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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 successfully of this 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 available for ENR which have different
epoxidation levels: 25 mol% and 50 mol%. These are referred as ENR-25 and ENR-50
respectively. ENR has been developed mainly to be used in the tyre industry, but its actual
ability to control vibration and noise is poorly understood. 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% epoxidation
levels were firstly identified over a range of temperatures and frequencies, and a master
curve for their dynamic properties was generated based on the time-temperature
superposition principle. The natural rubber foams were then produced from the solid natural
rubber formulations containing blowing agents using a two-roll mill mixer and a
compression moulding. The foams were characterised physically with respect to their
density, porosity and airflow resistivity. Dynamic properties of the foams were analysed over
a range of temperatures and frequencies. The microstructure properties of the foams were
scanned using Micro Computer Tomography (Micro-CT) scanner, and the mean pore size
was generated based on the micrographs obtained, while the acoustic properties of the foams
were measured using a two-microphone impedance tube to determine its sound absorption

coefficient efficiency.

This research provides new data on the physical, dynamic, microstructure and acoustical
properties of natural rubber foam with different epoxidation levels. In addition, the
modelling work was carried out to understand the relationship between the key non-
acoustical parameters of natural rubber foam properties and its acoustic absorption
performance. These observations are of a high value to help design natural rubber foams for

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 petroleum-based
resources because it is a cheaper material and process. This scenario drives down 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 rubber such as Standard Malaysian Rubber
Constant-Viscosity (SMR-CV) has declined drastically from USD 5.30/kg in the early of
2011 to USD 1.82/kg in the mid 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 especially for the younger

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

longer term.
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Figure 1.1: SMR-CV prices from 2011 to 2018 [1].
1



These issues have brought attention to the natural rubber industry which is now obliged to
take serious steps by introducing 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 chemically 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 high-tech applications as well as to improve the properties of
natural rubber. ENR is primarily designed to be used for the production of environmentally-
friendly tyres or green tyres. These tyres can provide low rolling resistance, high wet grip
and low heat buildup so that the fuel consumption can be reduced [2].

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 National Key Economic Area (NKEA). NKEA is a driven economic program that
offers government funding and policy support. This program attracts Prime Minister’s
personal attention to the problem. The government believes this NKEA has significant
impact on the Gross National 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 2020 [3]. 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 potential applications 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 concentrating on the physical 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 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

investigated.



There is also no research related on the acoustical properties of ENR foams, however, a few
studies have been reported on these properties for natural rubber foams. For example, Najib
et al. [4] studied the acoustic and dynamic properties of natural rubber foam at different
foaming temperatures of 140°C, 150°C and 160°C. They observed that an effective sound
absorption can be achieved at lowest foaming temperature with a maximum sound
absorption coefficient of 0.94 at 1552 Hz. Another recent study, Vahidifar et al. [5]
investigated the acoustic performance of natural rubber foam with variable carbon black
(reinforcing filler) content using one-step foam processing. The results exhibited that a sound
absorption decreases with increasing carbon black content with a maximum sound
absorption coefficient 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 to design rubber

foam intelligently as a generic noise control material.

1.2 Aim and objectives

Natural rubber is found routinely in vibration isolation elements. However, it struggles to
compete against polymeric foams to solve the noise problem efficiently. Therefore,
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 knowledge in these applications. The performance of
an elastomeric vibro-acoustic 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 dynamic 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 vibro-acoustic properties of ENR foams has been
reported, either ENR as a single matrix or the effect of different epoxidation levels on those

properties.
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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 design ENR and natural 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 and solid natural rubber.
b. To develop a new manufacturing process of ENR foams and natural rubber foams.
c. To characterise the ENR and natural rubber foams in terms of their physical,
dynamical, microstructural and acoustical properties, and to compare their behaviour
with that of commercially available vibration and noise control foams.
d. To model the in-situ acoustic absorption behaviour of ENR foams and natural rubber

foams.

1.3 Thesis structure

The thesis is organised as follows. Chapter 2 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



properties of viscoelastic material, manufacturing process of natural rubber foam and porous
material in vibro-acoustic applications are studied. The methodology 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 results and discussion chapters:
Chapter 3, 4 and 5. In Chapter 3, the dynamical properties of solid ENR and natural rubber
over arange of temperatures and frequencies are presented. A master curve for their dynamic
properties is generated based on the time-temperature superposition principle. The 5-
parameter fractional derivative Pritz model [6] is also applied to the experimented master
curve. In Chapter 4, a new manufacturing process of natural rubber foams and ENR foams
including formulations, mixing process and curing procedures is explained. In Chapter 5, the
physical, dynamic, microstructure and 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 discussed. 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
develop natural 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
properties 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. Next, the production process of natural rubber foam is reviewed. A
comparative study on the manufacturing process of natural rubber foam produced from latex
and dry rubber is presented. The research status of natural rubber foam and ENR 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 characterisation methods for porous material are discussed. The
modelling of sound absorption of porous material is also explored to understand how to

predict the acoustic behaviour of porous material.

2.2 Natural rubber

Natural rubber is a polymer that is categorised as a viscoelastic material. It is produced 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, Palaquium Gutta tree and Guayule flower.

Natural rubber is typically being obtained through three processing steps: field latex;
coagulated latex; and value-added specialty rubber [7]. Each processing step is different
from one another as they have different raw materials, manufacturing processes and

applications as shown in Table 2.1.
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Figure 2.1: The latex exudes from the rubber tree (Hevea Brasiliensis) [8].

Table 2.1
Natural rubber processing [7].
Processing 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

process Latex products Dry rubber products Niche dry rubber products

Gloves, balloons,
latex foams.

Green tyres, engine

Applications mountings, adhesives.

Tyres, hoses, seals.

IStandard Malaysia Rubber Constant Viscosity 60

Natural rubber is chemically known as polyisoprene [9] and its polymer structure is shown
in Figure 2.2. The unigueness of natural rubber lies in its physical properties, great
deformation capacity and very high strength that made them as a top material to be used in
engineering applications [7]. It also has outstanding low temperature flexibility with a glass

transition temperature (T,) of the natural rubber is approximately -72°C [9].
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Figure 2.2: Chemical structure of natural rubber (polyisoprene) [10].

In its natural state, however, natural rubber has limiting properties. It is greatly affected by
temperature, low resistance to oils, and low resistance to air (oxygen and ozone) in the
atmosphere [7]. In order to overcome these weaknesses of natural rubber, many of rubber
manufacturers have developed synthetic rubbers, so that they can be used in a wider range
of applications. The main synthetic rubbers such as isobutylene isoprene rubber (I1IR) or
butyl rubber, nitrile rubber (NBR), and ethylene propylene diene monomer rubber (EPDM)
are derived from petroleum-based resources. Each of these rubbers has its own advantages
over natural rubber. 1IR 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 weather [11].

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 double bond of the
polymer backbone [12]. Inthe case of natural rubber, a known percentage of its double bonds
are reacted to form epoxide groups. Figure 2.3 shows the reaction of natural rubber in latex
stage with peracetic acid solution. In this reaction, epoxide groups can be observed

distributed randomly along the natural rubber backbone.
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Figure 2.3: The formation of epoxide groups [12].

As the epoxide groups are introduced, ENR shows a higher glass transition temperature (7)
as compared to natural rubber by approximately 1°C for every mol% epoxidation [13]. This
result was also observed in previous research [12] which demonstrates that the T, of ENR
measured by differential scanning calorimetry increases linearly with the increasing
epoxidation levels as shown in Figure 2.4. This will strongly affect the dynamic mechanical
properties of ENR [14].

Tg °C

10}

25 50 75 100
Mole % Epoxidation

Figure 2.4: The effect of epoxidation level of natural rubber on the glass transition
temperature, T, [12].

ENR also provides a lower swelling characteristic as it has more polar group which
influences reduction in swelling behaviour (Figure 2.5). The investigation reported in ref.
[15] stated that ENR consists of polar group can contributes to three-dimensional network.

The network restricts swelling because of a small amount of open chains and gaps between



rubber molecules. In addition, ENR provides good resistance to oils and non-polar solvents,
low gas permeability, high damping at room temperature and great wet grip performance.
These properties result from the high polarity of epoxide groups, which are randomly
distributed along the natural rubber backbone [16, 17]. Moreover, some of these advantages
are equivalent to the physical properties of other synthetic rubbers with oil resistance similar
to NBR and gas permeability similar to IIR. The comparison of those physical properties for

natural rubber, ENR and synthetic rubbers are shown in Table 2.2.

Figure 2.5: Swelling behaviour between ENR O-ring (left) and natural rubber O-ring
(right) after soaking for four days at 23°C [18].

Table 2.2
The physical properties of natural rubber, ENR and synthetic rubbers [19].
. . Natural 1 2
Physical properties rubber ENR-25" ENR-50 NBR IR
Oil resistance:
volume increase in polymer® 15 1.2 0.1 0.2 -
(%)
Relative gas permeability* 100 25 7 - 6

'Epoxidized natural rubber with 25 mol% epoxidation level.

2Epoxidized natural rubber with 50 mol% epoxidation level.

3After soaking for four days at 23°C.

“Natural rubber is taken as the reference and other polymers are rated accordingly.
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There are two commercial grades of ENR which have different epoxidation levels: 25 mol%;
and 50 mol% [14]. These are referred as ENR-25 and ENR-50, respectively. Rubber with
any level of epoxidation can be developed under the right reaction conditions, which are
mainly controlled by the peracetic acid concentration and epoxidation temperature [12].
However, a high level of epoxidation can lead to a reaction where the epoxide ring is opened,
resulting in a non-homogenous product. In this process some of the epoxide groups
experience ring opening reactions, which then proceeded with the formation of furan groups
along the rubber backbone as shown in Figure 2.6. Therefore, at high concentrations and
high temperatures, the level of furan groups in the natural rubber predominates [20], whereas

at low concentrations and moderate temperatures, ENR is produced as a sole product [12].

Ring opening
Epoxide ring structure

Epoxidized natural rubber

AR =AY
;
‘Y

Furan groups

OH

(@) O
/ LT\__L‘\—:JT\DL‘
n X L

Figure 2.6: The formation of furan groups [12].

ENR experiences strain crystallisation contributing to the high strength properties. However,
the degree of crystallinity decreases with the increasing epoxidation levels. Other properties
such as oil resistance, damping and gas permeability also change linearly with the
epoxidation levels. The investigation reported in ref. [12] on the reaction of natural rubber
latex with 100 mol% peracetic acid produced a white amorphous powder that is known as
‘furanised natural rubber’. The properties of furanised natural rubber are similar to
polystyrene. It has no elastic properties of rubber [20] as shown in Figure 2.7, and it can be

moulded using an injection molding machine [12].
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Figure 2.7: A stress-elongation properties comparison between furanised natural rubber,
polystyrene and natural rubber [12].

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 can be used in a wide range of applications. ENR
has been studied extensively by the tyre industry [21], and tyre applications are also the
largest market for ENR [22]. For example, ENR-25 tyre compounds indicate low rolling
resistance and excellent wet traction, hence contributing to the high performance that can
accommodate for fuel efficiency and safety requirements for modern passenger vehicles

[14]. ENR-50 has been used in tyre inner liners and tubes to replace butyl rubbers [22].

ENR is recognized as a commercial rubber and marketed as Ekoprena (Figure 2.8) [23]. Its
implementation in the market are expected to increase rapidly and the applications of usage
for ENR are listed in Table 2.3. However, there are many other specialised applications
where ENR has not yet been evaluated extensively. ENR is produced from large-scale
manufacturing in Malaysia and is currently discovering potential applications such as high

damping mountings, squash balls, acoustic damping and cellular rubber [24].
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Figure 2.8: EKOPRENA, a commercial name of epoxidized natural rubber [23].

Table 2.3
ENR applications [19].

Feature Application Recommended ENR grade

Hoses, seals, blow-out

preventors ENR-50

Oil resistance S )
Milking inflation, connectors

and tubes ENR-25 and ENR-50

Bladders, inner tubes and tyre

> ENR-50!
liners

Gas permeability
Tyre treads for passenger

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

Wet traction and rolling
resistance

Preferably in blends with natural rubber.

2.3.2 Research status of epoxidized natural rubber

Numerous studies have concentrated on the physical and dynamic characteristics of ENR
with the usage of a new filler such as rice husk ash [25], 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 rubber [29], ENR/asphalt
[30], ENR/thermoplastic polyurethane [31, 32] and ENR/natural rubber [33, 34]. Several
studies on ENR blends using different mixing approaches have also been conducted. For
example, Rooj et al. [35], developed a mixing technology based on an in-line electron
induced reactive processing technique. Wang et al. [36] introduced wet masterbatch

technique instead of using the traditional dry mixing method.
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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 investigated. One particular
study on ENR alone was reported by Lu and Li [37]. They implemented an alternative
approach to produce ENR 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 damping with the loss factor of tan & > 0.3 in the
temperature range from -48°C to 100°C and in the frequency range from 10° to 10° Hz.
However, the research they conducted focused only on a single epoxidation level. The earlier
work reported by Ahmadi et al. [38] in particular addressed the effect of different
epoxidation levels on the dynamical properties of ENR matrix. The authors presented a more
interesting finding for the shear modulus and loss factor of 0, 25 and 50 mol% epoxidation

levels. The master curves obtained were found to be similar in shape as shown in Figure 2.9.

10! v e ——rrree
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Figure 2.9: Master curves for dynamic properties of natural rubber (A), ENR-25 (B) and
ENR-50 (C) [38].
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2.4 Dynamic mechanical properties of viscoelastic material

Viscoelastic materials such as rubber are used extensively for vibro-acoustic isolation. These
materials display both viscous and elastic behaviour at different temperatures and
frequencies. The dynamic mechanical properties such as dynamic modulus and damping of
these materials are dependent on the temperature and frequency. Therefore, 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 represents the elastic nature of materials while the damping represents their
viscous nature. These two properties are described by the complex modulus [39]. Any

dynamic moduli such as Young’s modulus (E) or shear modulus (G) can be defined as a

complex modulus. For example, the complex modulus, E*, can be expressed as:

E*= E' +iE", (2.1)

where E’ is the storage modulus and E"' is the loss modulus. These parameters are illustrated
schematically in Figure 2.10. A ball is thrown down on a floor and it bounce back in the
same distance to E'. This is a measure of the energy stored during the impact of the ball with
the floor, while E"' is representing the energy lost as heat during the impact of the ball with

the floor as the ball becomes warmer on bouncing.

Figure 2.10: A difference between the storage modulus, E’ and the loss modulus, E".
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The loss factor (n) is the ratio of the loss modulus to the storage modulus, and it can be
expressed as:

144

n= 4= tané . (2.2)

Another term of the loss factor is tan delta (tan &), where § is a phase angle between
sinusoidal stress (o) and strain (&) as shown in Figure 2.11. The stress and the strain of a
viscoelastic material are out of phase by some phase angle [40]. This is caused by the viscous
and elastic nature of the material, where a part of the energy stored during the loading is
recovered during the unloading phase, and the remaining energy is dissipated in the form of
heat. In contrast, the stress and the strain of an elastic material are moving in phase because
all the energy stored during the loading is fully recovered when unloaded. The two
parameters, tan § and E’’ are useful in determine the damping value. The damping value

increases with the increasing of these parameters at a given temperature and frequency [41].

o = stress

€ = strain
o(t) a(t) & = phase angle
e(t) g(t) t =time
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Figure 2.11: A comparison of sinusoidal stress and strain between elastic material and
viscoelastic material [40].

Dynamic Mechanical Analysis (DMA) is a method used to determine the dynamic
mechanical properties of a material 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 parameters. DMA

operates by 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 sample with a controlled stress or a controlled strain. Then the sample will deform at a
certain limit based on its stiffness. The measurement of stiffness and damping are determined
by DMA as dynamic modulus and tan §. As a sinusoidal force is applied, the dynamic
modulus can be expressed as an in-phase component (storage modulus) and an out of phase
component (loss modulus) as shown in Figure 2.12 [42].

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

0 T " T T 1
0/ 100 0 3?0 400
0.5 -
1 -
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15 -

Figure 2.12: 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 then finally it reaches
a glassy state at which the polymer is frozen and hardened. By definition, the glass transition
temperature, T,, is the temperature at which the polymer changes from rubber to glass. There
are important changes in material properties of a polymer at the glass transition temperature.
For example, the modulus of the polymer is drastically increased when its temperature is
reduced below T, [43].

One of the techniques to determine the Ty is 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. At a high temperature, the free volume is large. The molecular motion in this
17



condition is relatively easy as more unoccupied volume provides enough space for the
molecules to move freely and to change its structure easily, thereby resulting in a low
modulus material. As the temperature is reduced, the free volume becomes lesser until there
is no space for polymer molecules to move due to volumetric shrinkage. This condition
contributing to a high modulus material. The temperature at this condition is close to T, [43].
The schematic of stated condition is shown in Figure 2.13. The free volume is shown as a

shaded area.

The actual molecular
<= volume of polymer

Specific volume V

Temperature

Figure 2.13: The specific volume of a polymer sample as a function of temperature [43].

Alternatively, T, can also be defined through a thermal method 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 processes, exothermic (heat energy out) or
endothermic (heat energy in) [44]. For example, a polymer at a glassy state will undergoes
endothermic process to transform to a rubbery state. Therefore, more heat is needed to raise
the polymer temperature as shown in Figure 2.14. At this physical transformation, a change

in slope can be observed and this situation corresponds to Ty, .
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Figure 2.14: The heat flow of a polymeric material as a function of temperature [44].

In terms of mechanical method, the Dynamic Mechanical Analysis is an instrument that can
estimate the T,. According to this method, the T} is temperature at the start of the transition

in the dynamic properties of the tested material. However, this method can actually obtain

the transition in Ty, as the T, measurement is dependent on the frequency at which the

dynamic properties are measured as shown in Figure 2.15.

There are several factors that can influence the T, of natural rubber. One of these factors is

the material structure. A cis isomers structure of natural rubber suggests that there is no

influence on the T, even with the existence of non-rubbers in raw natural rubber. However,
there might be a very small changes in T, if the natural rubber is replaced with synthetic

polyisoprene due to the presence of trans isomers [9]. It is also found that the physical

properties of the molecules such as molecular weight and crosslinking can affect the T,,. The
value of the T, increases with the increasing molecular weight, while crosslinking reduces

the free volume and restricts the molecular motion of the polymer, hence increase the
T, value [43]. The molecular weight values of natural rubber are more than 100,000. In the
case of polyisoprenes, the T, can remain the same if the molecular weight is below than
5000. Therefore, this factor might also influence the T, of natural rubber. Finally, the curing
or vulcanisation of natural rubber can also increase the T, value up to 3°C as a result of
crosslinking between the curing agent (sulfur) and the rubber chain molecules during the

curing process [9].
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The value of the T, for a natural rubber is an important parameter in vibration and noise
control applications as it can be used to predict the temperature range in which the rubber

can be applied efficiently as a good damping material.
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Figure 2.15: T, transition in the storage modulus and loss factor for the natural rubber as a
function of temperature at 1 Hz to 30 Hz [45].
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2.4.3 Effect of temperature and frequency

In the case of temperature dependence, the rubber material behaviour is categorised into
three regions, a glassy region, a transition region, and a rubbery region as shown in Figure
2.16 [46]. Inthe glassy region, the molecular movement of the material is restricted, resulting
in the high value of the dynamic modulus whereas 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 value. Finally, in the rubbery region, the molecules are free to move. At this
point, the dynamic modulus reaching its lowest value and the loss factor is back to the low
value [46].

%) Transition point
> .
S Glassy region J
8 . _ =
£ Transition region e
L E
g Vol Rubbery region 2 | Glassy Rubl?ery
S . S . region
a) Transition point region
Temperature Temperature

Figure 2.16: Temperature dependence of dynamic mechanical properties of rubber material
at constant frequency [46].

A similar frequency dependence of the dynamic properties of rubber is shown in Figure 2.17.
This example is for unfilled rubber for an extended frequency range at room temperature.
Generally, the dynamic modulus increases with the increased frequency. The most dominant
dependence on the frequency is in the transition region. The loss factor changes rapidly in
the rubbery region. The loss factor reaches its peak in the transition region and decreases 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 time-temperature superposition principle [47].
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Figure 2.17: Frequency dependence of dynamic mechanical properties of rubber material at
room temperature [46].

2.4.4 The time-temperature superposition principle

In practice, the dynamic mechanical properties of the rubber materials can be tested in a
limited frequency range. However, it is possible to infer the dynamic mechanical properties
of rubber over a wider frequency range using the time-temperature superposition 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 range of the DMA
machine [48].

Unfilled and unblended rubbers are single phase polymers with a single T, [48], and these
rubbers are known as thermorheologically simple materials [49]. The dynamic mechanical
properties of these materials, at different temperatures can be shifted horizontally and
vertically to obtain the master curves of dynamic modulus or loss factor in a wider frequency
range for a given reference temperature [50]. Generally, the time-temperature superposition

principle described by Rouleau et al. [50] is shown in Figure 2.18.

22



Dynamic (a) Loss (b)
modulus factor
T
/ Ty
o,
—_/// . _
Frequency Frequency
Dynamic (C) Loss (d)
modulus factor 4 log(aT(T1,70))
log(ar (T, TM
| log(ar (T2, To))
=" log(ar(T», Tp))
Reduced frequency Reduced frequency
() ()
Dynamic Loss
modulus log(br(Th, To)) t factor

¥ log(br(T2,To))

Reduced frequency Reduced frequency

Figure 2.18: Time-temperature superposition principle [50].

Figure 2.18 (a) and (b) show the isothermal curves of the dynamic modulus and loss factor
as a function of frequency measured at different temperatures, T;, T, and T,. These figures
present data sets of complex moduli measured at a limited number of temperatures and over
a very limited frequency range. Figure 2.18 (c) and (d) illustrate the method of horizontal
shifting which is achieved using the shift coefficient, a;. This enables us to express the
dynamic modulus and loss factor as a function of a wider frequency range that is known as
reduced frequency and at a reference temperature, T,. In this process the isothermal curves
are shifted either to the left or to the right along the frequency axis until they overlapped
with the next curve. Figure 2.18 (e) and (f) demonstrate the method of vertical shifting using
the coefficient b;. The isothermal curves are shifted up or down along the complex modulus
axis until they overlap with the next curve taken at a different temperature. Finally, a single
master curve is obtained through this process so that the dynamic modulus or the loss factor
can be determined as a function of the reduced frequency. The application of the time-
temperature superposition principle on natural rubber and ENR will be discussed in detail in

section 3.3.3.
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2.5 Manufacturing process of natural rubber foam

It was earlier mentioned that a general way to produce natural rubber foams is through the
use of natural rubber latex in liquid form or a dry natural rubber in solid form. A comparative
study on the methods of manufacture between latex foam and dry rubber foam are presented

in the following section.

