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ABSTRACT

An in situ rubber cure monitoring system (RCMS) has been developed
based on the measurement of electrical properties to monitor the vulcanization
progress. The sensors are connected to an LCR meter and measured the changes in
the capacitance and conductance of rubber during vulcanization in the compression
mold. The parameters are investigated in this study including, the effect of frequency,
vulcanization temperatures, vulcanization systems and carbon black contents. The
scorch time, optimum cure time, degree of cure, and the cure rate from a moving die
rheometer (MDR) and RCMS methods were compared. The results show that
capacitance during curing correlated with the time profile of torque from MDR, which
the frequency at 5 kHz is suitable for monitoring the progress of natural rubber
vulcanization. Moreover, the decrease in the minimum torque, maximum torque, delta
torque, scorch time, and optimum cure time was observed with increasing
vulcanization temperature. Torque and capacitance showed a close correlation at all
cure temperatures. A linear correlation of optimum cure time obtained from RCMS
and MDR with different vulcanization temperatures was achieved. The vulcanization
system and type of curing agent have affected the changes of the torque and the
capacitance during the vulcanization process.The RCMS can be used to indicates the
scorch time and optimum cure time for both sulfur and peroxide vulcanization
systems. In the case of using carbon black no more than 30 phr, RCMS can monitor
the rubber wvulcanization. Which supports the potential of RCMS for real-time
determination of the optimum cure time during the vulcanization of natural rubber by

compression molding, which is a challenge in the rubber industry.

Keywords: Vulcanization, Cure characterization, Rubber cure monitoring system
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CHAPTER 1

INTRODUCTION

1.1 Background and Rationale

Natural rubber (NR) is an essential agricultural product obtained from Hevea
Basiliensis trees in which the cis-1,4-polyisoprene molecule consisted of only carbon
and a hydrogen atom is obtained from the biosynthetic process. NR plays a key role in
the socio-economic structure of many countries, especially in Thailand. It is
comprehensively used in a wide range of products, such as mechanical goods and tires.
Unvulcanized NR has low mechanical properties; hence the vulcanization process of
compound NR is necessarily required to convert into high mechanical properties.
Among vulcanization systems, sulfur vulcanization is the most popular process which
has usually used to crosslink the rubber (Khang and Ariff, 2012). In the literature,
several techniques have been used to characterize curing of an elastomer, such as
differential scanning calorimetry (DSC), oscillating disc rheometer (ODR), dynamic
mechanical analysis (DMA), rubber processing analyzer (RPA), and moving die
rheometer (MDR) (Wang et al., 2003; Arrillaga et al., 2007; Zhang et al., 2013; Khimi
et al., 2014; Hosseini et al., 2014). The analysis of rheometer curves is an indirect
method to evaluate the vulcanization level in rubbers by monitoring of an increase in
the torque value. The crosslink density of the rubber network is related to the delta
torque value in the curing curves (Rosca et al., 2003; Maiti et al., 2006;
Chueangchayaphan et al., 2018). However, the limitations of rheometry tests are the
different mold geometry, sample thickness, and the different processing conditions
leading to waste of materials, defective products, and longer cycle time (Magill and
Demin, 1999; Jaunich et al., 2009). Therefore, a direct or real-time cure monitor is very
important to solve the drawback of rheometry tests. The dielectric analysis (DEA) is
one of the methods which are generally used to monitor the cure of thermoset materials
such as resins and adhesives (Rath et al., 2000; Kim and Lee, 2002; Kortaberria et al.,
2006; Chen and Hojjati, 2007; Skordos and Partridge, 2007; Zhou et al., 2012; Hardis
et al., 2013; Steinhausa et al., 2014; Miller et al., 2016). An applying DEA to monitor

the real-time NR vulcanization is an essential advantage to good vulcanizate properties.



Because cis-1,4-polyisoprene is a main component of NR which has a non-zero dipole
moment and the changes in dipole moment are occurred due to added the sulfur and
form the rubber-sulfur dipoles (Tuckett 1942; Desanges 1958; Ortiz-Serna et al., 2010),
DEA observe the changes in viscosity and dipole moment of the NR vulcanization.
However, a few of the research reported the use of DEA to measure elastomer
vulcanization (Desanges, 1958; Bakule and Havranek, 1975; Persson, 1986; Magill and
Demin, 1999; Magill and Demin, 2000). Nevertheless, the basics of association
between chemistry and rheology of NR vulcanization are necessary to clarify. So,
natural rubber compound vulcanization by compression molding was investigated to
test dielectric cure monitoring for its suitability to real-time monitoring. This research
aimed to improve and extend the use of dielectric cure monitoring in the rubber
industry, displaying application to practical production methods, to support improving
product quality and productivity.

In addition, the vulcanization process condition, for example, vulcanization
temperature and vulcanization time have an extreme impact on the structure, physio-
mechanical properties, and quality of the final products (Mansilla et al., 2015; Erfanian
et al., 2016). Hence, during the vulcanization process, the vulcanization temperature
becomes of great interest because it has a major influence on the three-dimensional
crosslinked network structure, chemical crosslink density, type of crosslinks, and
mechanical properties of vulcanized rubber (Wang et al., 2013; Mansilla et al., 2015;
Zhang et al., 2016; Lee et al., 2017).

To enable DEA to online monitor the NR vulcanization in the rubber product
molding process, the rubber cure monitoring system (RCMS) was set up. The effects
of signal frequency on capacitance (C) and conductance (G) are discussed. Moreover,
the effect of three different vulcanization temperatures, vulcanization systems and
carbon black content on cure characteristics of natural rubber compounds are reported
and compared with both MDR and RCMS methods.

1.2 Objectives
In this research, the main objective is the development of the online pilot system
for utilizing electrical properties to control rubber vulcanization, aligned and calibrated.

Toward this objective, the following lists of sub-objectives are;



1.2.1 To find out the dielectric properties such as capacitance and conductivity
that related to changing of the viscosity (Torque) in rubber during vulcanization.

1.2.2 To study the parameters including frequency range of electric field,
vulcanization temperature, vulcanization systems and carbon black content which

affect on dielectric properties of rubber compounds in the curing process.

1.3 Expected Advantages

1.3.1 To track the real-time electrical data during vulcanization of natural rubber
compounds.

1.3.2 To understand the effect of frequency, vulcanization temperature,
vulcanization systems and carbon black contents on dielectric properties of rubber
during vulcanization.

1.3.3 To improved techniques for online monitoring the curing of natural rubber
compounds.

1.3.4 To lead to commercial production of the dielectric monitoring system to

optimize the curing process of rubber manufacture.



CHAPTER 2

LITERATURE REVIEW

This chapter is presented in three major topics: theory of dielectric in an electric
field, dielectric analysis, and dielectric cure monitoring. The phenomena of dielectric in
the static and alternating electric field are introduced with the focus on elastomers in 2.1.
In 2.2, the dielectric measurement systems, techniques, and methods are described
briefly. Additionally, previous works that relate to the dielectric properties of resin,
rubber, and the development of dielectric monitoring systems are shortly reviewed in 2.3.
Understanding the nature of dielectric material, dielectric analysis, and cure monitoring
techniques are crucial for observing the change of dielectric properties in rubber

vulcanization.

2.1 Theory of dielectric in an electric field

One of the main characteristics of materials is their ability to conduct electrical
currents. According to their conductivity, they are divided into conductors,
semiconductors, and insulators (dielectrics) as seen in figure 2.1. A dielectric material is
any material that supports charge without conducting it to a significant degree.
Dielectrics can conduct electricity because of the contaminations and flaws within the
materials. However, their conductivity is ranging from 108 to 10® S/cm (Alemour et al.,
2019; Shakun, 2014). In principle all insulators are dielectrics. The response of materials
to an applied direct current (DC) electric field can be simply described in the case of a

parallel plate capacitor in figure 2.2.

Conductivity (Scm ?) I I I

] 1
] 1
] 1
0 101 1o | 10° 102 i 10° 106
< < 2 >
Insulators , Semiconductors ' Metallic
! i conductors
I 1

Figure 2.1 Conductivity ranges of materials (Alemour et al., 2019)
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Figure 2.2 Charge on a parallel plate capacitor with (a) a vacuum between the plates and
(b) a dielectric between the plates (Blythe and Bloor, 2005)

In a static electrical field, a fixed voltage (V) is connected across such a capacitor
where the plates are separated by a distance (d) in a vacuum, as shown in figure 2.2(a).
The electric field (E) is produced between the parallel plates and is calculated as equation

2.1.
|74
E=- 2.1)

The magnitude of the field is directly proportional to the charges +Q and —Q per
unit area stored on the plates. The electric flux density of vacuum (Do) arising from the
charge density is directly proportional to the electric field can be express as equation 2.2

DO == EOE (22)
where g, is the dielectric permittivity of vacuum and has a value of 8.854 pF/m.

Area A is the area of parallel plate electrodes. The capacitance of vacuum (Co) is defined

as a ratio of the charge on the plate (AQ) to the voltage (V) as shown in equation 2.3.



Co="-= 2 (2.3)

The dielectric responds to the applied electric field when a dielectric material is
placed between the electrodes. The positive charge is attracted to the negative electrode
and vice versa. This effect is called polarization of the material. Thus, when a dielectric
material is placed between the electrodes as seen in figure 2.2b, the charge Q then
includes bound charge densities P due to the effect of polarization. Therefore, total
charge density becomes (Q+P). The increase in charge densities will lead to an increase

in flux density (D) as seen in equation 2.4

Capacitance (C) is the ability of a material to hold a charge when the electric field
is applied across it. The capacitance of dielectric depends on the permittivity of the
dielectric (¢), area of parallel plate electrode, and distance between two plates. Therefore,

the capacitance of dielectric in the electric field may be express as Equation 2.5.
C=— (2.5)

Dielectric permittivity of a material is the material’s ability to polarize in presence
of an electric field (Shakun, 2014). Thus, relative dielectric permittivity (&) is defined as
the ratio of the permittivity of the dielectric material to the permittivity of the free space.
Besides, it is the ratio of the capacitance (C) formed by two plates with material between

them to the capacitance of the same plates with air as the dielectric (Co).
= — (2.6)

Thus, the capacitance of the sample in the electric field can be expressed as

Equation 2.7.



gpe'A

C:d

2.7)

When a dielectric material is placed between the electrodes the dielectric will
respond to the applied electric field. However, the polarization of a dielectric material
always fails to respond instantaneously to variations of an applied field and heating the
material (Blythe and Bloor, 2005; Li, 2011). Therefore, the response of dielectric to
external fields depends on the frequency of the field. If an alternating current (AC) is
applied, the polarization of the dielectric material differs from that of the static case. An

alternating electric field may be express as Equation 2.8.

E = Ejeit (2.8)

where Eo represents a constant, o is the angular frequency and t denote the time,
then

D = eE eivt (2.9)

For most dielectric material, there is a small phase difference () between D and
E. Therefore, the flux density of dielectric in an alternating electric field can be express
as equation 2.10 (Codrington, 1948).

D = g,E,e!(@t=%) = (g,c0s6 — igysind)Ege'®t  (2.10)

Within the framework of the Maxwell theories, complex permittivity (e*) is time
or frequency-dependent. This leads to different time dependences of electric field and
flux density. Therefore, the relative permittivity or dielectric constant (&) can be

described by a complex number in Equation 2.11.



=g —ig" (2.11)

The real part ¢”is a dielectric constant and related to the ability of the material to
store the energy in the electrical field. The imaginary part is the dielectric loss (&”) that
represents the amount of electrical energy which is lost by the material in the electrical
field. The ratio between the loss with the permittivity is quantified as “dissipation factor”
or tand as shown in equation 2.12 (Blythe and Bloor, 2005).

tans=5 (2.12)

The lack of polarizing ability of molecules to follow the changing of the
alternating electric field causes dielectric loss. The relaxation time (t) is the time it takes
for the dipoles to return to their original random orientation. In the case of relaxation time
being slower than the oscillating rate of an electric field, the loss is minimum. However,
when the alternating electric field frequency faster than the relaxation time, the energy
absorption and dissipation as heat are increased due to the molecules cannot follow the
oscillating frequency (Ahmad, 2012). Moreover, the dielectric loss is the combined effect
of energy losses due to the relaxation mechanisms and the conduction of the material as

shown in equation 2.13.

£'=g,+— (2.13)

wEQ

(L. . f . . . o . .
where ¢, is the dielectric loss associated with relaxation, — is conduction loss. &
wWEQ

is the conductivity of the medium and w is the angular frequency of the oscillating

electric field.



2.1.1 Dielectric polarization mechanisms

When an electric field is applied to a dielectric material that is homogeneous, the
electron cloud from the nucleus moves in the opposite direction of the applied field,
causing positive and negative charges to separate and the molecules to behave like an
electric dipole. Modes of polarizations are divided into three modes, as shown in Figure
2.2 (Blythe and Bloor, 2005; Li, 2011; Shakun, 2014).

1. Electronic polarization — In the electric field, the electron cloud is moved to the
opposite direction of the electric field. This type of polarization is quite small. However,
the effect is more pronounced for heavy atoms.

2. Atomic or ionic polarization —The atomic position in a molecule can distort the
electric field. This mechanism is responsible for the displacement of canters of positively
charged ions relative to negatively charged ions leading to high polarizability. The
movement of heavy nuclei is slowly than electrons. Thus ionic polarization cannot occur
at high frequency as electronic polarization. For this reason, it is not detected above
infrared frequency.

3. Dipolar or orientation polarization — This polarization arises in the presence of
molecular groups containing atoms with different electronegativity, polar molecules. If
these molecules are independent, they easily align in the applied electric field. In the case
of some polymers, such as poly(vinyl chloride), polarization may also arise from a
rotation of side polar groups and can be detected.

A dielectric constant as &static in static electric field is the permanently polarized of
dipoles. When an alternating electric field is applied, the dipoles will be oscillate with the
electric field direction. The frequency of the alternating electric field is affect to all three
modes of polarization and dielectric constant (relative permittivity). Clearly, electronic
polarization can follow the oscillating of the electric field better than atomic polarization

and orientation polarization, respectively (Ahmad, 2012).
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Figure 2.3 Dispersion of molar polarization in a dielectric (Blythe and Bloor,
2005).

The main types of dielectric polarizability as a function of frequency are
presented in Figure 2.3. The total polarization shows itself completely at low frequencies.
However, the orientation of the polar groups is relatively slow. Thus, when the frequency
reaches a value of about 10*? Hz. The dipoles cannot follow the oscillations of the field
(Paip disappears). Therefore, at a frequency above 102 Hz, the total polarization of the
atomic (Pat) and the electronic polarization (Pel) remain. At a higher frequency, the
stretching and bending of the bonds turn too sluggish, no atomic polarization takes place.
Because the atomic polarization's resonance frequency is on the order of 10® Hz, an
infrared absorption band can be seen. Only Pe remains above a frequency of 104 Hz after
that. Finally, in the ultraviolet spectrum (frequencies greater than 10%° Hz), the distortion
of electron clouds near nuclei slows down. (van Krevelen, 2009).

In practice, a material is non-uniform and impurities may be present as a second

phase. Effect on dielectric properties to material discontinuities is typically called the
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“Maxwell-Wagner effect”. When a discontinuity appears in a dielectric material, such as
crack or voids, the relative permittivity will reduce which depending on the amount and
distribution of the enclosed space or air (Blythe and Bloor, 2005).

In the case of rubber compounds, interfacial polarization or space charge
polarization occurs in a rubber containing mobile charge carriers (such as impurities,
additives, and filler) (Herndndez et al., 2012). In an applied electric field, charges are
hindered in their motion because they become trapped at surfaces or grain boundaries of
charge carriers. This phenomenon is resulting in the charges gathering and can move
through the material in an electric field, showing the increase in interfacial polarization of
heterogeneous material. Thus, four polarization mechanisms contribute to the permittivity
(Li, 2011; Shakun, 2014).

(1) Interfacial polarization or space charge polarization (Psp)

(2) Dipolar polarization (Pdip)

(3) Atomic polarization (Pat)

(4) lonic polarization or electronic polarization (Pel)

The net polarizability, P, of the dielectric material consists of the four terms in
Equation 2.14.

P= Psp+ Pdip+ Patt+ Pel (214)

Each polarization mechanism leads to the dielectric properties of a material. Four

modes of polarization mechanisms are demonstrated in Figure 2.4.
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Figure 2.4 Four modes of polarization (Li, 2011)

Figure 2.5 shows the variation in relative permittivity (&) with the loss (&”). In the
case of static electric fields (Direct Current, DC) and alternating electric fields
(Alternating Current, AC) with low frequency, the polarizability of material is the sum of
the involved polarizations in Equation 2.14. Molecular mechanisms depend on the
movement of charges bound to atoms or molecules. However, charges are hindered or
trapped at grain boundaries of impurities resulting in the gathered charges and can move
through the material in an electric field showing the rise in conductivity (Shakun, 2014).
In AC dielectric response of the material depends on the frequency, a sudden drop in
dipole polarization region (<102 Hz) happens for & and the maximum dielectric loss.
This maximum is the complete failure for the dipole to follow the oscillating electric
field.
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Figure 2.5 Dispersion curves of the dielectric constant (&) and dielectric

absorption or loss (&”) in the regions of electrical, infrared, and optical frequencies (Van
Krevelen, 2009).

