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Abstract

The rise of the synthetic rubber and the fall in natural rubber prices are all motivations for
the natural rubber industry to produce new specialty grades of natural rubber such as
Epoxidized Natural Rubber (ENR). The optimal way to ensure the successftilg ENR
depends on the operational conditions and the potential applications. ENR is specialty grade
chemically modified natural rubber and it is produced by epoxidation of natural rubber at
the latex stage. There are two commercial grades availabENR which have different
epoxidation levels: 25 mol% and 50 mol%. These are referred as2BNfRd ENR50
respectively. ENR has been developed mainly to be used in the tyre industry, but its actual
ability to control vibration and noise is poorly undewsl. Therefore, the aim of the research

is to develop a method to design Epoxidized Natural Rubber (ENR) that can be used in

vibration and noise control applications.

In this study, dynamic properties of solid natural rubber with 0, 25 and 50 mol%deapowi

levels were firstly identified over a range of temperatures and frequencies, and a master
curve for their dynamic properties was generated based on thetetinperature
superposition principle. The natural rubber foams were then produced frontidheasoral

rubber formulations containing blowing agents using a-fwb mill mixer and a
compression moulding. The foams were charagériphysically with respect to their
density, porosity and airflow resistivity. Dynamic properties of the foamsaverigsed over

a range of temperatures and frequencies. The microstructure properties of the foams were
scanned using Micro Computer Tomography (Mi€®) scanner, and theean pore size

was generated based on the micrographs obtained, while the acaystitips of the foams

were measured using a tvmasicrophone impedance tube to determine its sound absorption

coefficient efficiency.

This researclprovides new data othe physical, dynamic, microstructure and acouwadtic
propertiesof natural rubber foanwith different epoxidation levels. In addition, the
modelling work was carried out taunderstand the relationship between the key
acoustical parameters of natural rubber foam propert@sl its acoustic absorption
performanceThese observatiormse ofa highvalue tohelpdesign natural rubber foafor

noise control applications
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Chapter 1

Introduction
1.1 The fall in natural rubber prices

Natural rubber is facing serious threat from synthetic rubber. The fall of petroleum prices
contributes to the high usage of synthetic rubber which is extracted from petiodesgioh
resources because it is a cheaper material and process. This sceresidalkin the demand

for natural rubber and causes the price of natural rubber to fall. Moreover, a slow recovery
of the world economy has also made an impact on the downward trend in the price of natural
rubber. As an example, the price of natural rubbehsas Standard Malaysian Rubber
ConstantViscosity (SMRCV) has declined drastically from USD 5.30/kg in the eafly

2011 to USD B2/kg in themid of 2018[1] as illustrated in Figure 1.1. The low production

of natural rubber is also making negative effect on the monthly income of the rubber tappers
so that working as a rubber tapper is not a popular job anymore elspieciéhe younger

generation. Therefore, this situation will inevitably cause the manpower shortage in the

longer term.
6
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Figure 1.1: SMRCYV prices from 2011 to 201[4].
1



These issues have brought attention to the natural rubber industry which is now obliged to
take serious steps bgtroducing new specialty grades of natural rubber that has greater
market potential through innovation to compete or replace the synthetic rubber. One of the

natural rubbers considered in this process is Epoxidized Natural Rubber (ENR).

ENR is a chemidly modified natural rubber produced by epoxidation of natural rubber at
the latex stage. The modification of natural rubber to ENR is to extend the benefits of natural
rubber in a wide range of higlkech applications as well as to improve the properties o
natural rubber. ENR is primarily designed to be used for the production of environmentally
friendly tyres or greenyres. Theseytres can provide low rolling resistance, high wet grip
and low heat buildup so that the fuel consumption can be redigjced

In response to the above, the Malaysian government has set up support for the natural rubber
industry by selecting ENR as one of the key economic growth engines in Malaysia that is
known as NatiorlaKkey Economic Area (NKEA). NKEA is a driven economic program that

of fers government funding and policy suppo
personal attention to the problem. The government believes this NKEA has significant
impact on the Gros®ational Income (GNI) contribution to the economic growth in
Malaysia. The commercialisation of ENR is expected to contribute to an incremental GNI
up to USD 330 million by 202[B]. This commercialisation can facilitate the rubber tappers

to increase their income by encouraging the production of natural rubber and increase export
demand for ENR. Moreover, research on ENR and its patapiplications other than in the

tyre production is likely to provide an advantage in realising the vision of the Malaysian

government to make natural rubber as a major commodity contributor to its GNI.

Currently, numerous studies are concentratinghenphysical and dynamic properties of
binary blends between ENR and other polymers, or also the implementation of new fillers
in ENR matrix. However, there is a relatively small amount of published work on physical,
dynamic and acoustic properties of matisr based on ENR alone as the main matrix.
Moreover, the effect of the epoxidation level on these properties of ENR has not been fully

investigated.



There is also no research related on the acoustical properties of ENR foams, hotesver, a
studieshawe been reported on thepropertiedor natural rubber foam$or example, Najib

et al. [4] studied the acoustic and dynamic properties of natural rubber foam at different
foaming temperatures of 14D, 150C and 160C. They observed that anfeftive sound
absorption can be achieved at lowest foaming temperature with a maximum sound
absorption coefficient of 0.94 at 1552 Hz. Another recent study, Vahidifaal. [5]
investigated the acstic performance of natural rubber foam with variable carbon black
(reinforcing filler) content using orgtep foam processing. The results exhibited that a sound
absorption decreases with increasing carbon black content with a maximum sound
absorption cefficient reduced slightly from 0.4 to 0.25 at 5500 Hz. One problem with these
studies is that none of them actually describe the link between key parameters of rubber foam
microstructure and intrinsic acoustical properties which control our ability igrdesbber

foam intelligently as a generic noise control material.

1.2 Aim andobjectives

Natural rubber is found routinely in vibration isolation elements. However, it struggles to
compete against polymeric foams to solve the noise problem efficiehtlgrefore,
polymeric foams are in great demand in commercial noise control applications and dominate

this market.

Figure 1.2 shows the research flow of ENR in vibration and noise control applications, and
how this research can contribute to the knog#eh these applications. The performance of

an elastomeric vibracoustic system is governed by the dynamic and acoustic properties of
the material under service conditions. Based on the research status of ENR, most of the
research were investigating dyn@ properties of solid natural rubber and/or ENR, and very
few studies were exploring the dynamic and acoustic properties of natural rubber foam. To
the best of our knowledge no research on vémroustic properties of ENR foams has been
reported, eitheENR as a single matrix or the effect of different epoxidation levels on those

properties.



ENR in vibration and noise control applications
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Figure 1.2: Research flow of the knowledge contribution.

Therefore, the aim of this research is to develop a method to desigarttNttural rubber
that can be used in vibration and noise control applications. Specifically, there are several

key objectives to achieve the above aim of this research:

a. To identify dynamical properties of solid ENR asalid natural rubber.

b. To develop anew manufacturing process BNR foamsand natural rubber foams.

c. To characterise th&€NR and natural rubber foams in terms of their physical,
dynamical, microstructural and acoustical propertiest@aaodmpare their behaviour
with that of commercially aailable vibration and noise control foams.

d. To modelthe irsitu acoustic absorption behaviour of EfRmsand natural rubber

foams.

1.3 Thesis structure

The thesis is organised as follewChapter presents a literature review that can be related
to a method to develop natural rubber and epoxidized natural rubber (ENR) as acoustic

materials.A description of natural rubber and ENR is reviewed. The dynamic mechanical

4



properties of viscoelastic material, manufacturing process of natural rubber foanr@unsl po
material in vibreacoustic applications are studiddhe methodtmgy chapter is not presented

as one chapter in this thesis. The methodology of the experimental works and manufacturing
processes involved in this research are included in the resdltsliscussion chapters:
Chapter 3, 4 and 3n Chapter 3, the dynamical properties of solid ENR and natural rubber
over a range of temperatures and frequencies are presented. A master curve for their dynamic
properties is generated based on the -tiemperéure superposition principle. The- 5
parameter fractional derivative Pritz modi6] is also applied to the experimented master
curve. In Chapter 4, a new manufacturing processmbfral rubbefoamsand ENR foams
includingformulations mixing process ancuringproceduress explained. In Chapter 5, the
physical, dynamic, microstructeiand acoustic properties of ENR and natural rubber foams
manufactured in this research are studied, and their results are compared with that of
commercially available foams. Then, the acoustic absorption of the foams is modelled, and
the results are disssed. Chapter 6 provides the research conclusions and recommendations

for future work.



Chapter 2

Literature Review
2.1 Introduction

The purpose of this chapter is to provide a background that can be related to a method to
developnatural rubber and epoxidized natural rubber (ENR) as acoustic materials so that
these rubbers can be used in vibration and noise control applications. The chapter begins
with a description of natural rubber and ENR. An overview of dynamic mechanical
propeties of viscoelastic materials is studied, this includes the parameters used to measure
the dynamic mechanical properties, methods to characterise the dynamic mechanical
properties and the effect of temperature and frequency on the mechanical behavior of
viscoelastic materials. Nexthe production process of natural rubber foam is reviewed.
comparative studgn the manufacturing procesknatural rubbefoam produced from latex

and dry rubbelis presented. The research status of natural rubber fos@hENR foam
produced from dry rubber is also investigated. Finally, the use of porous material in vibro
acoustic applications is reviewed. The mechanisms of sound attenuation using porous
material is presented and characsion methods for porous madrare discussed. The
modelling of sound absorption of porous material is also explored to understan

predict the acoustic behaviour of porous material.

2.2 Natural rubber

Natural rubber is a polymer that is categorised as a viscoelastic matésiproduced from
a milky white liquid called latex. A common commercial source of natural rubber latex is
from rubber tree known as Hevea Brasiliensis (Figure 2.1). Latex is also can be produced

from certain plants such as Dandelion flower, Palaquiutia tree and Guayule flower.

Natural rubber is typically being obtained through three processing steps: field latex;
coagulated latex; and vakaglded specialty rubbgi7]. Each processing step is different
from one another as they have different raw materials,ufaaturing processes and

applications as shown in Table 2.1.
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Figure 2.1The latex exudes from the rubber trekeyea Brasiliens)d 8].

