For each rubber, three samples were fested to calculatelrelative volume loss.

5.8 Méasurement of tear strength

Rectangular strips, 114mm long and 30 mm wide, were cut from the cured
sheets of rubber and a sharp crack, approximately 40 mm in length, was
introduced  into the strips half way along the width and paréllel to the length of
the strip, to form the trouser test pieces for the tear experiments (Scheme 5-1).

The tear tests were performed at an angle of 180°, ambient temperature, and a -
constant crosshead speed of 50 mm/min [8] in a Lloyd mechanical testing
machine (Hampshiré, UK). The tears produced in the rubber after the test pieces
were fractured were up to 80 mm in length. In each experiment, the tearing force
was recorded as a function of crosshead separation to produce traces from
which an average force was measured. The peaks on the trace were used for
calculating the average tearing force for the rubber. In some cases involving the
filled rubbers, the test produced‘ only one peak, from which a tearing force was
calculated. For each rubber, five test pieces were used. After these
measurements were completed and following the brocedure described previously
[10], the force values were placed in equation 5.4 to calculate tearing energies
for the rubbers. . '

114mm

40mm

30mm

~ Scheme 5-1: Dimension of tear test sample

T=2FIt | - (5.4)
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where T is the teanng energy (kJ/m ) F is the tearing force, and t is the thickness
of the test piece (mm)

5.9 Measurement of tensile properties

The tensﬂe stress, elongatlon at break, and stored energy densnty at break were
' determlned in uniaxial tension in a Lioyd mechanical testing machine with dumb
bell test pieces, 3.6 mm wide, gauge, with a central neck 25 mm long, and an
-overall length of 75 mm. The sampleé were die-stamped from slabs of cured ‘
rubber. The iests were performed at ambient temperature (approximately 23°C) -
and at a crosshead speed of 50 mm/min [11]. Lioyd DAPMAT computer software
was used to store and process the data. For each rubber, three test pieces were
used. The thickness of the samples were 2.3 -2.7 mm. The strain on the sample
was calculated as (final length-original length)/original length.

1

5.1 0 Measurement of tens:le modulus at drfferent stram
amplitudes

The tensile modulus of the vulcanized rubbers was measured at 50%, 100%,
200%, 300%, 400%, 500% strain amplitudes in uniaxial tension in a Hounsfield
mechanical testing machine, using dumb—bell_ test pieces. The tests were
performed at 23°C at a crosshead speed of 50 mm/min [11]. Hounsfield DAPMAT
computer software was used for storing and processing the data.

To calculate tensile modulus, the following equation was used:

Modulus (N/mm?) = Slope of tensile stress (N/mm?)-strain curve  (5.5)

where tensile stress = Force (N)Y/(width X thickness of sample)

- 5.11 Measurement of Hysterésis in the rubber vulcanisates
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To measure the energy losses in the rubber, a single stress 'versus straih loop
was produced for each rub'ber using dumb-betl test pieces in the mechanical
testing and by stretching the rubber sample to 100% strain amplitude. The area
between extension and retraction curves was used to calculate the energy losses
in the sample. The tests were performed at ambient temperatUre at a crosshead
| speed of 50 mm/min [11]. RCONTROL computer software was used to store and
process the data. ‘

5.12 Measurement of glaés transition temperature, mass fraction
and composmon of mterphases in rubbers

An MTDSC calorimeter model 2920 (TA Instruments, USA) was used to measure
mass fraction and composition of mterphases in rubber blends and glass
transition temperature of the rubbers and rubber blends. Figure 5-1 shows a
schematic representation of a heat flux MTDSC cell [12). The oscillation

amplitude was 1°C and period of 60 s were used throughout the investigations,
which were conducted at a heating rate of 3°C/min. The calorimeter was
calibrated with an Indium standard. Both temperature and baseline were
calibrated as for conventional DSC. Standard aluminium pan and lid were used,
and samples of rubber approximately 10-15 mg in weight were placed in the pan
at ambient temperature, and the lid was subsequently closed under some
nominal pressure. The assembly was placed in the chamber of the calorimeter
~ and the temperature was lowered to -140°C with the flow of liquid nitrogen at a
rate of 35 ml/min, which was used as the heat transfer gas. The temperatﬁre was
~allowed to moddlate back to ambient as described above. The Ty of the pure
rubbers and the mass fraction of the interphase and its composition were
subsequently calculated. The TA Instrument Graphware software (TA Instrument,
USA) was used to measure the heat flow, the heat capacity and the differential of
heat capacity.
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A TA-aﬁaIysis software was also used to smoothen and process the data. Al
data were smoothened at 3°C, 6°C or 9°C, depending upon the degree of curve
_resolution in each case.

= Dynamic Samph Chamber
- F!efcmnce Pan -

- 1 (Gas Purge inlet

'y ﬁemocouple

Juncuon
- Thermoelactﬁc Dlsc :

(Cons:aman)

Figure 5-1: Typical heat flux MTDSC cell [12].

5.13 M_easurement of G', G"and tan abf the rubbers

Tané' is the ratio betWeen the loss modulus and storage modulus. The loss
modulus represents the viscous component of the modulus and includes all the -
energy dissipation processes during dynamic strain. The tané was measured in a
dynamic mechanical thermal analyser (DMAQS800) model CFL-50 (TA
Instruments, USA), using Universal Analysis 2000 Software Version 4.3A. Figure
5-2 shows a schematic view of the DMA head [13]. '

Test pieces 35 mm long, 13 mm wide and 'approXimater 2.40 mm thick were
used. The tests were performed at, 1, 20 and 100 Hz fréquencies andthe
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N :-‘ : E
emperature.|
closure -

. Nitrogen'

. Figure 5-2: Typical view of the DMA head [13].

samples were deflected by 15, 256, 500 and 1000 pm {nominal p'eak-to-peak
displacement) during the test. The sample temperature was raised frorn_' -130°C
to 100°C at 5°C /min steps. Figure 5-3 shows a sample clamped in the DMA
head prior to measurement [13]. .

In addition to measuring tan &, loss modulus and storage mo'dulus of the rubbers

‘were also measured using the DMA.

| Figure 5-3: Sample clamped apparatus in the DMA prior to measurement
[13]. : :
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~ 5.14 Measurement of 'he'at buildup in the rubber vulcanisates

The heat build up of the blends was determined ih accordance with BS903 Part -
: A50 The Ioad applied dunng testing was equwalent to 1 MPa. The samples were
tested at ambient temperature (23°C) The test duratlon was 30 minutes in total:

5 minutes static and 25 minutes dynamic flexing. The height of the test pieces
Was measured, having been allowed to cool to ambient températufe testing in
accordance with the standard, and the permanent set calculated. The test pieces
~ were cut opened and the internal structure of the test pieces was examined for
evidence of porosity. A porous structure would have indicated that some
breakdown of the rubber had occurred on testing. The test pieces would be
reported as showing signs of ‘onset of failure’ [14].

5.15 Assessment of the silica dispersion in the rubbers
Dispersion of the silica particles in the rubber was assessed by a LEO 1530 VP

Field emission gun scanning electron microscope (SEM). Small pieces of the
uncured rubber were placed in liquid nitrogen for 3 min, and then fractured to
create two fresh surféces. The samples, 60 mm? in area and 5 mm thick, were
coated wi_th gold, and then examined and photographed in the SEM. The deg'ree
of dispersion of the silica pa.rticles in the rubber was subsequently studied from
SEM photographs. After the SEM photos were examined, suitable mixing times
- were used for adding the filler to the rubbers.
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| Chapter 6
Effe_cts of silanized silica nanofiller on the curing and
mechanical properties of NR -
6.1 Introduction

On tapping the Hevea brasiliensis tree, natural rubber latex exudes, which has a

rubber content between 25 to 40 percent by weight. The solid rubber or cis-1-4
polyisoprene is extracted from the latex. The useful properties of NR include high
gurh and tear strength, high abrasion resistance, long flex life and high resilience. -
Because of these excellent properties, NR is used in many industrial applicatiohs
for _example, tyres, belting, anti-vibration mountings, and bridge bearings.
Synthetic'polyisoprene (IR) is.the synthetic analogue of NR, and is chemically
and structurally similar to it. IR has been used in the same applications as NR
such as in blends with styrene-butadiene rubber and polybutadiene rubber to |
improve their processibility, and _also mineral filed IR is used in footwear,- |

sponge, and sporting goods [1] . Raw rubbers often ‘possess weak mechanical - : |
properties, and must be reinforced with ﬁllers.’ Reinforcement . increases
properties fOr' example hardness, abrasion resistance, and tensile strength.
Carbon blacks, synthetic silicas, quartz, and metal oxides, which have large -
surface areas fanging from 150 to 400 m?/g are very effective in improving the
rubber propefties [2]. The major disadvantage of silicas (scheme 6-1) is their

" acidity [3] and 4po!arity [4], which is caused by the presence of silanol groups on

" the silica surfaces. This causes unacceptably long cure times and slow cure
rates [5] and also loss of .crosslink density in sulphur-cured rubbers [6].
Moreover, processing becomes more difficult when a large amount of silica is

. added because the viscosity increases significantly [7-8]. The availability of the
coupling agent (TESPT) has provided a better opportunity for using synthetic
silicas to crosslink and reinforce rubbers. TESPT possesses tertrasulphane and

ethoxy reactive groups (Scheme 6-2).



Scheme 6-1: TESPT 7 Scheme 6-2: silica surface

The tetrasulphane groups react with the rubber in the presence of accelefators
at elevated temperatures, i.e. 140-240°C, with or without elemental sulphur

being present, to form crosslinks in unsaturated rubbers. The ethoxy groups

react with the silanol groups on the surfaces of silicas to form stable filler/TESPT
bonds. Moreover, the number of silanol groups decreases after reaction with
TESPT, and the remaining groups become less accessible to the rubber
because of steric hindrance [5]. This weakens the strong interaction between

silica particles [5], which reduces the viscosity of rubber compounds, and also

improves cure properties by preventing acidic silicas from interfering with the

curing reactions in sulphur-cured rubbers. It has been reported [9] that TESPT is
| a satisfactory propérty promoter in silica/NR composites through C-S bonding
with rubber molecules.

Précipitated silica pre-treated with TESPT is classified as a crossiinking filler.
Parker and Koenic [10] evaluated effects of silane pre-treated silica, and silica

and liquid silane mixture on the crosslink density of a sulphur-cured rubber and.
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concluded that the rubber with silane pre-treated silica had a higher crosslink
density and increased fi Iler-rubber adhesion. Ansarifar and-cd-workers [11-12]
carried out a similar study and reached to the same conclusion. They also found
that the mechanical propertles of rubber |mproved more substantlally with TESPT
pre-treated S|Ilca

‘The a:m of this study was to crosslink and relnforce the mechanical properties of

NR W|th 60 phr silanized silica- nanof ller pre-treated ‘with TESPT and to
determine whether this compound was suitable for use in tyre tread or not. The-
bound rubber content and crosslink density of fhe rubber compound were also
measured to assess the eXtent of rubber-filler adhesion and chemical bonding
‘between the rubber and fillér, respectively.

6.2 Mixing

The compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a |
small laboratory mixer with counter retating rotors. In these experiments, the
Banbury rotors and the mixing chamber were maintained at 50°C and the rotor.
speed was 45 rpm. The above temperature was- nominal and the exact

temperature of the rubber compound in some cases rose to 74°C due to heat
| generation 'by frictional forces during mixing process.

50 wt% of the filler was first placed in the mixing chamber and the raw rubber '
was added and then the rotors started. The remaining mass of the filler was
- added within 30 seconds. This was due to the small size of the mixing chamber,-
which make it difficult to add full mass of the filler in a single stage. During

mixing, the ram was lowered to keep the rubber and filler in the mixing chamber |
under pressure. The volume of mixing chamber was 78 cm® and it was 60% full.
Haake sofrware version 1.9.1 was used to control the mixing condition and store
the mixing data. The rubber and filler were mixed together for 13 minutes as
recommended by Ansarifar and co-workers '[13]. After 13 minutes ela_psed, the
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rotors stopped and the ram was r"aieed to cool dewn the rubber compound before

continued for an extra 3 minutes until it stopped and the rubber compound was
removed from the mixer. The compouhd was subsequently stored at ambient
temperature for at least 24 hours before its viscosity and cure properties were
measured. 48 h after the cure properties were measured, the rubber was cured
to make samplee for measuring its mechanical properties. All the tests were
carried out according to the British Standard [14]. Table 6-1 represents typicel

temberature and torque variation versus time in the Haake mixer during the first

13 minutes mixing of the rubber and filler.

Table 6-1: Typical compound temperature as a function of time in the
mixer. The torque values are also shown.

Time(min.) Temperature (°C') Torque (N.m) o
0 50 __ 2.3
1 52 25.3
2 57 | 276
3 64 355
4 74 30.6
5 75 | 25.3
6 76 | 21.4
7 74 | 21.8
8 75 - 19.7
10 7 188
11 72 19.3
12 72 211
13 71 18.4

6.3 Measurement of the optimum loadmg of TBBS for

the curing chemicals were added. After the curing chemicals were added, mixing :
crosslinking the rubber
|
|
|
|
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To activate the rubber reactive'tetrasulphane' groUps of TESPT, TBBS was
added. The loading of TBBS in the rubber was increased progressively to 10 phr
to measure the amount needed to 'optimize the chemical bonding between the
rubber and TESPT, and to increase the crosshnk density in the rubber
(compounds 1-11; Tables 6-2 and 6-3)

Table 6-2: Formulation: 100 phr NR, 60 phr silica and an Increasing loading
of TBBS.

Compound No. 12 3 4 &5 6 7 8 9 10 11

T8BS(phr) =~ 1 2 3 4 5 6 7 75 8 9 10

Table 6-3: Formulation: 30 g NR 18 g silica and an increasing Ioadmg of
TBBS.

Compound No. 1 2 3 4 5 6 7 8 9 10 11

TBBS(9) 03 06 09 12 15 18 21 225 24 27 3.0

6.4 Measurement of the optimum loading of ZnO for optimizing
the efficiency of TBBS and cure in the rubber

The Ioadlng of zinc oxide in the ﬁlled rubbers with 6 phr TBBS was raised to 2
phr to determine the amount needed to maximize the efficiency of TBBS and
cure (compounds 12-19 ; Tables 6-4 and 6-5 ).

" Table 6-4: Formulation: 100 phr NR, 60 phr silica, 6 phr TBBS and an
increasing loading of ZnO.

Compound No.12 13 14 15 16 17 18 19

ZnO(hry 04 02 03 05 08 10 15 20
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Table 6-5: Formulation: 30 a NR 18 g smca, 1. 8 g TBBS, and an increasing
Ioadmg of ZnO.

CompoundNo. 12 13 14 15 16 17 18 19

Zn0 (g) 0.03 0.06 0.09 0.15 0.24 0.30 0.45 0.60

6.5 Measurement of the effeci of stearic acid on the cure
properties of the rubber with silica, TBBS, and ZnO

Stearic acid is a fatty acid, which is added. to improve the solubility of ZnO in
rubber. The loading of stearic acid in the filled rubbers with TBBS and ZnO was

increased to 2 phr to measure the amount needed to optimize the efficiency of

Zn0O and cure in the rubbér (compounds 20-23 ; Table 6-6 and 6-7).

Table 6-6: Formulatlon 100 phr NR 60 phr silica, 6 phr TBBS, 0. 3 phr ZnO
and an increasing loading of stearic acid.

Compound No. 20 21 - 22 23

Stearic acid (phr) 0.5 1 1.5 = 2

Table 6-7: Formulation: 30 g 'NR, 18 g silica, 1.8 g TBBS, 0.09 g ZnO and an
increasing loading of stearic acid.

Compound No. 20 21 22 23

Stearic acid (g) A58 .30 45 .60

6.6 Measurement of the effect of elemental sulphur on the cure
properties of the rubber with silica, TBBS, and ZnO

To evaluate the effect of elemental sulphur on the cure properties of the filled
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NR compound with TBBS and zinc oxide, four compounds were prepared. The
loading of sulphur in the rubber was'_increased to 2 phr (compounds 24-27; Table
6-8 and 6—9). ' | |

Table 6-8: Formulation: 100 phr NR, 60 phr silica, 6 phr TBBS, 0.3 phr ZnO
and an increasing loadmg of elemental sulphur

Compound No.- 24 25 26 27

Elemental sulphur (phr) 0.5 1 - 15 2

Table 6-9: 'Formulation': 30 g NR, 18 g silica, 1.8 g TBBS, 0.09 g ZnO and an
increasing loading of elemental sulphur.

Compound No. 24 25 26 27

Elemental sulphur(g) A5 30 45 .60

. 6.7 ASsessing effect of an increasing loading of ZnO on the cure
properties of the filled rubber with 7 phr TBBS

To evaluate effect of an increasi'ng loading of ZnO on the cure properties or
crosslinking of the filled rubber with ‘7 phr TBBS, eight compounds were prepafed .
(compounds 28-35, Table 6-10 and 6-11). To optomise the reaction between the -
' rubber and TESPT, 6 phr TBBS was sufficient. However, it was of interest to fi nd
out what optlmum loading of ZnO was needed if the Ioadlng of TBBS was raised
to 7 phr.
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Table 6-10: Formulat|on 100 phr NR, 60 phr silica, 7 phr TBBS and wnth an

|
increasing loading of ZnO 3 | _ ' . |
~ [CompoundNo. 28 29 30 31 32 33 34 35 P
| ZnO (phr) 03 05 08 10 13 15 20 25
Table 6- 11 Formulatlon 30 g NR, 18 g silica, 2. 1 g TBBS and with an
increasing loading of ZnO.
Compound No. 28 29 30 3 32 33 34 35
Zn0 (@) - 0.09 015 0.24 0.30 0.39 045 0.60 0.75
6.8 Rubber formulations and cure properties of the rubber
. compounds
Aftér the bptimUm éuring chemicals, i.e TBBS and ZnOV, were measured in the
filled rubber, three formulations were selected for further studies. These were
control compound, filled rubber with no elemental sulphur, andf filled rubber with
1.5 phr elemental sulphur (Table 6-12). The viscosity and cure properties of
‘these compounds were measured and then the compounds were cured. The .
amount of elemental sulphur in the control compound was the same as the 2.5 wi
% sulphur concentration in silanized silica (Compound 36; Table 6-12), which
was equivalent to 1.5 phr elemental sulphur [15]. 1 phr antudegradant was also
added to the compounds to protect against environmental ageing. Table 6-12
shows the rubber formulations, - viscosity and cure properties of the rubber
compounds. - | |

6.9 Bound rubber and crosslink densi'ty measurements
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The Bound rubber content 13 the percentage of polymef attached or bound to the
~ filler. The solvent used for Bound rubber and cro'sslink'density determination was
Toluene (Merck-Germany). For determination, 2.11 and 2.23 g for the filled
rubbers, and 1.65 g for the control rubber, respectively, were cured to produce
cylindrical samples with the following dimensions (Table 6-13): |

Table 6-12: Formulations and the ODR test results for the three
compounds. ' ] .

Compound No. - 36* | 37 | 38
NR{phr) 100 100 ~ 100

| Coupsil (phr) ‘ 60 60
TBBS (phr) 6 - 6 .6
ZnO (phr) 0.3 0.3 0.3
Sulphur (phr) 1.5 | - 15
Santoflex 13 1 1 1
Min. Torque dNm) 122 . 258 | 26.8
Max.Torque (dN m) 71.1 106.9 135.1
Atorque (ANm)  58.9 81.1 108.3
t,, (min) 21 8.1 55
ty (Min) 32,5 | 235 9.1
tys (Min) 34.3 B 26.6 9.2
CRI(min™) 8.7 | 6.52 2833

*Compound 36 is the control compound.
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Table 6-13: Dimensions of samples for Bound rubber measurement

Compound Sample - diameter | Sample - height Sample. weighf :
No. (mm) | (mm) (@)
36 (controtl) 1542 - 19.01: 1.65
37 —[1557 9.45 211
38 15.96 942 2.23

'6.10 Results and Discussion

6.10.1 Optimising the loading of TBBS in the filled rubber

A typical ODR trace from which scorch time and optimum cure time were -
measured from is shown in Figure 6-1. -
“Table 6-14 and Figure 6-2 show the ODR test results and ODR traces produced
for compounds 1-11. ' _
To measure the optimum amount of TBBS needed to cure the rubber, the
Atorque values from Table 6-14 were plotted against the loading of TBBS in
- Figure 6-3. The aim was to measure the minimum amount of TBBS to produce
the maximum Atorque value. Atorque increased from 9 to 54 dN m as the loading
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Table 6-14: ODR test results f0|l compounds 1-11. Formulation: 100 phr NR,

60 phr silica, and an increasing loafing of TBBS.

CompoundNo. 1 2 3 4 5 6 7 8 9

10 11

Min. Torque
(dN.m)
Max. Torque
(dN.m)
Atorque 9
(dN.m) |

tsl (min)

27 29 28 26 26 27 24 21 21

36 47 60 69 72 81 81 77 76

18 32 43 46 34 57 5 585

53 56 66 81 81 9.0 11.0 11.0 104
12.1
21 24 26 31 30 31 37 36

83 56 5145 46 45 38 4.0

t,(mn) 61 63 7.4 9.1 92 10.1 122 11.5
37

3.8

te (mMin)

CRI(1/min)

56

21 - 18

77 79

61

120 115
131 1341
40

3.5

39
3.7
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Figure 6-2: ODR traces for compounds 1-11

of TBBS was raised to 6 phr, and then it continued rising at a much slower rate to
about 61 dN.m when the loading of TBBS reached 10 phr. Evidently, the addition
of 6 phr TBBS to the filled NR compound was sufﬁcient to react the rubber
reactive tetrasulp'hane_ groups of TESPT with the rubber chains to form
c'rosslinks,‘ and to optimize the chemical bonding between the two. Note that -
further increase in the loading of TBBS has little or no effect on Atorque.
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Figure 6-3: Atorque as a function of TBBS loading for compounds 1-11
(Table 6-14)

6.10.2 Optimising the loading of ZnO in the filled rubber with 6 phr
TBBS. o . |

| 'ZnO was added to optimise the efficiency of TBBS in the ﬁ_I'Ié'd‘rubber. The
loading of ZnO in the filled rubber with 6 phr TBBS was increased progressively.
Atorque increased from 78 to 91 dN m when 0.3 phr ZnO was add_ed; and it
continued rising at a much slower rate to 112 dN'm when the loading of zinc
oxide reached 2 phr (Figures 6-4 and 6-5 and Table 6-15). |
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~ Table 6-15: ODR test results for compoundé 12-19. Formulation: 100 phr
NR, 60 phr silica, 6 phr TBBS, and an int_:reasing loading of ZnO

Compoundno. 12 13 14 15 16 17 18 19
Min. Torque 24 23 23 24 22 24 24 4
(dN.m) B | |

|Max. Torque 102 107 114 120 120 125 134 136
(dN.m) o
Atorque 78 84 91 95 98 101 110 112
(dN.m) I
¢, (min) 82- 81 8 75 73 81 81 715
¢, (min) 9 85 84 83 82 85 85 83
t,, (min) 243 224 224 222 253 252 202 313
CRI(t/min) 62 7 69 68 58 59 47 42

It emerged that the addition of 0.3 phr ZnO was sufficient to maximize the
efficiency of TBBS in the filled NR, and consequently optimised the chemical
bonding between the rubber and filler.
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6.10.3 Optimising the loading of stearic acid in the filled rubber with TBBS,
ZnO and an increasing loading of stearic acid .

. Table 6-16 and Figure 6-6 represent the ODR test results for compounds 20-23
where the Ioadlng of stearic acid was !ncreased

Table 6-16: ODR test results for compounds 20-23. Formulation: 100 phr
NR, 60 phr silica, 6 phr TBBS, 0.3 phr ZnO, and an increasing loading of
stearic acid. .

Compouhd No. : 20 21 22 23

Min. Torque - - 22 21 20 21
(dN.m) | |

Max. Torque = 103 107 103 104
(dN.m) |
ATorque - Y 86 83 84
(dN.m) o

t, {(min 9.1 - 9.1 9.6 94
t,, (min) : 9.5 96 104 10.3
to (min) 25.3 24.2 25.1 25.3
CRI(1/min) 62 66 6.4 63
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Figure 6-7: Atorque as a function of stearic acid loading for compounds 20-
23 (Table 6-16) ‘

From Figure 6-7, it is evident that when up to 2 phr stearic acid was incorporated
ih the filled NR with 6 phr TBBS and 0.3 phr zinc oxide, the Atorque value
decreased from 91 to about 83 dN m. It was concluded that the addition of
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stearic acid had no potential benefit for the cure of the rubber and did not help to
~increase chemical bonding between the rubber and filler.

‘6.10.4 Effect of elemental SUIphur on the curing properties of the filled |
rubber with 6 phr TBBS and 0.3 phr ZnO

Table 6-17 and Figure 6-8 show the ODR test results and traces, respectively, for
. com‘pounds 24-27. Figure 6-9 shows Atorque as a function of elemental sulphur
loading. The addition of elemental sulphur to the filled NR compound affected its
cure characteristics. t,, and t,, shortened from 8.2 to 6.5 min and 16.2 to 10.4

min, respectively. The rate of cL:re increased, with the cure rate index rising from
12.6 to 26 min . Atorque also fncreased from 93 to 105 dN m. This suggested a
Iarge increase in the crosslink density of the rubber. When elemental sulphur was
added to NR, its cure properties improved substantially. These results are in line
with the previous findings [16]. '

- Table 6 -17: ODR test results for compounds 24- 27. Formulation: 100 phr
NR, 60 phr silica, 6 phr TBBS, 0.3 phr ZnO, and an mcreasmg loading of
elemental sulphur.

Compound No. 24 25 26 27

Min. Torque - 26 . 26 25 - 25

(dN.m) - | S

Max. Torque 119 124 134 130
(dN.m) o | |
Atorque | 93 98 109 105
(dN m) | |

t,(min 82 74 6.1 6.5

t,, (min) 9.1 8.1 6.4 7.3

te (min) 162 115 94 104
CRI(1/min) 12,6 24 302 26
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Figure 6- 8: ODR test resuits for compounds 24-27

It is clear from Figure 6-9 that adding elemental sulphur to the filled rubber with
TBBS and ZnO increases Atorque quite considerably and hence the crosslink
density in the rubber. Ofteh when the torque value increases beyond 100 dN m,
the rubber becomes foo britle and may loose its elasticity. Therefore, the
addition of too much elemental sulphur to the filled rubber, which is cured with
the tetrasulphane groups of TESPT may not be desirable for the rubber
properties. |
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Figure 6-9: Atorque as a function of elemental sulphur Ioadlng for
compounds 24-27 (Table 6-17)

6.10.5 Assessmg effects of an mcreasmg loading of ZnO on the cure

properties of a fi |led rubber with 7 phr TBBS.

As shown in section 6.10.1, 6 phr TBBS was sufficient to optinﬁise the Atorque of
the filled rubber. To assess the effect of an increas_ing loading of ZnO on thé cure
properties of the filled rubber with 7 phr TBBS, some rubber compoﬂnds were
prepared and tested in the ODR (compouhds 28-35). Table 6-18 and Figure 6-10
show the ODR test results and the cure traces of these compounds, reépectively.
Figure 6-11 shows the Atorque values as a function of the loading of ZnO for the
compounds. _ . '

Figure 6-11 shows the optlmum amount of ZnO in the filled compound with 7 phr |
TBBS to be 1.3 phr. It is worth mentioning that the filled rubber with 6 phr TBBS,
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Table 6-18: ODR test results for compounds 28-35. Formulation: 100 phr
NR, 60 phr silica, 7 phr TBBS, and an increasing loading of ZnO

Co\mpound No. 28 29 30 31 32 33 . 34 35

Min. Torque 22 24 22 23 23 23 . 23_ _ 24
(dN.m) | - _
Max. Torque 99 111 123 127 135 136 138 140
(dN.m) | |
ATorque. 77 87 101 104 112 113 115 116
(dN.m) | | R |
¢, (min) 8 8 75 8 9 84 9 941
£, (min) 84 83 82 84 101 92 95 1041
tsy (min) 243 245 246 264 323 31.3 351 38.1
CRI{1/min) 61 59 59 55 43 44 38 35
150 - y
1403 ' ' 35 ‘33
130 4y
120 - 31
1104 30
— 100'-_ 291
§ 90-_ 28
B, 804
% 70 |
g
40
30
20 4
10- T v T T T 4 T T T v T T T
0 20 . 40 60 80 100 120

fime (min)

Figure 6-10: ODR test results for compounds 28-35.
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needed 0.3 phr ZnO to optimise Atorque. The former, needed 1 phr extra ZnO to
optimize Atorque. Therefore, optimising the amount of TBBS in the filled rubber
helped to reduce the need for ZnO at the same time.

