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A B S T R A C T

Silicones, or poly(siloxanes), are distinguished by their thermal stabil-
ity, flexibility, and resistance to environmental degradation; qualities
that render them ideal for numerous engineering applications, par-
ticularly in scenarios demanding robust performance materials. The
simulation of liquid silicone rubber (LSR) injection moulding (IM)
is complex due to the material’s unique properties and behavior
under processing conditions. This thesis systematically explores the
critical properties of LSR relevant to improving the accuracy of IM
simulations: flow behaviour (viscosity), thermal characteristics (spe-
cific heat capacity, thermal conductivity, and specific volume), and
curing kinetics. Distinct experimental methodologies to characterize
these properties are critically and systematically compared, aiming to
achieve important insights about material data characterization for IM
simulation. Concerning the flow behaviour of liquid silicone rubber,
the focus was on detailing how viscosity responds to temperature
and shear rate changes, employing different methodologies. It was
discovered that steady shear-based techniques are adept at captur-
ing the microstructural transformations of LSR, crucial to account
for the presence of structuring fillers in the silicone matrix. Next,
the study delves into thermal properties variations with temperature
and curing state. The results underscore that specific heat capacity is
mainly influenced by temperature rather than curing state, also being
dominated by the presence of fillers, facilitating more precise energy
conservation modeling in simulations. Besides, different methodolo-
gies were able to reach similar results for the thermal properties. The
curing kinetics investigation compares different methodologies for
determining LSR’s crosslinking behaviour. The findings reveal that
calorimetry and rheology provide different insights, with calorimetry
supporting an autocatalytic model and rheology indicating an nth-
order model. Finally, the simulation trials integrate these insights into
injection moulding simulations, assessing the impact of varying ma-
terial datasets on simulation outcomes. The simulations highlighted
that oscillatory measurements of viscosity under large amplitude os-
cillation can be compared to high pressure capillary rheometer data,
but with important differences concerning the injection phase in terms
of pressure. Furthermore, distinct specific heat capacity data affected
mostly the curing phase, with differences concerning curing onset.
Finally, via applying distinct curing kinetics parameters, the compared
simulations reached different curing behaviours, but the curing time
at a practical ejection point was not significantly changed.

v



Z U S A M M E N FA S S U N G

Silikone oder Poly(siloxane) zeichnen sich durch ihre thermische Sta-
bilität, ihre Flexibilität und ihre Widerstandsfähigkeit gegenüber Um-
welteinflüssen aus. Diese Eigenschaften qualifizieren sie für zahlreiche
technische Anwendungen, insbesondere dort, wo zuverlässige und
leistungsfähige Werkstoffe erforderlich sind. Demzufolge ist die Simu-
lation des Spritzgießens von Flüssigsilikonkautschuk (LSR), aufgrund
der einzigartigen Eigenschaften des Materials und dessen Materialver-
halten unter den jeweiligen Verarbeitungsbedingungen, sehr komplex.
In der vorliegenden Arbeit werden systematisch die einzigartigen
Eigenschaften von LSR mit Hilfe von unterschiedlichen Methoden
untersucht, die für die Verbesserung der Genauigkeit von Spritzgieß-
simulationen relevant sind: Fließverhalten (Viskosität), thermische Ei-
genschaften (spezifische Wärmekapazität, Wärmeleitfähigkeit und spe-
zifisches Volumen) und Vernetzungskinetik. Beim Fließverhalten von
Flüssigsilikonkautschuk lag der Schwerpunkt auf der Untersuchung
der Reaktion der Viskosität auf Temperatur- und Schergeschwindig-
keitsänderungen, wobei verschiedene Methoden zum Einsatz kamen.
Es wurde festgestellt, dass Techniken, die auf gleichmäßiger Sche-
rung basieren, die mikrostrukturellen Veränderungen von LSR gut
erfassen können, was für die Berücksichtigung des Vorhandenseins
von strukturgebenden Füllstoffen in der Silikonmatrix entscheidend
ist. Als Nächstes befasst sich die vorliegende Arbeit mit den Verän-
derungen der thermischen Eigenschaften in Abhängigkeit von der
Temperatur und dem Vernetzungszustand. Die Ergebnisse unterstrei-
chen, dass die spezifische Wärmekapazität hauptsächlich von der
Temperatur und nicht vom Vernetzungszustand beeinflusst wird, wo-
bei auch das Vorhandensein von Füllstoffen eine Rolle spielt, wodurch
eine genauere Modellierung der Energieerhaltung in Simulationen
möglich ist. Außerdem konnten mit verschiedenen Methoden ähn-
liche Ergebnisse für die thermischen Eigenschaften erzielt werden.
Die Untersuchung der Vernetzungskinetik vergleicht verschiedene
Methoden zur Bestimmung des Vernetzungsverhaltens von LSR. Die
Ergebnisse zeigen, dass Kalorimetrie und Rheologie unterschiedli-
che Erkenntnisse liefern, wobei die Kalorimetrie ein autokatalytisches
Modell unterstützt und die Rheologie auf ein Modell n-ter Ordnung
hinweist. In den Simulationsversuchen wurden diese Erkenntnisse
schließlich in Spritzgusssimulationen integriert und die Auswirkungen
unterschiedlicher Materialdatensätze auf die Simulationsergebnisse
bewertet. Diese haben gezeigt, dass oszillatorische Messungen der
Viskosität unter großen Amplitudenschwingungen mit Hochdruck-
Kapillarrheometerdaten verglichen werden können, allerdings mit
wichtigen Unterschieden hinsichtlich der Einspritzphase in Bezug
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auf den Druck. Außerdem wirkten sich die unterschiedlichen Daten
zur spezifischen Wärmekapazität hauptsächlich auf die Vernetzungs-
phase aus, mit Unterschieden hinsichtlich des Vernetzungsbegins.
Schließlich erreichten die vergleichenden Simulationen durch die An-
wendung unterschiedlicher Vernetzungskinetik-Parameter ein anderes
Vernetzungsverhalten, aber die gesamte Vernetzungszeit wurde nicht
wesentlich verändert.
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Part I

I N T R O D U C T I O N A N D M O T I VAT I O N





1
I N T R O D U C T I O N T O L I Q U I D S I L I C O N E R U B B E R
I N J E C T I O N M O U L D I N G

Silicones, or poly(siloxane)s, have emerged as indispensable materials
with diverse applications, owing to their exceptional properties and
versatility. From the first commercial development in 1944 [1], silicones
gained prominence due to their remarkable heat resistance, flexibility,
and biocompatibility. Notably, in 1969, Neil Armstrong made history
by using boots with silicone soles, leaving the first human footprint
on the moon’s surface, showcasing silicone’s durability and reliability
even in the harshest environments. Its versatility finds application
across various sectors, including automotive, electronics, healthcare,
and consumer goods. From automotive gaskets and seals to medical
implants and consumer electronics cases, silicone’s mouldability and
resilience have revolutionized product design and manufacturing
processes, contributing significantly to technological advancements
and everyday living comforts.

Commercially available silicones encompass a spectrum of formu-
lations, each tailored to specific applications and processing require-
ments. High consistency silicone rubber (HCR) and liquid silicone
rubber (LSR) represent two distinct categories within this spectrum,
but that share a commom feature: they are crosslinked in order to be
employed as final products. HCR, also known as solid silicone rubber,
is characterized by its high viscosity (soft solid) and mouldability,
derived from its high molecular weight (above 100000 g.mol−1, or
100 kDa). It typically comes in the form of solid compounds that re-
quire further processing, such as compression molding, to achieve the
desired shape via curing. On the other hand, LSR is a two-part liquid
compound that cures into a flexible, durable rubber upon mixing and
crosslinking. LSR offers advantages in injection molding processes due
to its low viscosity (it is composed of poly(siloxane) oligomers) and
fast curing time. While HCR is preferred for applications requiring in-
tricate details or thicker parts, LSR excels in producing thin-walled or
complex geometries with high precision and consistency. Additionally,
LSR’s biocompatibility and sterilizability make it ideal for medical
and food-grade applications, whereas HCR is often used in industrial
seals, gaskets, and automotive components. Within the spectrum of
poly(siloxane)s lie also silicone fluids and greases, which possess even
lower molecular weight (around 50000 g.mol−1, or 50 kDa [2]) when
compared to LSR and are not crosslinked. These silicone compounds
will not be addressed in this work.
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4 introduction to liquid silicone rubber injection moulding

The unique set of applications described before arise from the par-
ticular chemical structure of poly(siloxane)s, which is distinct from
hydrocarbon polymers, such as the commodities poly(ethylene) and
poly(propylene). The molecular structure, result from a particular
synthetic route, and the derived properties are described next. Further-
more, the main aspects of liquid silicone rubber injection moulding are
introduced, bringing in the most widely employed polymer processing
technique for LSR.

1.1 molecular structure

The base of all silicones is composed of macromolecules with success-
ive silicon–oxygen bonds as backbone and the Si atom having two
monovalent organic side groups, normally referred to as R1 and R2, as
shown in Figure 1.1. From the Figure, one can realize the first and most
significant difference between silicones and hydrocarbon polymers:
the chemical nature of the backbone. While hydrocarbon polymers,
such as poly(butadiene) and poly(vinyl chloride), possess an organic
backbone, silicones have an inorganic base structure. This alternating
inorganic backbone of Si and O atoms provides strong and long chain
bonds: 106 kJ.mol−1 bond energy and 1.64 Å bond length, compared
to 85 kJ.mol−1 and 1.53 Å for C–C bond. The stronger bond between
Si and O, and the wide O–Si–O angle, can be explained in terms of
the theory of molecular orbital and the electronegativity difference
between the atoms.

O
Si

R1 R2

O
1.64

Å

143°

(︂ )︂
n

Poly(siloxane)
C

C

R1 R2

C
1
.53

Å

109°
(︂ )︂

n

Hydrocarbon polymer

Figure 1.1: Molecular structure of a general poly(siloxane) and a hypothetical
hydrocarbon polymer, where, for instance, for poly(siloxane)s, R1
= R2 = CH3 for poly(dimethylsiloxane) (PDMS). For the hydro-
carbon polymer, R1 = R2 = H for poly(ethylene), and R1 = H and
R2 = CH3 for poly(propylene), for example.

As explained by Dankert and von Hänisch [3], the high Si–O bond
energy is associated to three aspects. The first two concern hyper-
conjugation interactions between silicon and oxygen atoms based on
the fact that Si has 3d orbitals available to be occupied by electron
density (carbon atoms have only s and p orbitals). These interac-
tions are the predominant negative hyperconjugation of the type
p(O) → σ∗(Si − C), i.e., backbonding into the antibonding molecular
orbital (located away from the bonding axis) of the Si–C bond; and
the less extensive p(O) → d(Si), i.e., electron density occupation



1.2 main properties 5

of silicon’s d orbital from oxygen’s p orbital. Besides these covalent
aspects, the Si–O bond also has an ionic character absent in C–C,
since there is a significant difference between silicon’s and oxygen’s
electronegativities: according to the electronegativity scale of Allred
and Rochow [4], Si/O have an electronegativity difference of 1.76,
while C/O, for instance, differ only by 1 unit. This electronegativity
difference polarizes the Si–O bond with a high electron density at
the oxygen atom, which enhances even more the hyperconjugation
phenomena explained before. Polarization not only strengthens the
bond and brings the Si and O atoms close together (the sum of the
covalent radii for Si–O is 1.77 Å, higher than the actual 1.65 Å bond
length which considers ionic contributions), but also widens the O–Si–
O angle, since adjacent oxygen atoms are equally negatively charged.
Besides bond strength, length, and angle, the flexibility of O–Si–O also
has to be highlighted here. The bonding of oxygen and silicon atoms
in the main poly(siloxane) chain and of silicon and (normally) carbon
atoms in the radical positions R1 and R2 reassembles the one in hy-
drocarbons, i.e., in a tetrahedron fashion. Thus, the sp3 hybridization
of silicon is responsible for the chain segment’s ease of rotation, as
happens with poly(ethylene), for example, but with easier rotation bar-
rier [5] in the case of Si–O bonds. All aforementioned intramolecular
aspects help to define the macro-properties of liquid silicone rubber,
along with considerations concerning intermolecular features, such
as dispersion forces and entanglements, which will be covered in the
next sections.

1.2 main properties

The following section will describe the properties of poly(siloxane)s
that are most relevant to injection moulding, starting from how the
polymer is synthesized. Special focus will be given to temperature-
related properties, since these are directly connected to processing.
Particular properties, such as flow behaviour, specific heat capacity,
thermal conductivity, specific volume, and reactivity will be discussed
in dedicated Chapters in the respective Parts of this Thesis.

1.2.1 Synthesis and molecular weight distribution

The production of poly(siloxane)s comprises three main synthesis
steps: i) production of organochlorosilanes by the Müller-Rochow
process; ii) hydrolysis or methanolysis of organochlorosilanes into
linear and cyclic oligomeric siloxanes; and finally iii) polymerization
mainly via polycondensation or ring-opening polymerization. [6–8]

The Müller-Rochow [9, 10] process has been used since its devel-
opment to synthesize organochlorosilanes from elementary silicon.
This synthetic route engages the reaction of silicon with chloroalkanes
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in the presence of a catalyst in fluidized bed reactors, leading to a
mixture of silanes containing, among others, dimethyldichlorosilanes
and hydride-containing silanes, such as (CH3)SiHCl2. The latter silane
is the crucial reactant to further synthesize the poly(siloxane) to be
used in liquid silicone rubber, since it contains the hydride moiety
necessary for the crosslinking reaction via hydrosilylation. The fact
that organochlorosilanes are highly sensitive to protic substances, such
as water and alcohols, is explored as strategy to synthesize polymeric
silicones via hydrolysis or methanolysis, as the next synthesis step.

Hydrolysis of organochlorosilanes leads to a mixture of linear or
cyclic oligomeric siloxanes and hydrochloric acid, while methanolysis
produces the same oligomers, but chloromethane is generated instead.
These two by-products are recovered in the process to be used in
the Müller-Rochow step. The siloxane oligomers, either linear via
polycondensation, or cyclic via ring-opening polymerization, are then
polymerized to produce poly(siloxane)s.

For polymerization of oligomeric siloxanes, two routes are pos-
sible: polycondensantion and ring-opening polymerization. For the
industry scenario, polycondensation is preferred due to the higher
cost associated to ring-opening strategies. [8] Both polymerization
routes are usually catalyzed by acid or base compounds; however, the
main difference between these approaches is the molecular weight
and polydispersity control of the produced poly(siloxane)s. As a step
polymerization, polycondensation normally results in polymers with
broad molecular weight distribution [11] (up to 2.0). On the other hand,
ring-opening polymerization is able to produce poly(siloxane)s with
defined molecular weight distribution, mainly aiming to be employed
in special applications. [8] Within the silicone world, controlling the
conversion of such polymerizations will result in a variety of mater-
ials, from oils (low molecular around 1 kg.mol−1) to high viscosity
polymers, such as liquid silicone rubber and high consistency silicone,
or solid silicone.

Concerning liquid silicone rubber, it is widely employed as a two-
component system comprising part A and part B. Both parts contain
poly(siloxane) as base with molecular weight around 100 kg.mol−1

[12], but incorporate distinct additives. To part A, an organometallic
catalyst is added, aiming to trigger the crosslinking reaction. To part B,
a crosslinker compound, also made of poly(siloxane) but with lower
molecular weight (below 10 kg.mol−1 [12]) than the base polymer, is
added, being the responsible to connect two silicone macromolecules
via the hydrosilylation reaction. More details about the crosslinking
reaction will be given in Chapter 9. High consistency silicone, however,
presents a substantially higher molecular weight (400 to 600 kg.mol−1

[13]) when compared to liquid silicone rubber.
The fact that both liquid silicone rubber and high consistency sil-

icone present moderate-to-high molecular weight imposes to them
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important macromolecular features. One of these is the presence of
entanglements. As the siloxane oligomers turn into poly(siloxane)
polymers with the polymerization development, the macromolec-
ules depart from only a coiled state (as accurately described by the
beads-and-springs Rouse model) to an entangled conformation more
precisely represented by the reptation model. [14, 15] The alternating
silicon-oxygen backbone grows and starts to entangle with itself and
other adjacent macromolecules when the molecular weight reaches
around 34 kg.mol−1 [16–18]. For comparison, poly(ethylene oxide) (Tg

around -60°C) presents a critical molecular weight for entanglements
of 6 kg.mol−1 [19], while for poly(styrene) (Tg around 100°C), it lies
between 30 and 34 kg.mol−1 [20]. The existence of entanglements influ-
ences mainly the viscoelastic behaviour of poly(siloxane)s. The other
macromolecular features, such as glass transition and the possibility
of crystallization, will be presented in the next section.

1.2.2 Glass transition and crystallinity

Poly(siloxane)s with molecular weight characteristic of liquid silicone
rubber and high consistency silicone present three typical thermal
transitions: α relaxation (segmental relaxation, or glass transition),
melt/cold crystallization, and melting. The glass transition temperat-
ure (Tg) of silicone is around -120°C, as widely reported for multiple
poly(siloxane)s in the literature [21–24], including by our group [25],
mainly for poly(dimethyl siloxane). It is important to notice that
depending on R1 and R2 (see Figure 1.1), the glass transition tem-
perature reaches -28°C for poly(methylphenyl siloxane) and +40°C
for poly(diphenyl siloxane) [24, 26]. The change in the monovalent
ligands of the silicon atom alters the macromolecule’s ability to un-
dergo thermal relaxation via spacial hindering, increasing the glass
transition temperature for bulky groups, such as phenyl. The very low
glass transition temperature of silicones when compared to hydrocar-
bon polymers is the macroscopic result of the molecular structure as
described previously in this Chapter: the high chain flexibility coupled
with the weak inter- and intramolecular interactions lead to a large free
volume, which results in a low glass transition temperature. Indeed,
the large free volume is the responsible for the high gas permeability
associated to silicones. [27]

The next important thermal transitions are crystallization and melt-
ing. Silicone crystallization occurs due to the high flexibility and
regularity of the poly(siloxane) macromolecules, which are able to
organize into lamellae structures. These structures grow from small
nuclei, which are formed in the bulk of the polymer network. For
silicones, both cold (during heating) and melt (during cooling) crystal-
lization occur and they were reported to occur at around -90°C [21–23,
28]. During heating, the cold crystallization of silicone appears in dy-
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namic scanning calorimetry (DSC) experiments as an exothermic peak.
On the other hand, melting demands energy to occur, since the organ-
ized lamellae structure is only destroyed when the macromolecules
have enough thermal energy to move and assume a higher entropic
state, characterizing an endothermic event at the DSC. Melting of
poly(siloxane) crystalline phase occurs at around -40°C. [21–23, 25, 28]

1.2.3 Thermal stability

As explained in Section 1.1, poly(siloxane)s are composed of macro-
molecules with stronger atomic bonds than hydrocarbon polymers.
The fact that both covalent (backbonding) and ionic (electronegativity
difference) features additionally strengthen the Si–O bond turns silic-
ones into high thermally stable polymers. In fact, silicones undergo
significant mass loss (higher than 10%) only above 400°C [29–33],
varying according to the molecular weight, the end-group chemistry,
and the presence of impurities [34]. The main thermal degradation
mechanism is the molecular back-bitting depolymerization, as pic-
tured in Figure 1.2. Interesting to note is that scission occurs at the
stronger Si–O bond and not at the weaker Si–C due to the formation
of a cyclic transition state [29]. Again, it is highlighted the importance
of the d orbitals in the formation of such cyclic transition state, which
is favoured by chain flexibility that allows back-bitting. For telechelic
poly(siloxane)s, the presence of end groups may lead to back-bitting
mechanisms from the chain ends. The literature reports [29] a second
thermal degradation mechanism based on the homolytic bond scission
of the Si–CH3 bond, leading to CH4.

Figure 1.2: Main thermal degradation mechanism of poly(dimethyl siloxane)
based on intramolecular back-biting and formation of a cyclic
oligomer ([35], adapted from [29]).

Specifically for liquid silicone rubber, under inert atmosphere, the
thermogravimetric analysis of pure poly(dimethylsiloxane) (no cata-
lyst) leads to no residue at 800°C [36], while for filled PDMS, the
residue is proportional t o the amount of incorporated filler. Indeed,
fillers such as silicon dioxide (SiO2) are often added to liquid silicone
rubber in order to provide mechanical characteristics, such as strength,
hardness, or to control rheological properties.
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1.2.4 Silica as filler for LSR

Due to the poor mechanical properties of pure liquid silicone rub-
ber, fillers are normally introduced in the silicone formulation for
reinforcement in practical applications. Amongst the large variety
of fillers that can be incorporated to elastomers, reinforcing silica is
one of the most employed filler due to its easy accessibility, low cost,
environmental acceptance, and structural and chemical similarity to
siloxane-based elastomers. [37] The incorporation of rigid particles
in the viscoelastic poly(siloxane) network leads to several structural
changes, which are tightly connected to both the interaction between
silica particles (filler-filler interaction) and the interaction between
the silica particles and the polymer macromolecules (polymer-filler
interaction).

Silica when dispersed in a polymeric matrix acquires an hierarchical
structure as shown in Figure 1.3. The nanometric sphere-like primary
particles (level 1) are composed of amorphous silicon dioxide, which
interact with other primary particles via strong hydrogen bonding
to form aggregates (level 2). Aggregates then further associate to be-
come agglomerates (level 3), being the structural level where physical
changes occur, for example due to oscillatory strain. For silicones,
fumed and precipitated silica grades are mostly employed, and it is
commonly understood that the reinforcing effect of fumed silica is
higher than the one provided by precipitated silica. [38] This fact is
justified by their distinct aggregate structure: fumed silica has fused
aggregates with dendritic structures and higher surface area, while
precipitated silica aggregates into irregular regimental structures with
smaller aggregation size, as also shown in Figure 1.4. [38, 39]

Figure 1.3: Schematics illustration of the hierarchical structure of distinct
silicas in silicone rubber: SRPA: precipitated silica; SRFB and SRFC:
fumed silica modified by hexamethyldisilazane (from [40])

While primary particles interact almost exclusively with themselves
due to their high surface energy and therefore strong hydrogen bond-
ing, agglomerates and aggregates possess a larger interface with the
polymer matrix, which is where polymer-filler interactions mostly
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occur. This stiff interphase where the poly(siloxane) macromolecules
interact with the filler particle’s surface either via secondary bonds
(hydrogen bonding or van der Walls interaction) or covalent bonds
(when the filler surface is chemically modified to react with the poly-
mer [39–43]) is commonly referred to as bound rubber. Bound rubber
and hydrodynamic effect are thus understood as the dominant micro-
scopic mechanisms typically responsible for the enhanced macroscopic
stiffness of filled silicones. [44] Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of the tightly
bound rubber layer in fumed and precipitated silica, as studied by
Huang et al. [38], are respectively shown in Figure 1.4. This layer is
commonly accepted to be composed of chemically bond or physically
adsorbed macromolecules with progressive increasing hindered move-
ment as they reach closer distances to the filler particle. In this sense,
one can assume that in liquid silicone rubber-filled compounds, the
poly(siloxane) molecules assume four distinct dynamic state as: i) free
rubber, distant from the filler particle and considered as in the bulk; ii)
loosely bound rubber, which are polymer chains physically entangled
to the thightly bound layer; iii) tightly bound rubber, composed of
macromolecules in close contact with the filler surface either via sec-
ondary or chemical bonding; and iv) entrapped rubber, consisting of
the chains wrapped by the nanofiller network. [45]

Besides reinforcement, the introduction of silica in liquid silicone
rubber leads to non-linear effects, being the most known one the Payne
effect. It has been widely accepted that this effect is mainly related
to the filler agglomeration in the polymer matrix. At moderate and
high strains, these agglomerates are, to a certain degree, destroyed
and the rubber trapped within the agglomerates is released lowering
the modulus. [46] The decrease of modulus as typical of the Payne
effect is also attributed to the damaged filler structure, which is then
not able to withstand the same strain as when intact. This effect will
be further stressed in Chapter 3.

1.3 injection moulding of lsr

As an important polymer processing technique not only for liquid
silicone rubber but for polymers in general, injection moulding (IM) is
a versatile method to shape products and, regardless of the material
to be injected, it is composed of two major steps: shaping and solid-
ification. For liquid silicone rubber, shaping is preceded by dosing
the right amount of components A and B, mixing them usually em-
ploying static mixers, and transporting the mixture with a barrel of
reciprocating screw injection unit or with a plunger injection unit. The
barrel and its screw/plunger are responsible to inject LSR into the
mould, where the curing reaction occurs. For this scenario, shaping is



1.3 injection moulding of lsr 11

(a)

(b)

Figure 1.4: SEM and TEM images of (a) fumed and (b) precipitated silica. The
schematics in the bottom right portion of the figures represent
the tightly bound rubber layer in orange, while the silica particle
is depicted in gray (adapted from [45])

considered to be the injection of uncured LSR into the mould, while
solidification consists of the curing reaction per se.

When compared to thermoplastics injection moulding (here called
conventional injection moulding), liquid silicone rubber (or reactive
injection moulding) injection moulding presents important distinc-
tions concerning the main phenomena that drive the shaping and
solidification steps. For thermoplastics injection moulding (diagram
(a) in Figure 1.5), shaping is accomplished via transferring energy as
heat to the solid thermoplastic pallets, melting them, and moving the
molten polymer following the fluid mechanics laws through the barrel
into the mould. For the solidification step, the molten thermoplastic
exchanges heat with the cold mould, transferring its total energy to
heat the mould and, therefore, transitioning from a molten to a solid
state, finally acquiring the mould’s cavity shape. For such process,
heat transfer and fluid mechanics govern the whole injection mould-
ing cycle and no chemical reaction occurs, i.e., during the whole IM
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Heat
transfer

Fluid
mechanics

(a)

Chemical
reaction

Heat
transfer

Fluid
mechanics

(b)

Figure 1.5: For shaping and solidification, the phenomena involved in
(a) conventional thermoplastics injection moulding and
(b) liquid silicone rubber (reactive) injection moulding (adap-
ted from [47])

process the polymer is chemically the same, varying in physical state
(amorphous/semi-crystalline and molten).