2.5.1 Latex foam

Latex foam was 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
[51]. 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 transport 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 1929 [52]. This process involves
beating of air into compounded latex and adding a coagulating agent to gel or coagulate latex
compounds. The production of latex foam can be achieved either with a batch process using
a Hobart mixer with a wire cage mixing blade (Figure 2.19) or with a continuous foaming

process using an Oakes mixer (Figure 2.20) [53].

Figure 2.19: A Hobart mixer used to produce latex foam [52].
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Figure 2.20: Production of latex foam using an Oakes mixer in the continuous foaming
process [53].

Principally, the production of latex foam can be described into three stages: foaming,
coagulating and curing. Foaming of the latex is achieved by mixing the latex mixture which
contains soap solution with a mixing blade. The 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 may be produced. The foam is then
deposited into a series of moulds (Figure 2.21(a)). The mould lid is then closed. Coagulating
or solidification of the foam inside the mould now occurs with the reaction of zinc oxide and
coagulating agent (sodium silicofluoride). 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 unconnected air bubbles break to form interconnecting pore structure in the
coagulated foam. The mould is then pass through a steam chamber at 100°C for 25 minutes.
The vulcanizing or curing process is taken place to convert the coagulated latex compounds
inside the mould into 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 moisture [51, 53].
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Figure 2.21: (a) Filling mt;ulds; (b) Stripping a latex foam from the mould after
vulcanisation [51].

Over the years, most of the large-scale latex foam manufacturers have been using the
continuous 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 the coagulation
directly. However, it is not always successful due to the complexity of the coagulating
process. It needs good process control and well-experienced operators [52].

2.5.1.2 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 agent [53]. The process starts with the foaming stage
where the latex mixture is converting into foam with the action of a mixing blade. The foam
is deposited in a closed mould. The air is extracted using vacuum to expand and distribute
evenly the foam throughout the mould. The foam is then rapidly frozen to freeze its structure
in place by circulating a coolant, glycol-water mixture at -30°C through passages in the
mould. Then carbon dioxide gas is introduced in the mould to break the vacuum to
concurrently permeate and to ‘coagulate’ the foam. The glycol-water mixture in the
temperature range of 21°C to 27°C is then circulated through passages in the mould to thaw
the foam. Glycol mixture is circulated again at 110°C to initiate the curing process. On
completion of the curing process, this glycol-water mixture is circulated for the last time
through the mould passages to cool the foam. The complete cycle of the whole process takes
about 30 minutes. The mould is then opened and the foam is removed from the mould (Figure
2.22). The foam is thoroughly washed and dried as in way similar to the Dunlop process [52,
53].
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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 of latex foams with regular
shape such as pillows and mattresses and it is less suitable for the production of small and
irregular shaped latex foam specimens [52]. The advantages and disadvantages between the
Dunlop process and the Talalay process is given in Table 2.4.

Figure 2.22: Removing the latex foam of a Talalay process from the mould after
vulcanisation [52].

Table 2.4
Summary of latex foam processes [52].
Dunlop process Talalay process
Advantages e Versatility. e Easily automated.
e Can produce moulded items of e No mould scrap.
any shape and thickness. e Good foam stability at ambient
temperatures.

Disadvantages e Close process controls essential. e Relatively inflexible.

e Foam stability very limited at e High capital outlay.
ambient temperature.

e Significant mould scrap.
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2.5.1.3 Natural latex and synthetic latex

All latex foam productions methods have been developed using natural latex until late 1950’s
[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 naturally encouraged latex foam
manufacturers to consider using synthetic latex. At the beginning of 1960’s synthetic latex
manufactures made major improvements to synthetic latex which made them more practical
to be used. Finally, the introduction of the Talalay process 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 manufacturer is still using 0-20% and 30-50% 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 foam 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 foams is in Table
2.5.

-(I;?)tr)r:i)jr'iion of natural latex and synthetic latex in foam manufacturing process [52].
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

2.5.2 Dry rubber foam

The production of dry rubber foam can be produced either from natural rubber or 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 latex [54]. Dry rubber foams can be categorized as open
pore foam or closed-pore foam [53]. Open pore foam is similar to that of latex foam. They
have an interconnecting pore structure, while closed-pore foam has no interconnecting

between the pores completely as shown in Figure 2.23.

2k L

Figure 2.23: A comparison between (a) open pore foam and (b) closed-pore foam [55].

2.5.2.1 Open pore foam

Open pore foam can be produced in sheets, moulded strips and special shapes. The
ingredients to produce open pore foam consist of inorganic blowing agents that produce gas.
A most common blowing agent used by foam manufacturers is a carbon dioxide blowing
agent known as sodium bicarbonate. Sodium bicarbonates or sodium carbonates are one of
the alkali metals. However, all carbonates in this category require higher temperatures for
their thermal decomposition than the bicarbonates. The decomposition pressures of the
carbonates of alkali metals do not exceed 9 kPa to 12 kPa even at temperature of 1200°C,
while the decomposition pressure of bicarbonates of alkali metals can reach 104 kPa at
temperatures below than 200°C. Therefore, sodium bicarbonate seems to be the only
material of interest in the production of polymeric foams. The thermal decomposition of
sodium bicarbonate into carbon dioxide gas begins at 145°C to 150°C and it decomposed
completely in 30 minutes. The foaming activity of this blowing agent system is relatively
low, and the gas formation proceeds smoothly. Therefore, there is no risk of gas escaping
immediately from the mould during the curing process. It is also relatively stable during
transportation and prolonged storage [53]. Moreover, sodium bicarbonate is non-toxic,
odourless and non-discolouring. Apart from sodium bicarbonate, a most typically used are

ammonium carbonate and ammonium bicarbonate. These materials decompose into carbon
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dioxide gas with a little ammonia gas upon heating process, and combination of both gases
can create the synergistic effect in the blowing agent system [56]. The thermal
decomposition of ammonia carbonate ((NH,),CO3;)and ammonia bicarbonate
(NH,HCO3) begins at 30°C and 60°C, respectively. Both blowing agents release the

ammonia gas and the carbon dioxide gas as shown in the Equations 2.3 and 2.4 [53].

(NH,),CO; © 2 NH; + CO, + H,0 (2.3)

NH,HCO; © NH; + CO, + H,0 (2.4)

During the mixing process, a blowing agent is mixed together with raw rubber and other
ingredients. Then, the blowing agent is dispersed to generate a medium of micro-spots which
are stable at normal rubber processing temperatures. In the curing process, the temperature
of the rubber is raised and these micro-spots of blowing agents are decomposed to release a
gas which expands the soft rubber in the micro-spot area to produce a pore [56]. In order to
prevent the pore structure from collapsing, the rubber compounds must allow the blown

rubber to set up immediately prior to the vulcanisation or crosslinking process [53].

2.5.2.2 Closed-pore foam

Closed-pore foam can be manufactured into three methods: moulded at low pressure;
moulded at high pressure; and continuously extruded at ambient pressure. These
manufacturing methods use the same kind of organic blowing agents that decompose into
nitrogen. Nitrogen has relatively lower solubility than carbon dioxide, and this property
allows the production of closed-pore foam [53]. Table 2.6 shows major chemical types of
organic blowing agents used to produce closed-pore foam. Among these organic blowing
agents, BSH blowing agents are very active as they have lowest decomposition temperature.
Therefore, they are normally used with other blowing agents as they have an advantages in

reducing the cure rate [53].

Manufacturing processes to produce low-pressure moulded closed-pore foam are similar to
those used for open pore foam. However, the production of high-pressure moulded closed-
pore foam is much different particularly in terms of the curing process. This production

makes use of a two-step 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 and to activate the
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, rubber compounds 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 closed-mould. However, this method needs good process
control particularly in terms of the rates of curing and blowing to produce a continuous

rubber foam with unvarying density [53].

Table 2.6
Major chemical types of organic blowing agents [56].
Decomposition  Gas

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

High efficiency.
Low cost.

Fishy smell.
Discolours rubber.

N, N’-
dinitrosopenta- DNPT 120 to 125 260
methylenetetramine

Medium efficiency.
BSH 90 to 100 130  Non-toxic.

No odour.

Non-discolouring.

Benzene
sulphonylhydrazide

2.5.3 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 organic substances 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 critical. On contrary, dry natural rubber foam is more homogeneous and it is
less affected by difficulties related to the latex processing [4]. Dry natural rubber foams have
great potential for numerous commercial applications such as in the automotive industry,

footwear, sports equipment, packaging and toys. However, there has been little attention
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given to the production of dry natural rubber foams [57], and only a few studies have been
reported on these foams production. For example, Metherell [58] presented information on
the physical properties of natural rubber foams made from natural rubber, ENR-25 and ENR-
50. The blowing agents used were organic blowing agents: azodicarbonamide (ADC);
benzene sulphonylhydrazide (BSH); and p-toluene sulphonylhydrazide. The mixing process
of the rubber compounds was carried out in a laboratory Banbury mixer at 100°C and the
two-step cure process was applied. The rubber compounds were filled in the mould with
102% mould loading and cured at 140°C. 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 hour at 125°C. The author found that the foam densities were in a range of 240 to
280 kg/m® and all the foams produced had very fine closed-pore structures as shown in
Figure 2.24. 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 2.24: Micrograph of the pore structure of ENR-50 foam [58].

Another recent study by Kim et al. explored the effects of the foaming pressure [59] and
curing temperature [60] on natural rubber foam produced by a one-step cure process. The
blowing agent used was N, N’-dinitrosopentamethylenetetramine (DNPT). All the
ingredients listed in ref. [59] and [60] were mixed using a two-roll 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 closed-mould. 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, 2.5 MPa, 3.5 MPa and 4.5 MPa inref. [59] and three different
curing temperatures of 145°C, 150°C and 155°C 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 kg/m?® at foaming pressure of 1.5 MPa to 590 kg/m?® at foaming
pressure of 4.5 MPa. It 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 MPa. In contrast, the density
of natural rubber foam decreases with the increasing curing temperature. The apparent
density of foam decreased from 600 kg/m? at curing temperature of 145°C to 470 kg/m® at
curing temperature of 155°C. The authors were also found that increasing in curing
temperature leading to lower thickness of pore wall as shown in Figure 2.26, and high
foaming efficiency can be obtained with high curing temperature at 155°C.

Figure 2.25: Microscopy images of natural rubber foam at different foaming pressures of
(@) 1.5 MPa, (b) 2.5 MPa, (c) 3.5 MPa and (d) 4.5 MPa [59].

Figure 2.26: Microscopy images of natural rubber foam at different curing temperatures of
(@) 145°C, (b) 150°C, and (c) 155°C [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 ref. [4] and ENR-25 in ref. [54] at different curing
temperatures of 140°C, 150°C and 160°C. 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 two-roll mill machine and implementation
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 100°C for 2 minutes as the first step. It was then cured in an air-
oven for 20 minutes at three different temperatures of 140°C, 150°C and 160°C. They were
also observed that the density of natural rubber foams decreased and average pore size
increased with the increasing curing temperature. The density measured decreased
approximately 30% and 10% for the natural rubber foam and the ENR-25 foam, respectively.
At higher curing temperature, carbon dioxide decomposed from the blowing agent promotes
the pore walls to expand further and to reduce the pore wall thicknesses of natural rubber
foam and ENR-25 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 density [4, 54]. However, the density changes for ENR-25 foam was not
significant as the curing temperature increased. This is due to the presence of epoxide groups
in ENR matrix that can accelerate 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 reduction [54].

Figure 2.27: Microscopy images of natural rubber foam at different curing temperatures of
(a) 140°C, (b) 150°C, and (c) 160°C [4].
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Figure 2.28: Microscopy images of ENR-25 foam at different curing temperatures of
(@) 140°C, (b) 150°C, and (c) 160°C [54].

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

rubber foams. The authors measured the storage modulus and the tan & of natural rubber
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foam for different curing temperatures of 140°C (NR 140), 150°C (NR 150) and 160°C (NR
160) as shown in Figure 2.29 and Figure 2.30, respectively. The dynamic behaviour of foam
was carried out over the temperature range of -100°C to 100°C at 1 Hz excitation. The
authors observed that the storage modulus decreased and the tan § increased with the
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 low temperature region.
Then, the storage modulus value decreased with the increasing temperature and finally
converged for all the three foams at around below -40°C. The storage modulus of the NR
160 foam was found lower than that of NR 140 foam because it had lower amount of solid
phase. This result was correlated with the reduction of density and increasing of curing

temperature.
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Figure 2.29: The dependence of the storage modulus for NR 140, NR 150 and NR 160
foams as a function of temperature at 1 Hz [4].
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Figure 2.30: The dependence of the tan 6 for NR 140, NR 150 and NR 160 foams as a
function of temperature at 1 Hz [4].
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The maximum of tan § increased 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 of the elastic modulus and produced foam

with a higher tan § value.

The authors of [4] have also presented the sound absorption coefficient of natural 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 absorbing materials 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 2.31: Sound absorption coefficient for NR 140, NR150 and NR 160 foams as a
function of frequency [4].
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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 is responsible for
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 the porous 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 low [61]. The relationship between the pore

size and the sound absorption of porous materials is shown in Figure 2.32.
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Figure 2.32: The relationship between the pore size and the sound absorption of porous
materials [61].

2.6.1 Sound attenuation and sound propagation of porous material

The human ears are sensitive 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 between 10* Pa to 10 Pa. The sound velocity, v, in

porous medium can be expressed as [62]:

b= |2 (2.5)

where E is Young’s modulus and p is the density. Generally, 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 material 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 case of the porous
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 penetrate. The 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 materials [62].

Porous materials have two phases; the solid porous structure referred to as the frame and the
fluid (air) which is contained in the pores confined by the frame. The sound absorption of a
porous material can be described by two mechanisms. The first mechanism is the viscous
losses which happen through the friction between the fluid and frame. This frictional force
is then converting the sound waves or sound energy into heat. The second mechanism is the
thermal losses which happen through the irreversible heat flow within the porous space [4].

In general, porous materials can be categorised as follows;

a. Rigid: The frame does not move significantly with the motion of the fluid. This is due
to the frame has high stiffness or the density of the frame is higher than the density of
the fluid [63].

b. Limp: The frame can 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 or the frame
is not self-supporting.

c. Elastic: The expanded frame has higher bulk modulus of elasticity than the fluid. The
frame interacting with the motion of the fluid and the resultant structure vibrations need
to be considered [61].

The sound propagation in a porous material is a mechanism that is governed by acoustic and
non-acoustic properties that relate to the porous structure of the material. Key material
properties of porous media are listed in Table 2.7. The procedure details of each property are

presented in section 5.2.

Table 2.7
Acoustic and non-acoustic properties of porous materials.

Acoustic Non-acoustic
e Sound absorption coefficient e Porosity

o Airflow resistivity

e Dynamic properties
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2.6.2 Determination of the dynamic measurement of porous material

The dynamic behaviour of porous materials is similar to the behaviour exhibited by solid
viscoelastic materials. The stiffness of porous materials is relying on the force loading and a

hysteresis is also can be observed upon the application of cyclic loading [64].

As an example, the viscoelastic behaviour of a porous material was investigated in ref. [65].
They were studied the stress versus strain for a melamine foam, and the stress-strain plot is
illustrated in Figure 2.33. There are three regions of the viscoelastic behaviour for a porous
material. The first region is the linear bending region. The stress increases drastically with
strain. The porous material is started to bend and stretch and there is 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 porous material collapses and acts as a solid material [62].
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Figure 2.33: The stress-strain plot for a melamine foam at 24°C and the three viscoelastic
regions [65].

The recent study reported by Bonfiglio et al. [66] investigated the accuracy of various testing
methods using five different porous materials in several laboratories worldwide (round robin

test). In total, there were 14 laboratories involved in this study as listed in Table 2.8.

39



Table 2.8
Fourteen laboratories involved in the measurement of dynamic properties of porous
materials [66].

No. Laboratory

1 University of Ferrara (Italy)

2 Adler Pelzer Holding GmbH (Italy-Germany)

3 STS-Acoustics (Italy)

4 Polytechnic of Milan (Italy)

5  University of Sheffield (UK) and Tun Abdul Razak Research Centre (UK)

6  Matelys Research Lab/ENTPE (France)

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

9  Laboratoire Roberval de I’Universite de Technologie de Compiegne (France)
10  Saint-Gobain Isover (France)

11  Katholieke Universiteit Leuven (Belgium)

12 Autoneum (Switzerland)

13  IRSST/Ecole de Technologie Superieure (Canada)

14 Sherbrooke University (Canada)

Five different porous materials were tested as shown in Figure 2.34. These were (A)
reticulated foam, (B) glass wool, (C) porous felt, (D) closed cell polyurethane foam and (E)
reconstituted porous rubber. The physical properties of these porous 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 2.34: The tested porous materials; (A) reticulated foam, (B) glass wool, (C) porous
felt, (D) closed cell polyurethane foam and (E) reconstituted porous rubber [66].
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Table 2.9
The physical properties of the tested porous materials [66].

Material Description Nominal thickness Nominal density
(mm) (kg/m?)
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 of five methods to determine the dynamic properties of porous materials
was studied. There was quasi-static uniaxial compression method, resonant method, lamb
wave propagation method, transfer function/transfer matrix method and dynamic mechanical

analysis. The procedure of each method is presented in section 5.2.2.

The measurement methods used by each laboratory is summarised in Table 2.10. The
laboratory names were randomised and denoted as a number of one to fourteen. Therefore,

these laboratories are referred as Laboratory 1 to Laboratory 14.

Table 2.10

Summary of measurement methods used by the 14 laboratories [66].
Measurement method Laboratory
Quasi-static uniaxial compression method 2,3,6,8,9,10
Resonant method 1,4,7,11
Lamb wave propagation method 5
Transfer function/transfer matrix method 3B!
Dynamic mechanical analysis 12,13,14

!Laboratory 3 used two different measurement methods. 3B is the second method.
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Figures 2.35 to 2.39 show the storage moduli and loss factors of each porous material
measured by all the 14 laboratories. Generally, closed cell polyurethane foam and
reconstituted porous rubber displayed strong viscoelastic behaviour as the storage moduli
and loss factors increase with the increasing frequency. However, the overall dynamic
behaviour of each porous material shows poor reproducibility between the 14 laboratories.
It can be seen clearly from the results that the dynamic properties of porous materials have
high dependency on the measurement method. The authors were also observed that the
storage moduli of glass wool, porous felt and reconstituted porous rubber have a strong
dependence on the varying static preload.

The authors in ref. [66] suggested that there is a need for the measurement standardisation
to determine the dynamic properties of porous material. There are several aspects that need
to be standardised such as the test preparation and installation of the porous materials, test
calibration procedures, and number of samples to be tested. Therefore, a new international

standard for dynamic properties measurement of porous material is required.
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Figure 2.35: The dependence of the storage moduli and loss factors for reticulated foam
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Figure 2.36: The dependence of the storage moduli and loss factors for glass wool [66].
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Figure 2.37: The dependence of the storage moduli and loss factors for porous felt [66].
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2.6.3 Determination of the acoustical characterisation of porous material

The acoustical characterisation of porous material is crucial to determine the acoustic
behaviour of this material and also to predict the non-acoustic properties data that are related
to their porous microstructure. A standard method to measure the acoustical properties of
porous material is the impedance tube method. The measurement of this method can provide
the sound absorption coefficient and surface impedance of porous material [63]. The

procedure of this method is presented in section 5.2.4.

The recent study reported by Pompoli et al. [67] evaluated the accuracy of the acoustical
characterisation of porous material. They were investigated three different porous materials

in seven laboratories worldwide (round robin test) as listed in Table 2.11.

Table 2.11

Seven laboratories involved in the acoustical characterisation of porous materials [67].
No. Laboratory

University of Ferrara (Italy)

University of Perugia (Italy)

University of Bradford (UK)

Matelys Research Lab/ENTPE (France)

Katholieke Universiteit Leuven (Belgium)

Sherbrooke University (Canada)

Gesellschaft fur Akustikforschung Dresden (Germany)

~N o ok 0N

Three different porous materials were tested as shown in Figure 2.40. These were (A)
reticulated foam, (B) consolidated flint, and (C) reconstituted porous rubber. The thickness

and density of these porous materials are given in Table 2.12.

Fig.u're 2.40: The tested porous materials; (A) reticulated foam, (B) consolidated flint, and
(C) reconstituted porous rubber [67].
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Table 2.12
The thickness and density of the tested porous materials [67].

Material Description 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 of the acoustical characterisation of porous materials was studied. Types
of the acoustical characterisation and laboratories involved in which these characterisations
were measured are listed in Table 2.13. The laboratory names were randomised and denoted
as a number of one to seven. Therefore, these laboratories are referred as Partner 1 to Partner

7. The procedure of each acoustical characterisation are discussed in ref. [67].

Table 2.13

Types of the acoustical characterisation used by the seven laboratories [67].
Acoustical characterisation Partner
Sound absorption coefficient, « 1,2,3,4,56 and 7
Airflow resistivity, o 1,2,3,4,5and 6
Porosity, ¢ 1,2,3,4and 6
Tortuosity, a,, 1,2,4 and 6
Characteristic lengths, A and A’ 1,2,4and 6

Figures 2.41 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 due to the 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 to its
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 sample to be wrapped 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 airflow resistivity and causes to an
underestimation data for sound absorption coefficient.
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Figure 2.41: The sound absorption coefficient for material A (reticulated foam) as a
function of frequency [67].
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Figure 2.42: The sound absorption coefficient for material B (consolidated flint) as a
function of frequency [67].
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Figure 2.43: The sound absorption coefficient for material C (reconstituted porous rubber)
as a function of frequency [67].