120
. . R
, fitted line
110 - )
I
=2 original data _
Z 100 4
= _
“g’_ fitted line
o 904
=~
<]
80 —
7_0 T T v T T T v T T T
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ZnO (phr)

Figure 6-11: Atorque as a function of zinc oxide loading for compounds
28-35 (Table 6-18)

6.10.6 Effect oi‘ silanized silica nanofiller on the viscosity, cure and

mechanical propertie_s‘o‘f the NR compound

When silanized silica was added to the NR compound ( comparing .compounds
36 and 37; Table 6-12), the cure time, tgs decreased from 34.3 to 26.6 min, and
the raté of cure slowed down, with the cure rate index decreasing from 8.7 to
6.52 min™, In addition, the scorch time, ts1 shortened from 21 to 8.1 min, and
- Atorque rose from 59 to 81 dN m. Clearly, the incorporation of the filler was
greatly beneficial to the cure properties of the rubber. This was attributed to the .
sulphur content of TESPT, which was 2.5 wt% [5, 17].
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Mooney viscosity

192 h a_fter the éompqunds were mixed, the Mooney viscosity of the rubber
compounds were measured (Table 6-19).

Table 6-19: Mooney viscosity of compounds 36-38. (36) Control compound,
(37) filled rubber with no elemental sulphur, (38) filled rubber with
elemental sulphur

Compound No. _ 36 37 38
Mooney viscosity (MU) 49. . 106 111

The Mooney viscosity of the filled rubbers (compounds 37 and 38) was more
than twice the viscosity of the unfilled rubber (compound 36). This ‘was‘ due to the
reinforéing effect of the filler'in the rubber.I It was also interesting that the filled .
rubber with elemental sulphur had a slightly higher viscosity of 111 MU than the .
filled one with no elemental sulphur, which was 106 MU. Figure 6-12 shows
Mooney viscosity versus _storagé time. These measurements were taken after the
rubber compound was kept in storage at the ambient temperature for different
lengths of time before its viscosity was measured. It is clear that the viscosity
- increased as a function of stofage time and this was due to the formation of
bound rubber. ) . |
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Figdre 6-12: Mooney viscosity as a function of sforége time at the ambient
temperature. Data for compound 38.

Hardness

Table 6-20 shows results of hardness tests on the cured rubbers. The control
rubber had a hardness of about 54 Shore A, the filled rubber with no elementél
sulphur 75 Shore A, and the filled rubber with elemental sulphur 78 Shore A.
Clearly, adding the filler had increased the rubber hardness. It was also
interesting that the hardness of the filled rubber was higher because of the
elemental sulphur which produced more crosslinks in the rubber and hence

hardening it further.
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Table 6-20: Hardness of the cured rubbers. (36) control compound, (37)
filled rubber with no elemental sulphur, (38) filled rubber with elemental
sulphur

Rubber \ Number of reading

B | 2 3 4 ° Mean o
37-1 752|773 754 |76
37-2 75 729 735 | 754 751 - |1.29
361 55 50.6 54.5 | 55.3 |
36-2 545 |54 55 |56 54.36 | 1.53
38-1 |78 - |796 808|794 |
38-2 786  |76.9 758 [763 7818 |164

Abrasion resistance

‘Table 6-21shows the abras‘i'on resistance test results for compounds 36-38.

- Abrasion resistance or resistance to weight or mass loss when rubber is in
contact with a hard surface, is one of the most important properties for tyre tread
compounds. Results in Table 8-21 clearly show that this property improved when

the reinforcing filler was added to the rubber (compounds 37 and 38). For the

3 was lost during the abrasion test.

control compound {(compound 36), 470.7 mm
Howevér, fbr the filled rubber with no elemenfal sulphur, the volume loss was
76 mm® and for the filled rubber with elemental sulphur, it was 126.8 mm*, which
was slightly higher than the former. It seemed that the 'addition of elemental
sulphur, which produced extra crosslinks and hardened the rubber, was not

beneficial to the abrasion resistance of the filled rubber.
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Ta\ble 6-21: Abrasion resistance test results for compounds 36-38. (36)
control compound, (37), filled rubber, (38) filled rubber with elemental
sulphur. : . '

Compound | Initial Final Weight DIN Volume
No. | | weight(gr.). | weight(gr.) | loss(gr.) standard | loss mm?®
361 1.7244 11650 | 0.5594 208 538
36-2 1.626 12006 {04254 208|409
33 |1.6314 1.1474 0.484 208 - | 465
Mean value = - 470.7 o= 5282

371 1 2.1567 2.0548 0.1019 208 86
37-2 2.0718 1.9776 0.0942 | 208 79
37-3 2.0873 1.9981 0.0892 208 75

374 21249 |20489  |0076  [208 64
Meanvalue= 76 ‘ o =797

38-1 2.136 - | 1.9816 - 10.1544 208 128 .
382 2.1588 201105  |0.1483 |[208 123
38-3 2.119 1.9551. - 10.1639 208 136
384 2.1028 19578  |0.145 208 120
Meanvalue = 126.8 0=6.06

Bound rubber and crosslink density of the cured rubbers

Table 6-22 and Figure 6-13 show the percentage increases in the weight of the
rubber samples after immersion in toluene. | _ |
Table 6-23 shows that the rubber samples had taken up different amounts of
toluene with time. For example, the amount of toluéne absorbed by the control
compound was 5.16 g, and by compounds 37 and 38, 3.27 and 3.20 g,

respectively. The weight of the samples after drying were, 1.55 g for the control
| compound, 2.03 and 2.15 g for compounds 37 and 38, respectively.
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Table 6-22: Increase in the Welght of the rubber samples in tolueneas a |
function of time. (36) control compound, (37) filled rubber with no elemental
sulphur, (38) filled rubber with elemental sulphur. :

_ Increase in weight of the rubber sample(%)

Time in toluene (h) 37 36 - 38
0 0 0 0
235 | 1265 | 2467 —
245 - — 113.9
475 146.9 12933 —
65.5 —eeev — 136.3
o 151.2 309.7 R—
90.25 e 139
96 152.6 312.7 p—
11475 | e — - 140.4
1205 153.5 3127 J—
138.25 - — | 140.8
144 153.6 | 312.7
16175 - 1413
168.5 1539 3127 |
186.25 ' — — 1435
193 15497 | 3127 | @ -
210.25 143.5
217 15497 312.7

These values were subsequently used to calculate the bound rubber content

| and crosshnk densnty of the cured rubbers.
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Figure 6-13: Increase in the weight of the rubber samples as a function of
immersion time in toluene.

Table 6-23: Initial weight, equilibrium weight in toluene, weight after drying,
crosslink density and Bound rubber measurements for compounds 36-38.

- (36) control compound, (37) filled rubber with no elemental sulphur, (38)

. filled rubber with elemental sulphur.

Compound No. 36 37 38
Initial weight (g) 165 311 223
| Equilibrium weight (g) 6.81 | 538 5.43
Final weight (g) 155 203 215
Bound rubber, Ry (%) o 94 94.3
Crosslink density (mol/m®) 85 153 168
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The bound rubber content for compounds 37 and 38 Wére almost the same, 94%
and 94.3%, respectively, which indicated strong rubber/ filler interaction. It seems
that the addition of elemental sulphur did not affect the bound rubber content.

The crosslink density of the filled rubbers (compounds 37 and 38) were 163 and -
168 n_zol/m3 ,_which were twice as high as that of the control compound, which

was .85 mol /Im”'. It is worth remembering that the control compound had 1.5 phr
elemehtal sulphur, which was equivalent to the 2.5 .wt % sulphur in silanized
silica. It is clear from these results that the filled rubbers had a lot more crosélinks
in them than the control compound.

Tear properties

Figure 6-14 shows typical tearing force versus crosshead sepafation from the
tear tests.

.Table 6-24 shows the tearing force and their mean values which were calculated
-for the rubbers tested. For these tests, u'p to five test pieces were used.

Téble 6-25 shows the tear energies, T, for the njbbers_tested. The tear energy of
the control compound was 15 kJ/m? whereas, the filled rubbers had tearing
energies up to 62 kJ/m? It was interesting that the filled rubber with élemental '
sulphur (compound 38) had a lower tearing energy than compound 37. Clearly
the addition of elemental sulphur was not beneficial to the tear strength of the
filed rubber. | ' |




" Figure 6-14; Typical tearing force versus crosshead separation from the
tear test. Data for compound 37

- Tensile properties of the cured rubbers

The tensilé strength, elongation at break, and stored energy density at break of
the rubbers are summarized in Table 6-26. Three dumb-bell test pieces were
used for éach compound. The tensile Strength of the control compound was 17.4
MPa and increased to up to 37 MPa when the filler was added. Similarly, the
stored energy density at break increased from 56 to 137 mJ/m® when silica was
incorporated in the rubber. However, strain at break decrea'sed from 11 for the
control compound, to 7 for the filled rubbers. It must be noted that elemental
sulphur had a detrimental effect on the tensile properties of the filled rubber. For
" example, tensile strength decreased by 7%, strain at break by 15% and stored
energy density at break by 20 % because of the elemental sulphur in thé filled



110 .

rubber. It is evident that the filler had signiﬁCantly‘improved'the tensile properties

of the rubber.

Table 6-24: Tearing forces and their mean values from the tear tests. (36)
control compound, (37) filled rubber with no elemental sulphur, (38) fi |Ied

rubber wnth elemental sulphur.

F,(N) F,-F,(N) Mean(N)

SampleNo. = F(N) F,(N) o
77 I pu— 51.90 61.95 |—— |56.93 5.03
372 | 53.57 e | | 5357
37-3 84.19 e | e | 84,19
374 1096 |- e | | 1096
37-5 — 51.90  |64.81 |-—— |58.35 6.46
36-1 12.00 12.28 1395 |1562 |[1346 1.3
%62 | 2046  |25.41 |2838 |24.65 2.8
36-3 17.67 16.74 1860 |2098 |18.50 1.41
36-4 1023 [23.27 2232 (1581 {17.91 5.26
36-5 18.60 23.16 1674 [13.95 &|18.58 3.14
o | 20.46 |
38-1 34.60 3906 | | 36.83 2.3
38-2 75.26 o 75.26
38-3 82.59 S [ 82.59

384 | 58.59 NN U 58.59
385 | 8850  |emem | e 88.50
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Table 6-25: Tear energies 6f the rubber compounds. (36) controi
compound, (37) filled rubber with no elemental sulphur (38) filled rubber

with elemental sulphur

Mean

2.44-2.55

2.50

Sample | Thickness Max.' Meén
No. (mm) |thickness | force Force
(mm) (N} (N)
371 1232-236 |[2.34 71.72 | 56.93
37-2 2.31-2.33 .| 2.32 81.33 | 53.57
37-3 233235 |2.34 84.19 |84.19
37-4 2.30-2.33 | 2.315 109.6 |109.6
37-5 2.30-2.33 |2.315 64.81 |58.35
36-1 2.46 2.46 1562 | 13.46
36-2 2.46 2.46 28.38 | 24.65
36-3  |[246 2.46 20.98 | 18.50
364  |246 2.46 2327 | 17.91
36-5 246 2.46 23.16 |18.58
38-1 ]250-2.55 |2.53 4230 |36.83
38-2 250-2.56 |2.53 75.26 |75.26
38-3 2.50-2.56 | 2.53 82.59 |82.59
1384 244-255 |2.50 70.30 | 58.59
| 38-5 88.50 |88.50

T=2F/d
(kJ/ m? ) Mean o

148.65

46.18
71.96
94.68
50.42

62.38 18.6

10.94

20.04 15.14 29
15.04
14.56

15.11

29.11 -
59.49
65.29
46.87
70.80

5372 145
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Table 6-26: Tensile strength, elongation at break and stored énergy density -
~ at break of the rubbers tested. (36) control compound, (37) filled rubber
with no elemental sulphur, (38) filled rubber with elemental sulphur,

Strain

Max. |

0.25

't Extension Tensile | Stored
Samplé No. | Width Thickness( | at break fat  |load at| stress | energy
(mm) | mm) (mm) ~ |break |break |at  |at
o (N) |break |break
_ Nimm® | MJIm®
36-1 3.6 245 248 9.92 108 12.24 | 39.02
1 36-2 136 2.45 272.9 10.92 | 183.8 |20.84 |61.68
36-3 3.6 245 309.4 12.37 {168.3 |19.08 |66.15
Mean values for compourid 36 276.8 11.07 1534 | 17.38 |[55.62
o 25.2 1 32,7 3.7 11.9
371 3.6 2.3 209.3 8.372 |3085 |[37.26 |142.3
372 ‘. 36 |23 215.0 8.602 |306.6 |[37.03 |140.89
37-3 36 |23 201.0 8.041 |295.0 35.63 130.52
Mean values for compound 37  |208.4  |8.338 |303.4 |36.64 |137.87
c - |57 023 (6  |072 |53
38-1 3.6 2.6 170.7 6.83 315.7 |33.73 |107.00 |
38-2 3.6 27 175.2. 7.01 328.6 | 33.81 |105.96
38-3 3.6 2.7 184.4 7.37 3333 3429 |119.16
Mean values for compound 38 176.8 7.07 3259 |[33.94 [110.71
o | 57 022 |7.44 6
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Modulus at different strain amplitudes

Table 6-27 and Figure 6-15 show the tensile modulus at 50 % , 100 % , 200 %,‘
- 300 %, 400 %, and 500 % strain amplitudes for the three compounds. For each
~ compound, three dumb-bell pieces were tested. The modulus is a-measure of the
rubber stiffness. The modulus of the control compound was 0.69 MPa and
decreased to 0.62 MPa at 400 % strain amplitude. However, at 500 % strain
amplitude, it reached 0.82 MPa. The modulus of fhe filed rubbers were
significantly higher. For exémple. the filled rubber with no elemental sulphur, had
a modulus of 2.03 at 50 % strain amplitude. This increased to 5.32 MPa when
the strain amplitude reached 500 % Similariy, the modulus of the filled rubber
with elemental sulphur, increased from 2.95 to 5.44 MPa as the strain amplitude
was increased to 500 %. The higher modulus of the filled rubber with elemental
sul.phur was due to a higher crosslink density, which made the rubber harder and
stiffer.
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Table 6-27: Modulus at different strains for compounds 36-38 (36=control,
37=without elemental sulphur, 38=with elemental sulphur)

Sample | Modulus | 100 | 200 | 300 | 400 | 500 | Modulus at
No.- at 50 % % % % % % break (MPa)
elongation

371 | 2.115 | 2.224 | 3.530 | 4529 | 5.02 | 5.32 5.32
372 | 1.816 |2177 | 3370 | 4.02 | 457 | 5.22 5.29
373 | 2166 | 207 | 342 | 440 | 522 | 5.41 5.41
‘Mean | 2032 {2157 | 344 | 432 | 494 | 532 5.34
o 015 | 06 | 007 | 0.22 | 0.27 | 0.08 0.05
361 | 0722 | 049 | 048 | 054 | 058 | 0.77 | 4.00
362 | 0722 | 056 | 048 | 056 | 0.67 | 0.93 7.82
363 | 0640 | 053 | 045 | 052 | 062 | 076 | 531
Mean | 069 | 053 | 047 | 054 | 062 | 0.82 5.71
o 004 | 003 | 001 | 002 | 0.04 | 0.08 16
35-1 310 | 345 | 445 | 524 | 562 | 562 5.62
382 | 281 | 321 | 464 | 510 | 556 | 556 5.56
383 | 293 | 313 | 432 | 483 | 514 | 5.14 5.14
Mean | 295 | 3.26 | 447 | 506 | 5.44 | 5.44 5.44
0.12 0.21
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Figure 6-15: Tensile modulus at different strain amplitudes for compounds
36-38 { ' :

Calculation of energy losses in the rubber

To calculate the energy losses in the rubber, dumb-bell test pieces were -
extended to 100 % of their original lengths and then returned to zero load to
produce a load versus deflection trace. The load versus deflection data was
changed into stress versus strain data, and the area between the extension and
retraction curves was calculated. This was the total energy loss in the rubber at
that maximum strain. To calculate the energy losses as a percentage of the total
energy input in the rubber, this vaer was divided by the total energy stored in the
rubber, calculated from the area under the extension curve. Figure 6-16 shows
typical ténsile stress versus strain data from which energy losses in the rubber
were calculated.
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_Figure 6-16: Tensile stress versus strain showing the hysteresis loop
betweeh the extension and retraction curves from which energy losses in
the rubber were calculated. Data for compound 37.

Table 6-28 summarises all the results for the three rubber cbmpounds. The
largest energy loss, i.e. 52% was recorded for the filled rubber with no elemental
sulphur. This was significantly higher that the value measured for the filled rubber
with elemental sulphur, which was 38%. Clearly, adding elemental sulphur
reduced the energy dissipation processes in the filled rubber. The energy losses
in the control compound was almost C. |
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Table 6-28: Energy losses in the rubber calculated as a percentage of total
“stored energy. (36) control compound, (37) filled compound with no
elemental sulphur, (38) filled compound with elemental sulphur -

Compound | Energy calculated from | Total input eneljgy Energy losses in

No.  |the area between the |calculated from |the rubber as a
extension/retraction the area under the | percentage of the
curves extension curve | total input energy

. MJ I m? MJIms (%)

36 0.0 m—

37 0.827 1.585 52

38 0.737 1.965 375

It is clear that measuring the area between the extension and retraction curves |

provides a useful .method for calculating the energy losses in the rubber.

However, other techniques such as tan § measurements are by far more

accurate and representative of the energy dissipation processes in the rubber

and therefore, will be considered in the subsequent work.

Conclusions

e Thefilled NR rubber containing 60 phr silanized silica nanofiller needed 6
phr TBBS and 0.3 phr ZnO to optimize the reaction between the rubber
reactive tetrasulphane groups of TESPT and the rubber.

. The incorporation of stearic acid in the filled rubber with TBBS and ZnO

offered no benefit to Atorque and the chemical bonding between the rubber

and filler.
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« The addition of elemental sulphur to the filled rubber with 6 phr TBBS and
0.3 phr ZnO increased the Atorque value, which indicated benefit for the
crosslink density of the rubber.

e The viscosity, hardness, tensile strength, ellongation at break, stored
energy at break, T, tensilé modulus, and abrasion resistance of the rubber
vulcanisate increased substantially when the filler was added. The
improvement in the mechanical properties of the rubber was mainly due to

high leve!l of rubber-filler adhesion and high crosslink density that was |

produced by the chemical bonding between the rubber and TESPT. The
bound rubber measurement also confirmed a strong rubber-filler adhesion.

e The tensile modulus of the three rubber vulcanisates increased as a

function of the strain amplitude.

e When elemental sulphur was added to the filled rubber with 6 phr TBBS
and 0.3 phr ZnO, the mechanical properties aforementioned, with the
exception of the tensile modulus, deteriorated..

In summary, this novel technique for crosslinking and reinforcing NR with a
silanized silica nanofiller has numerous advantages. It helps to optimize the
reaction between the rubber and filler via TESPT by using'the minimum amounts
of TBBS and ZnO and eliminating stearic acid altogether. In addition, small
amounts of elemental sulphur can be used to reduce the scorch and cure times

of the rubber compound and shorten the cure cycle,
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| - CHAPTER 7
Assessmg effects of mixing parameters, silanized snllca
“nanofi Iler and different mass fractlons of pure rubbers on the

composition and mass fraction of interphases in blends of

. SBR/BR and NR/BR using MTDSC

7.1 Introduction

The formation of any heterogeneous System is accompanied by the formation of

~an interface (interphase) or boundary layer, which determines important

properties of the systems, mainly the polymeric one [1]. Thermal diffusion

between two miscible or partially miscible polymers results an interfacial phase

developing. With increasing of the diffusion time, in most cases, the thickness of

the interface will increase, and the concentration profile will change [2]. The

interface is characterized by a two—dimensional array of atoms and molecules,

which are impossible to measure, while the interfacial layer or interphase has a
large enough assembly of atoms or molecules to have its own properties such as

modulus, strength heat capacity, densuty, etc [1].

According to Sharpe [3], interphase is a region intermediate for two phases in'_
contact, the composition andfor structure and/or properties of which may' be
variable across the region, and Which may differ from the'composition and/or
structure and/or properties of either of the two contacting phases. It is obvious
that interphase lis the result of molecular diffusion between pure phases.

The blends have a significant role in the tyre industry, which tries continuously to
achieve a better compromise between wearing, rolling resistance and ice- and
wet-grip (named magic triangle) properties of the tyre tread. Studying the

interphase characteristics is essential to understand the rubber blend

performance and durability.
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Currently used instrumental techniques for'the analysis of interfacial structures
- are Fourier transform-infrared spectroscbpy(FT—IR), differential scan'ning
calorimetry (DSC), dynamic mechanical spectroscopy (DMS), nuclear magnétic
-resonance (NMR), transmission electron microscopy (TEM), Scahning electron
| microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and gel permeation
‘chromato'graphy [4]. However, because the chemical structure of tyre tread
rubbers are felatively similar, it is difficult to analyse their blend morphologies
using some of above technigues including small-angle X-ray scattering techniq'ue
[5]. Figure' 7-1 shows typical optical microscopy sections of a SBR/BR blend
(75/25 by weight ratio) filled with 60phr silanized silica nanofiller. As can be seen,
it is almost impossible to distinguish phases and it is even more difficult to see
~ interphases in the blend. |

Figure 7-1: Typlcal opt|cal microscopy sections of a SBR/BR blend (75: 25
by mass) filled with 60phr silanized silica nanofiller

As mentioned earlier, a newly developed MTDSC technique has several
advantages in comparison with conventional DSC[5]. For example, it is
sufﬁciéntly sensitive and has good enough resolution to séparate overlapping
thermal events such as T and signals from interphases developing from partially
' miscible rubbers during blending [6]. This technique will be used to determiné the
.mass fraction and composition of interphases in some SBR/BR and"NRlBR
blends.
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7.2 Preparation of SBR/BR and NR/BR blends

SBRIBR and NR/BR blends were prepared in a Haake Rheocord 90 (Berlln- |
_ Germany) a small Iaboratory mixer with counter-rotatlng rotors. In these
experlments the Banbury rotors and the mixing chamber were maintained at the
ambient temperature (~25°C), 50 and 100°C and the rotor speed were 45 and
90 rpm. The volume of the mixing chamber was 78 cm® and it was 60 % full. The
pure SBR and BR, and NR and BR rub_beré, were mixed together for 10 and 30
minutes to produce blends. Haake software version 1.9.1 was used for
controlling the mixing conditions and storing data. During mixing, the compound
temperature rose above the temperature of the mixing chamber (Taple 7-1). This
was due to the mechanical work done on the rubber, which resulted in heat
dissipation and temperature rises. '

Table 7-1: Deviation from nominal rubber blending temperatures’

Rubber _ : Pure NR-BR SBR-BR

o _ | rubbers blends blends
Deviation - from inominal 10-13 11-16 11-16
temperature (°C)

* Nominal temperatures, 25, 50 and 100°C -~ -

7.3 Background of the analysis

Figure 7-2 shows dCp/dT versus temperature for the physical mixture of the two
pure SBR and BR rubbers (75/25 wt %) which was smoothened at 3°C.
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Figure7-2: Orlglnal and smoothened data at 3°C for the physical mlxture of
pure SBR and BR rubbers (75 25 by mass) -

The change of heat capacity, Cp, vs. temperature, and dCbldT vs. temperature
for the NR/BR (50550) blend and for a physical mixture of the two samples of NR
'én'd BR (50:50) are shown in Figures 7-3 and 7-4, respectively. The increase of
increment of heat capacity, ACp, at the glass transition temperature of both
rubbers can be seen in Figure 7-3. The value of ACp for a component is
proportional to its ma'ss fraction in the system under investigation. The heat
capacity vs. temperature can not provide information about the interphase glass
transition temperature and its composition distribution but the dCp/dT vs.
temperature data (Figuré 7-4) can provide that information [6]. |
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Figure 7-3: C, versus temperature for NR/BR (50:50 by inass) blend and
NR/BR (50:50 by mass) physical mixture. Samples prepared at 50°C for 30
min. .

FigUre 7-4 shows dCp/dT vs. temperature for a diffuse interphase in the NR/BR
(50:50) blend prepared at 50°C for 30 minutes, and for a physical mixture of the
two pure NR and BR samples (50:50) prepared in the same way, respectively.
The data in this figure shows that the value of the d'CpldT vs. temperature for the
- NR/BR blend is larger than that for the pure NR and BR samples (physical
mixture) between the glass transition temperatures of NR and BR. The NR/BR
~ blend has a single interphase, and this interphase does not exhibit a separate
glass transition temperature, but occurs continually between the glass transition
- temperatures of the constituent rubbers.
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Figure 7-4: dCp/dT versus temperature for NR/BR (50:50 by mass) blend |
and NR/BR (50:50 by mass) physical mixture. Samples prepared at 50°C |
and for 30 min.

The dCp/dT vs. temperature signal can be described by a Gaussian function for
polymers and miscible polymer blends. However, the dCp/dT vs. temperature
signals for the rubber 1 + rubber 2 physical mixture can not be désc_ribed well by
the sum of two Gaussian functions because of the shift of the baseline between
the glass transition temperatures. Thus, the dCp/dT vs. temperature signal
includes a non baseline for multi-phase systems, e.g. see Figure 7-5. Because a
Gaussian function was used for the quantitative analysis of interphase in these
- multi-phase systems, the non-constant baseline had to be corrected. |
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: Figuré?-s: dCp/dT vérsus temperature for NR/BR (50:50 by mass) blend
and NR/BR (50:50 by mass) physical mixture, showing a baseline. Samples
prepared at 50°C for 30 min.

The values of the dCp/dT vs. temperature signal for rubbers 1 and 2 physical
mixtures above and below the two glass transition temperatures are considered
as the baseline for the dCp/dT signal of these multi-phase systems. For the glass

transitions, baselines which were linear with temperature from the starting and

end points of the glass transition temperature peaks were chosen. An example is

given in Figure 7-5 for the NR/BR (50:50) blend. When the dCp/dT vs.

temperature signal is analysed using a multi-Gaussian function for multi-phase
systems, this baseline must be subtracted from the raw dCp/dT vs. temperature

signal.
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Figure7-6-a: dCp/dT versus temperature for NR/BR (50:50 by mass) blend
and NR/BR (50:50 by mass) physicai mixture after baseline correction in .

Figure 7-5. Samples prepared at 50°C for 30 min.

Figure 7-6-a shows the corrected differential of. heat capacity, dCp/dT, vs.
temperature signal for the NR/BR (50:50) blend and the NR/BR (50:50) physical
mixture after 30 minutes at_50°C. For an interphase, the differential of heat
capacity with temperature, deldT, may be considered as the sum of “4” sub
systéms with individual glass transition temperature for each sub-system, as

follows:

dCpld oS [dCpraT], =¥ - a6, (7
Z[ Cp/ T]imerphase _Z [ Cp ]i' Z Z(T—T )2 ( i )
. : g

i=l

[, (712)* Jexp[— ]

(0,)°
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where N is less than 10, ACy is the increment of heat capacity, Ty is the glass
tranS|t|on temperature and g is the half width of the |th sub-system. in
: mterphase [6].Using Eq. (7- 1) the interphase can be analysed quantitatively.
Figure 7-6-b shows typical interphase reglon after baseline correction and peak -
resolution. Finally, an interphase curve was obtained (Figure 7-7) by subtracting
the blend curve from a Gaussian simulation of the same blend curve shown in
Figure 7-6. - o | - |

] _ ' : —— Physical mix
0.025 4 ‘ ' ' Blend -
—-- Gaussian simalation
Interphase
0.020 1
o
L
- 00154
@
=
-
S 00104
Q
g}
0.005 5
0.000 T T T — . T I Y 1
-140 -120 -100 -80 -60 40 -20

Temperature(°C)

Figure 7-6-b: dCp/dT versus temperature for NR/BR (50:50 by mass) blend
after peak resolution in Figure 7-5 showing the interphase region. '
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Figure 7-7 : dCp/dT versus temperature for interphase of NR-BR (50-50 phr)
for blending temperature and time, 50°C and 30 min. respectively.