For all rubbers, including hydrocarbon rubbers and liquid silic-
one rubber, and poly(urethane)s, for example, injection moulding is
also based on shaping and solidification, however an additional phe-
nomenon controls the process: a chemical reaction. During shaping,
the usually 1:1 part A:part B mixture is transferred from the dosing
unit to the mould via the injection unit following the fluid mechan-
ics rules mostly without heat transfer. Due to the low viscosity, the
mixture is easily transferred without heat input, setting the first major
difference when compared to thermoplastics IM: there is no phase-
transition (melting) during shaping. After the mixture reaches the hot
mould (temperature is set according to the LSR grade to be moulded)
and fills it, heat transfer from the mould to the mixture occurs and
triggers the curing reaction, starting the solidification step. Fluid mech-
anics still controls the filling phase and governs the change in flowing
behaviour as the mixture starts to polymerize (resistance to movement
increases due to molecular weight escalation), along with the chemical
reaction rules concerning kinetic and thermodynamic factors. In this
sense, solidification involves three realms of phenomena for LSR injec-
tion moulding: heat transfer to trigger curing as soon as the mixture
reaches the hot mould; fluid mechanics to dictate cavity filling and
considering the change in viscosity due to molecular weight increase;
and kinetics/thermodynamic aspects of the chemical reaction set the
solidification time prior to demoulding. In this sense, LSR undergoes a
chemical change during the IM process, passing from a viscous liquid
with microstructure dictated mainly by entanglements and polymer-
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polymer/polymer-filler interactions to a viscoelastic solid with higher
molecular weight and a three-dimensional molecular structure also
comprising entanglements and polymer-polymer/polymer-filler inter-
actions, with additional covalent crosslink points.

From the aforementioned aspects, one can realize that thermo-
plastics and LSR injection moulding are two similar processes, but with
important differences. For simulation purposes, most of the already
developed strategies to computationally simulate the IM process of
thermoplastics can be transferred to the LSR case. However, key as-
pects concerning heat transfer, fluid mechanics, and chemical reaction
have to be addressed and modified to lead to reliable LSR IM simula-
tion routines. Since Bont et al. [48] carefully described the peculiarities
of LSR injection moulding, including typical processing parameters,
in a recent review paper, these aspects will not be covered in this
Chapter. Moreover, details concerning fluid mechanics will be given in
the Chapter dedicated to rheology (Chapter 3); specifics related to heat
transfer will be stressed in Chapter 6 (thermal properties); and finally
the chemical reaction will be fully described in Chapter 9 (crosslinking
theory).

1.4 injection moulding simulation

Process optimization within the injection moulding context is a com-
plex task considering the intrinsically complicated manufacturing
process via IM. As described by Mitsoulis [49], the injection mould-
ing process comprises time-dependent, 3D, compressible, and non-
isothermal flows, with moving free boundaries, and, in the case of
liquid silicone rubber IM, holding a chemical reaction inside the mould.
Such optimization involves intense knowledge and experience regard-
ing the process itself, being time and resource consuming. Besides,
considering the widespread employment of injection moulding tech-
niques, minimal marketing time also plays an important role when
optimization is performed aiming to become more competitive. [50] In
this sense, computer-aided engineering (CAE) simulation technologies
based on computational fluid dynamics (CFD) are widely employed
to optimize the injection moulding process, since they present the
following not-exhaustive list of assets [51]:

• It is cheaper and less time consuming, since trial and error
analyses based on industrial pilot lines would be unaffordable.

• Numerical tools allow the evaluation of a material response
without the physical use of the real material and without com-
promising mould manufacturing.

• CAE simulation routines provide the possibility to shorten the
cycle time and optimize the curing duration to save energy and
avoid material waste.
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• Simulation is able to avoid re-design of the mould.

• CFD studies are able to predict processing-related defects in the
injected part, such as weld lines and air traps.

To achieve the mentioned benefits, the performed simulation must
be reliable in a sense that it mimics the real material behaviour and,
therefore, the real IM process. The accuracy of such simulation de-
pends on many factors, such as the representation of the mould and
cavity geometries, the chosen flow modeling method, the realistic
set of runner, sprue, and gating system, and the material data that
is provided as input to solve the governing equations of mass, mo-
mentum, and energy conservation. [52] If the aim of the simulation is
to predict processing parameters, such as pressure and temperature
profiles, and cycle time (that includes the curing time for a reactive ma-
terial injected into the mould’s cavity), precise material data must be
provided, since these feed the phenomenological models that are able
to explain the fluid mechanics, heat transfer, and chemical reaction
kinetics/thermodynamics associated to the IM process.

The injection moulding simulation of LSR has been unsatisfactorily
published in the available literature. In 2002, Haberstroh et al. [53]
proposed a material data strategy to simulate the filling and curing
phases of LSR. Shortly after, the research advanced and Capellmann
et al. [54] enhanced a tool for the simulation of the injection moulding
process enabling it to take into account undervolumetric filling. How-
ever, when determining the viscosity of LSR, the authors could not
prove the validity of the employed approach for low shear rates and
high temperatures applying plate-plate rheometers. Matysiak et al. [50]
extended the previous work and included in the simulation data from
pressure measurements to gather knowledge on thermal expansion of
LSR, but with a simple pressure-temperature model. More recently,
Ou et al. [55] investigated the simulation of two-component injection
moulding of silicone rubber into a thermoplastic polymer. All the cited
investigations reached reasonable simulation results when the pre-
dicted processing parameters where compared to the measured values.
However, the majority of the studies adapted material data charac-
terization techniques from the thermoplastic materials and employed
them with some approximations. For example, none of the mentioned
authors stressed the strong impact of the presence of fillers in the
characterization methods, or discussed what was the best method,
from the several available ones, to define the curing behaviour of LSR.

From the literature, precise guidelines about material data charac-
terization of LSR based on a systematic investigation of all available
state-of-the-art methods were not found in the context of injection
moulding simulation. Thus, this field still has a knowledge gap to be
filled, even with positive simulation results for LSR. Thus, the motiva-
tion and objectives of the present work will be disclosed next, taking
into consideration the introductory background presented here.
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M O T I VAT I O N A N D O B J E C T I V E S

Determination of properties that are necessary to implement injection
moulding simulation routines already reached technological matur-
ity for thermoplastics in a sense that these simulations are accurate
and reliably describe the real injection moulding process. However,
for reactive injection moulding, such as for liquid silicone rubber
(LSR), the measurement of said properties is still highly adapted from
the thermoplastic counterpart. This adaptation is reasonable for some
properties, such as LSR’s viscosity, which can be compared to a molten
thermoplastic; but it fails to consider important morphological aspects
when highly filled polymers are under study. Besides, thermoplastic
injection moulding does not involve chemical transformations, but
rather physical solidification when the molten polymer cools down
inside the cold mould. For LSR, the solidification due to a temperature-
triggered chemical reaction has to be precisely described in order to be
implemented in simulation routines. The fact that a change of chemical
state occurs during processing leads to other important considerations
that are neglected for thermoplastic characterization; for instance, the
difference in properties between the reactants (mixture of component
A and B) and the product (crosslinked silicone part). In this sense, a
methodological investigation of the characterization procedures aim-
ing to determine liquid silicone rubber’s material properties represents
an open gap in the current state-of-art.

Thus, the main scientific and technological motivation of the present
thesis is to systematically investigate the main properties related to
LSR that are necessary to be implemented to injection moulding
simulation routines. Throughout this work, relevant material features
will be discussed and linked to the injection moulding process with
the objective to explain why some characterization methodologies
are more suitable than others. Besides, the current available literature
lacks an organized corpus of knowledge concerning liquid silicone
rubber grades developed for injection moulding, mainly when related
to material properties determination for processing simulation. It is
true, though, that relevant literature shows interesting and necessary
material characterization of filled poly(siloxane)s, and this knowledge
will serve as a base for the current investigation.

The objectives of this work are divided into scientific goals and
philosophical purposes. The scientific goals are technological targets
realizable by the scientific method and relevant to this Thesis’ scope.
The philosophical objectives, on the other hand, are the prima causae for
this doctoral Thesis, and also reflect the main reasons why this author
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conducted the investigation. Being less quantitatively measured when
compared to the scientific goals, the philosophical objectives allow a
reflection about the true contribution of the present work.

The general scientific objective of the present work is to provide
organized and precise guidelines for material data determination
that are necessary for LSR injection moulding simulation considering
the unique processing conditions and the material’s morphology. As
specific objectives, these are divided per Part of this Thesis as follows:

part ii - rheology To reliably define LSR’s viscosity η as a func-
tion of the temperature T and of the shear rate γ̇ taking into
consideration its structure in terms of polymer-polymer, filler-
filler, and polymer-filler interactions.

part iii - thermal properties To accurately determine LSR’s
specific heat capacity cp and thermal conductivity λ in terms
of the temperature and of the samples’ chemical state (non-
crosslinked or cured). Besides, to compare the individual com-
ponents’ thermal properties with the crosslinked specimen’s. It
is also an objective of this Chapter to show the pressure-volume-
temperature (pvT) behaviour of LSR and the change of specific
volume in terms of the sample’s chemical state.

part iv - crosslinking kinetics To precisely identify LSR’s cross-
linking kinetics and to compare distinct approaches to determine
the curing behaviour, addressing differences, advantages, and
intrinsic considerations on each method.

part v - simulation To compare diverse datasets obtained via dif-
ferent characterization methods as inputs for an injection mould-
ing simulation routine in terms of the output parameters, stress-
ing the main discrepancies concerning processing parameters.

To compose the philosophical objective of this work, four main
questions are intended to be answered by the end of the study and
will serve as scientific and technological guidance. These are:

1. How has this research contributed to the generation of knowledge?

2. How has this investigation contributed to the development of
individuals?

3. How has this Thesis contributed to the wider research community?

4. How has this work contributed to broader society?

The objectives outlined in this Thesis align closely with the United
Nations Sustainable Development Goals (SDGs) [56], particularly
Goals 9, 12, and 13. By systematically investigating the properties
essential for LSR injection moulding simulation, this research directly
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contributes to Goal 9 by advancing technological innovation and indus-
trial processes, specifically within the realm of sustainable materials
science and manufacturing. Furthermore, by optimizing material char-
acterization methodologies for LSR, this work promotes Goal 12 by
fostering sustainable consumption and production patterns, critical
for reducing waste and enhancing resource efficiency in manufac-
turing industries. Additionally, by addressing the unique challenges
of LSR processing and striving for more environmentally friendly
manufacturing practices, this Thesis supports Goal 13’s objective of
combating climate change. Through these endeavors, this research
seeks to play a meaningful role in advancing the broader agenda of
sustainable development outlined by the UN SDGs, contributing to a
more sustainable and resilient future for all.

Aiming to demonstrate how this thesis is structured, the chart
in Figure 2.1 shows the 5 Parts of this document along with their
individual chapters and their contents. For each of these Parts, a
thorough theoretical explanation is given, followed by an experimental
chapter, and finally a chapter dedicated to show and discuss the results.
An exception is Part I, which is entirely theoretical and dedicated to
introduce the scope of this work, its objectives, and the most relevant
state-of-the-art knowledge on silicones and LSR injection moulding.

The research work of this Thesis was performed at the Polymer
Competence Center Leoben GmbH (PCCL, Austria) within the frame-
work of the COMET-program of the Federal Ministry of Labour and
Economy and the Federal Ministry for Climate Action, Environment,
Energy, Mobility, Innovation and Technology and at the Institut Na-
tional des Sciences Appliquées de Lyon (INSA Lyon, France), with
contributions from the Montanuniversitaet Leoben (Department of
Polymer Engineering and Science, Polymer Processing), and Starlim
Spritzguss GmbH. PCCL is funded by the Austrian Government and
the State Governments of Styria, Lower Austria and Upper Austria.
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3
T H E O RY O F R H E O L O G Y

The movement of polymer to fill a cavity inside a mould to be further
solidified can be described employing the rheology rules of fluid
flow. In this sense, this Chapter is dedicated to present the context
of rheological studies for the present Thesis, as well as to outline
the main definitions and considerations that are used to analyse and
interpret rheology measurements. It is not the goal to be exhaustive
in terms of rheology principles, but to highlight the most important
ones, which are the foundation for the following Chapters.

3.1 injection moulding , shear , and viscoelasticity

Viscoelasticity, the property that encompasses both viscous and elastic
characteristics, is a fundamental aspect of liquid silicone rubber (LSR)
behaviour during injection moulding. This dual nature allows LSR
to flow into intricate mould geometries when in the uncured state,
while also recovering its shape upon removal of stress mainly when
cured. During the moulding process, LSR’s viscoelasticity is critical in
managing the material’s response to the high shear forces and varying
temperatures encountered. The elastic component enables the material
to store and release energy, which aids in the smooth filling of the
mould and reduces the likelihood of defects such as sink marks or
voids. Concurrently, the viscous component ensures that LSR flows
adequately under the applied pressure, allowing for complete and
uniform filling of the mould cavities.

Shear behaviour is equally important in the injection moulding of
LSR. Shear forces are generated as the material is injected through
narrow gates and runners, leading to shear thinning, where the vis-
cosity of LSR (and most industrially-employed polymers) decreases
with increasing shear rate. This property is advantageous because
it reduces the required injection pressure and promotes better flow
characteristics, resulting in more precise and detailed replication of
the mould features. However, managing shear is crucial to prevent
excessive heating and potential degradation of the material, besides
allowing the precise processing settings for a specific product manu-
facturing, enabling energy saving. By understanding and controlling
the shear behavior of LSR, manufacturers can optimize the injection
moulding process to produce high-quality parts with consistent mech-
anical properties, minimal internal stresses, and optimized energy
consumption.

21



22 theory of rheology

To effectively control and optimize the injection moulding process,
especially via injection moulding simulations, it is essential to accur-
ately characterize the viscosity of liquid silicone rubber under various
conditions. Viscosity characterization methods provide crucial insights
into how LSR will behave under different shear rates and temper-
atures, enabling precise adjustments to processing parameters. For
simulation, the resistance to flow is present in the constitutional conser-
vation equations as the viscosity terms in the momentum conservation
(Equation 3.1) and energy conversation (Equation 3.2) equations, as
expressed next:

ρ
∂

∂t
−→v = ρ−→g −∇p + 2∇.η

−→
D − ρ−→v .∇−→v (3.1)

ρcp(
∂T
∂t

+−→v .∇T) = βT(
∂p
∂t

+−→v .∇p) + ηγ̇2 + λ∇2T + Q̇ (3.2)

At this moment, it is important to highlight the influence of viscosity
η in the term 2∇.η

−→
D (Equation 3.1), which is responsible to account for

the contact forces that arise from intermolecular forces exerted by the
macromolecules outside the control volume where the equations are
solved. For the energy conservation equation (Equation 3.2), viscosity
η appears to characterize the energy due to viscous dissipation (ηγ̇2,
conversion of kinetic energy into thermal energy due to the viscous
forces within the fluid).

In this Thesis, the focus will be specifically on shear viscosity, des-
pite the recognition that extensional viscosity also plays a crucial
role in certain scenarios of the injection molding process. Notably,
in the nozzle and gating sections, where the LSR transitions from a
larger to a smaller cross-sectional area, the material undergoes ex-
tensional deformation. This shift forces the polymer to stretch or
elongate rather than merely shear, making extensional deformation
a potentially dominant form of deformation in these critical areas.
[57] While the detailed study of extensional viscosity is beyond the
scope of this work, its influence is acknowledged, particularly as it
can significantly affect the flow dynamics and the overall integrity of
the molded parts. Addressing only shear viscosity, this Thesis aims to
simplify the complex interactions in LSR flow behavior while ensur-
ing that the primary flow dynamics within the bulk of the mold are
comprehensively understood and accurately simulated.

The next Section will delve into viscosity characterization meth-
ods, exploring various techniques and their relevance in ensuring
reliable and reproducible moulding outcomes. Through a detailed
understanding of viscosity characterization, one can better predict
and manipulate the flow behaviour of LSR, thereby enhancing the
efficiency and quality of the injection molding process and of the
associated computer simulation.
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3.2 methods for shear viscosity determination

In the sense of viscosity determination, the approaches to determ-
ine the variation of viscosity with temperature and shear rate are
usually the ones applied to characterize the rheological behaviour of
polymers. In the context of polymer structure investigation and of
studies concerning effect of molecular or filler modification in the
polymer’s rheological response, rheological properties are studied
via applying shear to polymer melts by two means: either in a Cou-
ette flow-like scenario, where the polymer melt is sheared due to the
movement of the surfaces where it is confined (such as the plates in
rotational rheology), reaching a laminar flow; or in a Poiseuille-like
flow, which is pressure-driven and the surfaces that confine the poly-
mer flow are stationary. [58] These two types of flow characterize
the two main techniques that are currently employed to study the
rheological behaviour of polymers: rotational (Couette-based), and
capillary (Poiseuille-based) rheologies. As an intrinsic and intensive
property (resistance to flow), viscosity values should agree between
these two approaches when the polymer’s microstructure is kept the
same during measurement.

For LSR, viscosity determination specifically for injection mould-
ing simulation purposes has been performed by various means. In
regards to the approaches based on a Couette flow, rotational rheology
investigations are widely employed to determine complex viscosity η∗

under oscillatory shear or steady-state viscosity ηs under steady shear.
In regards to the approaches that employ pressure-driven-based exper-
imental setups to impose a Poiseuille-like flow to study the rheological
behaviour of polymers, high pressure capillary rheometers (HPCR)
are widely utilized to determine the so called true shear viscosity η.
These three approaches are described below.

3.2.1 Rotational rheology - oscillatory shear

Based on a Couette flow, rotational rheology experiments under an
oscillatory shear are normally accomplished by shearing the sample
between two plates via spinning one of these plates and keeping the
other static. The plate’s spinning in this case is sinusoidal, i.e., the
applied strain (for strain-controlled rheometers) is characterized by
a magnitude (or strain amplitude γ0) and by a frequency (angular
frequency ω). In the case of strain-controlled rheometers, a strain
γ(ωt) (and a correspondent strain rate γ̇(ωt)) are transferred to the
sample and can be defined as:

γ(ωt) = γ0sin(ωt) (3.3)
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The applied sinusoidal strain imposes a stress response σ(ωt) that, for
viscoelastic materials such as liquid silicone rubber, is out-of-phase by
δ from the applied strain:

σ(ωt) = σ0sin(ωt + δ) (3.4)

If the sample is in mechanical equilibrium during the sufficiently
small oscillations that generate the strain γ(ωt), one considers that
this is a linear viscoelastic scenario (viscoelastic parameters are inde-
pendent of the strain amplitude) and the general term for this kind
of experiment is small amplitude oscillatory shear, or SAOS. Within
this context, Equation 3.4 can be expressed in terms of the material
properties G’ (elastic shear modulus) and G” (viscous shear modulus):

σ(ωt) = γ0[G′sin(ωt) + G′′cos(ωt)] (3.5)

By determining G’ and G”, one can derive the complex viscosity η∗

as:

η∗ ≡
√︁

G′2(ω) + G′′2(ω)

ω
(3.6)

The determination of complex viscosity is generally performed first
checking if viscoelastic conditions are met, and then applying Equation
3.6. Thus, the usual modus operandi is as follows: i) determination of
the linear viscoelastic range (LVE, i.e., the amplitude range where the
elastic shear modulus G’ and the viscous shear modulus G” do not
face abrupt change) in terms of oscillating shear amplitude via an
amplitude sweep; ii) determination of the complex viscosity in terms
of the oscillating angular frequency ω via a frequency sweep, either
with increasing or decreasing frequency, employing an amplitude
value within LVE. Choosing an amplitude within the LVE, that is, at
which G’ and G” are only dependent on the angular frequency (and
not on the shear amplitude) guarantees the linearity of viscoelastic
properties. This method is widely applied and belongs to the state-of-
the-art not only for LSR injection moulding simulation purposes, as
described by Ziebell and Bhogesra [59] and by Weißer et al. [60], but
also to characterize the effect of fillers on poly(siloxane)s’ rheological
properties [61–63] and to draw aspects on silicone 3D printing [64].

For shear amplitudes (γ0) or shear rates (γ0̇ ) above the ones within
the linear viscoelastic range, i.e., for higher shear rates, the stress
response to the imposed sinusoidal strain (for strain-controlled ex-
periments) is distorted and deviates from a sinusoidal output. In this
circumstance, the definition as described in Equation 3.6 is not valid,
since the stress response (Equation 3.5) σ(ωt) cannot be described in
terms of G’ and G”. Otherwise, a more complex expression for σ(ωt)
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has to be determined. For these cases when the strain amplitudes
surpass the linear viscoelastic range, medium and large amplitude os-
cillatory shear (MAOS and LAOS) experiments are conducted. Within
this context, non-linear viscoelastic phenomena are characterized [65].
The first approach to describe σ(ωt) under non-linear viscoelastic
conditions was introduced by Wilhelm et al. [66] as Fourier-transform
rheology. In this sense, the stress signal can be described by a Fourier
series [67] in the elastic (σ′(t; ω; γ0)) and viscous (σ′′(t; ω; γ0)) forms:

σ′(t; ω; γ0) = γ0 ∑
n=odd

G′
n(ω, γ0)sin(nωt) + G′′

n (ω, γ0)cos(nωt) (3.7)

σ′′(t; ω; γ0) = γ0̇ ∑
n=odd

η′′
n (ω, γ0)sin(nωt) + η′

n(ω, γ0)cos(nωt) (3.8)

Equations 3.7 and 3.8 highlight that under non-linear viscoelastic
conditions the fundamental harmonic (n = 1) is not enough to de-
scribe the stress response due to the imposed sinusoidal strain. Thus,
additional harmonics are necessary, which only the odd ones are
included because the stress response is independent of the shear dir-
ection and due to the fact that the sign of the shear stress changes as
the sign of shearing changes [65, 68]. Even harmonics were observed
when secondary flows were present [69] or dynamic wall slip occurred
[70]. It is worth mentioning that for the fundamental harmonics n = 1
and Equation 3.7 returns Equation 3.5 (G’1 ≡ G’ and G”1 ≡ G”).

Even though the differentiation between SAOS and MAOS/LAOS
is usually purely qualitative (G’ and G” are constant within the linear
viscoelastic range characterized by SAOS and face change when higher
amplitudes are reached), the harmonics’ intensities are commonly used
to quantify the non-linearity. Taking the 1

st harmonic as a reference, the
other odd harmonics’ intensities I(2n+1)/1 (I3/1, I5/1, etc) are calculated
[71] as:

I2n+1/1 =
I2n+1

I1
=

√︂
I′2n+1

2 + I′′2n+1
2√︂

I′1
2 + I′′1

2
=

√︂
(γ0G′

2n+1)
2 + (γ0G′′

2n+1)
2√︂

(γ0G′
1)

2 + (γ0G′′
1 )

2

(3.9)

These intensity values, mainly I3/1, are parameters constantly used
to define the deviation from linearity in terms of viscoelastic behaviour
when rheological experiments are performed within a range of shear
amplitudes. For instance, I3/1 ≈ 0 indicates SAOS [65], while not negli-
gible I3/1 indicates MAOS and LAOS. These definitions are important
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in the sense that for the calculation of viscosity according to Equation
3.6, considerations regarding non-linearity have to be addressed, since
for LAOS more than one harmonic exist to define the stress response.
This fact becomes even more critical when rheological experiments
are conducted under shear rates closer to the ones experienced during
injection moulding, which are typically associated to high amplitudes
(LAOS).

A second approach to account for non-linearities in the stress re-
sponse was introduced by Ewoldt et al. [72] employing Chebyshev
polynomials of the first kind. Due to mainly their orthogonality over a
finite domain and the odd symmetry about x = 0, nth-order Cheby-
shev polynomials Tn of the first kind define σ′ and σ′′ as functions of
x = γ/γ0 and y = γ̇/γ0̇ , respectively:

σ′(x) = γ0 ∑
n=odd

en(ω, γ0)Tn(x) (3.10)

σ′′(y) = γ0̇ ∑
n=odd

vn(ω, γ0)Tn(y) (3.11)

where en(ω, γ0) and vn(ω, γ0) are respectively the nth-harmonic elastic
and viscous Chebyshev coefficients.

Similarly to the harmonics’ intensity approach defined in Equation
3.9, the scaled third harmonic Chebyshev coefficients e3/e1 and v3/v1

are also employed to measure a system’s non-linearity. These quant-
ities are derived directly from the employed polynomials or can be
calculated from the familiar Fourier coefficients (Equations 3.7 and
3.8):

e3

e1
=

−|G∗
3 |cos(δ3)

−|G∗
1 |cos(δ1)

(3.12)

v3

v1
=

|G∗
3 |sin(δ3)

|G∗
1 |sin(δ1)

(3.13)

3.2.2 Rotational rheology - steady shear

For rotational experiments under a constant shear rate γ̇ (imposed
by an angular velocity ϕ̇) employing the cone-and-plate geometry
(radius R and truncated angle α), the steady-state viscosity ηs can be
determined using the definition in Equation 3.14, considering that the
shear stress response σ (or the torque M) to the imposed shear strain
is time-independent, or the shear stress growth function σ+ reached a
plateau (t → ∞), i.e., steady flow conditions exist [73]:
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ηs =
σ+(t = ∞, γ̇)

γ̇
=

3M
2πR3

tan α

ϕ̇
(3.14)

Equation 3.14 calculates the steady shear viscosity in terms of the
sample radius R, thus changes in the geometry would imply distinct
viscosity values for the same torque M and angular velocity ϕ̇. Change
in the gap geometry often occurs when highly viscoelastic polymeric
samples (as liquid silicone rubber) are sheared in a torsional flow
device (such as parallel-plate rotational rheometers) [74], which in-
trinsically place the sample in a fashion that it has a free surface with
the outside air. This free surface is highly susceptible to destabilising
when the sample is sheared and, above a critical imposed shear rate,
the surface deforms into a more complicated edge profile [75] that
is not anymore characterized by the radius R. Such edge profile can
even form an indentation that invades the fluid bulk, as shown in
Figure 3.1, invalidating the viscosity measurement. When the shear
rate increases further, part of the sample can be even ejected from the
flow cell, leading to completely unreliable data.

Figure 3.1: Schematic formation of edge fracture during steady-shear viscos-
ity determination via rotational rheology (adapted from [76]).

The origin and the physical description of edge instability are still
being debated, but a common understanding is that the phenomenon
is widely connected to the second normal stress differences that result
from the imposed shear rate. Thus, this issue represents a strong
limitation on the characterization of steady shear viscosity employing
parallel-plates that should be taken into consideration when planning
material data determination. [77]

3.3 the cox-merz proposition

The correlation between η∗ and ηs is well-known as the Cox-Merz
proposition [78]. This proposition establishes a reasonable equality
between the viscosity measured under linear viscoelastic conditions
(oscillatory shear, SAOS) and the resistance to flow under non-linear
viscoelastic circumstances (constant steady shear). This relationship
can be defined as:

ηs(γ̇) ≈ |η∗(ω)||γ̇=ω (3.15)
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It is important to stress that the relationship γ̇ = ω has to be defined
as s−1 = rad.s−1. Besides, it is already established [79, 80] that the
Cox-Merz proposition is not valid for all polymer systems, and it
usually fails for filled systems. However, this proposition has still
been greatly used in academia and industry to easily establish steady
shear viscosities out of complex viscosity values under SAOS, even
for silica-filled liquid silicone rubber [59].