Table2.1
Natural rubber processind].
Processig Field Coagulated Value-added
step latex latex specialty rubber
Block rubbers of Epoxidized natural rubber
Raw material | Latex concentrate SMR CV 60 or (ENR) or deproteinized
SMR 10. natural rubber (DPNR)
Manufacturing Latexproducts Dry rubber products  Niche dry rubber products
process
Aoplications Gloves, balloons, Tvres. hosesseals Green tyres, engine
PP latex foams yres, * ' mountings, adhesives.

1Standard Malaysia Rubber Constant Viscoily

Natural rubber is chemically known as polyisoprg®leand its polymer structure is shown

in Figure 2.2 The uniqueness of natural rubber lies in its physical propediest
deformation capagitand veryhigh strength that made them as a top material to be used in
engineering applicatiorig]. It also has outstanding low temperature flexibiitygh aglass

transition temperaturéY) of the natural rubber is approximateR2°C[9].
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Figure 2.2: Chemical structure of natural rubber (polyisoprgi@})

In its natural state, however, natural rubber has limiting propettiesgreatly affected by
temperaturelow resistance to oijsandlow resistance tair (oxygen and ozoneh the
atmospher¢7]. In orderto overcome these weaknesses of natural rubber, many of rubber
manufacturers have developed synthetic rublserdat they can be used in a wider range

of applications. The main synthetic rubbers such as isobutylene isoprene rubber (lIR) or
butyl rubber nitrile rubber (NBR), and ethylene propylene diene monomer rubber (EPDM)
are derived from petrolewmased resources. Each of these rubbers has its own advantages
over natural rubber. IIR has low gas permeability and high resistance to abrasion. NBR has
high resistance to oils and typically used for oil seals, gaskets and washing machine parts,
while EPDM is normally used in automotive parts and electrical insulation because of its

high resistance to heat and weatfe.

2.3 Epoxidized natural rubber

A chemically modified natural rubber, Epoxidized Natural Rubber (ENR) is produced by
epoxidation of natural rubber with peracetic acid at the latex stage. Epoxidation is a
stereospecific process, which is also related to the replacements on the doulié thend
polymer backbongl2]. In the case of natural rubber, a known percentage of its double bonds
are reacted to form epoxide groupgyure 23 shows the reaction of natural rubledatex

stage with peracetic acid solution. Ithis reaction epoxide groups can be observed

distributed randomly along the natural rubber backbone.
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Figure 23: The ormation of epoxide groug4?].

As the epoxide groups are introduced, ENR shows a higher glass transition tempefature (
as compared to natural rubber by approximately 1°C for every mol% epoxifiEg|oihis

result was also observed in previous reseftehwhich demonstratethat the"Y of ENR
measured by differential scanning calorimetry increases linearly with the increasing
epoxidation levedas shown in Figure 2. This will strongly affect the dynamic mechanical
properties of ENR14].

Tg °C

10}

25 50 75 100
Mole % Epoxidation

Figure 24: The effect of epoxidation level of natural rubbertba glass transition
temperaturg’Y [12].

ENR also provides dower swelling characteristic as it has more polgroup which
influences reduction in swelling behavio{iigure 2.5). The nvestigationreported inref.
[15] stated thaENR consistsof polar groupcancontributes tahreedimensionahetwork.

The networkrestricts swellingoecause of a small amount of open chains and gaps between



rubber moleculedn addition,ENR provides good resistance to oils and-potar solvents,

low gaspermeabity, high damping at room temperatuard great wet grip performance
These properties result from the high polarity of epoxide groups, which are randomly
distributed along the natural rubber backbfi 17]. Moreover, some of these advantages
are equivalent to the physical projes of other synthetic rubbensth oil resistance similar

to NBR andgaspermeability similar to IIRThe comparison dhosephysical properties for
natural rubber, ENR and synthetic ruldre shown in Table 2.

Figure 2.5: Swellindpehaviour between ENR-@ng (left) and natural rubber-@ing
(right) after soaking for four days at Z3[18].

Table2.2
The physical properties of natural rubber, ENR and synthetic rsigigr
. . Natural 1
Physical properties rubber ENR-25' ENR-50° NBR IR
Oil resistance
volume increase in polymer 15 1.2 0.1 0.2 -
(%)
Relativegaspermeability 100 25 7 - 6

!Epoxidized natural rubber with 25 mol% epoxidation level.

2Epoxidized natural rubber with 50 mol% epoxidation level.

SAfter soaking for four days at 2G.

“Natural rubber is taken as the reference and other polymeratedeaccordingly.
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There are two commercial gradgEENR which have different epoxidation levels: 25 mpl%

and 50 mol%q{14]. These areeferred as ENR5 and ENR50, respectively Rubber with

any level ofepoxidation can be developed under the right reaction conditions, which are
mainly contolled by the peracetic acid concentration and epoxidation tempefajre
However, a high level of epoxidation can lead to a reaction where the epoxide ring is opened,
resulting in a nothomogenous product. In this processme of the epoxide groups
experience ring opening reactions, which then proceeded with the formation of furan groups
along the rubber backbor@s shown in Figure &. Therefore, fhigh concentrations and

high temperatures, the level of furan groups imidiiral rubber predominatg0], whereas

at low concentrations and moderate temperatures, iENRduced as a sole prodyite)].

Ring opening
Epoxide ring structure \

Epoxidized natural rubber

AR AL
r
=

Furan groups

OH

0 )
n X L

Figure 26: The formation of furan groug42).

ENR experiences stragmystallisationcontributing to the high strength properties. However,

the degree of crystallinity decreases with the increasing epoxidation levels. Other properties
such as oil resistance, damping agds permeability also change linearly with the
epoxidation levels. Thavestigationreportedin ref. [12] on the reaction of natural rubber
latex with 100 mol% peracetic acid produced a white amorphous pakatesknown as
6furani sed nTaet prapexties of furbnisedr ndtural rubkee similar to
polystyrene. It has no elastic propertiggubber[20] as shown in Figure 2. and it can be

moulded using an injection molding machifi].
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Figure 27: A stresselongation properties comparison between furanised natural rubber,
polystyrene and natural rubdr?].

2.3.1 Applications of epoxidized natural rubber

The advantages of ENR over natural rubber and some of its properties similar to other
synthetic rubbers, suggest that this material carsbdin a wide range of applitans. ENR

has been studieextensivelyby the tyreindustry[21], andtyre applicatiors are also the
largest market for ENR22]. For example, ENR5 tyre compoundsndicatelow rolling
resistanceand excellent wet traction, hence contributing totitgh performance that can
accommodatdor fuel efficiency and safetyrequirements for modern passenger vehicles
[14]. ENR-50 has been used tigre inner liners and tubes to replaoetyl rubberq22].

ENR is recognized as a commercial rubber and marketed asdakofftigure B) [23]. Its
implementation in th market are expected to increase rapidly and the applications of usage
for ENR are listed in Table 2.3owever, there are many other specialised applications
where ENR has not yet been evaluated extensively. ENR is produced frorsdalge
manufacturingn Malaysia and is currently discovering potential applications such as high

damping mountings, squash balls, acoustic damping and cellular f@2dher

12
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technology working alongside nature

Figure 28: EKOPRENA, a commercial name of epoxidized natural rufib@&r

Table2.3
ENR application$19].

Feature Application Recommended ENR grad

Hoses, seals, blowut

preventors ENR-50

Oil resistance o )
Milking inflation, connectors

and tubes ENR-25 andENR-50

Bladders, inner tubes angré

. ENR-50!
liners

Gaspermeability
Tyre treads for passenger

vehicles, motorcycles, racing ENR-25
cars and forklift trucks

Wet traction and rolling
resistance

IPreferably in blends with natural rubber.

2.3.2 Research status of epoxidized natural rubber

Numerous studieBave concentratedn the physical and dynamic characteristics of ENR
with the usage of a new filler such as rice husk[@5h lignin [26], highly dispersible silica

[27] and ionic liquid 28]. The synergistic study on the binary blends between ENR and other
polymers have also been reported such as ENR/styrene butadiene] 2$hldeNR/aphalt

[30], ENR/thermoplastic polyutkane[31, 32] and ENR/natural rubbdB83, 34]. Several
studies on ENR blends using different mixing approaches &lso been conducted. For
example, Roogt al. [35], developed a mixing tboology based on an-lme electron
induced reactive processing technique. Wamgal. [36] introduced wet masterbatch

technique instead of using the traditional dry mixing metho

13



There is a relatively small amount of published work on physical, dynamic and acoustic
properties of materials based on ENR alone as the main matrix. Moreover, the effect of the
epoxidation level on these properties of ENR has not been fully inviestigane particular

study on ENR alone was reported by Lu and3i]. They implemented an alternative
approachto produceENR with effective damping in a broad temperature and frequency
range. It was shown that the application of a different curing agent, phenolic resin, in the
ENR matrix helps to achieve an effective de
tempeature range from48°C to 100°C and in the frequency range front 10 13 Hz.
However, the research they conducted focused only on a single epoxidation level. The earlier
work reported by Ahmadet al. [38] in particular addressed the effect of different
epoxidation levels on the dynamical properties of ENR maktig.authors presentaimore
interesting findingor theshear modulus and loss factor of 0, 25 and 50 mol% epoxidation
levels The master curves obtained were found to be similar in stsagigown in Figure 2.

10! v e ——rrree
100 |

10

Loss Factor tan &

102 L L 4
10° 100 102 103 104 10°
Frequency (Hz)

102 p—rrrrmr—rrrr——rrrr—r—r—r——

G*(MPa) shear modulus -

102 [

100“““10‘._.““{02“ 10° 10°  10°
Frequency (Hz)

Figure 29: Mastercurves for dpamic properties of natural rubber (A), ENR (B) and
ENR-50 (C)[39].
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2.4 Dynamic mechanical propertief viscoelastic material

Viscoelastic materials such as rubbes used extensively for vibfacoustic isolationThese
materials display both viscous and elastic behaviour at different temperatures and
frequencies.The dynamianechanicaproperties such as dynamic modulus dachpingof

these materials are depentlen the temperature and frequen€ierefore, it is necessary

to test rubber compounds used in vibration and noise control applications in a range of

environmental conditions and frequencies.