After determining the area under the curve of physical mixture for individual
peaks as well as simulated Gaussian one, the following equations may be used
to determine the mass fraction of interphase and it's composition [2)-

- AC | -
8, = ayo(1- d ) - (7-2)
- P1o :
Oy = @y (1- ACp, )
ACpy, , (7-3) -

~ where &, and &, are the mass fractions in the interphase of rubbers 1 and 2,
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respectively, @, and @, are the mass fraction of the rubbers before mixing,

ACpy and Asz are increments of dC,/dT at glass transition temperatures of -
pure rubbers in blend (area under curve of Gaussian simulation curve), ACp1o-
and ACpzo are increments of dCy/dT at glass transition temperatures of pure
rubbers (area under curve of physrcal mixture).The amount of mterphase in a
blend is given as follows: ‘

Amount of interphase
Percent of interphase = x100 = (4, + 4,)x100 (7-4)

Total amount of blend

It is important to get the ACp value accurately. The quantity ACp is defined as

follows:

0= 1ac, rary 4

AC (7-5)

where Ti and Te are the initial and final values of the temperature in the glass

" transition region (see Figure 7-6-b). Thus, according to equation 7-5, it is
ppss'ible to obtain accurate ACp values experimentally [7]. '
This method of analysis was justified by Hourston and Mo song [5-71.

7.4 Resu_lts and Discussion

7.4.1, Effect of different mixing times and temperatures on the mass
fraction and composition of the mterphase in the SBR/BR and NR/BR
blends

Understanding how increases in rﬁixing time and temperature affect the mas's"
fraction of interphase and its composition in blends of dissimilar and partially
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miscible rUbbérs is of sig'niﬁc_:ant importance in optimising adhesion development
at rubber-rubber interfaces and ultimately the final properties of rubber blends [8-

Table 7-2 shows the effect of temperatUré changes on the mass' fraction of the
interphase in the NR/BR (5Q:50) and SBR/BR (50:50) blends after 10 minutes
mixing. '

Table 7-2: Composition and mass fraction of interphases in NR/BR and
- SBR/BR blends prepared at different temperatures for 10 min.

NR/BR (50:50)

NR/BR (50:50)

System SBR/BR (50:50) | SBR/BR (50:50)
Temperature 5 100 25 100
(°C) |
F (%) 0 229 0 39
I+ (NR=49%,BR=51%) (SBR=%88,
BR=12%)
*ex 0.96 7.33

I* Mass fraction of the interphase
- I** Composition of the interphase
I*** Mass fraction of NR to BR and SBR to BR in the blends
The mass fraction of the rubbers in the interphase was calculated as follows:
For NR/BR, 49/51=0.96, and for SBR/BR, 88/12=7.33

For these blends, the mass fraction of the interphase was 0% at 25°C and then
increased to approximately 23% and 39%, respectively at 100°C. The mass
fraction of NR to BR and SBR to BR in the interphase were 0.96 and 7.33,

respectively at this temperature. Clearly an increase in mixing temperature was

beneficial to the formation of an interphase in each blend.
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Figure 7-8 shows the mass fraction of interphase in the SBR/BR and NR/BR
blends as a function of nominal tempera'ture._ It is clear that the SBR/BR bIend
benefited more from increases in temperature.
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Figure 7-8: Mass fraction of the interphase in SBR/BR (50:50) and NR/BR
(50:50) blends prepared at different temperatures for 10 min.

A similar trend was also seen when the temperature was increased from 50 to-
100°C at 30 minutes mixing time. For the NR/BR (50:50) blend, the mass fraction
" of the interphase was 16.5% at 50 °C, and apprdximate!y 24% at 100°C,
respectively. The mass fraction of NR to BR in the interphase also increased
from 3.76 to 6.69, respectively. Evidently, a longer mixing time and a higher
mixing temperature increased the mass fraction of the interphase and altered its
composition in these blends (Table 7-3). | |
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Table 7-3: Composition and mass frai:tion of interphases in NRIBR and
SBR/BR blends prepared at different temperatures for 30 min '

Blend

Temperature
°C) (%) e [+
NR-BR - | 50 16.5 (NR=79%, BR=21%) 3.76
NR-BR | 100 234 (NR=80%7, BR=13%) 6.69
SBR-BR | 50 49 (SBR=83.5%, BR=16.5%) 5.06
SBR-BR | 100 44 (SBR=79%, BR=21%) 3.76

- I* Mass fraction of the interphase
I** Composition of the interphase

I*** Mass fraction of NR to BR and SBR to BR in the blends

Figure 7-9 shows the mass fraction of interphase as a function of temperature.
As can be seen, the mass fraction of the interphase in the SBR/BR blend did not
benefit from increases in temperature whereas, that of the NR/BR blend did. ‘
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Figure 7-9: Mass fraction of the interphase in SBR/BR (50: 50) and NRIBR
(50:50) blends prepared at different temperatures for 30 min.

When mixing time was increased from 10 to 30 minutes at 100°C, the mass
fraction of the interphase for the SBR/BR (50:50) blend rose from 39% to 44%.
However, the increase for the NR/BR (50:50) blend was only 0.5% (Table 7—4).
Interestingly, the effect of temperature rise on the composition of the interphase
was even more significant. For the NR/BR blend, the mass fraction of NR to BR
in the interphase rose from 0.96 to 6.69, as the temperatUre was raised, wherea.s |
for the SBR/BR blend, the mass fraction of SBR to BR in the interphase
decreased from 7.33 to 3.76, indicating a substantial ch_ange‘in the make up of
the interphase layers. | |
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Table 7-4: Composition and mass fraction of interphases in NR/BR and'
SBR/BR blends prepared at different mixing times and at 100°C.

Blend | Mixing time (min) | (%) T B
NR-BR 10 229 | NR=45%, BR=51% 0.96
NRBR 30 23.4 | NR=87%, BR=13% 6,69
SBRBR 10 39 | SBR=88%, BR=12% 7.33
SBRBR | 30 | 44 | SBR=79%,BR=21% 376

I*  Mass fraction of the interphase
I** Composition of the interphase
I*** Mass fractlon of NR to BR and SBR to BRin the blends

- 7.4.2, Effect of rotor speed on the mass fraction and compositien of the
interphase in the SBR/BR and NR/BR blends

One important factor in optirhising filler dispersion and improving rubber blend
properties is rotor speed, which helps to control the level of shear stresses in
rubber compounds during mixing. Two rotor speeds were used in these
experiments, i.e. 45 and 90 r.p.m. The mixing temperature and mixing time were
100 °C, and 30 minutes, respectively. For the SBR/BR (50:50) blend, the mass
fraction of the interphase was 44% at 45 r.p.m., and subsequently decreased to
approximately 39% at 90 r.p.m. The mass fraction of SBR to BR in the interphase
also reduced from 3.76 to 0.96 as the retor speed was increased. Similarly, for
the NR/BR (50:50) blend, the mass fraction of the interphase decreased from
23% to 20% as a function of rotor speed, and there was no change at all in the
“mass fraction of NR to BR in the interphase, which remained essentially
unchanged at 6.69, irrespective of the rotor speed (Table 7-5). An increase in the
rotor speed was detrimental to the mass fraction of the interphase and altered its
composition, at least for the SBR/BR blend. '
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Table 7-5: Composition and mass fraction of the interphase in the SBR/BR
and NR/BR blends as a function of the rotor speed Blends were prepared
at 100°C for 30 min. . |

Blend Rotor speed {rpm) | I* (%) (R [***
NR/BR(50:50) 5 234 | NR=87%, BR=13% 6.6
NRIBR(B0:50) | 90 | 20 | NR=87%,BR=13% 6.69
SBRIBR(50:50) | 45 | 24 | SBR=79%, BR=21% 3.76
SBR/BR(50:50) 90 387 | SBR=49%, BR=51% 0.96

I* Mass fraction of the interphase
I** Composition of the interphase
I*** Mass fraction of NR to BR and SBR to BR in the blends

Figure 7-10 shows the mass fraction of intérphase as a function of rotor speed.
Increasing the rotor speed has had an adverse effect on the mass fraction of the
interphase in both blends.
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Figure 7-10 Mass fraction of the interphase in the SBR/BR and‘NRIBR

blends as a function of the rotor speed Blends were prepared at 100°C for
30 min.




7.4.3. Effect of different mass fractions of pure SBR and BR rubbers on the
mass fraction and composition of the interphase in the SBR/BR blend

Altering the mass fraction of pure rubbers in',__ blending may affect the mass
fraction and composition of the interphase in the blend. Five SBR/BR (50:50,
60:40, 75:25) blends were prepared at 50 and 100°C mixing temperatures and
30 minutes mixing time. For the SBR/BR (50:50) blend at 100°C (Table 7-6), the
mass fraction of the inte_rphase was 44%. However, when the mass fraction of
pure SBR and BR in the blend was increased to 60:40 and 75:25, the mass
fraction of the interphase decreased to 41 and 31.2%, respectively. Evidently, an
increase in the mass fraction of pure SBR was not beneficial to the mass 'fractibn
of the interphase in the blend. Moreover, the mass fraction of SBR to BR in the

interphase also deéreased from 3.76 to 1.56, in spite of using a significantly

larger mass of SBR in the blending process.

When the SBR/BR (50: 50) and (75:25) blends were prepared at 50°C for 30
‘minutes, the mass fraction of the interphase and its composition were
substantially affected. For the SBR/BR (50:50) blend, the mass fraction of the
interphase was 49%, and for the SBR/BR (75:25) blénd, it was 22.2%. The mass
fraction of SBR to BR in the interphase also reduced from 5.06 to 1.40 (Table 7-
6). o | | - |
Figure 7-11 shows mass fraction of the interphase in the SBR/BR blend as a
function of the mass fraction of pure SBR to pure BR. Ewdently, when the mass
fraction of pure SBR to pure BR increases, this adversely affects the mass
fraction of the interphase in the blend. '




138

Table 7-6: Composition and. mass fraction of interphase in the SBR/BR
blend as a function of mass frcation of pure SBR and BR rubbers in the
belnds. Blends were prepared at 50 and 100°C for 30 min.

Blend Temperature (°C) [ I* (%) [ [***

SBR/BR (50:56) 50 : 49 | SBR=84%, BR=16% 5.25
SBR/BR (75:25) | 50 22.2 | SBR=58%, BR=42% . 1.38
SBR/BR (50:50) 100 . 44 | SBR=79%, BR=21% - 3.76
SBR/BR (60:40) 100 41 | SBR=77%, BR=23% ~ 3.35
SBR/BR (75:25) - 100 31.2 | SBR=61%, BR=3%9% 1.56

' 'I* 'Mass fraction of the interphase
I** Composition of the interphase
I***. Mass fraction of NR to BR and SBR to BR in the blends

504 . B blending temperature 50°C
. @ blending temperature 100°C

Median interphase percent |
&

weight percent of SBR in SBR-BR blend

Figure 7-11: Mass fraction of the interphase in the SBR/BR blend as a
function of mass fraction of pure SBR to pure BR. Blends were prepared at
50 and 100°C for 30 min. |
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. 7.4, 4 Effect of snlanlzed silica nanofiller on the mass fraction and
composition of the interphase in the SBR/BR blend

Silanized silica nanofiller is used extensively in green tyres where SBR and BR
rubbers are blended ['10] To investigate the effect of this filler on the mass
~ fraction of the mterphase and its composntlon in the SBR/BR blend, raw SBR and
BR rubbers and 60 phr silica were mixed for 30 minutes at 100°C to produce
‘SBR/BR (60:40) and SBRIBR (75.25)_blends (Table 7-7). In addition to these
blends, SBR/BR (60:40) and SBR/BR (75:25) blends with no silica filler were also
made. For the SBR/BR (60:40) blend, the mass fraction of the interphase
increased from 41 to 60% when silica Was added. However, the mass fraction of
SBR to BR in the interphase decreased from 3.35 to 2.57, which indicated a
change in the composition of the interphase. Similarly, for the SBR/BR (75:25)
blend, the mass fraction of the interphase also increased from 31.2 to 50%, and |
the mass fraction of SBR to BR in the interphase increased from 1.56 to 3.17 as
~ a result of incorporating silica in the rubbers. It appeared that for both blends the
mass fraction of the interphase benefited from the filler and at the same time its -
composition changed'. '

7.4.5. Emplrlcal equations for the predlctlon of mass fraction of interphases ‘
in the rubber blends

From the results, it may be assumed that the dependence of the mass fraction of
interphase upon mixing time and temperature for the NR/BR (50 50) blends
could be expressed as following: |
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Table 7-7: Composition and mass fraction of interphase in the SBRIBR
_ blends filled with 60 phr silica nanofiller. Blends were prepared at 100°c
for 30 min.

) Blend Mixing time | Temperature I* I** _ B b
| (min) (°C)
SBR-BR (75:25) - 30 100 | 31.2 | SBR=%61, BR=%39 1.56 .
SBR/BR (75:25) 30 100 50 SBR=%76, BR=%24 3.17
with 60phr silica | ' |
SBR/BR(60:40) - 30 - 100 41 SBR=%77, BR=%23 3.35
SBR/BR (60:40) 30 100 60 SBR=%72,BR=%28  2.57
with 60 phr silica :
I*  Mass fraction of the interphase
I* Composition of the interphase |
I*** Mass fraction of NR to BR and SBR to BR in the blends : '
I,=4'T"+C N ' -. - (7‘_6)

where I, is the mass fraction of the interphase in the blend, t is the mixing time,

and T is the mixing temperature A, a, b, and C are constant coefficients for a
given blend. ' |

After substituting the experimental results in equation 7-6 and finding the best
possible graphical fit to the data, an empirical equation (7-7) for the NR/BR is
found: ‘

_ 0.020.504 . ‘
I, = 0.0215? T | : : (7-7)
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Figure 7-12: Composition and mass fraction of interphases in the SBR/BR

~ blends filled with 60 phr silica nanofiller. Blends were prepared at 100 °C
for 30 min. _ ‘ '

This equation is valid for the NR/BR (50:50) blend, for mixing times 10-30 min
and mixing temperatures 50-100°C and, therefore, may be used to calculate the
mass fraction of the intérphases in these blends. .

Finally, it is worth mentioning that the SBR and BR rubbers had similar
viscosities, i.e. 51 and 49 MU, respectively, whereas NR, had a much higher
viscosity of 97. MU (Table 5-1). Since the rubber viscosities were different, this
might have affected the dispersion of the NR/BR blend components and
formation of the interphase between the two rubbers [11]. A future study will
examine the effect of rubber viscoéity bn the formation of interphases between
these rubbers. ' | ' |




142

Conclusions

- From this work, it is conciuded that for the NR/BR (50:50) and SBR/BR (50:50)
biends: - | - |

e At 10 minutes mixing time, a rise in temperature from 25 to 100 °C increased
the mass fraction of the interphase in the NR/BR (50f50) and SBR/BR (50:50)
blends. o

e At 30 minutes mixihg time, a rise in temperature from 50 to 100 °C increased
the mass fraction of the interphase in the NR/BR (50:50) blend, and reduced it in
the SBR/BR (50:50) blend.

e At 100°C mixing temperature, an increase in mixing time from 10 to 30
minutes, increased the mass fraction of the interphas_e in the NR/BR (50:50) and -
* SBR/BR (50:50) blends. The increase for the latter was more significant.

The rotor speed also influenced the mass fraction and compositioh of the
interphase in the blends. For the SBR/BR (50:50) and NR/BR (50:50) blends:

.o At 100°C rhixing temperature and 30 minufes mixing time, the mass fraction of
the interphase decreased for both blends as the rotor speed was increased from
45 to 90 r.p.m. | | | |

When the mass fraction of pure SBR to BR rubbers changed in the SBR/BER
"blend, the mass fraction and composition of the interphase'were significantly
affected. It emerged that: |
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e At 50 and 100°C miking témperatures and 30 minutes mixing time, the mass
fraction of the interphase decreased progressively as the mass fraction of SBR to
BR in the SBR/BR blend increased from 50:50 to 75:25.

When 60 phr silanized silica nanofiiler was incorporated in the raw SBR/BR blend
at 100°C for 30 minutes, the mass fraction of the interphase changed. It was
concluded that: =

e For the SBR/BR (60:40) and SBR/BR (75:25) blends, the mass fraction of the
interphase increased. Note that in all cases, the composition of the interphase in
the blends also changed. |

In summary, MTDSC was found to be a useful technique for measuring the mass

fraction of the interphase and estimating its composition in the SBR/BR and
- NR/BR blends. o




'References

1) Vasile C, Kulshreshtha k., Hand book of polymer blends and composztes, rapra
technol. 3A:103(2003). | '
2) Hourston D J, Song M., Hammiche A, Pollack HM., Reading M., Polym38:(1)
- 1(1997). | o | |
3) Sharpe L., In “The interfacial interactions in polymeric composites”, Akovali Ei
G.Kluwer Academic publishers, Dordrecht, The Netherlands 1(1993). .
4) Ishida H, Jang J, Die Makromolekulare chemie, Macromolecular 'symposi'a
22:191(1998). |
| 5) Hourston D J .» Song Mo, J. Appl. Polym. Sci. 76:1791(2000).
6) Song M, Hourston D J., Reading M., .Pollock H M, Hammiche A., J. Thermal analysis
and calorimetry 56:991(1999).
7) Song Mo, Hourston DJ, Schafer F U, Polym 40:5773(1999).
8) Voyutskii S S, Vakula VL, J. Appl. Polym. Sci.T:475(1963).
9) Jabbari E, Peppas N A, Polym 36(3):575(1995.
10) Okel T A, Waddell W H, Rubber Chem. Technol. 67:217(1994).
'11) Mangaraj D, Rubber Chem. Technol. 75:365(2002).




145
' CHAPTER 8
Measu_ring the cdmposition and mass fraction of interphases .in |
bléhds of SBR/BR rubbers filled with Silanized silica nanofiller
using MTDSC
B.f | Intfdduction |

The main objective of blending two or more dissimilar polymers tbgether is to
" reduce cost and to improve the physiCaI and mechanical propertiés of the
rubbers. Elastomers are often blended to reduce hysteresis losses [1]. In some
- cases, rubber blends are used to imprové' air reténtion, pre-selectivity
(membranes), and resistance to vapor ingress [2]. Keller used a blend of
chlorobutyl (CR), nitrile (NBR) and polybutadiene (BR) rubbers in tyre tread
compound to reduce rolling resistance [3]. Hirakawa [4] used a blend of NR with_ |
SBR and BR to improve poor tack (auto-adhesion) of'the.SBR and BR rubbers.
Silicone elastomers are blended with other elastomers for enhanced bio-
compatibility [51. Both NR and synthetic polysioprene (IR) suffer from deficiencies
such as poor resistance to ozone and heat aging and poor corrosion resistance.
Rankin [6] has shown that these deficiencies can be overcome by using a blend
of chlorinated ethyelene-propylene diene rubber (EPDM) with NR or IR.

From a 'blending point of view, polymers can be divided into three categories:
miscible, immiscible, and partially miscible. Miscible blends lead to a
homogeneous rubbery phase with single glass transition temperature. For
examplé, blends of NBR rubber and poly vihyl chloride (PVC) are in this category
[7]. Unfortunately, most of polymers are immiscible with fwo or more glass
transition temperatures (depending updn the individual polymers in' the blend), or
partially miscible, with a range of glass transition temperatures [8]. In addition,
there is limited information available on the effect of fillers such as silica on the
properties of interphases in SBR/BR blends.
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[n this chapter,.the composition and mass fraction of interphases in some blends -
of SBR and BR rubbers filled with silanized silica nanofiller were measured using
MTDSC. The silica filled SBR and BR rubbers were prepared individually and
thén mixed together to produce the SBR/BR blends. Effects of mixing time and
mixing temperature on the interphases pfopertieé were inVestigated. |

8.2 Experimental

8.2.1 Materials - Rubbers, nanofiller, and curing chemicals

The raw rubbers used, ‘nanofiller, and curing chemicals were described in
sections 5.1.1 and 5.1.2. |

The oil was added to reduce the rubber viscosity, and the antidegradant to
protect the fubbers against environmental ageing. The cure system consisted of
TBBS, zinc oxide, and elemental sulphur, which were added to fully croéslink the
rubbers. DR | | | |

Two SBR and BR rubber compounds filled with 60 parts per hundred rubber by
weight (phr) silica were prepared and then mixed together to produce SBR/BR
(75:25 by mass) blends for his study (Tables 8-3, 8-4 and 8-6). The mass fraction
of SBR to BR in typical SBR/BR tire tread blend compounds is 75 to 25 [Qj. The
BR rubber needed 7.5 phr TBBS and 0.3 phr'elemental sulphur, and the SBR, 3
phr TBBS and 0.5 phr ZnO to fully cure. The procedures for preparation of
individual rubbers and measuring TB‘BS, zinc oxide, and elemental sulphur in
these compounds were described previously [10,11]. ©

8.2.2 Mixing

The compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a
small size laboratory mixer with counter rotating rotors. The rotor speed was 45

r.p.m., and the volume of the mixing chamber was 78 cm?, and it was 60% full.
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'Haake Software Version 1.9. 1 was used for controlllng the mixing condltlon and
\stonng data. e '

To prepare the SBR compounds TBBS zinc oxide, elemental sulphur and
antidegradant were added 4 min after the filler and rubber were mixed together,
and mixing continued subsequently _for an extra 6 min before the rubber
compound was removed from the mixer. To mix the BR compounds, the filler
~.was placed in the mixing chamber, and then the raw rubber was added. TBBS,
 elemental sulphur, and the antidegradant were added together 10 min after the
ﬁlier and rubber were mixed together, and the mixing continued subsequently for
an extra 6 min before the rubber was removed from the mixer. |

Finally, when m'ixing ended, the rubber compound was recovered from the mixer
and milled to a thickness of about 6 mm for further work. The compounds were
kebt at ambient temperature (~23°C) for at least 24 h before their viscosity and
cure properties were measured. |

8.2.3 Assessment of the silica‘dispefsion in the rubbers

In order to select a suitable mixing time for incorporating the filler in the rubbers,
the rubber and filler were mixed together for different times. The filler was
introduced first in the mixer, and then the raw rubber was added. The filler was
| .added when the viscosity of the rubber was still relativeiy high, which lead to an
improved dispersion[12]. The mixing time was increased to 16 min to disperse
the silica particles fully in the rubber. The temperature of the rubber compounds
during mixing increased from 23 (ambient) to*105°C. Twenty four hours after
mixing ended, the rubbers were examined in an scanning electron mlcroscope
(SEM) to assess the filler dispersion as descrlbed in section 5.15.
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8.2.4 Mooney viscosity, epeciﬁc gravity, and cure properties of the rubbei':
compounds

The viscosity of the rubber compounds was measured at 100 °Cina single-
speed rotational Mooney viscometer as described in section 5.5 and in
- accordance with the British Sta.nda'rd[13]. The scorch time, which is the time for
the onset of cure, and the optimum cure time, which is the time for the
completion of cure, were determined from the cure traces generated at 140 + 2°C
by an oscillating disc rheometer curemeter (ODR) at an angular displacement of
+ 3° and a test frequency of 1.7 Hz [14]. The cure rate index, which is a measure
of the rate of cure in the njbber, was calculated using the method described
previously [15]. The rheometer tests ran for up to 2 h. |

8.2.5 Glass transition temperature and mass fraction of the interphase in
‘the blends -

Th_e procedure was described in section 5.12.

The T, of the pure rubbers (Table 5.1) and the ‘mass fraction of the interphase

and its composition for the SBR/BR blends were subsequently calculated for
different mixing times and temperatures.- '

8.3 Effect of an increasing loading of elemental sulphur on the
cure properties of BR and SBR rubbers filled with silica
nanofiller, TBBS and ZnO ' :

When the cure properties of the SBR and BR compounds were measured, the
optimum cure times were different [10,11]; Before the two compounds were
mixed together to produce SBR/BR blends, the optimum cure times had to be the
same. To prepare SBR and BR compounds with the same optimum cure times,
five BR compounds (Table 8-1) and three SBR compounds (Table 8-2) were
prepared with the loading of elemental sulphur increasmg from 0.1 to 0.7 phr in
the former, and from O to 0.2 in the latter.
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Table 8-1: Formulations and ODR test results for the BR rubbers with ‘60
phr silica, 7.5 phr TBBS and an increasing loading of elemental sulphur

2

5

Compound No. 1 2 3
Elemental sulphur (phr) - 0.1 0.2 0.3 04 0.7
ODR Results
Minimum torque {dN m) 44 42 - 45 44 43
- Maximum torque (dN m) 139 130 | 133 130 171
Atorque (dN m) 04 88 88 | 87 129
Scorch time, ts1 (min) 54} 54 | 51 53 51
Optimum cure time, tog 52' 57 49 46 50
(min) 21 | 19 | 23 | 25 | =22
Cure rate index (min™) |

Table 8-2 shows the formulations of the three compounds (compounds 6-8),
which were prepared to assess éffect of an increasing loading of elemental
s'ulphur on the cure properties of the SBR compound.

After the ODR test results were examined, 0.3 phr elemental sulphur was
sufficient to produce a BR compound (compound 3; Table 8-1) with the similar |
optimum cure time as the SBR compo_und with 0 elemental sulphur (compound 6;
'.Table 8-2). These compounds were subsequently mixed together to produce
SBR/BR blends, and the composition and mass fraction of interphases in these
blends were measured. |




Table 8-2: Formulations, Mooney viscosity and ODR results: SBR with
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- 60phr silica, 3 phr TBBS, 0.5 phr Zn0, 1 phr Santoflex 13, 5 phr processing

oil and an increasing loading of elemental sulphur. Compound 6 had a

viscosity of 109 MU.
| Compound No. 7 8
Elemental sulphur (phr) 0.1 0.2
ODR Resullts
Minimum torque (dN m) 23 23 . 21
Maximum torque (dN m) 66 69 70
Atorque (dN m) 43 46 49
Scorch time, {54 (min) 12 12 "
Optimum cure time, tg 49 43 37
(min)
Cure rate index {min™') 2.7 3.2 3.8

8.4 Silica dispersion in the rubbers

To disperse the silica particles fully in the rubbers, the mixing time was increased

to 16 min. Large silica aggregates approximately 144 nm were seen in the rubber
matrix after short mixing times, e.g. 4 min (Fig. 8-1), and the aggregate size

decréase_d to about 74 nm in size as mixing time was increased to 16 min (Fig. 8-

2). The size of the particles in Figure 8-2 was fairly similar to the actual particle

size of the filler (20-54 nm). It was concluded that maximum mixing times of 10
and 16 minutes were sufficient to fully disperse the silica particles in the SBR and

BR rubbers, respectively,
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Mixing time: 4 min

Figure 8-1: SEM photograph showing a typical poor dispersion of the silica
particles in the rubber (mixing time = 4 min). Data for the BR rubber are
shown. '

Silica particles

Mixing time: 16 min -

Figure 8-2: SEM photograph showing a typical good dispersioh of the silica
particles in the rubber (mixing time = 16 min). Data for the BR rubber are
shown. : '
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8.5 Results and discussion

- The differential of heat capacity with "temperature, deldT, VS, temperature data
for the SBR/BR blend and for a physical mixture {(samples of pure SBR and BR
rubbers placed in physical contact) of the two samples of SBR and BR is shown
in, Figure 8-3. The increase of increment of heat capacity, ACp, at the glass
traneition temperature of both rubbers for a component is'pr'oportienal to its mass
fraction in the system under investigation. The heat capacity, Cp, vs. temperature _
can not provide information about the interphase, glass transition temperature
and its composstton distribution, but the dCp/dT vs. temperature data (Fig. 8-3)
can prowde that 1nformat|on [16].
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Flgure 8-3: Typical dCp/dT versus temperature for SBR/BR blend and
SBR/BR physical mixture. Samples were mixed at 60-65 C for 5 min.
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Figure 8-3 shows dCp/dT versus temperature for a diffuse interphase in the

SBR/BR blend prepared at 60-65°C for 5 minutes, and for a physical mixture of
| ‘the two pure SBR and BR samples (75:25) prepared in the same way, _
respectively. The data in this figure shows that the value of dCp/dT vs.
temperature for the SBRIBR blend is larger than that for the pure SBR and BR
samples (physical mixture) between the glass transition temperatures of SBR
and BR. The SBR/BR blend has a single interphase and this interphase does not
exhibit a separate glass transition temperature, but occurs continually between
the glass transition temperatures of the constituent rubbers.