Very recently, Shim et al. [81] reexamined the Cox-Merz proposition
employing recovery rheology. The researchers, followed by Burgeson
and Rogers [82] proposed a comprehensive understanding of this
correlation based on the differentiation between unrecoverable and
recoverable strains. In this sense, they concluded that steady shear
viscosity and dynamic viscosity only are equal in terms of their unre-
coverable components. A similar conclusion will be derived from the
studies of the present Thesis.

3.4 capillary rheology - high pressure capillary rheo-
meter

In regards to the approaches that employ pressure-driven-based experi-
mental setups to impose a Poisseuille-like flow to study the rheological
behavour of polymers, high pressure capillary rheometers (HPCR) are
widely utilized. The true shear viscosity η as determined by HPCR can
also be considered as derived from non-linear viscoelastic conditions,
as ηs, since the polymer is driven out of mechanical equilibrium by
the rapid and intense pressure-driven deformation. [71] A thorough
explanation of HPCR with the relevant equations are given by Kukla
et al. [83], and will not be addressed again here.
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E X P E R I M E N TA L D E S C R I P T I O N : R H E O L O G Y

The aim of this Chapter is to describe in details the experimental
procedure that was employed to study the flow behaviour of liquid
silicone rubber. Besides, it will be stated here the materials that were
investigated, as well as all necessary mathematical formalism adopted
in this Thesis. Since the main goal of this Part is to compare different
rheology methodologies, these will be described separately here.

4.1 materials

Liquid silicone rubber (SiloprenTM LSR 2070, Mw = 86673 g.mol−1,
Mw/Mn = 1.6, hardness after cured = 70 Shore A), containing approx-
imately 32 wt% of an inorganic filler, was supplied as a 2-component
(A and B) system by Momentive Performance Materials Inc. (USA).
LSR characterization in terms of molecular weight and filler content is
described in the Appendix (A.1 and A.3, respectively) of this Thesis.
SiloprenTM LSR 2070 is a standard liquid silicone rubber for injection
moulding processes and has a mixing ratio of components A:B = 1:1.

4.2 rotational rheology

All rotational rheology experiments (oscillatory - small and large
amplitudes -, and steady shear modes) were performed with a strain-
controlled rheometer (ARES-G2, TA Instruments, USA) located in the
Institut National des Sciences Appliquées de Lyon (INSA, France).
A cone-and-plate geometry (25 mm diameter, 0.1 rad cone) was em-
ployed and the sample was placed inside a forced air convection oven
for analysis at various temperatures. The parameters derived from
the measurements were calculated by the device’s internal software
TRIOS (TA Instruments) and were exported and interpreted without
further processing.

4.2.1 Oscillatory experiments

In order to determine the sample’s complex viscosity η∗, a sinusoidal
shear was applied with defined angular frequency ω and strain amp-
litude γ. The linearity of viscoelastic properties G’ and G” was studied
via amplitude sweep (increasing strain amplitude γ from 0.01% to
100%) under 0.1 Hz, 1.0 Hz, and 10 Hz (0.628 rad.s−1, 6.28 rad.s−1, and
62.8 rad.s−1) of angular frequency. Within the studied strain amplitude
range, two strain amplitudes were arbitrarily selected to define the fre-
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quency sweep investigations: 0.1% (considered for the present work as
imposing a small amplitude oscillatory shear, or SAOS) and 10% (here
denoted frequently as large amplitude oscillatory shear, or LAOS).
The complex viscosity was finally determined during frequency sweep
runs carried out between 500 rad.s−1 and 0.1 rad.s−1 (79.62 Hz and
0.016 Hz) with decreasing frequency and under 0.1% or 10% strain
amplitude.

Aiming to study the filler’s network structuring/recovery after
intense shear, two experimental setups were conducted. With sample
2070 B, complex viscosity η∗ (calculated according to Equation 3.6)
was used as the parameter to account for filler structuring. After
the amplitude sweeps previously described (now at temperatures
ranging from 25°C to 200°C), time sweeps (30 min) under 0.1% strain
amplitude (linear viscoelastic condition) and equal frequency as the
amplitude sweeps’ were conducted. Since the recovery time sweeps
were conducted at γ = 0.1%, the η∗(γ = 0.1%) as determined during
amplitude sweep (step before the recovery period) was used as initial
viscosity and recovered viscosity ratios were calculated as

viscosity ratio =
η∗(recovery, ω = 0.1/1.0/10 Hz, γ = 0.1%, t = 30 min)

η∗(amplitude sweep, ω = 0.1/1.0/10 Hz, γ = 0.1%)

(4.1)

With sample 2070 A, the time evolution (15 min, at 50°C, 70°C, and
90°C) of stress/strain amplitude (σ/γ, elastic) and stress/shear rate
(σ/γ̇, viscous) hysteresis curves (under linear viscoelastic conditions:
γ = 0.1% and ω = 1 Hz) was studied after applying the most intense
shear condition under investigation (ω = 10 Hz or 62.8 rad.s−1 under γ

= 10%). A schematic representation of the applied methods is shown in
Figure 4.1. Since it is expected (and further concluded) that both LSR
components are rheologically similar, the aforementioned procedure
was conducted with the respective parts due to discretionary purposes
of the author.

For the oscillatory experiments, a reproducibility study (see in the
Appendix A.4) was conducted with sample 2070 B at 50°C to identify
the maximum coefficient of variation for this method. As shown in
the Appendix, the variation among 3 triplicates was inferior to 5%,
and this deviation was assumed for all other samples.

4.2.2 Steady flow experiments

The variation of viscosity η under increasing and sequential shear
rates γ̇ (0.001 s−1 to 0.7 s−1) was investigated via shear rate sweep
experiments. A constant shear rate was applied for 30 s, which was
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Figure 4.1: Graphic representation of the methods applied to study filler
recovery on (a) sample 2070 B after amplitude sweep and on
(b) sample 2070 A after pre-shear.

long enough for a stable torque value to be reached. Under steady
shear, edge instabilities were visually inspected at each imposed shear
rate.

4.3 capillary rheology

The pressure-driven flow of LSR was investigated employing a high
pressure capillary rheometer (HPCR, Rheograph 50, GOETTFERT
Werkstoff-Pruefmaschinen GmbH, Germany) coupled with a 1 mm slit
die (fully described in the work of Kukla et al. [83], Figure 3). With the
aid of 5 pressure sensors placed along the slit die, the steady-shear vis-
cosity was calculated (average of 3 measurements) as a variation of the
shear rate (20 s−1 - 1300 s−1) applying the Weißenberg-Rabinowitsch
[84] correction. The Bagley correction [85] was not applied since the
pressure drop was measured along the slit. Component 2070 A was
tested at 50°C, 70°C, and 90°C.
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R E S U LT S A N D C O N C L U S I O N S

Note: A great part of
this work was
carried out by the
author at the Institut
National des
Sciences Appliquées
de Lyon (INSA Lyon,
France).

This Chapter is dedicated to analyse the viscosity variation with either
angular frequency ω or shear rate γ̇ under the various methodological
approaches described in the previous Chapter. In this sense, complex
viscosity η∗ vs. ω values under SAOS (γ = 0.1%) and LAOS (γ = 10%),
steady viscosity ηs vs. γ̇ values from shear rate sweeps, and viscosity η

vs. γ̇ values from the HPCR runs are critically compared. Furthermore,
in order to explain the critical differences among the methods, LSR’s
filler structure recovery is explored. Since both components A and B
can be considered as rheologically similar (the amount of platinum
catalyst in part A is limited to the ppm level [48] and the crosslinker
loading in part B is around 7 wt%), in some cases only one component
will be presented and discussed. For a similar LSR grade, authors [60]
reported differences between component A and B. However, this LSR
grade (SILOPREN LSR 2050, 50 shore A hardness after cured) possibly
presented a lower filler content /20-30 wt%) than the LSR of the
present study, due to the lower hardness (50 against 70 Shore A). Due
to the fact that the liquid silicone rubber currently being investigated
has a high filler content (present on both parts), it is understood that
the components behave similarly in terms of rheological properties.

5.1 aspects on the linearity of viscoelastic properties

As aforementioned, the definition of complex viscosity in terms of
Equation 3.6 is solely valid when G’ and G” are functions of only
the angular frequency, and not of the strain amplitude. This means
that the first harmonic n = 1 (see Equations 3.7 and 3.8) itself is
enough to define the stress response after an applied sinusoidal strain
(strain and stress sinusoidal signals for sample 2070 A under various
temperatures and strain amplitudes are shown in the Appendix A.6).
Thus, it becomes important to emphasize that the values reported here
as G’ and G” are actually G’1 and G”1, which are common output
parameters of commercial rheometers. In this sense, G’ and G” for the
sample 2070 A were determined for a range of strain amplitudes under
various angular frequencies, as shown in Figure 5.1. For all angular
frequencies and temperatures, G’ presented fairly constant values up
to γ = 0.2%, while G” remained constant until γ = 0.6%. The range
up to 0.2% can be then defined as the linear viscoelastic range for this
sample, which is in accordance with the range reported by Weißer et
al. [60]. Within this range, G’ > G”, meaning that the sample behaves
as an elastic solid gel regardless of the frequency. The solid gel-like
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behaviour can be justified by the high content of filler particles (most
probably silica) and the molecular weight above the critical molecular
weight for entanglements formation (32 kg.mol−1 according to [62]).
Elasticity in this sense comes from both the interaction between the
polymeric macromolecules and the filler particles via hydrogen bonds
and molecular entrapment, and from the intermolecular interactions
via van der Waals forces, hydrogen bonding, and physical entangle-
ments [60], besides the hydrodynamic effect deriving from the solid
filler particles.
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Figure 5.1: Viscoelastic properties G’ (full symbol) and G” (open symbols) of
sample 2070 A for a range of strain amplitudes and temperatures
under (a) 0.1 Hz, (b) 1.0 Hz, and (c) 10 Hz frequency. For the ease
of interpretation, the vertical lines indicate the studied amplitudes
γ = 0.1% (SAOS) and γ = 10% (LAOS).

Within the linear viscoelastic range, the shear experienced by the
sample is very low when compared to injection moulding’s typical
shear profiles: up to 10 s−1 during dosing, between 10 s−1 and 1000 s−1

at the injection unit, and higher than 1000 s−1 at the runner and inside
the cavity during injection. After complete filling of the cavity, the
shear imposed to LSR decreases substantially, until it starts crosslink-
ing under quasi static conditions. Besides, for strain amplitudes below
0.2%, LSR’s filler structure is understood to be unaffected, i.e., the
aggregates and agglomerates are not broken due to the imposed shear.
This situation is rarely to occur during typical injection moulding
cycles, when LSR is transported under high shear from the dosing
unit to the mould’s cavity.
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As the strain amplitude increases, the sample departs from mech-
anical equilibrium and a transition zone (MAOS) from constant to
decreasing G’ and G” can be observed at all temperatures and fre-
quencies in Figure 5.1. This zone is the onset of strain thinning, where
both moduli decrease with the strain amplitude, typical of Type I
behaviour as defined by Hyun et al. [65]. Shear thinning is the con-
sequence of two phenomena: chain orientation and microstructure
alignment along the flow direction, and breakage of the filler struc-
ture, also known as Payne effect. This behaviour was also reported
under the perspective of SAOS/LAOS by Lim et al. [86] when studying
poly(caprolactone)/multiwalled carbon nanotubes nanocomposites.
The passage from G’ > G” to G’ < G” represents the transition
between the solid gel-like and the liquid-like states of LSR, where it
goes from low to high fluidity. This transition occurs at lower amp-
litudes (evident at Figure 5.2) for higher frequencies due to the also
increased imposed shear. Above γ = 10%, high amplitude and high
frequency effects occur (G’ and G” presented an increase at the end of
the experiment) probably due to edge instabilities associated to the
cone-and-plate geometry, even in the oscillatory mode [77], so these
effects will not be further interpreted here. This strain amplitude zone
where G’ and G” are dependant on the amplitude is then considered
under non-linear viscoelastic conditions and will be denoted here as
LAOS. The associated distorted sine-like stress response under LAOS
is shown in the Appendix A.6.

In order to scrutinize the magnitude of viscoelasticity’s linearity
or non-linearity, it is convenient to qualitatively check the shapes of
the Lissajous-Bowditch (LB) curves σ vs. γ (elastic LB curve) and
σ vs. γ̇ (viscous LB curve), which are shown in Figure 5.3. The LB
curves at linear viscoelastic conditions (γ = 0.1% or SAOS), presented
at the bottom part of the diagram, have the usual elliptical shape
associated to viscoelastic materials. It is convenient to remind that
pure elastic materials present a straight line in the elastic curve σ(γ),
while pure viscous samples display a circular σ(γ) curve. The shape
of σ(γ̇) is a line for pure viscous and a circle for pure elastic materials.
Increasing frequency causes an increase of the LB curves’ areas, which
is associated to higher energy dissipation during the analysed shear
cycle. However, the shape of the LB curves is not altered neither
by angular frequency, nor by temperature. The linear viscoelastic
conditions are also confirmed by the sinusoidal signals’ shapes related
to stress and strain, shown in the Appendix A.6: the stress under
SAOS varies in a sinusoidal way with the imposed, also sinusoidal,
oscillatory strain, but with a difference in phase.

As the strain amplitude increases to 10%, LAOS conditions are
verified by the distorted LB curves (and the distorted stress signals
presented in the Appendix A.6), as shown in the top half of Figure
5.3. Non-elliptical shapes observed in the LB curves are evidence of a
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Figure 5.2: Viscoelastic properties G’ (full symbol) and G” (open symbols) of
sample 2070 A for a range of strain amplitudes and frequencies
at (a) 50°C, (b) 70°C, and (c) 90°C. For the ease of interpretation,
the vertical lines indicate the studied amplitudes γ = 0.1% (SAOS)
and γ = 10% (LAOS).

non-linear behaviour, as stressed by Kamkar et al. [71]. Indeed, at γ =
10%, G’ and G” decayed by 1 order of magnitude when compared to γ

= 0.1%, showing a strong dependence of the viscoelastic properties to
the strain amplitude. As explained before, the non-linear viscoelastic
response at LAOS can be attributed also to the filler network’s destruc-
tion. The shape of the LB distorted from the linear elliptic form for
both elastic and viscous contributions, however no secondary loops
appeared at the non-linear viscoelastic scenario. Self-intersection is
a consequence of strong non-linear material behaviour, mainly asso-
ciated to intense elastic non-linearity derived from stress overshoot
during oscillation. [72] In the case of LSR, non-linearity exists, but its
extent cannot be directly derived from the LB curves, neither from
the shape, nor from the absence of secondary loops. Actually, for
these LSR samples under study, stress overshoots are not expected
since the time scale of oscillation (less than 10 s for the minimum
frequency) is too short for the reform/recovery of the destroyed filler
microstructure, as will be clarified in Section 5.4.2. Thus, a quantitative
approach is adopted next employing the intensities of both the higher
harmonics and the Chebyshev coefficients.
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Figure 5.3: Lissajous-Bowditch curves (elastic, filled symbols; and viscous,
open symbols) associated to the strain amplitudes γ = 0.1% (bot-
tom, SAOS) and γ = 10% (top, LAOS) at various temperatures
and frequencies for sample 2070 A.
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As a quantitative parameter to measure the non-linearity of the
studied LSR samples, the 3

rd harmonic’s intensities I3/1 in relation
to the strain amplitude are shown in Figure 5.4 for all temperatures
((a)-(c)) and angular frequencies. Below γ = 0.1%, I3/1 varies with
the instrument noise and is lower than 0.01, i.e., the 3

rd harmonic
contribution represents less than 1% of the fundamental harmonic.
From 3

rd harmonic intensity, it is possible to see that the linear vis-
coelastic range shortens as the temperature increases, evidenced by
the reduced length associated to the instrument noise. This is possibly
due to the higher thermal energy that hinders inter- and intramolecu-
lar interactions, as well as weakens filler-filler interactions. While the
strain amplitude further increases, I3/1 increases with γ2 for suffi-
ciently small amplitudes, as described by Wilhelm [66]. Figure 5.4(d)
shows that the I3/1 ∝ γ2 already occurs even when G’ and G” seem
to be constant, which means that phenomena ultimately leading to
non-linearity already take place. I3/1’s slope changes as the strain
amplitude further increases, but returns to 2 above 1% and tends to
stable I3/1 values when approaching γ = 100%. This apparent two-step
increase of I3/1 may be related to the different reasons behind LSR’s
non-linearity. While interactions among the poly(siloxane) oligomers
(entanglements, for example) are changed due to the increasing amp-
litude, the filler microstructure is also disturbed. These two apparently
independent phenomena are probably concomitant, but an independ-
ent and distinct rate at which each occurs may exist.

From the I3/1 values it is reasonable to state that at γ = 0.1% the
contribution of the 3

rd harmonic is assuredly negligible and the funda-
mental harmonic fully describes the stress response due to the applied
sinusoidal strain. At γ = 10%, I3/1 reaches 0.1, which signifies that
the 3

rd harmonic is 10% of the fundamental harmonic, indicating non-
linearity due to the reasons already stressed before. At 10% strain,
however, the LSR’s microstructure in terms of polymer-polymer, filler-
filler, and polymer-filler interactions is closer to the one that is found
during the injection moulding cycles. In this sense, when re-visiting
the LB curves in Figure 5.3 and the sine signals for stress and strain in
the Appendix (A.6), one can argue that: i) an elliptical shape is still
present at the 10% LB curves without secondary loops, which suggests
that severe non-linearity is not present; and ii) the sine curves for
the stress are still smooth S-shaped signals under LAOS conditions.
Further study of the Chebyshev coefficients will bring more light to
these observations.

Figure 5.5 shows the variation of e3/1(γ) and v3/1(γ) values for the
sample 2070 A at 50°C (the analysis for 90°C is only shown in the
Appendix A.9 due to similarity with the 50°C one). For all temper-
atures and angular frequencies, e3/1 ≪ 1 and v3/1 ≪ 1 at γ = 0.1%,
which recovers the linear viscoelasticity condition at Equation 3.10

and 3.11, i.e., e1 → G’ and v1 → η′ = G”/ω. [72] However, as the
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Figure 5.4: Variation of the third harmonic intensity I3/1 for the three studied
temperatures ((a)-(c)) with the strain amplitude under various
frequencies for sample 2070 A. A comparison with G’ and G” is
shown in (d) for 90°C and 10 Hz. For the ease of interpretation,
the vertical lines indicate the studied amplitudes γ = 0.1% (SAOS)
and γ = 10% (LAOS), and the horizontal line represents the level
where the 3

rd is 10% of the fundamental harmonic.

strain amplitude increases, the moduli of e3/1 and v3/1 increase and
at γ = 10% both e3/1 and v3/1 assume absolute values of around 0.1.
Interestingly, v3/1 is zero in the LAOS region at the same strain amp-
litude as G’ = G”. The interpretation of the third harmonic Chebyshev
coefficients is normally based on theirs signs and considerations re-
garding intracycle stiffening/softening and thickening/thinning can
be made. [72] However, for this study, these considerations will not be
made and only the absolute value of e3/1 and v3/1 are relevant. In this
sense and in agreement with the (Fourier analysis-based) 3

rd harmonic
intensities, the third harmonic Chebyshev coefficients also represent
around 10% of the first harmonic. Most importantly, as v1 → η′ =
G”/ω under SAOS, an approximation of the complex viscosity η∗

(as calculated employing Equation 3.6) under non-linear viscoelastic
conditions does not become a bad estimation for the energy dissipa-
tion behaviour of LSR when the filler microstructure is disturbed as
during injection moulding. Indeed, Heymann et al. [87] pointed out
that G1’ and G1” (parameters calculated by the device and employing
the definitions G’(ω) = (σ0/γ0(ω))cos δ(ω) and G”(ω) = (σ0/γ0(ω))sin
δ(ω)) are acceptable quantities to characterize the viscoelastic response
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when the deviation of the response signal (stress sine curves) from a
pure harmonic wave in terms of the portion of higher harmonics (3rd,
5

th, etc) does not exceed 0.15 or 15%. In the present case, the intensity
of the 5

th at γ = 10% is around 0.01 or 1% of the fundamental har-
monic (data not shown), regardless of the temperature or the angular
frequency.
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Figure 5.5: Intensity of the Chebyshev coefficients e3/1 and v3/1 as a vari-
ation of the strain amplitude for 3 imposed angular frequencies
(a) 0.1 Hz; (b) 1.0 Hz; and (c) 10 Hz and at 50°C. For the ease of
interpretation, the vertical lines indicate the studied amplitudes
γ = 0.1% (SAOS) and γ = 10% (LAOS), and the horizontal line
shows where the coefficients are zero.

In light of the considerations drawn before, the complex viscosity
η∗(ω) will be analysed next. Two strain amplitudes were applied for
the frequency sweeps: one relevant to the linear viscoelastic region,
and another covering the amplitude range where non-linearity arises.

5.2 determination of complex viscosity η ∗ (ω )

Calculation of the complex viscosity in terms of the Equation 3.6
requires the determination of G’ and G”. These viscoelastic properties
for sample 2070 A are shown in Figure 5.6. Under linear viscoelastic
conditions (γ = 0.1%), G’ and G” vary with the angular frequency
as shown in Figure 5.6(a). For the whole range of ω, G’ > G”, as
already observed in Figures 5.1 and 5.2 at the linear viscoelastic range.
As the frequency increases, G’ and G” increase due to the response
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of the polymer chains to the rapid applied strain associated to high
frequencies. Thus, not only the resistance to deformation is increased
as the frequency rises (time scale for deformation decreases), but also
energy dissipation escalates.

0 . 1 1 1 0 1 0 0
1 0 4

1 0 5

Sh
ea

r m
od

uli 
G' 

an
d G

'' (n
 = 

1),
 Pa

A n g u l a r  f r e q u e n c y  � ,  r a d . s - 1

2 0 7 0  A
 G '  5 0 ° C
 G '  7 0 ° C
 G '  9 0 ° C
 G ' '  5 0 ° C
 G ' '  7 0 ° C
 G ' '  9 0 ° C

γ  =  0 . 1 %

(a)

0 . 1 1 1 0 1 0 0
1 0 3

1 0 4

γ  =  1 0 %Sh
ea

r m
od

uli 
G' 

an
d G

'' (n
 = 

1),
 Pa

A n g u l a r  f r e q u e n c y  � ,  r a d . s - 1

2 0 7 0  A
 G '  5 0 ° C
 G '  7 0 ° C
 G '  9 0 ° C
 G ' '  5 0 ° C
 G ' '  7 0 ° C
 G ' '  9 0 ° C

(b)

0 . 1 1 1 0 1 0 0

1 0 3

1 0 4

1 0 5
9 0 ° C

Sh
ea

r m
od

uli 
G' 

an
d G

'' (n
 = 

1),
 Pa

A n g u l a r  f r e q u e n c y  � ,  r a d . s - 1

2 0 7 0  A
 G '  0 . 1 %   G ' '  0 . 1 %
 G '  1 0 %    G ' '  1 0 %

 

(c)

Figure 5.6: Viscoelastic properties G’ (full symbol) and G” (open symbols) of
sample 2070 A for a range of angular frequencies and under 0.1%
((a), SAOS, circles) or 10% ((b), LAOS, squares) amplitudes, for
three temperatures (50°C, 70°C, and 90°C). G’(ω, γ) and G”(ω, γ)
at 90°C are also plotted in (c) for comparison purposes. The arrow
indicates that frequency sweeps were conducted with decreasing
frequency.

At γ = 10% (Figure 5.6(b)), on the other hand, G’ < G”, as sim-
ilarly shown by Figures 5.1 and 5.2. Frequency sweep experiments
under 10% amplitude are conducted with a damaged filler-structure
sample (result of high shear). The lack of a filler structure leads to
G’ < G”, as also reported by Geng et al. [63] for LSR/silica compos-
ites. Increase in the strain amplitude not only caused G’ and G” to
decrease (shown in Figure 5.6(c)) and inverted the relationship G’/G”,
but also modified the variation of G’(ω) with temperature. G’(ω) at
0.1% amplitude increases with increasing temperature for the whole
range of frequencies, while G’(ω) at 10% amplitude increases with
temperature until around 10 rad.s−1, when a turn point occurs and
G’(ω, γ = 10%) decreases with temperature. The behaviour of G”(ω)
with temperature remains the same at both strain amplitudes.
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The fact that G’(ω) at 0.1% amplitude increases with increasing
temperature is not common, since generally the increase in temper-
ature causes increased mobility to the polymer chains and reduced
resistance to shear flow. One possible explanation for G’(ω)’s increase
with temperature may rest on the way the frequency sweeps were
conducted. The frequency sweep proceeded with logarithmically de-
creasing angular frequency, in a fashion that from 500 rad.s−1 to
10 rad.s−1 it took 2 minutes, while from 10 rad.s−1 to 0.1 rad.s−1

additional 10 minutes were necessary. During this time, thermally-
facilitated filler flocculation may occur, as argued by Filipone and de
Luna [88] in the case of organo-modified clay and multiwalled carbon
nanotubes-filled atactic poly(styrene); and by Wang et al. [89] when
studying nanocomposites composed of poly(ethylene-co-α-butene)
and fumed silica. The mentioned studies propose that annealing of
initially solid-like nanocomposites may induce the formation of larger
agglomerates. Worth noting is that these researches were based on
polymer/filler pairs without polarity match, thus filler agglomeration
is further favoured due to lack of interaction with polymer molecules.
In the present case, silica (silicon dioxide) and poly(siloxane) are natur-
ally compatible and would interact, even in a small extent in the case
of surface-modified (such as incorporation of vinyl) silicas. Recovery
studies covered in section 5.4.2 will bring additional arguments to this
hypothesis. Another argument that could explain the increase of G’
with temperature in the low frequency range is a temperature-induced
reaction of the platinum catalyst with the filler surface. This coupling
reaction occurs when the filler surface is functionalized to increase
polymer-filler interactions, as shown by Delebecq et al. [36], which
ultimately leads to an increase of G’ (the capability of load transfer
between silicone macromolecules and the filler is enhanced). However,
this hypothesis was not further explored. In terms of the distinction
between frequency sweeps carried out under SAOS or LAOS, the
main difference in terms of the sample’s morphology is the lack of
a structured filler network at high strain amplitude. Such structured
filler network (32 wt% of filler) is the main responsible for the highly
elastic behaviour of the studied LSR samples.