At higher frequencies (>10%2 Hz), there are electronic and atomic polarization
mechanisms. The dielectric polarization reaches a peak around a certain frequency before
dropping. The optimum polarization in phase with the alternating frequency is expressed
by these maximum values. The frequency of the applied electric field resonates with the
material's natural frequency. Therefore, there is a maximum absorption (Ahmad, 2012).
As mentioned, a dielectric in an electric field displays more than one polarization
mechanism. Hence, the average induced dipole moment per molecule will be the sum of
all polarization contributions, depending on which to determine the dielectric permittivity
of the material. The range of relative permittivity or dielectric constant of natural rubber
at 10° Hz is 2.40-2.70 (Al-Hartomy et al., 2012). The following Table 2.1 shows the

dielectric constant and loss of commercial polymers.
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Table 2.1 The dielectric constant and loss tangent of commercial polymers
(Ahmad, 2012; Nam et al., 2007).

Materials Dielectric Loss tangent Frequency
constant(g') (tand) (Hz)

Natural rubber (NR) 2.68 0.002-0.04 10° Hz
Chloroprene Rubber (CR) 6.5-8.1 0.03-0.86 10% Hz
Acrylonitrile-Butadiene rubber 55 35 10% Hz
(NBR, 30% acrylonitrile constant)
Styrene-Butadiene rubber (SBR, 2.66 0.0009 10° Hz
25% styrene constant)
Butyl rubber (IIR) 2.1-2.4 0.003 10° Hz
Ethylene-Propylene diene rubber 3.0-3.5 0.0004 at 60 Hz 10° Hz
(EPDM)
Silicone 3.0-35 0.001-0.010 10% Hz
Teflon (PTFE) 2.0-2.2 0.0005 100 Hz

Many various mechanisms involving microscopic or macroscopic charge
movement can cause polarization of a dielectric applied to an external electric field. In
the case of polymer material, the total dipole moment per unit volume corresponds to the
vector summation of overall molecular dipole types in the repeating unit, the polymer
chain, and overall chains in the system.

In addition, aromatic rings, bromine, and sulfur are highly polarizable. The
existence of these groups curse an increment in the dielectric constant. The bond in the
aromatic rings is easily polarized because it is lightly attached compared to the sigma
bond. Because the electron cloud is huge and far away from the effects of electrostatic
attraction of the positive nucleus, large atoms, such as bromine, have a high
polarizability. On the contrary, fluorine has a concentrated negative charge and a small
atomic radius which can hold the electron cloud closely resulting in low polarizability.

For example, Polytetrafluoroethylene (PTFE) has low relative permittivity (2.0-2.2), low
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dielectric loss (<0.0002-0.0005), wide-range frequency stability up to 10 GHz, high
breakdown strength (19.2 kV/mm), and stability over temperatures up to 260 °C (LI,
2011; Ahmad, 2012).

2.2 Dielectric Analysis

If we consider a dielectric parallel-plate capacitor, dielectric electric analysis
(DEA) is done by placing the material between two conducting electrodes then applying
a time-varying voltage between the electrodes. The resulting time-varying current (an
"admittance, Y" measurement) which is the conductance (G) and capacitance of material
between a pair of electrodes were measured. The conductance and capacitance arise from
ionic current or dipole rotation in the bulk material between the electrodes, respectively.
For polymers, mobile ions are often due to impurities and additives. In contrast, dipoles
result from the permanent dipole in the material. When analyzing dielectric properties, it
is possible and convenient to separate the influence of ions from dipoles, as shown in
figure 2.6. (Senturia and Sheppard, 1986; Lee, 2017)
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Figure 2.6 Electrical model of dielectric material under alternating field.
(Lee, 2017)
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The interfacial polarization mechanism increase charge flow within the material
meaning that the angle between current and voltage phase will be (90°- 3). Figure 2.7
describes the calculation of conductance and capacitance from measurement data,

response current (lres), and excitation voltage (Vexc).

Imaginary
[Vexcl

ﬁExcitation voltage Y] = Magnitude of lngs / Vexe
\\/ \/ -

[lres]

\ 7 § Response current
\/ time

—»|0 [4— Phase of capacitive current
lres leads Vexc *

5 = Phase of Inqslvac

o
G Real

Figure 2.7 Calculation of conductance and capacitance from response current and
excitation voltage (Lee, 2017).

An AC excitation voltage is applied between a pair of parallel plate electrodes and
the response current is measured expressed as a function of time as shown in equation
2.15 and 2.16, respectively (Lvovich, 2012).

Vore (t) = Vysin(wt) (2.15)
Lres(t) = Iysin(wt + 0) (2.16)
The amplitude and phase difference of Vexc and lres provide information to

calculate the admittance (Y), as shown in Figure 2.7. Additionally, the conductance and

capacitance of the dielectric material are calculated by Equation 2.17.
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Y =25 =G +iB=G+iwC (2.17)

Vexc

where w is 2zf; f is excitation frequency and B is susceptance

If we know the electrode area per thickness of dielectric (A/D ratio, the material
properties of relative conductivity (¢) and relative permittivity (¢) can be calculated

from Equations 2.18 and 2.19, as shown in Figure 2.8.

r G
9 = oa/p) (2.18)

c
"= 2.19
& = oa/n) (2.19)
Imaginary Imaginary
* A/D)
Real Real

Figure 2.8 Relative conductivity and relative permittivity from the relationship between

capacitance and conductance. (Lee, 2017)

The dissipation factor is another quantity also used in admittance measurements
because it depends only on the phase of the admittance, not on its magnitude. The

dissipation factor or loss tangent of a parallel circuit is defined as Equation 2.20.
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tan 6=01 we’ (2.20)

where ¢ is the angle between admittance and the imaginary axis in the counter-

clockwise direction. The loss factor ¢ defined as Equation 2.21.

&’ =o'l (2.21)

The studying of dielectric properties often uses parallel plate electrodes. However,
in some cases, the distance between plates cannot be accurately controlled because its
may change upon the applied pressure or the material between them expands or
compress. In those situations, tand is used to characterize dielectric properties of material

because £’7¢”does not vary with plate spacing (Lee, 2017).

2.2.1 Measurement systems
In electrical engineering, impedance (Z) is a measurement of a current to
flow in the material at a given frequency of an alternating current. It is a parameter used
to measure the characteristic of electronic component that is defined as the invert of
admittance (Y). The impedance vector includes a real part (resistance (R)) and an
imaginary part (reactance (X)) as shown in equation 2.22.

Z =1JY =R+ iX (2.22)

The modern impedance measuring instruments can operate in a wide
frequency range covering 10 Hz up to 10 GHz. A variety of methods for impedance
measurement be present, for example, auto-balancing bridge and network analyzer
(Dumbrava and Svilainis, 2007).
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2.2.1.1 Auto-balancing bridge

An LCR meter, also known as an impedance analyzer, is an electrical
testing equipment that measures a specimen's inductance (L), capacitance (C), and
resistance (R). The amount of voltage generated proportional to the rate of change of
current is determined by inductance. Capacitance is a measure of electrical energy stored
for a given electric field and is determined by a material's ability to hold an electrical
charge. In contrast, resistance is the moving obstruction of an electric current. Generally,
these quantities determined from a measurement of admittance or impedance (2)
(KanakaRaju, 2016).

The Impedance analyzers and LCR meters are impedance measurements
by using the auto-balancing bridge method which suitable for users to measure the
electrical properties of a material at lower frequencies. The material is activated with an
AC signal and the actual voltage across the material is observed. Material test parameters
are derived by measuring its admittance and the angle between the current and voltage
phase. LCR meters using the auto-balancing bridge technique provide highly accurate
capacitance, dissipation factor, and conductance between 5 Hz to 40 MHz (Agilent
company, 2006).

2.2.1.2 Network analyzer

A measurement of the reflection and transmission of material with
knowledge of sample dimensions offers the information to characterize the permittivity
and permeability of the material. Network analyzer performs accurate measurement of
the ratios of the transmitted signal to the incident signal and the reflected signal to the
incident signal. It can be used to characterize both radio frequency (RF) devices and
optical transmission systems at high-frequency measurements from 300 kHz to 110 GHz.

A vector network analyzer consists of a signal source, a receiver, and a
display as shown in Figure 2.9. The source sends a signal at a single frequency to the
material under test (MUT). The fixed frequency receiver detects the reflected and

transmitted signals from the material which are the magnitude and phase shift at that
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frequency. Then, the source is stepped to the next frequency. The measurement is

repeated to display the reflection and transmission measurement response as a function of

frequency (Agilent company, 2006). The difference between auto-balancing bridge and

network analysis measurements as well as the frequency ranges covered are shown in

table 2.2.

Figure 2.9 Network analyzer (Agilent company, 2006).
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Table 2.2 The difference between auto-balancing bridge and network analysis
impedance measurements (KanakaRaju, 2016).

Systems Advantage Disadvantage Frequency Application
range
Auto Most accurate, Limited frequency 5Hz—-40 | All impedance
bala_ncing Wide impedance coverage MHz measurement
bridge
measurement range applications in
Wide frequency low
coverage frequency
Network | Very broad frequency | The range of impedance | >10kHz | Components and
analyzer coverage (LF measurements is limited materials
through microwave) by the analyzer's measurement
characteristic
impedance.
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2.2.2 Measurement method

There are many methods developed for measuring dielectric properties of the
material, for instance, resistivity cell, coaxial probe, transmission line, resonant cavity,
free space, and parallel plate techniques (Hewlett-Packard company, 1992). Many
factors, for example, accuracy, convenience, material shape, and form are important in
selecting the most appropriate measurement technique. Table 2.3 compares between the
measurement methods and the suitable condition of each method for Dielectric Analysis
(DEA) measurements.

Table 2.3 Comparison of the suitable conditions of each method for DEA

measurement (Hewlett-Packard company, 1992).

Method Frequency range Comments

Resistivity cell DC Requires flat, disk-shaped sample. Ideal for

sheets and film. Inexpensive, simple analysis

Parallel plate <30 MHz Requires flat, disk-shaped sample. Ideal for

sheets and film. Inexpensive, simple analysis

Coaxial probe 200 MHz-20GHz | Ideal for liquids, semi-solids. Solids must have

a flat surface. Easy to use, limited low loss

resolution.
Transmission 500 MHz-110 Requires brick or toroid-shaped sample. Liquids
line GHz and gas must be contained. Limited low loss
resolution.
Cavity 500 MHz-110 Requires precisely known sample shape. Very
GHz accurate. Sensitive to low loss tangent.
Free space 2 GHz-110 GHz | Requires flat, parallel face sample. A large

sample is required.
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When using a parallel plate, the basic measurement involves determining the
admittance between the electrodes under an alternating electric field. Parallel plates are
often used as electrodes in cure studies. Figure 2.10 shows parallel conductors of the area
separated by spacing. The sample medium is placed between the plates. Normally, one
designs the plate spacing to be much less than the plate size, which minimizes the effects
of fringing fields and leads to a very simple calibration. An LCR meter or impedance
analyzer is usually used to measure the electrical properties of the sample. The dielectric
constant is computed from the capacitance measurement while dielectric loss is computed
from the dissipation factor. The advantages of parallel plate electrodes are simple and
measured data can be interpreted. The disadvantages are the plate spacing must be control
and the admittance measurements at low frequencies (<100 Hz) are difficult to interpret.
Additional problems are introduced by the overall admittance level and by cabling and

shielding issues (Senturia and Sheppard, 1986).

Figure 2.10 Parallel plate electrodes (Senturia and Sheppard, 1986)

In Figure 2.11, the parallel-plate sample is connected to a meter by a coaxial cable
(~100 pF/m). A 2-meter cable introduces a capacitance of 200 pF in parallel with the
sample, which must be subtracted from the measured capacitance to determine the
sample capacitance. When the cable capacitance is comparable to the sample capacitance,

sensitivity and accuracy are reduced (Senturia and Sheppard, 1986).
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Figure 2.11 Schematic diagram of admittance measurement.
(Senturia and Sheppard, 1986)

The following additional advantages of the parallel plate are exposed. It has the
potential for high accuracy measurement. Parallel plate data shows a good correlation
with data from thermal analysis techniques such as differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA). Moreover, the parallel plate
configuration measures the average or bulk electrical properties of the sample which is
more representative of overall cure than surface-only measurements (Mclihagger et al.,
2000).

In the case of this research, it is aiming to study the capacitance and conductance
of natural rubber during the crosslinking process which sample is flat and requires
accurate results at low-frequency measurement. From a comparison between the
measurement systems and methods that have been shown in Tables 2.2 and 2.3, the
suitable method is the parallel plate technique with LCR meter (auto-balancing bridge)

measurement.

2.3. Dielectric cure monitoring

The ions and dipoles present in the material cause conductive and capacitive
features in dielectric cure monitoring. The ions and dipole in a sample initially have a
random orientation before an electric field is introduced. The ions go towards an
electrode of opposite polarity when an electric field is applied to the sample, while the

dipoles strive to align with the electric field. During the procedure, the resultant signal is
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produced by measuring the amplitude and phase shift concerning the ions' mobility and

dipole alignment (Hardis et al., 2013).

2.3.1 Dielectric cure monitoring of resin

A dielectric analysis is the most promising technique to monitor the cure
of thermosetting resin material because it can continuously monitor the resin cure
chemistry throughout the process going from liquid to crosslinked solid (Choi et al.,
2003). The use of dielectric analysis for thermoset cure monitoring is based on the
influence of structural change on the material's dielectric and electrical characteristics.

The changes in dielectric properties during cure involve (1) an increase in
viscosity that obstructs ion translational diffusion in the medium, resulting in a decrease
in ionic conductivity; (2) The relaxation characteristics of field-induced orientation and
oscillation of permanent dipoles are changed during structural evolution; and (3)
Variations in the dipole moment per unit volume occur while curing as a result of
increased branching, greater crosslink density, and changes in the dipole population's
nature. (Vassilikou-Dova and Kalogeras, 2009). Previous research has shown that
dielectric analysis may be used to track the polymer curing process in real time.

Kim and Char (1999) used differential scanning calorimetry (DSC), rheometrics
mechanical spectrometry (RMS), and dielectric analysis to investigate the curing
characteristics  of  diglycidyl ether of bisphenol A (DGEBA) with
diaminodiphenylmethane (DDM) as a curing agent (DEA). The inverse correlation
between RMS-measured complex viscosity and DEA-measured ionic conductivity was
confirmed. The chain segment motion was revealed by the complex viscosity obtained
from RMS and the mobility of ionic species was represented by the ionic conductivity in
DEA measurement were equivalent. From isothermal curing measurements at different
temperatures in the early stages of cure, the ionic conductivity contribution was shown to
be dominant in the dielectric loss factor. As the curing progressed, the dipole relaxation's
contribution to the dielectric loss factor increased. As the isothermal curing temperature
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rises, the critical degrees of cure, or the point at which the dipolar contribution to the
dielectric loss factor begins to appear, increases.

Skordos and Partridge (2004) developed a new methodology for the quantitative
determination of the progress of the curing reaction of a resin by using the impedance
spectroscopy technique. The results show that the imaginary impedance maximum is
related to the reaction progress. Moreover, the close correlation between the reaction rate
as measured by conventional differential scanning calorimetry and the rate of change of
the imaginary impedance spectrum maximum value was observed. Therefore, this
technique can be used as a real-time online control tool for thermoset composite

manufacturing.

2.3.2 Dielectric cure monitoring of rubber

The prior works of literature have established the relationship between the
dielectric properties of polymeric resins which exhibit rheometric and chemical behavior
such as melt, gelation, and crosslinking that can be recognized by dielectric properties.
Moreover, dielectric spectroscopy can be utilized to study the vulcanization of rubbers.
The common method of vulcanization is compounding the rubber with sulfur and
additives then curing, resulting in the formation of sulfide crosslinks that affect the
changes in dielectric and rheology properties of rubber. The previous works related to
rubber’s dielectric properties and the development of dielectric monitoring systems are
shown below.