Figures 2.44 and 2.45 show the average values of airflow resistivity and porosity of materials
A, B and C, respectively. The reproducibility for the airflow resistivity is relatively
satisfactory for material A and the reproducibility is low for materials B and C. In contrast,
high reproducibility for the porosity of materials A, B and C can be obtained. However,

different porosity measurements on material C from partner 6 appears to underestimate the
porosity value.
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Figure 2.44: The average values of the airflow resistivity for material A (reticulated foam),
material B (consolidated flint) and material C (reconstituted porous rubber) [67].
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Figure 2.45: The average values of the porosity for material A (reticulated foam), material
B (consolidated flint) and material C (reconstituted porous rubber) [67].
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Figure 2.46 shows the average values of tortuosity, viscous characteristic length and thermal
characteristic length for materials A, B and C. In 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 lengths (viscous and thermal), the dispersion were
between 20% to 80%.
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Figure 2.46: The average values of the tortuosity (top), viscous characteristic length
(middle) and thermal characteristic length (bottom) for material A (reticulated foam),
material B (consolidated flint) and material C (reconstituted porous rubber) [67].
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The overall acoustical characterisation shows poor reproducibility between the 7 laboratories
particularly for the acoustical properties of highly resistive materials. This observation
suggests that these porous materials tested has natural inhomogeneity. Apart from that,
differences in the sample preparation, mounting 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 for revision of the measurement
standardisation to determine the acoustical characterisation of porous material. There are
several aspects that need to be standardised such as the potential measurement problems, test
installation of the porous materials, test calibration procedures, number of samples to be
measured, and acceptability of a certain standard deviation on the tests performed. Therefore,
a new measurement standardisation for acoustical characterisation of porous material is

required.

2.6.4 Modelling sound propagation of porous material

The most commonly used modelling on sound propagation of porous materials is based on
the Biot theory. 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 three-dimensional theory, several non-acoustic parameters are
considered such as fluid density, airflow resistivity, porosity and tortuosity. However,
modelling through this Biot theory is considerably complex. Therefore, it has been common
in a theoretical model to introduce semi-empirical model with inversion on non-acoustic
parameters, but it appears that most theoretical models are not capable to fully characterised
the complexity of real porous materials [61]. A clear physical model proposed by Johnson
Champoux Allard [68, 69] is based on knowledge of the viscous and thermal characteristic
lengths but these parameters are not straightforward to determine. Therefore, a few of simple
empirical models have been introduced such as Delany and Bazley [70], Miki [71] and
Voronina [72].

The viscous and thermal dissipation from the sound propagation through a porous material
is shown to be related to a relaxation characteristic. Based on this situation, another

theoretical model known as a relaxation model or Wilson model [73] for dynamic density
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and dynamic bulk modulus is proposed to describe the viscous and thermal processes,
respectively. Moreover, there is a theoretical model which is not considering the viscous and
thermal characteristic lengths as parameters namely as a Padé approximation [74, 75]. This
model is based on the microstructure properties of porous materials which can be used
together with other non-acoustic properties to 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 described by the frequency
dependent sound characteristic impedance, z.(w) and by the frequency dependent sound
wavenumber in a porous material, k.(w), where w is the angular frequency expressed as
w = 2nf, where f is the sound frequency in Hertz. The sound characteristic 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 can be predicted theoretically or

empirically [76].

Models relate the sound characteristic impedance, z. and the sound wavenumber, k. to the

dynamic density, p, and compressibility, C, of the equivalent fluid by the following

equations:

1 ’Pb
Z, = — 2.6
© poco |Ch (26)
and

k. =2nf\/ppCy, (2.7)
where p, is the fluid equilibrium density and c, is the sound speed in the fluid. Theoretical

models consider 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 the fluid, p,. The
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viscous losses are also noticeable at frequencies lower than viscous frequency, w,, and it can

be expressed as:

_ 819
s%po

W, : (2.8)

where 7, is the dynamic viscosity of the fluid and s is the pore size. However, the viscous
losses are relatively low 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 controlled by the
pore size. In the case of thermal losses in a porous material, they are influenced by the
compressibility of the equivalent fluid, C,. The thermal losses are noticeable at frequencies

below than thermal frequency, w; and it can be expressed as:

(2.9)

where  is the thermal conductivity of the fluid and C, is the heat capacity of the fluid.

However, 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 impedance, z. and the sound
wavenumber, k. directly. The equations in empirical models are based on the measured
values of non-acoustic parameters. These models are validated with experimental data for
the acoustic behaviour of porous material. Acoustical property that can measured directly is
the normalised surface impedance, z,, of a hard-backed porous material of thickness, d. Here

Z, can be expressed as [76]:

z, = z.coth(—ik.d), (2.10)

where, i =v—1.
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Numerous works studied on the comparison of measurement data and prediction of
acoustical characterisation of porous materials. For example, Horoshenkov [77] investigated
the effect of consolidation on the acoustic properties of loose rubber granulates. In this paper,
the authors compared the acoustic performance of the rubber granulates (loose and
consolidated) obtained from the measurement data and several established models; Miki
model, Wilson model, Voronina model and Padé approximation. Mixes of two different
granule sizes; 0.71 to 1.0 mm and 1.41 to 2.0 mm were studied for the comparison purposes.
Each granule size was separated into loose granular mix and consolidated granular mix with
the compaction ratio (CR) 35%.

Figure 2.47 shows a comparison between the measurement data and predictions for the
surface impedance of the loose granular mix. There was good correlation between the
measured and predicted results in the frequency range below 3000 to 3500 Hz. The
predictions by the Padé approximation, Wilson model and Miki model were almost the same.
However, the disagreement between the measured and predicted results becomes more
pronounced in the frequency range above 3000 to 3500 Hz as the models were more sensitive

to any variations of the non-acoustic parameters.

Figure 2.48 shows a comparison between the measurement data and predictions for the
surface impedance of the consolidated granular mix. There was good correlation between
the measured and predicted results at lower frequencies and remain poor at higher
frequencies. The predictions by the Padé approximation and Miki model had good agreement

with the measured data for frequencies below than 2500 Hz.
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Figure 2.47: A comparison between the measurement data and predictions for the surface
impedance of the 0.71 to 1.0 mm (top) and 1.41 to 2.0 mm (bottom) loose granular mix
[77].
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Figure 2.48: A comparison between the measurement data and predictions for the surface
impedance of the 0.71 to 1.0 mm (top) and 1.41 to 2.0 mm (bottom) consolidated granular
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 non-acoustic parameters used in those models are adjusted. They have
used the Nelder-Mead simplex method to minimise the difference of the measured surface
impedance value and those predicted by the theoretical models; Padé approximation and

Wilson model. In the adjustment process, the minimisation analysis

F(x) = jwmax|zfxp (0, %) — zM(w, ©)|dw (2.11)

Wmin

was carried out to adjust the non-acoustic parameters by fitting the predicted values of
surface impedance, z£", to the measured data, z;"?, obtained at the frequencies w, where x
is the design variable vector. The adjustment values for the non-acoustic parameters and the

percentage of the required adjustment are shown in Table 2.14.

Table 2.14
Measured and adjusted values of the non-acoustic parameters for the prediction of the
acoustic properties of loose and consolidated granular mixes [77].

_ Standard
Airflow o
S deviation in
resistivity, o _
Mix Porosity, ¢  Tortuosity,a,, [Pore size, o
(N.s/m%
(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 1.679 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 2.49 shows the improved agreement between the measured and predicted results of
the surface impedance by the Padé approximation and Wilson model for the loose and
consolidated granular mixes. The adjusted values of the non-acoustic parameters were
implemented, and those parameter variations can result in an excellent agreement with the

measurement data.
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Figure 2.49: A comparison between the measurement data and predictions using the Padé
approximation (solid line) and Wilson model (dotted line) for the (a) real and (b) imaginary
parts of the surface impedance of the loose and consolidated granular mixes [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 of vibro-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 been done on vibro-acoustic 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 composition is
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 latex. There has been little attention
given to the production of natural rubber foam from dry rubber. In fact, no exact theory is
currently known that describes the use of natural rubber foam in vibro-acoustic applications.
All these points deserve further investigation to understand how to design natural rubber and
ENR that can be used in vibration and noise control applications. This requires developing
the relationship between the non-acoustical and acoustical properties of natural rubber foam

so that it can be 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 the dynamic mechanical characterisation of solid epoxidized natural
rubber (ENR) and solid natural rubber. The effect of different epoxidation levels on the
dynamic behaviour of ENR as a single matrix is investigated for a wide range of
temperatures and frequencies. Three types of natural rubber with different epoxidation levels
of 0, 25 and 50 mol% are studied. The master curves of the dynamic properties of the rubbers
are generated and nomogram relating the reduced frequency to the complex moduli at
different temperatures is presented. The influence of the epoxidation level on the relationship
between the two dynamic moduli of the material is also studied using a Cole-Cole plot.
Finally, the dynamic properties obtained are fitted by fitting the 5-parameter fractional

derivative model by Pritz [6] to the master curves for the complex dynamic modulus.

3.2 Experimental procedures
Three types of natural rubber, SMR-CV60, ENR-25 and ENR-50 were obtained from the

Malaysian Rubber Board. The basic details of the materials are shown in Table 3.1.

Table 3.1
Rubber materials used in the experiments.

Characteristic

Material Type Epoxidation Glass Transition
Level? (%) Temperature, T* (°C)
Natural rubber SMR-CV60? 0 -72.0
Epoxidized natural ENR-25 99.4 455
rubber
ENR-50 52.1 -25.1

! Standard Malaysian Rubber constant viscosity: grade 60

2 as analysed by Proton Nuclear Magnetic Resonance (*H NMR)

3 estimated based on the epoxide levels analysed by *H NMR 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
Table 3.2. The formulations are denoted by RO, R25 and R50, where the numbers stand for
the epoxidation level of the rubber. Parts per hundred of rubber (phr) of each ingredient was
calculated based on the weight of rubber used in single formulation. For example, if 1000 g
of SMR-CV60 raw rubber used in RO formulation, the weight of other ingredients can be
calculated as 25 g for sulfur, 40 g for zinc oxide and stearic acid, 10 g for Wingstay L and
CBS and 3 g for PVI.

Table 3.2

RO, R25 and R50 formulations 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
CBS! 1 1 1
PVI? 0.3 0.3 0.3

!Benzothiazyl-2-cyclohexyl-sulfenamide
2Prevulcanisation inhibitor

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

kept below 20 minutes.

The compounded natural rubber was left for 24 hours before being compression moulded in
the rubber disc shaped mould (Figure 3.3) for 20 minutes using an electrically heated

hydraulic press at 150°C (Figure 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 2000. The rheometer curve will
be discussed in section 4.3.2.

Figure 3.3: A rubber disc shaped mould.

66



Figure 3.4: An electrical heated hydraulic press.

The rubber pieces were bonded to stainless-steel surfaces during the curing process. The first
step for bonding was to clean the stainless steel by dry sandblasting (air-blasting) as shown
in Figure 3.5. Then, the stainless steel was immersed in acetone to remove the loose particles
for 5 minutes. Finally, a rubber-metal bonding system, Chemosil® 211 (primer) and
Chemosil® 225 (covercoat) were applied to the stainless-steel surfaces which was to be
bonded to the rubber pieces during the curing process. Drying time of 30 minutes at room

temperature for primer bonding agent was allowed before applying the covercoat bonding

agent.

Stainless steel
substrates

| L
Figure 3.5: A dry sandblasting machine.
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The dynamic properties of the three vulcanizates were measured using a Metravib
DMA+1000 dynamic mechanical analyser (Figure 3.6). Tests were carried out over a
frequency range of 0.1 to 170 Hz and a temperature range of -40 to 50°C with a dynamic
strain of 0.1%. Double bonded shear test pieces (Figure 3.7) were used. The nominal

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

1000

’0 cm

- 'aTaVal BN |

Figure 3.7: A double bonded shear test piece. 1: stainless steel; 2: rubber.
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3.3 Dynamic mechanical properties

3.3.1 Effect of temperature

Figure 3.8 illustrates the dependence of the storage modulus (G') as a function of temperature
in the range of -40°C to 50°C for natural rubber with different epoxidation levels. These data
were taken at 170 Hz excitation. This 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 -
°
£ : :
S 10 -
> m °
&)
m °
] °
m )
- " a - ® .
B m g [ | 9 Q 22 B |
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 high G in the low temperature region. G'decreases
with the increasing temperature. In this region 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 3.9 shows the loss factor (tan §) 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 5°C, tan§, and therefore damping,
increases with the increasing epoxidation level. Figure 3.9 also indicates that T, increases as
the epoxidation level is increased, suggesting that the epoxide groups result in restricting
movement the natural rubber chains. As a result, a higher temperature is needed to overcome

the chain rigidity and interactions and allow rubbery behaviour.

2.5

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

1.5 -

Tan &

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 factor (tan 8) for RO, R25 and R50 rubbers as a
function of temperature at 170Hz.

3.3.2 Effect of frequency

The storage modulus, G’, of the three materials as a function of frequency and temperature
is plotted in Figures 3.10 to 3.12. It is frequency dependent, with its value increasing with
frequency at all measured temperatures. However, at higher temperatures the storage
modulus is relatively frequency independent. It becomes progressively more dependent on
frequency as the temperature decreases. Well above the Ty, the molecules are free to move
and experience relatively little resistance, so that a relatively low modulus can be observed.
As a result, similar storage modulus values are obtained at high temperatures for all three
compounds. However, as the temperature approaches the Ty, the frequency dependence of
the properties becomes more pronounced, as shown in Figures 3.10 to 3.12.
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Figure 3.10:
temperatures: -40°C to 50°C with 5°C interval.
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Figure 3.11: The frequency dependence of the storage modulus of R25 rubber for a range of
temperatures: -25°C to 50°C with 5°C interval.
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Figure 3.12: The frequency dependence of the storage modulus of R50 rubber for a range of
temperatures: -10°C to 50°C with 5°C interval.

3.3.3 Time-temperature superposition

The isothermal curves plotted in Figures 3.10 to 3.12 can 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 range. However, it is
possible to infer the dynamic mechanical properties of the rubber over a wider frequency
range using the time-temperature superposition principle. The time-temperature

superposition is expressed in the following equation [46, 79]:

Plo g (), (3.1)

GT0 (arw) = oT

where Gy, and Grare the shear modulus at the reference temperature, To and at a given

temperature, T, respectively. a; is the horizontal shift coefficient along the frequency axis,

w, While p, and p are the density of the material at T, and T, respectively, and:
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PoTo
pT

= by, (3.2)

b being the vertical shift coefficient.

The horizontal shift coefficient, a, is used to adjust the horizontal position of the isothermal
curve along the frequency axis, whereas the vertical shift coefficient, by, is used to adjust
the vertical position of the isothermal curve. The vertical shift coefficient, by, for all
isothermal curves were determined using Equation 3.2. It was assumed that the material
density did not change significantly with temperature, so that the density value was kept

constant.

The transition behaviour occurs in the range up to 100°C above T, [48]. In this temperature
range the frequency-temperature dependence of the dynamic properties of rubber can be
inferred empirically. The approach suggested by Williams, Landel and Ferry (WLF) [80]

expresses the shift factor, a, as the following:

Cl (T - Ts)

logay = — o 57
0BT = T AT T,

(3.3)

Here, C; and C, are viscoelastic coefficients and T is the reference temperature estimated

as:

T, = T, +50°C. (3.4)

Williams, Landel and Ferry suggested that the viscoelastic coefficients, C; = 8.86 and C, =
101.6. These values were selected based on the chosen reference temperature, Ty, of -30°C
for polyisobutylene. If a different reference temperature, T, is chosen instead of T, then the

new viscoelastic coefficients C,;° and C,° are calculated based on the following equations:

GG

' =—""—
VG, 4T, T,

(3.5)

and
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C,° =Cy,+Ty— T, (3.6)

In this work, the chosen reference temperature, T,, was 20°C, where the T, of each rubber
was estimated based on the epoxide levels analysed by nuclear magnetic resonance (NMR).
The T, of RO, R25 and R50 rubbers were -72.0°C, -45.5°C and -25.1°C respectively. The
new viscoelastic coefficients for RO, R25 and R50 at a reference temperature of 20°C are
summarised in Table 3.3.

Table 3.3
The new viscoelastic coefficients for the reference temperature of 20°C.
Viscoelastic Coefficients RO R25 R50
0
G 6.27 7.69 9.31
c,° 143.6 117.1 96.7

The horizontal shift factor is calculated using:

C,°(T —Ty)

_— 3.7
CY+T—T, 3.7)

logar = —

and their values for all rubbers are listed in Table 3.4.

3.3.4 Relationship of dynamic properties of different epoxidation levels

For a single homogenous polymer, plotting storage modulus, G’ against the loss modulus,
G'"', known as Cole-Cole plot [81], would show the relationship between the two moduli
without any information on the temperature and frequency at which the measurements were
taken. The data collapses on an arc of a circle presenting the dynamic properties of the
polymer from the rubbery to glassy phase. Figure 3.13 shows this data for the natural rubber
and ENR formulations tested. A full semicircle is not plotted as tests were not carried out at
low enough temperatures approaching the glass transition temperature for these materials.
The data for RO, R25 and R50 fall on a single arc suggesting that all the rubbers are correlated
and the epoxidation does not influence the relationship between storage modulus and loss

modulus.
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Table 3.4
The horizontal shift coefficients for the reference temperature of 20°C.

Horizontal shift coefficients, a;

Temperature (°C)

RO R25 R50
-40 31551.529 - -
-35 7786.905 - -
-30 2231.669 - -
-25 726.004 62785.932 -
-20 263.222 9731.792 -
-15 104.780 1892.968 -
-10 45.232 444.355 15379.298
-05 20.960 122.083 1761.166
00 10.336 38.315 267.527
05 5.385 13.470 51.181
10 2.946 5.221 11.849
15 1.683 2.202 3.218
20* 1.000 1.000 1.000
25 0.615 0.484 0.349
30 0.391 0.248 0.134
35 0.255 0.134 0.056
40 0.171 0.076 0.025
45 0.118 0.044 0.012
50 0.083 0.027 0.006

! Reference temperature, T,

Figure 3.14 shows the G' master curves for R25 and R50 rubbers shifted to the right to match
the master curve for RO rubber at reference temperature of 20°C. This has been done by
applying a multiplication factor to shift horizontally the curves for R25 and R50 rubbers.
The multiplication factors for R25 and R50 rubbers were found to be 17 and 500,
respectively. The same multiplication factors were applied to the master curves for G"' in
Figure 3.15.
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Figure 3.13: The Cole-Cole plots for RO, R25 and R50 rubbers.
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Figure 3.14: A comparison of the master curves for the storage modulus of RO, R25 and R50

rubbers as a function of the reduced frequency.
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Figure 3.15: A comparison of the master curves for the loss modulus of RO, R25 and R50
rubbers as a function of the reduced frequency.

It is also possible to shift the curves for RO and R50 by altering the reference temperature
from 20°C to -3°C for RO and to 38°C for R50 so that they overlap with the R25 curve at
20°C. The temperature differences between the reference temperature for R25 (20°C) and the
new reference temperatures for RO and R50 (23°C between R25 and R0 and 18°C between
R25 and R50) were similar to the differences in their T,s (26.5°C between R25 and RO and

20.4°C between R25 and R50). It was observed that C,° and C,°were very similar for RO,
R25 and R50 when the curves overlapped. This is to be expected as they have the same G’

versus G'' relationship demonstrated by the Cole-Cole plot (Figure 3.13).

The implications of these observations are interesting from a practical perspective. Let us
consider the case where it is desired to have an ENR having a particular dynamic property
at a temperature T,.o. This may be achieved by shifting the master curves for the dynamic
properties of natural rubber by a horizontal multiplication factor (x,) to a new frequency
range so that the desired modulus at the required frequencies is obtained. Then, the change
required in the T, of natural rubber can be calculated, and hence the epoxidation level
required to obtain the dynamic properties under the desired conditions. Knowledge of the
original three (before the application of x,) shift factors (a;;, ar, and as3) and their
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respective temperatures (T,, T, and T3) is required to form three simultaneous equations to
solve for T, and C,°. It should be noted that T, is reference temperature for the natural
rubber master curve shifted by x., whereas T, Is the reference temperature for the ENR

curve i.e. the temperature at which the desired properties are required.

C10(T1 —To)
a=logx.apy = ————— 3.8
gXrary Czo +T1 _ To ( )
C,°(T, — Tp)
=logx,.ap, = ————— 3.9
p gXrar; C20+T2—T0 (3.9)
C," (T3 — Tp)
=logx.ars = —————— 3.10
Y gXrars C20 T T, ( )
which leads to:
_ ayT,(T; — Ty) + ByT (T, — T3) + afT3(Ty — Ty) (3.11)
0 ay(Ts —Ty) + By(T, — T3) + aff (T, — T,) '
a— T, — T )(T, — T,
c,° = (a — B)(T, — To)(T, — Ty) (3.12)

.B(Tl - To) - a(Tz - To)

Alternatively, if T, of the original polymer (natural rubber) is known, then the following

equation can be used instead of Equation 3.12:
C,’=101.6+T,—T,. (3.13)

As mentioned earlier, the viscoelastic coefficients for overlapping NR and ENR compounds

were found to be the same. The T, of the ENR compound which gives the desired properties

at T..¢ can therefore be found:
Ty = 101.6 + Tpe — 50°C — C,°. (3.14)

For example, using x, as 0.06 (shifting RO to match R25), T, T, and T5 as -40°C, -35°C and
-30°C, and ary, ar, and arz as 31552, 7787 and 2232, the T, for R25 is calculated, using
Equations 3.11, 3.12 and 3.14 to be -48.5°C.
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Another way of visualizing this data is to use a nomogram (Figure 3.16). This nomogram
has been constructed from the data for RO, but it is generalised to apply to any ENR

compounds with known T,. The generalisation is approximate, but useful for design

purposes. It could be employed in two ways.
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Figure 3.16: A nomogram relating the reduced frequency to G’ and G'' at different
temperatures. The data is for NR (R0). The temperature in this nomogram has been
standardised such that it is applicable to other ENR compounds with knowledge of the T.

The first is estimation of the modulus at different temperatures and frequencies. For

example, if one needs to know the properties of a rubber at 10000 Hz and T,+65 then, from
the right-hand vertical axis 10000 Hz is chosen. This line is followed until the T,+65 line is
reached. The horizontal axis value at the point (~200000 Hz) is the corresponding frequency
for T,+90 (or the 20°C reference temperature of RO) and where the G" and G'' curves
intersect this vertical line are the corresponding values for this frequency and temperature.
The value of G’ is ~2 MPaand G"' is ~3 MPa. T,+65 is approximately 20°C for R25, so the
figures for G’ and G'’ can be confirmed by comparing with Figures 3.14 and 3.15. The
second is to choose a suitable ENR compound based on desiring particular values of G’ (or

G'") at a particular frequency and temperature. To achieve this, a horizontal line is drawn
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from the desired frequency and a vertical line through the desired value of G’. The point of

the intersection gives an estimate of the temperature above T, at which these properties could
be achieved. From the knowledge of the temperature for the application the T, and therefore

the level of epoxidation can be estimated.