Since G’ and G” experienced a decrease with increasing strain amp-
litude, the determined complex viscosity also declined, as shown in
Figure 5.7. As also observed for G’, the viscosity determined under
SAOS conditions showed a non-trivial relationship with temperature:
it increased with increasing temperature, mainly for low frequencies.
This specific significant influence of G’ related to the low-frequency
regime was also observed by Li et al. [90] for fumed silica-filled
poly(lactic acid) and was connected to polymer nanocomposites by dif-
ferent reasons. While under SAOS conditions an inverse relationship
of the complex viscosity with temperature occurred within the whole
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frequency range, under LAOS conditions and in the high-frequency
range the expected η∗(T) behaviour appears.
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Figure 5.7: 2070 A’s complex viscosity variation with angular frequency for
all temperatures and strain amplitudes. The arrow indicates that
frequency sweeps were conducted with decreasing frequency.

5.3 determination of the steady shear viscosity

Resistance to an increasing imposed shear strain was analysed for
sample 2070 A under steady shear conditions for a range of shear rates
as shown in Figure 5.8. As it was observed for the complex viscosity
under increasing frequency, the sample experienced shear thinning
with increasing shear rate. Shear thinning under steady shear is mainly
caused by stretching and orientation of the macromolecules in the
direction of the shear. The stretching also causes disentanglement,
which favours the flow. The variation of ηs with temperature followed
the expected trend from 0.01 s−1 up until the end of the experiment.
However, at low shear rates, the same behaviour as it was observed
during low frequencies at oscillatory measurements occurred: higher
temperature caused higher viscosity. In the sense of steady shear, the
lower the applied shear rate, the longer it takes for the stabilization of
the torque that leads to steady shear conditions.

At high shear rates, issues with reaching steady shear conditions are
surpassed, however concerns regarding the cone-and-plate intrinsic
measurement geometry arise. As the shear rate increases, inertia ef-
fects cause the LSR sample to flow out of the geometry gap due to
centrifugal forces emerging from the plate rotation. Furthermore, edge
instabilities (change in the geometry at the gap’s edge, deviating from
a spherical surface) are also present at high shear rates, ultimately
causing melt fracture, as critically observed at γ̇ = 0.7 s−1, but already
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Figure 5.8: Steady shear viscosity variation for sample 2070 A under steady
shear for various temperatures. The snapshots taken at 50°C at
certain shear rates highlight the sample’s conditions inside the
gap until edge instabilities occur at high shear rates. The arrow
indicates that shear rate sweeps were conducted with increasing
shear rate.

present at 0.3 s−1 (see sample’s concave shape in the right side of
the edge). All these artifacts compromise the measurement and insert
experimental errors associated to the recorded viscosity values. The
snapshots shown in Figure 5.8 are also reported in the Appendix A.8
at larger sizes to aid visualization of the edge instability.

Under the injection moulding perspective, steady shear measure-
ments are closer to reality than oscillatory experiments, since the shear
profile during processing is obviously not oscillatory, but continu-
ous. In this sense, it is important to highlight that, for pure material
characterization, oscillatory experiments have advantages regarding
sample control inside the gap, for example. However, when the goal
is to mimic processing conditions inside a laboratory environment
to gather material data, rotational steady shear procedures are more
adequate, since they are more similar to what occurs to LSR during
injection. Decisive in this case is to point out the approach’s limitations
and sources of uncertainty, such as the edge instabilities and the steady
condition (constant torque with time during shear rate) prerequisite.
The direct comparison among oscillatory and steady properties will be
further explored in section 5.4.1, when the Cox-Merz rule is stressed
out.

5.4 determination of viscosity via hpcr

Under a pressure-driven Poisseuille flow, 2070 A’s resistance to shear
flow was determined for several temperatures within 10 and 1400 s−1,
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as presented in Figure 5.9. LSR under a pressure-driven flow also
experiences shear thinning due to the same reasons as under a Cou-
ette flow (rotational experiments shown before): molecular and filler’s
microstructure alignment occur in the flow direction, aided by the
destruction of any existence filler network that is present while LSR is
under mechanic equilibrium. Specifically for HPCR, viscous heating
may happen (increase of the sample’s temperature and consequent
viscosity decrease), but this effect was not taken into consideration
here, even though authors (for example [91], [92], and [93]) propose
corrective factors for this phenomenon. For all temperatures, strong
shear thinning occurs and the viscosity follows a clear trend with tem-
perature. As it is the case with steady shear rotational measurements,
the HPCR approach also demands steady conditions regarding the
determined pressure inside the slit die.
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Figure 5.9: Viscosity as determined (average out of 3 replicates, coefficient of
variation is less than 5%) by the high pressure capillary rheometer
as a function of the imposed shear rate for sample 2070 A under
various temperatures. The arrow indicates that the measurement
was conducted with decreasing shear rates.

In what concerns the filler structure, the shear experienced by the
LSR sample during HPCR experiments is supposed to be sufficient to
disturb it. Under oscillatory non-linear viscoelastic conditions (LAOS),
a maximum shear rate of 6 s−1 was experienced by the sample at
γ = 10% and ω = 10 Hz (see respective LB curves in Figure 5.3), which
corresponded to LB shape distortion, i.e., non-linearity due to filler
microstructure change. On this base, one can understand that during
shear inside the HPCR’s slit die, non-linear viscoelastic conditions
would exist and therefore the sample is in a mechanical condition
that is not only close to the injection moulding reality, but also in
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conformity with the LAOS and the steady shear measurements, as it
will be shown in the next section.

5.4.1 Comparison among viscosities and the Cox-Merz proposition

Connecting distinct shear viscosities determined via different meth-
ods is not straightforward. Actually, performing several experimental
rheological approaches (and leading to the same parameter, i.e., vis-
cosity) is not usual, since normally rheology studies are employed to
deliver material-related insights, such as the ones associated to poly-
mer modification, filler influence, etc. For material data determination
applied to processing simulation, there are still open gaps in terms of
what is the most suitable rheological method to be employed in order
to model the viscosity change with shear intensity and temperature
(pressure influence is still and widely neglected). Suitability in this
sense is mostly regarding proximity to the injection moulding reality,
but also considers practicality in terms of level of complexity and
time. It is overall agreed that high pressure capillary rheometer-based
experiments are time- and resource-consuming, so rheological invest-
igations are often carried out in rotational rheometers. The last are
faster and demand less sample volume, even when comparing to the
current small HPCRs available in the market. Thus, it becomes valu-
able to compare the outputs of these approaches and highlight their
differences and similarities. Figure 5.10 shows, for each investigated
temperature, a diagram containing all viscosity values obtained in
the present study. While the y-axis shows simply "shear viscosity" as
the resistance to shear flow in Pa.s, the x-axis contains information
regarding the flow condition: either under an imposed angular fre-
quency (in rad.s−1) for oscillatory experiments or an imposed shear
rate (Couette and Poisseuille flows, in s−1). It is clear that two groups
of data exist in the diagrams: one isolated set from the oscillatory
measurements under SAOS conditions, and the group with the other
data sets, which is shifted to lower viscosities down to 1 order of
magnitude. Based on this finding, it is possible to state that the Cox-
Merz proposition as displayed in Equation 3.15 is not satisfied, i.e.,
the shear viscosity information under steady shear conditions is not
equivalent to the shear viscosity behaviour under linear viscoelastic
oscillatory shear. By considering the findings of Shim et al. [81], one
can correlate the microstructure changes as reported in this Thesis
with the recoverable components of the strain under the perspective of
recovery rheology. While the steady shear viscosity comes from purely
unrecoverable acquisition of strain, the complex viscosity is defined in
terms of both recoverable and unrecoverable contributions. Thus, after
the filler perturbation due to shear (LAOS), the unrecoverable com-
ponent of the complex viscosity surpasses the recoverable one and the
Cox-Merz rule is approximately satisfied, i.e., both steady shear and
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complex viscosities are defined by their unrecoverable strain compon-
ents. The reasoning concerning filler disturbance under the scenario
of the present study are based on the change of microstructure during
the experiment as explained next.

Within the data group containing η∗(ω) (LAOS), ηs(γ̇), and η(γ̇)
(HPCR), one can realize that both steady shear-based approaches (ro-
tational steady shear and HPCR) lay on a trend, and the oscillatory
method fits in between the first ones. As stressed before, the sample
condition in terms of filler structure is the same among these ap-
proaches, that is, the silica network is disturbed due to shear. η∗(ω)
(SAOS) in this case is derived from a sample with intact filler struc-
ture, where agglomerates exist and the polymer-filler and filler-filler
interactions are preserved. Grouping of these data sets also shows
that the Cox-Merz proposition would be partially satisfied when the
oscillatory approach departs from viscoelastic linearity to non-linearity
in order to account for the shear-driven microstructure change. The
proposition that strong non-linearity derives from filler microstructure
change was also pointed out by Sohn and Rajagopalan [94] and by Car-
atenuto et al. [95] when studying model dispersions of hard particles
in low viscosity fluids; and by Li et al. [90] for poly(lactic acid)-based
nanocomposites with fumed silica. All these studies are in agreement
to the fact that thixotropic structural transformation, as the one LSR
undergoes when shear is applied or when annealed during decreasing
frequency sweeps, has a strong role in LSR’s non-linear viscoelastic
behaviour, which greatly influences rheological measurements con-
cerning viscosity determination. Employing the findings of [82] and
[81] on recovery rheology, one can understand that the steady-shear
viscosity is mostly dominated by the unrecoverable component for all
shear rates, while the complex viscosity is composed of both contri-
butions, recoverable and unrecoverable. For the liquid silicone rubber
under study, it seems that the filler structural change at LAOS leads
to a dominant effect of the unrecoverable viscosity component for
the complex viscosity, approximating it to the values of steady-shear
viscosity. Indeed, [81] investigated a similar system composed of a
graphene oxide suspension that showed η∗(ω) > ηs(γ̇) for standard
rheology measurements, but recovery rheology experiments showed
consistency of the Cox-Merz proposition when only the unrecoverable
component was considered. Aiming to set solid grounds for these
thixotropic structural transformations, the filler structure recovery
after intense shear was studied and will be discussed as follows.
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Figure 5.10: Comparison among the several experimental approaches covered
in this work for the three studied temperatures: (a) 50°C,
(b) 70°C, and (c) 90°C. LVR is the linear viscoelastic range, where
small amplitude oscillatory shear (SAOS) experiments are held.
On the other hand, large amplitude oscillatory shear (LAOS)
experiments are conducted in non-linear viscoelastic conditions.
η∗(ω) is the complex viscosity determined either via SAOS or
LAOS, while ηs(γ̇) is the steady shear viscosity.
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5.4.2 Filler network recovery after shear

Since the main microstructure feature responsible for the similarities
and discrepancies among the various studied experimental approaches
for viscosity determination is the filler structure incorporated into the
LSR matrix, this network was further investigated, first concerning
sample 2070 B. As this sample contains no catalyst, and thus no reac-
tion takes place between the poly(siloxane) oligomers, the crosslinker,
and the chemically modified filler surface, amplitude sweeps were
carried out at higher temperatures than for sample 2070 A. After
amplitude sweeps at 0.1 Hz, 1.0 Hz, and 10 Hz of angular frequency,
it is understood that the filler structure is disturbed and as strain
is subsequently substantially decreased and the sample returns to
its linear viscoelastic condition, filler network rebuilding and other
polymer-related phenomena take place. Figure 5.11(a) shows the evolu-
tion of the complex viscosity with time after amplitude sweeps carried
out at 0.1 Hz and 10 Hz. It was shown before that the higher fre-
quency imposed a more severe shear condition, which led to stronger
non-linearities presented at the LB curves in Figure 5.3. A higher fre-
quency also caused lower complex viscosity values, as equally shown
in Figure 5.7 and in Figure 5.11(a), even after the 30 minutes-long
recovery step. Note, however, that depending on the frequency, the
effect of temperature on viscosity recovery is different. For amplitude
sweeps conducted at lower frequencies, the temperature favoured the
probable filler network rebuilding, since higher temperatures caused a
higher increase of the recovery complex viscosity. On the other hand,
for high frequency amplitude sweeps, the shear was so intense that
the temperature increase hindered the formation of another structured
filler network.

In quantitative terms, Figure 5.11(b) shows the recovered viscos-
ity ratios in terms of the frequency (shear intensity that causes filler
structure disturbance) and of the temperature. It becomes clear that
for sufficiently low frequencies, as 0.1 Hz, the viscosity values are re-
covered and even surpassed when compared to the complex viscosity
determined during amplitude sweep for the same frequency (0.1 Hz),
strain amplitude (0.1%), and equal temperature. Furthermore, the tem-
perature increase supported thixotropy. Temperature also favoured
thixotropy for 1.0 Hz, however the viscosity did not recover to the
initial value. For the highest frequency, the temperature effect was
detrimental to the viscosity recovery, i.e., it hindered the formation of
a microstructure that would lead to a solid-like network (physical gel),
such as a structured filler system. Worth mentioning is the fact that
all recovery steps were conducted under linear viscoelastic conditions,
that is, no further breakage or modification of LSR’s microstructure
occurred. The filler network rebuilding for LSR was similarly reported
by Weißer et al. [60], but with a focus on the G’/G” crossover and
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Figure 5.11: (a) Complex viscosity (measured under SAOS conditions) in-
crease with time after amplitude sweep (0.01 - 100%, at either
low (0.1 and 1.0 Hz) or high frequency (10 Hz)) for various
temperatures and (b) viscosity ratio as the amount of viscosity
recovery after shear.

the time necessary to reach a physical gel state (G’ = G”). For the
present investigation, the same findings were observed: the higher
the temperature, the lower the time necessary to reach G’ = G” (or
tan δ = 1) at 0.1 Hz, corroborating with Weißer et al.’s report. Likewise,
Beyer and Wolf [96] also investigated the filler rebuilding of LSR and
proposed different LSR grades that minimize this effect.

When subjected to a pre-shear of 10 Hz angular frequency and 10%
strain amplitude, 2070 A’s viscoelastic properties G’ and G” drop as
expected during the 2 minute step, as pictured in Figure 5.12(a). G” is
higher than G’ as previously demonstrated in Figure 5.6(b) for ω =
10 Hz and γ = 10%. Similarly to 2070 B, G’ and G” increased during the
recovery time (ω = 0.1 Hz and γ = 0.1% ), with temperature favouring
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the increment. At 90°C, it is possible that some coupling reaction
takes place between the functionalized filler and the poly(siloxane)
oligomers aided by the presence of the platinum-catalyst. In this case,
an additional boost in the escalation of G’ exists. As expected, G’
overcomes G” and the sample returns to a solid-like state. At each
oscillation cycle correspondent to a certain recovery time t, the stress
was recorded in order to analyse the sample’s mechanical hysteresis.
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Figure 5.12: Viscoelastic parameters G’ and G” during the intense pre-shear
under LAOS conditions (a) and during recovery under SAOS
conditions (b).

The curves σ(γ) (elastic) and σ(γ̇) (viscous) for sample 2070 A dur-
ing several recovery times are shown in Figure 5.13. Note that both
the elastic and the viscous curves are smooth and elliptical, without
secondary loops, which indicate that the samples are under linear vis-
coelastic conditions (G’ and G” theoretically only vary with the strain
amplitude). As time evolves, the elastic curves turn counterclockwise,
which is derived from the higher stress response for the same imposed
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strain, i.e., increase of G’. Energy dissipation also increases with time,
since the area of the viscous curves increases, that is, G” increases.
This temporal change in the (linear) viscoelastic properties of LSR
demonstrates the thixotropy that arises from the filler structure. Be-
sides, notice that as the temperature increases, the σ(γ) curves become
steeper and the σ(γ̇) loops become wider. These are additional features
that corroborate to the formation of a solid gel as time evolves after
intense shear, in accordance with the previously reported findings.
The σ(γ) (elastic) and σ(γ̇) (viscous) curves for the sample 2070 B at
50°C are shown in the Appendix A.5 for comparison.
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Figure 5.13: Elastic σ(γ) ((a), (c), and (e)) and viscous σ(γ̇) ((b), (d), and (f))
LB curves for sample 2070 A at various temperatures recorded
during recovery period after intense shear.

Acknowledging, identifying, and understanding such time-dependent
behaviour is important during the viscosity determination of liquid



5.5 conclusions of the chapter 53

silicone rubber in order to avoid misleading results and experimental
artifacts. Moreover, modelling of such phenomenon and implementing
in injection moulding simulation routines would represent a develop-
ment of such procedure. Due to the fact that LSR experiences shear
gradients during and in-between injection cycles, filler agglomeration
might occur and therefore change LSR’s rheological characteristics.
Since material data characterization in the context of processing sim-
ulation aims to approximate the computer-estimated and the real
polymer flow and subsequent curing, material data methodologies
should be able to cover and assess not only the unique processing
conditions, but also the microstructural changes experienced by the
polymer to be injected.

At this point, it is crucial to point out that the effect of curing in the
flow behaviour would also fit into the goals of the present Chapter.
However, this topic will be further discussed in Chapter 11, mainly
when the rheology approach is employed to determine the curing
kinetics characteristics. There, one can derive the effect of curing in the
complex viscosity, since oscillatory experiments are conducted. The
effect of curing in viscosity under steady shear is rarely studied, since
it would demand the preparation of liquid silicone rubber samples
with various curing states below the so-called gel or no-flow point.

5.5 conclusions of the chapter

Various methodologies to determine liquid silicone rubber’s viscosity
variation with imposed shear and temperature were assessed and
critically compared having as background the injection moulding en-
vironment. From the state-of-the-art approaches, steady shear-based
techniques, such as rotational steady experiments and high pressure
capillary rheometer-based ones, are the ones able to consider the
changes in microstructure experienced by LSR under shear. These
microstructure changes were correlated mostly to the silica filler struc-
ture that is present in almost all commercial LSR grades for injection
moulding, that is disturbed when a certain level of shear is imposed,
and subsequently recovered when shear ceases. The widely employed
oscillatory experiments were compared to the steady techniques un-
der linear and non-linear viscoelastic conditions, and the traditional
Cox-Merz proposition linking steady and linear viscoelastic oscillatory
properties was not evidenced. However, when steady and oscillat-
ory experiments (LAOS) examine an LSR sample with comparable
filler structure, the results seem to converge. In this sense, a compar-
able filler structure is only achieved during oscillatory tests under
non-linear viscoelastic conditions, respecting factors regarding the
application of linear viscoelastic-related definitions. These definitions
under the linear viscoelastic domain were critically analysed employ-
ing Fourier-transformation and Chebyshev coefficients analyses, which
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allowed the translation of complex viscosity’s concept to a non-linear
viscoelastic scenario. This finding highlights the importance to ac-
knowledge possible microstructure changes during LSR’s viscosity
determination. From this perspective, the present investigation adds
to the state of the art a processing-oriented analysis of several methods
that are rarely discussed in depth in the literature, but merely and
widely applied. Furthermore, the broadly employed liquid silicone
rubber’s rheological properties were scrutinized, bringing additional
knowledge not only to future researches dealing with viscosity de-
termination for polymer processing simulation routines, but also to
new polymer grades development. In the final Part of this Thesis,
two of these methodologies (LAOS and HPCR) will be compared in
terms of the processing parameters output from an injection moulding
simulation.



Part III

T H E R M A L P R O P E RT I E S





6
T H E O R E T I C A L B A C K G R O U N D

This Chapter is dedicated to present the main theoretical considera-
tions concerning heat transfer and compressibility of polymers, having
the injection moulding process as background for these properties. In
this sense, the principal molecular features that explain heat transfer
and change in specific volume due to pressure and temperature are
stressed, aiming to support the findings presented in Chapter 8.

6.1 heat transfer during injection moulding

From the constitutional equations that explain the polymer flow during
injection moulding, the one related to energy conservation dictates the
polymer’s temperature. From Equation 6.1, one can easily recognize
that the total energy (left side of the equation) equals the sum of work
and heat added to the system.

ρcp(
∂T
∂t

+−→v .∇T) = βT(
∂p
∂t

+−→v .∇p) + ηγ̇2 + λ∇2T + Q̇ (6.1)

In other words, the total energy (left side of the equation) in an in-
finitesimal control volume within the polymer flow described by such
equation is proportional to the polymer’s specific enthalpy (cP

∂T
∂t ) and

the contribution from convection (−→v .∇T). The total work then equals
the pressure work ( ∂p

∂t ), the work related to viscous dissipation (−→v .∇p),
the heat due to viscous heating (ηγ̇2), a diffusion term (λ∇2T), and
a dissipation contribution or heat source (Q̇). This Equation fully de-
scribes the energy flow at any given point of the polymer flow during
injection moulding, considering the relevant initial and boundary
conditions (mainly when applying this equation to mathematically
describe the flow in simulations).

As explained in the introductory Chapter of this work, the main
difference between thermoplastics injection moulding and rubber in-
jection moulding is the solidification phase. For rubbers, including
liquid silicone rubber, the mould is heated to trigger the chemical
reaction (curing) that leads to solidification. In this sense, heat transfer
in the case of rubber IM is from the mould to the polymer, while for
thermoplastics, the molten polymer transfers heat to the cold mould,
leading to solidification. During the filling phase, the reactive LSR
mixture layer closer to the hot mould wall starts heating up first than
the polymer core. Thus, this layer also crosslinks first, imposing at a
given point in time during filling, a solid layer of cured LSR between

57
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the hot mould and the non-cured LSR core. A similar phenomenon
occurs with thermoplastics, when a frozen layer is created first close
the cold mould. Within this scenario, there is a moment during filling
that LSR co-exists in two different physico-chemical states before com-
pletely curing from the outer to the inner layers inside the mould.
This solidified and now elastic layer is crucial as it affects the overall
heat transfer, flow dynamics (fountain flow is a consequence of this
layer), and final mechanical properties of the moulded part. Even more
critical is the effect of this solid layer in performing thin walled IM sim-
ulations, in which small deviance in frozen layer estimation strongly
affects pressure-drop predictions because the solid-layer fraction in
thin-walled parts is much larger. [97]

Understanding the energy conservation equation and the dynam-
ics of heat transfer is crucial for accurately simulating the injection
moulding process of liquid silicone rubber. This process highlights
the distinct thermal behavior of rubbers compared to thermoplastics,
primarily due to the direction of heat flow during curing. To delve
deeper into the thermal properties that influence heat transfer, it is
essential to examine the molecular mechanisms underpinning thermal
conductivity in polymers. Next section will explore phonon conduct-
ivity, a key mechanism that governs how heat is conducted at the
molecular level in polymers, and its implications for the injection
molding of liquid silicone rubber.

6.2 internal energy and mechanism of phonon conduct-
ivity in polymers

Specific heat capacity and thermal conductivity are two distinct but
interrelated thermal properties that play crucial roles in the injection
molding simulation of polymers, including liquid silicone rubber.
Specific (per unit weight) heat capacity under constant pressure (cp

in J.g−1.K−1, not to be confused with Cp, the molar heat capacity in
J.mol−1.K−1, or cv, the same parameter but under constant volume) is
defined as the amount of thermal energy absorbed by a material upon
heating, or released by it upon cooling. [98] In other others, it is the
heat required to raise the temperature of a unit mass of a substance
by one degree of temperature, usually in Kelvin. It is an isotropic
property and it reflects the material’s ability to store thermal energy
and is essential for predicting how the polymer temperature will rise
during the moulding process. In contrast, thermal conductivity (λ) is
a highly anisotropic property and it measures the ability of a material
to conduct heat through it. This property, along with considerations
concerning the interface between the polymer and the cavity wall,
dictates how quickly heat is transferred from the hot mould walls
into the polymer and through the material itself, influencing the
curing rate and uniformity of the moulded part [99]. In the context of
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injection molding, specific heat capacity determines how the polymer’s
internal energy changes as it heats up, while thermal conductivity
affects the rate and distribution of heat flow within the polymer.
Given that a certain macromolecule within the material must first
absorb heat from the mould to raise its total energy (subsequently
leading to curing) before transferring this energy to the neighbouring
macromolecules, specific heat capacity is elaborated next, followed
by a detailed discussion on thermal conductivity and heat transfer
mechanisms.

Specific heat capacity, or its equivalent the molar heat capacity Cp

(cp ≡ Cp/M, M is the molar mass), is a fundamental thermodynamic
property that is directly correlated to the total thermal energy of a
polymer, expressed as internal energy U and reversible work p.V (en-
ergy associated to the system at a pressure p as a result of the volume
increase V caused by the added thermal energy). In mathematical
terms [98]:

Cp(T) ≡
[︃

d(U(T) + p.V(T)
dT

]︃
p

(6.2)

In practical terms, cp is crucial to estimate how much heat has to
be transferred from the hot mould to heat the polymer to a certain
energy level enough to overcome the crosslinking activation energy for
liquid silicone rubber, leading to solidification. The referred amount
of energy is then connected to the ability of the macromolecules to
store energy, thus linked to their molecular structure.

A reasonable point-of-view to understand heat capacity in terms of
molecular structure is by analysing how internal energy is expressed
as atoms and groups of atoms move with a defined degree of free-
dom. For polymers, vibrational motion due to temperature encompass
all possible modes of motion in the macromolecule, including bond
stretching and bending, rocking motion, torsional oscillation, and
large-scale cooperative movement. [98] Each atom in a polymer mac-
romolecule has 3 thermodynamic (theoretical) degrees of freedom,
which are hindered by physical constraints (van der Waals forces,
entanglements, etc,) or by chemical linkages (crosslink points). Thus,
the total degree of freedom f for an amorphous polymer can be stated
as

f = 3
n

∑
i=1

Niγi − 3
n

∑
i=1

Nc,iγc,i (6.3)

where ∑n
i=1 Ni is the total number of macromolecules, Ni is the number

of macromolecules with mass Mi, and γi is the number of atoms in
each macromolecule of mass Mi. The index c (second term in the right
side of Equation 6.3) denotes the constraints contribution to the degree
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of freedom. [100] Employing f and the Debye function ϕ (θ is the
Debye temperature) to define Cp, Debye proposed:

Cp = f ϕ(
θ

T
)i (6.4)

Equations 6.3 and 6.4 suggest that the heat capacity of a given
polymer is determined by the superposition (sum) of motions of
atoms and groups of atoms that compose a macromolecule. In this
sense, it is expected that long range constraints, such as crystallinity,
do not affect atomic vibration, and thus, do not influence on cp. It
is important to consider the case when constraints are composed of
crosslink points, i.e., chemical bonding of adjacent macromolecules
is responsible to decrease the degree of freedom, and thus the heat
capacity. This is demonstrated by the study of McHugh et al. [101],
which shows that the specific heat capacity of an epoxy-amine system
decreases (around 15%) after isothermal crosslinking, as shown in
Figure 1 of the cited work. Decrease of cp is obvious in this case,
since there is a stoichiometric reaction between an epoxy group and
an amine moiety, hindering vibrational motion in every molecule
present in the system. The case of liquid silicone rubber is diametrically
different, since the constraint imposed by curing does not occur to
every mer unit of the poly(siloxane) macromolecules. The reason why
crosslinking does not occur to every mer unit is the fact that not all
of these units contain the necessary groups for crosslinking (Si–H
and vinyl for hydrosilylation in the case of Pt-catalysed LSR systems).
There is so far no study in the available literature (which includes the
present work) that establishes or suggests a crosslinking threshold for
polymers, and mainly the ones with low glass transition temperature
(high macromolecular flexibility) and engineering applications (such
as for injection moulding), that is connected to a significant change
in the network’s degree of freedom necessary to change cp. It is fair
to recognize the contribution of Vera-Graziano and co-workers [100],
who studied poly(dimethylsiloxane) networks with various molecular
weights and were able to observe such changes for silicones crosslinked
via hydrogen abstraction (available in every monomeric unit).