2.4.1 Dynamic modulus and damping

The stiffness representsetielastic nature ahaterials while the damping representsrthe
viscous natwg These two propertieare described byhe complex modulu$39]. Any
dynamic modul i S U c (V) oaskearYnoduloé®p ccan bendefthed|as &

complex modulus. For exampliae complexmodulus,0, can be expressed as:

d 'O "QOh <)

whereO is the storage modulus ai@l is the loss modulug.hese parameters are illustrated
schematicallyin Figure 210. A ball is thrown down on a floor and it bounce back in the
same distance tGeThis is a measure of the energy stored during the impact of the ball with
the floor, whileCeeiserepresenting the energy lost as heat during the impalee difatil with

the floor as the ball becomes warmer on bouncing.

Figure 210: A difference between the storage modulbEand the loss modulu§ee e
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The loss factof- is the ratio of thedss modulus tohe storage modulus, and it can be
expressed as:

- — OAIs c8

Anothe term of the loss factor is taselta O A1), where] is a phase angle between
sinusoidalstress(, ) and strain(-) as shown in Figure 21. The stress anthe strain of a
viscoelastic materiareout of phase by some phase ariglgl. This iscaused by theiscous

and elastic nature of the materiatherea part of the energy stored during the loading is
recoveredduring the unloading phasandthe remainingenergy isdissipatedn the form of
heat. In contrast, the stress atitk strain of an elastic material are moving in phase because
all the energy stored during the loading is fully recovered when uedbakhe two
parametersQ A Tand ‘Oseaee useful in determine the damping value. The damping value

increases with the increasing of these parameters at a given temperature and fiddliency

, = stress

- = strain
o(t) a(t) 1 =phase angle
e(t) g(t) o=time

Elastic material Viscoelastic material

Figure 211: A comparison of sinusoidal stress and strain between elastic material and
viscoelastic materid¥Q].

Dynamic Mechanical Analysis (DMA)s a method used to determine the dynamic
mechanical properties afmaterial as a function of temperature, frequency, stress, time or a
combination of these parameters. The tested material or sample is deformed in a cyclic mode
and it reacts to the selected temperature, frequency, stress and other psrdivibter

operatesby applying oscillatory force to the sample and it provides information on the
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stiffness and damping behaviour of the sample. Specifically, a sinusoidal force is applied to
the samplewith a controlled stress or a controlled strain. Then the sample efdtm at a

certain limit based on its stiffness. The measurement of stiffness and damping are determined
by DMA as dynamic modulus afd/A 1. As a sinusoidal force is applied, the dynamic
modulus can be expressed as aphase component (storage moduls)yl an out of phase
component (loss modulus) as showrrigure 212 [42].

1.5 - Out of phase (loss modulus)
1 4 Phase
angle
05 -
force displacemen

0 T " T T 1
0/ 100 0 3?0 400
0.5 -
1 -

In-phase gtoragemodulus)

15 -

Figure 212: The relationship of sinusoidal stress and strain which resulting to phase angle
[42].

2.4.2 Glass transition temperature

Glass transition temperature is a fundamental theory of polymeric materials that needs to be
determined. Principally, the polymer becomes more viscous as temperature decreases. As
the temperature is reduced further, the polymer becomes rubbery and thgrnt freactes

a glassy state at which the polymer is frozen and hadd8y definition, the glass transition
temperaturg’y, is the temperature at which the polymer changes from rublgéass. There

are important changes in material propertiesmdlgmer at the glass transition temperature.

For example, the modulus of the polymer is drastically incceasgen its temperature is
reduced belowY [43].

One of the technigues to determine thas to apply the concept of free volume. The free

volume is an empty space in a polymer sample which is not occupied with the polymer

molecules. Ata high temperature, the free volume is large. The molecular motion in this
17



condition is relatively easy as m@& unoccupied volume provides enough space for the
molecules to move freely and change its structure easily, thereby resultimga low
modulus material. As the temperature is reduced, the free volume lsdessa until there

IS no space for polymer atecules to move due to volumetric shrinkage. This condition
contributing to a high modulus material. The temperature at this condititmseto "Y [43].

The schematic of stated condition is showrfrigure 213. The free volume is shown as a

shaded area.

The actial molecular
<= volume of polymer

Specific volume V

Temperature

Figure 213: Thespecific volume of a polymer sample as a function of temperpa@fe

Alternatively, Y can also be definedthrough athermal méhod by using Differential
Scanning Calorimetry (DSC). This method applies the heat flow on a polymer sample which
is undergoes a phase transition. The amount of heat flow is basically depending on heat
capacity of the polymer through these two processrgthermic (heat energy out) or
endothermic (heat energy iM4]. For example, a polymer atgéassystate will undergoes
endothemic process to transform torabberystate. Thereforenoreheat is needed to raise

the polymer temperatugsshown in Figure 44. At this physical transformation, a change

in slope can be observed and this situation corresporiifs to
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Figure 214: The heat flow of a polymer materialas a function of temperatujé4].

In terms of mechanical method, the Dynamic Mechanical Analysis is an instrument that can
estimatethe”Y. According to this methgdhe™Y istemperature ghe start of the transition

in the dynamic propertiesf the tested materiaHowever,this mehod camactuallyobtain

the transitionin Y, asthe "Y measurement is dependent on the frequency at which the

dynamic properties are measuasshown in Figure 2A5.

There are several factors tleninfluence the'Y of natural rubber. One of thefactors is

the materialstructure. Acis isomersstructure of natural rubbesuggestghat there is no

influence on théY even with the existence of nonbbers in raw natural rubber. However,
there might be a very smalhanges ifY if the natural rubber is replaced with synthetic

polyisoprene due to the presencetrains isomers[9]. It is also found that the physical

properties of the molecules such as roolar weight and crosslinking can affect tNe The
value of the'Y increases with the increasing molecular weight, while crosslinking reduces

the free volume and restricts the molecular motion of the polymer, hence increase the
“Y value[43]. The molecular weight values of natural rubber are more than 100,00@. In
case of polyisoprenes, thécan remain the same if the molecular weight is below than
5000. Therefore, this factor might also influence ef natural rubber. Finally, the curing

or vulcanisation of natural rubber can also increas€ Yhealue up to 3C as a result of
crosslinking between the curing agent (sulfur) and the rubber chain molecules during the

curing proces$§9].
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The value of the"Y for a natural rubbeis an important parameter in vibration and noise
control applications as it can be used to predict the temperature range inthehrcibber

can be applied efficiently as a good damping material.

> Natural rubber
1000 - Transition in"Y

_100 -
[+
A
=
m
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1 SV : :
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2.5
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m Transition in"Y

20 [
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(2]
g
=

1.0

0.5 -
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-80 -60 -40 220 0
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Figure 215: "Y transitionin the storage modulus and loss factor for the natural rubber as a
function of temperature at 1 Hz to 30 R].
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2.4.3 Effect of temperature and frequency

In the case of taperature dependencdetrubbermaterial behaviour is categsed into

three regionsa glassy region, a transition region, and a rubbery reggoshown in Figure
2.16[46]. In the glassy regigrthe molecular movement of the material is restricted, resulting

in the highvalue of the dynamic modulwghereas the loss factor is in the low value. As the
temperature increases, molecule segments within the material move more and more. In this
transition region, the dynamic modulus decreases drastically and the loss factor achieving
its maximum valueFinaly, in the rubbery region, the molecules are free to move. At this
point, the dynamic modulus reaching its lowesiueand the loss factor is back to the low
value[46].

2 Transition point
.§ Glassy region J
S Transition region g
Q S
. 5
% Vel Rubbey region 2 | Glassy Rubbey
S L 2 - region
a) Transition point ~ | region
Temperature Temperature

Figure 2.5: Temperature dependence of dynamic mechanical properties of rubber material
at constanfrequency[46].

A similar frequencylependencef the dyhamic properties of rubber is showrFigure2.17.
This example isfor unfilled rubber for an extended frequency raagj@goom temperature
Generally, the dynamic modulus increasgts the increased frequencihe most dominant
dependence on the frequgnis in the transition region. The loss factdrangegsapidly in
the rubbey region.The loss factor reaelsits peakin the transition regioanddecreases in

the glassy region.
Referring to Figure 2.16 and 2.17, the effect of increasing temperature on the dynamic

modulus is similar to that of decreasing frequency and vice versa. This relationship can

provide the foundation for the tirtemperature superposition princip4].
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Figure 2.7: Frequency dependence of dynamic mechanical properties of rubber material at
room temperaturg4g.

2.4.4The time-temperature superpositionprinciple

In practice, the dynamic mechanical properties of the rubber materials can be tested in a
limited frequency range. However, it is possibléntfer the dynamic mechanical properties

of rubberovera wider frequency range using the tieenperaturesuperposition principle.

The advantage of this principle is that measurements at different temperatures can be used
to predict the dynamic behaviour of the materials beyond the frequency rangebi Ahe
maching48].

Unfilled andunblended rubbers are single phase polymers with a sivig#s], andthese
rubbersareknown asthermorheologically simple materidl4d9]. The dynamic mechanical
properties of these materials, at different temperatures can be shifted horizontally and
vertically to obtain the master curvelsdynamic modulus or loss factiora widerfrequency

range for a given reference tempera{®®@. Generallythe timetemperature superposition

principle described by Rouleat al.[50] is shown in Figur®.18.
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Figure 218 Time-temperature superposition principtd].