3.3.5 Application of 5-Parameter Fractional Derivative Pritz Model

The 5-parameter fractional derivative model by Pritz, referred here to as the 5-parameter
fractional model, is the generalization of the conventional viscoelastic Zener model [6]. This
model has been developed and used successfully to fit experimental data on some polymeric
damping materials, especially over a wide frequency range [82]. It is also known that the
model describes the asymmetrical broadening peak of the loss factor and the low increment
of dynamic modulus at high frequencies [6]. However, in this paper the model is fitted to the
experimental data at low and medium frequencies only because the dynamic mechanical
analysis was not performed at low enough temperatures to go well below the glass transition
temperature for natural rubber. It is show in this part of the paper that the model satisfies the
dynamic properties of natural rubber with different epoxidation levels over a wide frequency

range.

The differential equation for the 5-parameter fractional model is [6]:

o(t) + ¥ %a(t) = Goe(t) + Gotﬁ%s(t) + (G, — GO)T"‘%e(t). (3.15)
This equation has five parameters, G, G, a, § and T which describe the dynamic behaviour
of the material over a broad frequency range. The parameters G, and G, are the low-
frequency and high-frequency storage moduli, respectively. a is the parameter that
determines the rate of change in the real and imaginary parts of the dynamic modulus in the
low frequency range, i.e. below the peak in the loss factor. The parameter g is the correction
to the conventional 4-parameter fractional derivative Zener model that controls the
asymmetry of the loss peak and the high-frequency behaviour of the real and imaginary parts
of the dynamic modulus. The parameter 7 is the relaxation time that controls the position of

the peak in the loss factor.
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The complex modulus for the 5-parameter fractional model is derived in the form of the
following equation (Equation 38 in ref. [6])

Gw) = Gy + Go(d — 1)—2D” 3.16
(@) = Go + Go(d = D) T —G7 (3.16)

where

g i 3.17

and the normalised frequency is

Wy = T, (3.18)

In this work the values for the 5-parameter fractional model were determined directly from
the experimental master curves. Since no dynamic properties data were obtained at the low

temperatures below the glass transition temperature, the minimisation analysis

N
Fx) = Z|éexv(wn,x) — Gt (w,, x)| - min, (3.19)

n=1

was carried out to invert the five parameters by fitting the predicted values of complex
modulus, G (w,, x), to the experimental data, G **? (w,,, x), obtained at the frequencies w,,.
The design variable vector in Equation 3.19 is x = {G,, G, @, B, 7}. The inverted values of

the five parameters are shown in Table 3.5.

Table 3.5
Optimized parameter values calculated for the 5-parameter fractional model.
Rubber G, (Pa) G, (Pa) a B 7 (s) d

RO 5,73x10° 1.11x10° 0.6828 0.6826 1.59 x 10 1940

R25 5.84x10° 4.03x10®° 0.7412 0.7388 1.78x10% 690

R50 6.60x 10> 3.21x10® 0.7726 0.6926 9.95x 10 486
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The predictions were performed for the inverted values of the five parameters and the results
were compared with the experimental master curves. The results for the storage modulus and
the loss modulus of RO, R25 and R50 rubbers are shown in Figure 3.17 and Figure 3.18. The
master curves for the storage modulus suggest that there is a good correlation between the
experimented and predicted results along the frequency range. The experimental master
curves and that predicted by the 5-parameter fractional model are almost identical. The loss
modulus of the rubbers exhibits similar behaviour by showing a good agreement from the
top to middle part of the master curves (at and around the loss peak). However, as the
frequency decreases, the disagreement between the data and the predictions becomes more
pronounced. This disagreement may lead to considerable design errors if this model is used
to predict the dynamic behaviour of the natural rubber that well above the glass transition
temperature or for w,, < 1. Above this frequency range, the model accuracy is high with the
maximum relative error being 5-8% for the storage modulus and 4-9% for the loss modulus.
This observation suggests that the model proposed can provide a close agreement to the

experimental master curves below the glass transition temperature or above w, > 1.
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Figure 3.17: A comparison between the master curves and predictions from the 5-parameter
fractional model for the storage modulus of RO, R25 and R50 rubbers as a function of the
reduced frequency.
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Figure 3.18: A comparison between the master curves and predictions from the 5-parameter
fractional model for the loss modulus of RO, R25 and R50 rubbers as a function of the
reduced frequency.

3.4 Summary

Three types of rubber with different epoxidation levels: SMR-CV60 (0 mol%), ENR-25 (25
mol%), and ENR-50 (50 mol%) were the focus of this study. The master curves for their
dynamic properties were constructed based on the time-temperature equivalence principle
using Williams-Landel-Ferry (WLF) relationship for amorphous polymers. Cole-Cole plots
for all three vulcanizates fall on a single curve regardless of the level of epoxidation
suggesting that the epoxidation does not influence the relationship between the storage
modulus and loss modulus, but merely shifts the master curves for natural rubber along the
frequency axis. The results obtained in this work provide the basis for determining the
optimal epoxidation level to achieve specific dynamic property requirements over a range of
temperature and frequencies. A nomogram has been constructed for predicting the
appropriate epoxidation level for such purposes. In addition, the 5-parameter fractional
model for the dynamic properties of natural rubber with different epoxidation levels has been
fitted to the experimental data. This model can fit well the experimentally obtained master

curves with the maximum relative error of 4-9%. The dynamic mechanical properties of
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solid ENR and solid natural rubber were investigated. Consequently, the next step is to
develop a manufacturing process for ENR foams and natural rubber foams based on dry
rubber. The optimisation parameters in the manufacturing process of rubber foams need to
be studied and understood so that they can be manufactured and used in vibration and noise
control applications.
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Chapter 4

Manufacturing Process of Epoxidized Natural Rubber
Foam

4.1 Introduction

This chapter focuses on the development of a new manufacturing process for the dry rubber
foams so that they can be used in vibration damping and noise control applications. Several
manufacturing processes were performed to achieve optimum epoxidized natural rubber
(ENR) foams and natural rubber foams formulations. The formulations, mixing process and
curing procedures to produce vibro-acoustic foams are explained in detail. In addition, the
Mooney viscosity measurement, cure characteristic analysis and morphology study on the

rubber foams are discussed in this chapter.

4.2 Materials

The same materials and formulations as presented in section 3.2 were used to produce the
natural rubber foam and ENR foams. The difference was only the addition of blowing agents
to the formulations. Three types of natural rubber, SMR-CV60, ENR-25 and ENR-50 were
obtained from the Malaysian Rubber Board. These three different epoxidation levels of
natural rubber were used to study the effect of epoxidation levels on the manufacturing
process of rubber foams. All other ingredients were provided by Tun Abdul Razak Research
Centre (TARRC), Hertford while the blowing agents, sodium bicarbonate and ammonium
bicarbonate were supplied by Sigma Aldrich. The foams are denoted as FO, F25 and F50,
where the numbers stand for the epoxidation level of the rubber foam: 0, 25 and 50 mol%.

All the manufacturing processes were carried out at TARRC, Hertford.

4.3 Manufacturing process 1: Introduction

4.3.1 Effect of different amount of sodium bicarbonate

Firstly, natural rubber with no epoxidation level was selected to study the possibility of the
rubber to be produced as foam. The ultimate objective here was to obtain foam with an open

pore structure and density being approximately below than 300 kg/m?®. Many vibration and
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noise control applications require foams with open pore structure to provide a relatively low
Young’s modulus and higher damping properties. Foams with closed pore structure typically
yield higher Young’s moduli and can be used in application that require stiffer materials.
The formulations shown in Table 4.1 were the initial formulations. These new formulations
are denoted as DRF-8 and DRF-20. DRF-8 foam corresponds to the formulation with the
same amount of sodium bicarbonate (8 phr) as used in ref. [4] and DRF-20 foam corresponds
to the formulation with the maximum amount of sodium bicarbonate (20 phr) as proposed
in ref. [56].

Table 4.1
DRF-8 and DRF-20 formulations in parts per hundred of rubber (phr).
Batch  Formulation DRF-8 DRF-20
SMR-CV60 100 100
. Zinc Oxide 4 4
Stearic Acid 4 4
Wingstay L 1 1
Sulfur 2.5 25
CBS! 1 1
2
PVI2 0.3 0.3
Sodium Bicarbonate 8 20

!Benzothiazyl-2-cyclohexyl-sulfenamide
2Prevulcanisation inhibitor

Most of the ingredients were based on the previous research [4]. The ingredients used in ref.
[4] were chosen because of the same blowing agent, sodium bicarbonate, was used to
produce the natural rubber foam. The sodium bicarbonate is one of the inorganic blowing
agents. These kind of blowing agents are typically used to produce open pore foams, and
they are non-hazardous materials [56]. The advantages of this blowing agent are presented

in section 2.5.2.1.

Several modifications were made to the formulations shown in Table 4.1. The amount of
stearic acid was increased slightly as this weak acid can help bicarbonate to decompose

uniformly into carbon dioxide gas [56]. The amount of sulfur was also increased to avoid

86



any pore collapses due to insufficient crosslinking. Besides that, the addition of Wingstay L
as an antioxidant to the formulations can protect rubber foams against degradation caused
by oxidation. The addition of prevulcanisation inhibitor (PV1) increased the time to incipient
the crosslinking process of a rubber formulation, so that bicarbonate can decompose into
carbon dioxide gas in adequate time before the crosslinking process started. Finally, the

influence of sodium bicarbonate itself in this study was also investigated.

All ingredients were compounded on a laboratory two-roll-mill machine. Raw rubber and
other ingredients in Batch 1 (see Table 4.1) were loaded at the beginning of the compounding
process and maintained below 40°C. The remaining ingredients in Batch 2 were mixed
together and then loaded gradually onto the two-roll-mill. Finally, a compounded rubber
sheet of rubber was obtained. The compounding time was kept below 20 minutes. The rubber
sheet was left for 24 hours before being compression moulded for 20 minutes using an
electrically heated hydraulic press at 150°C and the foaming pressure of 7 MPa. The stages
for the preparation of compounded rubber before the curing process and for the production

of rubber foam after the curing process are illustrated in Figure 4.1.

-

Figure 4.1: (a) The compounded rubber is ready to be compressed at predetermined time
and temperature; (b) Rubber foam produced from the compression moulding process.
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A preliminary study of the foam morphology was then performed. Light micrographs of
razor-cut surfaces of DRF-8 and DRF-20 foams are shown in Figure 4.2. The surface was
cut perpendicular to its foaming direction. The micrographs of the foam pores were then
analysed using Image J software to determine their average pore size. This parameter was
determined from the measurements of approximately more than 1000 different pores that

were studied from a micrograph for each foam sample produced in this work.

y ¥ S
2 ¥ P (e

D.RF-8 and DRF-20 foams.

These micrographs were also analysed in terms of expansion ratio (ER) of the rubber foam

[57] and number of pores per unit volume (N) [4]. These parameters can be expressed as:

1
ER = 4.1
P/ Py (.1
and
_ 6 (py
N= - d3<px 1) (4.2)

where p, is the density of the rubber foam, p,, is the density of the solid rubber and d is the
average pore size or equivalent to diameter in mm. Density (p) measurements were
performed by dividing the weight of each solid rubber or rubber foam with their
corresponding volume as outlined in the ISO 6916-1:1995 [83]. The effect of adding
different amounts of sodium bicarbonate on key physical properties of dry rubber foam are

summarised in Table 4.2.
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Table 4.2
Effect of different amount of sodium bicarbonate on the physical properties of dry rubber
foam.

Physical properties DRF-8 DRF-20
Density of solid rubber, p,, (kg/m?) 967 967
Apparent density of rubber foam, p, (kg/m?) 390 260
Expansion ratio 2.48 3.72
Average pore size (mm) 0.55 0.42
Number of pores per unit volume (cm) 17,155 72,876

The density of dry rubber foam decreases with increasing amount of sodium bicarbonate.
This observation suggests that a higher amount of sodium bicarbonate used in DRF-20 foam
generates more carbon dioxide gas and allows this foam to expand more than DRF-8 foam.
This statement is supported by the expansion ratio values which were 2.48 for DRF-8 foam
and 3.72 for DRF-20 foam. According to the previous research [84], foam with a higher
amount of sodium bicarbonate had more gas phase than the solid phase due to a higher
amount of carbon dioxide present in the foam. Therefore, thinner pore walls in the matrix

were created resulting to the production of the foam sample with lower density.

The results also indicate that the average pore size slightly decreased with increasing amount
of sodium bicarbonate and the number of pores per unit volume increased by four-fold. This
suggests that more small pores were developed in DRF-20 foam. These results were also
observed in previous research [84] which stated that a higher amount of gas decomposed in
the foaming process could resulted in smaller and more uniform pores. They also found that
decreasing in the average pore size can lead to an increase in the number of pores per unit

volume.

Figure 4.2 shows that thinner pore walls can be observed in the DRF-20 foam structure.
These pore walls can be ruptured in the process to produce larger pores. However, this
physical process was restricted by the high viscosity of raw rubber. This, in turn, restricted
carbon dioxide gas from expanding more in the foam structure. Therefore, a mastication

process (scissoring process) was introduced to obtain lower viscosity raw rubber. This
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process was implemented successfully in the production of moulded rubber foam in ref. [85]

and it is discussed in section 4.4.

4.3.2 Effect of compounding ingredients

The ingredients in the formulation have their own purposes and influence the end product.
For example, sulfur is added to crosslink loose individual rubber chain molecules and to
convert viscous and tacky raw rubber into an elastic rubber. Other ingredients used in the
formulation such as activators (zinc oxide and stearic acid), accelerators (CBS; N-
cyclohexyl-2-benzothiazole sulfonamide) and prevulcanisation inhibitor (PVI; N-
(cyclohexylthio) phthalimide) also have their own functions in the formulation. These
functions are explained in terms of their effect on the curing process. Table 4.3 shows the
formulations studied. All these formulations contain the same amount of sulfur and

antioxidant (Wingstay L). No blowing agent was applied for this observation study.

Table 4.3
RO-Raw, RO-Activator, RO-Accelerator and RO formulations in parts per hundred of rubber

(phr).

Batch  Formulation RO-Raw Ac?i\(/)z;ltor Acc?lg;ator RO
SMR-CV60 100 100 100 100
1 Zinc Oxide - 4 - 4
Stearic Acid - 4 -
Wingstay L 1 1 1 1
Sulfur 2.5 2.5 2.5 2.5
cBs! - - 1 1
? PVI? - - 0.3 0.3

Sodium Bicarbonate - - - .

!Benzothiazyl-2-cyclohexyl-sulfenamide
2Prevulcanisation inhibitor

These formulations are denoted as RO-Raw, which was a basic formulation with no
activators and accelerators, RO-Activator, a formulation with activators only, RO-
Accelerator, a formulation with accelerators only and RO, a formulation with the complete

ingredients. The mixing process was the same as described in the previous section. Cure
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characteristics were analysed using a Moving Die Rheometer, MDR 2000 (Figure 4.3(a)).

The principle of the rheometer’s operation is to apply a cyclic strain to the test sample and
to measure the force (torque) developed as a function of time at a constant predetermined
temperature. Five grams of each formulation was used in this experiment at the temperature

of 150°C.

Oscillating
lower die

position

Flgure 4.3: (a) Moving ¢ DR 2000; (b) Heated dies condition before cure
measurement; () Tested sample after cure measurement.

The rheometer curve (Figure 4.4) was obtained from this experiment in which the torque

was plotted against time.
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Figure 4.4: A rheometer curve [7].
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The scorch time (t,,), time to 95% cure (ty5), minimum torque (ML), and maximum torque
(MH) were obtained from the rheometry data. Scorch is premature vulcanisation or
crosslinking of rubber compound. The scorch time (t,,) is the time taken for minimum
torque value to increase by two units (ML + 2 units), and it is a measurement time for
premature vulcanisation to start in the curing process, while tqs is the crosslinking time at
which 95% of cure has taken place. The minimum torque (ML) relates to the viscosity of
non-crosslinking natural rubber (unvulcanised natural rubber) taken at the minimum point
of the rheometer curve, while the maximum torque (MH) is a viscosity measurement of
crosslinked natural rubber (vulcanised natural rubber) taken at the maximum point of the

rheometer curve.

The rheometer curve of the formulations is plotted in Figure 4.5 and their cure characteristics
are given in Table 4.4.
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Figure 4.5: The rheometer curve for RO-Raw, RO-Activator, RO-Accelerator and RO
formulations at 150°C.
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Table 4.4
The cure characteristics of RO-Raw, RO-Activator, RO-Accelerator and RO formulations at
150°C.

o RO- RO-
Cure characteristics RO-Raw ] RO
Activator Accelerator
a. Scorch time, t, (min) av;\ilgme 31 6 !
b. Curing time, tq5 (min) av;\ilgme 52 8 15
c. Minimum torque, ML (Nm) 0.11 0.07 0.10 0.05
d. Maximum torque, MH (Nm) 0.16 0.35 0.44 0.80

RO-Raw formulation shows that data for the scorch time and the curing time were not able
to be recorded. This observation may be attributed to the fact that no crosslinking happened
within this time period. These parameters could be recorded after the activators were added
to the RO-Activator formulation. The crosslinking process was too long with the time taken

were 31 minutes for the scorch time and 52 minutes for the curing time.

After accelerators were introduced in RO-Accelerator formulation, the scorch time was
measured and recorded at a realistically short time period of 6 minutes. This suggests that
an accelerator is a compounding material which can be used with a sulfur to increase the
speed of vulcanisation. For this formulation, the curing time of 8 minutes was found too
short and too close to the scorch time. The cure system of the compound with the blowing
agent must be capable of allowing the blowing agent to decompose into gas in adequate time
so that the blown rubber can be set up steadily. Therefore, its pores structure does not
collapse prior to vulcanisation [53]. Besides that, a decrease in torque can be seen after the
maximum torque has been reached (see RO-Accelerator in Figure 4.5). This situation
indicates a reversion of crosslinking process in the natural rubber compound. Reversion

refers to the loss of crosslinking as a result of thermal aging [7].

The scorch time and the cure time of RO formulation were recorded at 7 minutes and 15
minutes, respectively. This experiment provided an ample time for the gas in blowing agent
to decompose sufficiently. In addition, the maximum torque was recorded at the highest
value among the other formulations with 0.80 Nm with no reversion observed. The data

show that the formulation had high viscosity and it was thermally stable. In this formulation,
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an activator functioned very well by increasing the effectiveness of an accelerator. As a
result, this formulation was the right formulation to be used in the natural rubber foam
development

4.3.3 Effect of curing temperature

The study on curing temperature was performed to understand the relationship between the
curing temperature and the cure characteristics in the rubber compounding process. This
study was also extended to natural rubber with 25 mol% and 50 mol% epoxidation level and
no blowing agent was applied. Four different curing temperatures were studied, 130°C,
140°C, 150°C and 160°C. Table 4.5 shows the formulations used in this study. These are
denoted as RO, R25 and R50, where the numbers stand for the epoxidation level of the
rubber: 0, 25 and 50 mol%, respectively.

Table 4.5
RO, R25 and R50 formulations in parts per hundred of rubber (phr).
Batch Formulation RO R25 R50
SMR-CV60 100 - -
ENR-25 - 100 -
1 ENR-50 - - 100
Zinc Oxide 4 4
Stearic Acid 4 4
Wingstay L 1 1
Sulfur 2.5 2.5 2.5
cBs! 1 1 1
: PVI? 0.3 0.3 0.3

Sodium Bicarbonate - - .

!Benzothiazyl-2-cyclohexyl-sulfenamide
2Prevulcanisation inhibitor

The mixing process and cure characterisation procedures were the same as described in the
previous section. The rheometer curve of RO, R25 and R50 formulations at different curing
temperatures is plotted in Figures 4.6 to 4.8, respectively, and their cure characteristics are
given in Table 4.6. The scorch time and the curing time decreased with the increasing curing

temperature for all the formulations. These observations suggest that the crosslinking
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process became shorten at higher curing temperature and the prevulcanisation might be
happened earlier along with the rising curing temperature. A decreasing trend of the
minimum torque and the maximum torque were also observed with the increasing curing
temperature. These observations may be attributed to the increase in the curing temperature
which caused in lower viscosity of the rubber formulation. At this point, the curing
temperature of 150°C was considered as it provides realistically scorch time and reasonable
curing time for all rubbers with different epoxidation levels. Moreover, the formulations at
this curing temperature were thermally stable within 20 minutes curing process (see Figures
4.6 t0 4.8).
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Figure 4.6: The rheometer curve for RO formulation at different curing temperatures.
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Figure 4.8: The rheometer curve for R50 formulation at different curing temperatures.
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Table 4.6

The cure characteristics for RO, R25 and R50 formulations at different curing temperatures.

RO

Curing
temperature
(C)

130 140

150

160

130

R25

140 150 160

R50

130 140

150

160

Scorch time, t,,

(min) 18 11

Curing time, tqs

(min) 47 25

Minimum
torque, ML
(Nm)
Maximum

torque, MH
(Nm)

0.07 0.06

0.87 0.82

15

0.05

0.80

0.05

0.75

15

36

0.07

0.86

20 14 6

0.06 0.05 0.04

0.83 0.84 0.80

13 7

51 24

0.06 0.05

0.90 0.87

15

0.05

0.89

0.04

0.87

The rheometer curve of RO, R25 and R50 formulations at 150°C plotted in Figures 4.6 to 4.8

are replotted in Figure 4.9. No difference in terms of rheometer curve trend and no obvious

reversion is taken place. However, it can be seen that the scorch time decreased slightly with

the increasing epoxidation levels from 7 minutes for RO formulation to 5 minutes for R50

formulation (see Table 4.6). The scorch time reduction can be explained by the presence of

epoxide groups in the natural rubber matrix that contributes to the restriction of the polymer

chains movement and initiation speed of the crosslinking process. These results were also

observed in previous research [12] which found that the epoxidation can shorten the scorch

time during the curing process. However, in terms of tqz, it was almost the same for all the

formulations and it was in the range of 14 to 15 minutes.
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Figure 4.9: The rheometer curve for RO, R25 and R50 formulations at 150°C.