Because specific heat capacity is a measurement of heat within a
certain temperature range, calorimeters are employed to determine
this property. More specifically, dynamic scanning calorimetry (DSC)
devices are used following various methodologies, which differ them-
selves based on either the use of a standard material with known
specific heat capacity, or direct measurements of cp. For practical
reasons, these methods are detailed in the next Chapter.

Heat transport, differently from specific heat capacity, is a phe-
nomenon that occurs between two or more nearby macromolecules
in the atomic scale. Low frequency atomic vibrational waves are re-
sponsible to carry energy between two entities that have different
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energy states and due to their quantized energy are referred as phon-
ons. [102] This mechanism is different from the ones found in metals
because in polymers the electrons are localized in inner shells, lone
pairs and bonding orbitals, not being available to flow throughout
the material to conduct heat. [98] Considering the plane wave nature
of phonons, one can expect that they would be strongly scattered by
the coiled conformation of polymers chains. Indeed, since phonons
in amorphous polymers can only propagate a few nanometers (few
monomer lengths) [102], the thermal conductivity of polymers is very
low, in the order of 0.1-0.5 W.m−1.K−1 [103]. Heat transfer in the case
of amorphous and unfilled polymers occurs mainly along the chain
(via the covalent bonds), but Rashidi and co-workers [104] demon-
strated the contribution of non-bonding interactions (van der Waals
and electrostatic) in the heat transfer of crosslinked polymers.

Phonon transport through a polymeric matrix is changed when
fillers are dispersed into the polymer. Fillers with higher thermal con-
ductivity are usually incorporated into polymers to enhance thermal
performance when the filler structure (combination of filler content
and filler aspect ratio) is able to conduct phonons. [105] However,
when either the filler content or the aspect ratio is low, the creation
of interfacial thermal resistance can hinder phonon transmission, as
observed by Azizi et al. [105]. For liquid silicone rubber, Li and co-
workers [106] demonstrated the effect of filler thermal conductivity
and aspect ratio in the thermal conductivity by incorporating alu-
minum oxide (spherical, λ = 20-29 W.m−1.K−1), aluminum nitride
(irregular particle, λ = 200 W.m−1.K−1), and boron nitride (2D sheets,
λ > 250 W.m−1.K−1). The highest thermal conductivity was achieved
by the LSR/boron nitride composites, that presented 316% higher λ

(1.04 W.m−1.K−1) when compared to pure LSR (low molecular weight,
λ = 0.25 W.m−1.K−1). The authors associated the thermal conductivity
increase to the continuous pathway for phonon transmission created
by the boron nitride 2D sheets in the silicone matrix, as shown in
Figure 6.1.

The methods to determine thermal conductivity vary in terms of the
physical state of the sample and concerning the measurement mode.
As described by Kerschbaumer and co-workers [107], the techniques to
measure λ are divided into steady-state and transient. Both methods
require sample thermal equilibrium, but the first operates under steady
heat flow conditions, while the second deals with a transient heat flow.
For liquid silicone rubber in the non-cured state, the transient line
source method is advantageous, since it allows the determination
of thermal conductivity of liquid samples. For LSR samples in the
cured state, the guarded heat flow meter is suitable due to the simple
operation and the possibility to determine thermal conductivity in the
sample thickness direction. [107] Regardless of the different operation
mode, the steady guarded heat flow meter method and the transient
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Discontinuous pathway Partial pathway

Interconnected pathway

Figure 6.1: Schematic diagram of phonon transport mechanism in LSR com-
posites containing aluminium oxide (blue), aluminium nitride
(red), and boron nitride (green). Adapted from [106].

line source technique can be compared in terms of the measured
thermal conductivities. [107]

Specific heat capacity and thermal conductivity are properties con-
nected to liquid silicone rubber only and dictate how the polymer
will have its thermal state changed when exposed to a heat source.
However, there properties are not able to govern the interface be-
haviour of the LSR/mould pair. Indeed, the interfacial temperature
between the polymer and the mould is generally not the same as
the mould temperature. [108] The heat transfer between the polymer
and the mould is thus characterized by a coefficient that accounts for
the three main heat transport mechanisms involved during injection
moulding: convected heat from the polymer; heat conducted to the
mould; and heat generated inside the polymer, as the heat released
by the curing reaction. Since the heat transfer coefficient (HTC) is a
system-related property, it is normally [108–110] determined for a
polymer/mould material pair by sensing the surface at the interface
during the injection moulding cycle and further employing a math-
ematical model. For the manufacture of liquid silicone rubber-based
parts, heat transfer coefficient is more critical for thin-walled parts and
for micro-injection moulding. [108] For the present Thesis, a constant
value of heat transfer coefficient will be assumed in Chapter 12.

6.3 compressibility of polymers

During injection moulding, thermoplastics are injected in the molten
state into a cold mould, which triggers solidification. For rubbers,
including LSR, the material changes its physical form via a chemical
reaction triggered by high temperature. On both cases, thermoplastics
and rubbers undergo volume changes due to temperature and pres-
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sure. The change in volume for a moulding process is directly connec-
ted to the notion of dimensional tolerance, i.e., the ability to mould a
part within the designed dimensions. Therefore, volume as a function
of pressure and temperature is a property that has to be characterized
in order to realistically simulate the injection moulding process.

For polymers, the molar volume (space occupied by 1 mol of poly-
mer chains) is the sum of three contributions [98]:

1. The van der Waals volume: space actually occupied by the macro-
molecules, which is inviolable to other polymer chains.

2. The packing volume: "empty" space existing between the macro-
molecules due to packing constraints, i.e., the macromolecules
with their van der Waals volumes are not able to organize them-
selves in a tightly packed volume, resting space among them.

3. The expansion volume: space resulting from thermally induced
vibrational motion.

The reason why liquid silicone rubber is injected into the cavity with
subvolumetric filling is the increase of the expansion volume, that
can lead to over-pressurization and flashing of the cavity if neglected.
[48] The change in the expansion volume is normally quantified as
coefficient of thermal expansion (unit is per Kelvin, or K−1).

For simulation purposes, a mathematical description of v(p, T) is
necessary, as it is for all other properties discussed in this work.
A suitable way to describe the pressure-volume-temperature (pvT)
behaviour of polymers is via equations of state or semi-empirical
models that predict the volume response to pressure and temperature
conditions. From these semi-empirical models, the two-domain Tait
model [111] is the most common and widely employed semi-empirical
model. [112] The Tait model describes two temperature domains, the
solid and the molten, and each of these domains has a set of equations
with proper coefficients to describe v(p, T). Since liquid silicone rubber
is far above its glass transition temperature and its melting point, the
Tait model can be written only in terms of the equations related to the
molten state as:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

v(p, T) = v0[1 − C.ln(1 + p
B )] + vt

v0 = b1m + b2m.T̄

B = b3m.exp(−b4m.T̄)

vt = 0, f or T > Tg, Tm

(6.5)

where v(p, T) is the specific volume in terms of pressure and tem-
perature, v0 is the specific volume at zero pressure, C is an universal
constant taken as 0.0894, and b1m (m3.kg−1), b2m (m3.kg−1), b3m (Pa),
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and b4m (K−1) are the model parameters for the molten domain. vt

describes the volume change due to crystallization or glass transition.
The estimation of these parameters is usually carried out via fitting
the pvT data to the Tait model using a least squares method.

In practical terms, the pvT behaviour of polymers can be char-
acterized via two principally different conventional techniques: the
confining-fluid and the piston-die techniques. [113] The first technique
is based on placing the polymer sample inside a fluid (usually mercury
or silicone oil) enclosed by a rigid sample. A hydrostatic pressure is
applied by reducing the sample chamber volume, and sensing the cu-
mulative volume change of fluid and polymer. The advantages of this
method over the piston-die one is the existence of a pure hydrostatic
pressure and the absence of sample leakage or friction. However, the
main disadvantages are related to the necessary correction to account
for the fluid volumetric change and the possibility of chemical reac-
tions between the sample and the fluid. [113] The piston-die technique,
as the one employed in this work, is detailed in the next Chapter.
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E X P E R I M E N TA L D E S C R I P T I O N

This Chapter describes the materials and the methodologies applied
to determine the thermal properties of liquid silicone rubber in terms
of specific heat capacity under constant pressure cp, thermal conduct-
ivity λ, and specific volume or pvT behaviour. The main aspect of
this Chapter is to study how the curing state influences the thermal
properties and to compare different methodologies to characterize
the properties of liquid silicone rubber to be employed as input for
injection moulding simulation routines.

7.1 determination of the specific heat capacity under

constant pressure

The specific heat capacity was studied employing two different, but
similar, methods. While the standard ASTM E1269 [114] employs
sapphire as a reference material for cp, the temperature-modulated
approach is a stand-alone method to determine a polymer’s cp. Since
these methodologies differ on how cp is determined, they are critically
compared. Besides, the comparison is made with liquid silicone rubber
and a solid synthetic rubber, aiming to broaden the scope of the study.

7.1.1 Materials

Liquid silicone rubber (KEG-2003H-70-A, hardness after cured =
70 Shore A), containing approximately 28 wt% of an inorganic filler,
was supplied as a 2-component (A and B) system by Shin-Etsu Sil-
icones Limited (USA). EG-2003H-70-A is a standard liquid silicone
rubber for injection moulding processes and has a mixing ratio of
components A:B = 1:1.

A commercial rubber compound composed of poly(styrene-co-
butadiene) filled with carbon black and silica (hardness after cured
= 70 Shore A) and containing a sulphur-based crosslinking system
was also studied in terms of specific heat capacity for comparison
purposes. Due to confidentiality, further details about the compound’s
formulation cannot be disclosed.

7.1.2 The sapphire method - ASTM E1296-11

Determination of cp according to the ASTM E1269 [114] was ac-
complished in a dynamic scanning calorimeter (DSC1 STAR Sys-
tem Mettler-Toledo International Inc, Switzerland). Approximately
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10-20 mg of A+B 1:1 mixture (triplicate) were placed into aluminium
crucibles aiming maximum possible contact with the crucible’s bot-
tom. Subsequently and according to the standard ASTM E1269 [114],
the following thermal program was applied under 50 mL.min−1 of
nitrogen gas:

i Isotherm for 4 min at 50°C.

ii Heating at 20 K.min−1 until 200°C.

iii Isotherm for 4 min at 200°C.

iv Cooling at 20 K.min−1 until 50°C.

v Isotherm for 4 min at 50°C.

vi Heating at 20 K.min−1 until 200°C.

vii Isotherm for 4 min at 200°C.

The temperature program was designed to measure the sample’s
specific heat capacity as non-cured and during curing (step ii), as well
as cured (step vi).

The same thermal program was employed for an empty aluminium
crucible (reported weight) and for an aluminium crucible contain-
ing the specific heat capacity standard (synthetic sapphire disk with
reported weight). It is important to highlight that the software con-
nected to the device only automatically calculates the specific heat
capacity if the empty pan is tested before all samples/sapphire and
is used to subtract the specimen holder’s thermal response from the
sample’s/sapphire’s. In this sense, the sample’s cp,s (J.g−1.K−1) can be
calculated in terms of the standard’s cp,st as:

cp,s = cp,st.
Ds.Wst

Dst.Ws
(7.1)

Ds is the heat flow difference (mW) at a given temperature between
the empty pan and the sample; Dst is the heat flow difference (mW) at
a given temperature between the sapphire standard and the sample;
Ws is the sample’s mass (mg); and Wst is the sapphire disk’s mass
(mg). The sample’s mass was measured before and after the thermal
program and any sample that underwent mass loss higher than 0.3%
was repeated, as advised by the ASTM E1269 standard.

From Equation 7.1 one can realize that any disturbance in the
sapphire heat flow signal will impact the sample’s cp measurement,
since cp(s) is directly calculated from cp(st). This feature is not present
in the next methodology as it will be described next.
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7.1.3 The modulated temperature calorimetry approach

This approach, commonly referred to as MTDSC (modulated temper-
ature DSC), differs from the one described before due to the fact that
it applies a sinusoidal thermal perturbation instead of a constant heat-
ing rate for non-isothermal experiments. [115, 116] In general terms,
during a DSC run, the total heat flow dQ

dt is a contribution of one signal
that is dependent on dT

dt , and another that is dependent on the value
of the temperature T. If there is no significant temperature gradient
in the sample, i.e., the sample is able to increase its temperature as a
whole, the total heat flow during a DSC run can be mathematically
expressed as:

dQ
dt

= cp,t.
dT
dt

+ f (t, T) (7.2)

where cp,t is the specific heat capacity at constant pressure defined
here as that due to the energy stored as motion of the sample’s mo-
lecules; and f (t, T) is a function that governs the kinetic response of
temperature-driven transformations, such as crystallization, melting,
glass transition, or crosslinking. Following this context, there are two
contributions to the DSC response: one thermodynamically governed
by cp,t (here with sub-index t to refer as the thermodynamic cp) and
is dependent on dT

dt , and another that is kinetically hindered by a
mechanism ( f (t, T)), which is dependent on T. In the case of liquid
silicone rubber, the first response is connected to the vibrational, ro-
tational, and translational motions of the poly(siloxane) oligomers;
while the second response will be governed by LSR’s curing reaction
for temperatures above room temperature. One can realize that, as
the temperature rises due to a positive dT

dt , the sample’s response
to the bond breaking and forming process of the cure reaction and
the response due to increase in oligomers’ kinetic energy (molecular
motion) are different. This output signal separation between purely
thermodynamic and kinetic-governed phenomena is the main differ-
ence between conventional (sapphire method) and modulated DSC
methods for cp determination.

To accomplish this distinction, the sample is subjected to a modu-
lated thermal program with an initial temperature T0, a heating rate
b, and a modulation factor with amplitude B and frequency ω, as
follows:

T = T0 + b.t + B.sin(ωt) (7.3)

For the present research, stochastic temperature modulations, i.e.,
well-distributed temperature perturbations within the analysed tem-
perature range with random duration, are superimposed on an un-
derlying rate of conventional DSC. This was accomplished employing
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a dynamic scanning calorimeter (DSC2 System Mettler-Toledo In-
ternational Inc, Switzerland) and the TOPEMTM software (Mettler-
Toledo International Inc, Switzerland) located in the Faculty of Poly-
mer Technology (FTPO, Slovenia). By applying discrete Laplace trans-
formations, this method is able to determine the quasi-static heat
capacity, or the thermodynamic specific heat capacity. This cp sig-
nal will be independent of any thermal event that occurs during the
DSC run. The MTDSC-TOPEM experiments were conducted with an
underlying heating rate b = 2 K.min−1, an amplitude B = ±0.5 K,
and a period ( 1

ω ) = 30-60 s under 50 mL.min−1 of nitrogen gas. The
temperature program is as follows:

i Isotherm for 5 min at 50°C.

ii Heating at 2 K.min−1 until 200°C with temperature modulation.

iii Isotherm for 5 min at 200°C.

iv Cooling at 2 K.min−1 until 50°C without temperature modulation.

v Isotherm for 5 min at 50°C.

vi Heating at 2 K.min−1 until 200°C with modulation.

The temperature program was designed to measure the sample’s
specific heat capacity as non-cured and during curing (step ii), as
well as cured (step vi). These experimental parameters were selected
according to the literature [101, 117, 118] for thermoset systems.

7.2 measurement of the thermal conductivity

The thermal conductivity of non-cured and cured liquid silicone rub-
ber was determined employing two methods suitable for each state of
cure. While the individual components A and B and the mixture (A+B)
1:1 were characterized employing the transient line-source method,
crosslinked compression moulded (160°C, 10 min) samples were eval-
uated employing a steady-state-based guarded heat flow meter. These
two methods are distinct in the sense that while transient approaches
rely on applying a short energy pulse to the sample and evaluat-
ing the transient temperature rise, steady-state techniques determine
the thermal conductivity after the sample reaches thermal equilib-
rium. However, they are comparable, as reported by Kerschbaumer et
al. [107] when investigating natural and synthetic industrial rubber
compounds.

7.2.1 Materials

Liquid silicone rubber (SiloprenTM LSR 2070, Mw = 86673 g.mol−1,
Mw/Mn = 1.6, hardness after cured = 70 Shore A), containing approx-
imately 32 wt% of an inorganic filler, was supplied as a 2-component
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(A and B) system by Momentive Performance Materials Inc. (USA).
LSR characterization in terms of molecular weight and filler content is
described in the Appendix (A.1 and A.3, respectively) of this Thesis.
SiloprenTM LSR 2070 is a standard liquid silicone rubber for injection
moulding processes and has a mixing ratio of components A:B =
1:1. Mixing of components A and B was accomplished with a dual
asymmetric centrifuge (DAC 400.2 VAC-P, Hauschild Speed Mixer,
Germany) at room temperature, under vacuum, and according to the
following step-wise procedure:

1. 800 rpm, 2 min, 800 mbar vacuum.

2. 1200 rpm, 2 min, 400 mbar vacuum.

3. 1600 rpm, 2 min, 100 mbar vacuum.

4. 1800 rpm, 4 min, 50 mbar vacuum.

7.2.2 Transient line-source technique

Determination of the non-cured samples’ thermal conductivity was
conducted according to the standard ASTM D5930-09 [119] in a K-
System II device (Advanced CAE Technology Inc., USA). This method
relies on placing a line source in close contact with the sample and
measuring the rate propagation of the heat released by the line source
radially through the sample. Since the rate of heat propagation is
related to the thermal diffusivity of the sample and the temperature
rise of the line source varies with the logarithm of time, the sample’s
thermal conductivity can be determined.

In practical terms, LSR samples (in triplicate) were placed inside
the device’s cylinder (9.3 mm diameter) and the line source (1.3 mm
diameter) was inserted into the cylinder, through the LSR sample. The
whole cylinder was then heated to the desired temperature, thermally-
stabilised (15 min), and the measurement proceeded with a predefined
amount of energy being dissipated by the immersed line source. Due
to the released heat, the temperature increment ∆T as a function of
time (t1 → t2) [107] was recorded and the slope C (K−1) was calculated:

C =
ln t2

t1

∆T
(7.4)

The thermal conductivity λ (W.m−1.K−1) was calculated according
to the Fourier’s heat transfer equation for a radial system:

λ =
κ

4π
ϕC (7.5)
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where ϕ (W.m−1) is the line source’s heat flow per unit length. The
dimensionless calibration factor κ is obtained after calibration con-
ducted against a reference material with known thermal conductivity,
as detailed in the standard [119], covering as well the finite probe
dimensions, contour effects, and other non-linearities [107]. According
to the standard ASTM D5930 [119], this method has an accuracy of
±7%.

For each selected temperature, the same procedure was adopted.
For the individual components A and B, thermal conductivity was
measured at 80°C, 100°C, 120°C, 140°C, and 160°C. However, to avoid
the curing reaction, the (A+B) 1:1 mixture was tested at 60°C, 70°C,
and 80°C.

7.2.3 Guarded heat flow meter method

This method is based on the heat flux through a sample that is placed
between a heat source and a heat sink. 2 mm compression moulded
samples (triplicate) were mounted in a thermal conductivity tester
DTC-300 (TA Instruments, USA) and tested after reaching thermal
equilibrium at 60°C, 70°C, 80°C, 90°C, 120°C, 140°C, and 160°C. By
measuring the heat flow Q̇ (W) through a specimen with thickness
d (m) and area A (m2) and the temperature difference ∆T across
the sample, the thermal conductivity λ (W.m−1.K−1) was calculated
employing the Fourier’s heat transfer equation for linear systems:

λ =
Q̇.d

A.∆T
(7.6)

According to the standard ASTM E1530 [120], this method has an
accuracy of ±5%.

7.3 determination of the specific volume

For the characterization of the specific volume, one single method was
employed, the so called piston-die or piston-based isobaric method. It
has been shown [113] that the piston-based method differs from the
confining-fluid approach by a maximum of 4%, thus the data reported
in this work can be safely compared to specific volumes determined
elsewhere.

7.3.1 Materials

For the determination of the pressure-specific volume-temperature
behaviour, the same liquid silicone rubber applied to determine the
thermal conductivity was employed. Details about the material and
the mixing conditions of the 1:1 A:B mixture are described in Section
7.2.1.
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7.3.2 Piston-based isobaric method

The specific volume dependence on temperature and pressure was
characterized in a PVT 100 dilatometer (SWO Polymertechnik GmbH,
Germany). This device employs a piston technology and is based on a
cylindrical metal cavity where the sample is placed under pressure
between two pistons tightly fitting the cylinder. The change in volume
∆v(p,T) is then calculated under specific pressure and temperature
conditions as:

∆v(p, T) =
∆l.π.r2

m
(7.7)

where l is the piston displacement length, r is the cavity’s radius,
and m is the sample’s mass. For these measurements, friction of
the sample with the cavity wall was neglected and the temperature
was varied from 50°C to 200°C (heating at 2 K.min−1) at increasing
constant pressures 5 MPa, 7.5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa,
and 30 MPa (isobaric mode). Crosslinking of the mixture occurred
during the first heating at the lowest pressure of the cycle. After
each isobaric heating, the cavity was cooled to 50°C under 5 MPa
pressure, and finally the pressure increased to the next isobaric value.
A diagram showing the experiment conditions is shown in Figure
7.1. It is important to highlight that the specific volume at 5 MPa was
measured twice: once at the first heating, during which the sample
crosslinks; and one second time after the 30 MPa step, with the sample
fully crosslinked. The specific volume data (in duplicate) were used to
fit the Tait model.
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Figure 7.1: Experimental conditions for the determination of the specific
volume under different pressures and for a range of temperatures.
The full line represents the pressure imposed to the sample and
indicates the isobaric conditions of testing (grey segments) and
the stabilization period between two consecutive isobars (green
segments, shaded areas). The temperature is pictured as dashed
lines, showing the heating (red segments) during testing and the
cooling (blue segments) during the stabilization period. For the
stabilization period prior to the 5 MPa isobaric experiments, the
pressure was dropped to 3.5 MPa to allow the sample to fill the
whole measurement cavity.
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R E S U LT S A N D C O N C L U S I O N S

Note: Part of this
work was carried out
by the author at the
Faculty of Polymer
Technology (FTPO,
Slovenia).

This Chapter is dedicated to present and discuss the main thermal
properties that are necessary to be implemented in an injection mould-
ing simulation. For the determination of the specific heat capacity, two
methodologies are discussed and compared concerning their outputs
and their thermodynamic meanings. The thermal conductivity was
determined and the physico-chemical state of the samples (uncured
and cured) were compared, along with an investigation of the indi-
vidual component’s thermal conductivity. Finally, the specific volume
is given and explored in terms of the sample’s compressibility.

8.1 specific heat capacity c p

The specific heat capacity of an 1:1 A:B mixture of liquid silicone
rubber was determined employing the modulated temperature dy-
namic scanning calorimetry approach and compared to the widely
applied sapphire method. The generated heat during the MDSC run
is shown in Figure 8.1, where exothermal events are represented by
peaks pointing upwards. As explained before, MDSC is able to decom-
pose the total heat (as measured in conventional DSC devices) into
reversible and non-reversible components. For liquid silicone rubber,
the crosslinking appears as an exothermal signal below 100°C, with
262 mJ released energy, in the total and non-reversible heat curves.
Since crosslinking is a kinetic phenomenon, it appears as released
non-reversible heat. However, no exothermal signal is present in the
reversible heat. This is the first indication that the specific heat capacity,
i.e., the amount of energy (J) necessary to increase the temperature
of 1 g of material by 1 K, does not change during the crosslinking
reaction. Stark, McHugh, and co-workers [101, 118] observed a dif-
ferent behaviour while studying the curing of an epoxy-amine resin
without reinforcing fillers. The authors observed a first increase of cp

(consequence of a change in the reversible heat, Fig. 4 in [118]) during
the curing reaction and before the onset of vitrification, which for the
epoxy-amine resin is due to a specific effect of primary and secondary
amine reactions. Subsequently, a sharp decrease of cp was observed
for these epoxy-amine systems, which can be attributed to the ab-
rupt reduction of macromolecular segmental mobility, directly related
to the specific heat capacity. [121] For liquid silicone rubber, on the
other hand, the hydrosilylation reaction and the resulting crosslinked
network do not seem to considerably influence the reversible heat.
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Figure 8.1: Modulated temperature DSC thermogram differentiating the total,
the non-reversible, and the reversible (employed to determine cp)
heat quantities for the 1:1 LSR mixture. Sample mass is 15-20 mg.

The specific heat capacity of liquid silicone rubber during crosslink-
ing was then determined based on the reversible heat for the MDSC
approach and considering the sapphire reference for the standard
ASTM E1269. For this comparison, the 1

st heating in the DSC pro-
gram is related to the uncured sample, during which the crosslinking
reaction occurs; whereas the 2

nd heating step involves the already
crosslinked sample. In Figure 8.2, the standard sapphire method (blue
lines) shows a change in the cp for the first heating, which is related to
the way this value is calculated, i.e., based on the total released heat.
Since the crosslinking reaction is exothermal, the sample heats up in a
faster pace compared to the reference pan of the DSC device, implying
in a decrease of the specific heat capacity. As the curing conversion
reaches 100%, the rate of heat release decreases and the cp raises,
returning to a stable value after the crosslinking reaction is completed.
It is important to notice that the specific heat capacity above 150°C for
the first heating returns to the trend established below 100°C (before
the reaction onset), suggesting that the cp change experienced during
curing is an artifact of the calculation method, not a consequence
of chemical or microstructural change of the liquid silicone rubber.
Indeed, it is not reasonable to suggest that the crosslinking reaction
leads a decrease and posterior increase of cp as result of any chemical
or microstructural change occurring exclusively due to connection of
adjacent poly(siloxane) macromolecules. One must consider, however,
that the cp trend as shown by the full blue line reflects the exothermal
nature of crosslinking, which is an important aspect to account for
injection moulding simulation. For the completely cured sample, the
second heating shows a linear cp that only increases with temperature.
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Figure 8.2: Comparison of the LSR’s specific heat capacity values determ-
ined employing the sapphire (blue lines) and the MDSC (red
lines) methods. The full lines represent the first heat run, while
the sample is still uncured until the crosslinking reaction starts,
whereas the dotted lines show the second heat run for the fully
crosslinked samples. The dashed lines are linear fittings (equa-
tions are in the plot) with R2

adj > 0.99. The coefficient of variation
for the measurement is 7%.