Persson (1986) investigated the dielectric properties of rubber materials (natural
rubber, butyl rubber, butadiene rubber, and acrylonitrile butadiene rubber) which were
cured by sulfur and peroxide vulcanization. It has been found that the width of the
dispersion curve correlates well with the crosslink density. In addition, during thermo-
oxidative aging of sulfur-cured natural rubber, a large widening of the dispersion curve
(tan o) is found at frequencies lower than 1 MHz and the fmax value decreases with

increasing crosslink density.
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Capps and Coughiin (1992) studied the viscoelastic and dielectric behaviors of
cure systems and plasticizer loading in chemically crosslinked butyl and chlorobutyl
rubbers. Dielectric permittivity and loss were measured as functions of frequency and
temperature. It is founded that the viscoelastic and dielectric behaviors were significantly
influenced by the type of crosslinking system and by plasticizer loading.

A new technique was proposed by Gondoh et al., 1997; Gondoh et al., 1998 to
monitor the progress of vulcanization of acrylonitrile-butadiene rubber based on the
measurement of electrical properties. The loss tangent (tand) was measured by a tand
meter, applying 40 or 120 V of alternating current at 60 Hz. The electrical current was
measured by an ammeter. The vulcanization was carried out in the press mold at 140-
170°C, equipped with two electrodes insulated from its surroundings by
polytetrafluoroethylene as shown in Figure 2.12. The results showed that the curves of
electric current and tand against cure time showed a rapid increase with the progress of
vulcanization reaction followed by saturation after completion of the reaction. The curves
obtained in the electrical measurements were found to be similar to conventional torque-
cure time curves, suggesting that the tand and electrical current curves are very useful as

a cure curve.
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Figure 2.12 Mold design (Gondoh et al., 1998).

Hummel and Rodriguez (2000) described a method for measuring the electrical
conductivity of rubber during vulcanization, continuous low-level current (CLLC)
measurements. Direct-current voltage was applied to the compound with two platinum
electrodes, then, the current was recorded during vulcanization. These measurements give
direct prove of ions in the rubber during vulcanization. The results showed that the
current curves were related to the vulcanization kinetics. Two maxima currents were
found in the system NR/S/TMTM/ZnO. They take place at an earlier scorching period
corresponding to the formation of temporary ionic species at these stages which is
supported by the result from Hummel and Rodriguez (2001). At elevated temperatures,
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the conductivity of the rubber compound was increased according to the presence of
transitory ionic species. The comparison with the rheometer measurements exhibits a
relationship between the formation of ionic intermediates and crosslinking. In addition,
Rodriguez et al. (2000) suggest the CLLC for detecting ionic species in the course of
vulcanization reactions were applied to investigate the vulcanization of a mixture of
natural rubber, sulfur, and zinc bis(dimethyl dithiocarbamate). A temperature-dependent
current maximum was found because ionic species occur during the vulcanization
reactions. The current maxima corresponded to vulcanization times, where a rubber
network crosslinking was increased, as measured using vulcametry.

Microwave dielectric measurement for following and monitoring the progress of
vulcanization reaction was reported by Bovtun et al., 2001; Bovtun et al., 2002. The
change of microwave dielectric permittivity may be caused by the change of
concentration of the polar molecules and groups during vulcanization. The difference in
dielectric behavior between unvulcanized and vulcanized compounds was clearly seen.
The main advantage of the method was the ability to measure the fundamental dielectric
response of basic polymer molecules and to reflect the polymer network dynamics and
their change during crosslinking. The microwave method was effective even in the case
when low-frequency dielectric methods fail because of conductivity in carbon black-
filled elastomers.

Abd-El-Messieh and Abd-EI-Nour (2003) investigated the dielectric properties of
styrene-butadiene rubber cured by an increase in either the sulfur content or curing time
in a wide range of electric field frequencies from 100 Hz up to 10 MHz at room
temperature (25°C). The results showed that the permittivity increased with increasing
the sulfur content, but it decreased with increasing applied frequency. The maximum loss
seems to be shifted to the lower frequency range with increases in the sulfur content. The
values of permittivity slightly increased with increasing curing time. The maximum
values of loss decreased with increasing curing time. The relaxation times increased with

an increase in either sulfur content or curing time due to the formation of crosslinking.
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Van Doren et al. (2004) developed the measuring system for natural and synthetic
rubber curing processes by using dielectric properties to produce a curing curve
(impedance property data versus time) followed by analyzing the curve with software
algorithm. The results show that impedance correlated with the rheological properties of
the rubber compound and the mechanical properties of the rubber. Moreover, applying the
correlation relationship in real-time to end the curing process can produce a uniform
quality of rubber parts and reduce process cycle time.

Miratsu et al. (2013) measured the electric impedance of acrylonitrile-butadiene
rubber compounds during the vulcanization reactions. In the vulcanization region, the
crosslink densities and torques increased, while the impedance decreased. This tendency
might reflect that the electrons, which form an electric current, flow more by increasing
crosslink networks of the rubber sample.

Fillers, such as carbon black is added to rubber formulations to meet material
property targets, such as tensile strength, tear strength, abrasion resistance, and to
decrease the cost. The filler incorporation in rubber leads to the creation of an interface
between two faces of different conductivity and permittivity. Interfacial polarization can
be found at the interface between rubber and fillers that affect to electrical properties of
materials. The electrical properties of rubber/ filler compounds have been studied by
several research groups.

Chung et al. (1982) studied the electrical conductivity and permittivity of carbon
black-polyvinylchloride composites over a wide frequency spectrum (1.3 GHz). The
conductivity of the bulk composites increased with a higher volume fraction of carbon
black. The permittivity increased until the composite percolation was reached and then
decreased confirmed after fully connected conductive paths. Such highly loaded
composites showed a metal-like electrical behavior. The different electrical percolation
threshold of the composites was found for different types of carbon black. Carbon blacks
with the lowest packing efficiency reach the percolation threshold with the least volume
fraction of carbon black loading.
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Li et al. (2009) studied the effect of carbon blacks (semi-reinforcement furnace
black (SRF), fast extruding furnace black (FEF), high abrasion furnace black (HAF),
conductive carbon black (CCB), and spraying carbon black (SCB)) on the electrical
properties of filled ethylene propylene diene rubber (EPDM). The results from electrical
tests showed that EPDM filled with CCB, large surface area carbon black, displays the
lowest dielectric constant and highest dissipation factor.

Renukappa et al. (2009) investigated the electrical properties of composites, such
as dielectric constant and dissipation factor. Different weight ratios of conductive carbon
black were used to produce a series of styrene-butadiene rubber (SBR) composites. The
effects of CCB content on electrical characteristics were investigated. The dielectric
constant and dissipation factor of SBR composites improved as the CCB content was
increased. Until the volume fraction (V) of the CCB reaches a critical value, known as
the threshold percolation concentration, the conductivity does not change. A significant
growth in conductivity was detected beyond the percolation threshold concentration. The
development of infinitely long chains of conducting particles causes the dielectric
constant to increase at a critical value of V. As a result, adding varied amounts of CCB to
SBR resulted in compounds with different dielectric properties.

Nanda et al. (2010) studied the dielectric relaxation of conductive carbon black
reinforced chlorosulfonate polyethylene rubber (CSM) vulcanized in the frequency range
of 102-10° Hz over a wide range of temperature 30—120°C. The results showed that with
increasing filler loadings, an increase in dielectric permittivity was observed which could
be explained based on interfacial polarization of the fillers in the polymer matrix. The
percolation threshold occurred at 30 phr loadings. In addition, the effect of temperature
on the loss tangent, dielectric permittivity, and ac conductivity had been studied. When
the temperature was raised, the maximum loss tangent peak had been shifted towards
higher frequency, increase in dielectric permittivity and increase in ac conductivity due to
thermal activation.

Shokr (2011) compared the dielectric properties of EPDM composite crosslinked

by gamma irradiation, laser beam irradiation, and chemical vulcanization. The frequency
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response of dielectric behavior has been studied for all prepared samples using an LCR
meter in the frequency range 10%- 10° Hz. The experimental results indicated that
permittivity and conductance increased with the addition of HAF black in the EPDM
matrix. A sharp increase in permittivity was detected for EPDM loaded with HAF black
more than 30 phr. The percolation threshold was affected by the vulcanizing methods,
where the samples vulcanized by 5 and 10 laser shots show the minimum value for the
percolation threshold.

As mentioned before, we can summarize that one application that has been
studied using dielectric spectroscopy is the vulcanization of rubbers. Natural rubber is
non-polar but the process of vulcanization introduces dipoles originating in the carbon-
sulfur linkages. The cross-linking process in rubbers may also be initiated by peroxides or
radiation. In comparison to vulcanization using sulfur, no polar groups are built into the
chains when peroxides are used, hence one may expect a smaller permittivity for the
corresponding cross-linked material. Similarly, cross-linking by irradiation does not
produce polar groups when the reaction takes place in a vacuum but will result in
oxidation if irradiation takes place in the presence of oxygen (Craig, 2005). Moreover,
the effects of filler on the electrical properties are reported, when filler loading was
increased the dielectric permittivity was raised due to the effect from interfacial
polarization of the fillers in the polymer matrix. In the case of conductive filler, the
dielectric permittivity increases until the percolation threshold was reached and then

decreases after fully connected conductive paths.
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CHAPTER 3

EXPERIMENTAL AND METHODOLOGY

3.1 Material

3.1.1 Natural rubber (STR 5L) was obtained from Yala latex industry Co.,
LTD, Yala Thailand. The molecular formula of repeating unit and its specific gravity
are CsHg and 0.92, respectively.

3.1.2 Zinc oxide (ZnO) (White seal grade) was used as an activator in sulfur
vulcanization system. It was manufactured by Global Chemical Co. Ltd.,
Samutprakarn, Thailand. The specific gravity and melting point are 5.57 and 130°C,
respectively.

3.1.3 Stearic acid (commercial grade) was used as a co-activator with zinc
oxide in sulfur system. It was manufactured by Imperial Chemical Co. Ltd., Pathum
Thani, Thailand. The molecular formula is C17H3sCOOH. The molecular weight is
248.48 g / mol. The specific gravity is 0.85. The melting point is 69.6 °C.

3.1.4 N-tert-Butyl-2-benzothiazole sulfonamide (TBBS) was used as an
accelerator in vulcanized natural rubber. It has a cream to light brown pigment. The
molecular weight is 238 g/mol. The specific gravity is 1.28. The melting point is in
the range 107-112 °C. It was produced by Flexsys America L.P., U.S.A.

3.1.5 Sulfur used as curing agent in vulcanized natural rubber in peroxide
system. It was manufactured by Ajax Finechem Pty Ltd., Taren Point, Australia. The
molecular formula is Sg. The specific gravity is 1.92. The melting point is 115 °C.

3.1.6 Dicumyl peroxide (DCP) is aromatic peroxide used as curing agent. It
has a milky white granule, a melting point of 39-41°C, and decomposed at 168 °C. its
molecular weight and specific gravity are 270.37 g/mol and 1.02, respectively. It was
produced by Wuzhou International Co., Ltd., China.

3.1.7 Carbon black (N330 grade) is a black powder and has a specific gravity
of 1.85. It acts as a filler to increase efficiency in rubber. It was manufactured by Thai
Carbon Black Public Co., Ltd., Thailand.
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3.2 Equipment

3.2.1 Internal mixer, Brabender 50®EHT with 70 cm® chamber volumes and
tangential rotors was manufactured by Brabender GmbH & Co. KG, Duisburg,
Germany. It was used to prepare natural rubber compound.

3.2.2 Two-roll mill was used to mix accelerator and sulfur into rubber
compounds, and sheet rubber masterbatch. The roll size of two roll mill is 150 mm x
350 mm of diameter x length. It was manufactured by Chaichareon Karnchang Ltd.
(Bangkok, Thailand).

3.2.3 Compression machine was manufactured by Chaichareon Karnchang
Ltd., Bangkok, Thailand. It was used to prepare and monitor rubber vulcanization.

3.2.4 A Montech Moving Die Rheometer (MDRH2020) was used to study
cure characteristics of rubber compounds. The minimum torque (Mp), maximum
torque (MH), delta torque (Mu-ML), scorch time (ts1) and cure time (tcoo) were

obtained.

3.3 Method
3.3.1 Rubber cure monitoring system (RCMS)
The experimental setup of rubber cure monitoring system (RCMS) is displayed in

Figure 3.1.

Unit : mm 150
@40

Data tracking and

Wayne Kerr 4110 controlling device
LCR meter Control and
display Laptops, mobile

| Wireless LAN router | zzzz2==-=====» phone and tablet

______________
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Figure 3.1 Sketch of the experimental set-up for rubber cure monitoring system.

Parallel plates, made from stainless steel and insulated by
polytetrafluoroethylene (PTFE), are used as electrodes. The upper and lower
electrodes with diameters of 11 mm were embedded in compression mold which has
1.5 mm height and 40 mm diameter as shown in Figure 3.2 to Figure 3.4.
Thermocouples (Figure 3.5) were also embedded in the mold nearly the electrodes
which connected to the LCR meter (Figure 3.6), Wayne Kerr 4110. The 2 V of
alternating voltage is applied between the parallel plate electrodes at a constant
frequency. LCR meter was connecting with sensors to monitor electrical changes of
rubber compounds during vulcanization. Then, information was sent to the data

tracking and controlling device (Figure 3.7).

Figure 3.2 The obtained parallel plates electrodes.



Figure 3.3 The upper and lower electrodes were embedded in a compression mold.

Figure 3.4 The embedded electrodes in compression mold and equipment settings.



Figure 3.5 Thermocouples with a heat resistant strap and display unit.

Figure 3.6 LCR meter.

36
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Figure 3.7 Data tracking and controlling device.

This data tracking and controlling device can control and operate via wireless
LAN and display the result via an attached monitor or devices that can connect to
other wireless networks (Figure 3.8). During the vulcanization, the system can display
the trend of the changed electrical values in real time via a wireless network. And
after the test, data can be easily downloaded, saved and displayed on the computer via
the wireless network. However, it is necessary to reduce the noise in the system and
calibrate the measured electrical values before testing for the accuracy of test results
as following:

1. Intercept the noise when the probe on both sides does not touch each other by
opening the mold and then transact on the LCR meter. Select Calibrate> Open
Circuit Trim > 20 Hz-100 kHz.

2. Intercept the noise when the probes on both sides touch each other by closing
the mold and the upper and lower sensors touch each other. And then transact
on the LCR meter. Select Calibrate> Short Circuit Trim > 20 Hz-100 kHz.

3. Calibrate the measured value by placing 1mm thick polytetrafluoroethylene
(TEFLON) sheet on the sensor position. Close the mold and press <start> in
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order to the electrical valuew for 30 seconds. The obtained electrical values

should be consistent during the test and should be close to electrical values of
TEFLON. Its permittivity and dielectric loss are 2.1 and ~O, respectively. The
TEFLON sheet and the calibration values on the display screen are shown in
Figure 3.9 and Table 3.1

Table 3.1 Relative permittivity ( ¢’), dielectric loss (¢”) and tan & of

polytetrafluoroethylene at 5 kHz and 75 kHz

Frequency (kHz) Cp (F) Gp (S) g' g" tan o
5 158 x 102 3.27x 10 2.1573 0.0014 0.0007
75 158 x 10*? 554x101° 21571 0.0016 0.0007

Figure 3.8 Operation screen and wirelessly download data via the prototype system

software.
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Option More

1.57686pF
32.7010pS
1.57673pF

554.007pS
Meazurement Mode
2,00V Frequency 5.00 kHz
OC Bias Internal

t 1

Figure 3.9 (a) The TEFLON sheet and (b) the calibration values on the display screen
including capacitance (Cp) and conductance (Gp) at the frequency of 5 kHz and 75
kHz.

The obtained Cp and G, were used to calculate permittivity (&), dielectric loss

(¢”) and tan ¢ as listed in Table 3.1. It was indicated that the prototype system can

accurately measure the electrical values.

3.3.2 Preparation of Natural Rubber Compound

The materials used in this research were commercial-grade, with their
quantities listed in Table 3.2. The formulation in per hundred of rubber: natural rubber
(NR) 100, zinc oxide (ZnO) 5, stearic acid 2, N-tert-Butyl-2-benzothiazole
sulfonamide (TBBS) 1, and sulfur 2 was used to prepare NR compound in 2 steps.
The first step involved compounding NR, ZnO, and stearic acid in an internal mixer
with a filled factor of 0.75, a rotor speed of 60 rpm, and an initial chamber
temperature of 35 °C according to the mixing schedule shown in Table 3.3. Then the
compound was dumped and kept at room temperature in a desiccator for 24 h before
further processing. In the second step, other ingredients such as the accelerator
(TBBS) and sulfur were added and were mixed for about 4 min. Finally, the

compound was sheeted off to a 2 mm thickness by using a two-roll mixing mill.