Figure 2.18a) and(b) show the isothermal curves of the dynamic modulus and loss factor
as a function of frequency measured at different temperatited and"Y. These figures
present data sets of complex moduli measured at a limited number of temperatures and over
a vey limited frequency range. Figure 2.18 (c) and (d) illustrate the method of horizontal
shifting which is achieved using the shift coefficiedt,8This enables us to express the
dynamic modulus and loss factor as a function of a wider frequency range khawn as
reduced frequency and at a reference temperattiré this processhe isothermal curves

are shifted either to the left or to the right along the frequency axis until they overlapped
with the next curvekigure 2.18 (e) and (f) demonst&ahe method of vertical shifting using

the coefficienty . The isothermal curveareshiftedup or dowralong thecomplex modulus

axis until they ovedp with the next curve taken at a different temperature. Fjradingle
master curvés obtained though this process so that tithgnamic modulus or the loss factor
canbe determined as a function tife reduced frequencyl'he application of the time
temperature superposition principle on natural rubber and ENR will be discussed in detail in

section 3.3.
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2.5 Manufacturing process of ratural rubber foam

It was earlier mentioned thatggneral wayto produce natural rubber foansshrough the
use of natural rubber latex in liquid form or a dry natural rubber in solid fscomparative
study on themethods of manufactuteetweeratex foam and dry rubber foam are presented

in the following section.

25.1 Latex foam

Latex foam wa invented in 1929 and now it serves a range of commercial applications. It
has undergone many modifications and improvements to meet the demands of consumers
[5]]. Latex foam can be moulded in different shapes, sizes and also degrees of softness. The
degree of softness can be varied from the softness of a bed pillow through the firmness of
public transpd seating. There are two major manufacturing processes to produce latex

foam: Dunlop process; and Talalay process.

2.5.1.1 Dunlop Process

The Dunlop process was invented by Dunlop company in I®29This process involves
beating of aiinto compounded lateand adding a coagulating agémgel or coagulate latex
compounds. The production of latex foam can be achieved either with a batch proaess usin
a Hobart mixer with a wire cage mixing blade (Figure 2.19) or with a continuous foaming

process using an Oakes mixer (Figure 2[206).

Figure 219: A Hobart mixer used to produce latex fofbgd].
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Figure 220: Production of latex foam using an Oakes mixer in the continuous foaming
procesg53).

Principally, the production of latex foam can be described into three stages: foaming,
coagulating and curingzoaming of the latex is achieved fxing the latex mixture which
contains soap solutiowith a mixing bladeThe strong mixing action causes the air to be
thoroughly mixed to provide a uniform foam. By controlling the amount of soap present in
the latex compound, foams of various of density rbayproduced. The foam is then
deposited into a series of moulds (Figure 2.21(a)). The mouldthémelosed Coagulating

or solidification of the foam inside the mould now occurs withréaetionof zinc oxide and
coagulating agent (sodium silicofludg). These chemicals were added immediately after
the bubbling stage. As this reaction continues, the pH of the latex compound falls, and the
destabilized rubber particles coalesce and form a gel. As pH of the latex compound
decreases, the unconnectedhbaibbles break to form interconnecting pore structure in the
coagulated foam. The mould is then pass thraugteam chamber at 1@Wfor 25 minutes.

The vulcanizing or curing process is taken place to convert the coagulated latex compounds
inside the mouldnto latex foam. The mould from the steam chamber is then opened and
cured latex foam is removed. This process is known as a stripping process (Figure 2.21(b)).
Then, the latex foam is thoroughly washed to remove all the processing chemicals and dried

to remove all moisturgsl, 53).
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Figure 221: (a) Filling méulds (b) Stripping a latex foam from the mould after
vulcanisatior{51].
Over the years, most of the largeale latex foam manufacturers have been using the
continuows foaming process because the mechanism of this process is relatively simple. The
mixing process using an Oakes mixer has an internal coagulating system and it does not
involve the transmission of heat and other external factors that can influence thiatimag
directly. However, it is not always successful due to the complexity of the coagulating
process. It needs good process control and-evgderienced operatofS2].

2.5.12 Talalay Process

The Talalay process, also known as the freeze process is the only commercial alternative to
the Dunlop process. The Talalay process has similar procedure as the Dunlop process, with
the exception that it has no coagulating a8t The process starts with the foaming stage
where the latex mixture is converting irftmm with the action of a mixing bladéhe foam
is deposited in a closed mould. The air is extracted using vacuum to expand and distribute
evenly thefoamthroughout the mould. THeam isthen rapidly frozen to freeze its structure
in place by circulatig a coolant, glyceWater mixture at30°C through passages in the
mould. The carbon dioxide gas imtroduced in the mould to break the vacuum to
concurrently permeate and @ c o a g thé foaneThe glycolwater mixture in the
temperature range of 2ZLto 27°C is then circulated through passages in the mould to thaw
the foam Glycol mixture is circulated again at X@to initiate the curing proces®n
completion of the curing process, this glyeater mixture is circulated for the last time
through he mould passages to coléfoam. The complete cycle of the whole process takes
about 30 minutes. The mould is then openedh@fbam is removed from the mould (Figure
2.22). The foam is thoroughly washed and dried as in way similar to the Dunloggj&it;e
53.

26



The production of the latex foam using the Talalay process is relatively simple. However,
the complexity of the mould can contribute to high expenditure and high maintenance costs.
The process is typically used for the production of large samples ofdaies with regular

shape such as pillows and mattresses and it is less suitable for the production of small and
irregular shaped latex foam specim@bd. The advantages and disadvantages between the
Dunlop process and the Talalay process is given in Table 2.4.

Figure 222: Removing the latex foam of a Talalay process from the mould after
vulcanisatior{52].

Table2.4
Summary of latex foam procesgég).
Dunlop process Talalay process
Advantages T Versatility. 1 Easily automated.
9 Can produce moulded items 9§ No mould scrap.
any shape and thickness. 1 Good foam stability at ambier
temperatures.

Disadvantage: { Close processontrolsessential. { Relatively inflexible.

9 Foam stability very limited a { High capital outlay.
ambient temperature.

1 Significant mould scrap.
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2.5.13 Natural latex and synthetic latex

All | atex foam productions met hods have bee

[52]. Then, the demand for synthetic latex increased drastically. One of the factors is that
synthetic latex is cheaper than natural latex. This factor has naemafiyiraged latex foam
manufacturers to consider using synthetic
manufactures made major improvements to synthetic latex which made them more practical
to be used. Finally, the introduction of the Talalapgass to the latex foam industry
contributed to a high demand for synthetic latex. It is easier to use synthetic latex in this
process as it can be cooled quickly before stripping. It reduces the possibility of tearing
problem. However, the latex foam mdacturer is still using 20% and 3660% of natural

latex in synthetic latex compound in the Talalay and Dunlop processes, respectively. The
natural latex compound is required to improve the tear strength of synthetic latex foam. The
tear strength of the&im is important during the stripping process after cure and the low tear
strength of the foam can cause major problems in the latex foam manufacturing process. The
comparison of the characteristics of natural latex foams and synthetic latex foamsoig in Ta
2.5.

-(I;?)?rl]epirfisson of natural latex and synthetic latex in foam manufacturing p[&&ss
Natural latex Synthetic latex
Stability of mixes Fair-adequate Very good
Coagulation Easy Difficult
Coagulate strength Excellent Fair
Tear strength High Poor
Mould shrinkage High Medium-low
Product tensile properties Good Fair

2.5.2Dry rubber foam

The production of dry rubber foam can be produced either fratoralrubberor synthetic

rubber such as ethylene propylene diene monomer rubber (EPDM) and nitrile rubber (NBR)
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However, as for natural rubber, the most typical method to manufacture foams is through
the application of natural rubber latgsd]. Dry rubberfoamscan be categorizeds open
porefoam or closegporefoam[53]. Openporefoam is similar to that of latex foam. They
have an interconnectingore structure, while closegore foam has no interconnecting

between thgporescompletelyas shown in Figure 232

2k L

Figure 223: A comparison between (a) opparefoam and (b) closegorefoam[55].

2.52.1 Open pore foam

Open pore foam can be produced in sheetspulded strips and special shapeghe
ingredientdo produceopenporefoamconsistof inorganicblowing agents that produce gas.

A mostcommon blowing agent usdyy foam manufactureris a carbon dioxide blowing
agentknown assodium bicarbonaté&Sodium bicarbonates or sodium carbonates are one of
the alkali metals. However, all carbonateghis category require higher temperatures for
their thermal decomposition than the bicarbonaldse decomposition presssr®f the
carbonates of alkali metals do not exceddP@to 12 kPa even at temperature of 12D0
while the decomposition pressure of bicarbonatealkdli metals can reach 104 kPa at
temperature below than 200C. Therefore, sodium bicarbonate seems & the only
material of interest in the production of polymeric foafike thermal decomposition of
sodium bicarbonate into carbon dioxide gas begins atCl4® 150C and itdecomposed
completely in 30 minuteshe foaming activity of this blowing agentsdgm is relatively
low, and the gas formation proceeds smoothherefore, there is no risk of gas escaping
immediately from the mould during the curing process. It is also relatively stable during
transportation and prolonged storads8]. Moreover sodium bicarbonatés nontoxic,
odourless and nediscolouring. Apart from sodium bicarbonatemosttypically used are

ammonium carbonate and ammonium bicarbonate. These materials decompose into carbon
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dioxide gas with a little ammonia gapon heating process, and condtion of both gases
can create the synergistic effean the blowing agent system [56]. The thermal

decomposition of ammonia carbonate.( #/ ~and ammonia bicarbonate
.( ( # Dbegins at 30C and 60C, respectively.Both blowing agents release the

ammonia gas and the carbon dioxide gas as shotke iBquatios 2.3 and 24 [53].

(O # P . ( #1 (1 c®

CC#E P | #/ (/ c8

During the mixing process, lalowing agent is mixed together with rawbher and other
ingredientsThen, the blowing agent dispersed to generate @diumof micro-spots which

are stableat normal rubber processing temperatures. In the curing process, the temperature
of the rubber is raised and these mispmts ofblowing agents are decomposed to release a
gas which expands tle®ft rubber in the micrgpot area to produce a pg&®|. In order to
preventthe pore structure from collapsinghe rubber compounds mualiow the blown

rubber to set up immediatgtyior to thevulcanisatioror crosslinkingoroces [53].