The modulated temperature DSC method results in cp values as
shown in Figure 8.2 by the red lines. As expected, cp is a linear function
of temperature for the first and second heating steps. The linear beha-
viour of cp results from the linearity of the reversible heat (red line)
over temperature in Figure 8.1. The sample during the first heating
does not experience a change in cp throughout the whole temperature
range, showing that the crosslinking reaction alone does not change
the specific heat capacity, as shown before for the sapphire method. In
the case of liquid silicone rubber samples, two are the main reasons
why the curing reaction plays an almost insignificant role in changing
the cp. The first and major reason is the presence of a high filler volume
(silica), which significantly controls segmental mobility due to interac-
tion with poly(siloxane) macromolecules and energy absorption. Since
both uncured and cured samples have the same filler content (they
are the same sample, but with distinct physico-chemical states), no
change in cp is observed. The second reason why the curing reaction
does not lead to a change in cp is the macromolecular arrangement
prior and after crosslinking. Before curing, poly(siloxane)s are already
highly entangled, since the molecular weight surpassed the critical
molecular weight for entanglements. After curing, entanglements re-
main, and crosslinking bridges are building between macromolecules
via poly(siloxane) oligomers. Even though these bridges increase sub-
stantially the molecular weight, turning the before only crosslinked
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network in a 3D network of infinite molecular weight, local segmental
mobility is still preserved. In another direction, Vera-Graziano et al.
[100] observed a decrease of cp after crosslinking poly(dimythyl silox-
ane). The authors also studied the specific heat capacity of PDMS
with similar molecular weight distribution as the one employed in
the current study (Mn = 66030 g.mol−1, Mw = 83391 g.mol−1), but
crosslinked via hydrogen abstraction with benzoyl peroxide, not via
hydrosilylation. Crosslinking via hydrogen abstraction connects adja-
cent macromolecules via a short covalent bond, hindering segmental
motion and, therefore, modifying cp. In this sense, one can understand
that as crosslinking density increases, more heat is required to reach
the same segment mobility, leading to a higher cp, as observed by the
authors [100].

Concerning the absolute values of cp, both methods reached the
values reported in the literature [122–124] for poly(siloxane)s. For
both methods, cp for the completely cured sample (2nd heating) ap-
pears as higher, but this is actually an artifact from the variable power
asymmetry of the sample and the internal DSC reference. Besides, the
methods resulted in apparently distinct cp values (MDSC values are
higher than the sapphire one). This baseline shift can be associated
to the sample contact with the DSC pan, which is different for every
measurement since liquid silicone rubber cannot perfectly sit in the
bottom of the pan and the contact is highly dependant on how the
operator places the sample inside it. From the linear fittings shown in
Figure 8.2, one can interestingly realize that the variation of cp with
temperature (slope) is the same regardless of the method: around
0.0016 J.g−1.K−1/°C. This is very close to the slope reported by Bicer-
ano [98] when proposing an equation for Cl

p(T) (capital C denotes the
molar specific heat capacity) for liquid polymers (T>Tg for rubbery
and molten polymers) based on experimental data:

Cl
p(T) ≈ Cl

p(298K).(0.613 + 0.0013T) (8.1)

For poly(dimethylsiloxane), Bicerano [98] reported
Cl

p(298K) = 117.8 J.mol−1.K−1, which considering PDMS mer’s molar
mass (74.01 g.mol−1) leads to cl

p(298K) = 1.59 J.g−1.K−1. Since this
value was obtained for pure PDMS, the effect of incorporated silica
in the LSR under study has to be taken into account when comparis-
ons are made. In this sense, since fumed silica has lower cp (around
0.9 J.g−1.K−1) than PDMS and additionally the presence of silica in
a poly(siloxane) matrix causes macromolecule immobilization, as ex-
plained in Section 1.2.4, one can expect that the silica-filled PDMS has
a lower cp than the pure polymer. Thus, one can conclude that the
values reported in Figure 8.2 are comparable to the one found and
calculated by Bicerano [98]. For reference, the specific heat capacity of
copper is around 0.3 J.g−1.K−1.
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A poly(styrene-co-butadiene) compound was also studied by both
methods for determining the specific heat capacity and the results
are presented in Figure 8.3. For the standard sapphire approach, the
thermal transitions associated to the SBR compound are clearly affect-
ing the cp values, as in the events related to melting at T < 100°C and
to the curing at T > 100°C. Since melting is an endothermal event,
heat absorption leads to an increase of cp, even though no significant
segment mobility change occurs during this thermal event. The same
applies for the curing reaction, but in the exothermal sense. Simil-
arly to LSR, the filled SBR compound under study exhibited cp(T) as
predicted by Bicerano [98] and corroborated by Liu and Zhong [125]
for solid polymers (for the authors, solid rubbers such as poly(1,4-
butadiene) are treated as solid polymers, not as rubbery as for the
liquid scenario). The slope of 0.0025 in the linear fittings agrees with
the equation proposed by the author [98]:

Cs
p(T) ≈ Cs

p(298K).(0.106 + 0.003T) (8.2)
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Figure 8.3: Comparison of the SBR compound’s specific heat capacity values
determined employing the sapphire (blue lines) and the MDSC
(red lines) methods. The full lines represent the first heat run,
while the sample is still uncured until the crosslinking reaction
starts, whereas the dotted lines show the second heat run for
the fully crosslinked samples. The dashed lines are linear fittings
(equations are in the plot) with R2

adj > 0.99.

It is interesting to note from the equations (8.1 and 8.2) proposed by
Bicerano that the slope for Cl

p(T) is lower than the slope for Cs
p(T), in-

dicating the difference in segment mobility between these two phases.
Indeed, Bicerano shows in his book [98] the change of cp around the
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glass transition temperature for an amorphous polymer as represented
by Figure 8.4. It is possible to see that cp increases slower at T>Tg

than below the glass transition. A parallel can be made between this
behaviour, the equations for solid and liquid polymers as presented
before, and the uncured/cured states of LSR and SBR as shown in
Figures 8.2 and 8.3.
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Figure 8.4: Schematic representation of cp variation with temperature around
the glass transition region. Modified from [98].

For LSR and SBR, the slope of cp(T) before and after the crosslinking
event is the same. This indicates that both states probably present
similar, if not the same, segment mobility. Indeed, our group studied
[25] the variation of Tg and free volume for a poly(dimethylsiloxane)
rubber after curing and it was found that curing does not affect neither
the free volume and, thus, nor the Tg. The same is very likely occurring
here: cp is only a function of temperature, not of the curing conversion.
Another hypothesis to explain such behaviour is the fact that both
compounds are highly filled. In this scenario, the filler properties
strongly influence the compound’s thermal properties, regardless of
the curing state.

For both materials (silica-filled LSR and filled SBR), the standard
sapphire method and the MDSC approach resulted in comparable
values for cp when the intrinsic differences among the measurements
are taken into account. Even though the MDSC method represents
what is truly happening in terms of segment motion within a certain
temperature range, without kinetic artifacts, the sapphire method
incorporates information concerning heat release/absorption as cp

change, which would have to be additionally loaded for the MDSC
approach in terms of enthalpy and the rate of heat release, which can
be assumed as the relationship presented in Equation 8.3 [126], where
α is the curing conversion. To better evaluate the impact of one or the
other approach in simulation results, these are studied in Chapter 12.

Q̇ = Qtotal

(︃
dα

dt

)︃
(8.3)
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Furthermore, it is important to note that Equations 8.1 and 8.2 can
be easily incorporated into simulation software as models for the
cp, requiring only the molar specific heat capacity at 298 K. It was
demonstrated here that for a medium molecular weight polymer (LSR)
and for a high molecular weight rubber (solid SBR) the equations are
able to characterize cp, becoming interesting for further optimization
of injection moulding simulation routines.

8.2 thermal conductivity λ

Thermal conductivity was determined for part A, part B, 1:1 A:B
mixture in the non-cured state, and 1:1 A:B mixture in the cured
state, aiming to check possible differences between these components.
Values (average) for λ are shown in Figure 8.5 for all components. It
is valuable to remind at this point that the samples 2070 component
A, 2070 component B, and the 1:1 mixture A:B uncured were tested
employing the transient line source method, since it allows the thermal
conductivity determination of liquids. Sample 1:1 mixture A:B cured,
on the other hand, had its thermal conductivity measured via guarded
heat flow meter device under steady conditions for the temperature.
The measurement temperature range for the 1:1 mixture A:B uncured
was limited to 80°C to avoid the curing reaction. For all samples, the
thermal conductivity did not considerably vary with temperature,
being statistically the same for the whole tested temperature range
and varying around the value λ = 0.2 W.m−1.K−1, which is typical
[105, 106, 127, 128] for LSRs.

The variation of polymers’ thermal conductivity with temperature
depends basically on the polymer morphology and its glass trans-
ition and melting/crystallization temperatures. Van Krevelen [129]
proposed that the thermal conductivity of amorphous polymers at
T > Tg can be estimated based on the thermal conductivity at the glass
transition temperature:

λ(T) = λ(Tg).
(︃

1.2 − 0.2.
T
Tg

)︃
(8.4)

This equation shows that the variation of thermal conductivity above
the glass transition is low, slowly decreasing with the temperature
increase. However, van Krevelen proposed this equation considering
amorphous polymers in general, being roughly an estimate about the
thermal conductivity. Zhong and co-workers [130] compared van Krev-
elen’s assumption with λ data for poly(ethylene) and poly(propylene)
and observed a flatter change of thermal conductivity with temper-
ature. For cis-1,4-poly(isoprene) (natural rubber, NR), the relation-
ship proposed in Equation 8.4 is reasonable, as demonstrated by
Eiermann and Hellwege [131]. Above 50°C, however, the authors
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Figure 8.5: Thermal conductivity variation with temperature for the indi-
vidual A and B components, as well as for the uncured and cured
mixtures. The components and the uncured mixed were analysed
via a transient method, while the cured mixture was investig-
ated employing a steady-state method. The symbols indicate the
average of 3 measurements and the shaded areas represent the
standard deviation.

reported a plateau for the thermal conductivity. Kerschbaumer and co-
workers [107] also reported a plateau for λ(T) when studying rubber
compounds based on cis-1,4-poly(isoprene) (NR), poly(styrene-co-
butadiene) (SBR), poly(acrylonitrile-co-butadiene) (NBR), hydrogen-
ated NBR, and ethylene propylene diene monomer rubber (EPDM),
all of them highly filled with either carbon black, white fillers, or a
combination of both. Based on a molecular dynamics simulation, Xu
and co-workers [132] determined λ(T) for a poly(siloxane) (relative
molecular mass = 28000 g.mol−1) and also reported a plateau between
-73°C and 226°C. The authors argue that the thermal conductivity is
the same because the phonon density of states does not change with
temperature (see Figure 8 from [132]), meaning that the temperature
does not affect the states available for the phonons to occupy. Based
on the reported findings, the results presented in Figure 8.5 for an
independence of λ with temperature are reasonable. Poly(siloxane)
macromolecules at the studied temperature range are far above their
glass transition and melting temperatures and do not experience any
thermal transition or chemical change. Thus, it is fair to assume that,
as previously reported, neither the phonon density of states (depend-
ent on the backbone atoms, silicon and oxygen) change and, thus, nor
the thermal conductivity. Furthermore, since the liquid silicone rubber
grades are highly filled with silica, it is also fair to consider that the
filler controls phonon transmission in these samples, as described
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in Chapter 6 and in accordance with what has been reported in the
aforementioned literature.

Between the individual components A and B, no significant differ-
ence was detected, indicating that these two parts have similar thermal
conductivities. The fact that part B has a higher deviation may be con-
nected to the presence of the crosslinker, which is a poly(siloxane)
oligomer with lower molecular weight when compared to the main
poly(siloxane) base polymer. The uncured mixture shows a tendency
for presenting a similar λ when compared to its single constituents.
The cured sample, on the contrary, presented a lower thermal conduct-
ivity than the uncured mixture, and an inclination to lower λ than
the individual parts. This finding is contrary to that was observed
by Cheheb and wo-workers [133], that identified a 10% increase in
the thermal conductivity for crosslinked rubber compounds when
compared to the uncured counterpart. For the present scenario, con-
sidering that the samples’ thermal conductivity is dominated by the
filler thermal properties, and that curing of LSR connects two adja-
cent macromolecules via a linkage that is oligomeric (the size of the
Si–H based crosslinker), a decrease of λ does not seem reasonable.
Thus, this apparent decrease in thermal conductivity after crosslinking
may be associated to the different measurement method employed
between the cured and the uncured samples. In order to clarify this
aspect, the averages (λ) for the whole temperature range are shown in
Table 8.1, where it is also stated the standard deviation (σ(λ)) and the
error associated to each measurement according to Kerschbaumer and
co-workers [107]. Furthermore, since the transient line source method
requires the filling of a cylinder with liquid sample to perform the
analysis of λ, any air bubbles would cause an increase of the sample’s
thermal conductivity, probably leading to the higher values observed
for the uncured samples.

Table 8.1: Thermal conductivity averages λ for the whole studied temperat-
ure range and respective standard deviations σ(λ), including the
associated measurement error.

Sample λ σ(λ) Error

2070 A 0.223 0.001 7%

2070 B 0.209 0.001 7%

A+B uncured 0.211 5.0 7%

A+B cured 0.186 0.002 5%

For simulation, the values reported in Figure 8.5 have practical
consequences in terms of how the thermal conductivity data can be
input into the routine. The first outcome is that the individual com-
ponents (either A or B) can be analysed in order to gather thermal
conductivity data for the simulation, with the advantage to cover a lar-
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ger temperature range without crosslinking. Following this outcome,
a completely cured sample could also be employed to measure the
thermal conductivity of an LSR grade to be further injection moulded,
however demanding a previous sample preparation. Lastly, if required
either by the simulation software or to save computational time, the
thermal conductivity can be reliably considered as constant within
typical liquid silicone rubber injection moulding temperatures.

8.3 specific volume or pvt behaviour

The variation of specific volume with temperature and pressure is
peculiarly important for liquid silicone rubber, due to the fact that it
experiences considerable thermal expansion during processing. [48]
For the studied LSR grade, the specific volume under various isobaric
conditions as a function of the temperature is presented in Figure 8.6,
being consistent with the scarce values reported in the literature [53].
As it was expected, for all pressures, the specific volume increases
with temperature. This expansion is driven by the vibrational motion
of poly(siloxane) macromolecules, which gain more energy as temper-
ature increases and, therefore, occupy more volume due to increased
vibration. Under isothermal conditions, though, the effect of pressure
is on decreasing the specific volume and, in this case, it is the packing
volume (empty space between the macromolecules) that is reduced.
During injection moulding, liquid silicone rubber undergoes slight
compression during injection (A-B segment in Figure 8.6) and heating
mostly due to shear related dissipation. Injection is over at point B,
when the pressure is equalized and the cavity is completely filled.
Heat transfer from the hot mould to the uncured LSR occurs, leading
to heating and thermal expansion in step B-C. Due to the fact that
filling is normally carried out subvolumetrically, LSR is further heated
under isochoric pressure to point D. The cavity conditions are held
until the part is fully cured, being ejected to point E and further cooled
down back to point A.

By combining the effect of pressure and temperature, one can realize
that thermal expansion is hindered by the pressure increase, as the
slope of the plotted lines in Figure 8.6 get flatter as pressure rises.
The slopes were determined via linear fitting and plotted over the
applied pressure in Figure 8.7. Volume change decreases almost lin-
early with the pressure, showing that vibrational mobility triggered by
temperature increase is hindered by the reduced empty space between
macromolecules.

From the data presented in Figure 8.6, the Tait model (Equation 6.5)
coefficients were determined based on a least squares method and
shown below. The coefficients b1m and b2m represent the dependence
of the specific volume at zero pressure on pressure and temperature;
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Figure 8.6: Variation of the specific volume (one measurement) as a func-
tion of pressure and temperature. The orange line represents the
second measurement at 5 MPa at which the sample is fully cross-
linked, and is on top of the light gray line representing the 5 MPa
isobar. The dotted blue line represents a hypothetical injection
moulding cycle, being the phases: A-B injection; B-C expansion;
C-D compression; D-E demoulding; and E-A: cooling.

b3m corresponds to the pressure dependency of parameter B(T), and
b4m adds the temperature correlation. [112]

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

b1m = 6.091 × 10−4 m3.kg−1

b2m = 9.025 × 10−7 m3.kg−1

b3m = 1.278 × 108 Pa

b4m = 3.367 × 10−3 K−1

(8.5)

These parameters will be further utilized as input data for the simula-
tion trials carried out in Chapter 12.

8.4 conclusions of the chapter

In this Chapter, the thermal properties necessary for injection mould-
ing simulation of liquid silicone rubber were comprehensively ex-
plored. The study of specific heat capacity, thermal conductivity, and
specific volume variation with pressure and temperature was based
on not only comparing different methodologies, but also assessing the
impact of the LSR curing state in those properties.

The specific heat capacity was successfully measured via the stand-
ardized sapphire method and employing the modulated temperature
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each tested pressure. The shaded area around the plot represents
the error connected to the linear fitting of the data in Figure 8.6.
The coefficients of determination for such linear fittings are higher
than 0.999.

approach. It was demonstrated that the specific heat capacity is de-
pendent only on the temperature, and not on the curing state of the
samples. In this sense, for simulation purposes, the modulated tem-
perature approach is able to measure the true specific heat capacity,
demanding the incorporation of information concerning the curing
enthalpy to describe the conservation of energy. On the other hand,
the sapphire method allowed to combine enthalpic information into
the specific heat capacity data, reflecting the exothermal nature of
the curing reaction. It is still necessary to check whether there is a
difference in terms of simulation output when one or the other method
is applied.

The investigation into thermal conductivity provided essential data
for both the uncured and cured states of LSR. It was observed that the
thermal conductivity remains relatively stable across the temperature
range, aligning with previous findings in the literature. This stability
simplifies the integration of thermal conductivity data into simulation
routines, allowing for the assumption of a constant value without
significant loss of accuracy. Such an assumption is advantageous in
reducing computational complexity and time, ensuring efficient and
effective simulation processes. Moreover, understanding the minor
variations between individual components and their mixtures aids in
planning the material data characterization prior to the simulations.

The analysis of specific volume converged to the behaviour re-
ported in the literature and to the expected characteristics based on
macromolecular arguments. The coefficients of the Tait model were de-
termined and accurately described the LSR thermal expansion, which
is a critical property during injection moulding, since it establishes
the most proper filling conditions to avoid processing issues, such as
flashing.
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T H E O R E T I C A L B A C K G R O U N D

Note: The content of
this chapter is
partially discussed in
the peer-reviewed
article 3 (Azevedo et
al. 2022, Polymers
14(20) pp.4404).

Silicone rubber, and most industrial rubber compounds, despite their
medium-to-high molecular weights, must be crosslinked to be em-
ployed in engineering applications. The crosslinking reaction turns
the soluble and highly viscous silicone rubber into an insoluble and
viscoelastic network, following a specific crosslinking mechanism, kin-
etics, and thermodynamics. Industrially-applied elastomers, such as
silicone rubber, are crosslinked by the use of specific chemicals (here
denoted as crosslinkers), which are triggered by temperature and
in some cases aided by a catalyst, starting the curing reaction. This
Chapter is dedicated to assess the crosslinking reaction within the
injection moulding context, addressing its possible mechanisms and
how it is characterized to be correctly defined in injection moulding
simulation routines.

9.1 crosslinking reaction in injection moulding

As explained in Chapter 1, the curing reaction is the main feature that
distinguishes reactive (rubber, poly(urethane)s, etc.) injection mould-
ing from conventional thermoplastics injection moulding. However,
both share one aspect: the solidification phase is the longest step
within the injection moulding cycle. For thermoplastics IM, the time
taken to solidify the molten polymer until it is mechanically stable
to be demoulded is mainly governed by the mould temperature: the
colder the mold, the faster the polymer solidifies. For semi-crystalline
polymers, the speed of cooling dictates the crystallinity and, therefore,
the part’s properties. Similarly for LSR, the time necessary to crosslink
the A:B mixture is governed by the mould’s temperature: the hotter
the mould, the faster the curing proceeds. The curing speed, in this
sense, is more critical for sulphur-based crosslinking systems (not
employed for LSR, but for unsaturated hydrocarbonic rubbers, as the
poly(styrene-co-butadiene) studied in Part iii), since these create sul-
phur bridges with a length distribution that is sensitive to temperature.
However, for liquid silicone rubber and poly(siloxane)s in general, the
effect of mould temperature is mainly connected to the curing speed,
and not to the network’s morphology. This is due to the fact that, as it
is detailed further in this chapter, the crosslink points are generally
either a C–C covalent bond, or composed of a telechelic oligomeric
crosslinker.

In this context, to control the injection moulding cycle, one has to
precisely understand the kinetics of crosslinking, since these rules

87
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govern the curing reaction and, therefore, most of the cycle time.
Therefore, setting the most appropriate curing time not only leads
to injected parts with optimum properties, but also saves energy by
taking just the necessary amount of time to fully solidify the part to
be demoulded, having additionally and economical advantage. For
rubber materials, the crosslinking reaction and its duration set the
part properties, being a crucial step in the injection moulding cycle.

Similarly to the the flow behaviour described in Chapters 3 and 5

and the thermal properties presented in Chapters 6 and 7, the cur-
ing aspects are also implemented in injection moulding simulation
routines with the aim to cover the solidification process. Since cross-
linking is a chemical process that influences both the flow behaviour
and the thermal properties, its peculiarities have to be considered
in all aspects of material data determination for simulation. Taking
into account the constitutive equations [134] that govern the injection
moulding process and are used to simulate it, the curing aspects are
highlighted (in bold) as follows.

For the mass conservation equation represented by Equation 9.1,
the curing reaction is connected to the density ρ, since crosslinking
connects adjacent macromolecules, modifying their occupied volume.

∂

∂t
ρ +∇ · (ρ−→v ) = 0 (9.1)

For the momentum conservation equation represented by Equation
9.2, crosslinking not only affects the density ρ, but mainly the viscosity
η due to the increase in molecular weight and higher resistance to
flow for the same shear profile.

ρ
∂

∂t
−→v = ρ−→g −∇p + 2∇.η

−→
D − ρ−→v .∇−→v (9.2)

Finally, for the energy conservation equation stated in Equation 9.3,
curing can modify the thermal properties cp and λ, affect the flow
behaviour η, and it is responsible for the term Q̇. The energy term Q̇
corresponds to a heat source and it is connected to the exothermal
curing enthalpy. In these equations, t is time, −→v is velocity vector, −→g is
the total body force per unit mass, p is pressure,

−→
D is the deformation

tensor, T is temperature, β is coefficient of volume expansion, and γ̇

is shear rate.

ρcp(
∂T
∂t

+−→v .∇T) = βT(
∂p
∂t

+−→v .∇p) + ηγ̇2 + λ∇2T + Q̇ (9.3)

It becomes then evident that the curing reaction is a key aspect for
rubber injection moulding and its virtual analogous, as phase trans-
ition for semi-crystalline polymers is crucial in thermoplastics injection
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moulding. For these reasons, this Chapter is dedicated to detail the
curing behaviour of poly(siloxane)s in terms of its mechanisms and
approaches to characterization.

9.2 curing mechanisms of poly(siloxane)s

Depending on the polymer chemistry, poly(siloxane) macromolecules
can be crosslinked via different routes. In this Chapter, two of these
routes will be detailed: the radical-based peroxide curing and the
catalyst-assisted hydrosilylation crosslinking (addition of Si–H to C=C).
The mechanisms and the main features of these routes are given,
aiming to support mainly the findings of Chapter 10, but also to serve
as basis for whenever the curing of poly(siloxane) is stressed in this
work.

9.2.1 Peroxide-based crosslinking

Crosslinks formation between two adjacent silicone macromolecules,
as in poly(dimethyl siloxane) (PDMS), when aided by an organic
peroxide, is based on the generation of radicals by the peroxide de-
composition reaction. The interaction between peroxide radicals and
PDMS macromolecules can occur via hydrogen abstraction from a
methyl and/or vinyl groups or via addition to the double bond on
the vinyl group, if this is present along the chain. If the energies of
the resulting radicals are compared and considering that hydrogen ab-
straction is more favourable if the radical energy is lowered, hydrogen
abstraction from the vinyl group is unfavourable, due to the similar
energy of alkoxy and vinylic radicals [135].

When dicumylperoxide is concerned, the main chemical reactions
involved during PDMS crosslinking via hydrogen abstraction from
methyl side groups are:

i C18H22O2
∆−→ 2C9H11O·

ii C9H11O· −→ C8H8O + CH3·

iii C9H11O ·+ [Si–O–Si(CH3)]n −→ C9H11OH + [Si–O–Si(CH2·)]n

iv CH3 ·+ [Si–O–Si(CH3)]n −→ CH4 + [Si–O–Si(CH2·)]n

v 2[Si–O–Si(CH2·)]n −→ [Si–O–Si(CH2)–(CH2)Si–O–Si]n

vi C9H11OH −→ C9H10 + H2O

Radical generation is accomplished at reactions i and ii via thermal
decomposition of dicumylperoxide and beta scission of the cumyloxy
radical, generated in the reaction i, respectively. There are two radicals
responsible for silicone crosslinking: the cumyloxy and the methyl
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radicals, which are able to abstract a proton from the methyl side group
of PDMS (reactions iii and iv), creating two macromolecular radicals.
It was shown by Baquey et al. [136] that the main responsible for
PDMS proton abstraction is the radical directly formed after peroxide
decomposition, which in the present case is the cumyloxy. However,
the methyl radical is also considered in this study as able to abstract
protons from the silicone polymer chain. Finally, the macromolecular
radicals, when adjacent to each other, can react with one another,
creating a covalent bond between the carbon atoms from the methyl
side groups (reaction v).

