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Abstract: The control of silicone rubber s viscoelastic properties such as loss factor, storage and loss moduli at
crosslinking stage is crucial in their malleability. Hence, the objective in this study is to investigate the rheological
behaviour of silicone rubber cured under different formulation using platinum catalysts and triethylamine, methanol
& ethanolamine solvents. Measurements were conducted for the silicone rubber to cross-linker ratios of 2.5:7.5,
5:5,7.5:2.5 and 10:1 at different temperatures, as well as for the silicone rubber with triethylamine, methanol and
ethanolamine at different angular frequencies. The crossover of storage and modulus curve which signifies a gel
point was not observed at higher ratios of platinum used across the temperature range of 25 — 100°C. However, the
crossover was observed at 89 and 95°C with the formulation ratios of 10:1 and 7.5:2.5, respectively. On the other
hand, the crossover point was observed for silicone rubber at 100 s™ for triethylamine, 3 s and 100 s for methanol,
and 70 s alongside 290 s for ethanolamine. The presence of gel point indicates that crosslinking of silicone rubber
and this study proves the possibility of controlling the crosslinking behaviour..
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1. INTRODUCTION

Silicone rubber is a synthetic elastomer based on
polyorganosiloxanes with excellent durability
towards temperature and used as feedstock for
high-performance materials. The molecular
structure is made up of basic building block of
silicone-oxygen (Si-O) bond as the backbone of
the molecules and the organic group attached to
the silicon atom through silicon-carbon (Si-C)
bond [1- 2]. Silicone rubber has many excellent
characteristics due to the presence of both organic
groups attached to the inorganic Si-O backbone
such as high thermal and oxidative resistance as
well as a great resistance against electromagnetic
and radiation compared to other organic plastics.
It can maintain electrical and mechanical
properties over an extensive range of temperature
[3- 4]. Heat resistance of silicone rubber was far
better than any other organic rubbers. No
alteration of silicone rubber properties was
recorded at 150°C and it can withstand over
10000 consecutive hours of usage even at 200°C
for short term performance. It also can endure
very low temperature as the embrittlement point

for silicone rubber was around -60 to -70°C
compared to -20 to -30°C of other rubbers. Thus,
silicone rubber retains its elasticity at temperature
when organic rubber turns brittle.

Silicone rubber hardens when heated in air but
softens when sealed as it deteriorates due to the
degradation of the siloxane polymer [5].
Manipulation of silicone rubber formula can help
to prevent the softening phenomenon. Ji et al. [6]
reported that using methoxyl-capped MQ silicone
resin (MMQ) as crosslinker in RTV silicone
rubber produced an improvement in light
transmission, hardness and tensile strength due to
the dense crosslinking structures in the polymer
structure. One of the mechanisms to crosslink
silicone rubber is by addition curing or
hydrosilylation, which involved a combination of
polysiloxane containing hydrosilane (Si-H) and
unsaturated organic compound containing
catalyst such as platinum [7]. Throughout the
crosslinking phase, changes in the molecular
structure and properties are bound to occur.
Rearrangement of molecules leads to nucleation
and growth of polymer until they form a network
of interconnected molecules through covalent
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bond. The moment of appearance of the network
is termed as gel point. Gel point marks the
transition from the liquid phase to solid phase [8].
Prior to gel point, the molecules are limited in
size, mobile and can flow out or dissolve in
solvent. After gel point, the molecules form an
interconnected network and no longer able to
flow or dissolve [9]. In the meanwhile, the
molecules continue to gradually bond by bridges
until the complete network is formed. This
process is represented by crosslinking degree [10].

Li et al. [11] investigated the properties of
addition-cure liquid silicone rubber (ALSR)
prepared through hydrosilylation process using
platinum catalyst in concentration ranges from 5
to 100 ppm. It was reported that using platinum
catalyst was able to increase the cure rate of
ALSR through the hydrosilylation process. The
erosion rate of the produced ALSR was also
improved as higher concentration of platinum
catalyst used. The optimum thermal stability and
optimum mechanical properties was also reported
to be at platinum catalyst concentration of 15 ppm
[11]. Aside from that, Chen et al. [12] reported
that by using different formulation of platinum
catalyst and nitrogen-containing silane, the
thermal stability of silicone rubber can also be
improved due to the synergistic effect between
platinum catalyst and nitrogen containing silane.
This is because the nitrogen atom coordinated
with platinum and enhance the catalytic
efficiency of platinum.