The minimum torques recorded were the same for all the formulations with the data
measured were 0.05 Nm. This torque value indicates that the viscosity of unvulcanised
material was the same for different epoxidation levels. The maximum torque increased with
the increasing epoxidation levels. These data were obtained at 0.80 Nm, 0.84 Nm and 0.89
Nm for RO, R25 and R50 formulations, respectively. This was due to the presence of high
polarity of epoxide groups in the rubber matrix which contributed to the higher viscosity of

the vulcanised rubber.

Based on the rheometer curve presented in Figure 4.9, the curing time of 20 minutes was
considered as the one at which the curing process was completed and no revision happened.
This condition can be seen from the constant torque value on the rheometer curve of each

formulation.

4.4 Manufacturing process 2: Mastication of raw rubber

In section 4.3.1, a mastication process was mentioned to reduce the viscosity of raw rubber.

Raw rubber is a high molecular weight or high viscosity rubber. The purpose of the
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mastication process is to reduce the average molecular weight of raw rubber by mechanical
work. Therefore, the low viscosity of raw rubber can facilitate the combination of
compounding ingredients and improves their dispersion in the rubber matrix [7]. In this
study, the aim was to control the low viscosity of raw rubber, so that the raw rubber could
allow the carbon dioxide gas produced from the thermal decomposition of sodium
bicarbonate to expand more in the foam structure. Therefore, high porosity of rubber foam
could be obtained. This process was implemented as suggested for the production of
moulded rubber foam in ref. [85]. The viscosity of raw rubber in ref. [85] was masticated to
15 to 20 MV, where MV is stand for Mooney Viscosity, a viscosity index to measure the
viscosity of raw rubber or rubber compound. The viscosity can be measured using the
Mooney Viscometer at a standard prescribed elevated temperature, 100°C (Figure 4.10(a)).

Rotating
spindle

Heated dies

£
o i - e
N ) « e

Figure 4.10: (a) Mooney viscometer; (b) Rotating spindle filled with the rubber sample;
(c) The rubber sample within two heated dies.

This instrument measures torque on rotating spindle filled with 30 grams of rubber sample
(Figure 4.10(b)). The pressure is then introduced to the sample within two heated dies for a
minute to ensure the sample can reach the thermal equilibrium (Figure 4.10(c)). Next, the
spindle is rotated by means of motor for four minutes measurement and finally a torque value

is taken as viscosity index.

Table 4.7 shows the formulations studied and they are denoted as FO, F25 and F50, where

the numbers stand for the epoxidation level of the foam: 0, 25 and 50 mol%, respectively.

99



Table 4.7
FO, F25 and F50 formulations in parts per hundred of rubber (phr).

Batch Formulation FO F25 F50
SMR-CV60 100 - -
ENR-25 - 100 -

1 ENR-50 - - 100
Zinc Oxide 4 4
Stearic Acid 4 4
Wingstay L 1 1
Sulfur 2.5 2.5 2.5
) CcBs! 1 1 1
PVI? 0.3 0.3 0.3
Sodium Bicarbonate 20 20 20

!Benzothiazyl-2-cyclohexyl-sulfenamide
2Prevulcanisation inhibitor

The raw rubber was masticated for 10 minutes using a cracker mill machine (Figure 4.11) at
room temperature. The machine has the same concept as the two-roll-mill machine but it
larger in size. The mastication process using the two-roll-mill machine was not
recommended as the process took 50 minutes to obtain the raw rubber with desired Mooney
viscosity. The mixing process, cure characterisation procedures and curing process were the

same as described in the previous section.

The Mooney viscosity in Table 4.8 indicates that the desired Mooney viscosity for the raw
rubbers can be achieved within the first 10 minutes of the mastication process. At this stage,
the viscosity of the raw rubber was kept around 20 MV. The Mooney viscosity of raw rubber
can go lower than 20 MV as suggested in ref. [85]. However, this procedure was not
recommended for this study as the raw rubber became tacky. It can be seen in Table 4.8 that
the Mooney viscosity of compounded rubber were relatively low with the data measured

were in the range of 8 to 12 MV for all formulations.
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Figure 4.11: A cracker mill.

Table 4.8

The Mooney viscosity of FO, F25 and F50 formulations at different stages.
Mooney viscosity, 100°C (MV) FO F25 F50
Raw rubber 78.5 105.0 98.0
10 minutes mastication 21.0 215 20.0
Compounded rubber 8.0 12.0 12.0

The rheometer curves for FO, F25 and F50 formulations at the temperature of 150°C are
plotted in Figure 4.12, and their cure characteristics are given in Table 4.9. The scorch time
remain the same with the increasing epoxidation levels. This outcome is contradicted with
the statement made in ref. [12] where the author observed that the epoxidation may shorten
the scorch time in the curing process. However, these results suggest that the epoxidation
may not influence significantly to the scorch time upon the addition of blowing agent to the
formulations. These results were also observed correspondingly in previous research, e.g.
[86]. The scorch time recorded in ref. [86] were similar with the increasing ratio of ENR in
their binary formulation. In contrast, the curing time increased with the increasing
epoxidation levels. The curing time for FO formulation was 12 minutes and it increased to

18 minutes for F50 formulation.
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Figure 4.12: The rheometer curve for FO, F25 and F50 formulations at 150°C.
Table 4.9
The cure characteristics for FO, F25 and F50 formulations at 150°C.
Cure characteristics FO F25 F50
Scorch time, tg, (min) 6 6 6
Curing time, tys (mMin) 12 13 18
Minimum torque, ML (Nm) 0.01 0.01 0.01
Maximum torque, MH (Nm) 0.63 0.81 0.78

The minimum torques recorded were the same for all the formulations with the data

measured were 0.01 Nm. However, the maximum torque shows different trend with the

increasing epoxidation levels. The maximum torque for F50 formulation was lower than that

for F25 formulation. This observation may be attributed to the lower viscosity of F50 raw

rubber than F25 raw rubber used in this study (see Table 4.8).

The morphology study of FO foam was performed. Light micrograph of razor-cut surfaces

of FO foam is shown in Figure 4.13. The micrograph processing procedures and the physical
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properties studied were the same as described in section 4.3.1. The physical properties of FO

foam after the mastication process of raw rubber are summarised in Table 4.10.

Flguré 4. 13 nght micrographs of FO foam.

Table 4.10

The physical properties of FO foam after the mastication process of raw rubber.
Physical properties FO
Density of solid rubber, p,, (kg/m?) 967
Apparent density of rubber foam, p, (kg/m?) 256
Expansion ratio 3.78
Average pore size (mm) 0.35
Number of pores per unit volume (cm™) 126,090

The expansion ratio value of FO foam after the mastication process of raw rubber was slightly
higher than the expansion ratio value obtained for FO 20 foam (see Table 4.2). This result is
attributed to the lower density of FO foam. It shows here the mastication process which
leading to the viscosity reduction of raw rubber can help the carbon dioxide gas to expand
more in the foam structure even at the same amount of sodium bicarbonate. The results also
indicate that the average pore size of the foam was slightly decreased and the number of
pores per unit volume increased by 42% after the mastication process. This suggests that

more small pores were produced in FO foam.

However, no morphology study was performed on F25 and F50 foams as the production for
both foams were not successful as illustrated in Figure 4.14. F25 and F50 foams collapsed

during the curing process. This observation suggests that the carbon dioxide gas was not able
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to penetrate through the ENR membranes even after the mastication process on ENR raw
rubber. A few solutions were introduced by adding other ingredients in the formulation.

These solutions are discussed in the following section.

FO foam F25 and F50 foams

Figure 4.14: A comparison between the foam production after the mastication process for
FO, F25 and F50 foams.

4.5 Manufacturing process 3: Addition of other ingredients

ENR has low gas permeability. This observation has been reported in previous research, e.g.
[12]. The author found that the gas permeability decreased drastically with the increasing
epoxidation levels. The presence of epoxide groups on the rubber backbone increase the
degree of saturation in ENR and results in a reduction rate of gas permeability. Therefore, a

few solutions were suggested to overcome the issue.

In this study, F50 foam was selected due its highest epoxidation level. Three new ingredients

were added to F50 formulation. Table 4.11 shows the formulations used in this study.
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Table 4.11
F50 CS, F50 AB and F50 PO formulations in parts per hundred of rubber (phr).

Batch Formulation F50 CS F50 AB F50 PO

ENR-50 100 100 100
Zinc Oxide 4 4
Stearic Acid 4

1 Wingstay L 1 1 1
Calcium Stearate 2 - -
Naphthenic Oil* (Strukthene 410) - - 10
Talc - - 9
Sulfur 2.5 2.5 2.5
CcBs! 1 1 1

2 PVI? 0.3 0.3 0.3
Sodium Bicarbonate 20 10 20
Ammonium Bicarbonate - 10 -

!Benzothiazyl-2-cyclohexyl-sulfenamide

2Prevulcanisation inhibitor

These formulations are denoted as F50 CS, which is a formulation with addition of calcium
stearate, F50 AB, a formulation with addition of ammonium bicarbonate and F50 PO, a
formulation with addition of process oil. All these ingredients were added to ensure the gas

in the F50 formulation can be expanded without any restriction by ENR membranes.

Calcium stearate is one of the lubricants used in the rubber compounding that can reduce the
frictional forces between the rubber chains [7]. Therefore, this material was expected to
reduce further the viscosity of the compounded rubber of F50 CS formulation. The lubricant
coats the rubber and other ingredients in the first part of the mixing process. Then, it begins
to melt with the increasing temperatures and starts to function in the rubber matrix by the

shearing action of the two-roll-mill machine.

Ammonium bicarbonate (NH,HCO;) is another inorganic blowing agent. It is produced from
the equilibrium reaction of ammonium carbonate ((NH,),CO3) and water (H,0) as shown
in the Equation 4.3 below [53]:

3(NH,),C0; + H,0 © 2 NH,HCO; + NH,COONH, + 2 NH,OH (4.3)
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Ammonium bicarbonate starts to decompose the ammonia gas (NH;) and the carbon dioxide

gas (CO,) when the temperature reaches 60°C as shown in the Equation 4.4.

NH,HCO; & NH; + CO, + H,0 (4.4)

According to ref. [53], the thermal decomposition of ammonium carbonate can result in a
formation of large broken pores in the foam structure. This is due to the production of large
amounts of ammonia gas which contributed to the high rise in pressure during the
decomposition process. This suggests that the ammonium bicarbonate has the same reaction,
but it releases less ammonia gas and less rise in pressure is expected. Therefore, this
mechanism was predicted and used to allow fair pores formation in ENR membranes with
the assist of ammonia gas. Furthermore, the authors in ref. [53] stated that the low stability
of this blowing agent can be improved by mixing it with the more stable blowing agent such
as sodium bicarbonate. This can be achieved by mixing these two blowing agents with an
equal weight in the F50 AB formulation (see Table 4.11).

Finally, the last suggested ingredient, process oil acts as a plasticiser and it provides
softening effect to the compounded rubber by reducing its viscosity. The low viscosity
process oil, naphthenic oil, was added to the F50 PO formulation and this type of process oil
was also used in the suggested production of moulded rubber foam in ref. [85]. In F50 PO
formulation, talc was also added to ensure the formulation does not contain an excessive oil

which can make the mixing process difficult.

The mastication process of raw rubber was also implemented at the beginning of the mixing
process for all the formulations. The viscosity measurement, cure characterisation
procedures and curing process were the same as described in the previous sections. However,
the mixing process for F50 PO formulation was slightly different because of the high dosage
level of process oil used in the formulation. F50 PO formulation was not recommended to
be mixed in the two-roll-mill machine as more practical mixing machine such as a Banbury
mixer can be used as shown in Figure 4.15. This mixer can blend all the ingredients with the

process oil in the close mixing condition.
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Figure 4.15: A Banbury mixer.

The Banbury mixer has two intermeshing rotors that rotate side by side towards each other
in a mixing chamber. The mixer has a door called hopper to insert the mixing ingredients.
The Banbury mixer is operated by raising the ram completely and inserting the mixing
ingredients to fill the chamber. The ram is then lowered under pressure to push the mixing
ingredients to the mixing chamber before they are being blended by the rotors. After mixing
process is completed by the shearing action of the rotors, the compounded rubber is
discharged to the discharge tray. The mixing conditions and the mixing procedure of the F50

PO formulation are presented in Table 4.12.

Table 4.12

The mixing conditions and the mixing procedure of F50 PO formulation applied on the
Banbury mixer.

Machine temperature:  40°C Rotor speed: 100 rotation/minute
Mixing Time Process
0 min Ram up. Load the masticated raw rubber. Ram down.
1 min Ram up. Load remaining ingredients in Batch 1 (see Table 4.11).
Ram down.
6 min Ram up. Load all the ingredients in Batch 2. Ram down.
8 min Discharged.
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The Mooney viscosity for F50 CS, F50 AB and F50 PO formulations are presented in Table
4.13. The desired Mooney viscosity for the raw rubbers was achieved within 10 minutes
mastication process. The Mooney viscosity for all the compounded rubbers were relatively
lower than F50 formulation (see Table 4.8). This observation suggests that the viscosity of
F50 formulation can be reduced further with the addition of these ingredients. Therefore, the

decomposition gas was expected to expand in the ENR membranes.

iﬁglﬁﬂtﬁey viscosity for F50 CS, F50 AB and F50 PO formulations at different stages.
Mooney viscosity, 100°C (MV) F50 CS F50 AB F50 PO
Raw rubber 98.5 98.5 98.5
10 mins mastication 19.0 18.5 19.5
Compounded rubber 10.5 8.0 6.0

The rheometer curves for F50 CS, F50 AB and F50 PO formulations at the temperature of
150°C are plotted in Figure 4.16, and their cure characteristics are given in Table 4.14.
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Figure 4.16: The rheometer curve for F50 CS, F50 AB and F50 PO formulations at 150°C.
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Table 4.14
The cure characteristics for F50 CS, F50 AB and F50 PO formulations at 150°C.

Cure characteristics F50 CS F50 AB F50 PO
Scorch time, tg, (min) 6 3 8
Curing time, tys (min) 18 9 18
Minimum torque, ML (Nm) 0.01 0.01 0.01
Maximum torque, MH (Nm) 0.81 0.60 0.60

The cure characteristics of F50 CS formulation were similar to F50 formulation (see Table
4.9). This suggests that the calcium stearate does not change the cure characteristics. The
result was also predicted in the case of F50 PO formulation. The scorch time increased and
maximum torque decreased when process oil was added. The softening effect delayed the
crosslinking to occur during the curing process and it also reduced the F50 PO formulation
stiffness by 23%.

In the case of F50 AB formulation, the scorch time and the curing time reduced by half as
compared to F50 CS formulation, and the maximum torque also decreased with the presence
of ammonium bicarbonate to the formulation. These observations suggest that ammonia gas
decomposed strongly after the curing temperature reached at 60°C and relatively high
pressure developed prior to the formation of the crosslinking process of the rubber.
Therefore, the gas increases the speed of crosslinking process. The results can also be
supported by the finding reported in ref. [53]. The authors found different pressure behaviour
between ammonium carbonate ((NH,),CO3) and sodium bicarbonate (NaHCO3;) as a
function of temperature (Figure 4.17). The thermal decomposition of ammonium carbonate
starts at lower temperatures and pressure increases drastically at temperatures above 80°C.
In contrast, sodium bicarbonate decomposes at higher temperatures and it results in a
relatively low in pressure rise. This comparison suggests that ammonium carbonate or

bicarbonate are more active inorganic blowing agents as compared to sodium bicarbonate.

The morphology study of F50 AB foam was performed. A light micrograph of razor-cut
surfaces of F50 AB foam is shown in Figure 4.18. The micrograph processing procedure and
the physical properties studied were the same as described in the previous section. The

physical properties of F50 AB foam are summarised in Table 4.15.
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Figure 4.17: The pressure behaviour of ammonium carbonate ((NH,),CO3) and sodium
bicarbonate (NaHCO3) as a function of temperature [53].

Table 4.15

The physical properties of F50 AB foam.
Physical properties F50 AB
Density of solid rubber, p,, (kg/md) 1049
Apparent density of rubber foam, p,, (kg/m?) 266
Expansion ratio 3.94
Average pore size (mm) 0.48
Number of pores per unit volume (cm™) 49,985
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The expansion ratio value of F50 AB foam was comparable to the expansion ratio value
obtained for FO foam (see Table 4.10). This observation suggest that the ammonia gas
produced from the thermal decomposition of ammonium bicarbonate was able to expand in
ENR membranes allowing pores formation in the foam structure. The results also indicate
that the average pore size of foam increased and that the number of pores per unit volume
decreased upon the addition of ammonium bicarbonate. This suggest that more larger pores
were produced in F50 AB foam as compared to FO foam. Ammonium bicarbonate was
producing a relatively high pressure at temperatures above 80°C and contributed to the
formation of larger pores in the foam structure. The results also show that ammonia gas
decomposed just before the scorch time was reached and that the expansion occurred
immediately to rupture the ENR membranes before the crosslinking process could have
stabilised them.

No morphology study was performed on F50 CS and F50 PO foams because these foams
were not considered promising enough because of their relative low porosity as shown in
Figure 4.19. F50 CS and F50 PO foams were not fully blown foam by the curing process.
This observation suggests that the calcium stearate and process oil were not fully able to
assist carbon dioxide gas to expand completely and to penetrate through the ENR
membranes. At this point, the addition of ammonium bicarbonate to the formulation was
considered. The comparative study on the effect of different ratios of ammonium bicarbonate

and sodium bicarbonate in the rubber foam production is presented in the following section.

F50 CS foam F50 AB foam F50 PO foam

Figure 4.19: A comparison between the foam production for F50 CS, F50 AB and F50 PO
foams.
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4.6 Manufacturing process 4: Finalising

The introduction of ammonium bicarbonate showed some improvement in the ENR foam
production. Besides that, the authors of ref. [53] recommended a mixture of ammonium
carbonate (or bicarbonate) and sodium bicarbonate because this mixture does not decompose
immediately during the curing process so that foam with uniform structure could be
produced. Therefore, the effect of different ratios of ammonium bicarbonate and sodium
bicarbonate in the rubber foam with different epoxidation levels was investigated.

At this stage, a relatively low foaming pressure of 2 MPa was applied in the production of
rubber foams. The purpose was to improve the production of ENR foams especially the ones
with sodium bicarbonate alone (see Figure 4.14). This mechanism was expected to assist the
carbon dioxide gas to expand in the ENR membranes at low foaming pressure. The effect of
foaming pressure on the rubber foam production was observed in previous research [59].
The authors found that the foaming efficiency decreased with the increasing foaming
pressure, resulting in a high density, low expansion ratio and thicker pore walls. Therefore,

rubber foam at a low foaming pressure had higher foaming efficiency.

Table 4.16 shows the formulations studied and they are denoted as FO, F25 and F50, where
the numbers stand for the epoxidation level of the rubber foam. Each rubber foam was
formulated with two different blowing agent contents, namely as 20:0, 15:5 and 10:10, where
the numbers stand for the ratio of sodium bicarbonate to ammonium bicarbonate in parts per
hundred rubber (phr) used in the formulation. At this point, FO, F25 and F50 formulations in
Table 4.7, as well as F50 AB formulation in Table 4.11 are denoted as FO 20:0, F25 20:0,
F50 20:0 and F50 10:10, respectively. The production and analysis of these formulations
were repeated to ensure a consistency in terms of the viscosity of raw rubber and application
of the same foaming pressure. In this way a direct comparison could be made of all

formulations with different ratios of blowing agents.

The mixing process, viscosity measurement, cure characterisation procedures and curing
process were the same as described in the previous sections. The Mooney viscosity in Table
4.17 indicates that the desired Mooney viscosity for the raw rubbers can be achieved within

10 minutes mastication process.
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Table 4.16
FO, F25 and F50 formulations with different ratios of sodium bicarbonate to ammonium
bicarbonate in parts per hundred of rubber (phr).

FO FO FO F25 F25 F25 F50 F50  FS50

Batch Formulation .05 155 1010 2000 155 1010 200 155 1010

SMR-CV60 100 100 100 - - - - - -

ENR-25 - - - 100 100 100 - - -
ENR-50 - - - - - - 100 100 100

. Zinc Oxide 4 4 4 4 4 4 4 4 4
Stearic Acid 4 4 4 4 4 4 4 4 4
Wingstay L 1 1 1 1 1 1 1 1 1
Sulfur 25 25 25 25 25 25 25 25 25
CBS! 1 1 1 1 1 1 1 1 1

5 PVI? 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
gﬁ’f&:‘rjgg e 20 1510 20 15 10 20 15 10
Ammonium

Bicarbonate 5 10 i 5 10 i 5 10

!Benzothiazyl-2-cyclohexyl-sulfenamide
2Prevulcanisation inhibitor

Table 4.17
The Mooney viscosity for FO, F25 and F50 formulations with different ratios of blowing
agents at different stages.

Mooney viscosity, o ro Fo F25  F25 F25 F50  F50  F50
100°C (MV) 20:0 1555 10:10 20:0 155 10:10 20:0 155 10:10

Raw rubber 790 79.0 79.0 99.0 99.0 99.0 985 985 985
10 mins mastication 175 175 175 180 180 180 19.0 19.0 19.0
Compounded rubber 95 100 85 135 120 11.0 135 130 110

The results also showed that the Mooney viscosity for all compounded rubbers reached their
lowest Mooney viscosity at 10:10 formulation, where the ratio of ammonium bicarbonate
was at maximum. These observations suggest that some amount of ammonia bicarbonate
might have been decomposed, and that ammonia gas expanded during the mixing process

even at the mixing temperature of 40°C. Therefore, the reduction in viscosity was observed.
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The rheometer curve of FO, F25 and F50 formulations with different ratios of blowing agents
at the temperature of 150°C is plotted in Figures 4.20 to 4.22, and their cure characteristics
are given in Table 4.18. As expected, the scorch time for FO, F25 and F50 formulations
decreased by half with the addition of 5 phr ammonium bicarbonate. However, no further
reduction in scorch time was observed upon the addition of 10 phr ammonium bicarbonate.
The same decreasing trend was also observed for the curing time. These observations suggest
that ammonia bicarbonate increases the speed of the crosslinking process by producing a
relatively high pressure and high rate thermal decomposition at the beginning of the curing
process. Beyond this point no significant difference was observed in the scorch time and the

curing time with the increasing amount of ammonium bicarbonate.
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Figure 4.20: The rheometer curve for FO formulation with different ratios of blowing
agents at 150°C.
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Figure 4.21: The rheometer curve for F25 formulation with different ratios of blowing
agents at 150°C.
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Figure 4.22: The rheometer curve for F50 formulation with different ratios of blowing
agents at 150°C.
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Table 4.18
The cure characteristics for FO, F25 and F50 formulations with different ratios of blowing
agents at 150°C.