—— Pysical mix
s Blend
- Baseling

dCp/dT(j.g™.°C?)

Temperature(°C)

Flgure 8-4: Typical dCp/dT versus temperature for SBR/BR blend' and
SBR/BR phy5|cal mixture and correspondent baselme Samples were

mlxed at 60- 65°C for5m|n
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As’lt was described in section 7.4, the dCp/dT, vs. température signal can be
| _described by a Gaussian function for pure polymers and miscible polynier
blends. However, the delldT'vs. temperature signats for the rubber 1 + rubber 2
- physical mixture can not be described well by the surh of two Gaussian functions
because of the shift of the baseline between the glass transition temperatures.'
Thus, the dCp/dT vs. temperature signal includes a non baseline for multi-phase
systems (Fig. 8-3). Becéuse a Gaussian function was used for the quarititative
analysis of interphase in these multi-phase systems, the non-constant baseline
had to be corrected. _ ‘
The values of the dCp/dT vs. tempérafure signal for rubbers 1 and 2 physical
mixtures above and below the two glass transition temperatures are considered
as the baseline for the dCp/dT signal of these multi-phase systems. For the glass
transitions, baselines which are linear with temperatdre from the starting and end
points of the glass transition temperature were chosen. An example is given in
Figure 8-4 for the blend. When the dCp/dT vs. temperature'sig'nal is analysed
using a multi-Gaussian function for multi-phase systems, this baseline must be
subtracted from the raw dCp/dT vs. temperature signal. Figure 8-5 shows the
baseline corrected dCp/dT, vs. temperature signal for the blend and the physical
" mixture after 5 minutes at 60-65°C.
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SBR/BR physical mixture after baseline correction in Figure 8-4. Samples
~ were mixed at 60- 65°C for 5 min. .

Figure 8-6 shows typical interphase region after baseline correction and peak

resolution. Finally,' an interphase curve was obtained by subtracting the blend

- curve from a Gaussian simulation of the same curve (Fig. 8-7).

20
Figure 8-5 : Typical dCp/dT versus temperature for‘SBRIBR blend and
|
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Figure 8-6 :Typical dCp/dT versus temperature for SBR/BR blend after
peak resolution in Figure 8-5 showing the interphase region
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Figufe 8-7: Typical dCp/dt versus temperature for SBR/BR blend showing typical
interphase obtained by subtracting the blend curve from Gaussian simulation of the same
curve. The area under the curve is a measure of the mass fraction of the interphase.

0
Sample was prepared at 60-65 C for 5 min.
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After determmlng the area under the curve of physmal mixture for mdw:dual
~ peaks as well as simulated Gaussian one, the mass fract|on of mterphases and
their composition were calculated as it was described in section 7.3.

8.5.1 Effect of the mixing time of the SBR and BR compounds on the cure
properties, mass fraction and composition of the mterphase in the SBR/BR
blend

The ODR test results of the two SBR and BR compounds and the SBR/BR blend,
and the cdmposition and mass fraction of the interphase in the blend as a
fﬁnction of mixing time are éhown_ in Tabl.esl 8-1, 8;2 and 8-3, respecti_\)ely. The
minimum and maximum tforque values, which corresponded to the viscosity of
the uncured blend and extent of cure in the blend, were 23-25 dN m and 94-99 -
dN m, respectively (Table 8-3). It appeared that when the SBR and BR
compounds were mixed toget'her for longer times, the torque values of the blend |
were not affected. Atorque, which is an indication of crosslink density changes in
the blend [17] increased from 70 to 75 dN m after 1 0 minutes mixing time, and
then decreased slighﬂy to 73 dN m. The scorch and optimum cure times of the
blend were not affected by increases in the mixing time of the two compounds
and remainéd at 10 and 28-30 minutes, respectively. The cure rate index rose
from 5 to 5.6 min" as a function of mixing time up to 10 min, though it
subsequently decreased to 5 min™' after fhe mixing time was increased to 20 min.

‘The mass fraction of the interphase in the blend increased from 72 to 88% after
the two compounds were mixed together for 10 min. It then decreased to 63%
when the mixing time was increased to 20 min. The composition of the
interphase also changed. At prolong mixing times' the mass fraction of BR to
SBR in the mterphase increased from approximately 0.16 to 0.47. Longer mixing
tlmes also replaced SBR with BR in the mterphase (Table 8-3). Figure 8-8 shows
~ the mass fraction of BR in the interphase as a function of mixing time. -
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8.5.2 Effect of the mixing temperature of the BR and SBR compounds on
the Mooney viscosity, cure properties, mass fraction and composition of
the interphase in the SBR/BR blend '

As expected, a higher mixing temperature reduced the viscosity of the blend from
108 to 96 MU (T able 8-4). The rubber breaks down during mixing, which causes
reduction in its molecular wéight and viscosity [1'2,18,19]. The reduction is due to
chain scission [20] or, the mechanical rupture of the primary carbon-carbon:
bonds that are preseht along the back-bone of the rubber chains. This is often
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compensated by the reinforcing effect of the filler. :
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Figure 8-8: Mass fraction of BR in the interphase as a function of mixing =

time _ |
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Table 8-3: Mixing condition, cure Properties, mass fraction and
composition of the interphase in the SBR/BR Blends. The SBR and BR
- compounds were mlxed together for different tlmes '

Compound No. [ 9 10 TR 12

Mixing temperature °cy 60-65 60—65 60-66 60-65
Mixing time (min) 5 7 | 10 | 20

| ODR Results
Minimum torque (dN m) 24 25 24 | 23
Maximum torque(dN m) 94 - 97 99 96
Atorque (dNm) 70 72 75 73
Scorch time, te1 (min) 10 | 10 10 10
Optimum cure time, tgo (min) | 30 29 28 | 30
" Cure rate index (min™) 5 5.3 5.6 5
Mass fraétion of the interphase (%) | 72 82 88 63
Mass fraction of BR in the 7 13.5 21 224 32
interphase (%)
Mass fraction of SBR in the 86.5 79 776 68
Jinterphase (%) I |
' Mass fraction of BRto SBRinthe | 016 | 027 | 029 | 047
interphase . '

Note that the mass fraction of BR to SBR in the interphase was calculated as
follows: For exampie for compound 9, BR/SBR = 13.5/86.5=0.16
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" The scorch time of the blend was unaffected and remained at 10-11 min, but its
‘optimum cure time increased from 29 to 43 min as the mixing tempe_rature of the
two compounds was increased from 60 to 105 °C. As a result, the cure rate index
decreased from 5. 3 to 3 min~ which indicated a slowing down of the curing rate
in the rubber. The Atorque of the blend did not change and stayed at
approximately 72 dN m. Similarly, the minimum and maximum torque values .
stayed 'at ‘about 23-25 and 94-97 dN m, respectively. This suggested ‘that _
increases in the mixing temperature of the two compounds had no obviou"s effect
on the viscosity of the uncured blend as indicated by the minimum torque value,
and the extent of crosslinking in the blend as indicated by the maximum torque -
value. The optimum cure time was the only property that was affected by
mcreases in the mrxrng temperature of the two compounds..

The mass fraction of the tnterphase in the blend increased from 82 to 85%
because of a higher mixing temperature of the two compounds. The mass .
fraction of BR to SBR in the lnterphase also increased from 0.27 to 0.33 when
the - mixing temperature was mcreased from 60 to 105°C. Clearly, higher
temperatures during the mixing of the two compounds were beneficial to the |
formation of the interphase in the blend and increased the BR component of the
mterphase ‘

8.5.3 Effect of pre-scorch time on the mass fraction and composrtlon of the
mterphase in the SBR/BR blend

As shown in Table 8-5, the scorch times of the BR and SBR compounds were 5
and 12 minutes, respectively. When the two compounds were mixed together for
1 min at 34-54°C and then tested in the ODR at 140°C, the scorch time of the
blend was 10 min (Table 8-6). 170 g of the blend was subsequently placed in a
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Table 8-4: Mooney viscosity, cure properties, mass ffaction and
. composition of the interphase .in the SBR/BR blends. The SBR and BR
compounds were mixed together for 7 min at different temperatures

to produce the blends

- Compound No.. 13 14 15
Mooney viscosity (MU) 108 104 96
Mixing temperature (°C) 60-65 | 80-90 90-105
ODR Results
Minimum torque (dN m) 25 23 24
Maximum torque (dN m) - 97 94 96
Atorgue (dN m) 72 71 72
Scorch time, tg4 (min) 10 11 10
Optimum cure time, tgo 29 40 43
(min) .
Cure rate index (min™) 5.3 3.5 3.0
Interphase properties
Mass fraction of the 82 81 85
interphase (%) : -
Mass fraction of BR in the 21 23.5 246
interphase (%) ' .
Mass fraction of the SBR in 79 76.5 75.4
the interphase (%) -
Mass fraction of BR to 0.27 0.31 0.33
SBR in the interphase

hydraulic press at 140°C for 8 min (pre-scorch time) Unlder a pressure of 11MPa,

to produce sheets 2.5 mm thick. The rubber was then removed from the press .
~and left at ambient temperature to cool down. The mass fraction and composition

of the interphase in the.blend were determined to evaluate the effect of the heat
- treatment on the interphase properties (Table 8-7).
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Table 8-5 : Mooney wscosny and cure propertles of the BR and SBR
rubbers .

Compound
3 ' 6
Mooney viscosity (MU) . 162 . - 109
Minimum torque (dNm) { -~ .45 - 23
Maximum torque (dN m) 133 - : 66
Atorque (dN m) ‘ 88 . ‘ . 43
Scorch time, ts1 (min) A A 12
Optimum cure time, too 49 | 49
(min) S o ) .
Cure rate index (mln ) 23 a7

For the blend prepared by mixing the two compounds for 1 min et 34-54°C, the
mass fraction of the interphase was 59%, and the mass fraction of BR to SBR in
the interphase was approximately 0.27. However, when the same blend was kept

~ at 140°C for 8 min, the mass fraction of the interphaee increased to 62%, and the
mass fraction of BR to SBR in the interphase rose to 0.63. A strong interphase

~ was formed in the blend during the pre-scbrch stage of the cure cycIe.at elevated
temperature, and the BR compenent of the interphase also increased.

The diffusion theory of adhesion, is also known as autohesion in the case of
rubbers, states that adhesien of two macromolecules in intimate contact results
from the interdiffusion of the molecules of the superficial layers [21,22]. This
'interdiffusion allows the formation of an interphase between the two rubbers. In -
the case of polymer autohesion correspondlng to the mutual dlffusmn of identical
molecules, adhesion under a constant assemb!y pressure, is a function of
temperature and contact time, following Fick’s classical law [23]. Therefore, the
average interpenetration depth, ¥, of one phase into another is g'iven'as:

X = exp(-E/2RT) t'2 ' .81
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~ where, E, is the diffusion activation energy, t, the contact time, R, the molar gas |
~ constant, and T, the temperafure. '

Table 8-6: Mooney viscosity, cure properties, mass fraction and
composition of the interphase in the SBR/BR blends. The SBR and BR
compounds were mixed together for 1 min at 34-54°C to produce the blend. |

Compound No. ‘ : 16
Mooney viscosity (MU) 108
| t, (min) | 10
t,y (Min) 35
: 4
- Cure rate index (min™) 2
Minimum torque (dN m) - 9%
Maximum torque (dN m) '70
Atorque (dN m) :
Mass fraction of the interphase (%) 59
Mass fraction of BR in the interphase (%) 21
Mass fraction of SBR in the interphase (%) 79
Mass fraction. of BR to SBR in the - 0.27

interphase

Table 8-7 : Mass fraction and composition of the interphasé in the SBR/BR
- blend after 8 minutes scorch at 140°C. The SBR and BR compounds were
mixed together for 1 min at 34-54°C to produce the blend,

Blend Mass fraction of the | Composition of the | Mass fraction of
. interphase (%) interphase (%) BR to SBR
SBR/BR 82 (BR=38.5, SBR=61.5) 0.63

The mass fraction of BR to SBR in the interphase was calculated as described in Table
8-3. ‘ ‘
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Polymer interdiffusion has been the subject of numerous studies. For example
Skewis [24] measured the rate of interdiffusion of buty! and SBR rubber chains
when samples of the two rubbers were pressed against each other. He also
showed that the diffusion of polymer chains across the interface did occur when
the two samples of uncured rubbers were brought into intimate contact, and that -
this interdiffusion enhanced the adhesion between the two rubbers. |

There are two fundamental requirements, which must be met in order to obtain’
adhesion by interdiffusion [23,25] the substrates must be mutually soluble or
compatible, and, the macromolecules rhu_st be very mobile, thus at a sufficient
temperature. For pure SBR and BR fubbers, solubility parameters 8.30 and 8.41
(cal/cc)' have been reported, respeétiv_ely [26,27]. The small difference in the
solubility parametefs of the rubbers suggests that they were, at least, partially
miscible, and therefore adhesion by interdiffusion cduld have occurred. Please -
note, the presence of a large amount of reinforcing filler did not change the
solubility parameters of the rubbers [27]. The glass transition temperatures of the
SBR and BR rUbbers-‘were -50 and -107°C,_ respectively (Table 5-1),' which
indicated a high degree of mobility for the macromolecules at ambient
temperature. However, temperature during the mixing of the SBR and BR
compounds rose from 34 to 105°C, and this increased the mobility'of the chain:
segments further, facilitating a more extensive interdiffusion between the
rubbers. In addition, the mixing time of the two compounds was increased to 20
min, allowing sufficient time for the mutual diffusion of the SBR and BR
macromolecules to take pléce [24] and formation of interphases in the blends.

As mentioned earlier [28], interphase formation is the result of moleculér diffusion
between pure phases. '_l'he large mass fraction of the interphases in the blends
(Tables 8-3 and 8-4) indicated that significant molecular diffusion had taken plade
between the BR and SBR rubbers, which improved the adhesion between the
two. ' |
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Conclusions

From this study, it is concluded that:

1 - When the mlxmg time of the SBR and BR compounds was mcreased
progresswely from 5 to 10 min, the mass fraction of the :nterphase in the
SBR/BR blend increased from 72 to 88%. However, as the mixing time of the two
compouhds was increased to 20 min, this had a detrimental effect on the mass
fraction of the interphase in the blend. The mass fraction of BR to SBR in the
interphase also rose from 0.16 to 0.47 as the mixing time of the two compounds
was increased to 20 min. |

2 - When the mixing temperéture of the two compounds was increased from 60
to 105°C, the mass fraction of the interphase in the blend rose from
approximately 82 to 85%. Similarly, the mass fraction of BR to SBR in the
mterphase increased from 0.27 to 0.33.

3 - The mass fraction of the interphase in the blend was 59% when the two
compounds were mixed together for 1 min at 34-54 °C, for 8 min (pre-scorch
" time), the mass fraction of the interphase was 62% and the mass fraction of BR
to SBR in the interphase about 0.63. | |

~In summafy, increasing the mixing time and mixing temperature of the two
compounds helped to increase the mass fraction of the interphase in the SBR/BR'
blend, and alter the composition of the interphase. A similar trend was also
observed when the blend was kept at elevated temperature for 8 min ( pre- -
scorch time) durihg its cure cycle. The results suggested thét strong interphases
could be formed in the blend 'during the pre-scorch time of the rubber, without a
need for the two compounds to be mixed together for long times and at high
temperatures prior to curing. |
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CHAPTER 9
Measuring effects of silanized s'il_ica nanofiller on the mechanical
properties of styrene-butadiene' (SBR) and poly butadiene (BR)
| ' rubbers and SBR/BR blends

9.1 Introduction

Mixing dissimilar elastomers to produce blends is often carried out to achieve
speciﬁc properties for industrial rubber articles such as tire tread. It is therefore
-important to ‘unders_tand how properties of blends are affected by the properties
of individual rubbers in the blend. For example, the viscosity of rubber blends
can differ from the viscosity of the individuél rubbers in the blend [1].

For example, the hardness and modulus of rubber compounds are important
properties in product development [2]. Dissimilar elastomers are often mixed
together to produce blends, which possess better tear strength, cu.t growth
resistance, fatigue life and resistance to ozone cracking than the individual
elastomers. In rubber blends, property enhancement is, to a large extend'. due to
the formation of strong interfacial bonding between dissimilar elastomers, which
facilitates stress transfer from one phase to the othér [3-7]. The properties of the -
continuous phase often determines the strength properties of a blend [8-9]. it has
been shown that the modulus of a blend is generally intermediate, when
measurements were carried out between the gllass transition temperatures of the
two rubbers. A similar behaviour has been shown by the blends of an elastomer
of high and low molecular weights [10]. Hess and Chirico have shown that
modulus increases when the continuous phase contains filler [8]. A non-uniform
distribution - of filler in NR/BR and NR/SBR blends provided high cut growth |
resistance in some rubber vulcanisates [11]. Roger and Waddel .[12] have
reviewed the previous work on the use of blends of butyl, chlorobutyl, bromobutyl
and brominated methyl styrene-isobutylene co-polymer with NR and SBR in
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many tyre' and non 't'yre applications. Addition of chlorobutyl rubber to NR/BR
blend increased their tearing strength and reduced cut growth rate. Rattanasom
and co-workers [13] showed that the addition of reclaimed rubber into virgin NR
increased the hardness and modulus but decreased the tensile strength, tear
strength and abrasion resistance Pham Thi Hao and co-workers [14] found that
the mechanical properties of SBRIBR blend varled W|th the mass fraction of SBR
with respect to BR in the blend. For the NR fi Ifed rubber, the addition of silica
gave reasonable mechanical properties [15]. Effect of filler loading on the tensile
strength ehd tear strength of NR/SBR and NR/ENR (epoxied NR) blends was
studied [16], which found that the aforementioned properties increased with filler
loading.

In this chapter, effects of a silanized silica nonofiller on the mechanical properties
of styrene-butadiene rubber (SBR), polybutadiene rubber (BR) and SBR/BR
blends will be investigated. SBR/BR rubber blends (75/25 by mass) are used in

the manufacture of tyre treads. |

9.2 Experimental

9.2.1. Materials- Rubbers, filler, curing chemlcals, antldegradants, and
processing oil

The used raw rubbers, nanofiller, and curmg chemicals were described in
sections 5.1.1 and 5.1.2. '

The procedures for measuring these curing chemicals for the BR and SBR
rubber compounds were described previously [17,18].Table 9-2 shows the rubber
formulations used for making the SBR/BR blends. Note that the two compounds
had the same optimum cure times 49 minute.

9.2.2 Mixing
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The compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a
small s.ize laboratory mixer with counter rotating rotors. In these experiments, {he
Banbury rotors and the mixing chamber were maintained at 23 °C (ambient
temperature) during mixing. The rotor speed was 45 r.p.m. The volume of the
mixing chamber was 78 cm?, and it was 60% full during mixing. Haake Software
Version 1.9.1. was used for controlling the mixing condition and storihg data.
Two SBR and BR rubber compounds filled with 60 parts per hundred rubber by
weight (phr) silanized silica nanofiller were prepared and then mixed together to
produce SBR/BR (75:25 by mass) blends for this study (Table 9-3). The mass
fraction of SBR to BR in typiéal SBR/BR tyre tread blend compounds is 75 to 25
[18]. To prepare the SBR corripound, the filler was placed in the mixing chamber
and then the raw rubber and processing oil were added. TBBS, ZnO and
“antidegradant were added 4 min after the filler, rubber and processing oil were
mixed together, and mixing continded subséquently for an extra 6 min before the
rubber compound was removed from the mixer. To mix the BR compound, the
filler and rubber were mixed together for 10 min and then TBBS, elemental
sulphur and antidegradént were added together. Mixing continued subsequently
- for an extra 6 min before the rubber was removed from the mixer. Elemental
sulphur was added to the BR compound to achieve the same 'op.timum cure time
" as the SBR compound before the two rubbers were mixed together to produce
the blend. Note that before the curing chemicals were added, the rotors were
sto'pped and the rubber compounds were cooled down to 40-50°C to avoid pre-
scorch in the compounds during the subsequent mixing. -

Finally, when ‘mixing ended, the rubber compounds were stored at ambient
temperature (~23°C) for at least 24 h before their viscosity and cure properties
were measured. The SBR and BR rubber compounds were then mixed together
for 1, 7 and 20 min to produce SBR/BR blends. The viscosity and cure proper’ues
of the blends were measured 12 h after mixing ended.
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9. 2 3 Mooney vrscosrty and cure properties of the rubber compounds and
the blends

The viscosity of the rubber compounds was measured at 100°Cina single-Speed |
rotational Mooney viscometer (Wallace Instruments, Surrey, UK) as described in
section 5.5 and in accordance with the British Standard [20].. The scorch time,

which is the time for the onset of cure, and the optlmum cure time, which is the
time for the completion of cure, were determined from the cure traces generated
‘at 140 * 2°C by an oscillating disc rheometer curemeter (ODR, Monsanto

Swmdon,- UK) at an angular displacement of - 3° and a test frequency of 1.7 Hz
[21]. The cure rate index, which is a measure of the rate of cure in the rubber,
was cal‘culated‘ using the method described in the British Standard [22]. The
rheometer tests ran forupto 2 h.

9.2.4 Specific gravity and glass transition temperature of the SBR and BR

rubbers, and mass fraction of the'interphase in the SBR/BR blends

Specific gravity, glass transition temperature of the SBR and BR rubbers, and
mass fraction of the interphase in the SBRIBR-bIends were measured and
calculated as it was described in sections 5'1.'1 and 5.12.
The results are shown in Tables 9—1 to 9-3.

Table 9-1: Specific gravity, Mooney wscosrty and glass transmon
temperature of the raw rubbers- :

Cornpound Speciﬁc gravity = Mooney viscosity (MUY  Tg (°C)

SBR 004 51 50

BR. - 0o 49 -107
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Table 9-2: Formulatlons, Cure propert:es and vnscosnty of the SBR and BR

rubber compounds
Formulation (phr) Compound no. :
: R 1 2
BR 100 S -
SBR - 100
- Silanized silica - 60 . ‘ 60
TBBS o 7.5 3
Santoflex 13 ' A1 SR -1
Enerflex 74 0 : 5
Zn0O 3 o .05
Elemental sulphur o 0.3 0
Mooney viscosity (MU) 162 109
, o g - ODR Results
Minimum torque (dN m) 45 23
Maximum torque (dN m) 133 . 66
Atorgue (dN m) 88 43
ts1 (min) . L 5 _ 12
too (mln) 49 49 -
Cure rate index (min™) ' 2.3 : 27

Total mixing times for compounds 1 and 2 were 16 and 10 mih, respectively.

9.2.5 Compounds curing

- After these measurements were completed, the rubber compcunds were cured in
a compression mould as was described in section 5.3. -

9.2.6 Swelling tests and bound rubber measurements \
Swelhng tests and bound rubber measurements were performed in accordance

with descriptions in section 5.4.
Fig. 9-1 shows Increase in weight In percentage versus time of immersion in
toluene for compounds 1 and 2 and blends 3-5 (Table 9-4).
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Table 9-3: Mixing cohdition, Mooney viscosity, cure properties, mass
fraction and compos:tlon of lnterphase in the SBRIBR (75:25 by mass)

blends.
_ Blend
3 . 4 5
Mixing conditions of the SBR and BR compounds
Mixing fime (min) K 7 20
Mixing temperature (°C) 34-54 90-105 80- 94
Mooney viscosity (MU) 108 96 78
Minimum torque (dN m) 27 24 21
Maximum torque (dN m) - 96 96 93
Atorque (dN m) 69 72 72
tog (min) 35 43 45
Cure rate index (min™') 4 : 3 . 28
Interphase properties in the uncured blends
Mass fraction of the 5% 85 90
interphase (%)
Mass fraction of BR in 21 245 18
the interphase (%)
-Mass fraction of SBRin . 79 754 82
the interphase (%)
- Mass fraction of BR to 0.27 0.33 - 0.22
SBR in the interphase ‘ _
Interphase properties at 8 minutes pre-scorch at 140°C
Mass fraction of the 62 86 81
interphase (%) ;
Mass fraction of BR in 38.5 27 27
the interphase (%)
Mass fraction of SBRin 61.5 73 73
the interphase (%) :
Mass fraction of BR fo | 0.63 0.37 0.37

SBR in the interphase

Note, the mass fraction of BR to SBR in the interphase was ca|cu1ated as follows:

for example, the mass fraction of BR to SBR in the interphase of the uncured

blend 3 was BR/SBR = 21/79 = 0.27.
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—v— Compound No.4
wet= Corpouind NoS

wajlen sample weight variation (%)
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Time (hr.)

Figure 9-1 — Increase in weight in percentage versus time of i |mmer5|on in
toluene for compounds 1 and 2 and blends 3-5 (Table 9-4)

9.2.7 Hardness

For measuring the hardness of the rubbers, cylindrical samples 12 mm thick and
28 mm in diameter, were used. The samples were then placed in a Shore A
Durometer hardness tester (The Shore Instrument & MFG, Co., New York), and
the hardness of the rubber was measured at ambient temperature (25°C) over a
15-second interval after which a reading was taken. This was repeated at four
different positions on the sample, and median of the four readings was
calculated.[23].
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' 9.2.8 Cohesive tear strength
Test pieces specification were explained in section 5.8.

The tear tests were performed at an angle of 180°, at ambient temperature (23 |
°C) and at a constant cross-head speed of 50 mm/min [24] in a Hounsfield
mechanical testing machine. The tears produced in the rubber after the test
pieces were fractured were 15-57 mm in length. In each experiment, the tearing
force was recorded as a function of crosshead separation to produce traces from
which an average'force was measured. In some cases, the test produced only
one peak'c')n the trace from which a tearing force was calculated (Fig. 9.2).
Sometimes tearing produced several peaks oh the trace which were used to
calculate an average tearing force for the rubber (Fig. 9.3), or, a continuous
trace where the peak force value was used for the rubber (Fig. 9.4). For each .

rubber, four test pieces were used. After these measurements were completed,
and following the procedure described previously [25 and section 5.8], the
tearing energies were calculated and the median values of the tearing energies

were subsequently noted.
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Figure 9-2 — Typical record 6f teafing force as a function of crosshead
separation. Data for blend 4. T= 136 kJ/m?

Figure 9-3 — Typical record of tearing force as a function of crosshead
separation. Data for blend 5, T= 61 kJ/m?
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Figure 9-4 - Typlcal record of tearing force asa functlon of crosshead
separatlon. Data for the SBR vulcanisates, T= 53 kJ/m?

9.2.9 Tensile prdperties

The tensile stress, elongation at break, and stored energy density at break of the -
rubbers were determined in uniaxial tension in a Hounsfield mechanical testing.
machine in accordance with instructions in section 5.9. Hounsfield DAPMAT
computer software was used for stoﬁng and processing the data.