2.52.2 Closedpore foam

Closedpore foam can be marfactured into threemethods moulded at low pressure
moulded at high pressureand continuoug extruded at ambient pressure. These
manufacturing methods use the sakme of organicblowing agentghat decompose into
nitrogen. Nitrogen has relatively lowessolubility than carbon dioxide, and this property
allows the production of closgabrefoam|[53]. Table 2.6 showmajor chemicatypes of
organic blowing agents used to produce clgsedkfoam. Among these organic blowing
agents, BSH blowing agents are very active as they have lowest decompesipenature.
Therefore, they are normally used with other blowing agents as they have an advantages in

reducing the cure ra{&3].

Manufacturing processes to produce 4pressure moulded closgare foam are similar to
those used for open pore foam. However, the production ofgnegsure moulded closed
pore foam $ much different particularly in terms of the curing process. This production

makes use of a twstep cure process. Firstly, rubber compounds are filled completely in the
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mould, and high pressure is applied to partially set the rubber compounds anckte doti

blowing agent. The mould is opened in the second step to release the internal gas pressure
and to allow the expansion of rubber foam within the mould. Then, the rubber foam is post
cured. In the case of the continuous extrusion method, rubberocooip are extruded
through a die in the extruder and cured rapidly using hot air, liquid curing medium or
microwave. At this stage, extruded rubber expands at ambient pressure without restriction
as it is not being produced in a closeduld. However, thisnethod needs good process
control particularly in terms of the rates of curing and blowing to produce a continuous
rubber foam with unvarying densif$3].

Table2.6
Major chemical ypes of organic blowing agents6].
Decomposittn  Gas

Chemical name Abbreviation temperature vyield Properties
(°C) (mlig)
Medium efficiency.
Azodicarbonamide, Odourless.
Azo-bis(formamide) ADC 160 to 180 180 Accelerates cure.

High efficiency.
Low cost.
Fishysmell.
Discolours rubber.

N, N&
dinitrosopenta DNPT 120 to 125 260
methylenetetramine

Medium efficiency.
BSH 90 to 100 130 Nontoxic.

No odour.

Non-discolouring.

Benzene
sulphaylhydrazide

2.53 Research status of dry rubber foam

Natural rubber foam produced from latex is generally used in commercial applications such
as mattresses and pillows. However, latex has low homogeneity as it contains only 30% to
40% rubber particles in the medium and remaining compositions are orgastiarags and
inorganic minerals[7]. Moreover, latex requires chemical stabilization for the stable
colloidal dispersion, as it is easily affected by the environment so that the storage and
handling are criticalOn contrary, dry natural rubber foam is more homogenendst as

less affected by difficulties related to the latex procedgihdory natural rubber foams have
great potential for numerous commercial applications such as in the automotive industry,

footwear, sports equipment, packaging and toyswéler, there has been little attention
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given to the production of dry natural rubber fogd®4g, and only a few studies have been
reported on these foams productiéor exampleMetherell[58] presented information on

the physical properties of natural rubber foams made from natural rubber2 iRl ENR

50. The blowing agds used were organic blowing agents: azodicarbonamide (ADC);
benzene sulphonylhydrazide (BSH); gntbluene sulphonylhydrazide. The mixing process

of the rubber compounds was carried out in a laboratory Banbury mixer @@ 400 the
two-step cure processas applied. The rubber compounds were filled in the mould with
102% mould loading and cured at 2@0 The foaming pressure and curing time were 12
MPa and three minutes, respectively. Then, the second step of curing was carried out in air
oven for 1 houat 125C. The author found that the foam densities were in a rangé0id

280 kg/m? and all the foamgroduced hadvery fine closeepore structures as shown in
Figure 224. A water absorption testing on the foams was also carried out. The results
indicated that all these foams had low water absorption were basically closed pore materials.

It

Figure 224: Micrograph of the pore structure of ENER foam[5§].

Another recent study by Kirat al explored the effects of the foaming pressii® and

curing temperaturg60] on natural rubber foam produced by a-step cure proces$he

blowing agent used wadN, Né&dinitrosopentamethylenetetraminONPT). All the
ingredients listed in refl59] and [60] were mixed using a twomll mill machine. The
compounded rubber was left for at least 24 hours prior to the curing process. Then, the rubber
compound was filled in the closedould. The mould was then transferred into an
electrically heated hydraulic press. The curing process was taken place to convert the rubber
compound inside the mould into natural rubber foam. The authors investigated four different
foaming pressures of 1.5 MPa, ®Pa, 3.5 MPa and 4.5 MPa in r¢89] and three different

curing temperaturesf 145°C, 15¢C and 153C in ref.[60]. They found that the density of

the natural rubber foam increases with the increasing foaming pressure. The apparent density
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was increased from 460 kgirat foaming pressure of 1.5 MPa to 590 kyahfoaming
pressure of 4.5 MPdt was also observed that increasing in foaming pressure resulted in
higher thickness of pore wall as shown in Figure 2.25. They have stated that high foaming
efficiency can be obtained with a low foaming pressure at 1.5 MRantrast, the density

of naural rubber foam decreases with the increasing curing temperdtueeapparent
density of foam decreased from 600 kanh curing temperature of 145 to 470 kg/rh at

curing temperature of 186. The authors were also found that increasing in curing
temperature leading to lower thickness of pore wall as shown in Figure 2.26&igimd
foaming efficiency can be obtained with high curing temperature &C155

Figure 225: Microscopy images of natural rubber foam at diffefeaiming pressuiseof
(a) 1.5 MPa, (b) 2.5 MPa, (c) 3.5 MPa and (d) 4.5 /3%

Figure 226: Microscopy images of natural rubber foam at different curing tempesaifire
(a) 145C, (b) 150C, and (c) 155C[60].

Effect of curing temperature on the production of natural rubber foams were also studied by
Najib et al. [4] and Ariff et al. [54]. They have investigated the physical properties and
morphological study of natural rubber in rpf] and ENR25 in ref.[54] at differen curing
temperatures of 14C, 150C and 160C. Both studies use sodium bicarbonate as the
blowing agent in the production of natural rubber foams. The methods to manufacture the
foams were also similar with the utilization of a twall mill machine andmplementation

of a two-step cure process. The ingredients were mixed at room temperature and the mixing

time was kept below 30 minutes. The rubber compounds were moulded in the compression
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mould at a temperature of 1 for 2 minutes as the first stepwas thercured in an air

oven for 20 minutes at three different temperatures of@Q4050C and 160C. They were

also observed that the density of natural rubber foams decreased and average pore size
increased with the increasing curing temperaturee density measured decreased
approximately 30% and 10%ér the natural rubber foam and the EI2R foam, respectively

At higher curing temperature, carbon dioxide decomposed from the blowing agent promotes
the pore walls to expand further and to reduceptire wall thicknesses of natural rubber

foam and ENR25 foam as shown in Figure 2.27 and Figure 2.28, respectively. This
expansion of the pore walls can also be ruptured to form larger pores and resulted in foam
with a lower density4, 54]. However, the density changes for EXR foam was not
significant as the curing temperature increased. This is due to the presence of epoxide groups
in ENR matrix that canczelerate the crosslinking of the rubber chains during the curing
process. Therefore, this immediate reaction can possibly restrict the pore expansion process

and resulted in small density reducti&d].

Figure 227: Microscopy imagesf natural rubber foam at differeatiringtemperaturesf
(a) 140C, (b) 150C, and (c) 168C [4].
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Figure 228 Microscopy imagesf ENR-25 foam at differenturingtemperaturesf
(a) 10°C, (b) 150C, and (c) 80°C [54].

The work reportedh ref. [4] focused on the dynamic and acoustic properties of dry natural

rubber foams. The authors measured the storage modulus abd$thef natural rubber
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foam for different curing temperatures of 2€QNR 140), 150C (NR 150) and 16 (NR

160) as shown in Figure 2.29 and Figure 2.30, respectiVély.dynamic behaviour of foam

was carried out over the temperature rangel0€°C to 100C at 1 Hz excitation. The
authors observed that the storage modulus decreased afil/Afiéncreased withthe
increasing curing temperature. They stated that the NR 160 foam had the lowest elastic
behaviour and the highest damping behaviour as compared to the NR 140 and NR 150 foams
All the foams tested were exhibited with high storage modulus in the lovetatape region.

Then, the storage modulus value decreased with the increasing temperature and finally
converged for all the three foams at around beld®?C. The storage modulus of the NR

160 foam was found lower than that of NR 140 foam because it tvea &mount of solid

phase. This result was correlated with the reduction of density and increasing of curing

temperature.
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Figure 229: The dependence of the storage moduluNigr140, NR 150 and NR 160
foamsas a function of temperature aHz [4].
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Figure 230: The dependence of thant for NR 140, NR 150 and NR 1@6amsas a
function of temperature atHz [4].
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The maximum o© A Tincreased with the increasing curing temperature. The authors stated
that increasing of curing temperature resulted in foam with a lower amount of solid phase.
This factor contributed to a decrease in the value oéldtic modulus and produced foam
with a higherO A Tvalue.

The authors of4] have also presented the sound absorption coefficienatural rubber
foam developed at different curing temperatures. These data are shown in Figure 2.31. The
authors found natural rubber foams were relatively efficient as sound absoddimigals in
the frequency range of 1000 Hz to 2000 Hz. These observations were controlled by the

physical properties of foam such as pore size and density.
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Figure 231: Sound absorption coefficiefdr NR 140, NR150 and NR 160 foaras a
function offrequency[4].

Sound Absorption Coefficient (a)

2.6 Vibro -acoustic of porous material

A porous material contains porous structure which acts as an acoustic absorber. The
performance of porous materials is influenced by the porosity and pore size. The porosity
allows sound waves to penetrate the porous structure while the pore size isilbdsgon

the energy dissipation in the sound wave that penetrates the porous structure. If the pore size
is relatively small, then the energy dissipation from the sound waves is relatively high, but
limited proportion of sound waves can penetrate to theys structure. However, if the pore

size is relatively large, more sound energy can penetrate the porous structure, but the energy
dissipation from the sound waves is relatively [@4]. The relationship between the pore

size and the sourmbsorptiorof porousmaterials is shown in Figure 2.32.
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Figure 232: The relationship between the pore size and the sabsolrptiorof porous
materialg 61].