For the case where double bond addition occurs, the cumyloxy
(denoted as R) and the methyl (denoted as R’) radicals can add to
the less-substituted secondary carbon (due to its higher stability as
intermediate radical) of the vinyl group, as shown in reactions vii and
viii, leading to the formation of macromolecular radicals. Similar to
what occurs in the hydrogen abstraction case, adjacent macromolecu-
lar radicals are able to react with each other by recombination, creating
a crosslink point (reaction ix), or the macromolecular radical can con-
tinue adding to another adjacent vinyl group. It is worth mentioning
that additional reactions result in products with fragments from the
peroxide initiator, i.e., the fragment R or R’ is attached to the polymer
chain.

vii R·+[Si–O–Si(H2C=CH)]n −→ C9H12O+[Si–O–Si(H2CR–CH·)]n

viii R′·+[Si–O–Si(H2C=CH)]n −→ C9H12O+[Si–O–Si(H2CR′–CH·)]n

ix 2[Si–O–Si(H2CR–CH·)]n −→ [SiOSi(H2CRCH)–(CHRCH2)SiOSi]n

When vinyl moieties are present in the PDMS backbone, hydrogen
abstraction and vinyl addition happen simultaneously, even though,
considering alkoxy (from dicumylperoxide) and methyl radicals (both
105 kcal.mol−1), the formation of secondary R2CH· radicals is more
favourable than primary RCH2· radicals (97 against 100 kcal.mol−1,
respectively) [135], due to the alkyl substitution stability effect. How-
ever, vinyl addition extension is limited to the vinyl concentration on
the PDMS chain, while hydrogen abstraction has virtually no concen-
tration limitation in terms of methyl presence; it is only limited due to
steric hindrance and/or thermodynamical reasons.

Concurrently to dicumylperoxide-mediated crosslink formation in
PDMS, by-products are formed due to hydrogen abstraction or decom-
position of radicals. In reaction iii, cumyl alcohol C9H11OH is formed
after hydrogen abstraction by the cumyloxy radical, and further de-
hydrated and converted into α-methylstyrene (reaction vi). In reaction
ii, acetophenone C8H8O is the by-product of cumyloxy beta scission.
All these by-products do not contribute to the network formation,
but are treated and understood as low molecular weight and volatile
compounds that may migrate, causing mainly the very characteristic
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odour of peroxide-crosslinked silicone products. Cumene may also be
formed after reduction of α-methylstyrene. [137]

The crosslinking kinetic model employed in this Thesis accounts for
the overall crosslink formation. This model is not able to differentiate
between abstraction or addition reactions due to its phenomenolo-
gical approach [138], but clarifies the rate of crosslink formation. A
complete description of the complex set of reactions that underline
peroxide crosslinking of PDMS can be performed considering mechan-
istic approaches, like population balance equations, which is not the
main focus of the present study, where a phenomenological kinetic
model was proven to be sufficient.

9.2.2 Platinum-catalysed curing

Differently from the peroxide-based curing of high consistency sil-
icone rubbers, the curing of liquid silicone rubber is mostly carried
out employing an organic metal complex that aids the addition of the
crosslinker molecules (Si–H) to the poly(siloxane) oligomers (vinyl
end blocked). What these two curing mechanism have is common is
the dependence on temperature to occur within reasonable industrial
processing conditions, for example, acceptable cycle time for injection
moulding. Curing of LSR is based on the hydrosilylation reaction,
which is the β-addition of Si–H to olefines and alkynes, for example.
[139] This reaction is catalyzed by homogeneous noble metal catalysts,
such as the organometallic compounds based on rhodium, iridium,
and ruthenium, but the majority of reaction carried out in industrial
scale for silicone applications employ a platinum-based organic com-
plex. [140, 141] The mechanism behind this addition is depicted in
Figure 9.1 and is referred as the Chalk-Harrod mechanism. [142]

The hydrosilylation according to this mechanism is based on 3 steps
according to Lukin et al. [143]:

i Oxidative addition of Si–H (crosslinker) bonds to the platinum
atom of the catalyst

ii Migratory insertion of the coordinated alkene (vinyl terminated
poly(siloxane) oligomer) to the Pt–H bond

iii Reductive elimination with the formation of Si–C bonds

The literature [141, 144] reports an alternative to this mechanism, the
modified Chalk-Harrod mechanism, which consists of step i, but argues
that the alkene is inserted into the Pt–Si bond (instead of the Pt–H one),
and that finally the last step is C–H reductive elimination (not Si–C
elimination). Regardless of which mechanism is the predominant, this
reaction has no elimination of other compounds other than the one
containing the Si–C bond. This facts leads to high atomic efficiency and,
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Figure 9.1: Chalk-Harrod mechanism of hydrosilylation reaction. The red
elements represent the LSR oligomers (vinyl terminated), while
the blue elements illustrate the Si–H-based crosslinker. (adapted
from [143].

)

for processing purposes, it has the advantage of very low shrinkage,
since no by-products are synthesized during curing.

For silicone chemistry, the most employed Pt-based catalyst is the
Karstedt’s catalyst [145], shown in Figure 9.2. This catalyst is based on
Pt0 and 1,3-divinyl-1,1,3,3-tetramethyldisiloxane (dvtms) ligands, with
the general formula [Ptx(dvtms)y]. The dominating species however
is the [Pt2(dvtms)3] complex [143], as depicted in Figure 9.2. During
curing, the catalyst is able to coordinate to the poly(siloxane) vinyl
moieties, easing the addition of Si–H bond.

Si Si
Si

Si

Si

Si

O
O OPtPt

Figure 9.2: Karstedt’s catalyst (adapted from [141]).

Aiming to control the catalytic activity and the hydrosilylation reac-
tion to obtain safer processes and longer shelf life, inhibitors are added
to the LSR formulation. These compounds interact with and block the
Karstedt’s catalyst, forming inert complexes of platinum (0) (Pt0), until
the curing onset temperature is reached, triggering the β-addition
following the Chalk-Harrod mechanism. Several chemicals can be
used to serve such purpose, e.g., esters, alcohols, ketones, sulfoxides,
phosphines, phosphites, nitrogen containing derivatives, hydroper-
oxides, and acetylenic derivatives. [146] Along with β-alkynols [147],
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maleates and fumarates are widely employed as inhibitors for LSR.
Their mechanism involves the complexation of Pt to the maleate/fu-
marate double bond, stabilizing the complex and inhibiting curing.
[148]

9.3 curing kinetics determination

Since the chemical reactions presented in the previous sections occur
during injection moulding of solid and liquid silicone rubbers, the as-
sociated kinetics has to be accurately determined to be implemented in
processing simulation. In order to be able to follow the curing reaction,
a measurable property derived from the crosslinking process has to
be detected, in a sense that the chemical reaction is detected indirectly.
Due to the fact that chemical reactions involve scission and creation of
new bonds, spectroscopy techniques are widely employed [149–153] to
study the curing kinetics of polymers, including silicones. Zhai and co-
workers [151] employed Fourier transform near infrared spectroscopy
(FT-NIR) and attenuated total reflectance Fourier spectroscopy (ATR-
FTIR) to follow the amount of Si–H content in poly(siloxane) oils. For
this study, the authors followed mainly the Si–H stretching vibration
ranging from 2302 to 2040 cm−1 in ATR-FTIR, with high coefficient of
determination for cross-validation and coefficient of determination for
external validation. This study would easily allow the determination
of curing conversion α(t) as proportional to the consumption of Si–H
bonds:

α(t) = 1 −
∫︁

I(t)∫︁
I(ti)

(9.4)

where
∫︁

I(t) is the area of the peak associated to the IR absorption
of the monitored chemical bond at time t, and

∫︁
I(ti) is the initial

area. For curing kinetics studies employing spectroscopic techniques,
it is important to consider the normalization of the studied peak
employing a signal that does not change with the curing reaction, i.e.,
related to a bond that is not broken. Besides, using the area of the
peak is the most reliable way to calculate α, however the use of the
intensity (height) is also common.

Even though the chemical information is directly detected from the
infrared spectra, information concerning the exothermal nature of the
hydrosilylation would not be determined, as required for the term Q̇
in Equation 9.3. Besides, spectrometers (specially in the near range of
infrared or nuclear magnetic resonance ones) are not widely spread
in the industry or technological centers, being almost exclusively em-
ployed to conduct research and development in terms of, for example,
polymer modification.

By far, calorimetric and rheological methods are the most utilized
approaches when the curing kinetics of polymers has to be determined.
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When compared to spectroscopic methods, these ones detect the curing
indirectly, i.e., they measure a signal that is created due to the chemical
reaction. Calorimetry-based methods rely on the use of differential
scanning calorimetry (DSC) to measure the heat released by the curing
reaction. One can easily understand why the measurement of heat
is proportional to the curing conversion α when the definition of
enthalpy at constant pressure is introduced for a chemical reaction
with reactants (vinyl-terminated and Si–H bearing poly(siloxane)s)
and a product (crosslinked network):

∆H = Hproducts − Hreactants = ∆U + P∆V = qp (9.5)

Due to the fact that bonds are being created (crosslink points) during
curing, ∆H is negative and the reaction releases energy as heat (qp).
The heat that is released is detected during DSC runs when an LSR
sample (part A:part B mixture) is heated to at least the hydrosilylation
onset temperature. On this bases, the conversion α(t) is calculated
based on the area of the exothermal peak that appears in the DSC
thermogram:

α(t) =

∫︁ t
ti

qdt∫︁ t f
ti

qdt
(9.6)

where
∫︁ t

ti
qdt is the area of the peak at time t and

∫︁ t f
ti

qdt is the total
peak area. The heat can be measured under either isothermal or
dynamic (non-isothermal) conditions. A practical limitation of the iso-
thermal method is the fast curing of LSR, that normally occurs while
placing the sample inside the DSC oven. One strategy to overcome this
problem is to introduce the sample at room temperature, start data
collection, and then heat the oven to the isothermal temperature. How-
ever, one must then account for this heating step when conduction
kinetic calculations. The main advantage of the calorimetric method is
that the curing enthalpy is measured concomitantly to the curing kinet-
ics, however no information about flowability is obtained. Flowability
in this sense refers to the ability to move the liquid silicone rubber
after it starts to crosslink, normally associated in practical terms to the
process safety, i.e., the time required to fill the mould during injection
moulding without pre-curing (or Scorch). To study the dependence of
resistance to flow to the curing conversion, rheology-based techniques
have to be employed.

While the calorimetry-based approach detects the heat released due
to curing, rheology-based ones rely on measuring the resistance to
flow derived from the molecular weight increase that results from
crosslinking adjacent poly(siloxane) macromolecules. As the molecules
are connected, the ability to slide over each other when shear stress is
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imposed is limited, leading to an increase in viscosity. Furthermore,
in the perspective of viscoelastic properties, crosslinking leads to an
increase of the elastic contribution, normally determined as G’ under
shear, which is derived from the raw torque measurements from the
rheometer. Thus, to determine the curing conversion α(t) under this
scenario:

α(t) =
G(t)− G(ti)

G(t → t f )− G(ti)
(9.7)

where G(t) is the shear modulus at a certain time t during curing,
G(ti) is the initial shear modulus (before curing onset), and G(t → t f )

is the final shear modulus (after curing is completed or α = 1). The
correction to account for the initial shear modulus is employed to
effectively account for the shear modulus increase. Similarly to the
calorimetric approach, the rheological method can be conducted un-
der isothermal conditions or by employing a defined heating rate.
Concerning the shear, the usual procedure is to apply an oscillat-
ing shear to the sample to follow G’ or the transmitted torque M,
which is the measurable signal from the rheometer. The advantage of
rheology-based techniques to characterize curing kinetics is the exist-
ence of industry-oriented rheometers, as the rubber process analyser
(RPA), which is able to impose a defined shear to a sample inside a
temperature-controlled chamber. On the other hand, the information
concerning Q̇ cannot be obtained.
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E X P E R I M E N TA L D E S C R I P T I O N

Note: The content of
this chapter is
partially discussed in
the peer-reviewed
article 3 (Azevedo et
al. 2022, Polymers
14(20) pp.4404).

This Chapter describes the materials and the methods employed to
study the crosslinking kinetics of silicones. Curing kinetics studies
were conducted first with a high consistency silicone rubber aiming
to gather knowledge about the most proper approaches to investigate
crosslinking kinetics. Next, liquid silicone rubber was studied applying
all know-how built in the preliminary phase with high consistency
silicone. The main objective of this part is to study two approaches that
are currently employed to characterize the curing kinetics of rubbers
aiming injection moulding simulation: calorimetry and rheology.

10.1 preliminary investigations with high consistency

silicone

Since most rubber testing standards and methodologies are designed
for solid rubber (high molecular weight), these were initially investig-
ated with a high consistency silicone grade. All materials, equipment,
methodologies, and mathematical formalism are detailed next.

10.1.1 Materials

High consistency poly(dimethyl siloxane), or solid PDMS (Xiameter™
RBB-2100-50, Mw = 660 kg.mol−1, Mw/Mn = 1.8), containing approx-
imately 26 wt% (moderate to high content) of an inorganic filler and
no significant concentration of vinyl side groups (as confirmed by
1H-NMR studies) was supplied by Dow Inc. (USA). The PDMS char-
acterization in terms of molecular weight, vinyl, and filler contents
is described in the Appendix (A.1, A.2, and A.3, respectively). Dic-
umylperoxide (DCP) 99.9% (Peroxan DC) was supplied by Pergan
GmbH (Germany), with active oxygen content of 5.91 wt%. Both com-
ponents were thoroughly mixed in a 2-roll-mill varying the peroxide
concentration: 0, 0.21, 0.35, 0.49, 0.70, 1.00, and 1.50 phr (parts per
hundred rubber) of DCP. These concentrations represent fractions of
the suggested peroxide concentration (0.70 phr) by the silicone sup-
plier, i.e., 0, 30, 50, 75, 100, 140, and 215%, respectively. The samples
up to 0.70 phr were prepared at the same time, employing the same
PDMS and DCP batches, while the samples with higher dicumylperox-
ide concentrations were produced aftwerwards. Differences between
these two groups may arise due to batch variations, such as molecular
weight distribution, or Mw. These variations are assigned whenever
they are present, but these do not compromise the comparability
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between the studied samples. All silicone compounds were stored at
low temperatures (5°C) prior to testing, in order to avoid pre-curing.

10.1.2 Isothermal rotational rheometry

Rubber process analyser (D-RPA 3000 Montech Werkstoffprüfmaschinen
GmbH, Germany) equipment, or moving die rheometer (MDR), was
employed as a rotational oscillatory rheometer to characterize the
curing behaviour of the PDMS/DCP compounds at different tem-
peratures: 140°C, 150°C, 160°C, 170°C, and 180°C for 1 h. The rota-
tional deformation was set to 0.5° at a constant frequency of 1.667 Hz,
according to the standard the ISO 6502-1 [154]. Processing-related
parameters were calculated from the torque vs. time curves: minimum
torque (ML), maximum torque (MH, as the torque value at t = 1 h,
since no reversion or marching modulus was observed), scorch time
(ts1), and optimum cure time (t90). The scorch time was defined as
the time correspondent to increase ML by 1 dN.m (torque unit), and
the optimum cure time as the time correspondent to 90% of MH. All
experiments were performed in triplicate for each sample (7 dicumylp-
eroxide concentrations and 5 temperatures).

To describe the effect of temperature and dicumylperoxide concen-
tration on the optimum cure time, fitting of the data was performed
using the Levenberg–Marquardt algorithm [155] or damped leastm
squares method. A general equation to define t90 was proposed, into
which the experimental data was fitted:

t90 = A0exp
(︃

Ea

RT

)︃
(DCP)β (10.1)

In Equation 10.1, the optimum cure time is described as a function
of two factors. To the temperature was assigned an Arrhenius relation,
since time and temperature were under study. The influence of dic-
umylperoxide concentration, on the other hand, was described by a
power law with order β.

For the crosslinking kinetics study, only the data related to the
curing temperature of 160°C was used, since this is the common and
the manufacturer-advised curing temperature for the silicone rubber
under investigation. However, the usual modus operandi is to fit the
data related to several thermal programs, those being either different
temperatures or different heating rates. Three ASTM standards cur-
rently describe how to estimate kinetic parameters utilizing thermal
analysis: ASTM E2041-13 (Standard test method for estimating kinetic
parameters by differential scanning calorimeter using the Borchardt
and Daniels method) [156], ASTM E698-18 (Standard test method for
kinetic parameters for thermally unstable materials using differential
scanning calorimetry and the Flynn/Wall/Ozawa Method) [157], and
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ASTM E2781-11 (Standard practice for evaluation of methods for de-
termination of kinetic parameters by thermal analysis) [158]. Along
with these standards, the publications by Vyazovkin and co-workers
[159–163] give important information related to determining the kinet-
ics of several phenomena, such as crystallization, glass transition, and
crosslinking.

For this approach, the crosslink conversion rate dα/dt was calculated
considering the difference between the torque before and after the
curing reaction and the actual torque at a certain time t. Specifically
for RPA, the torque before curing is defined as the minimum torque
(ML) and the torque after curing as the maximum torque (MH), being
their difference expressed as ∆M = MH − ML. Using Equation 10.2,
the conversion rate at a given point in time can be calculated based on
the following mathematical relation:

dα

dt
=

1
∆M

d(M − ML)
dt

(10.2)

10.1.3 Determination of the activation energy

Considering that crosslink formation is a temperature-induced process,
the conversion rate can be represented as a function of temperature
k(T), and as a function of the appropriate kinetic model f (α), as
reviewed by Vyazovkin [160]:

dα

dt
= k(T) f (α) (10.3)

It is well-known and reported that k(T) is an Arrhenius-like rate
constant, i.e., it is a correlation between temperature T (K), a pre-
exponential factor A (time−1), an activation energy E (J.mol−1), and
the molar gas constant R (8.3145 J.mol−1.K−1) as follows:

k(T) = A.exp
(︃

E
R.T

)︃
(10.4)

Substituting Equation 10.4 into Equation 10.3, and taking the logar-
ithm followed by differentiation against 1

T gives rise to the equation
that defines the isoconversional principle: considering two samples, if
the curing rates dα/dt are the same and the conversions α are equal,
then the curing rate is only a function of temperature. The isoconver-
sional principal equation is then written as:

[︄
∂ ln( dα

dt )

∂T−1

]︄
α

=

[︃
∂ ln(A)

∂T−1

]︃
α

+

[︃
∂ ln( f (α))

∂T−1

]︃
α

−
[︃

E
R

]︃
α

(10.5)
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Analysing Equation 10.5 enables one to make the following conclu-
sions: the term

[︂
∂ln(A)
∂T−1

]︂
α

is zero, since differentiating a constant results

zero; and
[︂

∂ln( f (α))
∂T−1

]︂
α

also equals zero, since the kinetic model f (α) is
only a function of the conversion. Finally, one can conclude that the
activation energy for a certain conversion value α (now referred as Eα)
does not depend on the chosen kinetic model, i.e., it is model-free:

Eα = −R

[︄
∂ ln( dα

dt )

∂T−1

]︄
α

(10.6)

The assumption that the kinetic model does not change with tem-
perature is reasonable, since the temperature range related to a given
conversion is so narrow that no change would be detected. [160] Ob-
taining the values for activation energy in terms of conversion without
taking the kinetic model into consideration is very convenient and
already gives light to important details about the crosslinking mech-
anism. Thus, this principle was employed to study the crosslinking
kinetics here.

There are many different approaches that apply the isoconversional
principle to determine the activation energy of thermally-induced
processes. Vyazovkin et al. [159] and Zhang [164] give a broad overview
about these methods, which include the integral isoconversional ones
used in this research. The principle for isothermal experiments (as the
ones described in Section 10.1.2) is represented by Equation 10.7

ln(tα,i) = ln[ f (α)Aα]−
Eα

R.Tα,i
(10.7)

while the integral isoconversional approach for the case when a con-
stant heating rate β program is employed can be formulated as the
Kissinger-Akahira-Sunose [165] equation with Starink [166] improve-
ment:

ln

(︄
βi

T1.92
α,i

)︄
= Const − 1.0008.

(︃
Eα

RTα

)︃
(10.8)

The subscripts α, i indicate a given conversion α and a given thermal
program i (temperature for isothermal experiments or heating rate
for dynamic experiments). [161] It is possible to notice after careful
analysis that Equations 10.7 and 10.8 can be written in the linear form
y = ax + b, assuming 1/Tα as x. Thus, the activation energy Eα can be
determined for each conversion value (represented by tα,i or Tα,i) by
plotting the left-hand side of the respective Equations over 1/T. This
strategy was used in the present research to determine an initial guess
for the activation energy, to be implemented in the subsequent fitting
procedure.
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10.1.4 Fitting of curing rates dα/dt

Regarding the kinetic model function f (α), it is widely accepted [160,
167–169] that the crosslinking reaction of silicone rubbers follows the
autocatalytic model, first proposed by Šesták-Berggren [170] in the
form of Equation 10.9, and further modified by Kamal [171] to include
the temperature dependence, as seen in Equation 10.10:

f (α) = αm(1 − α)n (10.9)

dα

dt
= (k1 + k2.αm)(1 − α)n (10.10)

where m and n are the reaction orders and k1 and k2 are the Arrhenius
rate constants, as previously defined in Equation 10.4. For the present
study, a third version of the autocatalytic model was assumed, where
k1 and k2 are taken as constants with activation energies Eα,1 and Eα,2,
in a way that the final kinetic model equation can be written, after
proper substitution using Equations 10.4 and 10.10, as:

dα

dt
=

[︃
A1.exp

(︃
−Eα,1

R.T

)︃
+ A2.exp

(︃
−Eα,2

R.T

)︃
αm
]︃

.(1 − α)n (10.11)

The subscript 1 denotes the nth order contribution to the crosslinking
model, while the subscript 2 denotes the auto-catalytic contribution.
Similarly, n is the reaction order for the nth model, and m is the reaction
order for the auto-catalytic part.

Fitting of the dα/dt data according to the Kamal model was per-
formed for conversion values from 0.05 to 0.95. Initially, it was assumed
[167] that Eα,1 = Eα,2 = Eα as calculated applying the isoconversional
approach. This Eα value was then implemented as the activation en-
ergy at the preliminary fitting routine and the parameters A1, A2,
m, and n were determined employing the Levenberg–Marquardt al-
gorithm [155] or damped least squares method. After the first pre-
liminary fitting, the previously calculated parameters were employed
as initial guesses for the final calculations of the kinetic parameters
A1, A2, m, n, Eα,1, and Eα,2. All fitting procedures were performed
utilizing Python coding language (Python 3.8, PyCharm Community
Edition 2021.2.2, Jet Brains, Prague, Czechia) and the code is provided
in the Appendix A.9. The code was built with the aid of the chatbot
and virtual assistant ChatGPT (OpenAI, USA) version GPT-3.5.

10.2 liquid silicone rubber investigation

For the curing kinetics investigation of liquid silicone rubber, method-
ologies based on the preliminary investigation were employed. Here,
the rubber process analyser (RPA, rheology-based) and the dynamic
scanning calorimetry (DSC, calorimetry-based) approaches were ap-
plied and will be further compared in the next Chapter.
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10.2.1 Materials

Liquid silicone rubber (SiloprenTM LSR 2070, Mw = 86673 g.mol−1,
Mw/Mn = 1.603, hardness after cured = 70 Shore A), containing ap-
proximately 32 wt% (high content) of an inorganic filler, was supplied
as a 2-component (A and B) system by Momentive Performance Mater-
ials Inc. (USA). LSR characterization in terms of molecular weight and
filler content is described in the Appendix (A.1 and A.3, respectively)
of this thesis. SiloprenTM LSR 2070 is a standard liquid silicone rubber
for injection moulding processes and has a mixing ratio of components
A:B = 1:1. Mixing of components A and B was accomplished with
a dual asymmetric centrifuge (DAC 400.2 VAC-P, Hauschild Speed
Mixer, Germany) at room temperature, under vacuum, and according
to the following step-wise procedure:

1. 800 rpm, 2 min, 800 mbar vacuum

2. 1200 rpm, 2 min, 400 mbar vacuum

3. 1600 rpm, 2 min, 100 mbar vacuum

4. 1800 rpm, 4 min, 50 mbar vacuum

10.2.2 Non-isothermal rotational rheometry

Rubber process analyser (D-RPA 3000 Montech Werkstoffprüfmaschinen
GmbH, Germany) equipment, or moving die rheometer (MDR), was
employed as a rotational oscillaroy rheometer to characterize the cur-
ing behaviour of LSR under various curing conditions. For this set of
experiments, in triplicate, three heating rates (β = 2, 5, and 10 K.min−1),
and three shear conditions (0.4383, 4.383, and 13.1476 s−1) were em-
ployed. The shear conditions were realized by changing the shear
frequencies (1, 10, and 30 Hz) and keeping the shear strain amplitude
(0.5°). The shear amplitude (0.5°) is within the non-linear viscoelastic
range, i.e., as explained in Chapter 5, it is expected that G” is higher
than G’. Thus, the gel point was defined [167] as the time or temper-
ature at which G’ = G”. This means that, above this point, the LSR
behaves predominantly as an elastic solid (G’ > G”).

The conversion rate was determined as stated in Equation 10.2. The
activation energy was calculated following the integral isoconversional
method for non-isothermal experiments depicted in Equation 10.8.
Fitting of dα/dt followed the method described in Section 10.1.4.

10.2.3 Dynamic scanning calorimetry

The curing kinetics of LSR was studied employing a dynamic scan-
ning calorimeter (DSC1 STAR System Mettler-Toledo International Inc,
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Switzerland). Approximately 10-20 mg of A+B 1:1 mixture (triplicate)
were placed into aluminium crucibles aiming maximum possible con-
tact with the crucible’s bottom. Next, the samples were submitted to
the following thermal program, under 50 mL.min−1 of nitrogen as
purge gas, in random order to avoid any unmeasured, and uncon-
trolled, disturbances from the laboratory environment and from the
device:

i Isotherm for 3 min at 50°C

ii Heating at 2/5/10 K.min−1 until 150°C

iii Isotherm for 5 min at 150°C

iv Cooling at 20 K.min−1 until 50°C

v Isotherm for 3 min at 50°C

vi Heating at 2/5/10 K.min−1 until 150°C

The crucible’s mass was measured before and after the thermal pro-
gram and any sample that underwent mass loss higher than 0.5% was
repeated. As advised by Heinze and Echtermeyer [172], crosslinking
enthalpy (Hx) was calculated (mean value) as follows, where β = 2, 5,
or 10 K.min−1.

Hx =
1
β

∫︂ Tendset

Tonset

Q̇ dT (10.12)

The curing conversion α for this calorimetry approach was calcu-
lated as the released heat ratio Q̇ according to Equation 10.13. The
curing speed, or crosslink conversion rate dα/dt, was calculated em-
ploying the differentiate function from Origin 9.0G software (Ori-
ginLab, USA), i.e., the derivative at a given point was computed by
taking the average of the slopes between the point and its two closest
neighbors.