In this work, the effect of different formulations
of silicone rubber and crosslinker with and
without the presence of solvent (i.e ethanolamine,
methanol and triethylamine) on the crosslinking
process was investigated in terms of rheological
properties. Rheology behaviour is useful to
measure the viscoelasticity changes on the
gelation threshold at the condition when the
three-dimensional network appears [13]. It is
important to find the optimum ratio of silicone
rubber to crosslinker in order to obtain a
formulation ratio that can produce a stable
product with an improved mechanical properties
as different formulation ratio produces different
properties of product which will have different
application in real life scenario. It is also crucial
to investigate how different solvent affects the
cured silicone rubber due to the different
functional group present in the solvent molecules.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

The materials involved in this experiment were
divided into two portions i.e Part A and Part B.
Silicone rubber (Part A) was purchased from Shen
Zhen Inno Silica Co. Ltd. while Part B consisted
of the catalyst platinum solutions (containing
platinum and polydimethylsiloxane (PDMS) as
crosslinker).  Ethanolamine, methanol and
triethylamine was used as solvents.

2.2. Preparation of Samples

The sample was prepared by mixing 100mL of
silicone rubber (Part A) with 10 mL of crosslinker
solution (part B) for a 10:1 formulation ratio. The
formulations of silicone rubber to crosslinker
used were varied in 2.5:7.5, 5:5, 7.5:2.5 and 10:1
ratio where the reaction could occur in limiting
and excess platinum solution. Various ratios were
chosen to be investigated in order to find the
optimum condition for the yield to have the most
stable properties in order to predict the foaming
behaviour in the future. Each material was used
as received without any other treatment prior to
the experiment. Another set of experiment was
conducted to investigate the solvent effect to the
crosslinking process, by adding different solvent
i.e ethanolamine, methanol and triethylamine to
the sample with 10:1 formulation ratio.

2.3. Rheology Measurements

Rheological instrument Physica MCR 301
(Anton Paar) was utilized to characterize and
measure the storage and loss modulus of the
sample. For different formulation experiment,
the dynamic temperature sweeps were carried
out at temperature ranging from 25 to 100°C,
controlled by an environment controller with an
accuracy of +0.05°C. The experiment was
conducted at constant frequency and
deformation with Couette geometry plate of 20
mm diameter. The temperature was kept
constant at 25°C in the frequency sweeps
experiment.

2.4. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy
(Thermo Nicolet) with wave numbers ranging
from 500 to 4000 cm™ was used to analyse the
functional group of the samples.
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2.5. Calculation

Gel point is considered as the point corresponding
to tan 0 = 1 regardless of its temperature or
frequency [14]. § is the loss factor or sometimes
called loss tangent, described in Equation 1.

tanéd = e (D
where G’ and G” are the storage and loss moduli,
respectively [15- 18]. Loss factor is the extent of
energy lost and signifies the mechanical damping
or internal friction in a viscoelastic system. It is a
dimensionless number and a higher loss factor
value represents highly nonelastic material and
vice versa [17].
Storage modulus, G’ describes the stiffness of a
viscoelastic material. It is proportional to the
energy stored during a loading cycle and is
represented as Equation 2.
G' = % cosd (2)
€o
where oo and g are stress and strain, respectively
[17]. The elastic property of rubber is close to
those of metallic spring with energy absorbing
properties like viscous liquid. It allows rubber to
retain a constant form after deformation while at
the same time absorbs the mechanical energy
[19-20].
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The loss modulus, G” in Equation 3 [17] is
proportional to the energy released during one
loading cycle. It represents the energy lost as heat
and is the extent of vibrational energy that has
been transformed during vibration and cannot be
recovered. The loss modulus is imperative to be
studied due to the environmental concerns over
the application of high damping material to a
vibrating surface which converts energy to heat.
The heat is dispersed within the material itself and
not radiated as airborne noise. Hence, for
structural application where sound or vibration
absorption is needed, a high internal friction is
required to reduce the effect of undesirable
vibrations [21].

Oo .
G" = —sinéd 3

€o

3. RESULTS & DISCUSSION

Figure 1 shows the plots of the storage (G’) and
loss (G”) moduli at varied temperatures for
multiple formulations of silicone rubbers. For
2.5:7.5 formulation of silicone rubber to
crosslinker (Figure 1a), the storage modulus did
not show a significant change in the curve while
the loss modulus demonstrated slight increase as
the temperature increased.
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Fig. 1. Storage and loss moduli of silicone rubber system with different formulation at varying temperature.
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For 5:5 ratio (Figure 1b), the storage modulus also
did not exhibit a significant change in the curve
while the loss modulus portrayed a decreasing
curve as the temperature increased. The trend
showed that the loss modulus was nearing the
storage modulus value as the temperature
increased. This suggests a possibility of crossover
to occur above 100°C. Higher ratio of silicone
rubber to crosslinker solutions such as in 7.5:2.5
(Figure 1c) improved the condition of the system
since the crossover between storage and loss
moduli was observed.