Table 3.2 Formulation of NR compound
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Part per hundred

Ingredients

rubber (phr)
Natural rubber (STR 5L) 100
Zinc oxide (ZnO) 5
Stearic acid 2
N-tert-Butyl-2-benzothiazole sulfonamide (TBBS) 1
Sulfur 2

Table 3.3 The mixing schedule of NR compound

Mixing procedure

Cumulative time (min)

Step 1: Internal mixer
- NR mastication
- Addition of stearic acid
- Addition of zinc oxide (ZnO)
- Dumping

© w N O

Step 2: Two roll mill

- Addition of the mixer from step 1
- Addition of TBBS and sulfur

- Addition of sulfur

- Dumping

A W N O

Total

3.3.3 Material characterization

Rubber compounds were characterized by using moving die rheometer (MDR)

and rubber cure monitoring system (RCMS) under isothermal condition. MDR and

RCMS methods are used to monitor the cure reaction by following an increase of

torque and a change of electrical properties, respectively, which is indicative of

crosslinking as a function of time at a constant temperature.
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3.3.3.1 Moving die rheometer (MDR) test
The isothermal cure of a natural rubber compound was investigated by
using a Montech Moving Die Rheometer (MDRH2020) at die oscillation angle of 0.5°
and a frequency of 1.7 Hz. The sealed torsion shear cure meter was selected according
to ASTM D5289. In order to make rheological measurements in condition close to
NR compression molding processes, the designed 4 cm® NR compound was filled in a
closed and sealed die cavity. The torque increment was measured at constant
amplitude of oscillation and a designed temperature. The torque required to shear the
compound due to the formation of the crosslinked structure of rubber chains is
consistently plotted as a function of time to provide the cure curve. The main cure
characteristic values obtained from cure curve including:
- The lowest point in the cure curve is defined as the minimum torque (ML).
- The highest point at curve plateau is termed as the maximum torque (M).
- The time to reach a given degree of cure (tcx) can be gotten from the

following equation:

tex = minutes to torque being (ML + = TOOAM) (3.2)

where X is the percentage of cure required and AM or delta torque is the
difference between the maximum and the minimum torque (Mn - ML). The optimum

cure time (tcoo) is used for optimal crosslinking in rubber vulcanizate.

3.3.3.2 Rubber cure monitoring system (RCMS) test

The experimental setup of the rubber cure monitoring system (RCMS)
is shown in Figure 3.1. Parallel plates are used as electrodes. The upper and lower
electrodes with diameters of 11 mm were embedded in compression mold which has
1.5 mm height and 40 mm diameter. Thermocouples were also embedded in the mold
nearly the electrodes which connected to the LCR meter, Wayne Kerr 4110. The 2 V
of alternating voltage is applied between the parallel plate electrodes at a constant
frequency of 5 kHz. The capacitance (C) and conductance (G) are continuously

detected every 4 s as a function of vulcanization time for 15 min. Before testing, 1
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mm thickness of PTFE was used as a standard sample to calibrate the RCMS. The
volume 4 cm® rubber compound was placed into the preheated mold at the designed
temperature in the compression machine and then compressed under 10 MPa. Data
tracking and controlling device were used to record the electrical properties during
NR vulcanization. The curve of capacitance or conductance versus cure time was

exhibited on the monitor connected to the local area network of RCMS.

3.4 Study parameters

3.4.1 Effect of frequency

The frequencies i.e., 0.75, 1, 2.5, 5, 7.5, 10, 25, 50, 75, and 100 kHz were
examined at 160°C for 15 min, to find an appropriate informative frequency in the
initial experiment. The studied material was a natural rubber compound with a
conventional sulfur curing system. The formulation of the NR compound is listed in
Table 3.2.

3.4.2 Effect of vulcanization temperature

Three different test temperatures of 150, 160, and 170°C were examined and
tested for 15 min at a suitable informative frequency of 5 kHz. The investigated
material was a natural rubber compound with a CV system. The formulation of the
NR compound is given in Table 3.2.

3.4.3 Effect of vulcanization system including sulfur vulcanization system
(EV, Semi-EV, CV) and peroxide vulcanization system

In the sulfur vulcanization system, the ratio between accelerator and sulfur is
used to determine the quantity and linkage types. In the case of a conventional
vulcanization system (CV), the ratio between accelerator and sulfur is low resulting in
occurrence in most polysulphides linkages (-Sx-). The sulfur content is in the range of
2.0-3.5 phr and the accelerator is in the range of 0.4-1.0 phr. In a semi- efficient
vulcanization system, the sulfur content and the accelerator are in the range of 0.5-1.2
phr and 0.4-1.0 phr, respectively. The efficient vulcanizing (EV) has the sulfur
content and the accelerator in the range of 0-0.2 phr and 2.5-3.0 phr, respectively. For

the peroxide vulcanization system, dicumyl peroxide has widely been used as a
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vulcanizing agent. When heating, peroxide agent will break down, then provide free
radicles and finally form C-C crosslinking on polymer chains. Formulation of NR
compound by studying the effect of vulcanization system and different type

vulcanizing agent on electrical values is shown in Table 3.4.

Table 3.4 Formulation of NR compound by studying the effect of vulcanization

system and different vulcanizing agent types on electrical values

Part per hundred rubber (phr)

Components Sulfur system Peroxide system

CVv Semi-EV EV

Accelerator/Sulfur ratio 0.5:3 151 3:0 -
Natural rubber (STR 5L) 100 100 100 100
Zinc oxide 5 ) ) -
Stearic acid 2 2 2 -
TBBS 0.5 1.5 3 -
Sulfur 3 1 - -
Dicumyl peroxide - - - 2

3.4.4 Effect of carbon black

Carbon black is the most fillers used in the rubber industry to improve the
product properties such as tensile strength, abrasion resistance, and tear strength and
reduce cost. The distributed filler in rubber matrix affects the electrical values due to
the different electrical conductivity between the surface of the filler and the rubber.
The influence of filler content on electrical values which change during vulcanization
has been interesting. The formulation of NR compound by studying the effect of

carbon black content on electrical values is listed in Table 3.5.
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Table 3.5 Formulation of NR compound by studying the effect of carbon black on

electrical values

Part per hundred rubber (phr)

Components Control Cso Ceo
Natural rubber 100 100 100
Zinc oxide 5.0 5.0 5.0
Stearic acid 2.0 2.0 2.0
TMTD 1.0 1.0 1.0
Sulfur 2.0 2.0 2.0
Carbon black (N330) - 30.0 60.0
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CHAPTER 4

RESULTS AND DISCUSSION

This research work aims to develop the online pilot system for utilizing
electrical properties to monitoring rubber vulcanization. Testing dielectric cure
monitoring for its suitability to online monitoring of natural rubber compound
vulcanization by compression molding was investigated and compared to conventional
curemeter results. This chapter is divided into 3 parts as follow:

Part 4.1 displays the experimental set-up with RCMS and describes the
influence of electric field frequency on the dielectric properties during the vulcanization
process.

Part 4.2 shows the effect of vulcanization temperature on the change of
conductance and capacitance curves during the vulcanization process.

Part 4.3 studies the effect of vulcanization system including sulfur vulcanization
system (EV, Semi-EV, CV) and peroxide vulcanization system on the change of

conductance and capacitance curves during the vulcanization process.

4.1 The effects of electric field frequency

Figure 4.1 displays a sketch of the experimental set-up with RCMS. Parallel
plate electrodes are used in this work because of high accuracy measurements of the
average or bulk properties of the sample (Mcllhagger et al., 2000). The stainless steel
electrodes were covered by polytetrafluoroethylene (PTFE) and were built-in in the
upper and lower press molds. PTFE was applied to insulate the electrodes because of
its high temperature resistance, low and fairly constant dielectric response over the
temperature and frequency ranges of interest (Ehrlich, 1953; Koizumi et al., 1968; Li,
2011). The upper and lower electrodes with 11 mm diameters were embedded in the
steel mold for compression molding of the NR compound. The mold cavity is
cylindrical with 40 mm diameter and 1.5 mm height. The mold temperature was
measured with thermocouples embedded near the electrodes. The mold was pre-heated
to the 160 °C curing temperatures in the compression molding machine, and then the
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rubber compound (4 cm?) was placed into the mold. Finally, the rubber was compressed
with 10 MPa pressure. The LCR meter, Wayne Kerr 4110, was used to monitor
capacitance and conductance of rubber during vulcanization. A 2 volts alternating
voltage was applied between the parallel plate electrodes in the frequency range from
0.75 to 100 kHz, and the response current was measured. The capacitance and
conductance were logged every 4 seconds for 15 minutes. The electrical properties were
recorded by a data tracking and controlling device, and the time profiles of electrical
properties were shown on a monitor connected to the local area network of the rubber
cure monitoring system. The RCMS was calibrated and then re-tested with a 1 mm

thickness PTFE sheet before each run.

Thermometer

Controlling device

:jiiWayne Kerr 4116
]
LCR meter

i Electrode
B Monitor

15 Rubber

Unit : cm.

Laptops

Figure 4.1 Sketch of of the experimental set-up for rubber cure monitoring system
(RCMS)

In the initial experiment, ten frequencies including 0.75, 1, 2.5, 5, 7.5, 10, 25,
50, 75 and 100 kHz, were tested at 160°C cure temperature over 15 min, in order to
find a suitable informative frequency. The two fundamental electrical characteristics,
capacitance and conductance, as functions of cure time are reported in Figures 4.2 and
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4.3, respectively. It can be noted that the C and G curves at frequencies below 5 kHz
were inconsistent and scattered over a wide range, because of the polarization and
blocking effects at low frequencies (Mclihagger et al., 2000). The electrode
polarization reduces mobility of ions close to the electrodes. The 100 kHz frequency

gave noisy results with the RCMS.
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Figure 4.2 Capacitance evolution during the isothermal cure of natural rubber at 160°C
observed at various frequencies: (a) 0.75 kHz to 7.5 kHz, and (b) 10 kHz to 100 kHz.
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Figure 4.3 Conductance evolution during the isothermal cure of natural rubber at
160°C observed at various frequencies: (a) 0.75 kHz to 7.5 kHz, and (b) 10 kHz to
100 kHz.

To identify the change of slope in the capacitance curves, the first time
derivative of signal (dC/dt versus t) is shown in Figure 4.4. Thus, the most useful

frequencies with this experimental equipment were in the range from 5 kHz to 75 kHz.
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For most accurate results, the frequency for the dielectric cure monitoring was set at 5

kHz in the rest of this work.
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Figure 4.4 Time derivative of capacitance during the isothermal cure of natural rubber
at 160°C observed at various frequencies: (a) 0.75 kHz to 7.5 kHz, and (b) 10 kHz to
100 kHz.
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In addition, in order to assess the capability of RCMS to determine the
characteristic curing parameters of an NR compound, the relationships between torque,
capacitance, derivative of capacitance and conductance are shown in Figure 4.5. It was
found that the three stages of curing can be observed in torque, capacitance and
derivative capacitance curves. These parameters changed clearly with time and
indicated the progression of crosslinking the NR. In the induction period (region I), the
natural rubber compound is softening. Torque and derivative capacitance curves rapidly
decreased to a minimum point, while capacitance and conductance promptly increased
to peak at approximately 1 min due to ionic polarization and dipolar polarization were
increased by increasing mobilities of ions and rubber molecules in softening state.

The minimum torque and maximum capacitance at onset of first slope change
were defined as M. and Co, from the torque curve and capacitance curve, respectively.
In this stage, an active accelerator complex was produced by chemical reactions
between accelerator, activator (ZnO) and sulfur. Then, the sulfurating agent obtained
from the reaction of the active accelerator complex and sulfur molecules can react with
NR chains to form crosslinking precursors resulting in increasing of ionic polarization
and capacitance. These intermediates reach a maximum concentration before
crosslinking and decrease with a significant crosslinking extent (Sadequl et al., 1998;
Hummel and Rodriguez, 2000; Hummel and Rodriguez, 2001). Furthermore, the times
of M, Co and maximum G, were indicative of the start of vulcanization (tco).

In the curing stage (region I1), the rapid increases were observed in torque and
derivative of capacitance, while a gradual increase was seen in capacitance due to the
increasing of dipolar polarization of sulfur crosslink during vulcanization. Clearly, the
dipole moment per unit volume of rubber was increased by the rubber-sulfur dipoles
increasing polarization in an electric field (Desanges et al., 1958; Vassilikou-Dova and
Kalogeras, 2009). The steepest parts related to the maximum point of the derivative of
capacitance at around 2 min. The end of curing reaction, which reached the plateau,

indicates an equilibrium state of vulcanization.
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Figure 4.5 Relationship between (a) torque, (b) capacitance, (c) conductance, and (d)

derivative of capacitance during vulcanization.

The end of curing reaction point can be detected at around 6.5 min, and is
indicated by My and C1qo in torque and capacitance, respectively. Times of My and Cioo
represented the state of full cure (tc100). After this region, the overcure stage (region I11)
followed. The conductance decreased rapidly and did not reach a constant value due to
decreased ionic conductivity with increasing rubber viscosity, caused by vulcanization
(Skordos and Partridge, 2004; Vassilikou-Dova and Kalogeras, 2009). In addition, it
was found that the peak of conductivity shifted to the right (i.e., to higher frequency)
as seen in Figure 4.3. Thus, conductance was not informative of the NR vulcanization
extent. In the cure stage, the crosslinking precursor reacts with another rubber chain,
resulting in crosslink formation between NR chains (Ding and Leonov, 1996). As
previously discussed, Tcgo is generally used to determine the optimum vulcanization
time from an MDR torque-time curve. For RCMS, the equivalent plateau was observed

in the capacitance-time curve, and the extent of vulcanization can be represented as:

x (Cio - Cp) (4.1)

=mi +
tex minutes to Co 00
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where Co is the maximum capacitance at onset of first slope change and Ciqo is

the maximum capacitance at onset of second slope change

The characteristic cure parameters from MDR and RCMS are listed in Table
4.1. The scorch time was determined as the time to reach a 10% state of cure (tc10), and
as the time required for the torque to rise by one unit (dN.m) above the minimum torque
(tsy) for MDR (Dick and Pawlowski, 1995). In addition, the time at inflection point
(maximum slope of C) or at the peak of derivative of capacitance (tqc) for RCMS were
equated. It was found that there was little difference in scorch time and optimum cure
time (tcoo) obtained from MDR and RCMS. The results from RCMS provided longer
scorch and cure times than the MDR because the special die geometry and the large die
surface area of MDR give faster heating of the sample. The measured capacitance was
related to the progress of vulcanization of natural rubber. The correlation between
capacitance and torque is illustrated in Figure 4.6. Polynomial regression fit gave the
coefficient of determination (R?) equal to 0.9979, indicating a tight relationship between

capacitance and torque for rubber during vulcanization.

Table 4.1 Characteristic curing parameters of the NR compound as evaluated by MDR
and by RCMS at 160°C

Curing parameters MDR Curing parameters RCMS
ML (dN.m) 1.22+0.04  Co (pF) 0.64 +0.01
M (dN.m) 7.71+0.13  Cuoo (pF) 0.69 +0.01
M - ML (dN.m) 6.48+0.10  Cioo- Co (pF) 0.04 +0.01
Scorch time (min) Scorch time (min)
- too 1.38 £ 0.06 - teao 1.46 £ 0.07
- ta 1.48 £ 0.05 - tdc 1.80+£0.12
Cure time, tego (mMin) 412 +0.11 Cure time, Tgo (min) 4.85+0.04
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Figure 4.6 The correlation between capacitance and torque during the isothermal cure

of natural rubber at 160°C.

The degree of cure (a) as a function of curing time (t) is generally indirectly
determined from the torque-time curve obtained with MDR as follows (Ahmadi and
Shojaei, 2013; Erfanian et al., 2016), and with RCMS measured capacitance this is

analogous to equation 4.2 and 4.3 respectively:

M, - M

QMDR) = = 4.2)
C C
O(RCMS) = T_g{) (4.3)

where M and C; are the torque and the capacitance at a given time during
vulcanization. In addition, the cure rate or the vulcanization rate (d&/dt) is the time
derivative of cure degree. For in situ cure monitoring, the results from RCMS should
be similar to those from MDR. Thus, the degree of cure and rate of cure from both
methods are compared in Figure 4.7. As can be seen, the degrees of cure are very
similar, but the degree of cure and rate of cure obtained from RCMS are slightly lower

than from MDR because of the slower bulk heating that gave slower reaction rates. In
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other words, the heat transport into the sample was faster in the MDR than in the
compression mold with RCMS, due to the special die geometry and high surface area
of MDR (Jaunich and Stark, 2009).

1 PO Lo ::‘i‘::“ : i l
o 0_8 - " .o.‘:....-!. i 0.8
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Figure 4.7 Degree of cure and rate of cure comparison between RCMS and MDR

during isothermal vulcanization at 160°C.