20:0 15:5 10:10 20:0 15:5 10:10 20:0 15:5 10:10
Scorch time, ts; 6 3 3 6 3 3 6 3 3
(min)
Curing time, tos 11 9 9 13 7 6 16 9 9
(min)
Minimum torque, ML

001 001 001 002 001 001 001 001 0.01
(Nm)

Maximum torque, MH
(Nm) 063 073 042 08 091 061 085 096 0.63
m

The minimum torque for all the formulations was the same and in the range of 0.01 to 0.02
Nm. However, the maximum torque for FO, F25 and F50 formulations reached its highest
values with the addition of 5 phr ammonium bicarbonate before it reduced to its lowest
values as ammonium bicarbonate was continuously added. It shows that the mixture with
15:5 formulation can support the crosslinking process between the rubber chains, resulting
in a considerable improvement in the torque values. However, the increasing amount of
ammonium bicarbonate to 10 phr had decreased the torque values due to the possibility of
the ammonia bicarbonate being partially decomposed during the mixing process resulting in

a low viscosity for the mixture with 10:10 formulation.

No morphology study was performed on foams with the 10:10 formulation because the
production of FO 10:10 and F25 10:10 foams were not successful (see their structure in
Figure 4.23). The decomposition of ammonia bicarbonate starts at 60°C [53]. However, it is
possible for ammonia bicarbonate to partially decompose in the mixing process at 40°C
before the curing process starts. This observation can be seen clearly for FO 10:10 foam. The
natural rubber with no epoxidation level is not the same as ENR. This rubber has relatively
high gas permeability [12], so that there was a possibility for ammonia gas to escape from
this natural rubber during the mixing process. In contrast, the application of a low foaming
pressure was successful in the production of F25 20:0 and F50 20:0 foams. These foams
were fully blown during the curing process and comparable in their properties to FO 20:0

foam.
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Figure 4.23: A comparison between the foam production for FO, F25 and F50 formulations
with different ratios of blowing agents.

The morphology study was performed on FO 20:0, FO 15:5, F25 20:0, F25 15:5, F50 20:0
and F50 15:5 foams. A light micrograph of razor-cut surfaces of each foam is shown in
Figure 4.24. The micrograph processing procedure and the physical properties studied were
the same as discussed in the previous sections. The physical properties of each foam are
summarised in Table 4.19. The expansion ratio value of FO foam decreased with the addition
of ammonium bicarbonate, resulting in some reduction in the average pore size and increased
number of pores per unit volume. In contrast, the expansion ratio value of F25 and F50 foams
increased with the addition of ammonium bicarbonate leading to a larger average pore size
and smaller number of pores per unit volume produced in the foam structure. These
observations suggest that more large pores were produced in ENR foams with the addition
of ammonium bicarbonate. The same results were seen and discussed earlier for F50 AB in

section 4.5.
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In contrast, this process did not provide the same result for FO 15:5 foam upon the addition
of ammonium bicarbonate. This also attributed to the same reason observed for FO 10:10
foam discussed earlier. There was a possibility some of ammonia bicarbonate to decompose
during the mixing process at 40°C and ammonia gas produced escaped from this

compounded rubber due to its relatively high gas permeability.
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Table 4.19
The physical properties of FO 20:0, FO 15:5, F25 20:0, F25 15:5, F50 20:0 and F50 15:5
foams.

FO FO F25 F25 F50 F50

Physical properties
20:0 15:5 20:0 155 20:0 15:5

Density of solid rubber,
3 967 967 1010 1010 1049 1049
py (kg/m?)

Apparent density of rubber
260 270 309 294 331 304
foam, p, (kg/m®)

Expansion
) 3.72 3.58 3.27 3.44 3.17 3.45
ratio

Average pore size
0.49 0.34 0.30 0.42 0.34 0.42
(mm)

Number of pores per unit
44,701 125,010 159,407 63,152 106,800 64,955
volume (cm)

4.7 Summary

This chapter focused on a new manufacturing process of ENR foams and natural rubber
foams produced from dry rubber. Sodium bicarbonate was initially implemented as a
blowing agent in the production of rubber foam as it is commonly used in the production of
open pore foams. A higher amount of sodium bicarbonate generates more carbon dioxide
gas and allows higher expansion efficiency. Therefore, rubber foam with lower density can
be produced. However, carbon dioxide gas expansion was restricted by the high viscosity of
raw rubber and this restriction can be solved by reducing the viscosity of raw rubber through
a mastication process. A natural rubber foam with the right pore structure can be produced
using the mastication process of raw rubber. However, this technique does not work in the
production of ENR foams. This observation suggests that carbon dioxide gas was not able
to penetrate through ENR membranes. Therefore, three alternative ingredients were added
separately to the ENR formulation: ammonium bicarbonate (an inorganic blowing agent),
calcium stearate (a lubricant) and process oil (a plasticiser). All these ingredients were added

to ensure the gas in the ENR formulation can be expanded without any restriction by ENR
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membranes. The ammonia gas produced from the thermal decomposition of ammonium
bicarbonate was able to expand in ENR membranes and resulting in pores formation in the
foam structure. This is due to the production of ammonia gas which contributed to the high
rise in pressure during the decomposition process. In contrast, the calcium stearate and
process oil were not fully able to assist carbon dioxide gas to expand completely and to
penetrate through ENR membranes. At this point, the addition of ammonium bicarbonate to
the ENR foams was considered. The low stability of ammonium bicarbonate can be
improved by mixing it with the more stable blowing agent such as sodium bicarbonate.
Therefore, the effect of different ratios of ammonium bicarbonate and sodium bicarbonate
in the rubber foam with different epoxidation levels was investigated. The expansion ratio
value of natural rubber foam decreased with the addition of ammonium bicarbonate,
resulting in some reduction in the average pore size. In contrast, the expansion ratio value of
ENR foams increased with the addition of ammonium bicarbonate leading to a larger average
pore size in the foam structure. These observations suggest that more large pores were
produced in ENR foams with the addition of ammonium bicarbonate. This process did not
provide the same result for natural rubber foam upon the addition of ammonium bicarbonate.
There was a possibility some of ammonia bicarbonate to decompose during the mixing
process and ammonia gas produced escaped from this compounded rubber due to its
relatively high gas permeability. The manufacturing process of natural rubber foams and
ENR foams was optimised thoroughly. Therefore, it is now essential to characterise these
dry rubber foams in terms of their non-acoustical and acoustical properties, so that their

behaviour in vibration and noise control applications can be fully understood.
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Chapter 5
Characterisation of Epoxidized Natural Rubber Foam

5.1 Introduction

This chapter focuses on characterisation of the physical, dynamical, microstructure and
acoustical properties of dry rubber foams produced in this study. The foams are denoted as
FO, F25 and F50, where the numbers stand for the epoxidation level of the rubber foam: 0,
25 and 50 mol%. Each rubber foam was formulised with two different blowing agent
contents namely as 20:0 and 15:5, where the numbers stand for the ratio of sodium
bicarbonate (SB) to ammonium bicarbonate (AB) in parts per hundred rubber (phr) used in
the formulation. The characterisation of the latex foams with different epoxidation levels
produced by Malaysian Rubber Board [23] are also presented. The latex foams are denoted
as LFO, LF25 and LF50 where the numbers represent the epoxidation level. The properties
obtained are discussed and compared with that of commercially available foams. Two
commercially available foams are reconstituted rubber foam (RRF) which is produced by
Armacell [87], and polyurethane foam (PUF) which is produced by CMS Danskin Acoustics
[88]. This chapter also discusses the modelling tools that are potentially can be applied to
describe the acoustical behavior of epoxidized natural rubber (ENR) foams and natural
rubber foams. The availability of modelling tools is crucial to understand the acoustic wave
propagation in the porous medium so that optimization in designing a vibro-acoustic system
for engineering applications is achievable. The models presented in this chapter depend on
the information of physical, dynamic and microstructure parameters which can relate to the
acoustic absorption of the developed foams. These parameters can be determined with

standard experimental procedures which are outlined in this chapter.

5.2 Experimental procedures
5.2.1 Physical characterisation

Density (p) measurements of the foam were performed by dividing the weight of each foam
with its corresponding volume as outlined in the 1SO 6916-1:1995 [83].
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5.2.1.1 Porosity characterisation

The porosity of a porous material is equivalent to the total volume of the fluid in the pores
divided by the volume of the test specimen. It is one of the non-acoustical parameters that is
important in the acoustic modelling of the porous material. There are various methods for
measuring porosity such as buoyancy, mercury porosimetry or methods based on density
measurements. A commonly used technique to determine the porosity is immersing the test
specimen in the water. The volume of the test specimen is measured based on rising of the
water level upon immersion of the test specimen in a measuring cylinder. However, this
technique is less appropriate as the morphological properties of the porous materials can
easily damage by the water [89].

A method to determine the porosity without immersing the test specimen in the water was
proposed by Beranek [90]. The porous material of volume V is contained in an airtight
chamber of volume V that is connected to a U-tube manometer as shown in Figure 5.1. The
ambient temperature is held constant. The valve is opened and the initial height of the water
(h) in the two sides of the manometer is observed. Then, the valve is closed, and the height
of the water have changed for each side of the manometer from hto h; and h,. The
difference between h; and h,, is the change of pressure, AP. The heights difference from h to
h, and h to h, can be read accurately by a cathetometer and a graduated scale, respectively.

The porosity, ¢ is given by:

PyAV,
= 1—
¢ AV

uﬁlnﬁ

(5.1)

where P, is atmospheric pressure and AV, is the reduction of air volume in the chamber and

equals (h; — h)S, where S is the cross-sectional area of the tube.
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Figure 5.1: Experimental setup for measuring the porosity based on Beranek’s method
[90].

Champoux et al. [91] proposed a similar porosity measurement setup. Their method can
provide results with high precision in a wider range of porosities. The authors proposed a
system that includes a micrometer drive for measuring volume variations in the chamber, a
differential pressure transducer to replace the U-tube manometer and an air reservoir to

separate the system from atmospheric pressure fluctuation (Figure 5.2).
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Figure 5.2: Experimental setup for measuring the porosity based on Champoux et al.’s
method [91].

The porosity measurement in this method is given by:
Va

where 1 is a total volume of porous material situated in an airtight chamber and 1, is an air-

filled volume in the porous material.

Another recent study by Leclaire et al. [89] proposed an alternative method based on volume
comparison between two chambers. This experimental setup for measuring the porosity is
shown in Figure 5.3. This method consists of a reference chamber and a measurement
chamber that are connected to the glass U-tube manometer containing water. The air volume
in both chambers are controlled by a piston and the volume of the water in the manometer is
controlled by a water-drawing piston. The uniqueness of this method is based on the less
influence of the temperature and atmospheric pressure that can affect the porosity

measurement. The air volumes of the reference chamber and the measurement chamber are
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compared and equalized so that any temperature variations or atmospheric pressure

fluctuations act concurrently on both chambers.
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Figure 5.3: Experimental setup for measuring the porosity based on Leclaire et al.’s
method [89].

The porosity (¢) in this study was measured using the method proposed by Leclaire [89].
The in-house experimental setup (Figure 5.4) consists of two 60 mL air-tight chambers
known as a reference chamber and a measurement chamber. Both chambers are connected
to the glass U-tube manometer containing water with an inner diameter of 5 mm. The air
volume in both chambers are controlled by pistons with 27.5 mL capacity for the
measurement chamber and 25 mL capacity for the reference chamber. The volume of the

water in the manometer is controlled by a 50 mL water-drawing piston.
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Figure 5.4: An in-house manufactured porosimeter.

Firstly, a calibration is carried out to equalize the volumes of the reference chamber and the
measurement chamber with no test specimen in the chambers and the calibration piston and
measurement piston are set at zero value. Valve A and B are opened to set the chambers at
atmospheric pressure and a level of water is at maximum in both branches. Then, valve A
and B are closed, and water is drawn by water-drawing piston. If the volumes of the two
chambers are the same, the pressure difference (a - b) is close to zero. If the volumes of the
two chambers are not the same, then these volumes can be equalised by increasing the
volume in the calibration piston until the pressure difference (a - b) approaches zero. After
the calibration is completed, a foam (20 mm in diameter and 25 mm in thickness) is placed
in the measurement chamber with valve A and B are opened. The reduction of air volume
due to the introduction of the foam is compensated by increasing the volume of the
measurement piston from the zero position. The measurement piston should be moved only
when valve B is opened. Then, water is drawn with valve A and B are closed. This procedure
is carried out several times until the pressure difference (a — b) approaches zero. The final

volume of the measurement piston indicates the difference in air volume between the two
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chambers. As the experiment was assumed to be as an isothermal process, the Boyle’s law
[91] was used to calculate the difference in air volume between the two chambers. This can

then be used to calculate the porosity of the foam using Equation 5.2.

5.2.1.2 Airflow resistivity characterisation

Airflow resistivity of a porous material can be determined by measuring the differential
pressure across the porous material and volume airflow. This method is described in the ISO
9053 [92]. Principally, there are two methods to determine the airflow resistivity: the direct
airflow method; and the alternating airflow method. The direct airflow method has a
controlled unidirectional airflow penetrating through a porous material. The measurement
of the differential pressure between the two free faces of the porous material is determined
(Figure 5.5), while the alternating airflow method has a slowly alternating airflow
penetrating through a porous material. The measurement of the alternating component of the

pressure in a test volume confined by the porous material is obtained (Figure 5.6).

Volumetric airflow \
rate, qy .
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-
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Figure 5.5: Basic principle of direct airflow method [92].
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Figure 5.6: Basic principle of alternating airflow method [92].

The airflow resistivity, o represents the ability of sound waves to penetrate the porous

material and it is related to sound attenuation. The airflow resistivity can be expressed as:

AAP
o= e (5.3)
v

where A is the area of the porous material, AP is the differential pressure across the porous

material, g,, is the volumetric airflow rate and t is the thickness of the porous material.

The measurement was performed using an AFD 300 Acoustiflow® (Figure 5.7) supplied by
Akustikforschung Dresden [93]. The equipment measures the pressure drop across the foam
as a function of the volume airflow. This technique determines the airflow resistance of the
foam based on the direct airflow method. A foam sample with the diameter of 100 mm and
thickness of 25 mm was placed in a 100 mm diameter sample holder and tested at room

temperature.
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Figure 5.7: An AFD 300 Acoustiflow®.

5.2.2 Dynamic characterisation

The acoustic performance of a porous material can be influenced by its dynamic properties.

Therefore, it is important to determine parameters such as dynamic modulus and loss factor
of the porous material. Various methods are available to measure the dynamic properties
such as uniaxial compression, torsion and shear (see Jaouen et al. [65]). The authors of [65]
stated that porous materials typically display a noticeable phase transition of their dynamic
behaviour in the audible frequency range of 20 Hz to 8000 Hz and over the temperature
range of -50°C to 50°C.

The recent study reported by Bonfiglio et al. [66] reviewed method to measure the dynamic
properties of porous materials. The first method is a quasi-static uniaxial compression
method. The porous material is placed in between two rigid plates as shown in Figure 5.8(a).
The lower plate is excited by an electrodynamics shaker and the upper plate is fixed.
Generally, there are three quantities measured as a function of frequency: (a) the vertical
displacement that is measured by an accelerometer, (b) the lateral displacement that is
measured by a laser vibrometer and (c) the force applied to the tested material that is
measured by a force transducer. These quantities can be used to determine the dynamic

modulus and loss factor of porous materials.
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Figure 5.8: Methods to measure the dynamic properties of porous materials: (a) quasi-static
uniaxial compression method; (b) resonant method; (c) lamb wave propagation method; (d)
transfer function/transfer matrix method and (e) dynamic torsional method [66].
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The second method is a resonant method. The top of a rectangular porous material is loaded
with a mass and the bottom of the material is attached to a rigid rectangular plate that is
excited by a shaker as shown in Figure 5.8(b). The amplitude measurement of the
transmissibility function between the top and the bottom accelerations is determined as a
function of frequency. Then, the dynamic modulus and loss factor can be related through the

resonance frequency obtained from this frequency dependent transmissibility function.

The third method is a lamb wave propagation method. In this method, a slab of porous
material is fixed on one side and another side is left free to vibrate (Figure 5.8(c)). An
electromagnetic shaker is used to excite the porous material and the displacement is
measured at different distances from the excitation source by a laser vibrometer. The lamb
wave propagation is accounted for with a model that allow to determine the dynamic
properties of the porous material.

The fourth method is a transfer function/transfer matrix method. The porous material is
placed on a rigid plate that is excited by an electromagnetic shaker (Figure 5.8(d)). The rigid
plate acceleration is measured using an accelerometer and the velocity at the top surface of
the porous material is measured using a laser vibrometer. The dynamic properties can be
determined through the plane wave propagation using the measured velocity transfer

function across the porous material.

The fifth method is a dynamic mechanical analysis. This method is commonly used to study
the dynamic behavior of viscoelastic materials at different temperatures and frequencies.
The setup of this method is similar to the quasi-static uniaxial compression method. This
method is also can be used to predict dynamic properties of porous materials over a wider
frequency range by generating the master curve with the implementation of the time-
temperature superposition principle. One of the laboratories in this study had performed this

method differently with the porous material was excited in torsion as shown in Figure 5.8(e).
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The dynamic properties of the foam in this study were measured using a Viscoanalyseur
VVA2000 dynamic mechanical analyser (DMA) supplied by Metravib [94] as shown in Figure
5.9.

AUTHORISED PERSONEL ONLY TO
OPERATE THIS MACHINE.

Sample
position

Figure 5.9: A Viscoanalyseur VA2000 dynamic mechanical analyser.

The foams were prepared in the form of cylinders with the diameter of 20 mm and thickness
of 25 mm. Tests were performed in a compression mode of deformation over a frequency
range of 1 to 100 Hz and at ambient temperature, with a static strain of 1% and a dynamic
strain of 0.1%. The viscoelastic properties including storage modulus, loss modulus, and tan

& were measured as a function of frequency.

It is also possible to determine the viscoelastic properties of the foams over an extended
range of frequencies. The time temperature superposition as discussed in section 3.3.3 was
applied to generate the master curve for the dynamic modulus of foam. In this case, the
rubber foams which formulised with sodium bicarbonate was selected to observe their
dynamic behaviour. For this testing purposes, other foams were prepared in the form of
cylinders with the same diameter but with reduced thickness of 8 mm. Tests were performed
in a compression mode of deformation over a temperature range of -30°C to 30°C with the

same frequency range, static strain and dynamic strain conditions.
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5.2.3 Microstructure characterisation

The micrographs of the foam sample with the diameter of 10 mm and thickness of 25 mm
were obtained using a Micro Computer Tomography (Micro-CT) scanner, model Bruker
SkyScan 1172 (Figure 5.10). The scanner obtains multiple x-ray transmission images of the
foam sample from multiple angular views as the sample rotates on a high-precision stage.
From these images, 938 cross-section layers of foam sample were reconstructed to create a
complete set of micrographs. A full representative measurement of pore size in diameter is
very difficult to obtain as the pore shape is irregular. Therefore, the pore diameter in each
micrograph was analysed using Computer Tomography Analysis (CTAnN) software. This
parameter was used to define the mean pore size of the foam sample. The results were
determined from the measurements of 1000 different connected pores displayed in the

reconstructed micrographs.

Sample position

F@ure 5.10: A Micro Computer Tomography (Micro-CT) scanner.

5.2.4 Acoustic characterisation

The acoustic characterisation of sound absorbing materials is carried out according to the
ISO 10534-2:2001 [95]. The standard involves the use of an impedance tube, microphones
and a frequency analysis system. The airtight impedance tube as shown in Figure 5.11
consists two ends, with one end has a sound source that provides the sound signal and the
test specimen is placed in the tube at the other end to receive the sound signal. Two
microphones mounted within the top wall of the tube and these microphones are used to
measure the sound pressures [95]. The acoustic properties of the test specimen such as the
normalised absorption coefficient, normalised reflection coefficient and normalised surface

impedance can be measured with this equipment [96].
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Figure 5.11: The schematic of the impedance tube [95].

The sound absorption coefficient of a material is frequency dependent and it represents the
ability of the material to absorb sound. A material with a coefficient of one is a perfectly
absorbing material, while a material with coefficient of zero is purely reflective. Therefore,
a material with coefficient of 0.7 can absorbs 70% of the sound and reflects remaining 30%

of the sound.

The two microphones measure the sound pressure of the incident wave, P, and the reflected

wave, P, [95]. These parameters can be expressed as:

P, = P,eikox (5.4)
and
Py = Pge~tkoX, (5.5)

where P, and Py are the magnitudes of P; and Py at the reference plane (x = 0), while k, is

a wavenumber and can be expressed as:

ko =w/cy = 21f/cy, (5.6)
134



where w is the angular frequency, f is the frequency and c, is the sound speed in air. The
sound absorption coefficient, a and the surface impedance, zg of the test specimen can be
determined from the following equations:

a=1-|r|? (5.7)
and
Zs 1+r
= ) (5.8)

poco_ 1-—r

where r = Pr/P; and p, is the air equilibrium density.

The sound absorption coefficient (a«) was measured using a two-microphone impedance
tube supplied by Materiacustica [97] as depicted in Figure 5.12. A cylindrical foam sample
with the diameter of 45 mm and thickness of 25 mm was prepared for each foam and its

sound absorption coefficient was calculated over the frequency range of 50 to 4000 Hz.

Figure 5.12: A two-microphone impedance tube.
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5.3 Physical properties

The physical properties of the foam samples are summarised in Table 5.1. The density of
foam increases with increasing epoxidation levels. The recorded density data from 0 to 50
mol% epoxidation level showed an increment of 21%, 11% and 33% for dry rubber foam
with SB, dry rubber foam with SB & AB and latex foam, respectively. The porosity of foam
decreases with increasing epoxidation levels. The porosity of dry rubber foam with SB at 0
mol% epoxidation level was 0.69 and it dropped to 0.41 when the epoxidation level increased
to 50 mol%. Inthe case of dry rubber foam with SB & AB, the porosity values were between

0.68 and 0.46 and the porosity values of latex foam were between 0.82 and 0.77.