As the temperature rose, G” experienced
significant decrease while G’ observed a sharp
surge. This means a transition of phase started to
occur during the heating cycle [22]. Further hike
in temperature produced a crossover at 95°C,
indicating that gel point was achieved. A
crossover between storage and loss modulus was
considered as the transition point where the
polymer transformed from linear polymer to
crosslinked polymer [23]. The transition state was
caused by the growth of linked structure over a
large distance in a material. The long-range
connectivity significantly affected the physical
properties in general. Prior to gel point occurring,
the material could flow and relax. At the gel point,
the crosslinks were fully established, and the gel
network produced had ceased to flow [24], or the
stress/strain invariants had to exceed a yield value
to be able to flow [25]. For 10:1 formulation of
silicone rubber to crosslinker (Figure 1d), the
trend of the curve was similar to the 7.5:2.5.
However, the crossover of storage and loss
modulus occurred at a lower temperature which
was 89°C. At higher amount of crosslinker
(platinum solution), the difference in the reaction
was postulated to be predominantly attributed
from the dilution effect due to the excess amount
of platinum solution present. Hence the
probability of a crosslink formation to occur was
small.

Figure 2 shows the FITR spectra for the silicone
rubber in different ratios of Part A and Part B. The
crosslinked silicone rubber spectra at different
ratios were compared with the spectrum of Part A.
All tested combinations had a peak at 2962 cm-1
showing the presence of CH3 group. An excess of
Part B was detected for 7.5:2.5 to 1:10 with the
highest platinum solutions 1:10 having a more
significant sharper peak. This means more
unreacted species of Part B as its fraction got
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higher. Meanwhile, only 10:1 ratio showed no
absorption band around 2153-2161 cm-1 for Si-H
group in Part B, indicating that complete
hydrosilylation process was accomplished [26].
In the meanwhile, excess silicone rubber (Part A)
was observed for the 7.5:2.5 and 10:1
formulations.
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Fig. 2. FTIR spectrum of product silicone rubbers

The glass transition temperature, T, is usually the
temperature at which the peak of loss factor (tan
d) is maximum [27]. Figure 3 shows the
temperature dependence of loss factor for silicone
rubber/crosslinker formulation ratios at 7.5:2.5
and 10:1.
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Fig. 3. Temperature dependence of tan J (loss factor)
of the silicone rubber/crosslinker system at 10:1 and
7.5:2.5 formulation ratios.

The T, varied with different formulation ratio
with both 7.5:2.5 and 10:1 showed a broad peak
of T, at 58°C and 62°C, respectively. The peak of
tan 6 and area under of the curve declined with the
increase of silicone rubber monomer and decrease
of platinum. The increase in the T, could be
explained by the higher presence of silicone
rubber monomer which reduced its molecular
mobility by establishing physical interaction with
the neighbouring chains of silicone rubber matrix.
The determination of gel point also could be
measured graphically from the curve of tan , by
taking the intersection value of tan ¢ and arbitrary
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line at tan & = 1 as shown by the dashed line in
Figure 3. By extrapolating the tan 6 intersection
to the x-axis, the gel points obtained were 95°C
and 88°C for 7.5:2.5 and 10:1 ratios, respectively.
These values showed good agreement with the gel
point determined from the intersection of storage
and loss modulus values (Figure 1) where the gel
points obtained were 95°C and 89°C for 7.5:2.5
and 10:1 formulations, respectively.

Figure 4 illustrates the storage and loss moduli of
silicone rubber in the presence of different
chemical solutions together with the complex
viscosity, n* at different frequencies and at room
temperature after curing. The magnitudes for the
storage and loss moduli in ftriethylamine,
methanol, and ethanolamine, were in increasing
in that order. All systems showed that the
viscoelasticity of silicone rubber increased when
frequency grew. The frequency crossover point
was also observed to occur for all systems. In Figure
4a, the frequency crossover point occurred at 100 s’
for triethylamine. Prior to that, the loss modulus, G
was higher than the storage modulus, G’.

In this region, the G” dominated and viscous
behaviour triumphed. Above the crossover point,
G’ continued to rise, indicating a shorter
relaxation time [28]. G’ was higher than G” after
the crossover point and the elastic behaviour
dominated, indicating good storage stability of
the gel network [29].