4.2 Effect of vulcanization temperature

The typical torque versus time curves of rubber compound at three different
cure temperatures obtained by MDR were displayed in Figure 4.8 (a). The S-shaped
cure curves were observed in curing curve of a usual accelerated sulfur vulcanization
process which consisted of three regions i.e. induction period, curing period and
overcure period. Firstly, after the rubber compound is placed into the heated cavity of
MDR, torque falls because of softening of the compound; yet the crosslink structures
have not occurred in the induction period. Then, the three-dimensional crosslinked
networks are formed leading to rise of the torque curve. Finally, torque reaches the
constant value or torque decreases based on the specific cure system. The capacitance
and conductance were plotted as function of the vulcanization time with three different

vulcanization temperatures as shown in Figure 4.8(b) and 4.8(c), respectively.
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The capacitance curves also consist of three regions. In an induction period, the
capacitance and conductance were rapidly elevated until they reached the maximum of
first slope change which defined as Co. It can be explained that after being heated, the
occurrence of softening NR compound enhanced the molecular segment mobility and
simplified dipole arrangements, which in turn results in a capacitance increase (Svoréik
et al., 2001). In curing period, the capacitance continuously increased until reached the
plateau which is indicated as Cioo. It can be explained that while the crosslinked
networks were occurred, the rubber-sulfur dipoles oscillate in an electric field leading
to alter the dipole moment and increasing dipolar polarization (Desanges et al., 1958).
Time to obtain a degree of cure can be calculated from equation 4.1. After this region,
it becomes the overcure stage. Capacitance curves reached the constant value because
the rotations of dipoles were restricted by crosslinks between NR molecular chains
(Tuckett, 1942). Nevertheless, the conductance-time curve was not useful for
evaluating the optimum cure time because it rapidly dropped after induction period, and

did not reach the constant value.
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Figure 4.8 Relationship between (a) torque, (b) capacitance and (c) conductance as a

function of vulcanization time for the different isothermal cure temperatures.
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For MDR curves, it was found that at 150°C the torque increased and then
reached to a horizontal plateau in overcure period indicating that the occurred crosslink
structures are thermally stable at this temperature, while the decrease of torque in
overcure period due to the reversion phenomenon was clearly observed at 160°C and
170°C. However, the capacitance-time curve at 170°C was slightly increased in the
overcure period because during the reversion the polysulfidic chains were cleavage and
changed to disulfidic, monosulfidic and cyclic sulfides through both radical and polar
decomposition mechanism leading to an increment of polarization (Krejsa and Koenig,
1993). The capacitance-time curve at 150°C has the lowest capacitance value, while at
170°C has the highest one. The higher capacitance was observed at elevated
temperature because of an enhancement of molecular chain segments mobility and
facilitation of dipole orientation polymerization (Svoréik et al., 2001). The cure
characteristics extracted from both of the MDR and RCMS methods were listed in
Table 4.2.

It was observed that the minimum torque (ML) diminished when vulcanization
temperature rose because NR molecular chains has more absorbed the energy to
enhance the chains mobility resulting in the lower the rubber viscosity (Lee, 2017). In
addition, at 150°C the highest maximum torque (Mn) was observed which is assumed
to be the highest crosslink density. My tended to decrease with an increment of
temperature. It can be explained that the polysulphidic structures were cleaved due to
their low thermal stability at the temperature increase (Posadas et al., 2010). This result
agreed with the difference between the maximum and minimum torque (Mn-ML) of
rubber compound which exhibited a reduction tendency with increasing vulcanization
temperature.

However, the capacitance showed the opposite trend in Table 4.2 and Figure
4.9. Increases in Co, C100 and C100-Co Were observed with increasing temperature. As
the temperature increases, the dipoles comparatively become free and they respond to
the applied electric field. Thus, polarization increased and dielectric constant or
capacitance is also increased with the increase of temperature (Sheha et al., 2015). In
addition, a competitive side reaction i.e., reversion occurs at higher vulcanization

temperature. This might be related to an increase in the total number of polar groups
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because the decomposition mechanism of polysufidic crosslinks may be either radical,
polar or a combination of both (Ghosh P et al., 2003) and decomposition provides
insights into the formation of cyclic sulfides (Hernandez et al., 2010). Induction time
for MDR is assigned as the time between test start point and minimum torque point.
Induction time for RCMS is the region which the capacitance (C) curves reached to
maximum of first slope change and the conductance (G) increased to the maximum

peak as shown in Figure 4.9.
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Figure 4.9 Relationship between torque, capacitance and conductance as a function of

vulcanization time at (a) 150°C, (b) 160°C and (c) 170°C.
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Figure 4.9 (Cont.) Relationship between torque, capacitance and conductance as a

function of vulcanization time at (a) 150°C, (b) 160°C and (c) 170°C.

The required time for the torque increases one torque unit (dN.m) above M. or

ts1 is normally defined as the scorch time in MDR technique. Nevertheless, a compound
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with a low My represents a much more percentage of the ultimate state of vulcanization
than a relatively high My one (Dick and Pawlowski, 1995). In order to avoid the
weakness of ts1, teio IS Sometimes used to determine scorch time. In the case of RCMS,
the time at inflection point (maximum slope of C) or at the peak of derivative of
capacitance (tqc) was used to measure the scorch time. The tcoo was used to determine
the optimum cure time. From results in Table 4.2 and Figure 4.9, it was found that an
increasing vulcanization temperature effect on a shorter scorch time and optimum cure
time because rubber chains mobility and accelerator activity are advanced at higher
temperature (Rabiei and Shojaei, 2016). It was clearly observed that the variation of
induction time and cure time as a function of vulcanization temperature from RCMS

gave similar data to MDR method.
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Table 4.2 Characteristic curing parameters of the NR compound as evaluated by MDR and RCMS at different temperature 150°C, 160°C

and 170°C
150 °C 160 °C 170 °C
Cure parameter
MDR RCMS MDR RCMS MDR RCMS
M¢ (dN.m) or Coq (fF) 1.28+0.07 607.37£7.21 1.22+0.04 641.43+6.74 1.19+0.01 670.14+30.44
M#u (dN.m) or Cioo (fF) 7.85+0.26 644.45+6.84 7.71+0.13 684.50+8.65 7.37+0.09 714.94+31.32
Mu-Mc (dN.m) or Cioo- Co (fF) 6.57+0.20 37.08+2.10 6.48+0.10 43.07£2.08 6.17+0.09 44.80+1.04
Scorch time (min)
-t10 2.07+0.18 2.34+0.15 1.38+0.06 1.46+0.07 0.93+0.01 0.80+0.16
-ts1 Or tac 2.27+0.18 2.80+0.21 1.48+0.05 1.80+0.12 1.02+0.03 1.13+0.24
Cure time (min), tcoo 6.98+0.07 8.09+0.10 4.12+0.11 4.91+0.04 2.43+£0.01 3.37£0.18
CRI 20.58+0.61 18.89+0.31 36.76+0.65 32.17+0.63 67.11+0.45 44.70+0.44
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A tight correlation between capacitance and torque for the different isothermal
cure temperatures was exhibited in Figure 4.10. It gave the coefficient of determination
(R?) for polynomial regression equal to 0.9971, 0.9979, and 0.9901 at 150°C, 160°C
and 170°C, respectively.
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Figure 4.10 The correlation between capacitance and torque during the different

isothermal cure of natural rubber.

To understanding on the NR vulcanization process with three different
vulcanization temperatures, the torque-time curves and capacitance-time curves from
MDR and RCMS were used to determine the degree of cure (o) as a function of curing
time (t) as follow equation 4.2 and 4.3.

Consequently, cure rate or vulcanization rate (da/dt) can be defined by
derivative of degree of cure with respect to time. With the purpose of investigation in
the possibility of RCMS to real-time monitor the NR vulcanization, the similar or the
same results from MDR and RCMS is essential. The degree of cure curves (o versus t)
and cure rate curves (da/dt versus t) from both MDR and RCMS are shown in Figure

4.11 and 4.12, respectively.



63

[a—y

S 22
- -
L 1 L

Degree of cure (o)

=
9
1

-

0 5 10 1

th

1 -
(b) e
08 1 e
w e 7/ e « 150 °C
- a
3061 :f s - 160°C
Soa] f7 7 170
- s J £
gt A
Q 0.2 7 .: ;’ "
$s
0 Lo, 1 ;
0 5 10 15

Vulcanization time (min)

Figure 4.11 Degree of cure as a function of time comparison between (a) MDR and (b)
RCMS at 150°C, 160°C and 170°C.



64

1
i (a}-, « 150 °C
08 + | - 160 °C
P [ 9 . 170 °C
=
£ 0.6 - i
S04 4
3 I
~
02 4
0 } POzt
0 5 10 15
Vulcanization time (min)
1
- (b) . 150 °C
A"B T + 160 °C
= [ =170 °C
£ 0.6 ~
S04 4
3 I
~
0.2 4
0 t

0 5 10 1
Vulcanization time (min)

h

Figure 4.12 Cure rate as a function of time at three isothermal vulcanization
temperatures from (a) MDR and (b) RCMS.

It was presented that the highest degree of cure was observed at 170°C in a good
agreement between the two methods. MDR exhibited a higher degree of cure at given
vulcanization time and temperature. It was calculated from torque which is highly
influenced by the viscosity of materials. Thus it has more sensitivity for detecting the
vulcanization whereas the degree of cure from RCMS method was calculated from the
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capacitance which was affected by the change of dipole moment during vulcanization.
Figure 4.12 showed the cure rate curves. It was found that the cure rate curves
composed of two regions. In the first region, the increment of cure rate with time was
observed and then reached to a maximum point within a short time indicating that an
infinite network structure is being initiated. In the second region, the reduction of the
cure rate was occurred and subject to zero due to the growing cross-linked formation
resulting in the viscosity became high (Casalini et al., 1997). The time at the maximum
point of cure rate curves decreased with an increase of the vulcanization temperature
because the reactivity of the rubber vulcanization depended on the temperature
(Mansilla et al., 2015)

Figure 4.13 exhibits the maximum cure rate at different temperature. It was
found that the maximum point of cure rate curves increased with the increment of the
vulcanization temperature. 170°C cured samples provided the highest maximum cure
rate, while 150°C cured samples provided the lowest value. In addition, MDR provided
the maximum cure rate higher than RCMS at all isothermal temperature. However, both
techniques exhibited a good correlation of optimum cure time (tcoo) in the linear line

with R? equal to 0.9914 as shown in Figure 4.14.
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Figure 4.13 Maximum vulcanization rates from both RCMS and MDR at different

temperatures.
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4.3 Effect of vulcanization system including sulfur vulcanization system (EV,

Semi-EV, CV) and peroxide vulcanization system

Vulcanization system is one of the most essential factors which affects the
physical property and thermal stability of rubber vulcanized. In the sulfur vulcanization
system, the sulfidic linkages between the rubber chain were formed with various sulfur
atoms (mono, di, and poly sulfidic) resulting in the different cure characteristics of the
rubber compound. These sulfidic linkages were controlled by the ratio between the
contents of sulfur and accelerator in the effective vulcanization (EV), semi-EV, and
conventional vulcanization (EV) systems of natural rubber.

The effect of the vulcanization system (EV, Semi-EV, CV, and peroxide) on the
torque and the electrical properties during vulcanization was shown in Figure 4.15. In
the peroxide vulcanization system, the capacitance was slightly reduced in the initial
stage, and then it was increased during vulcanization but lower than the sulfur
vulcanization system as shown in Figure 4.15(b). It was probably due to the peroxide
vulcanization system occurred through free radical mechanism (Kruzelak et al., 2017).

In contrast, numerous types of ions and dipole were generated in the sulfur
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vulcanization system since the beginning of the curing process (Hann et al., 1994;
Hummel and Rodriguez, 2000; Hummel and Rodriguez, 2001). The zinc oxide was
reacted with stearic acid which generated zinc stearate. Then, accelerator and sulfur
were adsorbed on the Zinc oxide and reacted with zinc stearate to form sulfur cross-
linking around Zinc oxide particles in the rubber matrix (Ikeda et al., 2009; Sakaki et
al., 2018). Thus, the polarization of these dipoles and ions in the alternating electric
field was increased resulting in higher capacitance in the sulfur vulcanization system,
which correlates to the torque from MDR.

The conductance of sulfur and peroxide vulcanization systems was found to be
related to the torque from MDR as shown in Figure 4.15(a) and (c) agreed with the
torque cure curve. In the case of the sulfur vulcanization system, time at the maximum
conductivity in the induction period was close to the time that torque started to increase
due to the formation of ionic intermediates which accelerated the vulcanization
reaction. After that, the conductivity was decreased from obstructing the flow of
electricity because the cross-linkage between rubber chains was reached the
equilibrium point. For the peroxide vulcanization system, the conductivity and the
difference of changes in conductivity between before and after vulcanization were
lower than the sulfur vulcanization system because there was no activator and
accelerator which created ions during vulcanization. Moreover, the obstruction of the
current flow due to the formation of crosslinks during vulcanization leads to a decrease

in conductance of rubber vulcanized.
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An interesting result was found in the EV system (Figure 4.15 (c)), the
conductance increased again after complete vulcanization. This phenomenon was
exposed in Figure 4.16. The vulcanization with sulfur was not to occur uniformly in the
rubbery matrix but to occur around Zinc oxide particles as shown in Figure 4.16(a),
where the polyisoprene network covers Zinc oxide clusters dispersed in the network
domains. The vulcanization process begins with the amounts of adsorbed sulfur and
accelerator (TBBS) on each Zinc oxide cluster. The inhomogeneous domains are
containing the dispersed area of Zinc sulfide (ZnS) particles which are increased by
increasing accelerator content resulting in the increase of network domain size (Ikeda
et al., 2009; Sakaki et al., 2018). Hence, the network domain size which vulcanized by
the EV system must larger than Semi EV and CV, respectively.
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When the rubber compound was continuously heated after complete
vulcanization, the size of the network domain increased due to ZnS was formed during
the thermal degradation and oxidation reaction (Larpkasemsuk et al., 2019; Kinasih and
Fathurrohman, 2018). Therefore, the interconnection between these domains was
occurred and create a path that electrons can pass through as shown in Figure 4.16(b)
increasing conductance. Moreover, this is corresponding to the results in figure 4.9

which the conductance was increased in the over cure region.

() (b)
Heated after complete
vulcanization

® : ZnO cluster : Absorbed sulfur and TBBS

//\
f\ 3 : Network domain containing zinc sulfide

-

Figure 4.16 Proposed models to explain the interconnection between network domains
in natural rubber vulcanizate. (a) The network domain at completely vulcanized. (b)

Interconnection between network domains.

As shown in Figure 4.17, the cure characteristics of CV, Semi-EV, EV, and
Peroxide vulcanization systems from RCMS and MDR methods were analyzed and
compared that show in Table 4.3. A data table expressed in terms of Mi, Mu, Co, C100
scorch time, teoo and CRI, for vulcanized natural rubber in four vulcanization systems.
Among the three sulfur vulcanization systems, the EV system contained the highest
accelerator concentration. Hence, the cure characteristics from RCMS show the EV
system has the lowest scorch time and an increase in the crosslinking in a short time

which causes the highest vulcanization rate (CRI). However, the cure characteristics



71

from MDR showed the highest scorch time but lowest Mn-M. that corresponding to the
research of Sadequl et. al (1998) and Sadequl (2000), respectively.