19.2.10 Modulus at different strain amplitudes

The modulus of the wulcanisates at 50%, 100%, 200% and 300% strain
amplitudes and Young's modulus were measured in uniaxial tension, using
dumbbell test-pieces in accordance with instructions in section 5.10. QMAT-
DONGLE version 2003 computer software was used to process the data.
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'. 9.2.11 Abrasion resistancé

- For determining the abrasion resistance of rubbers 1 and 2, molded cylindrical
test pieces'S mm thick and 16 mm in diameter were cured. The tests were
performed at 23°C in accordance with BS 903: Part A9: 1995 with method A.1
(Zwick abrasion tester 6102, Croydon, UK and abrasion standard rubber S1). For .
each rubber, three samples were tested to calculate the relative volume loss (Av)'
[26]. The abrasion resistance of the blends was measured by applying a similar
procedure and using standard rubber S2, a typical tire compound formulation[27].
The abrasion resistance waé expi’esSed as an abrasion resistance index (ARI).
An index value of greater than 100% indicated that the test compound was more
resistance to abrasion than the standard rubber under the conditions of the test.
~ The abrasion resistance index values recorded for the three rubbers were greater
than 100% and therefore, they had a higher resistance to abrasuon than the
standard rubber against which they had been indexed.

9,212 Heat build up

The heat build up of the blends were determined in accordance with BS903 Part
A50 as it was described in section 5.14.

- 9.3 Results and discussion

The differential of heat capacity with temperature, dCp/dT, vs. temperature data

for the SBR/BR blend ( blend 3 after 8 minutes pre-scorch) and for a physical

mixture (samples of pure SBR and BR rubbers placed in physical contact) of the

two samples of SBR and BR, baseline selection, global peaks resolution and
interphase peaks resolution are shown in Figures 9-5 t0 9-8.

| Subsequéntly. the mass fraction of interphases and their composition were

calculated as described in section 7.3. |
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Figure 9-5: Typical dCp/dT versus temperature for SBR/BR blend and
SBR/BR physical mixture. Samples were mixed at 34-54°C for 1 min.

~ 9.3.1 Effect of the mixing time and mixing temperature on the composition
and mass fraction of the interphase in the SBR/BR blend

‘The mass fraction of the interphase in the blend (Table 9-3) increased from 59 to
90% after the two compounds were mixed together for 20 min. The composition
of the interphase also changéd. As the mixing time was increased from 1 to 7

" min, the mass fraction of BR to SBR in the interphase increased from 0.27 to

0.33. When the mixing time was raised to 20 min, the mass fraction of BR to SBR
in the interphase decreased to 0.22. Evidently, mixing times longer than 7 min,
replaced BR with SBR in the interphase. The properties of the interphase
changed during a pre-scorch time of 8 min at 140°C.The blends had scorch times -
9-10 min. The mass fraction of the interphase in the blend increased from 62 to
81% and the mass fraction of BR to SBR in the interphase decreased from 0.63
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Figure 9-6: Typical dCp/dT versus terriperature for SBRIBR blerid and
SBR/BR physical mixture and correspondent baseline. Samples were
mixed at 34~ 54°C for 1 min. '
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Figure 9-7 :Typical dCp/dT versus tempefaiure for SBR/BR blend after peak
resolution showing the interphase region



181

0.012
0.010 4 . — Total Intarphase
] © Pouk raxolutad 1
) . . Peak resoluted 2
0.008 Fraah gastlaeg §
E'N 7] . ~— Peak resoluiad &
O |
Q L]
‘o 0.006 -
=
l— o
2
o -
3 0.004 \
- E
0.002 4 1
, 3
0.000 v

T T T T - T -
-120 =100 -80 -60 «40

Temperature("C)

Figure 9-8: Typical dCp/dt versus temperature for SBR/BR blend showing
typical interphase obtained by subtracting the blend curve from Gaussian
simulation of the same curve, The area under the curve is a measure of the
mass fraction of the interphase. Sample was prepared at 34-54 °C for 1 min.

to 0.37 when the mixing time was increased to 20 min (Table 9-3). A strong
interphase was formed in the blend during the pre-scorch stage of the cure cycle
at elevated temperature and the BR component of the interphase decreased.

When two samples of uncured rubbers are broughf into intimate cdritact, the
diffusion of polymer chains across the interface occurs, and this interdiffusion
enhances the adhesion between the two rubbers [28]. In order to obtain adhesion
by interdiffusion [29,30], the substrates must be mutually soluble or compatible,
and, the macrqmolecules must be very mobile. The latter is temperature
dependent. For puré SBR and BR rubbers, solubility parameters 8.30 and 8.41

(cal/cc)’? have been reported, respectively [31,32]. The small difference in the
solubility parameters of the rubbers suggested that they were, at Ieast,' partially
miscible, and therefore adhesion by interdiffusion could have occurred. Note that
the presence of a large amount of reinforcing filler did not change the solubility
 parameters of the rubbers[32]. The glass transition temperatures of the SBR and
BR rubbers were -50 and -107°C, respectively (Table 9-1), which indicated a high
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degree of mobility for the macromolecu_les at ambient temperature'.: However,

~ temperature during the mixing of the SBR and BR compounds rose to 105°C, .

~ and this increased the mobility of the chain segments further, facilitating a more
extensive interdiffusion between the rubbers. In addition, the mixing time of the

- two compounds was increased to 20 min, allowing sufficient time for the mutual

dlffusmn of the SBR and BR macromolecules to take place [28]. This Iead to the
formatlon ofa strong mterphase in the blends.

The large mass fraction of the interphase in the blends, up to 90% (Tables 9-3)
indicated that significant molecular diffusion had taken place between the BR and

SBR rubbers, which im'prdved the adhesion between the two. Properties related

. to fracture were more likely to have benefited from the formation of strong
interphases in the blend.

- 9.3.2. F|l|er dispersion and filler effect on the wscosrty of the SBR and BR
: rubbers and SBR/BR blends

To optimise the reinforcing effect of the filler on the mechanical properties of the
vulcanisates, it was essential to disperse the filler particles well in the rubber [33].
The BR and SBR compounds were mixed for 16 and 1 0 min, respectively, to
| achieve good dispersion of the s:llca partlcles in the rubbers (Flg 8-2). |
However, long mixing tlme e.g. 10 min, breaks down the rubber and causes
reduction in its molecular weight [34] and viscosity [35]. - The reduction is due to
chain scission, or, the mechanical rupture of t_he primary carbon-carbon bonds
that are present along the backbone'of the rubber chains [36,37]. The reihforcing
effect of filler often compensates for the adverse effects produced by the scission
of the chains and mechanical degradation of the rubber during processing.
The addition of the filler increased the viscosity of the raw rubbers, which rose
from 51 (raw SBR) to 109 and 49 (raw BR) to 162 MU, respectively (Table 9-1
and 9-2). The viscosity of the SBR/BR blends wa\s also affected by the mixing
time. As expected [34,35] a longer mixing time of 20 min reduced the viscosity of
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the blend from 108 to 78 MU (Table 9-3). This was éttributed to chain écission ‘
[36,37]. | o I
Fillers increase rubber viscosity because of the formation of bound rubber [38].
The bound rubber content of the BR and SBR rubber vulcanisates were 93 and
66 %, respectively (Table 9-4), which indicated a high level of rubber-filler
interaction. Similarly, the bound rubber content of blends 3-5 were 69.5-73%,
which showed a strong interaction betW'een the filler and rubber (Table 9-4).

It is known that bound rubber forms during mixing while filler dispersibn oceurs
[39] and increases as é function of mixing temperature[40], mixing time[41] and
storage time [42]. Since the mixing time increased to 20 min and the compound
temperature rose to 105°C during mixing, and the blends were stored at ambient
temperature (~23°C) for a total of 36 h before they were tested, the bound rubber ‘
formation occurred. '

9.3.3 Cure properties 6f fhe SBR and BR rubber compounds and SBR/BR

rubber blends

The ODR test results of the two SBR and BR compounds and the SBR/BR
blénds are shown in Tables 9-2 and 9-3, respectively. The scorch time of the BR
and SBR compounds were 5 and 12 min, reépectively, and the SBR compound
had a faster rate of cure with a cure rate index of 2.7 min". The optimum cure
time of the two compounds were almost the same, i.e. 49 min (Table 9-2). The
cure propérties of the SBR/BR blends were different from the two compounds (cf.
compounds 1 and 2; Table 9-2 with blends 3-5; Table 9-3). The scorch time of
the blends were similar at 9-10 min. However, the optimum cure time rose from
35 to 45 min as mixing time was increased to 20 min. Blend 3 had the highest |
rate of cure with a cure rate index of 4 min~'. Atorque increased from 69 to 72 dN
m, which indicated a sfnall rise in the crosslink density of the blend. It was also |
noted that Atorque and the weight of toluene uptake per gram of the rubbers, Q,
followed a similar trend (Table 9-4). For example, for blends 3-5, Atorque were
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69, 73, and 72 dN m, which corresponded to 2.10, 2.40 and 2.18 toluene up take
pe'f g'ram ‘of rubber, respectively. - Similarly, for the: BR and SBR vulcanisates, |
Atorque were 85 and 43 dN m, which corresponded to 2.55 and 2;40 toluene up
take per gram of rubber, respectively. '

9.3.4 Mechanical properties of the BR and SBR rubber vulcanisates and
cured SBR/BR blends |

The mechanical properties of the BR and SBR rubber vulcani_sates ’and the three

blends tested are summarized in Table 9-4. With the exception of the tearing
'energy, abrasion resistance, hardness and modulus, the rémaining properties of
the SBR vulcanisate were noticeably better than those of the BR. It was also
interesting that the relative volume loss of the BR rubber was approximately 88%

- lower than that of the SBR rubber. The properties of the blends were influenced

differently by changes in the mass fraction and composition of the interphase.
For blends 3 and 5, prop.erties related to fracture improved as the mass fraction
of the interphase was incréased from 59.' to 90%. For example, elongation at
break, stored energy density at break and tearing energy rose from 856 to 900%,
99 to 103 mJ/m?, and 40 to 92 kJ/m?, respectively. There was also improvement
in the abrasion resistance with the abrasion resistance index (ARI) rising from
129 to 139 %, but the tensile strength remained unchanged at 26 MPa.
Prolonged mixing reduces viscosity‘ and mechanically damages the rubber.[34,
35]. On this basis, the properties related to fracture were expéctéd to deteriorate
as a function of mixing time. However, as the results show, these properties
irriproved. Note that weak interfacial adhesion between the two rubbers, or,
absence of interphase in the blend could have caused poor mechanical
properties.[31,32] It was concluded that increases in the properties
aforementioned were due to the development of a strong interphase in the
blends. Rubber properties for example tensile strength'and stored energy density
at break increase as a function of crosslink density [43]. For the blends, Atorque |
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rose from 69 to 72 dN m (Table 9—3), which indicated a small increase in the

crosslink density of the rubber. However, this incréa'se'was too small to account

for the large improvement recorded in the properties of the blends discussed ‘
above. Therefore, the improvement was due to the increase in the mass fraction

of the interphase in the blends. The hardness and Young's modulus decreased
from 74 to 71 Shore A and 6.3 to 5.4 MPa, respectively. Moreover, the modulus
. ofthe blend decreased by as much as 25% at 50% strain amplitude and by about
3% at 300% strain amplitude. These properties are often affected by the loading
of filler and mixing time [44]. Since the blends had the same loading of silicé,
hence the reduction in the hardness and modulué was due to prolonged mixing
which mechanically damaged the rubber [34-37]. Notably, these properties did
~not benefit from a strong interphase in the blend. It is worth m.entioning'that the
. tensile strength, elongation at break, and stored energy density at break of blend
4 were slightly inferior to those of blends 3 and 5 (Table 9-4). The heat build Up
tests showed no evidence of porosity in the blends on examining the internal
structure of the test pieces. The permanent set was 6.1-6.2% and the blend
- temperature rose from 62.5 to 67°C. The fact that the blend became softer. i.e.

‘ fhe hardness decreased from 74 to 71 Shore A, and its temperature rose to 67°C

in the heat build up tests, suggested that prolong mixing was detrimental to the
‘blend, at least, as far as these properties were concerned.

Conclusions

From this study, it was concluded that:

1. Properties related to fracture such as elongation at break, stored energy

density at break, tearing energy and resistanée to abrasion benefited from

- increases in the mass fraction and changes in the composition of the
interphase in the SBR/BR blend.
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Table 94 - Bound rubber and mechanical properties of the SBR and BR
rubber vulcanisates and the cured SBR/BR blends

Blend

Compound_
1 2 3 - 4 5
\ Swelling test data
Q' 2.55 2.40 2.10 2.40 218
Bound rubber (%) 93 66 69.5 73 73 .
: ' Properties related to fracture
Tensile strength (MPa) 12 23 - 26 23 26
Elongation at break 516 1053 856 768 900
(%) .
Stored energy density 30 111 99 86 103
at break (mJ/m°)
T (kJ/m?) 71 59 40 92 92
Range of values 62-90 53-67 37-140 73-136 | 61-121
Avimm®/mg) 15.5 126 - - -
ARI (%) - - 129 135 139
Heat build up test results
Initial static deflection 16.5 14.5 14.1
(%)
Initial dynamic 18.6 . 18.7 19.0
~ deflection (%)
Final dynamic 205 207 21.9
deflection (%)
Temperature (°C) 62.5 64 67
Permanent set (%) 6.1 5.8 6.2
Test outcome® w " No fail No fail | No fail
Hardness (Shore A) 77 70 74 73 71
Young's modulus 8.2 6.3 44 54

(MPa)

4.5

Table is: continued on the next page
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Modulus at diﬁérent strain amplitudes (MPa)
Strain amplitude (%) | )
50 | 25 16 | 25 2.1 2.0
100 _ 1.9 1.8 2.5 22 | 20
200 - 2.2 2.2 31 - 29 28
300 : - 25 2.4 - 35 3.5 - 34

Definitions:

' the we\ight of toluene uptake per gram of rubber. 2 There was no evidence of porosity
in the rubber on examining the internal structure of the test pieces and this was
reported as "No fail”.

2. Other properties such as heat build up , hardness and modulus were
influenced mainly by the filler loading, mixing time and rubbe_r viscosity and did
not benefit from increases in the mass fraction and changes in the composition of
the interphase in the blend.
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CHAPTER 10

Measuring the dynamic properties of NR, IR, SBR and BR .
rubbers filled with a high loading of silanized silica nanofiller

10.1 Introduction

Although measuring the static mechanical properties such as ”tensille ‘strength, |
hérdness, tear strength, and modulus helps to determine the suitability of
elastomers for use in industrial applications, similar measuremehts should also
be madek of the dynamic properties for applications where the article may be
exposed to repeated or cyclic stressing for example car tyres. In'fact, wearing of
- tyre tread and tyre performance are directly related, and are two sides of ‘the
same coin. In tyre tread applications, SBR and BR provide high abrasion
resistance and low rolling résistance, whereas, NR provides'resilience and low
heat build up [1]. |

Fillers, when added to polymers, are known to cause a considerable change in
the dynamic properties of rubber vulcanisates, not only the dynamic modulus,
which includes both the viscous and loss modulus and elastic and storage
modulus.‘The loss modulus represents the viscous compdnent of modulus and
' ihcludes all the energy dissipation processes during 'dynamic strain. Tan & is the

ratio between viscous modulus (G“) and elastic or storage modulus (G ') [2].

In recent years, an enormous amount of work has been _done' on the application
" of conventional nanofillers in elastomers and the development of new products to
improve the dynamic properties of rubber érticlles. While there is agreement that
nanofillers are one of the main components of the filled rubber nanocomposites
and have a very important role to play in improving the dynamic performance of -
' rubber products, yet many new ideas, theories, practices, phehomena and
observations about how and why nanofillers alter the dynamic stress-strain
'response of rubbers are being investigated. In fact filler netwdrking, both it’s
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architecture and the strength if provides, are the main although not the only
parameters to govern the behaviour of the filled rubber under dynamic strain. In
practice, the energy losses in rubber products during dynamic stréin is of great
importance, as for eiample, in vibration mountings and automotive tyres where it
affects the service performance of these products with regard to heat generation’
and fatigue life for the former, and rolling resista_nce, traction and skid resistance
for the latter. In fact, with regard to tyre applications, it has been well established
that repeated straining of the compound due to rotation and braking can be
approximated as a process of constant energy input involving different
temperatures and frequencies [3-5] . | .

| RoIIinrg resistance is related to the movement of thé whole tyre corresponding to
deformation at a frequency of 10-100Hz and a temperature ranging from 50-80°C
[2]. In the case of skid- or wet-grip, the stress is generated by resistance from the
road surface and movement of the rubber at the surface, or near the surface of
the tyre tread. The frequency of this movement depends on the roughness of the
road surface but should be very high, probably around 10* to 107 Hz at room
temperature {4,5]. It is therefore obvious that any change in the dynamic
hysteresis of the compounds at different frequencies and temperatures will alter
the performance of the tyre. Since, certain tyre properties involve frequencies
which are too high to be measured, these frequencies are reduced to a
measurable level, e.g. 1Hz, at lower temperatures by applying the Timé—
Temperature Equivalence principle[6). |

In this chapfer, the tan &, storage modulus and loss modulus of some SBR, BR,
NR and IR rubbers filled with 60 phr silanized silica nanofiller will be investigated.
These compounds will be mixed together to produce blends, which can be used
in the manufacture of tyre tread. | Therefore, understanding their dynamic
properties is of significant i_mportancé_ to the tire industry.
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10.2 Experimental

10.2.1 Mixing

The mixing procedures for preparing the NR, SBR, BR and IR compounds were
fully described in section 6.2 of chapter 6, section 8.2.2 and 8.2.3 of chapter 8,
and in reference 7 respectively. These formulations are shown in Table 10-1 .
below. '

Table 10-1: Formulation of corhpounds 1-7

_ Compound number ,
1 2 3 4 5 6 7

SBR 100 — _— - — 100
BR — 100 — - - — —
NR — 100 100 - 100
IR — S — 100 —_— -
Silica 60 60 60 60 60 - 60
TBBS 3 75 6 6 7 6 3
Zno 0.5 — 03 0.3 1 03 05
Sulphur 0.3 1.5 — 15 02
Enterflex74 5 - -— - - -—— 5
Santoflex 13~ 1 1 I 1 1 1 1.

Table 10-2 below summarises the ODR test results, Mooney viscosity, bound
~ rubber content, and crosslink denéity of compounds 1-7 detailed in Table 10-1.
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Tahle 10-2: ODR test'resul'ts, Mooney viscosity, bound rubber content and
crosskink density of the compounds shown in Table 10-1. .

Corﬁpbund number

1 2 3 4 5 6 7

Minimum torque 23 45 = 26 27 26 12 21
(dN.m) | | | K

| Maximumtorque 66 133 107 135 137 71 70
(dN.m) S | |

| Morque (@Nm) 43 88 -~ 81 108 111 59 49
1., (min) - 12 5 8 6 8 21 1
to(min) 49 49 24 9 34 325 37
CRI (min™) 27 23 65 @ 283 3.9 87 38
Mooney viscosity 109 162 = 106 111 105 49 -
(MU) | |
Bound rubber 66 93 94 94 93 - -—

(%)

Crosslink density 124 220 153 168 211 .. 85 -

| (molfm® | ‘ | '

10.2.2 Compound curing procedure
Compounds curing procedure were described in section 5.3.

10.2.3 - Meésu_rement of G;, G"and tan & of the rubbers

Measurement of G’, G"and tan & of the rubbers were performed by DMA as it
was described in section 5.13. '
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10.3 Results and discussion

10.3.1 Determination of tan & for the silica filled NR compound

Figure 10-1 .'shows tan § versus temperature at .1 Hz frequency for compound 3
in Table_ 10-1. The regions were tan & values cdrrespond to ice-grip, wet-grip
and rolling resistanee of passenger car tyres are shown on the figure.

From the viscoelastic probe_rty point of view [2], an ideal material, which is able to
meet the requirement of a high-performance tyre tread should give low tan &
values at a temperature range of 50-80°C in order to reduce rolling resistance
and save energy. The ideal material should also have high tan § values or high
hysteresis at lower temperatures for example less than -20°C in order to obtain
high skid resistance and wet grip. However, the factors invoived in skid
resistance are recognized to be more complex than a single compound property.
Itis therefore evident that compound 3 satisfies all the requiremente mentioned
above. As can be seen in Figure 10-1, at sufficiently low temperatures, i.e. less
_ than the Tg of the rubber, the tan & value is very low (here about 0.05). This is
due to the fact that the viseosity of the rubber is so high and the free volume in
the polymer is so small that the movement of the polymer chain segments and
the adjustment of their relative positions can hardly take place in the time scale
inVoIved in these experimehts. Therefore, this results in a low energy dissipation
or absorption in the rubber and low loss modulus, hence low hystereeis ortans.
Under this condition, the polymer falls in the glassy state with a very high storage
modulus. |
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Figure 10-1: Tan § versus temperaturé for compound 3 in Table 10-1

With increasing temperature, the movement of the polymer chain ségr_nents
increase. When the temperature reaches a certain level, i.e. Tg,'the free volume
of the polymer increases more -rapidly than the volume expansion of the
molecules, facilitating the segmental motion.

“Above Tg, the viscosity of the polymer decreases very rapidly and the molecular
adjustment takes place more easily, so the storage or elastic modulus
decreases. Simultaneously the energy dissipation within the polymer molecules
increases with tempergture, resulting in a high hysteresis or high tan J values.

At temperatures high enough, i.e. greater than 50°C, the Brownian motion is so
rapid and viscosity is so low in the polymeric solid that the thermal energy is -
comparable to the potential energy barriers to segmental rotation, ‘the moleéular
adjustment is quick enough to be able to follow the dynamic strain. Hence, long
range contour changes of polymer molecules may take place and low resistance
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to strain. Now the matérial is in rubbery region with low energy dissipéﬁon or low
~ loss modulus during dynamic deformation. . '

Figure 10-2 represent tan & versus temperature at 1, 10 and 100 Hz test -
frequencies and 500 um oscillation amplitude for the filled NR rubber {compound
3 in Table 10-1). With increasing the test frequency from 1 to 100 Hz, the curves
shifted to the right hand side towards higher temperatures. In addition, as the test
frequency increased from 1 to 100 Hz, the tan & values were noticeably higher
at a given temperature above the peak tan & values. This was the case for
temperatures greater than — 40°C and up to 0°C. For exarhple, at -20°C, the tan
S values were 0.28, 0.42 and 0.58 at 1, 10 and 100 Hz, respectively. Evidently,
an increase in the test frequency raised tan & or energy dissipatioh in the rubber
~ significantly, at Ieaé_t for temperatures up to O°C. Thereafter, tan § decreased
'sharply to approximately 0.02 at 100 Hz and very slowly to 0.12 at 1 and 10 Hz,
respectively. | ' |

tan &

LI N . v T T T y
80 60 46 20 O 20 40 - 60 80 100
| Temperature (°C)

Figure 10.2: Tan ¢ versus temperature for compound 3 in Table 10-1 at
different frequencies and an oscillation amplitude of 500 pm.
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Figure 10-3 shows tan § versus temperature for the filled NR compound
~ (compound 3 in _Table 10-1) ét three different ffequencies and an oscillation
amplitude of 1000 um. Before tan & reacheld. its peak, fhe tan & ,valueé'
increased as a function of frequency. For‘ instance, at -50°C, tan & were 0.68,
0.34 and 0.21 at 1, 10 and 100 Hz, respectivély. However, after tan § reached
its maximum value, the trend changed. For example, at -30°C tan & were 0.58, -
0.76, and 0.79 as ‘the test frequency was increased from 1 to 100 Hz, .
respectively. It was also noted that at about -8°C tan & at 100 Hz continued
decreasing sharply to 0. At 1 and 10 Hz, tan & reduced at a slower rate to 0.14
and 0.19, respectively as the temperature reached 100°C.

tan &

Terrperature ('C)

Figure 10-3: TanJ versus tem\peraturé for compound 3 in Table 10-1 at
different frequencies at an oscillation amplitude of 1000 pm. |
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The peak tén' ) val'ues ‘as a function 'of_ test frequency for 500 and 1000 ym
oscillation amplitudes are.summarised‘i'n Table 10-3. At 500 um oscillation
~ amplitude, this p‘roperty was frequency dependent and decreased from 0.85 to -
0.76 as the frequency was increased from 1 to 10 Hz, and then rose to 0.87 at
100 Hz. At 1000 pm oscillation amplitude, this property was unchanged with test
frequency and was at 0.82, and then ihcreaséd to 0.86 when the frequency was
increased to 100 Hz. | |

Table 10-3 Peak tand values as a function of test frequency. Data taken
from Figures 10-2 and 10-3. '

Test frequency 1Hz 10 Hz . 100 Hz
At 500 pm oscillation amplitude
Peak tan & value 0.85 076 0.87
Af 1000 pm oscillation amplitude o
Peak tan & value 0.82 0.82 0.86

It seemed that increasing the test frequency and oscillation amplitude in some
cases raises tan & Or energy _dissipatibn in the rubber as a function ‘olf
temperature. For example, at 500 pm, the peak tan § value increased from 0.85
to 0.87 when the test fréquency was raised from 1 to 100 Hz. It was also noted
that the results at 10 Hz did not follow the trend. Similarly, when the oscillation
amplitude was increased from 500 to 1000 pm, the peak tan & value reduced
from 0.85 to 0.82 at 1 Hz, and from 0.87 to 0.86 at 100 Hz. The result at 10 Hz
followed an opposite trend, and it increased from 0.76 to 0.82.This is explained in
terms of filler-filler and polymer-filler network break down and 're-formati_on, which
causes heat dissipation in the rubber. It means that as the test frequency. and
oscillation amplitude increase, the filler-polymer network breaks down and
reforms more rapidly, and consequently moré energy is dissipated in the rubber,
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giving rise to higher tan § values. However, the exact reason for the unusual
trend at 10 Hz is not immediately clear. '

- Note also that at sufﬁciently low temperatures for example at -50°C, the tan &
~ values at 1 Hz and oscillation amplitudes of 500 and 1;000 pm were 0.65 and
0.69, respectively. At 10 Hz, these values were almost the same a.t 0.34-0.35,
and at 100 Hz, they were 0.17 and 0.22, respectively. At the same temperature
above approximately -30°C, the tan & values were higher at higher frequencies -
and oscillation amplitudes. Clearly, the oscilletion amplitude has a major effect on
these measurements. This will be investigated further. |

When the tans increments (Atan'5)'were measured at the same oscillation
amplitude and at different frequencies, for example at 500 pm and at 1, 10 and
100 Hz, at high temperatures, e.g. -10°C, they were 0.09 and 0.17, and at low
temperatures, e.g. -50°C, 0.13 and 0.46, respectively, which showed larger

Atandincreases in the lafter case. This is because at sufficiently low

temperatures, in addition to heat dissipation produced by filler-filler and filler-
polymer networks break down and reformation, polymer in situ, also has an
important role in the processes causing heat dissipation. This can be further
confirmed when we examine the tan & results at 1Hz and an increasing
oscillation arnplitudes Figure 10-4 represents tan & versus temperature at 1 Hz
and 15, 256 500 and 1000 pm oscillation amplitudes for compound 3 in Table
10-1. It is clear that at higher temperatures, i.e. approximately above -50°C tan
J increases as a function of the oscillation amplitude a lot more signifi cantly than
it does at lower temperatures, i.e. below -50°C. This confirms our previous
findings namely that the osciliation amplitude as well as the test frequency affect
the tan & values. |
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Temperature (* C)‘

Figure 10-4: Tan § versus temperature at 1 Hz and 15, 256, 500 and 1000
Hm oscillation amplltudes Data for compound 3in Table 10-1.