2.6.1 Sound attenuation and sound propagationof porous material

The human ears asensitive to sound waves with the frequency in the range of 20 Hz to
20,000 Hz, equivalent to the wavelengths in air between 17 m to 17 mm. The sound waves
produce a change of air pressure in betweehPA#to 10 Pa. The sound velocity, in

porous medim can be expressed[&2)]:

whereOi s Y oung o0 s"” istheddenkity. §enarally there are three mechanisms for
sound attenuation: absorbing, insulation and damping. A sound absorbing material is needed
if the sound is generated within the enclosed space such as an office room, while the sound
insulating mataeal is essential to keep out the sound from outside comes to the office room.

If a sound wave comes from a source of the vibrations that transmitting through the wall of
a room, then vibration isolation and damping material is required. In the casepofols
materials, they can be really efficient as absorbing materials, and they can also combine with
other materials for the vibration isolation and damping purposes. The sound insulation is
related to the mass of the material which sound has to pendthat material with relatively

high mass can insulates against sound effectively. Lightweight porous materials are not
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recommended to be applied for this purpose but can be used in combination with other more

denser material62].

Porous materials have two phases;sbiéd porous structure referred as the framand the
fluid (air) which is contained in the pores confined by the frafhe. sound absorption of a
porous material can be described by two mechanisms. The first mechanismiscos
losses which happen through the friction betweerflthe andframe This frictional force

is then converting the sound waves or sound energy intoTHeasecond mechanism is the
thermal losses which happen throughitheversible heat flow within the porous spgdg

In general, porous materials candagegorised as follows;

a. Rigid: Theframedoes not move significantly wittihe motion ofthe fluid. This is due
to theframehas high stiffness or the density of fh@meis higher than the density of
the fluid [63].

b. Limp: Theframecan move freely with the motion of the fluid. This is resulting to the
density of the porous material is comparable with the density of the fluid fnathe
is not sesuppoting.

c. Elastic: Theexpandedramehas higher bulk modulus of elasticity than the fluid. The
frameinteracting with the motion of the fluighd the resultant structure vibrations need

to be considerefb]].

The sound propagation in a porous material is a mechanism that is governed by acoustic and
nonacousticpropertiesthat relate to the porous structure of the material. Key material
propertieof porous media are listed in Table 2ZIheprocedurealetails of each propertyre

presented in section 5.2.

Table 27
Acoustic and nofacoustic propertiesf porous materials.

Acoustic Non-acoustic
9 Sound absorptionoefficient 9 Porosity

1 Airflow resistivity

1 Dynamicproperties
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2.6.2 Determination of the dynamic measurement ofpporous material

The dynamic behaviouof porous materials is similar to theehaviourexhibited by solid
viscoelastic materialg.he stiffness of porous materials is relying on the force loading and a

hysteresiss also can be observed upon the application of cyclic lod64ig

As an example, theiscoelastidoehaviourof a porous materiatasinvestigatedn ref. [65].

They were studieche stressersusstrainfor amelamine foamand the stresstrain plotis
illustrated in Figure &3. There are three regions of the viscoelastic behaviour for a porous
material. The first region is the linear bending regibime stress increases drastically with
strain. The porous material is started to bend and stretdharalis limited small strains in

this region. The second region is the buckling region. In this region, the stress increases
slowly with strain due to the buckling of the porous material. Finally, the third region is the
densification region. The porounsaterial collapses arattsas asolid materia[62].

1.5

0.5t

0 10 20 30 40
£ (%)

Figure 233: The stresstrain plotfor a melamine foamat 24C and the three viscoelastic
regions[65)].

The recent study reported by Bonfigdibal.[66] investigated the accuracy\drioustesting
methods using five different porous materialseneralaboratories worldwidéround robin

test) In total, here werel4 laboratories involved in this study as listed in Tahig
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Table2.8
Fourteen laboratories involved in the measurement of dynamic properties of porous
materialq 66)].

No. Laboratory

1  University of Ferrargltaly)

2  Adler PelzeHolding GmbH (ItalyGermany)

3  STSAcoustics (ltaly)

4  Polytechnic of Milan (Italy)

5  University of SheffieldUK) andTun Abdul Razak Research CenfuK)

6  Matelys Research Lab/ENTPE (France)

7  Laboratoire d'Acoustique de I'Universite du Ma(feance)/LMSSC/Bourgogne
8 Cnam/PIMM (France)

9 Laboratoire Roberval de | 0Universi
10 SaintGobainlsover (France)

11 Katholieke Universiteit Leuven (Belgium)

12  Autoneum (Switzerland)

13 IRSST/Ecole ddechnologie Superieu€anada)

14  Sherbrooke University (Canada)

Five different porous materials were tested as shown in Fig@% Zhese were (A)
reticulated foam, (B) glass wool, (C) porous felt, (D) closed cell polyurethane foam and (E)
reconstituted porous rubbérhe physical properties of theporous materials are given in
Table 2.9.According to ref.[66], the selection of these materials can represents typical

porous materials used in vibration and noise control applications.

Figure 234: The tested porous materig{#\) reticulated foam, (B) glass wool, (C) porous
felt, (D) closed cell polyurethane foam and (E) reconstituted porous ri@jer
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Table2.9
The physical properties of the tested porous matdBals

Material Description Nominal thickness  Nominal density
(mm) (kg/nT)
A Reticulated foam 25 10
B Glass wool 50 80
C Porous felt 20 40
D Closed cell polyurethane foam 25 48
E Reconstituted porous rubber 25 240

The reproducibility ofive methods to determine the dynamic properties of porous materials

was studiedThere wagquasistatic uniaxial compression methaésonantmethod lamb

wave propagation methplansfer function/trasfer matrix methoénddynamic mechanical

analysis.The procedureof each methods presented in section 52

The measurement methods used by each laboratory is summarigatléen2.10.The

laboratory names were randomisaad denoted as a number of one to fourteen. Therefore,

these laboratories are referred as Laboratory 1 to Laboratory 14.

Table2.10

Summary of measurement methods used byl 4Haboratorie§66)].

Measurement method Laboratory
Quaststatic uniaxial compression method 2,3,6,8,9,10
Resonant method 1,4,7,11
Lamb wave propagation method 5
Transferfunction/transfer matrix method 3B!
Dynamic mechanical analysis 12,13,14

ILaboratory 3 used two different measurement methods. 3B is the second method.
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Figures 235 to 239 show the storage modudnd loss fact@ of each porous material
measured by all the 14 laboratorie€Senerally, closed cell polyurethane foam and
reconstituted porous rubber displayed strong viscoelbsti@aviouras the storage moduli

and loss factors increase with the increasing frequency.ekfw te overall dynamic
behaviourof each porous material shewoorreproducibility betweernthe 14 labordories

It can be seen clearly from the results that dynamic properties of porous materials have
high dependencon the measurement methobhe authorswere also observed that the
storage modulof glass wool, porous felt and reconstituted porous rubber have a strong

dependence on the varying static preload.

The authorsin ref. [66] suggestedhat there is a need for the measurement standardisation
to determine the dynamic properties of porous matériare are averalaspectshatneed

to be standardised such as testpreparatiorand installation of the porous materials, test
calibration procedures, and number of samples to be tested. Therefore, a new international

standard for dynamic properties measuremépboous material is required.
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2.6.3 Determination of the acoustical characterisationof porous material

The acoustical characterisation of porous material is crucial to determingcolstic
behaviourof this material and also to predict the raocoustic properties data that are related
to their porous microstructure. A standard mettmdneasure the acoustical properties of
porous material is the impedance tube methbe. measurement of this method paovide
the sound absorption coefficient and surface impedance of porous m§s8fiallhe
procedure of this method is presented in section 5.2.4.

The recent study reported BBompoliet al. [67] evaluatedthe accuracy of the acoustical
characterisation of porous materidhey were investigated three different porous materials

in sevenaboratories worldwide (round robin test) as listed in Tallé.2.

Table 211

Sevenlaboratories involved in thacoustical characterisatiai porous materialgs7].
No. Laboratory

University of Ferrara (Italy)

University of Perugia (Italy)

University ofBradford (UK)

Matelys Research Lab/ENTPE (France)

Katholieke Universiteit Leuven (Belgium)

Sherbrooke University (Canada)

Gesellschatft fur Akustikforschung Dresden (Germany)

~No o~ WDN PR

Three different porous materials were tested as shown in Figure 2.40. These were (A)
reticulated foam, (Bonsolidated flintand C) reconstituted porous rubber. Tteckness

and densityof these porous materiadsegiven in Table 2.2

Figure 2.4: The tested porous materig{#) reticulated foam, (B) consolidated flint, and
(C) reconstituted porous rublé&7].
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Table2.12
Thethickness and densitf the tested porous materig&].

Material Descrption Nominal thickness Nominal density
(mm) (kg/m?)
A Reticulated foam 20 8.8
B Consolidated flint 31 1500
E Reconstituted porous rubber 28 242

The reproducibility othe acoustical characterisatiohporous materials was studidd/pes

of the acoustical characterisatiand laboratories involved in which thedearacterisations
were measured are listed in Table®The laboratory names were randomised and denoted
as a number of one s@ven Theefore, these laboratories are referreBagnerl to Partner

7. The procedure of each acoustical characterisatiodiscassedn ref. [67].

Table2.13

Typesof the acoustical characterisatiosed by thesevenaboratorie§67].
Acoustical chaacterisation Partner
Sound absorption coefficient, 1,2,3,4,5,6 and 7
Airflow resistivity, ,, 1,2,3,4,5 and 6
Porosity,%o 1,2,3,4 and 6
Tortuosity,| 1,2,4 and 6
Characteristic lengths; andy" 1,2,4 and 6

Figures 2.4 to 2.43 show the sound absorption coefficient of materials A, B and C,
respectively. In the case of material A, a significant dispersion in the sound absorption
coefficient can be seen in the frequency above 2000 Hz. The dispersion of this material
presence duatthe frame resonance which can be observed for low density and soft porous
materials. The dispersion in the sound absorption coefficient for material B can be observed
particularly for frequencies above 1000 Hz. The dispersion of this material attributed
relatively high rigidity and effect the differences in the mounting condition. Some of the

partners wrapped the edges of the samples in tape to avoid any leakage around the edge
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during testing and some of the partners did not require the sampdevicapped in tape
because a good fit between sample and the testing tube can be achieved. The same situation
also applied for material C which one of the partners wrapped the edges of the samples in
tape and this action resulting to increment in airflogsistivity and causes to an
underestimation data for sound absorption coefficient.
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Figure 2.4: Thesound absorption coefficient fonaterial A ¢eticulated foamas a
function of frequency67].