The peroxide vulcanization system showed a longer optimum cure time than the
sulfur vulcanization system while CRI was the lowest both characterizing by using
MDR and RCMS method. In addition, the Co, Ci00, and Ci00-Co Of the peroxide
vulcanization system were lower than sulfur vulcanization systems. It can be explained
that the dipole generated in the curing process of the peroxide vulcanization system was
lower than the sulfur vulcanization system (Craig, 2005). Hence, the polarization of
these dipoles in the alternating electric field was decreased resulting in lower
capacitance in the peroxide vulcanization system. Therefore, it was observed that the
RCMS method can provide the cure characteristics of all vulcanization systems of
rubber compounds as well as the MDR method.
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Figure 4.17 Relationship between torque, capacitance and conductance as a function
of vulcanization systems (a) CV, (b) Semi-EV, (c) EV and (d) Peroxide.
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Figure 4.17 (Cont.) Relationship between torque, capacitance and conductance as a

function of vulcanization systems (a) CV, (b) Semi-EV, (c) EV and (d) Peroxide.
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74

cv Semi-EV EV Peroxide

Cure parameter

MDR RCMS MDR RCMS MDR RCMS MDR RCMS
Mc (dN.m) or Co
(iF) 1.53+0.07 | 702.37+4.31 | 1.46+0.01 | 728.57+4.52 | 1.23+0.02 | 760.21+9.84 | 2.16+0.04 | 587.66+2.29
Mn (dN.m) or Cuoo
(iF) 8.57+0.30 | 794.66+6.55 | 9.67+0.08 | 784.83+3.17 | 6.66+0.03 | 783.08+4.32 | 10.34+0.04 | 595.64+1.48
Mn-ML (dN.m) or

7.04+£0.23 | 92.29+2.28 | 8.21+0.09 | 56.26+3.29 | 5.43+0.46 | 22.86+5.90 | 8.18+0.02 | 7.98+0.87
C100- Co (fF)
Scorch time (min)
~te10 1.48+0.09 | 1.96+0.07 | 1.3740.01 | 2.13+0.26 | 1.68+0.02 | 1.60+0.11 | 1.06+0.04 | 2.39+0.43
-ts1 OF tqc 1.60+0.07 | 2.40+0.04 | 1.404+0.01 | 2.60+0.07 | 1.83+0.03 | 2.06+0.04 | 1.18+0.04 -
Cure time (min),

6.275+0.19 | 6.25+0.19 | 3.20+0.08 | 5.44+0.63 | 3.83+0.02 | 2.85+0.06 | 17.93+1.63 | 13.37+0.34
teoo
CRI 20.97+0.69 | 13.79+1.00 | 54.55+2.24 | 30.24+8.92 | 46.51+0.21 | 80.20+7.01 | 5.92+0.69 | 9.71+0.45
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4.5 Effect of carbon black

In this study, carbon black N330 was used as fillers because it provided high
abrasion resistance, tear strength and tensile strength. In addition, it is commonly used
in the manufacture of tires and products that emphasize good mechanical properties.
Figure 4.18 shows that the increment of torque was a result of the reinforcement effect
of carbon black. In comparison between Figure 4.18(a) and Figure 4.18(b), it was
shown that the capacitance increased with an increase in carbon black loading due to
the accumulation of electric charges between the surface of the carbon black particles
and rubber matrix (interfacial polarization) and the increased dipoles as functional
groups on carbon black surface (Nanda et al., 2010). The increment of capacitance was
related to the torque in rubber compounds with carbon black loading of 30 phr.
However, the capacitance rapidly increased in the early stages of heating due to the
occurrence of ionic intermediates in rubber compounds and an increment of dipole
content with carbon black 60 phr (Figure 4.18(b)). These ionic intermediates which
responded to an arrangement under the electric field can accelerate the vulcanization
reaction. After that, the capacitance decreased because carbon black particles moving
in melt rubber were contact with each other resulting in the mobility of electric charges
which were on the carbon black surface (interfacial polarization). Finally, the
capacitance increased again due to the effect of an increase in dipole moment per
volume unit from the formation of cross-linkage (Desanges et al., 1958). The
capacitance trended to slightly decreased before reaching equilibrium due to the effect
of space charge polarization which was the occurrence of an electric discharge due to

the movement of electric charges between sensor and rubber surface.
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Figure 4.18 Effect of carbon black (N330) on capacitance and torque during
vulcanization at 160 °C (a) 30 phr and (b) 60 phr

At 60 phr of carbon black content, the electric charges move through the
structure of carbon black that was in contact with each other. This phenomenon occurs
due to the carbon black content over percolation threshold concentration ( Shokr , 2011).
Moreover, electric charges moving between sensor and rubber surface occur an electric

discharge resulting in the capacitance was not related to the torque. Therefore, we
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cannot track the vulcanization process of this rubber compound from capacitance data.
Due to this limitation, the researcher modified the contact between sensors and rubber
compounds to eliminate the effect of space charge polarization by placing the electrical
insulation between the rubber compound and the electrodes. The result was shown in
Figure 4.19. The correlation between capacitance and torque in the vulcanization stage
was observed which indicates the measured capacitance related to the progress of

vulcanization of natural rubber as same as rubber compound with carbon black content

below 30 phr.
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Figure 4.19 Torque and capacitance cure curve of NR with 60 phr of carbon black
which placed the electrical insulation between rubber compound and the electrodes

The cure characteristics of rubber compound with 30 phr and 60 phr which
placed the electrical insulation between rubber compound and the electrodes from
RCMS and MDR methods were analyzed and compared that show in Table 4.4. A data
table expressed in terms of My, Mu, Co, Cioo Scorch time, tcoo and CRI. The rubber
compound with 60 phr carbon black showed a longer optimum cure time than the rubber
compound with 30 phr while CRI was the lower both characterizing by using MDR and
RCMS method. It was due to the functional groups on the carbon black surface,

especially the carboxylic groups and the phenolic groups which reacted with the
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accelerator resulting in a slower cure rate (Park et al., 2005). In addition, the Co, Cio0,
and C100-Co of rubber compound with 60 phr carbon black were higher than 30 phr due
to the high amount of carbon black tends to increase electric charges which were on the

carbon black surface or interfacial polarization.

Table 4.4 Characteristic curing parameters of the NR compound as evaluated by MDR
and RCMS at different carbon black content 30 and 60 phr.

30 phr 60 phr

Cure parameter (with electrical insulation)
MDR RCMS MDR RCMS

McL(dN.m) or Co (fF) | 2.31+0.06 | 323.35+7.32 | 4.56+0.14 | 809.51+14.52

M#u (dN.m) or Cioo

(fF) 15.29+0.44 | 381.74+8.55 | 25.16+0.63 | 1232.67+13.23

Mn-ML (dN.m) or

12.98+0. .39+3.24 | 20.57%0. 423.16+11.2
Cioo- Co(fF) 98+0.36 | 58.39+3 0.57+0.55 3.16 9

Scorch time (min)
~te10 1.20+0.11 | 1.25+0.07 1.03+0.26 1.1240.10

-ts1 OF toc 1.13+0.08 | 1.36+0.06 0.88+0.22 1.23+0.07

Cure time (min), tcoo | 4.15+0.21 | 5.05+0.23 4.48+0.19 5.45+0.63

CRI 33.90+0.80 | 26.10+1.13 | 28.99+1.24 23.09+3.93
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CHAPTER 5

CONCLUSION

5.1 Effect of electric field frequency

A type of in situ cure monitoring for rubber compounds was successfully used
to monitor the curing of natural rubber in a compression molding machine. Parallel
plate electrodes were embedded in the compression mold, and measurement
frequencies from 0.75 to 100 kHz were tested for determining capacitance and
conductance during rubber vulcanization. The 5 kHz frequency was chosen for
measuring electrical properties during NR vulcanization that were compared to the
torque-time curve from MDR. The results obtained with RCMS showed that
capacitance was related to NR cure degree, effectively revealing both scorch time and
optimum cure time. In addition, the degrees of cure and cure rates from RCMS and
MDR were compared and good correlations between the alternative measurements
were observed. This RCMS exhibited the good potential to monitor and control the NR

production process with real-time monitoring of curing degree.

5.2 Effect of vulcanization temperature

The objective of this part was to find a correlation of the vulcanization
temperature with the cure characteristics of natural rubber compound which was
examined by both the conventional curemeter (MDR) and the rubber cure monitoring
system under isothermal vulcanization temperature. The natural rubber compound was
characterized at 150°C, 160°C, and 170°C. In the rheometer curves, a decrease in the
minimum torque, maximum torque, delta torque, scorch time, and optimum cure time
was observed with the increasing vulcanization temperature. However, in the case of
capacitance curves, the capacitance (Co, Ci0o, and Ci00-Co) increases as the cure
temperature was increased. The variation of scorch time and cure time as a function of
vulcanization temperature from RCMS gave similar data to the MDR method. The
maximum point of cure rate curves increased with the increment of the vulcanization
temperature, MDR provided the maximum cure rate higher than RCMS at all isothermal
temperatures. However, both methods exhibited a good correlation of optimum cure
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time (tcoo) in the linear line, and a tight correlation between capacitance and torque for

the different isothermal cure temperatures was observed.

5.3 Effect of vulcanization system including sulfur vulcanization system
(EV, Semi-EV, CV) and peroxide vulcanization system

The vulcanization system and type of curing agent have affected the changes of
the torque and the electrical capacity during the vulcanization process. RCMS can
monitor the vulcanizing process via the changing electrical properties which correlated
with the changes in torque obtained from MDR. Semi EV system provided the optimum
cure time (tco0) and cure rate shorter than the EV system and CV system, respectively.
In the case of the EV system, the connections between network domains create a
conductive path resulting in increasing of conductivity again after completed
vulcanization. The peroxide vulcanization system showed a shorter scorch time but
longer optimum cure time than the sulfur vulcanization system. The capacitance (Co,
C100, and Ci00-Co) of the peroxide vulcanization system was lower than the sulfur
vulcanization system. It was observed that the capacitance from the RCMS method can
provide the cure characteristics of all vulcanization systems of rubber compound as
well as the MDR method.

5.4 Suggestion

With the conclusions above, the researcher would like to suggest for further
study to improved rubber cure monitoring system (RCMS) to monitor the curing of
natural rubber in the rubber product molding process as follows.

5.4.1 Study the effect of parallel plate electrodes geometry and distance
between plates to electrical properties during rubber vulcanization.

5.4.2 Improve the temperature resistance and pressure of electrodes by using
ceramics material to replace polytetrafluoroethylene for compression molding of rubber
compounds at high temperature or high pressure.

5.4.3 Improve the electrode for the rubber compound which occurs electric

discharge due to the carbon black content over the percolation threshold concentration
(more than 30 phr) by studying the type of insulator and thickness for coating the

insulator layer on parallel plate surface.
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5.4.4 Study the effect of accelerator type on electrical properties during rubber
vulcanization.

5.4.5 Study the effect of fillers which using in rubber industry such as silica
calcium carbonate and clays on electrical properties during rubber vulcanization.

5.4.6 Study the effect of rubber types such as styrene-butadiene rubber,
acrylonitrile-butadiene rubber and ethylene-propylene-diene rubber on electrical

properties during vulcanization.
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itoring the progress of vulcanization based on the measurement of electrical proper-
ties. The sensors connected to an LCR meter were embedded in the compression
mold and measured changes in the electrical properties of rubber during vulcaniza-
tion. Frequencies ranging from 0.75 to 100 kHz were probed for capacitance and
conductance, and 5 kHz frequency was found suitable for monitoring natural rubber
vulcanization. The results show that capacitance during curing correlated with the
time profile of torque from a moving die rheometer (MDR). The scorch time and
optimum cure time obtained from MDR and RCMS were reported. The degree of
cure and the cure rate from two methods were compared. Good correlations between
the alternative methods were observed, supporting the potential of in situ RCMS dur-
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1 | INTRODUCTION

Natural rubber (NR) is an elastomer obtained from Hevea
brasiliensis trees. It is nearly 100% cis-1,4-polyisoprene,
which is a linear, unsaturated, long chain aliphatic hydro-
carbon. As a result of its highly regular structure, NR has
a tendency to crystallize spontaneously at low tempera-
tures or when it is stretched. NR exhibits outstanding tack
and strength in unvulcanized state: and high mechanical
strength, resilience, damping, tear strength, and fatigue re-
sistance in vulcanized state.!"! Due to its remarkable and
desirable properties, it is used in many products, such as
tires, conveyor belts, dampers, hoses, bearings, seals. For
optimal engineering properties, the rubber molecules are
cross-linked to form three-dimensional elastic networks.
The cross-linking reactions are named vulcanization or
curing, and require elevated temperature and pressure,

ing the vulcanization of natural rubber.

dielectric cure monitoring, rubber cure characterization, rubber cure monitoring system, vulcanization

giving these materials unique properties. Sulfur curing
systems are widely used to vulcanize rubber compounds,
forming sulphidic cross-links between the rubber chains.””!
The degree of vulcanization of a rubber compound has
a great influence on the final product properties. Thus,
knowing the optimum cure time at a certain temperature
is crucial. In general, the main approach to determine the
vulcanization characteristics of a rubber compound is to
use the moving die rheometer (MDR), for an indirect mea-
surement of the reaction extent. Rheometry provides ap-
proximate data on behavior of the rubber compound, but
is not representative of the actual process conditions due
to various factors affecting the molding process, such as
actual temperature, geometry, and material heat-up rate.
Therefore, the cure time obtained by rheometry is not nec-
essarily optimal for rubber manufacturing, resulting in
poor product quality, waste of materials, and longer than

3384 | ©2018 Wiley Periodicals, Inc.
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needed cycle time.!**! In general, ultrasound and dielec-
tric methods are available, and are commonly used at high
temperatures and pressures for direct cure monitoring of
thermoset materials.”>’! However, direct cure monitoring
is not much practiced with elastomer vulcanization. The
observation of sound velocity to monitor rubber during
cross-linking has been described.>® and the use of dielec-
tric analysis to monitor the curing of elastomers has also
been described.**1%!

Dielectric analysis (DEA) measures changes in the electri-
cal properties of a material, such as permittivity and conduc-
tivity that depend on temperature and frequency. The main
advantages of DEA include a very broad frequency range and
a variety of sample configurations, for high precision study
of both very fast molecular motions and very slow motions.
A limitation of DEA is that it is only applicable to materials
with a suitable concentration of dipole groups or trace ions,
while electrically conductive materials cannot be measured
at low frequencies.!""! The applicability of DEA to cure mon-
itoring of various resins and adhesives has been investigated
in many studies.'*”1*2! There are also quite a few reports
on the use of DEA to monitor rubber vulcanization.***¥ In
polymeric dielectric materials, the polarization correlates
to the vector sum of all dipoles in the polymer chains.!""!
Basically. NR consists of cis-1.4-polyisoprene chains with
asymmetric repeating units. Therefore, natural rubber has
nonzero dipole moment both vertically and horizontally
relative to the chain contour.! The free rotations of single
carbon-carbon bonds in its long molecular chains are respon-
sible for dielectric losses in vulcanized rubber, because the
rubber-sulfur dipoles oscillate in an electric field.* The ad-
dition of sulfur not only changes dipole moments but also al-
ters other physical properties. The cross-links between rubber
chains restrict rotations of the dipoles proportionally to the
cross-link density.!*”!

The changes in dipole moment and viscosity of NR
during vulcanization can be monitored by DEA., enabling
real-time observation of natural rubber vulcanization.
However, the fundamentals of relationship between rheol-
ogy and chemistry of NR curing need to be clarified. Thus,
in this study, we describe results from testing dielectric
cure monitoring for its suitability to online monitoring of
natural rubber compound vulcanization by compression
molding. The aim of the study was to develop and extend
the use of dielectric cure monitoring in rubber manufac-
turing, demonstrating application to practical production
methods, to support improving product quality and produc-
tivity. The stages in NR curing were observed by dielectric
measurements, and were related to conventional curemeter
results. The effects of signal frequency on capacitance (C)
and conductance (G) are discussed.

WILEY-2%

2 | BACKGROUND

21 |

Moving die rheometer is commonly used as a curemeter for
characterizing rubber vulcanization and for quality control in
rubber manufacturing, based on ASTM D5289. It measures
the torque required for constant amplitude rotational oscil-
lations at a given temperature in a cavity. The oscillations
deform the rubber specimen torsionally and the force is de-
tected. From the measured torque. the shear modulus (G*)
can be obtained as the ratio of shear stress (r) and strain (y)
as follows:

Moving die rheometer

G'== ()

During isothermal vulcanization, the shear modulus in-
creases due to the formation of a three-dimensional net-
work of rubber molecular chains. The torque required to
shear the compound is commonly plotted as a function of
time to get a so-called rheograph or cure curve. A typical
cure curve of rubber vulcanization is shown in Figure 1.
The cure curve for rubber vulcanization typically shows
three main steps.

The first region, which limits processing safety. is an in-
duction period or a scorch delay. It involves with the acceler-
ator reaction. The required time for the torque to rise one unit
(dN.m) above the minimum torque or t,; is usually defined
as the MDR scorch time. However, 7, is the time to reach
a 10% cure extent. and is occasionally used as a measure of
scorch time. Because ¢, is not dependent on a specified in-
crement in torque, it has an advantage over t,;. The ¢, of a
compound with a high My represents a much smaller percent
of the ultimate state of cure than for a compound with a rel-
atively low M,.*! Therefore. ASTM D 5289 also permits
t.10 10 be used as a measure of scorch, which indicates the

8
B¢
.
2 Induction Curing Over cure
PR
3
£
=2 4
0 + + + +
(1] 1 2 3 4 5 6
Vulcanization time (min)
FIGURE 1 A typical cure curve for rubber vulcanization
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beginning of cross-linking or vulcanization. The second re-
gion is the cure period, in which the networks are formed by
cross-linking. The third region is the overcure with network
maturation. The main numerical characteristics obtained
from the cure curve are as follows:

e The minimum torque (M;) is the lowest point in the cure
curve. It relates to the material viscosity.

e The maximum torque (My) is the highest point where the
curve plateaus. It relates to the highest cross-linking level.

o x is the percentage of cure required.