Figure 10-5 represents tan & versus oscillation amplitude at 1 Hz and at -50, -35,
-20, 0, 25, 45, 65 and 85°C for compound 3 in Table 10-1.
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tan o

Arplitude (um)

Figure 10-5 -Tan & .versus oscillation amplitude at 1 Hz at different
temperatures for compound 3 in Table 10-1. |

It is evident that the rate of increase of tan & as a function of the oscillation
amplitude depends on ten‘i'perature. At low temperatures, i.e. 0 - -50°C, tan &
| increases at a faster rate. The lowest rate of increase occurs at 65 and 85°C. At |
high températures the polymer matrix is too rubbery to resist imposed strains.
Indeed, polymer chains move in the same direction of the applied strain with the
' least resistance and consequently the heat dissipation in the rubber will be
minimum. Hence, increasing the oscillation amplitude has little or no effect on the
tan § measurements. | | - |
Figure 10-6 represents loss modulus, G” as a function of the oscillation:
amplitude at 1 Hz and -50, -35, -20, 0, 25, 45, 65 and 85°C temperatures for
compound 3 in Table 10-1. |
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Figure 10-6 - Loss modulus versus oscnlatlon amplitude for compound 3in
Table 10-1 at 1 Hz and different temperatures

Asitis ewdent the loss modulus of the rubber reaches a maximum value at 500
 pm oscillation amplitude lrrespectlve of the temperature value. The loss modulus
has the highest values at -35°C, reaching a peak and then dropping to lower
values. This trend was also present at -20°C. As the temperature increases to
85°C, the loss modulus decreases progressively. Note also that the lowest -

values were recorded at 85°C.

This bahaviour confirms that at high temperatures heat dISSIpatlon is minimum

because of the rubbery state of the material.

Figure 10-7 shows storage modulus, G/, versus oscillation amplitude et 1 Hz and
-50, -35, -20, 0, 25, 45, 65 and 85°C terhperatures for compdund 3in Table 10-1.
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It is interesting that the storage rhodulué decreases as the oscillation amplitude
reaches 256 pym and then, it inéreases when the oscillation amplitude reaches
500 pm, Thereafter, it continues decreasing at different rates depending on the
temperature value. For example, the 'Iargest decrease is recorded at -35_°C and
the smallest at 45-65°C. The only exceptibn is at 65 and 85°C, where the storage
modulus keeps ihcreasing until the oscillation arhplitude reaches 500 pm,
CIearIy,. both temperature and oscillation amplitude have a large effect on the -
storage modulus. '

~R—--35°C

~ Storage modulus (MPa)

0 200 400 600

Amplitu e (um)

Figure10-7 - Storage modulus versus oscillation amplitude of compound 3
in Table 10-1 at 1 Hz frequency and different temperatures

Figures 10-8 and 10-9 represent loss and storage modulus (G" and G') versus
temperature at 1, 10 and 100 Hz and 500 ym oscillation amplitude for compound
3 in Table 10-1. Increases in test frequency shifts the storage ahd loss modulus
to the right hand side or higher temperatures. The loss modulus decreases first
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as temperature increases to about -70°C and then it rises sharply, reaching a
peak at approximately -55 to -40°C. Thereaftei', it drops to a much lower value at
temperatures above -20°C where temperature differences no longer affect it.
Note that the peak values of the loss modulus were test frequenéy and -
t_emperaturé dependent and the |pwe$t and highest values were at 1 and 100 Hz,
respectivély. In different way, storage modulus rises up to reach to a peak at -65
°C and then drops sharply for all studied frequencies.

Loss modulus (MPa)

Figure 10-8 - Loss modulus versus temperature at different teét
frequencies. Data for compound 3 in Table 10-1 and oscillation amplitude
‘ of 500 pm




Storage modulus ( MPa)

Figure 10-9 - Storage modulus versus témperature at different test
frequencies and oscillation amplitude of 500 um. Data for compound 3 in-
Table 10-1. : : -

Figure 10-10 to 10-12 show tand, loss modulus and storage modulus as a
function of oscillation amplitude at different temperatures for compounds 3 and 4
in Table 10-1. The data were produced at a test frequency of 1 Hz. At low
temperatures, e.g. -35°C, tand rises for both compounds as the oscillation
amplitude increases. For‘up to 350 um oscillation amplitude, the tang value of
compound 4 is higher than that of compound 3, however, above this amplitude,
the trend reverses. Interestingly, for compound 4 tand remains constant as the
oscillation amplitude increases to 1000 pm (Fig. 10-10).
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Figure 10-10 - Tan§ versus oscillation amplitude at different temperatures
for compounds 3 and 4. The test frequency was 1 Hz.

'Compound 4 was cured with elemental sulphur in addition fo the ~sulphur
crosslinks, which were formed between the rubber and filler via“TE'SPT.
'Therefo_re, compound 4 had more crosslinks than compound 3 and consequently
the polymer-filler interaction was stronger. This limited the polymer chains
mobility and reduced: the energy dissipation processes in ‘compound 4, hence
" giving lower tan & values. Beyond 256 pm oscillation amplitude, the network
breaks down and re-forms under an increasing. strain level but remained
unchanged for compound 4. Therefore the value of tan & at this temperature
may be used as a means of measunng the skid resistance of a tyre tread. it is

worth mentioning that the higher the tan S value is, the higher the skid resistance
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- of a tyre tread will be. On this basis, it seems that compound 3 has a better skid
resistance than compound 4 because of a higher tan_é’ value. .

At higher temperatures, e.g. 0 and 65°C, the tan & vaiues for these compounds
are very similar for up to 500 ym and increase for compound 3 at 65°C and for
compound 4 at °C as the oscillation amplitude increases. Tan & for compound 3
at 0°C and for compound 4 at 65°C increases substantially above 500 pm..
Therefore, 65°C is a good temperature for measuring the rolling resistance of a
tyre tread, at least for these compounds. The lower the tan & value of a
compound is, the lower the folling resistance of a tyre will be. Both compounds
have more or less the same tand values for u"p to 500 um oscillation amplitude,
‘but above this, compound 3 at 65°C and compound 4 at 0°C have the lowest tan
& values. Therefore, compound 3 with the lowest tan & values at 65°C offers the
lowest rolling resistance. Note that to minimize the rolling resistance of tyres,.it is
essential to keep tan & low over a temperature range of 50 to 100°C.

The behaviour of loss modulus at -35°C for compounds 3 and 4 are completely
. different (Fig. 10-11). Compound 4 has a higher loss modulus below 400 pm
oscillation amplitude, and a lower one at higher amplitudes compared with
compound 3. At-0 and 65°C, the loss modulus is significantly lower for both
compounds. The loss modulus is almost the same for the two compounds for up
to 250 pm oscillation amplitude irrespective of temperature. However, as the
oscillation amplitude increases to 500 prh, the compounds have different Ios's
‘modulus. The lowest loss modulus is recorded for compound 4 at 65°C and the
higheét‘ for co‘mpound 3 at °C. The loss modulus for compound 4 at 0 and 65°C
reaéhes a peak at 500 ym, whereas for compound 3, it remains constant at 0 and
65°C as the oscillation amplitude is raised to 1000 pym. . |




209

—B—NR(-35°C)
—8— NR{0°C)
JR - NR(65°C) )
—¥— NR with §(-35°C)
© -~ NR with S(0°C)
© —+—NR with S(65°C)

Loss modulus (MPa)

gt

T T ' T T T T T
0 200 400 - 600 800
B - Amplitude(um)

Figure 10-11: Loss modulus versus oscillation amplitude at different
temperatures for compounds 3 and 4. The test frequency was 1 Hz, '

- The storage modulus of cbmpound 4 was higher than that of compound 3 at -
35°C for up to 400 pm oscillation amplitude (Fig. 10-12). Thereafter, compound 3
* had a higher storage modulus but at 1000 um osbillation amplitude, there was no
difference in the storage modulus of the two compounds, At 0 and 65°C, the
fstorage modulus of the compounds converged whén the oscillation ampiitude
was increased to 250 pm. However,.as the oscillation amplitude was raised to
500 pm, compound 3 at 0°C had the highest and compound 4 at 65°C the lowest
- storage modulus. This trend continued when the oscillation amplitude was
increased progressively to 1000 pm. It should be mentioned that at this
oscillation amplitude, compound 3 at 65°C had the highest s'torage rhodulué.




Storage modulus (MPa)

Figure 10-12: Storage modulus versus oscillation amplitude at different
temperatures for compounds 3 and 4. The test frequency was 1Hz. '

Figures 10-13 to 10-15 show tan &, -Ioss modulus and storage modulus as a
- function of temperature for compounds 3, 4 and 6 at 1 Hz and an oscillation
amplitude of 256 uym. Compound 6 being the control compound (Table 10-

1).
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1.2

tano

Figures 10-13:' Tand versus temperature for compounds 3, 4 and 6 at 1 Hz
and an oscillation amplitude of 256 pm.

As it is clear from this figure, compound 6 has the largest peak tan 5 value
~ followed by compound 3.1t is also hofed that the compounds have the same tan
" & values at about -20°C and these values decrease slowly as the temperaturé
was raised to 100°C. Over this temperature range, compound 6 has the lowest
tan § values. '

Compound 4 had extra crosslinks by the addition of elemental sulphur, wheréas,
compound 3 was cured primarily by the tetrasulphane groups of TESPT. Hence, |
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the polymer chains were less mobile in compound 4 and this affected the tan &
of the compound at temperatures below and above -20°C. At low temperatures
up :to Tq, .the bulk of polymer (polymer in situ) is the dominant factor in its
'dynamic bahaviour and responsible'for most of fhe energy dissipation processes.

When polymer is replaced with solid filler in compounds 3 and 4, at low
temperatures, the low energy dissipation is due to the polymer chains tkapped in
the polymer-filer and filler-filler networks. I'n fact, trapped rubber'- at fow
temperature acts as a rigid glass substance and therefore is not rubbery, and the
individual solid filler particles in the filler-filler network in the polymer matrix do
~ not absorb energy significantly. '

In contrast, at high temperatures the polymer-filler and filler-filler networks have
'signiﬁcant effect on the energy diésipation processes in the rubber. There are
two mechanisms involved in the filler-filler network behaviour as discussed by
Wolff and Wang [8]. Théy named it ‘direcf contact mode’ and. ‘joint shell
mechanism’ or ‘junction rubber mechanism'.' In most cases, both of these
mechanisms are responsible for the ﬁiler—ﬁllér network dynamic behaviour. In
direct contact rﬁode, the break down and reformation of the filler network
dissipate énergy and consequently increase tandg.

For joint shell mechanism, at high' temperatures the polymer matrix is in the
rubbery state but the polymer in the rubber shell is in it's transition zone caused
by the adsorption of the polymer molecules on the filler surfaces or the
interaction between the polymer chains and filler. In this case, the joint shell
rubber would absorb more energy, resulting in higher hysteresis or tand due to
an increase in energy dissipation in the rubber shell as well as in polymer matrix.

Figure 10-13 shows tan § as a function of temperature at 1 Hz and an oscillation
-amplitude of 256 pm for compounds 3, 4 and 6. At temperatures above 30°C, tan
& is higher for compound 4 and as temperature decreases to about_ -20°C,
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compounds 3 and 4 have almost fhe same tan & values. However, at.
temperatures lower than -20°C, compound 4 has much lower tan § values than
~ compound 3. We may therefore say that compound 4 has stronger filler-filler and
filler-polymer networks due to extra crosslinks in its structure. The tan5 of
compound 6 is significantly lower above -20°C and higher below th|s temperature
when compared with those of compounds 3 and 4.

As seen in Figure 10- 14 the loss modulus of compounds 3 and 4 are notlceably'
higher than that of compound 6. Above 20°C, compound 3 has a higher loss
modulus than compound 4, otherwise at lower temperatures, they are almost the
same. The storage modulus of compounds 3 and 4 are much higher than that of
'compound 6 over the entire range of temperature tested. Above 20°C, compound
3 has a significantly higher modulus than compound 4 but below this
temperature, the trend reverses until both values converge at about -40°C. We

may choose compound 3 for use in tyre tread because at high femperatures it
has the lowest tans values. | | |
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Figures 10-14: Loss modulus versus temperature for compounds 3, 4 and 6
at 1 Hz and an osciflation amplitude of 256 um




214

160 —

N
X
. - ()
140 - (3;& —o— Compound No.6
o~ 1, ‘}»‘) ‘ —o-—Compound No.3
-y 1 % b —a--- Compound No.4
L 120 - S
S 100+
_g -
o 80 -
£ N
S s0d
S ]
g 4l
204
-80

Temperature (°C)

Figures 10-15: Storage modulus versus temperature for compounds 3, 4
and 6 at 1 Hz and an oscillation amplitude 256 ym

- 10.3.2 Comparing the dynamic properties of the silanized silica filled

- Compounds

Figures 10-16 to 10-18 show tand, loss modulus and storage modulus as a
function of the oscillation amplitude at 1 Hz for compounds 1-5 from Table 10-1.
The data were produced at -35°C. The tan§ values of compounds 3 and 4 (Fig.

10-16) increase and converge at 250 pm oscillation amplitude, and then diverge -

as the amplitude increases progressively to 1000 pm. Above 250 pm amplitude,
‘the tath of compounds 1, 3 and 5 have the largest increases and that of
compound 4 reaches a platé.au. Note that compound 2 has the Iowest tan &
values over the entire temperature rénge. This is because BR has the lowest Tg,
-107°C, and therefore it is tested. at a temperature well above it's Tg.
Conséquently, the polymer chain segments have a higher Brownian motion and
lower viscosity, which cause less resistance to imposed strains, resulting in lower

heat dissipation and tan's values. In contrast, the test temperature is near to the
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glass transition temperatures of the SBR, NR and IR rubbers, i.e. -50°C for the
SBR and -61 and 64°C for the IR and NR rubbers respectively, and‘ therefore
these rubbers have higher viscosities and offer more resistance to |mposed |
strains, resulting in hlgher heat d|SS|pat|on andtané values '

tand
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~ Figure 10-16: Tan versus oscillation amplitude at 1 Hz and -35 °C for
compounds 1-5. :

At moderate oscillation amplitudes, e.g. 256-500 Hm, the rate of tan & increase
for compounds 1 (the SBR rubber), 3 (the NR rubber) and 5 (the IR rubber) are
the fastest. At low temperatures, the polymer in situ is more responsible for heat
dissipation in the rubber than the polymer-filler and filler-filler networks break
down and re-formation. Compound 1 has the least bound rubber content, i.e.
- 65.7%, and the lowest crosslink density, i.e.124 mol/m® among the compounds
tested (Table 10-2). Hence, it has more free polymer chain segments in the
" rubber matrix, and this can generate more heat dissipation, giving rise to higher
tan & values and also a faster rate of tans increase when the oscillation
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amplitude increases. A similar argument can not be applied to comp_ounds‘3 and
5 because these compounds have higher bound rubber content and crosslink
~ densities. ' |

This can be investigéted further by examining the dependence of loss modulus

and storage modulus on the oscillation amplitude. Figure 10-17 shows loss
modulus as a function of the oscillation amplitude at 1 Hz ahd -35°C for
compounds 1-5. Compound 1 has the highest loss modulus values over the
entire amplitude range. This is because in this compound, the polymer chain

segments have more f_reedom to respond to the applied strain due to lower

bound rubber content and crosslink density. The loss modulus of the remaining
* compounds, show little or very modest increase as a function of the oscillation
amplitude and are fairly similar. Note that _cdmpounds 2-5 have bound rubber
contents 93-94% and crosslink densities 149-220 mol/m®, which means that the
polymer chain segmehtal mobility was minimum and this resulted in the polymer-
filler and ﬁller-ﬁllér networks break down and reformation, which are responsible
for the heat dissipation in the rubber. |
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Figure 10-17: Loss modulus versus oscillation amplitudes at 1 Hz and -35°C
for compounds 1-5. '

Figure 10-18 shows storage modulus as a function of the oscillation amplitude at
1 Hz and -35°C for compounds 1-5. Here, compounds 1 and 2 have the highest :
and lowest storage modulus, respectively. The storage modulus of the '
compounds with the strongest polymer-filler networks, i.e. with the highest
crosslink density, increases at the slowest rate when the oscillation amplitude is
increased. This is because the break down and reformation of the networks is
severe under different applied strains. Compound 5 is an exception. In spite of
having' a bound rubber content of 93% and a crosslink density of 211 mol/m®, the
storage modulus increasés, though at a slow rate, when the oscillation amplitude |

is increased.
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Figure 10-18: Stoi‘age modulus versus oscillation amplitude at 1 Hz and -
35°C for compounds 1-5.

Figures 10-19 to 10-21 represent tan &, loss modulus and storage modulus as a
function of the oscillation amplitude at 1 Hz and 25°C for compounds 1-5. At this
temperature, tan § increases as the oscillation amplitude is raised (Figure10-19}),
which is the result of the break down and reformation of the po|ymer-ﬁllef and
filler-filler net_\Norks. The tan & values at this temperature are less than half the
values measured at -35°C. This is because at this temperature, the polymer
matrix is more rubbéry and polymer chain segments show less resistance to the
imposed strains and move in the same direction of thé applied strain. This .
consequently produces less heat dissipation in the rubber and lower tan & .
values.
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Figure 10-19: Tan J yersus oscillation amplitudes at 1 Hz and 25°C for
compounds 1-5.

The highest fan '5 values are recorded for compound_1. At this temperatufe, the
break down of the polymer-filler and filler-filler networks causes heat dissipation
in the rubber. Hence, this compound with the smallest bound rubber content and
crosslink density will have the largest heat dissipation and the highest tan & |
values. The remaining compounds have much lower tan & values because they

have higher crosslink densities and bound rubber content (T able 10-2).
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Figure 10-20: Loss modulus versus oscillation amplitudes at 1 Hz and 25°C
for compounds 1-5. '

Figure 10-20 showé loss modulus as a function of the oscillation émplitude at 1

- Hz and 25°C for compounds 1-5. The loss modulus passes th'rough a maximum
for compounds 2, 3 and 4. For compound 1, the loss' modulus remains almost
consta'nt, and for compound 5, it continues increasing as a function of the
oscillation am‘p|itu'de. |

Figure 10-21 shows Storage modulus as a ﬁmction of the oscillation amp!itudé at
1 Hz and 25°C for the same compounds. Like the loss modulus, the storage
modulus passes through a maximum for cbmpounds 2, 3, and 4 but for
compound 1, it decreases as a function of the oscillation amplitude. Interestingly,
for compound 5, it continues rising when the oscillation amplitude is increased.
. The loss and storage modulus of all the filled compounds at 25°C are noticabely
lower than the values measured at -35°C because the test temperature was
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“much higher that the Tg of the rqbbers (Figures 10-17, 10-18, 10-20 and 10—21).‘

Note that the storage modulus of compounds 1, 3 and 4 converge at about 250
um oscillation amplitude. - -

~ Storage modulus (MPa)

v 1 ! I ! 1 M ] v )
0 200 1400 600 800 1000
Amplitude(um)

Figure 10-21: Stbrage modulus versus oscillation amplitudes at 1 Hz and
A .
25 C for compounds 1-5.

Figures 10-22 to 10-24 show tarié‘_, loss modulus and storage modulus as a
function of the oscillation amplitude at 1 Hz and 65°C for compounds 1-5.
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Figure 10-22: Tans versus oscillation amplitudes at 1 Hz and 65°C for
compounds 1-5. '

This temperature is within the range of temperatures, which is used to measure

the rollihg resistance of car tyre treads. Low tans values correspond to low
rolling resistance. Figure 10-22 éhows slight increases in tand as a function of
" the oscillation amplitude for compounds 1, 3, 4 and 5. Note also that compounds
1 and 5 have the highest and lowest tan§ values, respectively. This suggests
that these two compounds experienced the largest and the least break down and
reformation of the filler-filler and pdlymer—ﬂller networks during the imposed strain
on the rubbers. The tand of compound 2 reduces sharply when the oscillation
amplitude is raised to 500 Hm and then increases at a slower rate as the
- amplitude approaches 1000 pm. The largest increases in tand as a function of
the oscillation amplitude were measured for compound 4 above 500 pm :
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'(Figure10 22). The hi'ghest and lowest tan & values correspond to compounds 2

and 5 at 256 pm, compounds 1 and 5 at 500 pm and compounds 4 and 5 at 1000

pm osciltation amphtudes

© -35°C due a to more rubbery behav:our of the rubbers as explalned prewously (
see also Flgures 10-16 and 10-19 ).
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Flgure 10-23: Loss modulus versus oscillation ampl:tudes at1Hz and 65'C
for compounds 1-5. \

~ Figure 10-23 shows loss modulus versus the oscillation amplitude at 1 Hz and
65°C for compounds 1-5. The loss modulus of compounds 2, 3 and 4 increase,
reaching a maximum when the oscillation amplitude is raised to 500 pm.
Thereafter, the loss modulus of compound 3 remains constant and those of
compounds 2 and 4 reduce with compound 4 reaching the lowest and compound
3 the highest values at 1000 pm. Note that the loss modulus of compound 1
decreases very slowly and that of compound 5 increases when the oscﬂlatlon

Generally, the tans vslues at this temperature are lower than those at 25 and | o
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amplitude is raised to 1000 pym. It is also interesting that at 256 pm, the loss
modulus of compounds 2 and 5, and compounds 1, 3 and 4 are so similar. A _
- similar bahawour is also observed at 500 um, where compounds 1, 2 and 4 have

very close values. At high amplltudes, i.e. 1000 ym, the compounds have very
distinct loss modulus. ' : :

The storage modulus as a function of the oscillation amplitude at 1 Hz and 65°C
for compounds 1-5 is shown in Figure 10-24. The storage modulus of
compounds 2, 3 and 4 increase progressively and peak at 500 um and.then
decrease 'signiﬁcahtly as the amplitude reaches 1000 pm. The fastest and.
slowest rates of increases were measured for compounds 4 and 3, respectively.
'Note, the storage modulus of compound '1 decreases and that of compound 5
increases at very slow rates as the amplitude is raised to 1000 pm.

Storage modulus (MPa)

! ] ' 1 ' } ! i 1
0 200 400 600 800 1000
Amplitude(um)

Figure 10-24: Storage modulus versus oscﬂlatlon amplitudes at 1 Hz and
' 65°C for compounds 1-5.
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The loss and stoi‘age modulus of the compounds at 85 and 25°C are very similar
but substantially lower than the values measured at -35°C (comparmg Flgures |
10-17, 10-18, 10-20, 10-21, 10-23, and 10-24).

Figures.10—25 and 10-26 show tan & versus temperature at 1 and 20 Hz for
compounds 1-5. From the viscoelastic property po'int of view, ah ideal material
which is able to meet the requirements of a high performance tyre tread should
have a low tand value at a terhperature range of 50-80°C in order to reduce ttte
rolling resistance and save energy [2]. T.he" ideal material should also

demonstrate high hysteresi's at lower temperatures e.g. -30-0°C in order to
| obtain high skid- or ice- and wet-grip resistance. We may therefore consider the -
tans variations at two temperature regions -30-0°C and 50-80°C. Flgures 10-25
and 10-26 show tané as a function of temperature at 1 and 20 Hz and 256 ym
oscillation amplitude. At -30-0°C temperature range, cempeund 1 has the highest
and compound 2 the lowest tand values, respective!y.'There is hardly any
difference in the values measured for compounds 3, 4 and 5. Note also that the
“ tan& values of compound 2 is at the far left hand side and those of compound
1at the far‘ri'ght hand side of figure 10-25. At temperatures above 0°C, compound
5 has the lowest and compounds 1 and 2 the highest tan§ values. Somewhere
between 35 and 65°C, compound 1 has the highest tand values when compared
- with the other compounds. This suggest a higher heat d|53|pat|on in th compound
at this range of temperature.
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Figure 10-25: Tan9 versus temperature at 1 Hz and oscillation amplitude
256 pm for compounds 1-5.

We may therefore conclude that compound 1 has the highest and compound 2
the lowest skid-resistance, respectively. Moreover, the rolling resistance of
compounds 1 and 2 is higher than that of the remaining compounds.
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tand

Figure 10-26: Tan5 versus temperature at 20 Hz and oscillation amplltude
256 ym for compounds 1-5.

When the peak tané values are measured from Figures 10-25 and 10-26, it is
clear that they are affected by an increase in the test frequency (Table 10- 4)'

Table 10-4 — Peak tan & values for compounds 1-5 at1 and 20 Hz and an
oscillation amplitude of 256 pm. .

| Compound no 4
1 2 3 4 5

. 1Hz
Peak tand _value 0.68 0.45 0.68 0.66 0.79
. 20 Hz |
Peak tans value 0.62 0.50 0.67 0.61 0.87
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At both 1 énd 20 Hz, compounds 5 has the largest and compound 2 the lowest
tans peak values. Clearly, the test frequency has had a major effect on the
energy dissipation processes in the rubber. | |

ln's'umm_'ary, comparison between Figures 10-25 and 10-26 shows that with
frequency increasing from 1 to 20 Hz, the maximum tans values of SBR, NR
and NR with S filled rubbers decrease and those of BR and IR increase. The
glass transition temperatures (Tg) of raw rubbers NR, SBR and BR are -64, -50
ahd -107°C, respectively. Comparing these values with those of filled rubbers
- {-45, -24 and -85°C) shows a substantial shift of this parameter to higher -'
temperatures owing to the reinforcing effect of the silanized pre-treated silica
nanofiller. This is only qualitatively true, as the Tg values of the ﬁlléd rubbers
measured by the MTDSC technique are 1-5% different from those obtained from
dynamic mechanical Analyser, DMA.

10.3.3 Effect of elémenta[ sulphur on the cure and dynamic properties of

the SBR compound filled with silanized silica nanofiller

As seen. in Tables 10-1 and 10-2, the addition of 0.2 phr elemental sulphur to the
SBR Compouhd reduced both the scorch and cjptimum cure times and increased

~ the rate of cure. For example, the scorch time, ts1, decreased from 12 to 41 min

" and cure time, tgo, from 49 to 37 min. The cure rate index rose from 2.7 to 3.8
min™!, which indicated a large improvement in the rate of cure. Evidently, the
addition of a small amount of elemental sulphur was beneficial to the cure
properties of the compound. | |
Figures 10-27 to 10-29 compare the tand versus temperature data of
compounds 1 and 7 at 1, 20 and 100 Hz tést frequencies and 256 ym oscillation

“amplitude. | o
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There is hardly any improvement in tans when elemental sulphur is added.
However, it seems that for compound 1', the tand values are slightly lower abovg
40 and below -40°C. It may be that compound 1 may offer a lower rolling
resistance because it has Iow'er‘tana‘ at higher temperatures, whereas,
compouhd 7 m_ay'offer a better icé-grip properties 'because_ of higher tans
values at lower terriperafures. This is more clear in Figure 10.28 where the data
at 20 Hz are preSehted, Again at above 40 and be!ow -40°C, the tan¢s _values for

compound 1 are lower, which indicate that this compound will have a lower
rolling resistance. ' |
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Figure 10-27: Tan-5 ‘versus temperature at 1 Hz and 256 pym oscillation
amplitude for compounds 1 and 7.
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Figure 10-28: Tan J versus temperature at 20 Hz and 256 um oscillation
amplitude for compounds 1 and 7.
When the tané versus temperature data at 100 Hz and oscillation amplitude 256
pm is examined for compounds 1 and 7 (Figure 10-29), there is significant
differences between the two compounds. Tané peaks are at 0.80 for compound
.7 and at 0.77 for compound 1. At temperatures above -10°C, compound 7 has a
.much higher tans values, whereas, at lower temperatures, i.e. below
approximately -20°C, compound 7 has lower tané values. Note, compound 7
has higher tanS values between -15 to 60°C. Thereafter, compound 1 shows
hlgher values. Therefore at this frequency, compound 7 is less suitable for tyre
tread applications because it has htgher tand values at high temperatures and
hence a higher rolling resistance. At low temperatures, it is more difficult to

distinguish which compound has_a better ice- or wet-grip properties.
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Figure 10-29: Tan  versus temperature at 100 Hz and oscillation amplitude.
256 pym for compounds 1-7.

As shown in Table 10-2, the addition of silanized silica nanofiller increased the
viscosity of the NR, SBR, BR and IR rubbers from 97, 51, 49 and 69 to 106, 109,
162, and 105 Mooney units. Filler loading and subsequent viscosity increases
may be considered én'important indication of a substantial difference between
the dynamic bahaviour of raw rubbers and filled ones. The differences between
the dynamic properties of compounds 4 and 6 are understood in this light. Also
as mentioned earlier, the dynamic bahaviour of the filled rubbers' is governed by
in situ polymer (i.e. polymer that is not bound to filler particles) in the glass
transition zbne, and by filler-filler and filler-polymer nertworks in the rubbery
state.
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!