The airflow resistivity of dry rubber foam with SB at 0 mol% epoxidation level was 43,580
N.s/m*. Then, the airflow resistivity values increased drastically with increasing epoxidation
levels with the data measured were 261,135 N.s/m* for F25 20:0 foam and 173,571 N.s/m*
for F50 20:0 foam, respectively. The airflow resistivity value of dry rubber foam with SB &
AB was slightly decreased with increasing epoxidation levels from 0 mol% to 25 mol%. The
data obtained was 31,869 N.s/m* for FO 15:5 foam and 29,808 N.s/m* for F25 15:5 foam,
respectively. Then it rose to 75,348 N.s/m* for F50 15:5 foam. The same trend is also
observed for latex foam with the airflow resistivity values were 26,709 N.s/m* 19,741
N.s/m* and 80,008 N.s/m* for LFO, LF25 and LF50 foams, respectively.

The non-acoustical properties of RRF were also investigated in previous research [67]. The
density and porosity values obtained in ref. [67] were similar with the values obtained in this
work. However, the airflow resistivity values obtained in this work were not comparable and
lower than the airflow resistivity values shown in ref. [67]. This observation suggested that
the airflow resistivity measurement in this study might be presented a limitation of the
circumferential gap between the foam sample and the sample holder. The air gap might be
small but the airflow resistivity values in Table 5.1 suggested that they are less resistant in
comparison. Therefore, the airflow resistivity values in this study might be differ and can

influence the accuracy of the prediction of the acoustical properties of foams.
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Table 5.1
Physical properties of foams used in the experiments.

_ Mean Airflow
o Density, p Mean Porosity, o
Description Foam Resistivity, o
(kg/m?) ¢ 4
(N.s/m?)
FO 20:0 260 0.69 43,580
Dry rubber foam
4 _ F25 20:0 309 0.37 261,135
with SB!
F50 20:0 331 0.41 173,571
FO 15:5 270 0.68 31,869
Dry rubber foam
Y F25 15:5 204 0.67 29808
with SB! and AB?
F50 15:5 304 0.46 75,348
LFO 172 0.82 26,709
Latex foam LF25 201 0.82 19,741
LF50 256 0.77 80,008
Commercially RRF 316 0.81 63,816
available foam PUF 186 0.75 23,850

1Sodium Bicarbonate (SB)
2Ammonium Bicarbonate (AB)

The results suggest that the density, porosity and airflow resistivity of the natural rubber
foams were influenced by the epoxidation levels. This dependence is reflected in the density
data. The more epoxide groups presence in the natural rubber, the higher the value of density
is obtained. These results were also observed in previous research [54]. The research
presented in ref. [54] studied the properties of natural rubber foams based on different rubber
grades namely as SMR-L, SMR-10 and ENR-25. The authors found natural rubber with
epoxide group which is ENR-25 has the highest relative foam density value. They observed
that thicker pore walls and more rubber matrix per unit area in ENR-25 foam contributed to
a high value of density. The density is a key parameter that relates to the porosity and airflow
resistivity. Therefore, natural rubber foam with a lower density is recommended to achieve
a relatively high porosity and optimal low airflow resistivity values so that foams with a

better noise control performance can be developed.
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Generally, some of dry rubber foams developed such as FO 20:0, FO 15:5 and F25 15:5 as
well as latex foam can show comparable performance with the results obtained by
commercially available foams. These observations suggest that natural rubber foam with
different epoxidation levels produced from dry rubber or latex can be used as an alternative
option to the synthetic foams or polymeric foams in the commercial applications.

5.4 Dynamic properties

The storage modulus (E') of all the rubber foams at 1 to 100 Hz and at ambient temperature
are plotted in Figures 5.13 to 5.15. The data on commercial foams, RRF and PUF were also
included for comparison purposes. A logarithmic plot of E’ as a function of frequency shows
that the storage modulus of rubber foams with 0 and 25 mol% epoxidation level is generally
less frequency dependent and the modulus increase with frequency only slightly. Rubber
foams with 50 mol% epoxidation level are more frequency dependent. This is attributed to

the glass transition temperature (T,) of these foams which is close to the ambient

temperature.
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Figure 5.13: The dependence of the storage modulus for FO 20:0, F25 20:0, F50 20:0, RRF
and PUF foams as a function of frequency at ambient temperature.
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Figure 5.14: The dependence of the storage modulus for FO 15:5, F25 15:5, F50 15:5, RRF
and PUF foams as a function of frequency at ambient temperature.
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Figure 5.15: The dependence of the storage modulus for LFO, LF25, LF50, RRF and PUF
foams as a function of frequency at ambient temperature.
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Generally, all the rubber foams display lower storage modulus value than the commercial
foams: RRF and PUF. The storage modulus value of latex foam is much lower with the
average storage modulus of 0.07 MPa for LFO foam, 0.04 MPa for LF25 foam and 0.15 MPa
for LF50 foam. These observations suggest that the low storage modulus value of dry rubber
foam and latex foam would be a value in designing the rubber foams in the vibro-acoustic

isolation applications.

5.4.1 Time-temperature superposition of dry rubber foam

In this section, the dynamic properties for FO 20:0, F25 20:0 and F50 20:0 foams over a
range of temperatures and frequencies are presented. These foams are selected based on a
single blowing agent (sodium bicarbonate) used in the formulation and they are almost
identical to the solid rubber formulation. A master curve for their dynamic properties is
generated based on the time-temperature superposition principle as described in section
3.33.

Figure 5.16 shows the dependence of the storage modulus (E’) as a function of temperature
in the range of -30°C to 30°C and at 10 Hz excitation for FO 20:0, F25 20:0 and F50 20:0
foams. However, some data not able to be recorded as the machine was not sensitive enough
to measure the dynamic behaviour of rubber foam at very low temperatures. As expected,
all rubber foams show their highest E' at the lowest temperature tested and E’ decreases with
the increasing temperature. The storage modulus of F25 20:0 foam is slightly higher than
F50 20:0 foam at 20°C and 30°C. This might be attributed to the changes in the structure of

the rubber attained with the addition of blowing agent.

Figure 5.17 shows the loss factor (tan &) curves under the same conditions. Tan 6 decreases
with the increasing temperature. Above 5°C, tan & increases with the increasing epoxidation

levels.
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Figure 5.16: The dependence of the storage modulus for FO 20:0, F25 20:0 and F50 20:0
foams as a function of temperature at 10 Hz.
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Figure 5.17: The dependence of the loss factor for FO 20:0, F25 20:0 and F50 20:0 foams
as a function of temperature at 10 Hz.
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The storage modulus, E’, of the rubber foams as a function of frequency and temperature is
plotted in Figures 5.18 to 5.20. E’ increases with the increasing frequency at all measured
temperatures. It becomes more dependent on frequency at lower temperatures. However, E’
is less dependent on frequency as the temperature increases. The trend of the curves are in
agreement with the research done on the effect of frequency on the dynamic behaviour of
polyurethane foams [98].

The isothermal curves plotted in Figures 5.18 to 5.20 are shifted along the frequency axis
and storage modulus axis to obtain superposition. The dynamic mechanical properties of
rubber foam over a wider frequency range are generated using time-temperature
superposition principle. In this work, the chosen reference temperature, T,, was 20°C, where

the Ty of each rubber foam was based on the Ty obtained for the solid rubber.
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Figure 5.18: The frequency dependence of the storage modulus of FO 20:0 foam for a range
of temperatures: -30°C to 30°C.
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Figure 5.19: The frequency dependence of the storage modulus of F25 20:0 foam for a
range of temperatures: -10°C to 30°C.
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Figure 5.20: The frequency dependence of the storage modulus of F50 20:0 foam for a
range of temperatures: 10°C to 30°C.
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Figures 5.21 and 5.22 show the storage modulus master curves and the loss modulus master
curves for FO 20:0, F25 20:0 and F50 20:0 foams, respectively. All the master curves plotted
are frequency dependent and the dynamic moduli increase drastically with the increasing
reduced frequency. The storage modulus master curve of F25 20:0 foam is slightly higher
than F50 20:0 foam in the low frequency region. This observation is also can be seen earlier

in Figure 5.16 in the higher temperatures.

The relationship of dynamic properties of rubber foam with different epoxidation levels
known as Cole-Cole plot were also investigated. The relationship is described in section
3.3.4 and it is plotted for foams studied in this work in Figure 5.23. A full semicircle is not
plotted as tests were not carried out at low enough temperatures approaching the glass
transition temperature for these rubber foams. The data for FO 20:0, F25 20:0 and F50 20:0
foams is not collapse on a single arc. The results are different with the results obtained for
solid rubbers for which the dynamic moduli data collapse on a single arc. This suggests that
the addition of blowing agent to the solid rubber has changed the rubber structure and
therefore the epoxidation of the rubber foam does influence the relationship between storage

modulus and loss modulus.
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Figure 5.21: A comparison of the master curves for the storage modulus of FO 20:0, F25
20:0 and F50 20:0 foams as a function of the reduced frequency.
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Figure 5.22: A comparison of the master curves for the loss modulus of FO 20:0, F25 20:0
and F50 20:0 foams as a function of the reduced frequency.
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Figure 5.23: The Cole-Cole plots for FO 20:0, F25 20:0 and F50 20:0 foams.
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5.5 Microstructure properties

The microstructure properties including the mean pore size and standard deviation in pore
size were measured for all rubber foams. The data on commercial foams: RRF and PUF were
also obtained and included in the analysis for comparison purposes.

The microstructure for FO 20:0, F25 20:0 and F50 20:0 foams is shown in Figure 5.24. The
mean (5) and the standard deviation (o) in the pore size for the foams were § = 42.81 um
and g = 44.47 pum for FO 20:0 foam, § = 42.02 um and o, = 40.15 pm for F25 20:0 foam
and § = 35.94 um and g, = 27.44 um for F50 20:0 foam, respectively.

Foam Mean Deviation

FO 20:0 4281 ym  44.47 pm

F25200 42.02um  40.15 um |8
F5020:0 35.94pum  27.44 um
RRF 40.74 pm  36.10 um ;
PUF 21.66 um  10.21 pm

Figure 5.24: The microstructure, mean and standard deviation in the pore size for FO 20:0,
F25 20:0, F50 20:0, RRF and PUF foams.

The microstructure results indicate that the pore sizes decrease with the presence of epoxide
groups on the natural rubber backbone. ENR foams: F25 20:0 and F50 20:0 have a relatively
low gas (or air) permeability as solid ENR [12] and close pores dominate. This finding is
supported with the high airflow resistivity values (see Table 5.1). This observation suggests
that the ENR foams in general have very high airflow resistivity or low air permeability. The
gas decomposes from sodium bicarbonate that is carbon dioxide is might not be able to
penetrate and expand enough through the wall of ENR and resulted in foam with a relatively
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small pore size and isolated pores. These results were also observed in previous research
[54]. At constant curing temperature and the same amount of sodium bicarbonate used in
their formulations, ENR foam in the work reported in ref. [54] had the smallest pore size as
compared with the other rubber foams. It was believed that the epoxide groups on the rubber
main chain have contributed to the forceful crosslinking process. This condition has provided
some extra crosslinking sites locations together with the carbon double bond, and therefore
contributed to higher restriction to expansion in ENR foam. However, the standard deviation
in the pore size of F25 20:0 and F50 20:0 foams were lower in comparison to FO 20:0 foam.
These results show that the pore expansion restriction in ENR foams had generated uniform

pore size in the matrix so that the porous structure in the foams becomes more homogenous.

The microstructure for FO 15:5, F25 15:5 and F50 15:5 foams is shown in Figure 5.25. The
mean and the standard deviation in the pore size were similar for all the foams: FO 15:5 foam
with § = 40.42 um and g, = 32.93 um, F25 15:5 foam with 5§ = 40.65 pm and o, = 38.28 um
and F50 15:5 foam with § = 39.42 um and g = 30.89 um.

Standard
Deviation

FO 15:5 40.42 ym  32.93 um

Foam Mean

F2515:5 40.65pum 38.28 um B
F5015:5 39.42pm  30.89 um
RRF 40.74 pm  36.10 um
PUF 21.66 pm  10.21pm

Figure 5.25: The microstructure, mean and standard deviation in the pore size for FO 15:5,
F25 15:5, F50 15:5, RRF and PUF foams.
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These results suggest that the addition of ammonium bicarbonate does not influence
significantly the mean pore size of the foams with different epoxidation levels. However,
observation on the microstructure results of F25 20:0 and F50 20:0 foams suggests that the
addition of ammonium bicarbonate does influence the porous structure of F25 15:5 and F50
15:5 foams by expanding some of the pore size. These results show that the polar gas,
ammonia, produced from the thermal decomposition of ammonium bicarbonate can help the
foaming process of the high polarity of ENR foams by expanding some of the pore size. All
these foams were showing non-uniform pore size distribution and heterogeneous pore

structure with several much larger pores being produced within the foaming process.

The microstructure for LFO, LF25 and LF50 foams is shown in Figure 5.26. The mean and
the standard deviation in the pore size for the foams were § = 35.40 pum and g = 26.71 pm
for LFO foam, § = 44.10 um and o, = 31.22 um for LF25 foam and § = 38.88 um and o =
27.88 um for LF50 foam, respectively.

Foam Mean Star}da}rd
Deviation
LFO 3540 um  26.71 um

LF25 44,10 ym  31.22 um
LF50 38.88 um  27.88 um
RRF 40.74 ym  36.10 um
PUF 21.66 um  10.21 pm

Figure 5.26: The microstructure, mean and standard deviation in the pore size for LFO,
LF25, LF50, RRF and PUF foams.
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The mean pore size of latex foams was generally similar with dry rubber foams. However,
the standard deviation of latex foams was generally lower than dry rubber foams. These
observations suggest that the mean pore size does not influenced by the different processes
of producing natural rubber foam and ENR foams, but the standard deviation of all the latex
foams were showing high homogeneity in their pore size.

The mean pore size of commercial foams was 40.74 um for RRF and 21.66 um for PUF,
respectively. These foams show a low value in the standard deviation in pore size, 36.10 um
for RRF and 10.21 pm for PUF, and considered to be good acoustic absorbers. This
observation is supported with the high porosity values for these foams (see Table 5.1). The
porosity values of RRF and PUF were 0.81 and 0.75, respectively. The results suggest that
a relatively small pore size, homogenous pore size distribution in a porous structure and high
porosity are among the features that can contribute in producing a good noise control

material.

The microstructure properties such as the mean pore size and the standard deviation in pore
size are principles that can be used together with other non-acoustic properties to predict the
acoustic absorption behavior of foams. In the case of dry rubber foams, the epoxidation
levels and the blowing agent are the parameters that influence the microstructure properties.
Therefore, the selection of these parameters is very crucial to obtain the optimum design of

the rubber foam for noise control applications.

However, this microstructure characteristic presented several limitations. Firstly, only 60%
of foam sample area were considered, therefore the results obtained may not be
representative of these particular foams. Secondly, the pore shape in these foams is irregular.
The pores were assumed to be spherical-shaped and the mean pore size was analysed using
Computer Tomography Analysis (CTAnN) software. These issues may influence the accuracy
of the prediction of the acoustical properties of foams which are discussed in the following

section.
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5.6 Acoustic properties

The sound absorption coefficient for all rubber foams was measured. The results for
commercial foams, RRF and PUF were also obtained and included for comparison purposes.
Generally, the results indicate that the epoxidation level does influence the sound absorption
coefficient in a broad frequency range. The sound absorption coefficient of all rubber foams
is similar below 500 Hz, and above this frequency the acoustic absorption behaviour depends
on the epoxidation level. Moreover, the absorption behaviour at higher frequencies might be
due to the pore shape in rubber foam being irregular, many pores are closed or dead-ended

which would amplify the so-called circumferential edge effects [99].

Figure 5.27 shows the sound absorption coefficient for FO 20:0, F25 20:0 and F50 20:0
foams. For F25 20:0 and F50 20:0 foams the absorption is generally low as a result of

relatively low porosity (Table 5.1).

—F0 20:0
—F2520:0
—F5020:0
---RRF
---PUF

N < <
IN o )

S
o

Sound absorption coefficient (o)

0 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 5.27: The sound absorption coefficient for FO 20:0, F25 20:0, F50 20:0, RRF and
PUF foams.
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The sound absorption peak relates to the resonance in the foam sample of given thickness.
It is also controlled by the circumferential gap between the foam sample and the tube wall,
and by the density and dynamic moduli of foam. This sound absorption peak does not
significantly shift with a change in the epoxidation level. These peaks can be explored in
noise control applications. The absorption coefficient of foam with no epoxidation level, FO
20:0, is relatively high at frequencies above the resonance peak as a result of its relatively
high porosity. The amplitude of the resonance peak for this foam is almost doubles in
comparison with that attained for F25 20:0 and F50 20:0. The two commercial foams
outperform rubber foams throughout the entire frequency range because of their higher

porosity values.

The sound absorption coefficient for FO 15:5, F25 15:5 and F50 15:5 foams in Figure 5.28
indicates a different acoustic absorption behaviour. F50 15:5 foam shows a slightly higher
sound absorption upon the addition of ammonium bicarbonate. The sound absorption peak
increases to 0.420 at 727 Hz.

—F0 15:5
—F2515:5
—F50 15:5
---RRF
---PUF

N S S
IS foN o0
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Sound absorption coefficient (o)

0 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 5.28: The sound absorption coefficient for FO 15:5, F25 15:5, F50 15:5, RRF and
PUF foams.
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However, the sound absorption peak increases dramatically to 0.745 at 815 Hz for F25 15:5
foam as a result of its relatively high porosity. Applying the ammonium bicarbonate in F25
15:5 foam improves its acoustic properties and yielding 40% increment in sound absorption
around the peak. As for FO 15:5 foam, no significant different observed in sound absorption
curve upon the addition of ammonium bicarbonate. The foam exhibits promising absorption
coefficient peak of 0.764 at 765 Hz.

In this study, the sound absorption curve for all the dry rubber foams generally decreases
above the resonance. They can generally absorb the sound effectively in a narrow frequency
range. The sound absorption curve flattens above this resonance where the ability of these
foams to absorb sound is limited. These observations are also can be seen in the research
done on dry natural rubber foam produced with different foaming temperatures [4]. The
sound absorption for all the foams decreased after reaching the sound absorption peak. They
also stated that the natural rubber foam reaches its high sound absorption at the low
frequency region. These results can be explained the limited value of porosity and by a

relatively high proportion of closed and dead-end pores.

The results also suggest that the foams with no epoxidation level, FO 20:0 and FO 15:5, can
produce rubber foam with the right density, porosity and airflow resistivity in contributing
to the promising sound absorption coefficient. This can be seen also in F25 15:5 foam upon
the addition of ammonium bicarbonate. This modification has changed the physical
properties of F25 15:5 foam and resulted in a higher sound absorption coefficient. In contrast,
F25 20:0, F50 20:0 and F50 15:5 foams have a relatively high density, lower porosity and
higher airflow resistivity. A limited amount of sound energy is able to penetrate into these

foams to be absorbed.

On contrary, the outcome of the sound absorption coefficient for LFO, LF25 and LF50 foams
in Figure 5.29 shows promising acoustic absorption behaviour as being compared with
commercial foams. The sound absorption of LFO and LF25 foams is generally high as a
result of their relatively high porosity. The absorption coefficient after the resonance peak

remains relatively high being above 50% for both foam samples.
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Figure 5.29: The sound absorption coefficient for LFO, LF25, LF50, RRF and PUF foams.

In the case of LF50 foam, the sound absorption peak is higher than the peaks obtained earlier
for the dry rubber foam with the same epoxidation level, 50 mol%: F50 20:0 and F50 15:5
foams. The sound absorption peak of LF50 foam is 0.609 at 1040 Hz. This outcome is also
attributed to the higher porosity of the LF50 foam than the porosity obtained for the F50
20:0 and F50 15:5 foams.

The first resonant frequency in the absorption range of all latex foams slightly shifts towards
the higher frequencies, as being compared to the first resonant frequency of the dry rubber
foam. These observations show that the latex foam can be used as a sound absorbing material
in the higher frequency range. However, the sound absorption curves of all latex foams also
decrease after the resonance. This suggests that the different processes of producing natural
rubber foam and ENR foams do not influence the sound absorption curve trend along the

frequency axis.

Based on the evaluation of acoustic absorption behaviour of natural rubber foam and ENR
foams, it can be seen that most of the foams show promising sound absorption at the low

frequency region, so that they are applicable as vibration damping materials. However, the
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sound absorption of the foams is relatively low at the high frequency region. This
observation suggests that the capability of these foams as noise control materials need to be
improved further. This can be done by improving the physical, dynamic and microstructure
properties of the foams as those properties are the main features in delivering their acoustic
performance. Therefore, knowledge in predicting those properties is crucial to design and
produce foams with an optimum acoustic performance. Therefore, model development needs
to be carried out to understand better and to describe accurately the relationship between the

non-acoustical and acoustical properties of these foams.

5.6.1 Modelling of dry rubber foam

In the previous sections it was shown that the acoustic absorption behavior of epoxidized
natural rubber (ENR) foam and natural rubber foam depends on their non-acoustic
properties. In order to validate experimental data, a heterogeneous model [100] was selected
to describe the acoustic absorption behaviour of the equivalent fluid in the network of pores
in rubber foams produced in this work. The heterogeneous model selected in this study
treated the rubber foam installed in the two-microphone impedance tube as a porous
composite. The consideration was based on the limitation of the circumferential gap between
the rubber foam and the sample holder in the airflow resistivity measurement as shown in
Figure 5.30.

Airflow out

/ Sample holder

/ Rubber foam

Circumferential /
gap \ N
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-
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-

-~ -

Airflow in
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Figure 5.30: The limitation of the circumferential gap between the foam sample and the
sample holder in the airflow resistivity measurement.
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The microstructure properties indicated that rubber foams have many closed pores and this
suggests that the foams were highly resistive porous material. However, the airflow
resistivity measurement showed that they are less resistant in comparison. The application
of the Teflon tape around the foam sample to fill the gap was also not provide significance
difference to the results. These observations relate to the presence of circumferential gap.
Therefore, the heterogeneous model is the right model to investigate and predict
circumferential edge effects that might be happened during the acoustic measurement of the

rubber foams in the impedance tube.