® 1 is the time to achieve a given degree of cure. It can be
calculated from:

x(My—-M;)

5
100 @

1., =minutes to torque being M, +

In rubber terminology, t g is termed ““the optimum cure
time™ at which 90% of the change from minimum torque to-
ward maximum is reached.

22 |

The measurement of electrical properties of a material, that
is, permittivity, conductivity and polarization, and their de-
pendence on temperature or signal frequency, is known as

Dielectric analysis (DEA)

DEA. Normally, the ions and dipoles that induce capacitive
and conductive characteristics tend to have random orienta-
tions. When the material is placed between parallel electrodes
and an alternating voltage is applied, the ions shift toward the
attracting electrode while the dipoles become aligned with
the electric field, changing the amplitude of the excitation
voltage input (Vexe) and causing a phase shift (6) in the cur-
rent output response (Ilzgs). which gives the admittance (Y)
(Figure 2}'22] as:

I;
Y=-LRE —G+inC (3)
EXC

where @ is the angular frequency of alternating voltage (Hz).
The measurements of C and G can provide the electrical
properties of a material placed in a parallel-plate capacitor
under an alternating voltage of angular frequency as follows:

vl
€05 (4)
G
é”—
wec,% (5

Excitation voltage
(Vexod)
A AN 7 ~
=1~ . ’ N
g z 5
& N Time
w * by 7/ ’
~
Response current
I | _ ||I.IS|
ioC IVexcl
8
-
-
c
=
£
g0
=]
L
0
Real axis
G (b)
FIGURE 2 (a) Excitation voltage (Vi) and response current

(Iggs) between two electrodes, (b) The calculation of conductance (G)
and capacitance (C) from admittance (¥) and phase shift (8) of the
current output response from DEA

where €' is the relative permittivity or real part, £ is the rela-
tive loss factor or imaginary part. & is the vacuum permittiv-
ity (8.85 x 107" F/cm), and AZd is the ratio of electrode area
(A) to sample thickness or distance between electrodes (d).
The complex permittivity (¢¥) is defined as:

=" —ie" (6)

The &' is generally related to dipole orientation and de-
scribes the ability of a dielectric medium to store energy. On
the other hand, £” expresses the energy losses effected by
ionic flow and dipole motion.!'"2?!

3 | METHODS AND EQUIPMENT
3.1 | Preparation of natural rubber
compound

The investigated material was a natural rubber compound
with conventional sulfur curing system. The formulation of’
the NR compound is given in Table 1. The NR compound
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was prepared in two steps, as presented in Table 2. In the
first step. NR, ZnO, and stearic acid were mixed in an inter-
nal mixer. The mixing conditions were as follows: fill factor
0.75, initial chamber temperature 35°C, rotor speed 60 rpm,
and mixing time 9 min. After the mixing, the sample was
kept in desiccator for 24 hr, then accelerator (TBBS) and sul-
fur were added and continuosly mixed in an internal mixer
for 4 min in the second step. At last, the NR compound was
sheeted out on a two-roll mill to give samples of about 2 mm
thickness.

32 |

A Montech Moving Die Rheometer (MDRH2020) was
used to measure the selected vulcanization characteristics
of rubber compounds, using the sealed torsion shear cure
meter according to ASTM D5289. A 4 cm® rubber com-
pound volume was filled in the closed and sealed die cav-
ity. The frequency and oscillation amplitude were fixed at
1.7 Hz and 0.5°, respectively. The forces were recorded
during torsional deformations of the rubber specimen.
The oscillating force or torque was plotted as a function
of time. During vulcanization at a given temperature, the

Cure characterization

TABLE 1 Formulation of NR compound

Part per hundred
Ingredients rubber (phr)
Natural rubber (STR 5L) 100
Zinc oxide (ZnO)

Stearic acid

o W

N-tert-Butyl-2-benzothiazole sulfonamide 1
(TBBS)
Sulfur

L=

TABLE 2  The mixing schedule of NR compound

Cumulative

Mixing procedure time (min)

Step 1 : Internal mixer
NR mastication 0

=]

Addition of stearic acid
Addition of zinc oxide (ZnO)
Dumping

W

Step 2: Internal mixer
Addition of the mixer from step 1
Addition of TBBS and sulfur
Addition of sulfur
Dumping

W W N O

Total

stiffness of rubber sample increases with the formation of
cross-links. The cure characteristics determined by MDR
are listed in Table 3.

3.3 | Rubber cure monitoring system
(RCMS)

Scheme 1 shows a sketch of the experimental set-up with
RCMS. Parallel plate electrodes are used in this study because
of high accuracy measurements of the average or bulk proper-
ties of the sample.”’! The stainless steel electrodes were insu-
lated from surroundings by polytetrafluoroethylene (PTFE) and
were built-in in the upper and lower press molds. PTFE was
used to insulate the electrodes because of its high-temperature
resistance, and low and fairly constant dielectric response over
the temperature and frequency ranges of interest.”**! The
upper and lower electrodes with 11 mm diameters were embed-
ded in the steel mold for compression molding of the NR com-
pound. The mold cavity is cylindrical with 40 mm diameter and
1.5 mm height. The mold temperature was measured with ther-
mocouples embedded in the mold near the electrodes. The mold
was preheated to the 160°C curing temperature in the compres-
sion molding machine, and then the rubber compound (4 cm")
was placed into the mold. At last, the rubber was compressed
with 10 MPa pressure. The LCR meter, Wayne Kerr 4110, was
used to monitor capacitance and conductance. A 2V alternat-
ing voltage was applied between the parallel plate electrodes
in the frequency range from (.75 to 100 kHz, and the response
current was measured. The capacitance and conductance
were logged every 4 s for a period of 15 min. The electrical
properties were recorded by a data tracking and controlling
device, and the time profiles of electrical properties were
shown on a monitor connected to the local area network of
the rubber cure monitoring system. The RCMS was cali-
brated and then re-tested with a I mm thickness PTFE sheet
before each run.

TABLE 3 Characteristic curing parameters of the NR compound
as evaluated by MDR and by RCMS at 160°C

Curing Curing
parameters MDR parameters RCMS
M, (dN.m) 1.22+004 G, (pF) 0.64 +0.01
My, (dN.m) 771+£0.13  Cp (PF) 0.69 +0.01
My~M, (dN.m) 648 +0.10  Cy-Co (pF)  0.04 +0.01
Scorch time (min) Scorch time
(min)

Lo 138 £006 1. 1.46 + 0.07

1, 148 +£005 1, 1.80 +£0.12
Cure time, 7,4, 4.12+0.11 Cure time, 4.85 +0.04

(min) 1,90 (Min)
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Unit : mm 150

Data tracking and

SCHEME 1 Sketch of the

Wayne Kerr 4110 controlling device
LCR meter Control and
display
I Wireless LAN router I:_'::_-_-_-_-_-_-_-_-;

Laptops, mobile
phone and tablet

experimental set-up for rubber cure
monitoring system (RCMS)

4 | RESULTS AND DISCUSSION

In the initial experiment, 10 frequencies (0.75, 1, 2.5, 5, 7.5,
10, 25, 50, 75, and 100 kHz) were tested at 160°C cure tem-
perature over 15 min. to find a suitable informative frequency.
The two fundamental electrical characteristics, capacitance,
and conductance, as functions of cure time are reported in
Figures 3 and 4, respectively. It can be noted that the C and G
curves at frequencies below 5 kHz were inconsistent and scat-
tered over a wide range, because of the polarization and block-
ing effects at low frequencies.”” The electrode polarization
reduces mobility of ions close to the electrodes. The 100 kHz
frequency gave noisy results with the RCMS. To identify the
change of slope in the capacitance curves, the first time de-
rivative of signal (dC/dr versus 1) is shown in Figure 5. Thus,
the most useful frequencies with this experimental equipment
were in the range from 5 kHz to 75 kHz. For most accurate
results, the frequency for the dielectric cure monitoring was
set at 5 kHz in the rest of this study.

In order to assess the capability of RCMS to determine
the characteristic curing parameters of an NR compound,
the relationships between torque, capacitance, derivative of
capacitance, and conductance are shown in Figure 6. It was
found that the three stages of curing can be observed in
torque, capacitance, and derivative of capacitance curves.
These parameters changed clearly with time and indicated
the progression of cross-linking the NR. In the induction
period (region I), the natural rubber compound is softening.
Torque and derivative of capacitance rapidly decreased to
their minima, while capacitance and conductance promptly
increased to peak at approximately 1 min due to increas-
ing mobilities of ions and rubber molecules. The points of
minimum torque and maximum capacitance at onset of first
slope change were defined as M, and C,. from the torque

0.70
&
- 0.65
o
=
2
¥ s = 0.75kHz
20.60 1, 1kHz
8 - 2.5kHz
N » SkHz
- 7.5kHz
0.55 4 ' '
0 5 10 15

Vulcanization time (min)

0.70
D) ]
E |
E'O.GS 1 f
=
=
Z / o 10kHz
go_ﬂ] . 25kHz
= S0kHz
© ? o 78kHz
4 + 100kHz
0.55 + +
0 5 10 15
Vulcanization time (min)

FIGURE 3 Capacitance evolution during the isothermal cure of
natural rubber at 160°C observed at various frequencies: (a) 0.75 kHz
to 7.5 kHz, and (b) 10 kHz to 100 kHz

curve and the capacitance curve, respectively. In this stage,
an active accelerator complex was produced by chemical
reactions between accelerator, activator (Zn0O) and sulfur.
Then, the sulfurating agent obtained from the reaction of
the active accelerator complex and sulfur molecules can
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FIGURE 4 Conductance evolution during the isothermal cure of
natural rubber at 160°C observed at various frequencies: (a) 0.75 kHz
to 7.5 kHz. and (b) 10 kHz to 100 kHz

react with NR chains to form cross-linking precursors.
These intermediates reach their maximum concentrations
prior to cross-linking with their decrease caused by sig-
nificant cross-linking extent."***?! Furthermore, the times
of M;. C, and maximum G, were indicative of the start of
vulcanization ().

In the curing stage (region II), rapid increases were observed
in torque and derivative of capacitance, while a gradual increase
was seen in capacitance due to sulfur cross-linking. Thus, the
dipole moment per unit volume of rubber was increased by
the rubber-sulfur dipoles increasing polarization in an electric
field.!""*! The steepest parts related to the maximum point of
the derivative of capacitance at around 2 min. The end of curing
reaction, which reached the plateau, indicates an equilibrium
state of vulcanization. This point can be detected at around
6.5 min, and is indicated by My, and C,, in torque and capac-
itance, respectively. Times of My and C), represent the state
of full cure (z.,,). After this region, the overcure stage (region
III) followed. The conductance decreased rapidly and did not
reach a constant value due to decreased ionic conductivity with
increasing rubber viscosity, caused by vulcanization.""*! In
addition, it was found that the peak of conductivity shifted to
the right (i.e.. to higher frequency) as seen in Figure 4. Thus,
conductance was not informative of the NR vulcanization

FIGURE 5 Time derivative of capacitance during the isothermal
cure of natural rubber at 160°C observed at various frequencies: (a)
0.75 kHz to 7.5 kHz, and (b) 10 kHz to 100 kHz

extent. In the cure stage, the cross-linking precursor reacts with
another rubber chain, resulting in cross-link formation between
NR chains.* As previously discussed, Ty, is generally used
as the optimum vulcanization time from an MDR torque-time
curve according to equation (2). With the RCMS, an equivalent
plateau was observed in the capacitance-time curve, and the ex-
tent of vulcanization can be represented as:

X(Cyp9—Cy)

7)
100 :

1., =minutes to capacitance level C, +

where C, is the maximum capacitance at onset of first slope
change and C,, is the maximum capacitance at onset of sec-
ond slope change.

The characteristic cure parameters from MDR and
RCMS are listed in Table 3. The scorch time was deter-
mined as the time to reach a 10% state of cure (z.,), and as
the time required for the torque to rise by one unit (dN.m)
above the minimum torque (1)) for MDR. In addition, the
time at inflection point (maximum slope of C) or at the peak
of derivative of capacitance (z;.) for RCMS were equated.
It was found that there was little difference in scorch time
and optimum cure time (fq,) obtained from MDR and
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RCMS. The results from RCMS provided longer scorch
and cure times than the MDR, because the special die ge-
ometry and the large die surface area of MDR give faster
heating of the sample. The measured capacitance was re-
lated to the progress of vulcanization of natural rubber. The
correlation between capacitance and torque is illustrated in
Figure 7. Polynomial regression fit gave the coefficient of
determination (R*) equal to 0.9979, indicating a tight rela-
tionship between capacitance and torque for rubber during
vulcanization.

The degree of cure (a) as a function of curing time (r) is
generally indirectly determined from the torque-time curve
obtained with MDR as follows,P3*! and with RCMS mea-
sured capacitance this is analogous to equation (9):

M,—-M,
R vy v (®)

0.70
‘Eﬂ.ﬁs 1 /
@ L //
s
5066 1 e
3 e
& L Pt
& e
o641 ¥ = 0.0007% + 0.0006x + 0.6404

R'=0.9979
0.62 + ' ' '
0 2 4 6 8
Torque (dN.m)

FIGURE 7 The correlation of capacitance and torque during the
isothermal cure of natural rubber at 160°C

+0.04

+0.02

Derivative of l.':l'!.'u.‘il‘.lll\.'(.‘ (pF/min)

-0.08 FIGURE 6 Relationship between (a)

torque, (b) capacitance, and (c) conductance
during vulcanization at 160°C

C,-G,

14 = —
(RCMS) ™~ C
100~ %0

(9
where M, and C, are the torque and the capacitance at a
given time during vulcanization. In addition, the cure rate or
the vulcanization rate (da/dr) is the time derivative of cure
degree. For in situ cure monitoring, the results from RCMS
should be similar to those from MDR. Thus, the degree of
cure and the rate of cure from both methods are compared in
Figure 8. As can be seen, the degrees of cure are very sim-
ilar, but the degree of cure and rate of cure obtained from
RCMS are slightly lower than from MDR because of the
slower bulk heating that gave slower reaction rates. In other
words, the heat transport into the sample was faster in the
MDR than in the compression mold with RCMS. due to the
special die geometry and high surface area of MDR.'®!

1 1

0.8 1 T 0.8
e
E &
= 0.6 1 o Rty + Degree of cure RCMS) S T 0.6
§ ’ ““? - + Degree of cure (MDR) =1

04 1 /o= .s; . > Rate of cure (RCMS) 104
g e & %“\.. + Rate of cure (MDR) 2 1

02 7 -

>
0 £

Time (min)

FIGURE 8 Degree of cure and rate of cure comparison between
RCMS and MDR during isothermal vulcanization at 160°C
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5 | CONCLUSION

In this study, a new type of in situ cure monitoring for rub-
ber compound was successfully used to monitor the cur-
ing of natural rubber in a compression molding machine.
Parallel plate electrodes were embedded in the compres-
sion mold. and measurement frequencies from 0.75 to
100 kHz were tested for determining capacitance and
conductance during vulcanization. The 5 kHz frequency
was chosen for measuring electrical properties during NR
vulcanization that were compared to the torque-time curve
from MDR. The results obtained with RCMS showed that
capacitance was related to NR cure degree, effectively
revealing both scorch time and optimum cure time. In
addition, the degrees of cure and cure rates from RCMS
and MDR were compared and good correlations between
the alternative measurements were observed. This RCMS
clearly exhibited good potential to monitor and con-
trol NR production process with real-time monitoring of
curing degree.
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Abstract

Real-time determination of the optimum curing time for molded rubber parts is a
challenge in the rubber industry. This research focused on the development of an
in-situ rubber cure monitoring system (RCMS) capable of real-time monitoring of
the natural rubber vulcanization process in a compression molding machine. The
influence of vulcanization temperature (150 °C, 160 °C and 170 °C) on the cure
characteristic properties, degree of cure and cure rate of a natural rubber compound
in a conventional vulcanization system were compared when monitored with both a
moving die rheometer (MDR) and the RCMS testing system. The degree of correla-
tion between the measurements of the cure characteristics at the various vulcaniza-
tion temperatures obtained from MDR and RCMS was established. The study found
that RCMS can be used to determine the scorch time and the optimum cure time in a
compression mold in real time.
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Introduction

Natural rubber (NR) is an important agricultural product obtained from Hevea

Brasiliensis trees, of which the cis-1,4-polyisoprene molecule, comprising of’

only carbon and hydrogen atom, is the main constituent, produced from a bio-
synthetic process. NR plays a key role in the socio-economic structure of many
countries, especially Thailand. It is extensively used in a wide range of products,
such as mechanical goods and tires. Unvulcanized NR has low mechanical prop-
erties, and thus vulcanization of raw NR is necessary to improve its mechanical
properties. Among vulcanization systems, sulfur vulcanization is the most widely
employed process which is used to cross-link the rubber [1]. The conditions used
in the vulcanization process especially the vulcanization temperature and time
has an important impact on the structure, physio-mechanical properties and qual-

ity of the final products [2, 3]. In particular, the vulcanization temperature is of’

great interest, because it has a major influence on the three-dimensional cross-
linked network structure, with the optimum properties being obtained when using
the lowest possible vulcanization temperature. Nevertheless, in industrial-scale
processes, higher vulcanization temperatures are usually employed to increase
productivity.