At low temperatures, e.g. -35°C, polymer-polymer interactions are more
responsible for heat generation than polymer-filler .or filler-filler network
breakdowns and reformation. At high temperatures, e.g..25°C, the polymer matrix
including polymer chains and polymer-filler networks are more rubbery and'they o
resist less against imposed strains and move in the same direction as the strain,'
resulting in lower heat dissipation and tan & values. In the rubbéry state, the SBR_
rubber shows the highest -tan-5 values, followed by BR, NR, and NR with
elemental sulphur and IR In fact, at ambient temperature, the dominant
mechanism of' heat dissipation is filler-filler netweork break 'dow.n and
reformation. Hence, The SBR rubber with the lowest bound rubber and crosslink
density { the highest filler-filler and lowest filler-polymer network) has the highest
level of heat dissipation resulting in the highest tan among the filled rubbers.
The trend of tan & decrease with crosslink density increase holds true, except for
the BR rubber, with the sequence SBR, NR, NR with elemental sulphur and IR.

10.3.4. Additional discussion of non-linear viscoelastic bahaviour of the

filled rubbers

As has been observed, rubbers filled with silanized pre-treated silica nanofiller
show a complicated oscillation amplitude dependency of dynamic characteristics
compared with traditional silica and carbon black fillers [1]. A widely held view is
that filler agglomeration and network formation are responsible for the high levels |
" of reinforcement and that ‘de-agglomeration and network breakdown are
responsible for the nonlinearfty with strain [9,10]. A normally defined Payne effect
in filled elastomers. refers to the reduction of dynamic storage modulus with -
increasing strain amplitude. This is attribu'ted to the strain amplitude dependency
of fillerfiller linkages, which are broken down by strain [11,12]. Because the
storage modulus of pure gum polymérs is independent of stfain amplitude [12]
and the lower bound rubber of the SBR filled rubber results in higher fillerfiller
agglomeration, the Payne effect is clearly"observed for this compound. |
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In contrast, more complicated behaviour was observed for the other filed
rubbers. This méans that, whereas in some strain ranges storage Jmodulus
increases with strain amplitude, in other ranges it decreases (Payne effect).
Drawing attention to the high bound rubber (rubber bounded by filler particles)
and covalent chemical bonds between the filler particles and polynﬁer chains“(via'
TESPT) in the filled rubbers, it may be concluded that there is a different
predominant fillerfiller interaction mechanism than simply de-agglomeration and
fillerfiller network breakdown, as was suggestéd by the Payne model [12].

Maier and Gortiz [13] have proposed an alternative mechanism to filler structure
breakdown, suggesting that the Payne effect is due to the stress induced by de-

bonding of polymer chains from the filler surface. Sternstein and Zhu [14]

proposed a new mechanism underlying the reinforcement and nonlinear
behaviour of storage modulus with strain in nanofilled polymers. They believed
that filler—matrix interactions, and not filler agglomeration or de-agglomeration,
'are. responsible for'such nonlinearity. They 'alsb believed that the polymeric
matrix (entanglements) and the manner in which the filler-matrix interface alters
matrix behaviour in the prese.nce of an applied stress share a fundamental
mechanism regarding fhe origin of the nonlinear viscoelastic behaviour. We
" more or less agree with them and believe that the polymeric matrix
_(entanglements) along with structure and type of polymer (here rubber) in the
interface of fillerfiller networks (pahicles) alter the viscoelastic behaviour of the
whole polymerid system. For exampie, it is observed in Figures 1'0-18, 10-21 and
10-24 that, whereas storage modulus versus strain amplitude for the IR filled
rubber increases for all the applied strains, it passes through a maximum or a
minimum for other rubbers. Alternatively, there is a tendency for fillers to form
- some sort of ‘weak structure’ when filler size becomes very small (nanoscale)
[14]. In the systems studied here, the amount of filler loading is relatively high (60
~ phr) at the nanoscale. This high loading increases the chance of filler parti'cles, |
- existing in the system without chemical interaction {(bonds) with polymer chains |
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and simultaheously this may reduce filler particle distances. Incorporating strain
“with the above phenomena may facilitate the filler particles m'aking aggfegates
and subsequéntly agglomerates, resulting in storage modulus increasing with
strain. However, the nature of these new mechanisms is not well understood at
this stage and will require further investigations.

Conclusions

From this work, it is concluded that:

~ » The dynamic prbperties of all the compounds were affected by the addition of
silanized silica nanoﬁllér. This fact was more evident when the glass transition
temperatures of the gum (unfilled) SBR, BR and NR rubbers with values =50,
~107 and -64°C were compared with those of the filled rubbers, which were -24,
-85 and -45°C, respectively.

¢ The ﬁlled IR rubber showerd the least rolling resistance with tan § values 0.1-
0.12 at 50-80°C and the SBR and BR filled rubbers the highest rolling resistance
with tan & values 0.12-0.24 and 0.17-0.20, respectively, in the same

temperature range.

e The fi Iled SBR rubber showed the best skid resistance with the tan & values
0.58-0.29 at =30 to 0°C. The filled BR rubber showed the worst skid resistance
with the tan & values 0.1-0.13 in the same temperature range

«A temperature of 65°C is considered to be a suitable temperature for measuring
the rolling resistance of tyre tread. A slight increase of tané at all oscillation
amplitudes for all the ﬁlléd) rubbers was a distinction of this temperature with the
exception of NR with elemental sulphur filled rubber, which showed a sharp tans -
increase at higher oscillation amplitudes (greater than 500 pym). '
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Generally, the values of tan & were lower than those at the two other

temperatures stUdied ~35 and 25°C. The loss modulus of the filled SBR rubber
was constant, more or less, for all the oscillation amplitudes at this temperature.

* The addition of elemental sulphur to the SBR compound improved the curing

properties, but simultaneously ‘worsened the dynamic’ behaviour of this
compound. o

¢ Owing to high boﬁnd rubber content of the filled rubbers and formation of
covalent chemical bonds'between the filler particles and polymer chains, it is
- expected that there should be another mechanism predominant to explain the
nonfinear viscoelastic behaviour of the filled rubbers rather than the one
proposed by the Payne model based on the filler-filler interactions. In addition,

the nanoscale properties of the filler may also be affecting this behaviour. This is

because the filler particles were dispersed well and did not form aggregates,
which could have been broken and reformed under high strains causing energy
dissipation and high tanJ values.
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CHAPTER 11
Measurmg the dynamlc propertles of the SBRIBR rubber blends

f|lled with silanized silica nanoflller

11.1 Introduction

Elastomers are often mixed together to produce blends to reduce hysteresis
‘losses. This is because losses due to hysteresis for blends is often lower than
‘those of their individual components. Hysteresis of rubber compounds can be
reduced by increasing crosslink density [1].

Hess and Chirico have shown that hysteresis is reduced when the continuous
phase contains high levels of filler [2]. Nguyen studied the effect of filler loading
on the hysteresis of some elastomer blends and found a non Iinear_relationship
between it and the filler loading [3). Keller found that the addition of a small
amount of chldrobutyl rubber to NR/BR blend ({tyre tread compound) reduced its -
rolling resistance [4]. Ahagon et al. have patented a blend composition of three
rubbers containing chlorobutyl rubber, which reduces hysteresis without
changing the wet traction [5].

Recéntly, Roger and Waddel [6] reviewed the past work on the use of blends of
butyl, chlorobutyl, bromobutyl and brominated methy! styrene-isobutylene co-
polymers with natural rubber (NR) and SBR in many tyre and non tyre
applications. Addition of butyl and halo-butyl rubber to tyre tread compounds.
based on NR/SBR and NR/BR blends can lower resilience and improve skid
resistance. In general, butyl rubber provides poor abrasion resistance but
improveé skid resistance, which is very important for tyre application. Typical
rubber blends were used in the tyre tread investigation [7]. Wang and co-
workers [8] studied the effect of different. fillers, i.e. carbon black and silica
included, and TESPT coupling agent, on the dynamic behaviour of some SBR-
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BR blends. According to their findings, silica filled compounds had bétter r'olling -
resistance in comparison with the carbon black ones. The strain dependence of
storage modulus for NR and SBR vulcanisates filled polymeric fillers were also
studiéd by Schuster [9] who showed that the storage modulu_s of filled NR was
 substantially higher than that of the filled SBR. ‘ :

In this chapter, the dynamic behaviour of some SBR/BR rubber blends
reinforced with silanized silica nanofiller will be measured at different oscillation
amplitudes, temperatures and frequencies. The results will be compared and
discussed subsequently. | '

11.2 Rubbers formulations and mixing procedure

The procedure for mixing the SBR and BR rubbers to produce the SBR/BR
- blends were described in section 8-2 of chapter 8 in detail. The blends used for
this study were compounds 3-5 in Table 9-3 in chapter 9. ' |

11.3 Results and discus'sion .

- Table 9-4 in chapter 9, shows the difference in the bound rubber content
between the three blends to be in the range 0 - 5 %, which is very small. Henc'é
the difference between the dynamic properties of the blends may not be related
to the small differences between the bound rubber content, rather, it may be due
to differences in the mass fraction of the interphase and thé mass fractibn of SBR
to BR in the interphase.
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11.3.1 Effect of changes m the oscillation amplitude on the dynamlc

propertles of the SBRIBR blends tested at -50 and -35°C

Flgures 11-1 to 11-3 show tand, loss modulus and storage modulus as a
function of the oscillation amplitude at -50 and -35°C and 1Hz. The silanized
silica-filled SBR and BR rubbers were mixed together for 1, 7 and 20 min to
" produce the blends. At these test températures,the blends were at or very near
to the glass transition temperature of the SBR rubber {(-50°C) and therefore, the
free volume of the polymer increases very rapidly than the volume expansion of
the polymer molecules as temperature goes up. This will facilitate segments
motions and subsequently reduces the viscosity and storage modulus of the
blend.

Figure 11-1 shows tand versus the oscillation amplitude for the blends. At |
-50°C, the rubber viscosity was high and this resulted in high energy dissipation

in the rubber because of high frictional forces between the polymer chains. This

in turn, produced the high tand values seen at this temperature. As the
temperature was increased to -35°C, the tand values rose considerably. With
the exception of the blends, which were mixed for 1 and 7 min, tané increases
as a function of the oscillation amplitude for the other blend. It is also noted that
'~ the blends prepared for 20 min and tested at -35°C and for 1 min and tested at -
50°C, had the highest and lowest tans values, respectively. Note that a longer
mastication time, softens the rubber and reduces its viscosity. The. viscosity of
the blend reduced from 108 to 78 MU after the mixing time was increased to 20
min.[Table 9-3]. This explains the higher tand values recorded for the blends
with longer-mixing times and higher test temperatures. In general, blend. with 20
min. mixing time shows higher'tané'values than those of blends with 1 and 7 min.
mixing times, hence better skid resistance in tyre tread applications. '




240

0.65-
o] -x
| 0.55 T i mr;,-SOGC
0.50 | —y- 1min 5%
0.45 4 —6—7min.-35°C Y
0.40] T2
0.35

. 0.30-
0.25-
020
0.15
©0.10-
0.05-
0.00

 tand

LI IS A UL R S p S LB

AL . AL 1
0 100 200 300 400 500 600 700 800 900 1000
Amplitude(um)

Figure 11-1: Tan ¢ versus oscillation ai‘nplitude for the SBR/BR blends at -

50 and -35°C and 1Hz. The silanized silica filled SBR and BR rubbers were
mixed together for 1, 7 and 20 min to produce the blends.

The loss modulus of the blends mixed for 1 and 7 min at -50°C shows the large
reduction and the ones prepared for 1 and 7 min at -35°C, the smallest reduction
as the oscillation amplitude reaches 500 pm (Fig. 11-2). The loss modulus of the
blends mixed for 20 min at -35 and -50°C, are almost in_dependen't‘ of the
oscillation amplitude over the range tested. It is interesting that as the oscillation
amplitude increases above 500 pm, the loss modulus remains unaffected for all
the blends. Above this amplitude, the blend mixed for 20 min at -50°C has the
largest loss mociu!us values but the picture is Iesé clear for the remaining blends.
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Figure 11-2: Loss modulus versus oscillation amplitude for the SBR/BR
blend at -50 and -350C and 1Hz.The silanized silica filled SBR and BR
rubbers were mixed together for 1, 7 and 20 min to produce the blends

A similar picture also emerges when Figure 11-3 is examined. In this figure,
storage modulus is plotted against the oscillatioh amplitude at 1 Hz and -30 and

-35°C for the SBR/BR blends. The blends are as in Figure 11-2. For the blends
mixed for 1 and 7 min and tested at -50°C, and mixed for 1 and 7 min and tested
af .35°C, the storage modulus -decreases as a function of the oscillation
amplitude for up to 500 pm. The fastest reduction was rec_ofded for the blend
mixed for 1 min at -50°C and the slowest for the blends mixed for 7 min at -35°C,
respectively. As the oscillation amplitude increases to 1000 pm, there is hardly
any differences between the storage modulus of these blends, but that of the

blend mixed for 1 min and tested at -50°C, remains higher, at least at amplitudes
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greater than 700 -1000 pm, than the other blends over the same range of the
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Figure 11-3: Storage modulus versus oscillation amplitude for the SBR/BR
blend at 1 Hz and -50 and -35°C and 1Hz. The silanized silica filled SBR and
BR rubbers were mixed together for 1, 7 and 20 min to produce the blends

11.3.2 Effect of changes in the oscillation amplitude on the dynamic

properties of the SBR/BR blends tested at 0 and 25°C

To study the effect of temberature changes further, the tan &, loss and storage
modulus of the blends were measured at 1 Hz and 0 and 25°C. At these
. temperatures, the blends are softer and the rubber responses more readily o the

imposed strains and therefore lower hysteresis and tand values are expected.
As the amplitude increases to 500 ym, tand increases. The largest and lowest
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rises are recorded for the blends mixed for min 7 min at 0°C  and for 1 min at

25°C, respectively (Fig. 11-4). No increase is seen for the blend mixed for 1 min

at 0°C. Thereafter, the tand of the blend mixed for 7 .min and tested at 0°C

shows a rapid decrease, that of the blend mixed for 7 min and tested at 25°C, no

~increase at all. Those of the remaining blends show some modest rises as the

oscillation'amplitude reaches 1000 um. Evidently, thé blend mixed for 7 min and
tested at 25°C has the lowest tans values in range 620-1000 pm. |

- 040-
0.35-1
0204
025-
(o ' -
£ 020-
(©
et i _ | | . ‘
0.154 R | |-t
| : —9~ 7nin,0C
0104 | -4 2omin,0%
o | ~¥-1rin, 5°C
y ' 4= 20nin, 25°C
O.m ¥ | 1 | T T T .| T | ] T T — . ‘| r |_
0 10 20 30 40 50 60 70 &0 O 100

ity

: Figure 11-4: Tan ¢ versus oscillation amplitude for the SBR/BR blends at 1
Hz and 0 and 25°C . The silanized silica filled SBR and BR rubbers were
mixed together for 1, 7 and 20 min to produce the blends

Figure 11-5 shows loss modulus versus oscillation amplitude for the three blends .
at 1 Hz and 0 and 25°C. This property drops quite sharply for the blends mixed
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for 1and 7 min and tested at 0 and 25°C as the oscillatiori amplitude increases
from 256 to 500 ym. Thereafter, the loss modulus in.creases rapidly as the

oscillation amplltude reaches its maximum value for the former. The loss
| ‘modulus of the blends mixed for 7 min and tested at 0 and 25°C, decrease
continuously above 500 um. For the blends mixed for 20 min and tested at 0 and
25°C, the loss modulus rises when the oscillation amplitude reaches 1000 'um,‘
with the former showing a much larger increase.
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Figure 11-5: Loss modulus versus oscillation amplitude for the SBR/BR
" blends at 1 Hz at 0 and 25°C . The silanized silica filled SBR and BR rubbers
were mixed together for 1, 7 and 20 min to produce the blends.

Finally, storage modulus versus the oscillation amplitude for the three blends at 1 |
Hz and 0 and 25°C is shown in Figure 11-6. The plcture is very similar to Figure
11-5. The storage modulus of the blends mixed for 1 and 7 min and tested at 0
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and 25°C decrease sharply and converge, when the oscillation amplitude
~ reaches 500 pm. Thereafter, the modulus of the blends mixed for 1 min and
tested at 0 and 25°C rise, whereas, those of the blends mixed for 7 min at tested
at 0 and 25°C, decreases as a function of the dscillation amplitude. The storage
modulus of the blends mixed for 20 min and tested at 0 and 25°C continue rising
over the entire range of the oscillation amplitude slowly.
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Figure 11-6: Storage modulus versus oscillation amplitude for the SBR/BR

at 1 Hz and 0 and 2500 . The silanized silica filled SBR and BR rubbers were
mixed together for 1, 7 and 20 min to produce the blends.

11.3.3 Effect of changes in the oscillation amplitude on the dynamic

 properties of the SBR/BR blends tested at 65 and 85°C

~ Figures 11-7 to 11-9 -show tan &, loss and storage modulus and storage
modulus as a function of the oscillation amplitude at 1 Hz and 65 and 85°C for
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the three blends. As shown in Figure 10-1, tyre tread compounds must 'haVe fow
tans at temperatures greater than ambient. Therefore, 65 and 85°C are good
temperatures at which the suitability of the blends for use in tyre tread
applications can be 'asseséed. The lower the tang values, the lower the rolling
resistance of a tyré will be. At the lowest oscillation amplitUde,'i.e. 256 um, the
blends mixed for 1 and 20 min and tested at 85 and 65 °C have the lowest and
highest tand values, respectively. As the ampl.itude increases to 500 um, the
tano of the blends mixed for 1, 7 and 20 min and tested at 65 and 85°C
converge. However, as the dsci!_lation amplitude increase to 1000 um, theAtan'é‘ :
values of the blends mixed for 1 min and tested at 65 and 85°C drop, whereas;
~ those of the other blends continue rising. The blend mixed for 20 min and tested
. at 85°C, has the lowest tan&, and hence offers the lowest rolling resistance and
may be used in tyre tread applications. |
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Figure 11-7: Tan 9 versus oscillation amplitude for the SBR/BR blends at 1

Hz and 65 and 85°C. The silanized silica filled SBR and BR rubbers were
mixed together for 1, 7 and 20 min to produce the blends.
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Figure 11-8 shows loss modulus as a function of the oscillation amplitude at 1 Hz

and 65 and 85°C for the three blends. The loss modulus of the blends mixed for

1 and 7 min and tested at 65 and 85°C decreased very substantially and
converged when the ampiitude increased froi'n 256 to 500 pm. Thereafter, the
loss modulus increased rapidly when the amplitude reached 1000 pm. A similar
trend was also seen for the blends mixed for 7 min and tested at 65 and 85°C,
but these values declined as the amplitude was raised to its maximum. It was
interesting that the loss modulus of the blends mixed for 20 min and tested at 65
and 85°C continued rising with the oscillation amplitude.
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Figure 11-8: Loss modulus versus oscillation amplitude for the SBR/BR

blends at 1 Hz and 65 and 85 C . The silanized silica filled SBR and BR
rubbers were mixed together for 1, 7 and 20 min to produce the blends.
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A similar trend was also seen in Figure 11-9 where storage modulus is plotted as
a function of the oscillation amplitude at 1 Hz and 65 and 85°C. In this figure, the
storage modulus of the blends mixed for 1 min and tested at 65 and 85°C
decreases as the oscillation amplitude is increased from 256 to 500 um and then
riée rapidly when the amplitude reaches 1000 pm. The results are almost the
same. Similarly, for the blends mixed for 7 min and tested at 65 and 85°C, the

storage modulus decreases when the oscillation amplitude reaches 500 ym, and"
then it _contihues dropping further as the amplitude is raised to 1000 pm. For the
blends mixed for 20 min and tested at 65 and 85°C, the storage modulus keeps

going up with increases in the oscillation amplitude. It is also noted that these
 values are almost similar for these two blends. -
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Figure 11-9: Storage modulus versus oscillation amplitude for the SBR/BR

‘blends at 1 Hz and 65 and 85°C. The silanized silica filled SBR and BR
rubbers were mixed together for 1, 7 and 20 min to produce the blends.
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11.3.4. Effect of temperature' variation on the tanJ of the SBRIBR blends at
different test frequencies and constant Qscil_lation amplitude o

Figure'11-10 shows .tan5 vérsus temperature at 20 Hz and an oscillation
~ amplitude of 256 pm for the three blends.
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Figure11-10: Tan & versus temperature for the SBR/BR blends at 20 Hz and
an oscillation amplitude of 256 pm. The silanized silica filled SBR and BR
rubbers were mixed together for 1, 7 and 20 min to produce the blends.

)
1

The tand values of the blends rhixed for 7 and 20 min are almost the same,
whereas, the ones for the blend mixed for 1 min are noticeably lower, at least for
- temperatures up to -15°C. Thereafter, there is little difference between these
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* blends for up to 20°C. It appears'thét the blend mixed for 7 min has the highesf
peak tand value and hence offers the best ice-grip or skid resistance and it also

has the lowest tan9 values, at least for temperatures above 20°C, and therefore
it offers the minimum rolling resistance. The blend mixed for 1 min has the same

tan® values as the one mixed for 7 min, and therefore offers the same rolling
resistance. o

Figure 11-11 compares the tans versus temperature data at 1 Hz and an
oscillation amplituqe of 256 pm for the silanized silica-filled SBR and BR rubbers
and the three blends. Table 11-1 shows the peak tan§ values for these rubbers.
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Figure 11-11: Tan 9 versus temperature for the silanized silica-filled SBR
and BR rubbers and the SBR/BR blends at 1 Hz and an oscillation
amplitude of 256 pm.
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Table 11-1:Peak tanS values for the rubbers in Figure 11-11.

BR | SBRrubber | SBRIBR | SBR/BR | SBR/BR

rubber | | - blend blend - blend

' (Amn) | (Zmin) | (20 min)

Peaktans | 044 0.66 048 | 051 0.47

The SBR and BR rubbers have the highest and lowest peak tan§ values. For the
blends, the peak values lie somewhere between these two, and the blend mixed
for 7 min has the highest and the one mixed for 20 min the lowest values. The

tand trace for the SBR rubber is to the right hand side of the figure, whereas, the
one for the BR rubber is to the left hand side. Clearly, the two rubbers have very
different dynamic properties over the range of temperature studie_d.

The tan§ traces for the blends mixed for 7 and 20 min coincide, though the peak

-values are clearly different. The tand values for the blend mixed for 1 min are
lower for up to approximately -30°C, but equal those of the two other blends
above this temperature. Note that above 35°C, the blend mixed for 20 min has

the highest tand values. It is concluded that the blends mixed for 7 and 20 min

offer the highest ice- and Wet-grip and the ones mixed for 1 and 7min the lowest

rolling resistance. Therefore, the blend mixed for 7 min may be considered for
tyre tread applications. | _ |

| Figure 11-12 shows tahS versus temperature for the SBR and BR rubbers and

the three blends at 20 Hz and an oscillation. amplitude of 256 pm. Table 11-2

| - shows the peak__tan5 values for these rubbers. __
Table 11-2 : Peak tanJ5 values for the rubbers in Figure 11-12

BR SBR rubber SBR/BR SBR/BR SBR/BR
rubber blend blend blend
(1 min) (7 min) (20 min)

| Peaktand 0.50. 0.64 0.50 0.54 0.53
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It is obvious that the peak tané values are now d_ifferent. For‘e)'(ample, for t.he, BR
rubber it is incfeased and for the SBR, it is reduced as the test frequency is
| ~ raised from 1 to 20 Hz. For the bllends, the trend is not changed and the blend
mixed for 7 min is still a.éuitable bne for tyre tread applicaﬁons. |

tand

" Temperature (°C)

Figure 11-12: Tand versus temperature for the silanized silica-filled SBR
and BR rubbers and the SBR/BR blends. The results were produced at 20
Hz and an oscillation amplitude of 256 um. , :

- Conclusions
We may conclude the gains of this study as follows:

« The dynamic properties of all the rubbers are highly affected by the addition of

silanized silica nanofiller.
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e In the glass transition zone (-50°C and -35°C), the stdrage modulus reduction
as a function of the oscillation amplitude applied (strain) was observed. This was
attributed to the Payne effect.

o At -50 and -35°C temperatures, the tand values increased as a function of the
oscillation amplitude. 1t seemed that compo'und 5. had the best skid resistance
among the compouhds tested. Moreover, the loss and storage modulus of this
compound were independent of the oscillation amplitude.

¢ At temperatures 0 and 2_5°C temperatures, the tans versus oscillation
amplitude data of all the blends were incremental with the exception of that for
compound 4. |

* In the rubbery state where the temperattjres are typically high, e.g. greater than
ambient and are suitable for meas_Uring the rolling resistance of tyre treads, the

average tan? vélues of compounds 4 and 5 were less than that of compound 3.
It was also concluded that blends with interphase characteristics, e.g. higher
mass fraction of the interphase, had less rolling resistance.

« Owing to very high bound rubber content for all the blends, and the formation of
covalent chemical bonds. between the' filler particles ahd polymer. cha'ins via

TESPT, we may expect that new mechanisms other than the one proposed' by

the Payne model for the filler-filler interaction to explain the nonlinear

viscoealstic bahaviour of the blends in this study. In addition, the good dispersion

anld nanoscale properties of the filler used may allso have had an effect of the

deformation bahaviour of the blends studied. -
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CHAPTER 12 |
Effect of silanized silica nanofiller on the tack and gr_eeh
 strength of NR, SBR and BR rubbers and SBR/BR blend filled

- with silanized silica nanofiller
12.1 Introduction

The ability of two uncured rubber surfaces to resist separation after they are
brought into intimate contact for a sh_o'rt period of time under a light pressure is
called tack. wa types of tack may be defined, autohesive tack in which both
materials are of the same chemical composition and heterohesive {adhesive)
tack where the materials have different compositions. A factor inherent in tack is
compound green strength, the resistance to deformation and fracture of a rubber
stock in the uncured state. The tack or autohesion and green strength of the
‘unvulcanised rubber compounds are of considerable importance in tyre
manufacture. Tack properties must be optimised, however, when tack is too high
itwill cau.se difficulties in positioning rubbér layers into intimate contact during the
building or asse'mblying of rubber articles such as tyres and may lead to trapped
air between rubber layers and producing after-cure defects. Simultaneously,
sufficient tack must be present to _enlable the components of the green tyre to
hold together until the curing process is completed. In addition, to prevent creep
from occurring when component is distorted during processing énd manufacture
and tear during moulding in the curing press good green strength is required .

The principél theories. that have been proposed to explain the mechanism of
autohesion have been reviewed by Wake [1, 2] and Allen [3]. The diffusion theory
associated mainly with Voyutskii [4] and Vasenin [5] states that autohesive
bonding takes place as a result of seif-diffusion of the polyme'r chains or
molecules across the interface between two similar polymer surfaces. The
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strength of the autohesive: bohd is controlled by the self-diffusion due to the
abllity of the polymer chains to undergo 'micro-BrO\'Nnian motion of the surface
polymer molecules across the interface. Rhee and ‘Andries [6] when mvest:gatmg-
the factors influencing the autohesmn of NR and SBR rubbers considered that a
combined diffusion-adsorption process was operatlve It has been reported (4, 7—
9] that the conditions must be met by a rubber compound for exhibiting high tack
are: (a) the two surfaces must éoﬂme into intimate molecular contact (b) diffusion
- of polymer chains across the interface must take place and (c) the bond thus'
formed should be capéble of resisting high stresses before rupture. The first two
conditions describe the bond formatibn and take place in series. The molecular

contact must always precede inter diffusion of chain segments. When two
 surfaces are brought into contact, only a fraction of total surface area comes in
intimate contact due to surface asperities.