o

o
o

o
)

o
9

>

tn

o o o o
=

w

Sound absorption coefficient [-]

= Partner 1 = Partner 2 = Partner 3

o
)

| I—

‘ 4 Partner 4 = Partner 5 = Partner 7

0 1000 2000 3000 4000 5000 6000
Frequency [Hz]
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Figures2.44and 2.45show the average values of airflow resistivity aodosity of naterials
A, B and C respectively The reproducibility for the airflow resistivityis relatively
satisfactory fomaterial Aand the reproducibility i®ow for materials B and dn contrast,
high reproducibility for the porosity of materials, B and Ccan beobtained. However,

different porositymeasurements on materialfi©@m partner Gappears to underestimate the
porosityvalue.
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Figure 2.4 Theaverage values of the airflow resistivity for material A (reticulated foam),
material B (consolidated flint) and material C (reconstituted porous rufiér)
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Figure 2.4: The average values of the porosity for material A (reticulated foam), material
B (consolidated flint) and material C (reconstituted porous rulpb&})
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Figure2.46shows the average values of tortugsiigcouscharacteristic lengtand thermal
characteristic lengtifor materials A, B and ClIn the case of tortuosity, the high
reproducibility is achieved for materials A and B and low reproducibility can be seen for
material C.As for the characteristic lengthéviscous and thermalkhe dispersiorwere
between 20% to 80%.
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Figure 2.4: The average values of the tortuogiiyp), viscous characteristic length
(middle)and thermal characteristic lendtiottom)for material A (reticulated foam),
material B (consolidated flint) and material C (reconstituted porous ruf@ér)
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The overall acoustal characterisation shows poor reproducibility between the 7 laboratories
particularly for the acoustical properties of highly resistive materials. This observation
suggests that tse porous material tested has natural inhomogeneiypart from that,
differences inthe sample preparatignmounting condition in the impedance tube and

measurement method were also attributed to the poor reproducibility.

The authors in ref[67] suggested that there is a need revision of themeasurement
standardisatiorto determine thecousical characterisatiorof porous material. There are
several aspects that need testendardiseduch as thpotential measurement problertest
installation of the porous materials, test calibration procedures, number of samples to be
measured, and acdepility of a certain standard deviation on the tests perforfrestefore,

a newmeasurement standardisatior acoustical characterisatiasf porous material is

required.

2.6.4 Modelling sound propagationof porous material

The mostcommonlyusedmodelling on sound propagatiaf porous materialgs based on

the Biottheory.This theory describes sound propagation in a porous saturated medium that
is fully saturated with a fluid which is resulting to the existence of compressional wave and
transversal wave. In this threimensional theoryseveral noracoustic parameters are
considered such as fluid density, airflow resistivity, poyosihd tortuosity. However,
modelling through this Biot theory is considerably complex. Therefore, it hascbe@mon

in a theoretical model to introduce seempirical modelwith inversion on nofacoustic
parametes, but itappearshat most theoretical models are not capable to fully characterised
the complexity of real porous materig&l]. A clear physical model proposed by Johnson
ChampouxAllard [68, 69] is based on knowledge of the viscous and thermal characteristic
lengths but these parameters are not straightforward to detefitharefore, a few of simple
empirical models have been introduced such as Delany and Hagleyiki [71] and

Voronina[72].

The viscous and thermdissipation from the sound propagation through a porous material
is shown to be related to a relaxaticharacteristic Based on this situation, another

theoretical model known asrelaxation model or Wilson modgrI'3] for dynamic density
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and dynamic bulk modulus proposed to describe the viscous and thermal processes,
respectivelyMoreover thereis atheoretical modelhichis not considering the viscoasd
thermal claracteristic lengths as parameteasnely asa Padéapproximatior{74, 75]. This
model is based on the microstructure properties of porous matwehas can be used
togetter with other noracoustic propertie® predict the acoustical behaviour of complex

porous materials.

The ability to predict sound absorption of porous material is important or noise control
applications. Most of the acoustic models that are used to determine the sound absorption
behavior are equivalent fluid models. This fluid behaviour is describedebfrefuency
dependent sound characteristic impedagce, and by the frequency dependent sound
wavenumber in a porous materi&,] , wherel is the angular frequency expressed as

1 ¢* 'Bwhere™Qis the sound frequency in Hertz. The sound atkristic impedance

relates to the ability of sound waves to penetrate a porous material and propagate in it,
whereas the sound wavenumber relates to the sound speed in the porous space and the rate
at which the sound is attenuated. These properties eaprddicted theoretically or

empirically[76].

Models relate the sound characteristic impeda@icand the sound wavenumbé&®, to the

dynamic density,” and compressibility® of the equivalent fluid by the following

equations:

. p "

O T Q51
and

TQ Cu "Q” 6 Fl c&

where” is thefluid equilibrium density andb is the sound speed in the fluid. Theoretical
modelsconsider the viscous losses and the thermal losses in a porous material. The viscous

losses in a porous material are influenced by the dynamic density of ithe” flu The
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viscous losses are also noticeable at frequencies lower than viscous fregueanay it can

be expressed as:

iﬁ,,ﬁ cq

where— is the dynamic viscosity of the fluid amds the pore size. However, the viscous
losses are relativelow at frequencies higher than viscous frequency and the inertial effects
are dominant. The difference between the viscous losses and inertial effects in the material
pores can be differentiated by the viscous characteristic frequency that is cortycied

pore size. In the case of thermal losses in a porous material, they are influenced by the
compressibility of the equivalent fluid, . The thermal losses are noticeable at frequencies
below than thermal frequengy, and it can be expressed as:

h &)

wherell is the thermal conductivity of the fluid anid is the heat capacity of the fluid.

Howeve, the thermal losses are relatively low at frequencies higher than thermal frequency

where no heat transfer occurs.

Empirical model tends to estimate the sound characteristic impedararag the sound
wavenumber,Q directly. The equations in emrjial models are based on theeasued

values ofnonacoustic parameter$hese models are validated with experimental data for
the acoustic behaviour of porous material. Acoustical property that can measured directly is
the normalised surface impedange,of a hardbacked porous material of thickne&sHere

G can be expressed p&j|:

G GAT OERQ h CP T

where Q U p.
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Numerousworks studied on the comparison of measurement data and prediction of
acoustical characterisation of porous materials. For example, Horoslj&i@kowestigated

the effect of consolidation on the acoustic properties of loose rubber granulétéspaper,

the authors compared the acoustic performance of the rubber graniidetes and
consolidatedpbtained from the measurement data and several established models; Miki
model, Wilson model, Voronina model afhdéapproximation.Mixes of two different
granule sizes; 0.71 to 1.0 mm andllid 2.0 mm were studied for the comparison purposes.
Each granle size was separated into loose granular mix and consolidated granular mix with

the compaction ratio (CR) 35%.

Figure 247 shows a comparison between the measurement data and predictions for the
surface impedance of the loose granular.niikerewas good correlationbetween the
measured and predicted results in the frequency range below 3000 to 350MeHz.
predictions bythePadé approximatigiWilson model and Miki model were almost the same.
However, the disagreement between the measured and pdededults becomes more
pronounced in the frequency range above 3000 to 3500tHe a®dels wermoresensitive

to any variations of the neaicoustic parameters.

Figure 248 shows a comparison between the measurement data and predictions for the
surfaceimpedance of theonsolidatedgranular mix. There was good correlation between
the measured and predicted resudts lower frequencies and remain poor at higher
frequencies. The predictions by thadé approximatioand Miki model had good agreement

with the measured data for frequencies below than 2500 Hz.
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Figure 2.4: A comparison between the measurement data and predictions for the surface
impedance of th@8.71 to 1.0 mm (top) and41to 2.0 mm (bottom) loose granular mix

[77.
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Figure 2.8: A comparison between the measurement data and predictions for the surface
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mix [77].
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The authors in ref.77] stated that agreement between the measurement data and predictions
can be improved if the neaoustic parameters used in those models are adjusted. They have
used the NeldeMead simplex method to minimise the difference of the measured surface
impedance value and those predicted by the theoretical métdg; approximatioand

Wilson model. In thedjustment process, the minimisation analysis

O a 1 hRf a1 RfQ P p

was carried out to adjust the nanoustic parameters by fitting the predicted values of
surface impedancé, hto the measured datd, , obtained at the frequeies , whereaf
is the design variable vector. The adjustment values for thacmunstic parameters and the

percentage of the required adjustment are shown in Pable

Table2.14
Measured and adjusted values of the-aooustic parameters for theegiction of the
acoustic properties of loose and consolidated granular xgs

_ Standard
Airflow o
o deviation in
resistivity, ,, _
Mix Porosity %o Tortuosit ore size,
(N.s/nf) Y v g
(mm)
Measured 10 900 0.605 1.201 0.41
Loose
. 18 560 0.75 1.32 1.33
0.71to 1.0 mm Adjusted
(+70%) (+25%) (+10%) (+324%)
Measured 4 960 0.622 1.201 0.40
Loose
4910 0.68 1.31 0.18
1.41to 2.0 mm Adjusted
(-1%) (+9%) (+9%) (-222%)
Measured 92 200 0.364 1.681 0.27
Consolidated
. 94 600 0.43 1.65 0.53
0.71to 1.0 mm Adjusted
(+3%) (+18%) (-2%) (+96%)
Measured 19 800 0.36 1.6 0.35
Consolidated
18 990 0.47 1.67 0.62
1.41t0 2.0 mm Adjusted
(-4%) (+30%) (-1%) (+77%)
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Figure 249 shows the improved agreement between the measured and predicted results of
the surface impedance by tRadé approximatiomand Wilson model for the loose and
consolidated granular mixes. The adjusted values of theacowustic parameters were
implementedand those parameteariationscan result in an excellent agreemeuiith the

measurement data.
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Figure 2.49: A comparison between the measurement data and prediatongsthePadé
approximation(solid line) and Wilson model (dotted linfy the (a) realand (b) imaginary
parts of thesurface impedance dfe loose andonsolidated granular mes[77].
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2.7 Summary

The commercial use of ENR is expected to grow drastically especially in the tyre industry.
There are many other specialized applications for ENR which have not been investigated
extensively. In the case wibro-acoustic applications, there is a relatively small amount of
published work that can be related to ENR. Most of the studies are focused on the physical
and dynamic characteristics of ENR blending with other polymers, and less research work
has beenahe on vibreacoustic properties on ENR alone. The effect of the epoxidation level
on these properties of ENR has not been fully investigated. Natural rubber foam can be
produced from latex or dry rubber. However, the homogeneity of the latex compasition i
doubtful as it contains other residual substances. Latex handling is also critical as it is easily
affected by the environment. On contrary, the production of natural rubber foam from dry
rubber can eliminate difficulties that are associated with |dtiesre has been little attention
given to the production of natural rubber fofnom dry rubber. In fact, no exact theory is
currently known that describes the use of natural rubber foam inadwostic applications.