In previous studies, several techniques have been used to characterize the cur-
ing of elastomers such as differential scanning calorimetry (DSC), oscillating
disc rheometry (ODR), dynamic mechanical analysis (DMA), rubber processing
analysis (RPA) and moving die rheometry (MDR) [4-8]. The analysis of rheom-
eter curves is an indirect method of evaluating the vulcanization level in rubbers
through the monitoring of an increase in the torque value which is produced in

the three stages of the vulcanization process. The cross-link density of the rubber

network is related to the delta torque value in the curing curves [9, 10]. How-
ever, the limitations of rheometry tests are the different mold geometry, sample

thickness and the different processing conditions, which lead to the wasting of

materials, defective products and longer cycle times [11, 12]. Therefore, direct

or real-time cure monitoring is an important means of solving the drawbacks of

rheometry tests. Dielectric analysis (DEA) is one of the methods which is com-
monly used to monitor the direct curing of thermoset materials such as resins and
adhesives [13-21]. The application of DEA in the real-time monitoring of rub-
ber vulcanizate properties during NR vulcanization is advantageous, because cis-
1.4-polyisoprene, which has a non-zero dipole moment, is the main component
of NR and changes in dipole moment occur due to the addition of sulfur and the
formation of rubber-sulfur dipoles [22-24]. Therefore, The DEA is a good exper-
imental alternative to obtain a deeper insight into the vulcanization mechanisms.
Although DEA can be used to observe the elastomer vulcanization process, there
has been little research reported on the use of DEA to measure NR vulcaniza-
tion in real time [11, 23-25]. The influence of vulcanization parameters on the
dielectric properties of natural rubber have been described in literature related
to vulcanizing additives [23, 26], vulcanization systems [24, 27] and fillers [23,
28, 29], etc. As noted above, during the vulcanization process, the vulcanization
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temperature is one of the main parameters which affect the structure, chemical
cross-link density, type of cross-links and mechanical properties of vulcanized
rubber [2, 30-32].

Therefore, to assess the ability of DEA to monitor the NR vulcanization pro-
cess in real time and whether it can be incorporated in the manufacturing process,
a rubber cure monitoring system (RCMS) was set up. The effect of three differ-
ent vulcanization temperatures, 150, 160 and 170 °C on the cure characteristic
properties, degree of cure and cure rate of a natural rubber compound in a con-
ventional vulcanization (CV) system are reported and compared using both MDR
and RCMS as a method of characterization.

Materials and methods
Preparation of natural rubber compound

The materials used in this research were all of commercial grade and their den-
sity, sources, and quantities are listed in Table 1. The formulation (in parts per
hundred of rubber) was natural rubber (NR) 100, zinc oxide (ZnQ) 5, stearic acid
2, N-tert-Butyl-2-benzothiazole sulfonamide (TBBS) 1, and sulfur 2, which were
combined to prepare an NR compound in two steps based on a CV system. The
first step involved compounding the NR, ZnO and stearic acid in an internal mixer
with a fill factor of 0.75, a rotor speed of 60 rpm, and an initial chamber tempera-
ture of 35 °C, according to the mixing schedule shown in Table 2. The compound
was then Kept at room temperature in a desiccator for 24 h before further pro-
cessing. In the second step. other ingredients such as the accelerator (TBBS) and
sulfur were added and the compound continuously mixed for 9 min. Finally, the
compound was sheeted to a 2 mm thickness using a two-roll mixing mill.

Table 1 Density, sources and quantities of the materials used

Ingredients Density (glcm"‘) Source Quantities (phr)
Natural rubber (STR 5L) 0.92 Yala latex industry, Yala, Thailand 100
Zinc oxide (ZnO) 5.57 Global chemical Co., Ltd., Samut 5
Prakarn, Thailand
Stearic acid 0.85 Imperial Chemical Co., Ltd., Bangkok, 2
Thailand
N-tert-Butyl-2-benzo- 1.28 Flexsys America L.P., West Virginia, 1
thiazole sulfonamide USA
(TBBS)
Sulphur 207 Siam Chemical Co., Ltd., Samut Pra- 2

karn, Thailand
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Table 2 'n\e' mix.ing procedure Mixing procedure Cumulative
and cumulative time used for the time (min)
NR compound
Step 1: Internal mixer
NR mastication 0
Addition of stearic acid 2
Addition of zinc oxide (ZnO) 3
Dumping 9
Step 2: Internal mixer
Addition of the mixer from step 1 0
Addition of TBBS and sulfur 2
Addition of sulfur 3
Dumping 4

Material characterization

Samples of the rubber compound were characterized using MDR and RCMS under
isothermal conditions. As noted above, three different test temperatures of 150,
160 and 170 °C were examined. MDR and RCMS were used to monitor the cure
reaction by following the increase in torque and the change in electrical properties,
respectively, which are indicative of cross-linking, as a function of time at a constant
temperature.

MDR test

The isothermal curing of the natural rubber compound was investigated using a
Montech MDR (MDRH2020) at a die oscillation angle of 0.5° and a frequency of
1.7 Hz. The sealed torsion shear cure meter was set according to ASTM D5289.
To make the rheological measurements as close as possible to the NR compression
molding process, a 4 em’ sample of the NR compound was placed in the closed and
sealed die cavity. The increment of torque was measured at constant amplitude of
oscillation and the designated temperature. The torque required to shear the com-
pound due to the formation of a cross-linked structure of rubber chains was plotted
as a function of time to construct the cure curve. The main cure characteristic values
obtained from the cure curve were:

— The lowest point in the cure curve, defined as the minimum torque (M,).
— The highest point at the curve plateau, termed the maximum torque (M).
— The time to reach a given degree of cure (r.,) which was obtained from the fol-
lowing equation:
x X AM

. = minutes to torque being M; + T (1
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where x is the percentage of cure required and AM or delta torque is the difference
between the maximum and the minimum torque (My—M,). The optimum cure time
(t.90) 1s used as the time for optimal cross-linking in rubber technology.

RCMS test

The experimental set-up of the RCMS is displayed in Scheme 1. Parallel stain-
less steel plates with a diameter of 1.1 cm, insulated with polytetrafluoroethyl-
ene, were used as electrodes. The upper and lower electrodes were embedded
in a 0.15 cm high compression mold, with a 4.00 cm diameter. Thermocouples
were also embedded in the mold near to the electrodes which were connected
to an LCR meter (Wayne Kerr 4110). In our previous work, it was found that
an alternating electric field at 5 kHz was suitable for monitoring natural rubber
vulcanization [33]. Therefore, a 2 V alternating voltage was applied between the
parallel-plate electrodes at a constant frequency of 5 kHz. The capacitance and
conductance were continuously detected every 4 s as a function of the vulcani-
zation time for 15 min. Before testing, a 1 mm thickness of PTFE was used as a
standard sample to calibrate the RCMS. The 4 cm® rubber compound sample was
placed into the preheated mold at the designated temperature in the compression
machine and was then compressed under a pressure of 10 MPa. A controlling
device was used to record the electrical properties during the NR vulcanization
and the capacitance and conductance curves versus cure time were exhibited on
the monitor connected to the RCMS via a local area network.

Thermometer | j

Controlling device

Monitor

Scheme 1 The experimental set-up for the rubber cure monitoring system (RCMS)
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Results and discussion

The typical torque versus time curves of the rubber compounds produced at the three
different cure temperatures obtained from MDR are displayed in Fig. 1. S-shaped
curing curves typical of an accelerated sulfur vulcanization process were observed,
which consisted of three regions, i.e., induction (scorch) period, curing period and
overcure period. First, after the rubber compound is placed into the heated cavity
of the MDR, the torque falls because of softening of the compound and because
the cross-link structures have not occurred during the induction period. When the
three-dimensional cross-linked networks are formed, this leads to a rise in the torque
curve. Finally, the torque reaches a constant value or it decreases based on the spe-
cific cure system.

The capacitance and conductance were plotted as a function of the vulcaniza-
tion time at the three different vulcanization temperatures as shown in Fig. 2. The
capacitance curves also consist of three regions. In the induction period, the capaci-
tance and conductance increase rapidly until they reached the maximum first slope
change, which is defined as C;;. This can be explained, because after being heated,
the NR compound softens which enhances the molecular segment mobility and sim-
plifies the arrangement of the dipoles, which in turn results in an increase in capaci-
tance [33, 34]. In the curing period, the capacitance continuously increases until it
reaches a plateau which is indicated as Cy,. This occurs because as the cross-linked
networks form, the rubber-sulfur dipoles oscillate in the electric field leading to
alteration of the dipole moment [23]. The time required to obtain a specific degree
of cure (1) can be calculated from:

. . . x(Cio0 — Cy)
f.. = minutes to capacitance being C, + 0 (2)
where C, is the maximum capacitance at onset of the first slope change and Cy, is
the maximum capacitance at onset of the second slope change.

After the optimum cure time is reached. The capacitance curve reaches a constant
value because the rotation of the dipoles is restricted by the cross-links between the
NR molecular chains [22]. Moreover, the conductance-time curve is not a useful
means of evaluating the optimum cure time, because it drops rapidly after the induc-
tion period, and does not reach a constant value.

Based on the MDR and the capacitance—time curves at 150 °C, the curves
increased and then reached a horizontal plateau in the overcure period, indicating

Fig. 1 Relationship between 8
torque as a function of vul-
canization time for the different ¢
isothermal cure temperatures z ‘
i
g - 150°C
- - 160°C
« 170°C
0 + t
0 ] 10 1%

Vulcanization time (min)
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the formation of cross-link structures, which are thermally stable at this temperature,
while a decrease in torque during the overcure period due to the reversion phenom-
enon was clearly observed by MDR at 170°C. However, the capacitance-time curve
at 170°C was slightly increased in the overcure period because during the rever-
sion the polysulfidic chains were cleavage and changed to disulfidic, monosulfidic
and cyclic sulfides through both radical and polar decomposition mechanism leading
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to an increment of polarization [35]. The capacitance—time curve at 150°C had the
lowest capacitance value, while that at 170°C was highest. Higher capacitance was
observed at elevated temperatures because of the enhancement of the mobility of
the molecular chain segments and the facilitation of dipole orientation polarization
[34]. The cure characteristics extracted from both the MDR and RCMS methods
are listed in Table 3. It can be observed that the value of M, diminished when the
vulcanization temperature rose, because the NR molecular chains had absorbed
more energy, thus enhancing their mobility and resulting in lower rubber viscos-
ity [32]. In addition, at a temperature of 150°C, the highest My, value was observed
which is assumed to coincide with the highest cross-link density. The value of My
tended to decrease with increases in temperature, which can be explained by the
polysulphidic structures being cleaved due to their low thermal stability as the
temperature increased [32, 36]. This result agreed with the difference between the
maximum and minimum torque (My,-M;) of the rubber compound which exhib-
ited a tendency to reduce with increasing vulcanization temperature. However, the
capacitance showed the opposite trend as seen in Table 3. Increases in Cy, C,yy and
C00—Cp were observed with increasing temperature. As the temperature increases,
the dipoles comparatively become free and they respond to the applied electric field.
Thus, polarization increased and dielectric constant or capacitance is also increased
with the increase of temperature [37]. In addition, a competitive side reaction, i.e.,
reversion occurs at higher vulcanization temperature. This might be related to an
increase in total number of polar groups, because the decomposition mechanism of
polysufidic cross-links may be either radical, polar or a combination of both [38]
and decomposition provides insights in the formation of cyclic sulfides [28].

The induction time for MDR is taken as the time between the test start point and
the minimum torque point. Similarly, the induction time for RCMS is the region in
which the capacitance curves reach the maximum first slope change and the con-
ductance increases to its maximum as shown in Fig. 2. The time required for the
torque to increase by one torque unit (dN.m) above M,, known as t; is normally
defined as the scorch time when using the MDR technique. Nevertheless, a com-
pound with a low M, will achieve a much higher ultimate percentage of vulcaniza-
tion than a compound with a relatively high My and in order to avoid the problem of
1. t.o 1s sometimes used to determine the scorch time [39].

In the case of RCMS, the time at inflection point or at the peak of the derivative of
the capacitance (74.) was used to measure the scorch time and t.o, was used to deter-
mine the optimum cure time. It was found that increasing the temperature resulted in
a shorter scorch time and the optimum cure time because the rubber chains’ mobil-
ity and the activity of the accelerator were promoted at higher temperatures [36,
39]. It was clearly observed that the variation of the induction time and cure time
as a function of the vulcanization temperature observed by the RCMS gave simi-
lar data to that obtained with the MDR method. Furthermore, a close correlation
between capacitance and torque for the different isothermal cure temperatures can
be observed in Fig. 3. Polynomial regression produced coefficients of determination
(R?) of 0.9971, 0.9979, and 0.9901 at 150°C. 160°C and 170°C, respectively.

To further understand the NR vulcanization process at three different vulcaniza-
tion temperatures, the torque-time curves and capacitance—time curves from MDR
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Fig.3 The correlation between
capacitance and torque during
the different isothermal cure
conditions
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and RCMS were used to determine the degree of cure () as a function of curing

time (¢) as follows:

Mt_ML

a = —_—
(MDR) ’
My -M,

C:-Co

" Ci=Co’

where M, and C, are the torque value and the capacitance value corresponding to
a time during vulcanization, respectively. Consequently, cure rate or vulcanization
rate (dal/dt) can be defined as the derivative of the degree of cure with respect to
time [40]. To investigate the possibility of RCMS as a means of monitoring the NR
vulcanization in real-time, similar or the same results from MDR and RCMS are
essential. The degree-of-cure curves (a versus ) and cure-rate curves (da/dt versus
t) derived from both MDR and RCMS are shown in Figs. 4 and 5, respectively. It
can be observed that the highest degree of cure was at 170 °C and that there was
close agreement between the two methods. MDR exhibited a higher degree of cure
at a given vulcanization time and temperature calculated based on the torque, which

Fig.4 Degree of cure as a
function of time at different
isothermal cure conditions from
a MDR and b RCMS
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is highly influenced by the viscosity of the material [2, 3], and is thus a more sen-
sitive means of detecting vulcanization. On the other hand, the degree of cure for
RCMS was calculated from the capacitance which was affected by the change of
dipole moment during vulcanization. Figure 5 shows the cure-rate curves, which it
can be observed are composed of two regions. In the first region, an increase of
cure rate with time which quickly reached a maximum point was observed because
of the low viscosity of rubber compound. This indicated that a complex network
structure was being formed. In the second region, the viscosity became high due to
the growing cross-linked formation resulting in a reduction in the cure rate [41]. The
time at which the maximum point in the cure rate curve was reached decreased with
increasing in the vulcanization temperature, because the reactivity of the rubber vul-
canization depended on the temperature [2].

Figure 6 exhibits the maximum cure rate at different temperatures. It was found
that the maximum cure rate increased with increases in the vulcanization tem-
perature. The samples cured at 170 °C provided the highest maximum cure rate,
while the 150 °C cured samples produced the lowest value. In addition, MDR
recorded a maximum cure rate higher than that found by RCMS at all isothermal

Fig.6 Maximum vulcanization 1
rate from RCMS and MDR at E . = RCMS
different temperatures g = MDR
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temperatures. However, the two techniques exhibited good correlation for the
optimum cure time (7,g,) with an R? equal to 0.9914, as shown in Fig. 7.

Conclusion

The objective of this study was to investigate the vulcanization temperature in rela-
tion to the cure characteristics of a natural rubber compound with a conventional
vulcanization (CV) system using both the conventional curemeter (MDR) and a
novel RCMS, under isothermal conditions. The NR compound was characterized
at vulcanization temperatures of 150 °C, 160 °C and 170 °C. Decreases in the min-
imum torque, maximum torque. delta torque, scorch time and optimum cure time
were observed with increasing vulcanization temperature. Torque and capacitance
showed a close correlation at all cure temperatures. Linear correlation of optimum
cure time (f.gy) obtained from RCMS and MDR with different vulcanization tem-
peratures was achieved. It can be concluded that RCMS is a convenient and rapid
real-time method for monitoring the whole vulcanization process and determining
the optimum cure time in a compression mold.
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