According to this model, sound waves penetration to porous material can be controlled by
the perforation types [100] as shown in Figure 5.31. In this study, ‘circle in circle’ type was
selected based on the circular shape of a foam sample being tested in the circular shape of

the impedance tube.

Circle in square

= Circle in circle

| Square in square

Arbitrary

Yy ® T Mixing law

e

Figure 5.31: The perforation types in the heterogeneous model [100].

The perforation type is defined by the diameter of the two-microphone impedance tube,
L, and the diameter of the foam sample placed in the two-microphone impedance tube, L.
These parameters are illustrated in Figure 5.32. The rubber foam edge effect was considered
as the possibility of circumferential air gap occurred in between the rubber foam and the

impedance tube.
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Circumferential air
gap

Figure 5.32: The diameter of the two-microphone impedance tube, L, and the diameter of
the foam sample, L,,. [100].

Two acoustic models were selected to predict the acoustic absorption behavior of foams.
The first semi-empirical modelling approach was that proposed by Miki [101]. This model
predicts the normalized characteristic impedance and sound wavenumber of a porous
medium from the knowledge of three non-acoustical parameters: airflow resistivity;
porosity; and tortuosity. The second model is the analytical model known as Padé
approximation model [74]. It approximates the viscosity correction function in the
expressions for the characteristic impedance and sound wavenumber in a porous medium
with variable pore size distribution. This model depends on the five non-acoustical
parameters: mean pore size; standard deviation in pore size; airflow resistivity; porosity; and
tortuosity. All predictions by these two models were based on the measured values of non-
acoustic parameters. The models were validated with the experimental data for the sound

absorption coefficient.

5.6.2 Miki model

The Miki model [101] was introduced to improve the original model proposed by Delany
and Bazley [70]. This simple model appears more causal and provides a more accurate
estimation for the acoustic behavior of porous materials across a broader frequency range.
According to this model, the normalised characteristic impedance (z.) of a porous material

can be calculated by the following equations:

z.(f) = R(f) +iX(f), (5.9)
R(f) =1+ 0.0070 (9_ o (5.10)
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—0.632
f

X(f) = —0.107( )

g

(5.11)

The sound wavenumber in a porous material (k.) can also be calculated by the following

equations:
ko(f) = a(f) +ip(f), (5.12)
—-0.618
a(f) = %Io.mo (g) ] (5.13)
—-0.618
B(f) = % l1 +0.109 (g) l . (5.14)

In the above equations, f is the frequency of sound, i = v—1, o is the airflow resistivity of
a porous material and c, is the sound speed in air (340 m/s). These two functions (z.) and
(k) can be used to calculate the normalised surface impedance (z,) of a hard-backed porous

material of thickness (d) and the sound absorption coefficient (a) with the following

equations:
zg = z,coth(—ik.d) (5.15)
and
z,—112
a=1- 1 (5.16)

5.6.3 Pade approximation

The acoustic behaviour of the porous material depends on the pore size and the prediction
of this behaviour can be made with the information of the pore size distribution. In this study,

foams produced had variable pore size distribution so that the Padé approximation model
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[75] can be used to predict the dynamic density of the equivalent fluid in the foam pores (py)
and compressibility of the equivalent fluid (C;) to determine the acoustic behavior of the
foam with non-uniform pores. The dynamic density can be expressed as:

pr=1+¢,72F(¢,), (5.17)

where the viscosity correction function is given as:

(5.18)

with €, = \/—i2nfp,/oy, 6,1 = 1/3, which depends on the pore cross-sectional shape,
8,3 =10,1/0,, and 6,, = e~/2(@s1°82)* /\[2 which depends on the pore cross-sectional
shape and the width of pore size distribution. A similar procedure can be used for the bulk

compressibility which can be expressed as:

¢ = r-1 (5.19)
PR\ T T v e 2R |

where y is the specific heat ratio (1.4), P, is the air pressure (101.325 kPa), and:

1+ 6.3€. + 06, 1€,
1+ 6, 3€.

F;:(Ec) = ) (520)

with €, = \/[=i21f poNp, /0", Oc1 = 1/3,0c5 = 0,.1/6., and 6, , = e3/2(0s1082)* /7 In
the above equations, p, is the air equilibrium density (1.2 kg/m®), o, and ¢’ are the air flow
resistivity and the thermal flow resistivity in the pore respectively, while Np, is the Prandtl
number and o is the standard deviation in the log-normal pore size. According to this model,
these equations are for a single pore and therefore some parameters in the equations need to

be replaced for porous material with multiple pores or the bulk medium. A bulk dynamic
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density (p;,) and compressibility with its bulk characteristic (C}) are given with the following

equations:

Dy = %oo os (5.21)
and

Cy = ¢C;, (5.22)

where a,, is the tortuosity. The bulk air flow resistivity and the bulk thermal flow resistivity
are also need to be introduced and expressed as o, = 0, /P and o'y, = o', A/ P, which
replace the air flow resistivity (o,) and the thermal flow resistivity (¢’,) of a single pore.

Both parameters are also related to the mean pore size (5) and standard deviation in pore size

(95):

8
o, = %esmslong (5.23)
and

8
o, = %e—emslogzﬂ (5.24)

where 1, is the dynamic viscosity of air (1.81 x 10 Pa.s). As a result, the frequency

dependent parameter €, and e, must also be replaced with e, = J —i2nfanpo/op¢ and

€c = \/_iznfaoopoNPr/o-b’(p-

Finally, p, and C, can be used to calculate the normalised characteristic impedance (z.) and
the sound wavenumber in foam (k) by using Equations 2.6 and 2.7 in section 2.6.4. Then,
the normalised surface impedance (z;) and the sound absorption coefficient (a) are

determined as outlined in Equations 5.15 and 5.16.
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Before continuing with the comparison of modelling approaches, the difference on the sound

absorption coefficient of FO 20:0 foam between two ways of prediction were studied. First

prediction was based on the Padé approximation with non-acoustic data measurement and

second prediction was based on the heterogenous model and Padé approximation with

circumferential gap consideration. These predictions were then compared with the

measurement data as shown in Figure 5.33. The measured non-acoustic values and inverted

values of the non-acoustical parameters with circumferential gap consideration in the

heterogeneous model is listed in Table 5.2.

F0 20:0

0.8

0.6

0.4

—Measurement

Sound absorption coefficient (o)

0.2
—Model: on non-acoustic data measurement

—Model: with circumferential gap consideration

0 1000 2000 3000 4000 5000

Frequency (Hz)

Figure 5.33: A comparison between the measurement data and predictions based on non-
acoustic data measurement and with circumferential gap consideration of the sound

absorption coefficient of FO 20:0 foam.

Table 5.2

The parameters comparison between the prediction based on non-acoustic data
measurement and with circumferential gap consideration for FO 20:0 foam.

. Standard
- Thickness  Porosity, Airflow . Mea_n deviation in

Prediction resistivity, o Tortuosity  pore size :

(mm) b (N.s/m) () pore size
H (um)
Non-acoustic data 25 0.69 43,580 ] 42.81 44.47

measurement

Circumferential 25 0.502 549,8402 1.2 27.542 44.47

gap consideration*

'L, =45.0mmand L, =43.9 mm was applied in the heterogeneous model.
2Inverted non-acoustic values.
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It can be seen clearly that the sound absorption curves between the measurement data and
the prediction based on the non-acoustic data measurement were not in agreement. This
suggests that the non-acoustic data obtained were not fit to the measurement of the acoustic
properties of FO 20:0 foam. However, the sound absorption curves for the FO 20:0 foam
suggest that there is a good correlation between the measurement data and the prediction
with circumferential gap consideration along the frequency range. The measurement curve
and that predicted by the heterogeneous model are almost identical. This observation
suggests that the model proposed can provide a close agreement to the acoustic measurement
of rubber foam.

5.6.4 Comparison of modelling approaches

The measured and predicted acoustic properties of the rubber foam are presented in Figures
5.34 to 5.42. The agreement of the sound absorption curves between the measurement data
and those predicted by the heterogeneous model and the acoustic models are presented
below. The heterogeneous model is based on the diameter of the two-microphone impedance
tube (L) and the diameter of the rubber foam sample (L,). These diameters are difficult to
make identical and it is common that L, > L,,. This leads to the circumferential edge effects

[99]. Four input parameters are needed for the Miki model: foam thickness, porosity, airflow
resistivity and tortuosity. The Padé approximation is based on the foam thickness and the
five measurable non-acoustic parameters: porosity, airflow resistivity, tortuosity, mean pore
size and standard deviation in pore size. A majority of these parameters were obtained
experimentally as described in the previous section. The tortuosity was estimated using
Alphacell software [100]. Tables 5.3 to 5.11 present the measured and inverted values of the
non-acoustical parameters which were used to predict the acoustic absorption behaviour of
rubber foams. Some of the non-acoustic parameters were fitted to improve the agreement
between the measurement and modelling curve. These parameters were: porosity and airflow
resistivity (Miki model and Padé approximation); mean pore size and standard deviation in

pore size (Padé approximation); and foam sample diameter (L,) or air gap width.
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Figure 5.34: A comparison between the measurement data and prediction using the Miki
model and Pade approximation of the sound absorption coefficient of FO 20:0 foam.

Table 5.3

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for FO 20:0 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
FO 20:0 resistivity, o Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 25 0.69 43,580 - 42.81 44.47
Inverted value by o5 0.50 700,000 12 ) ]
Miki model (28%) (94%) '
Inverted value by o5 0.50 549,840 192 27.54 44.47
Padé approximation (28%) (92%) ' (36%) (0%)
Ly =45.0 mm L, =43.9mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.35: A comparison between the measurement data and prediction using the MiKki
model and Padé approximation of the sound absorption coefficient of F25 20:0 foam.

Table 5.4

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for F25 20:0 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
F25 20:0 resistivity, o Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 23 0.37 261,135 - 42.02 40.15
Inverted value by 93 0.37 800,000 12 ) ]
Miki model (0%) (67%) '
Inverted value by 23 0.37 700,180 12 28.37 40.15
Padé approximation (0%) (63%) ' (32%) (0%)
L; =45.0 mm L, =44.6 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.36: A comparison between the measurement data and prediction using the Miki
model and Padé approximation of the sound absorption coefficient of F50 20:0 foam.

Table 5.5

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for F50 20:0 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
F50 20:0 resistivity, o Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 25 0.41 173,571 - 35.94 27.44
Inverted value by o5 0.33 1,300,000 12 ) ]
Miki model (20%) (87%) '
Inverted value by o5 0.30 1,150,400 12 24.58 27.44
Padé approximation (27%) (85%) ' (32%) (0%)
L; =45.0 mm L, =44.6 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.37: A comparison between the measurement data and prediction using the Miki
model and Pade approximation of the sound absorption coefficient of FO 15:5 foam.

Table 5.6

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for FO 15:5 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
FO 15:5 resistivity, ¢ Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 25 0.68 31,869 - 40.42 32.93
Inverted value by 25 0.50 550,000 12 ) ]
Miki model (26%) (94%) '
Inverted value by o5 0.48 470,050 192 30.40 32.93
Padé approximation (29%) (93%) ' (25%) (0%)
L; =45.0 mm L, =443 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.38: A comparison between the measurement data and prediction using the Miki
model and Padé approximation of the sound absorption coefficient of F25 15:5 foam.

Table 5.7

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for F25 15:5 foam.

. Standard
. M S
. Thickness  Porosity, Alr_flpw . " deviation in
F25 15:5 resistivity, o Tortuosity  pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 25 0.67 29,808 - 40.65 38.28
Inverted value by 25 0.50 1,400,000 19 i i
Miki model (25%) (98%) '
Inverted value by 25 0.50 1,249,300 19 18.27 38.28
Padé approximation (25%) (98%) ' (55%) (0%)
Ly =45.0 mm L, =44.4 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.39: A comparison between the measurement data and prediction using the Miki
model and Padé approximation of the sound absorption coefficient of F50 15:5 foam.

Table 5.8

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for F50 15:5 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
F50 15:5 resistivity, ¢ Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 23 0.46 75,348 - 39.42 30.89
Inverted value by 93 0.46 2,500,000 12 ) )
Miki model (0%) (97%) '
Inverted value by 23 0.46 2,498,300 12 13.47 30.89
Padé approximation (0%) (97%) ' (66%) (0%)
L; =45.0 mm L, =44.6 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.40: A comparison between the measurement data and prediction using the Miki
model and Padé approximation of the sound absorption coefficient of LFO foam.

Table 5.9

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for LFO foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
LFO resistivity, ¢ Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 27 0.82 26,709 - 35.40 26.71
Inverted value by 97 0.82 450,000 12 ) ]
Miki model (0%) (94%) '
Inverted value by 97 0.82 400,100 12 25.21 26.71
Padé approximation (0%) (93%) ' (29%) (0%)
L; =45.0 mm L, =43.3 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.41: A comparison between the measurement data and prediction using the Miki
model and Pade approximation of the sound absorption coefficient of LF25 foam.

Table 5.10

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for LF25 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
LF25 resistivity, ¢ Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 27 0.82 19,741 - 44,10 31.22
Inverted value by 97 0.82 450,000 12 ) ]
Miki model (0%) (96%) '
Inverted value by 97 0.82 400,100 12 25.21 31.22
Padé approximation (0%) (95%) ' (43%) (0%)
L; =45.0 mm L, =43.0mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Figure 5.42: A comparison between the measurement data and prediction using the Miki
model and Pade approximation of the sound absorption coefficient of LF50 foam.

Table 5.11

The parameters comparison between the measurement value and inverted value used in
Miki model and Padé approximation for LF50 foam.

. Standard
Thickness  Porosity, Airflow . Mea_n deviation in
LF50 resistivity, ¢ Tortuosity pore size .
(mm) ¢ (N.s/m?) () pore size
H (um)
Measurement value 21 0.77 80,008 - 38.88 27.88
Inverted value by 21 0.60 500,000 12 ) ]
Miki model (22%) (84%) '
Inverted value by 21 0.60 449,990 192 27.79 27.88
Padé approximation (22%) (82%) ' (29%) (0%)
L; =45.0 mm L, =43.9 mm

a. Percentage in the bracket indicates the percentage difference between the measurement value and the inverted
value by the acoustic models.

b. Lp was inverted value.
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Referring to the inverted values by Miki model and Padé approximation, in particular cases
the porosity and mean pore size values require some an adjustment between 20% to 29%
and 25% to 66%. However, there is a huge difference between the measured and inverted
values of airflow resistivity. The airflow resistivity values require massive adjustment
between 63 to 98%. This is attributed to the circumferential gap between the foam sample
and the sample holder during the airflow resistivity measurement. However, the sound
absorption curve for rubber foams suggest that there is a good correlation between the
measurement and predicted results along the frequency range, especially for latex foams
with high homogeneity in their pore size. The model accuracy is generally high with the
maximum relative error being 10-15%. However, the disagreement between the
measurement data and the predictions becomes more pronounced if these models are used
to predict the sound absorption coefficient of dry rubber foams with broad pore size

distribution.

5.7 Summary

Experimental procedures used to study the physical, dynamic, microstructure and acoustic
properties of the rubber foams were presented. The results of each experimental work were
also discussed. Two modelling approaches, Miki model and Padé approximation were
introduced to describe the acoustic absorption behaviour of rubber foams. The comparative
study between the two models and the measurement data have been carried out in order to
understand the relationship between the non-acoustic properties and the acoustic properties
of rubber foams. A good correlation between the measurement data of acoustic properties
and the predictions based on the non-acoustic properties can be achieved. It has been shown
that the acoustic performance of rubber foams can be modelled, controlled and optimised by
the non-acoustic properties. The adjustment of these properties can change the acoustic

absorption behaviour of rubber foams to be used in vibro-acoustic isolation applications.
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Chapter 6

Conclusions and Recommendations
6.1 Conclusions

Epoxidized natural rubber (ENR) is a new specialty grades of natural rubber that has greater
market potential through innovation to compete the synthetic rubber. The usage of ENR is
predicted to grow rapidly in commercial applications especially in the tyre industry.
However, there is a relatively small amount of published work that can be related to ENR
alone in vibration and noise control applications. Prior to this research the effect of the
epoxidation level on vibro-acoustic properties of ENR not been fully investigated. Besides
that, efficient production of open-cell ENR and natural rubber foam from dry rubber has
remained a challenge. Little or no data exist on the use of these foams in vibration and noise

control applications.

The aim of this thesis was to design ENR and natural rubber that can be used in vibration
and noise control applications. First step was identification of the dynamical properties of
solid ENR and solid natural rubber. Then, the development of a new manufacturing process
of ENR foam and natural rubber foam based on dry rubber was carried out. These dry rubber
foams produced were characterised in terms of their non-acoustical and acoustical
properties. Finally, the acoustic absorption behaviour of ENR foam and natural rubber foam

were predicted based on the key non-acoustical parameters.

Dynamic properties of solid natural rubber with different epoxidation levels: SMR-CV60
(0 mol%), ENR-25 (25 mol%), and ENR-50 (50 mol%) were carried out. The dynamic
properties for all three rubbers were temperature and frequency dependent. The master
curves of the dynamic properties obtained for each natural rubber were generated based on
the time-temperature superposition principle using Williams-Landel-Ferry (WLF)
relationship. Cole-Cole plots for all three rubbers fall on a single curve regardless of the
epoxidation level. This suggests that the epoxidation level does not influence the relationship
between the dynamic moduli. The results obtained provide evidence the optimal epoxidation

level in natural rubber can be predicted to meet specific dynamic properties over a range of
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temperatures and frequencies. A nomogram has been constructed for predicting the optimal

epoxidation level for such purposes.

A new manufacturing process of natural rubber foam with different epoxidation levels:
SMR-CV60 (0 mol%), ENR-25 (25 mol%), and ENR-50 (50 mol%) were performed. These
foams were produced from dry rubber. A natural rubber foam (0 mol%) with the right pore
structure can be produced using the mastication process of raw rubber. However, this
technique does not work in the production of ENR foams. Carbon dioxide gas produced from
the thermal decomposition of sodium bicarbonate was not able to penetrate through ENR
membranes. Alternatively, another blowing agent known as ammonium bicarbonate was
introduced. Ammonia gas produced from the thermal decomposition of ammonium
bicarbonate can expand in ENR membranes and resulting in a formation of pores in the foam
structure. This is due to the production of ammonia gas which contributed to the high rise in
pressure during the decomposition process. The low stability of ammonium bicarbonate can
be improved by mixing it with the more stable blowing agent such as sodium bicarbonate.
For this purpose, the effect of different ratios of ammonium bicarbonate and sodium
bicarbonate in the rubber foam with different epoxidation levels was studied. ENR foams
with relatively large pores were produced upon the addition of ammonium bicarbonate. It
was found that this process did not provide the same result for natural rubber foam upon the
addition of ammonium bicarbonate. There was a possibility for some of ammonia
bicarbonate to decompose during the mixing process and for some ammonia gas produced

escaped from this compounded rubber due to its relatively high gas permeability.

The physical, dynamic, microstructure and acoustic properties of the dry rubber foams
produced were measured. The characterisation of the latex foams with different epoxidation
levels produced by Malaysian Rubber Board were also presented. The measured data were
compared with that of commercially available vibration and noise control foams:
reconstituted rubber foam and polyurethane foam. The acoustic absorption behaviour of
rubber foams were described by two modelling approaches: Miki model and Padé
approximation. A good correlation between the measured data for the acoustic properties of
rubber foams and predicted values of the acoustic properties was found. It was shown that
some parameters of these models need adjusting to account for the circumferential gap

between a relatively low permeability sample of rubber foam and the wall of the impedance
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tube. These observations suggest that the relationship between non-acoustic properties and
acoustic behaviour of ENR and natural rubber foams can be used to develop new material

with improved acoustic absorption and transmission loss performance.

6.2 Recommendations for future work

There remain many areas that can be investigated and improved for designing ENR and
natural rubber foams that can be used in vibration and noise control applications. The points

below are some recommendations for future work:

1. ENR and natural rubber are different in terms of their glass transition temperature, T;.
Each natural rubber exhibits effective damping in a narrow temperature range or around
their T,. Blends between ENR and natural rubber can exhibit effective damping in a wider
temperature range. Therefore, investigation of the dynamic properties of ENR/natural
rubber blends is a useful work to carry out. The production of natural rubber foam based

on ENR/natural blends and its vibro-acoustic properties also can be discovered.

2. The comparative study on the usage of organic blowing agent and inorganic blowing
agent in the production of dry rubber foam should be studied further. The effect of the
production process and its parameters such as pressure and temperature on dry rubber
foam production should be investigated further. This should include a study of an
inorganic blowing agent used in combination with organic blowing agent on the
properties of dry rubber foam. In fact, ammonium bicarbonate is already used as an
additive to dinitrosopentamethylene-tetramine (DNPT) for manufacturing PVC foams
[53].

3. In this study, ammonia gas produced from the thermal decomposition of ammonium
bicarbonate resulted in a formation of larger pores in the dry rubber foam structure,
especially in ENR foams. This is due to the production of large amounts of ammonia gas
which contributed to the high rise in the gas pressure during the decomposition process.
However, the microstructure properties of commercial foams, e.g. RRF and PUF, indicate

that a relatively small pore size and homogeneous pore size distribution can contribute to
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high absorption and damping. Therefore, the composition of ammonium bicarbonate

needs to be reduced (less than 5 phr) in the future production of dry rubber foam.

. The dynamic characterisation on dry rubber foam was not carried out at low enough

temperatures approaching the T,. As a result, data on the dynamic behaviour of rubber

foam at very low temperatures are incomplete. The loss peak (maximum peak of tan §)
in the master curve obtained through the time-temperature superposition principle and a
full semicircle in the Cole-Cole plot were not able to be plotted. Therefore, an
improvement in the test preparation of the rubber foams and extended range of
temperatures in a DMA experiment is required. A better standardisation to determine the
dynamic properties of porous material is also requested in ref. [66].

. The image scanned of F50 20:0 foam showed that there were two separate phases exist in
foam (Figure 6.1). These phases indicate low pore connectivity and medium pore
connectivity. The difference in pore connectivity occurred during the curing process of
the foam in the closed-mould. The high temperature of the mould increased the
crosslinking rate of the compounded rubber in the mould’s wall area and resulted in small
pores formation with low connectivity [5]. Therefore, the effect of pore connectivity on
the acoustic behaviour of ENR foam and natural rubber foam is one of the future works

that need to be considered.

Low pore
connectivity

Medium pore
connectivity

Figure 6.1: Image scanned of F50 20:0 foam.
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