Unlike triethylamine, the presence of methanol
and ethanolamine affected the curing process of
silicone rubber differently. In Figure 4b, the
frequency crossover point occurred at 3 s and
180 s! for methanol. At angular frequency below
3 5!, the storage and loss moduli were similar in
value. Then, the loss modulus dominated over the
storage modulus (3 s™! < angular frequency < 180
s™") until it reached the second crossover point at
180 s!. It was clear that chemical solutions used
affected the crossover point of the system. After
the 180 s, storage modulus showed an elastic
property. For the silicone rubber with
ethanolamine (Figure 4¢), G’ predominated at the
low angular frequency region, showing elastic
behaviour.
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The first crossover point was at 70 s™'. As the
frequency increased, both storage and loss moduli
showed an increasing trend. Albeit being lower
than G’, G” curve showed a sharp increase
compared to G’ below 70 s'. After the first
crossover point at 70 s, both moduli increased
where G” dominated over G’ until the second
crossover point was reached at 290s'. At
frequency higher than 290 s, the elastic
behaviour once again controlled the sample as the
G’ surpassed G”. The same occurrence was
reported by Tian et al. [30] where multiple
crossover points were observed in the viscoelastic
investigation of silicone rubber and silicone oil
where the critical shear strain was reached. The
complex viscosity, n* for all three silicone rubber
systems having a similar trend across the
frequency. The n* reduced as the angular
frequency increased until it reached a turning
point around the frequency gel point, and then
increased until the end of tested frequency.

The crossover points at the lower angular
frequency for the silicone rubbers in methanol
and ethanolamine were due to the transformation
of the silicone rubber forming network of
crosslinking structure in the sample prior to gel
point [31]. The gel points for silicone rubber in
triethylamine, methanol and ethanolamine were
expected to be at 100, 180 and 290 s’
respectively, justified by the loss factor analysis
in Figure 5. Hence, the magnitude for the
frequency crossover point was also in the order of
trimethylamine < methanol < ethanolamine. This
behaviour was due to the polarity or dielectric
constant where triethylamine, methanol and
ethanolamine’s dielectric constant values were
2.42,33.1 and 37.7 respectively at 25°C [32- 33].
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Fig. 5. Loss factor of silicone rubber in different
catalysts

Polarized Si-O bond in the backbone of silicone
rubber is shielded by the nonpolar methyl group
(alkyl R) in the outer surface of the molecular
structure  (Figure 6). For highly polar
ethanolamine solution having amine and
hydroxyl group in its molecular structure, it tends
to have a repulsive behaviour towards the
nonpolar alkyl group. Hence penetration of the
chemicals on the silicone rubber to assist in
crosslinking process is more challenging. Thus, as
the polarity of solution is higher, the crosslinking
occurs at higher frequency.

From Figure 5, the system with methanol and
ethanolamine solutions showed a similar trend
with different peak magnitude of loss factor.
However, a clear peak was not detected in silicone
rubber with triethylamine solvent system.
Nevertheless, different slope of loss factor curve
was observed intersecting at frequency 3, 30 and
200 s!. This indicates that interactions happened
at a different phase or rate during that time. The
highest peaks for silicone rubber in methanol and
ethanolamine solutions were at 50 and 160 s,
respectively. Since the temperature was kept
constant at 25°C for solvent interaction with
silicone rubber, this means that the glass
transition temperature occurred at 25°C and at
specific frequency of 50 and 160 s™'. Gel point
also could be determined from tan & curve.
Intersection at tan 6 = 1 yielded the same
intersection frequency for all system as
determined from the crossover point of modulus
shown in Figure 4. Silicone rubber with
triethylamine exhibited a solitary intersection at
100 s while silicone rubber in methanol and
ethanolamine demonstrated double intersection
points at 3, 180 s and 70, 290 s!, respectively.
Since intersection at lower frequency for both
methanol and ethanolamine occurred below the
glass transition condition (highest peak of loss
factor curve), it was unstable. The tan & curve of
silicone rubber in methanol and ethanolamine
after the first intersection point also increased
above 1 where the sample behaved like a fluid
instead of solid/gel which discredited them as a
gel point. Instead, the curve of tan J of silicone
rubber in methanol and ethanolamine after the
second intersection point at higher frequency
decreased below 1, indicating that the sample
behaved in a gel-like behaviour. Hence, the
second intersection point was taken as the gel
point.
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Fig. 6. Schematic representation of silicone rubber structure in the presence of chemical catalyst solutions. The
higher the solution polarity, the greater its repulsion with silicone rubber.

4. CONCLUSIONS

Rheological measurements provide useful
information on the evolution of the physical
properties such as shear modulus, viscosity and
gel time. Manipulating the concentration of
silicone rubber and the crosslinker (platinum
solution) yielded a different gel point to the
system. Higher ratio of silicone rubber to
crosslinker reduced the gel point temperature,
such that 7.5:2.5 and 10:1 ratios gave the gel point
temperature at 95 and 89°C, respectively. Higher
concentration of silicone rubber in the presence of
catalyst made it easier for crosslinking and
agglomeration. Different chemicals used also
affected the crosslinking behaviour of silicon
rubber due to the solvents’ polarity. Multiple
crossover points were also observed in the
systems with methanol and ethanolamine solvent.
At the end, controlling the crosslinking behaviour
of the silicone rubber was achievable. More
studies are needed to explore the viscoelasticity
and crosslinking information to be able to tailor
final product with specific properties
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