The viscous flow of polymer due to contact load generally referred to as contact
flow, results in an increase of"the contact area between the tWO surfaces with
contact time. The interdiffusion of polymer chains is facilitated upon achieving
molecular contaci. The third condition for high tack describes the bond 'breaking
resistance and is dependent on both greén strength ana tear strength of the
polymer. It has been reported that [8-13] diffusion of polymer chains across the
interface is the major factor for bond formation. However, it has also been
‘_reported that [14-19] an intimate 'molecular contact precedes the interfacial
diffusion of polymer chains and thus it should be an importaht factor for bond
formation. Hence, the bond formatio'n kinetics is inﬂuen_éed by both contact flow |
and interdiffusion of polymer chains [20]. Although the autohesion of NR and
SBR rubbers have been measured and studied by several authors at different
conditions earlier [6, 21, 22], however, so far there is not any report on the effect
of silanized precipitated silica nanofiller on the autohesion and adhesion of
'these rubbers particularly with respect to tyre tread applications.
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In the current work autohesion and green strength of several samples of
uncured NR, SBR and BR rubbers and SBR/BR blends filled with different
loading of silanized silica nanofi ller were measured by means of the peel test and
tensile tension test , respectively, and the results were eompared and discussed.

12.2 Sample preparatidn |

12.2.1. Mixing - \

The compounds were prepared in a Haake Rheocord 90 (Berlin, Germany), a
small laboratory mixer with counter roteting rotors. In these experiments, the
Banbury rotors and the mixing chamber were maintained at ambient temperature
(23°C) for SBR and 50°C for NR and BR. In all cases, the rotor speed was 45
rpm. Mixmg time for all the rubber compounds was 13 minutes and both the
rubber and filler were loaded in mixing chamber in one stage.

For preparing the unfilled rubbers, a maximum- mixing time of 13 minutes
. (mastication time) was considered. For preparing the SBR/BR blends filled SBR
" "and BR rubbers were mixed together (SBR/BR 75/25 by weight ratio). The two
rubbers were placed in the mixer at the same time and mixed for 7 minutes with
mixing temperature ranging from 90-105°C.

12.2.2. Test pieces and test procedure

For measuring the tack strength, rubber sheets, 10cm by 10cm in dimensions
~and 2 mm thiek, .were prepared in a hydraulic press with a nominal pressure of
110 atmosphere for 5 minutes at 100°C. To prevent the mould surfaces from
contaminating the rubber surfaces, aluminium foil was used. To prepare suiteble‘

test pieces for the peel experiments, the aluminum cover of one side was
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removed and replaced with a latex-treated backing fabric (Henke! Consumer
Adhesives, Winsford, Cheshire, UK). Wit_hoUt using this fabric support, the rubber

~would have.fr'actured d_Uring peeling because the legs were too weak and the
~ tests would not have been corhpleted. The test pieces for the peel experiments
were prepared by cuttihg samples 2cm by 9 cm in dimensions from the moulded
sheets. Aluminum foil was removed to allow the fresh surfaces to be brought into
intimate contact under a constant pressure of 2 kg and at ambient temperature
(23°C) for NR, and 50°C for SBR and BR. A similar procedure was used to
make test pieces for the rubber blends. The total area of contact between the
“rubber surfaces for each test piece Was approximately 16 cm? (Scheme 12-1).
‘The rubber surfaces were kept in intimate contact under pressure fof up'to 30
min.

L glric bicking |

Scheme 12-1: Test piece for the peel experiment

Peel tests were carried out at 180° (scheme 1)-in a Lloyd mechanical testing
machine at ambient temperature (23°C) and at a crosshead speed of 50
mm/min. Lloyd DAPMAT computer software was used to store and process the
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data. A 500 N Ioad cell was used on the machine. Figure 12-1. 'represents a
typical force versus extension trace from the pee! tests. The peak force values
were averaged and placed in equation 12. 1 to calculate a peehng energy for the
test piece. The result was then expressed in N/m.

' Peeling energy or tack = 2F/w o (12.1)

where F = Average peeling test force (N) and w is the width of sample (m).

Figure 12-1: Typical force versus extension trace from the peel tests

To measure the green strength of the rubbers, dumb-bell shaped test pieces, 3.6
mm wide, 25mm gauge length, 75mm long, and 2 mm thick were cut from the
moulded sheets. The test pieces were fractured in a Lloyd mechanical testing
~ machine at ambient tempereture (23°C) to produce force versus extension
traces from which the maximum stress was noted (Figure 12-2). For each rubber,

three samples were tested and median values were considered. -




260

Figure 12-2: Typical force versus extension trace from the tension tests on
a dumbbell test piece. '

i

12.3 Results and DiscusSion

As mentioned earlier [1-6], when two pieces of rubber are brought into intimate |
contact, polymer chains diffuse through the interface (contact flow) to form new
polymer—polyrher and/or polymer-filler bonds (bond formation).

High tack strength is often produced by strong bond formation between two
- rubbers. The latter is dependent on the green strength of the two rubbers in
contact. The nature of rubber and filler and their ability to form strong bonds are '
_key factors in the determination of tack strength [7] .

If rubbers can form strong bonds regardless of poor contadt flow due to the
presence of filler particles in rubber matrix and consequent restriction of polymer
chains mobility, then tack strength will increase. Enhancement of tack strength of
NR with 40phr carbon black filler is an exarhple of this mechanism [21] .On the
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other hahd, if rubbers do not form strong bonds and at the same time, the contact
flow is podr, then tack strength will be low too. As a'n illustration of this
mechanism, the tack strength of SBR reduced after 40phr carbon bléck filler was
- added [6]. In some cases, depending on the amount of filler, b6th of the above
" mechanisms may be applicable in the same system for tack strength esti.mation.
| Here an optimum filler loading exists for the maximum tack étrength to oceur [22].
The results and findings from'this study will be examined and interpreted in the
light of the mechanisms discussed above. f |
~In addition_‘, author draws attention of reader to peel tests protocols [23].

' 12.3.1 Effect of different amounts of silanized silica nanofiller on the green
'. strength and Mooney viscosity of the SBR, BR and NR rubbers and
SBR/BR blend |

When the green strength of a filled rubber is measured, it is also useful to
determine its viscosity because the addition of filler increases both of these
properties, Generally, when the loading of filler such as silanized silica increases
green strength, the elongation at break reduces. ‘Figure 12-3 shows stress versus
elongation for some unfilied and silica filled SBR/BR blends. As can be seen,
elongation at break decreased from 523 % for the unfilled blend to 207% for the
blend filled with 75 phr silica. |

The green'strength' of the blend increased from 0.08 MPa to 1.22 MPa as the
loading of the filler was raised from O to 75 phr.
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Figure12-3: Stress versus % elongation of SBR-BR blend (75[25 weight
ratlo) for different loading of silanized S|I|ca nanofiller

Figure 12-4 shows the green strength of diffe'rent rubbers as a function of filler
Ioadlng The green strength of the NR rubbers is hlgher (0.235-3.56 MPa) than
the others over the entire range of the filler loading. However, at filler loading less
than 30 phr, the BR rubber has the lowest green strength and over 30 phr
loading, the SBR-BR blend has the lowest green strength. |

Unlike the NR and BR rubbers for which the green strength increases rapidly as
a function of the filler loading, the rate of increase for the SBR rubber and

SBR/BR blend filled with silica is noticeably slower.
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Flgure12-4 Green strength versus silica Ioadlng of different rubbers and
blends. Test temperature 23°C.

Figure 12-5 shows the Mooney viscosity (MU) of different rubbers as a function
of filler loading. As expected, the Mooney viscosity of all the rubbers increases
- with the filler loading but at different rates. For filler loading up to approximately
30 phr, the viscosity of'the NR rubber is higher and beyond this point, it is lower
than the values measured for the other rubbers. This means that the viscosity of
the NR rubber is more affected at a lower loading of the filler, whereas as the
loading of the filler was increased, it raises the viscosity of the SBR and BR
ru_bber and SBRIB_R blend. The viscosity of the SBR/BR blend is 40-197 MU, BR
rubber 42-191 MU,' and SBR rubber 43-197 MU over the _entire range of the filler
loading.
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Figure"l' 2-5: Mooney viscosity as a function of silica loading for different
rubbers and SBR/BR blend

12.3.2 Effect of different loadings of silanized silica nanofiller on the tack

strength of the SBR/BR blend

’Figure 12-6 shows tack strength versus intimate contact time for the SBR/BR
blends filled with 0, 10, 30, 60 and 75 phr silanized silica nanofiller. It is clear that
the tack strength of the unfilled blend and blends with low filler loading, i.e. 10
and 30 phr are higher than that of the blends filled with 60 and 75 phr filler. With
the exception of the blend filled with 10 phr silica, the tack strength of the other
blends are lower than that of the unfilled one. This is due to the inability of the
- polymer chains to form strong pblymer—polymer and polymer-ﬁller bonds because
the polymer chains mobility was restricted by the presence of the filler particles in
the polymer matrix, As the loading of the filler reached 75 phr, the polymer chains
mobility was restricted even further, adversely affecting the tack strength of the'
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blend. It seems that to achieve an optimum tack strength, a maximum of 10 phr
silica should be added to the blend and not more. |

3504 | —®— (SBR-BR) blend-gum
1| --e®-(SBR-BR) blend-Si10phr .
‘3004 | 4 (SBR-BR) blend-Si30phr '_,.-"‘
|| —v— (SBR-BR) blend-Si60phr 4
250+ | * " (SBR-BR) blend-Si7Sphr
S 0l
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g 150-
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100 -
50
0 5 10 15 20 25 30 35
time (min.}

Figure 12-6: Tack versus intimate contact time for the SBR-BR blend (75/25
weight ratio) filled with different amounts of silanized silica nanofiller. Test

temperature was 50°C.

12.3.3 Effect of different loadings of silanized silica nénoﬁller on the tack

strength of the SBR rubber

Figure 12-7 shows tack strength versus intimate contact time for the SBR rubber
filed with 0, 10, 30, 60 and 75 phr silica. It seems that the tack strengfh of all the
filled rubbers is considerably less than that of the unfilled one. Possibly, as the
Ioadihg of the filler increases, the chain mobility decreases and it becomes more
difficult for the polymer chains to diffuse through the interface and form new
bonds with other polyrher chains or the filler particles. In addition, because the
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“polymer chains mobility is resfricted by the filler presence, the polymer finds
more difficult to flow and form polymer-polymer bonds. o

Practically, rubbers loaded with 60 and 75 phr silica do not have enough tack in
the current testing condition. Interestingly, the rubber filed with 30 phr filler,
" shows a higher tack strength when compared with the other filled ones and
therefore, 30 phr silica can be considered to produce the optimum effect on the
tack strength. HoWever; it must be noted that the tack strength of the rubber filled
with 30 phr silica is still much lower than that of the unfilled one. These results
are in ¢onformity with earlier findings [6] for tack reduction in SBR rubber filled

- with 40 phr carbon black.
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Figure 12-7: Tack versus intimate contact time for the SBR rubber filled
with different loadings of silanized silica nanofiller . Test temperature was
-50°C. : ' :
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12.3.4 Effect of different loadings .of silanized silica nanofiller on the tack

strength of the BR rubber

Figure 12-8 shows tack strength versus intimate contact time for the BR rubber
- filled with 0, 10, 30, 60 and 75 phr silanized siliéa nanofiller. For this rubber,'
the tack strength reduces when the filler is added. This means that the inclusion
of the filler reduces the polymer chains mobility and prevenfs the chains from
diffusing throUgh the interface into_the opposite matrix to form strong polymer-
polymer and' polymer-filler bonds; It is aléo evident that the tack strength
decreases progressively as a function of the filler loading reaching almost a

negligible strength.

2500 - o —&— BR-gum
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Figure 12-8: Tack versus intimate contact time for the BR rubber filled with

different loadings of silanized silica nanofiller. Test temperature was 50°C.
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12.3.5 Effect of different Idadings of silanized silica nanofiller on the tack _

strength of the NR rubbef

Figure 12-9 shows tack strength versus intimate contact time for the NR rubber
filled with 0, 10, 30, 60 and 75 phr silanized silica nanofiller. For this rubber, the
results are very interesting. With the exception of the rubber filled with 30 phr,
where the tack strength is well above that of the unfilled rubber, the increase in
the loading of the filler has had an adverse effect on the tack stréngth of the
_rubber, reducing it well below that of the unfilled rdbber. It is also noted that the
rubber filled with 10 and 60 phr silica had the lowest tack strength, whereas the
rubber filled with 75 phr silica had a much higher tack strength though it still
remained lower than that of the unfilled one. It was therefore concluded that to
get an optlmum tack strength 30 phr silica was sufficient. These fi ndings are in
line with the previous results [21] for an NR rubber filled with 40 phr carbon black.
It is not immediately clear why different loadings of silica are affecting the tack
strength this way but it can be assumed that the two mechanisms described

previbusly may be at work though at different extent.
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Figure12-9: Tack versus intimate contact time for the NR rubber filled with

| different loadings of silanized silica nanofiller. Test temperature was 23°C.

12.3.6 Comparison of the tack strength of different rubbers filled with 10

phl" silica loading

Figure 12-10 shows tack strength versus intimate contact time for the NR, SBR,
BR rubbers and SBR/BR blend filled with 10 phr silica. This figure shows that

tack strength of the filled NR rubber is much higher than those of the BR, SBR
abd SBR/BR rubbers. The lowest tack strength was measured for the SBR/BR
blend. This may be due to the fact that the SBR and BR rubbers are partially
miscible and therefore are not expected to mix at the interface by chain diffusion.
In addition to the poor miscibility of the two polymers, the inclusion of the filler
‘has also restricted the polymer chains mobility and made the process even more

difficult, resulting in a poor tack s"trength.
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~ Figure 12-10: Tack versus intimate contact time for different rubbers filled |
with silanized silica nanofiller. Test temperature was 50°C for the SBR, BR
and SBR/BR blend and 23°C for the NR rubber.

Conclusions

From this study, it is concluded that silanized silica nanofiller had a significant
effect on the viscosity, green strength and tack strength of the NR, SBR and BR
rubbers and SBR/BR blend. The following conclusions can be drawn: |

« The Mooney viscosity of the rubbers increased as the loading of the filler was
“raised to 75 phr. For up to 30 phr silica, the NR and BR had the highest visbosity,
and as the loading of the filler was faised above 55 phr, the SBR/EBR blend and
the SBR and BR rubbers had a higher viscosity than the NR rubber.

e The green strength of the SBR, NR and BR rubbers and the SBR/BR blend
when the amount of the filler was increased to 75 phr, improved. The
‘ imprbVemént was more substantial for the NR and BR rubbers as the loading of
the filler was raised to above 30 phr. The SBR/BR blend showed the smallest
improvement. -
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e The tack strength .of the SBR/BR blend increased as a function of the intimate.
contact time. The blend with 10 phr silica had the highest tack strength. However,
as the loading of the filler was increased to 75 phr,'the tack strength di'opped
 very substantially. | | |

» The tack strength of the SBR rubber improved as the intimate contact time was '
incfeased It was noted that the unfilled SBR showed the largest improvefneht
with contact time and as the loading of the filler was lncreased to 75 phr the tack
| strength dropped progresswely |

~ e The tack strength of the BR rubber increased with contact time. The largest
increase was recorded for the unfilled rubber and as the loading of the filler was
increased to 75 phr, the tack strength decreased very substantially.

» The tack 'strength of‘ the NR rubber improved significantly when 30 phr silica
was added. The tack strength of the rubber continued decreasing as the loading
of the filler was raised to 75 phr and remained below that of the unfilled rubber
over the time scale which the tests were performed.

« At the given loading of the filler, i.e. 10 phr, the tack strength of NR was found
to be substantially superior to that of the' SBR and BR rubbers and SBR/BR
blend as a function of the intimate contact time. The SB.RIBR blend showed the
poorest tack strength over the time scale of the test.

In summary, the addition of up to 75 phr silanized silica nanofiller to the NR, SBR
and BR rubbers and SBR/BR blend increased the Mooney viscosity ano
improved the green strength. However, in most cases, the tack strength was
adversely affected and the gum rubbers showed the largest improvement in tack
as a function of intimate contact time. When the loading of the filler was kept
constant, the NR rubber had the highest tack strength.
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CHAPTER 13

Final conclusions and Suggestions for further work

13.1 Final conclusions

To finalise the gains and claims of this thesis, it is useful to examine some typical
rubber formulations used in the manufacture of tyre treads and compare their
mechanical and dynainic properties with the those of the rubbers devéloped and
tested in this project. o

Tables 13-1 and 13-2 show some SBR/BR blend formulations uéed in'the '

manufacture of tyre tread and their mechanical and dynamic properties,
respectively, Compounds 1, 2 ahd 3 are from reference 1, compounds 4, 5 and 7
were prepared and tested in this study (see chapter g for blends 3, 4 and 5), and
co'mpound 6 is for green tyres [2]. |

As it is evident from these tables, there are various chemicals present in the
rubber formulations. They include carbon black, silica, coupling agent,
antioxidant, proceésing oil, primary and sécondary accelerators, prima;y and
secondary activators and elemental sulphur. Compounds 1 and 2 (Table 13-1)
have 71.5 phr silica/carbon black and 6.5 phr coupling agent adding up to 78 phr,
and 78 phr silica/carbon black and 6.5 phr coupling agent adding up to 84.5 phr,
réspéctively. The cure systemé in these compounds  consists of 9.6 phr
chemicals.. The green tyre compound (compound 6; Table 13-1), has 80 phr
silica and 6.4 phr silane coupling agent adding up to 86.4. The curing chemicals
add up to 10 phr. The compound with carbon black filler {compound 3; Table 13-
1), has 71.5 phr black and 9.6 phr curing chemicals.
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"When compounds 4, 5 and 7 (T able 1'3-1) are compared with compounds 1, 2, 3
and 6, it is clear that there is a large reduction in the use of the filler, silane and
cunng chemicals. For example compounds 4, 5and 7 have 60 phr silanized silica
(53.2 phr silica and 6.8 phr silane coupling agent) and one accelerator, one
activator and elemental sulphur adding up to 4.58 phr. This represents a
substantial reduction in the use of filler, coupling agent and curing chemicals. For
exarhple,’ when compound 4 is compared with compound 6, it has 44% I'ess silica
and silane, and more than 100% less curing chemicals. This has greatly
simplified rubber formulation for green tyres.

/

Table 13-1: Recipes of some standard tyre tread compounds (compounds
1, 2, 3, and 6) and compounds prepared and tested in thls study

(compounds 4,5 and 7)
Compound No. 1 2 3 4 5 6 7
SBR (phr) 75 75 75 75 75 75 75
BR (phr) ' ‘ 25 25 25 25 25 25 25
Precipitated silica (phr) 65 65 -- 535 53.5 80 534
Coupling agent (TESPT) (phr) 65 6.5 - 6.8 6.8 64 638
Carbon black 6.5 13 71.5 -—- -—- -— -—
Processing 0ill 25 25 25 3.8 3.8 34 3.8
Stearic acid ' ' 2 2 2 - -— --- 2 -
Wax o : 1.5 1.5 1.5 - -—- 3 -
Antioxidant 2 2 2 0.75 075 2. 075
Sulphur _ 14 14 = 14 0.08 0.08 2 0.08
zincoxide 2.5 2.5 25 04 0.4 3 04
AcceleratorI . 2 -2 2 4.1 4,1 2 4.1
Accelerator I A W 1.7 1.7 - --- 1 -
Total filler ( silica + carbon) (phr)  71.5 78 71.5 532 53.2 30 53.2
| Total silane loading (phr) 6.5 65 0 6.8 6.8 64 68
Total curing chemicals (phr) 96 96 9.6 4.58 4.58 10 4,58

To assess whether the reduction in the filler, silane and curing chemicals has had
an adverse effect on the mechanical and dynamic properties of the cured
rubbers, Table 13-2 was formed. In this Table, the hardness, tensile properties
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tan &, tear strength, abrasion resistance, heat buud up, and cure propertles of
the compounds shown in Table 13-1 were summarised.

Table 13-2: Mechamcal and dynamic properties of the compounds listed in

Table 13-1.
Compound No. 1 2 3 4 5 - 6 7
Hardness : 63 - 58 66 75 72 -— 76
Tensile strength (MPa) 178 - 226 184 . 23 26 16 25
Elongation at break (%) 525 580 = 528 755 869 310 865
Modulus at 100%{MP 2.29 1.61 1.83 - 2.5 213 . 4.0 - 257
tané at-30°C 0.546  0.609 0.554 0.48 0.62 - 0.50
tand at 0°C 0.202 0.174  0.256 0.21 0.2 0.165 0.22
tand at 60°C 0.12 0.09 0.224 0.12 0.14 011 0.12
Tear strength (N/mm) - -— --- 98 107 60 64
Abrasion loss (mm?®) = --- 98
Heat built up :
Curing time (#,, )" 8.32 21.3
ATorgque (AN.M) ‘ S 7221 229

* Cure temperature= 170°C

Of major interest, are the results for compounds 4, 5, 6, and 7, the so called
green tyre compounds. The tensile'strength elongation at break and tearing
energy of compounds 4, 5 and 7 are superior to those of cdmpound 6. It is also
noted that compound 5 has a much shorter curing time and a higher Atorque
- value. Atorque is an indication of crosslink density changes in the rubber. The
modulus at 100 % is lower for compounds 4, 5 and 7. However, tan & at 60°C is -
almost the same for compounds 4, 6 and 7 which indicates the same rolli.ng
resistance. Therefore is seems that reducing the amounts of silica, silane and
curing chemicals has had no adverse effect on the mechanical‘properties of the
cured rubbers which are essential for good performance, durability and long lifer
in service. _ _ .

To show further the advantages of these neWIy developed compounds and the
‘benefits of the new method for crosslinking and reinforcing rubbers, the curing
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and mechanical properties of the SBR compound developéd in this study were
compared with those of a common silica/carbon black filled sulphur-cured SBR
compound (Tablés 13-3). Compound 8 was taken from reference 3 and
compound 9 was prepared in this study (see chapter 9 for compound 2). As can
be seen, compound 8 has 64.8 phr filler, 4.8 phr silane and 9.25 phr curing
chemicals, whereas, compound 9 has 53.2 phr filler, 6.8 phr silane and 3.5 phr
curing chemicals. Clearly, a significant reduction in the use of the additiveé in the
rubber compound has been achieved. 1t is interesting that compound 9 has a
shorter curing time in splte of a decrease in the use of the curing chemlcals and
_ much hlgher elongation at break and tensnle strength. '

Table 13-3: Recipe of a common SBR rubber compound {(compound 8)
compared with the SBR compound developed and tested in this study
(compound 9).

Compound No. 8 _ ' 9

SBR (phr) 100 100

silica(phr) ‘ 60 53.2
carbon black(phr) 4.8 -

zinc oxide (phr) 2 0.5

Stearic acid (phr) 3 ---
Antidegradant(phr) 1.5 1
Wax(phr) 1 -
Qil(phr) 12 5

. sulphur (phr) 1.2 -—-
‘| Accelerator (phr) 3.05 3

- TESPT (phr) . 4.3 6.8

Total fillers (phr) 64.8 53.2

~ Total silane {phr) 4.8 6.8
Total curing chemicals 9.25 3.5
Cure time (Z4,) (min.) 65 49

Elongation at break (%) 364 1027
Tensile strength (MPa) 9.25 23

Table 13-4 shows recipes and mechanical properties of typical truck tyre treads .
(compound 10 from reference 4 and compound 12 from reference 5). Compound
11 was developed and tested in this study (see chapter 6 for compound 37): As it
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¢an be seén, compound 10 has 60 phr filler and 10.1 phr curing chemicals.
Similarly, compound 12, has 56 phr filler, 6 phr silane and 11.6 phr curing

chemicals. Compound 11 has 53.2 phr silica, 6.8 phr silane and only 6.3 phr

curing chemicals. Obviously, compound 11 is a simpler and easier compound to
- make. The mechanical properties of compound 11, excluding modulus at 100%,

are superior to those of compounds 10 and 12. For 'instance, compound 11 has a
tensile strength of 37 MPa, whereas, compound 12 has 28 MPa. Compound 11
is harder and has highef tearing energy ahd elongation at break. |

Table 13-4: Recipes and mechanical properties of some truck tyre
compounds (compounds 10 and 12) compared with compound 11
- developed in this study.

Compound No. 10 . 11 12

NR (phr) » 100 100 100
silica(phr) 15 53.2 56
carbon black(phr) 45 --- -
zinc oxide (phr) 5 0.3 5
Stearic acid (phr) 2 ' - 3
Antidegradant(phr) 1.5 1 --n
Wax(phr) 0.3 —-- 1.5
Qil(phr) 3 _ - 2.5
sulphur (phr) - 2 _ - 1.6
Accelerator (phr) 1.1 ‘ 6 2
TESPT (phr) . - 6.8 6
Resin 3 - — -—-
Antioxidant 1.5 --- 3
Total fillers (phr) 60 53.2 56
Total silane (phr) - 6.8 6
Total curing chemicals  10.1 6.3 11.6
Tensile strength(MPa) - 37 28
Hardness 68 "~ 175 66
Elongation at break (%) 531 834 583
Tear strength (N/mm) 29.7 62.4 -—
Modulus at 100% (MPa) 2.52 2.20 3.19
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To see the commercial advantages of sim'pler' rubber formulations, Table 13-5
' [6,7] represents average'prices of different curing chemicals.

Table 13-5: Average prices of some most widely used rubber chemicals

Curing agent TBBS ZnQ Stearic acid Antioxidant Process oil Wax sulphur Resin -

Price : , - ‘ y
(USDIlbm) 3.19. 08 072 4.18- 1 - 121 08 0.86

It is also useful to compare the prices of common chemicals used in tyre tread
compounds based upon data of Table 13-5 for 100 Ibm raw rubber. "

- Table 13-6: Prices (USD) of different curing chemicals used in the

manufacture of tyre tread rubber compounds based upon 100 Ibm raw
rubber ‘

Compound No, = 1 2 3 4 5 6 7 8 9 10 11 12

Total curing _ _
Agentsprice 165 165 165 135 135 152 135 145 100 108 194 14.1

The data in Tables 13-5 and 13-6 show that significant costs saving can be made
when the number and amounts of the curing chemicals are reduced. Therefore,
the rubber formulations developed and tested in this study will help to achieve
these savings. | - |

The work reported in this thesis, has provided ample evidence that the new
method for crosslinking and reinforcing rubbers with silanized silica nanofiller is
indeed a revolutionary approach to preparing rubber formulations for industrial
~ articles such a tyres. This also offers the following benefits: |

 Major benefits to health and safety at work place
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» A significant reduction in costs

» Major improvements in the mechanical properties of rubber compounds which
will enhance the quality of industrial rubber articles

® _Less damage to the environment due to a lesser use of the harmful curing
chemicals. For example, ZnO leaches out of discarded old tyres into fandfii and
causes extensive pollution in the ground water soUrees. A reduction in the use of
ZnO in rubber compounds will help to remedy this problem.

13.2 Recommendation for future work

The ultimate aim of this project was to develop new blends of SBR/BR and
SBR/NR for use in passenger car tyre tread. The preliminary work carried out in
this project has shown that it is fully feasible to develop a safer, more efficient
~and cheaper rubber compounds for use in tyre tread. Therefore the following
~ recommendations are made: ‘

e The work should continue to measure the fatigue crack growth of fhe SBR/BR
rubber. blends at different frequencies and temperatures. This will be relevantto
tyre applications, where rubber is repeatedly flexed in service and small flaws or
cracks can growth under repeafed stressing. An understanding of how crack
growth rate under repeated etressing correlates with the strain energy release
rate; will be ueeful. . o

. Also, to increase the efficiency of cure, it is essential to reduce the optimum
cure times of the SBR, NR and BR compounds before they are mixed to produce
blends. The cure times of the rubbef compounds prepared and tested in this
study were too Iong' and therefore, industrially were not favourable. Perhaps
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some fast curing accelerators can be tested to speed up the rate of cure and
shorten the cure time of the blends. '

o It will also' be necessary to measure 'the abrasion resistance, tan & and heat
‘build up of the SBR/BR and SBR/NR blends, once their cure cycles are
shortened. These properties are particularly important with respect to tyres.

In éummary, it is highly recommended that this new concept in crosslinkng and
reinforcing rubber compounds with a silanized silica nanofiller should be refined
further and taken forward to develop compounds for industrial articles such as
- tyres. The results and fi ndings from this project seem to point to a promising

future development in this area.
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