All these points deserve further intigsition to understand how to design natural rubber and
ENR that can be used in vibration and noise control applications. This redgmaesping

the relationship between the nanoustical and acoustical properties of natural rubber foam

so that it can & designed as a noise control material.
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Chapter 3

Dynamical Properties of Epoxidized Natural Rubber
3.1 Introduction

This chapter focuses on tgnamic mechanical characterisation of solid epoxidized natural
rubber (ENR)and solid natural rubbefl he effect of different epoxidation levels on the
dynamic behaviour of ENR as a single matrix investigatedfor a wide range of
temperatures and frequencies. Three tggestural rubber with different epoxidation levels
of 0, 25 and 50 mol%restudied. The master curves of thenamic properties of theibbers

are generatecand nomogram relating the reductdquency to the complex moduli at
different temperatures presentedThe influence of the epoxidation level on the relationship
between the two dynamic moduli of the matersaélso studied using a Ce@ole plot.
Finally, the dynamic properties obtathare fitted by fitting the 5parameter fractional

derivative model by Pritg6] to the master curves for the complex dynamic modulus.

3.2 Experimental procedures
Three types bnatural rubber, SMRCV60, ENR25 and ENRS50 were obtained from the

Malaysian Rubber Board. The basic details of the materials are shown ir8Table

Table 3.1
Rubber materials used in the experiments.

Characteristic

Material Type Epoxidation Glass Transition
LeveP (%) Temperature’Y? (°C)
Natural rubber SMR-CV60! 0 -72.0
Epoxidized natural ENR-25 29.4 455
rubber
ENR-50 52.1 -25.1

1 Standard Malaysian Rubber constant viscosity: grade 60

2as analysed by Protdvuclear Magnetic Resonancél(NMR)

3 estimated based on the epoxide levels analysetHb)MMR from relationship described by Davey and
Loadman[13]
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All other ingredients were provided by Tun Abdul Razak Research Centre (TARRC),
Hertford All of the materials were commercial grade. The formulations used are given in
Table3.2 The formulations are denoted by RO, R25 and R50, where the numbers stand for
the epoxidation level of the rubbétarts per hundred of rubber (phr) of each ingredient was
calculated based on the weight of rubber useinigleformulation.For example,fil000g

of SMR-CV60 raw rubber used in RO formulation, the weight of othgredients can be
calculated as 25 g for sulfur, 40 g for zinc oxide and stearic acid fdlOVgingstay L and

CBS and 3 g for PVI.

Table 3.2

RO, R25 and R5M@fmulations in parts per hundred of rubber (phr).
Ingredient RO R25 R50
SMR-CV60 100 - -
ENR-25 - 100 -
ENR-50 - - 100
Sulfur 2.5 2.5 2.5
Zinc Oxide 4 4 4
Stearic Acid 4 4 4
Wingstay L 1 1 1
CcBs 1 1 1
PVI? 0.3 0.3 0.3

1Benzothiazyl2-cyclohexytsulfenamide
2Prevulcanisation inhibitor

All the mixing process and dynamic testing were also carried out at TARRC, Hefitfard.
materials were compounded on a laboratamg-roll-mill machine maintained below 40°C
(Figure 3.1(a))This is a mill that consists of two metal cylinders rotatingaais each other.
Raw rubber was loaded at the beginning of the compounding pré€gsse 3.1(b)) The
other ingredients were mixed together and then loaded graduadlythe two-roll-mill.
Finally, a smooth and uniform sheet was obtaiflégure 3.2) The compounding time was

kept below 20 miates.

The compounded natural rubber vied$ for 24 hours before being compression moulded in
the rubber disc shapeahould (Figure 3.3)for 20 minutes using an electrically heated

hydraulic press at 150°QFigure 3.4). The curing time was selected according to the
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crosslinking time at which 95% of cure has taken place observed in the rheometer curve.
The curve was analysed using a Monsanto Rheometer, MDR PI0®€heometer curve will
be discussed in section 4.3.2

Figure3.3: A rubber disc shaped mould
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Figure3.4: An dectrical heated hydraulic press.

The rubber pieces were bonded to staint#esl surfaces during the curing process. The first
step for bonding wat® clean the stainless stdsf dry sandblasng (air-blasting)as shown

in Figure 35. Then the stainless steel was immersed in acetonemove the loose particles

for 5 minutes. Finally, a rubbemetal bonding system, Chemosil® 211 (primer) and
Chemosil® 225 (covercoat) were applied to the stairdéss| surfacesvhich was tobe
bonded to the rubber pieces during the curing processndptiyne of 30 mintes at room
temperature for primer bonding agent was allowed before applying the covercoat bonding

agent.

Stainless steel Sandblasting
substrates nozzle

P 3 v "
S AL

i3

Figure3.5: A dry sandblastig machine
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The dynamic properties of the three vulcanizates were measured aidihetravib
DMA+1000 dynamic mechanicanalyser(Figure 36). Tests were carried out over a
frequency range of 0.1 to 170 Hz and a temperature rang® dd 50°C with a dynamic
strain d 0.1%. Double bonded shear test piecesg(ife 37) were used. The nominal

dimensions of the rubber disare 10 mm in diameter and 2 mm thickness.

1000

”0 cm

- 'aTaVal BN |

Figure3.7: A double bonded shear test piecestainless steel; 2: rubber.
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3.3 Dynamic mechanicalproperties

3.3.1 Effect of temperature

Figure 3.8illustrates the dependence of the storage modi)®6 a function of temperature
in the range of40°C to50°C for natural rubber with different epoxidation levels. These data
were taken at 170 Hz excitatiofihis choice of frequency is the best to capture the

development of the loss factor peak for the RO, R25 and R50 rubbers studied in this work.

1000
= RO #R25 ~R50
100 -
5 ¥
S 10 -
- |
&)
]
[ ]
1 - " u
|
[ ] | | H B B s 8 2 o @ &
0.1 T T T T T T T T T T
-50 40 -30 -20 -10 O 10 20 30 40 50 60
Temperature (°C)

Figure 3.8 The dependence of the storage modulus for RO, R25, and R50 rubbers as a
function of temperature at 170Hz.

It can be seen that all the materials exhibit i@ the low temperature regioi©decreases
with the increasing temperature. Instiregion the mobility of the polymer chains was
increasing[78], so that a reduction in the material stiffness was expected. The storage

modulus eventually converges for all three materials at around 50°C.

Figure 3.9shows the loss factof(A 1) curves under the same conditions. This parameter

gives a measure of the energy loss in the material due to the molecular rearrangement and
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internal friction in the natural rubber matrix. Above 5CA 1, and therefore dampin
increases with the increasing epoxidation levelufégB.%also indicates thal increases as
the epoxidation level is increased, suggesting that the epoxide groups result inngstrict
movementhe natural rubber chain&s a result, a higher temgaure is needed to overcome

the chain rigidity and interactions and allow rubbeepaviour

2.5

-+R(0 -e-R25 -+R50

2.0 -

1.5 -

Tan &

1.0 -

0.5 -

0.0

-50 40 -30 -20 -10 0 10 20 30 40 50 60
Temperature (°C)

Figure 3.9:The dependence of the loss factorA)) for RO, R25 and R50 rubbers as a
function of temperature at 170Hz.

3.3.2 Effect of frequency

The storage modulud), of thethreematerials as a function of frequency and temperature

is plotted in Figres3.10to 3.12 It is frequency dependent, with its value increasing with
frequency at all measured temperatures. However, at higher temperttaretorage
modulus is relatively frequency independent. It becomes progressively more dependent on
frequency as the temperature decreases. Well abov¥,ttlee molecules are free to move

and experience relatively little resistance, so that a rehative modulus can be observed.

As a result, similar storage modulus values are obtained at high temperatures for all three
compounds. However, as the temperature approachéy,ttiee frequency dependence of

the properties becomes more pronounesdsiown in Figures3.10to 3.12
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Figure 3.10The frequency dependence of the storage modulus of RO rubber for a range of
temperatures:40°C to 50°C with 5°C interval.
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Figure 3.11The frequency dependence of the storage modulu@®fudber for a rage of
temperatures:25°C to 50°C with 5°C interval.
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Figure 3.12The frequency dependence of the storage modulus®fibber for a range of
temperatures:10°C to 50°C with 5°C interval.

3.3.3 Time-temperature superposition

Theisothermal curves plotted in kiges 3.10to 3.12can be shifted along the frequency axis
and storage modulus axis to obtain superposition. In practice, the dynamic mechanical
properties of the rubber materials can be tested in a limited frequency raxwgeveH, it is
possible to infer the dynamic mechanical properties of the rubber over a wider frequency
range using the timeemperature superposition principle. The ttamperature

superposition is expressed in the following equajtéB) 79]:

0 ®] —="01 h oP

where’O and "O are the shear modulus at the reference tempera¥fimed at a given

temperature)Y respectivelyw is thehorizontal shift coefficient along the frequency axis,

1 , while” and” are the density of the material & and™Y respectively, and:
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