α(t) =
∫︂ t

tonset

Q̇ dt
(︃∫︂ tendset

tonset

Q̇ dt
)︃−1

(10.13)

The activation energy for this calorimetry-based approach was also
calculated following the integral isoconversional method for non-
isothermal experiments depicted in Equation 10.8. Fitting of dα/dt
followed the method described in Section 10.1.4.
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R E S U LT S A N D C O N C L U S I O N S

Note: The content of
this chapter is
partially discussed in
the peer-reviewed
article 3 (Azevedo et
al. 2022, Polymers
14(20) pp.4404).

This Chapter is divided into two major sections with correspond-
ent subsections. The first comprehends the preliminary crosslinking
study of high consistency silicone (solid poly(siloxane)), including a
discussion about curing kinetics and its association with processing
conditions, proposing a mathematical relation for the optimum cure
time based on the experimental data. Besides, this section covers the
crosslinking kinetics considerations and presents the kinetic paramet-
ers, along with the reasoning behind their trend as the dicumylp-
eroxide concentration increases. Finally, it presents thermodynamic
considerations regarding the dicumylperoxide-based crosslinking of
silicone rubber. The second section is dedicated to report the curing
kinetics study for liquid silicone rubber, aiming to identify primarily
the difference between the calorimetric and the rheological approaches.
Furthermore, it studies the influence of shear in the crosslinking kinet-
ics parameters employing the rheological approach.

11.1 curing kinetics of high consistency silicone

The crosslinking study of high consistency silicone was analysed only
via the rheological approach employing the rubber process analyser.
For this section, the influence of dicumylperoxide concentration was
investigated, aiming to build a comprehensive analysis of the curing
kinetics to be applied further in the liquid silicone rubber study.

11.1.1 Curing characteristics

Figure 11.1 displays the curing curves for the PDMS/DCP systems
for different dicumylperoxide concentrations and at different curing
temperatures. Curing curves are usually analysed in rubber industry
and research to identify the crosslinking profile in terms of minimum
detected torque, induction time, velocity, curing time, and maximum
detected torque. A torque increase is present for all samples with dic-
umylperoxide, regardless of the concentration, due to the formation
of a denser polymer network, promoted by crosslinking. Connecting
adjacent PDMS macromolecules forms a stiffer and more elastic net-
work, which imposes a higher torque to the device, in order to keep
the set deformation.
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Figure 11.1: Rotational rheometry (RPA, 0.5° deformation at 1.667 Hz) curves
for silicone rubber compounds with varied dicumylperoxide
concentrations (b-g) at different crosslinking temperatures. The
plot (a) (torque vs. time curve) is related to the pure solid silicone
rubber without dicumylperoxide.
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For all dicumylperoxide concentrations, the temperature increase
shortens the induction or scorch time and lowers the minimum de-
tected torque, as also depicted in Table 11.1. Since dicumylperoxide
decomposition is initiated and promoted by heat (reaction i in Section
9.2.1), a higher curing temperature delivers more heat to the rubber
compound, leading to a shorter crosslinking induction time, repres-
ented by the ts1 values. For a constant curing temperature, the higher
the dicumylperoxide concentration, the lower the induction time. The
effect of dicumylperoxide concentration on the induction time is ex-
plained by the higher concentration of radicals that are formed after
decomposition and by the autocatalytic nature of this process, as also
reported by Kruželák et al. [173, 174]. Industrially, this value is related
to process safety and connected to the mouldability of the rubber
compound, which is limited after ts1 is reached. As a matter of ex-
ample, short scorch times are preferred for extrusion of hollow rubber
profiles, to avoid extrudate collapse after passing through the matrix.
On the other hand, for rubber injection moulding, scorch time must
be long enough to guarantee the complete filling of the mould before
curing.

The minimum detected torque ML was also slightly lowered by
temperature increase, which is mainly an effect of temperature over
the rubber compound’s viscosity. The effect of temperature over rubber
viscosity is well known, and the processability is related to this value
when RPA is employed in the rubber industry. Generally, along with
the values for Mooney viscosity, the minimum detected torque clarifies
aspects about rubber processing, including mixing and moulding.
No effects of dicumylperoxide concentration were detected at the
minimum torque due to the low concentration, the low molecular
weight, and the dispersion of the peroxide into the rubber matrix.

Table 11.1: Curing parameters for silicone rubber compounds concerning
minimum torque (ML, dN.m) and induction or scorch time (ts1,
min) for different crosslinking temperatures and varied dicumylp-
eroxide concentrations.

Temperature 140°C 150°C 160°C 170°C 180°C

ML ts1 ML ts1 ML ts1 ML ts1 ML ts1

0 phr 0.58 n/a 0.57 n/a 0.56 n/a 0.54 n/a 0.41 n/a

0.21 phr 0.61 19.98 0.60 6.16 0.58 2.12 0.56 0.96 0.53 0.53

0.35 phr 0.62 11.13 0.62 3.63 0.58 1.29 0.55 0.64 0.55 0.39

0.49 phr 0.60 9.40 0.59 3.02 0.57 1.16 0.55 0.58 0.54 0.36

0.70 phr 0.61 8.06 0.60 2.63 0.58 1.01 0.56 0.53 0.54 0.35

1.00 phr 0.61 3.76 0.58 1.31 0.56 0.63 0.55 0.57 0.56 0.28

1.50 phr 0.58 2.62 0.56 1.05 0.53 0.57 0.57 0.37 0.53 0.28
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The curing rate is enhanced by temperature, as the cure plots, for
all dicumylperoxide concentrations, become steeper for higher curing
temperatures. Dicumylperoxide decomposition kinetics is favoured
by temperature [175, 176], leading to a faster crosslinking reaction
for the PDMS/DCP systems as well. Crosslinking velocity is also
promoted by higher concentrations of dicumylperoxide, due to the
higher concentration of radicals and to the autocatalytic nature of
this process. Table 11.2 describes the optimal cure time t90, which
decreases as temperature and dicumylperoxide concentration increase.
This decrease is an effect of temperature over the dicumylperoxide
decomposition and rubber crosslinking kinetics, and of the quantity
of radicals that are formed. Industrially, the selection of the most
appropriate curing time is a compromise between processing time,
processing temperature, and part quality in terms of mouldability.

Table 11.2: Curing parameters for silicone rubber compounds concerning
maximum torque (MH, dN.m) and optimum cure time (t90, min)
for different crosslinking temperatures and varied dicumylperox-
ide concentrations.

Temperature 140°C 150°C 160°C 170°C 180°C

MH t90 MH t90 MH t90 MH t90 MH t90

0 phr 0.72 n/a 0.77 n/a 0.91 n/a 1.07 n/a 1.28 n/a

0.21 phr 7.76 45.45 9.89 20.92 10.48 8.91 11.25 4.54 11.54 2.92

0.35 phr 8.72 31.15 10.26 12.94 10.86 5.43 11.57 2.99 11.76 1.64

0.49 phr 8.93 27.07 9.97 10.18 10.87 4.72 11.57 2.44 11.64 1.25

0.70 phr 9.4 24.37 9.95 8.93 10.98 4.21 11.57 2.13 11.82 1.19

1.00 phr 11.40 16.74 11.92 8.75 12.39 4.5 12.56 2.93 12.63 1.22

1.50 phr 11.05 12.58 11.55 6.97 11.78 4.14 12.07 4.53 12.06 1.04

As an indicative of the final crosslink density, the maximum de-
tected torque represents the maximum shear force resistance of the
rubber compound at a given time and temperature, for the set de-
formation. [177] The maximum torque values, as shown in Table 11.2,
tend to increase with temperature and with the dicumylperoxide con-
centration, suggesting that the effective number of crosslink points is
also enhanced by temperature and dicumylperoxide amount. Even
though the maximum torque values increase with dicumylperoxide,
a threshold of approximately 11–12 dN.m is reached for the highest
temperatures/dicumylperoxide concentrations.

Regarding the samples without dicumylperoxide, an increase in the
detected torque is observed for all samples, with a steeper increase for
higher temperatures. Even though a decrease in the torque within the
first minutes due to viscosity reduction is detected, torque increases
with time, which may indicate some crosslinking phenomenon not
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associated to the presence of dicumylperoxide, but also triggered
by temperature. This phenomenon may be associated to peroxide or
metal contamination, that ultimately would lead to crosslinking when
the temperature is increased.

When cycle time for moulding is evaluated for industrial applica-
tions, the optimum cure time t90 is a factor usually taken into account.
An estimation for the optimum cure time within the temperature and
dicumylperoxide ranges that were investigated is shown in Figure 11.2,
taking Equation 10.1 as the mathematical model for the parameter.
The proposed equation can fit almost 99% of the experimental data,
as represented by the pseudo adjusted-R2 factor.

Figure 11.2: Optimum cure time t90 as a function of the dicumylperoxide
concentration and the temperature. The dots represent the ex-
perimental data and the surface indicates the model described
at Equation (10.1), with fitting parameters as follows: A0 (pre-
exponential factor) = 2.02 × 10

−14 min−1, Ea (activation energy)
= 1.18 × 10

5 J.mol−1, and β = -0.603. The correlation factor rep-
resented by the pseudo adjusted-R2 was 0.988.

Temperature has a major influence over the optimum cure time for
lower peroxide concentrations, while for concentrations above 0.70 phr
the effect is not prominent. Similarly, the peroxide concentration has a
stronger influence on the optimum cure time for lower temperatures,
becoming weaker as the temperature increases. The less distinguished
effect on the optimum cure time for higher temperatures and higher
DCP concentrations is related to two distinguished reasons. For the
temperature, the higher range (>150°C) is well above the dicumylper-
oxide decomposition temperature, which is around 120°C [175]. This
means that the decomposition and the preceding crosslinking reaction
will take place almost instantly and rapidly, and the different peroxide
concentrations will not impact the optimum cure time in a notable
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way. Regarding the DCP concentration, the higher concentration range
(>0.70 phr) shows a weaker effect of temperature on the optimum
cure time, possibly due to the autocatalytic nature of peroxide-based
crosslinking reactions. In these cases, the number of generated radicals
is enough to compensate the temperature effect and overlap it. Hou
et al. [178] recently reported the same effect of temperature on the
optimum cure time for dicumylperoxide-crosslinked silicone rubber.

In this work, an equation is proposed to model the optimum cure
time for peroxide-cured high consistency silicone elastomers. The
parameters for this equation are also described in Figure 11.2. The
activation energy is associated to the amount of energy necessary to
reach the optimum cure time, which is also associated to the amount
of energy necessary to decompose the dicumylperoxide molecules
as stated in the chemical equation i in Section 9.2.1. Thus, the value
of 115 kJ.mol−1 is in accordance with the values reported in the
literature [175, 176] for DCP decomposition, and with the activation
energy values that will be presented further in the crosslinking kinetics
discussion. The exponent for the dicumylperoxide concentration has a
negative value due to the decrease of the optimum cure time with the
peroxide concentration and is less than 1 possibly due to its limitation
in crosslinking the polymer, which will also be further explained.
The pre-exponential factor, similarly to the activation energy, presents
a value that will also be similarly reported when the crosslinking
kinetics is discussed further in this work. It is important to state here
that these parameters and this specific equation fit to the polymer and
to the crosslinking system that were investigated in this Thesis, at the
same time. For other polymeric systems, with different crosslinking
mechanisms and kinetics, another set of equations and parameters
must be proposed and evaluated.

11.1.2 Peroxide-based crosslinking kinetics

Prediction of how a polymer crosslinks when exposed to heat during
typical processing conditions, like compression or injection moulding,
is a key step to control the overall process and the part quality. The
crosslinking kinetics, i.e., the evolution of conversion α over time,
was evaluated in terms of the torque increase detected at the rubber
process analyser at 160°C, which is a typical temperature for solid
silicone processing.

Based on the curves shown in Figure 11.1, the conversion rate dα/dt
was calculated employing Equation (10.2) and is plotted versus time in
Figure 11.3(a) and versus conversion in Figure 11.3(b). The effect of in-
creasing the dicumylperoxide concentration is seen as an acceleration
of the reaction, i.e., higher cure velocity, when analysing the conver-
sion rate evolution on time. Additionally, the maximum cure rate is
shifted to lower times. These findings are related to the concentration
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of peroxide radicals that are formed at 160°C and its catalytic effect
on the formation of further radical species. Regarding the evolution of
cure velocity over conversion, or reaction path, the maximum cure rate
remains constant at a fixed conversion value between 0.2 and 0.4 for
the dicumylperoxide concentrations up to 0.70 phr. This means that
the highest rate of crosslink formation occurs at a constant conversion
range, regardless of the dicumylperoxide concentration below 0.7 phr.
It is possible to speculate that the formation of the characteristic three-
dimensional crosslinked network occurs mostly within the 0.2 and 0.4
conversion range for DCP concentration equal or lower than 0.70 phr,
as a result of the decomposition of the majority of dicumylperoxide
molecules. Within this conversion range, the concentration of radicals
likely decreases, either by transfer to the polymer chain or by termina-
tion, resulting in the end of the crosslinking reaction. For the samples
with higher dicumylperoxide concentrations (1.00 phr and 1.50 phr),
the abruptly fast crosslinking reaction, as seen by the conversion rate
values, shifts the maximum reaction speed to lower conversion values,
probably due to the high amount of radicals that are formed.
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Figure 11.3: Conversion rate dα/dt at 160°C for silicone rubber compounds
with different dicumylperoxide concentrations as a function of
time (a) and conversion (b).

As extensively described by Vyazovkin et al. [159, 160, 163], the
determination of the kinetic parameters starts with calculating the
activation energy without defining the most appropriate kinetic model,
a strategy that is called model-free. The activation energy calculation
following a Friedman-like approach as described by Equation (10.7) is
exemplified for the 0.21 phr sample in Figure 11.4(a). The slopes of
the linear-fitted lines (correlation factors for the linear fittings were
higher than 0.960) were used to determine the activation energy vari-
ation with conversion, as shown in the diagram of Figure 11.4(b). A
decrease of the activation energy is realized as the dicumylperoxide
content increases, representing thermodynamically easier crosslinking
reactions. This behaviour was already observed before, but in a kinetic
way: the higher peroxide concentration accelerated the crosslinking



112 results and conclusions

2 . 2 0 2 . 2 5 2 . 3 0 2 . 3 5 2 . 4 0 2 . 4 5
2

3

4

5

6

7

8

T

ln 
t

( 1 0 0 0 T )  - 1 ,  K  - 1

α

0 . 2 1  p h r  d i c u m y l p e r o x i d e

 

(a)

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
5 0
6 0
7 0
8 0
9 0

1 0 0
1 1 0
1 2 0
1 3 0
1 4 0
1 5 0  0 . 2 1  p h r   0 . 3 5  p h r   0 . 4 9  p h r   0 . 7 0  p h r   1 . 0 0  p h r   1 . 5 0  p h r

Ac
tiva

tio
n e

ne
rgy

 (E
a), 

kJ 
mo

l-1

C o n v e r s i o n  ( � )

 

(b)

Figure 11.4: Friedman-like isoconversional approach for calculating the activ-
ation energy, regarding the sample 0.21 phr (a) and the activation
energy for different dicumyperoxide concentration as function
of conversion (b).

reaction. Both thermodynamic and kinetic phenomena are behind
the autocatalytic nature of dicumylperoxide decomposition, which
precedes the polymer crosslinking. Bianchi et al. [179] observed the
same behaviour when studying the crosslinking of poly(ethylene-vinyl
acetate) with dicumylperoxide, similarly reporting activation energy
values between 85 and 105 kJ.mol−1.

Duh et al. [176] reported an activation energy for dicumylperoxide
thermal decomposition of 110–150 kJ.mol−1, while Lv et al. [175]
reported values between 150 kJ.mol−1 and 200 kJ.mol−1, which agree
with the activation energy determined in the present study, i.e., varying
between 85 kJ.mol−1 and 140 kJ.mol−1.

The activation energy is fairly constant in the conversion range
0.1–0.9, being reasonable for a system that does not undergo drastic
molecular diffusion changes during crosslinking, which would impose
mass transfer limitations to the process [160]. Systems that experience
a greater change in viscosity, like epoxy thermoset resins, are more
sensitive to the diffusion hindrance caused by the crosslinking reaction
(due to increase in viscosity), representing an increase of the activation
energy. [180] Another consideration that deserves commenting is
the heat transfer change due to the formation of a crosslinked layer
at the top and bottom of the specimen inside the rubber process
analyser during the first instances of curing. As studied by Cheheb et
al. [133], the thermal conductivity of a crosslinked rubber sample
can be 10% higher than a non-crosslinked one, but still much lower
than the metallic RPA cavity. This means that, during curing, the heat
transfer changes. However, this limitation was not further studied in
the present work due to the low thickness of the RPA specimen (which
imposes a fast heating of the whole sample) and the lack of scope of
this investigation.
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Since the activation energy exhibited a relatively constant trend
with conversion, the experimental data were fitted to the Kamal model
using the mean values to calculate the kinetic parameters. Activation
energy deviations that are observed at higher conversion values (α >

0.9), which may indicate a decrease of the activation energy, arise from
the small variation of torque at the final stages of crosslinking, which
leads to high standard deviation of data.

Conversion rate data were fitted applying Equation (10.11), resulting
in the kinetic parameters that are shown in Table 11.3. The calculated
activation energies are in accordance with the values previously de-
termined via the Friedman approach, and also showing a decrease
with the dicumylperoxide concentration. Reaction orders m and n do
not follow a specific trend and are considered here as being rather
constant. Considerations regarding the reaction orders are associated
with the crosslinking reaction mechanism, which is understood as
the same regardless of the peroxide’s quantity. The pre-exponential
values A1 and A2 have a tendency of decrease as the dicumylperoxide
concentration increases.

Table 11.3: Kinetic parameters determined after fitting of the experimental
conversion rate dα/dt to the Kamal model (Equation (10.11)) for
silicone rubber compounds crosslinked at 160°C with different
dicumylperoxide concentrations.

Sample A1 A2 Ea,1 Ea,2 m m k1 k2

(min−1) (min−1) (kJ.mol−1) (kJ.mol−1) (-) (-) (min−1) (min−1)

0.21 phr 1.1 × 1015 6.4 × 1015
131.35 131.35 1.167 1.617 0.159 0.926

0.25 phr 6.4 × 1014 3.8 × 1015
127.47 127.47 1.298 1.621 0.272 1.615

0.49 phr 4.4 × 1014 2.4 × 1015
125.75 125.75 1.210 1.552 0.302 1.644

0.70 phr 3.4 × 1014 1.9 × 1015
123.92 123.92 1.350 1.667 0.387 2.164

1.00 phr 3.2 × 1010 4.2 × 1011
87.67 87.60 2.048 2.760 0.872 11.438

1.50 phr 1.0 × 1010 1.1 × 1011
83.61 83.61 1.820 2.610 0.827 9.096

However, analysing the pre-exponential factor alone may lead to
misunderstandings [163], so the Arrhenius rate constants k1 and k2 are
also reported in Table 11.3. The constants k1 and k2 are indications of
the system’s reactivity and are enhanced as the dicumylperoxide con-
centration increases. This is an additional evidence that corroborates
the catalytic effect of the dicumylperoxide concentration.

Analysing the pre-exponential factors solely may lead to misinter-
pretations since it is often related to the activation entropy, meaning
that the higher the pre-exponential factor, the more accelerated the
chemical reaction is, as stated in Equation (11.1) [181]. This math-
ematical relation is a different way of expressing the Arrhenius rate
constant previously denoted as Equation (10.4).
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k(T) =
kBT
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(︃
∆S
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)︃
exp

(︃
−∆H

RT

)︃
(11.1)

The factor that contains the activation entropy ∆S, the Boltzmann
constant kB, and the Planck constant h was previously assigned as
the pre-exponential factor A; while the inverse dependence on tem-
perature is represented by the activation enthalpy ∆H factor. In the
case of the present PDMS/DCP systems, it is not correct to assume
that due to the decrease of the pre-exponential factor, the crosslinking
reaction is decelerated as the dicumylperoxide concentration increases.
Actually, the effect on the system’s reactivity, or the overall free en-
ergy of the activated reaction intermediate ∆G, is dominated by the
enthalpy factor ∆H via the decrease of the activation energy, which
is a pure effect of the peroxide catalyst’s nature, as explained by the
usual thermodynamic relationship, derived from the second law of
thermodynamics:

∆G = ∆H − T∆S (11.2)

The free energy ∆G is thus lowered strongly by the decrease of
the activation enthalpy ∆H in comparison with the not so evident
entropic effect. It is beyond the scope of this Thesis to explain why
the activation entropy decreases as the dicumylperoxide increases,
thus justifying further investigations. However, one rationalization
may be that the active sites for radical reaction, which ultimately
leads to a crosslink point, become limited as the dicumylperoxide
concentration increases, possibly justifying the crosslinking threshold
that is observed on the final crosslinked elastomer specimen. A second
reasoning is that, as the dicumylperoxide concentration increases, the
radical concentration is also enhanced, increasing the probability of
radical recombination before the reaction with the polymer chain,
likewise limiting the crosslinking process. The last reasoning was
already studied by Parks and Lorenz [182] when investigating the
efficiency of dicumylperoxide to react with dimethyloctadiene.

After time integration, the conversion values calculated according
to the model parameters were compared to the experimental ones,
which are plotted in Figure 11.5. Within the conversion range 0.1–0.9,
the calculated conversion values accordingly predict the experimental
values with correlation factors represented by the pseudo adjusted-R2

higher than 0.99. From a statistical point-of-view, the pseudo adjusted-
R2 values shown in Figure 11.5 are not intended to compare different
mathematical models, since only the one in Equation 10.11 was em-
ployed, but instead to compare the variance explained by the model
and the total variance. For the specific temperature (160°C) and the
dicumylperoxide concentrations that were evaluated, it is possible to
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predict how the crosslinking conversion behaves with time, meaning
that this model can be possibly integrated into processing simulation
routines. Along with the proposed mathematical relationship depicted
at Equation 10.1 for the optimum cure time, these suggestions may
strongly enhance the quality of processing simulations that deal with
reactive systems, such as elastomers.
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Figure 11.5: Comparison between the experimental and the calculated con-
version values for the crosslinking at 160°C of silicone rubber
compounds with dicumylperoxide concentrations. The calcu-
lated conversion values are plotted from 0.1 to 0.9 of conversion.

Incorporating the variable dicumylperoxide concentration into the
crosslinking kinetics model was not included in the scope of this work,
since it would demand an effort beyond the selected scientific targets.
However, the ideal crosslinking kinetics model should embody not
only the temperature of curing, but also a factor that correlates with
the elastomer recipe in terms of the crosslinking systems.

The strategy of model fitting developed for the study of high con-
sistency silicone rubber was further optimized to be applied to the
study of liquid silicone rubber curing kinetics. For such, a dynamic
(non-isothermal) approach was employed, along with a more refined
statistical analysis of the obtained model parameters.

11.2 curing kinetics of liquid silicone rubber

As previously described in Chapter 9, even though the curing mechan-
ism of liquid silicone rubber is different from high consistency silicone,
the same methodology can be employed to study the curing kinetics
for both materials. For LSR, the curing kinetics was studied via a
calorimetric approach (DSC), as well as employing a rheology-based
approach (rubber process analyser, RPA). In this section, the results
obtained from both approaches will be first presented separately, and
then compared in terms of the calculated Kamal model (Equation
10.11) parameters.
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11.2.1 Curing kinetics via DSC

When studied under a calorimetric perspective, liquid silicone rubber
mixture (1:1 A:B) samples show a heat flow behaviour as shown in
Figure 11.6. For all heating rates, the exothermic peak related to curing
is apparent at temperatures higher than 90°C. As the heating rate in-
creases, the temperature at which the curing speed is maximum (peak
apex) shifts to higher values due to the faster heating of the sample
(thermal inertia effects), i.e., since the sample is kept under a certain
temperature for a longer time, curing occurs at lower temperatures.
The crosslinking enthalpy (as defined by Equation 10.12) is the same
for all samples and heating rates, being 8.15±0.27 J.g−1. This quantity
is important for injection moulding simulation, since it represents
an internal heat source, which is incorporated into the constitutional
equations as Q̇, as in Equation 9.3.
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Figure 11.6: Dynamic scanning calorimetry analysis of LSR under 3 heating
rates and inert atmosphere, showing the exothermic thermal
event related to crosslinking. Each symbol/line represents one
repetition.

From the shape of the exothermic peaks, one can realize that the
speed of heat release is proportional to the extent of curing or con-
version α. Thus, the conversion α was calculated and the conversion
speed dα/dt was determined and plotted over temperature and over
conversion in Figure 11.7(a) and (b), respectively. From the conversion
rate data it is possible to realize that the maximum speed of curing
occurs at around α = 0.6 for all heating rates. This is a good indic-
ation that the curing mechanism is not changing with the heating
rate. Besides, it is typical of autocatalytic curing reactions to reach
the maximum reaction rate at intermediate conversion values, while
nth-order-based reactions have the maximum conversion rate at the
beginning of the curing reaction. [183] Thus, it is appropriate to fit the
conversion rate data to the autocatalytic, or Kamal, model.
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Figure 11.7: Conversion rate dα/dt for LSR at several heating rates as a
function of temperature (a) and conversion (b).

When the kinetic model of a certain chemical reaction is not known,
it is usual to apply isoconversional approaches to determine kinetic
parameters, such as the activation energy, that are model independ-
ent. This approach was described in Section 10.1.3 (denoted here as
the Friedman approach) and employed to determine the activation
energy of LSR curing reaction via DSC. The variation of activation
energy with the curing extent is shown in Figure 11.8(b), while Fig-
ure 11.8(a) shows an example of a plot utilized to calculate Ea for
each conversion step. As for the case of high consistency silicone,
the activation energy is fairly constant and has an averaged value
of 134.5 kJ.mol−1. This value is consistent with the one found by
Hernández-Ortiz and Osswald [13], who studied an injection mould-
ing grade of LSR; and it is slightly greater than the values (between
80 kJ.mol−1 and 100 kJ.mol−1) obtained by Ke et al. [184], who studied
a liquid silicone rubber with lower molecular weight than the one in-
vestigated in the present Thesis. The activation energy as determined
in the isoconversional approach is the overall energy barrier of the
reaction under study. This means that it shows the thermodynamic
boundary of curing, regardless of the number of steps involved in
the curing mechanism, or the type of mechanism. Next, two values
of Ea will be presented, one for the nth-order contribution, and one
for the autocatalytic part of the kinetic model, not being related to
mechanistic steps of the crosslinking reaction. Thus, for the sake of
this study, it is assumed that the curing reaction occurs in one single
step with one set of kinetic parameters, neglecting any effects related
to diffusion of reactive species that would ultimately lead to more
than one activation energy determination. [160]

With the data as presented until here, it is possible to fit the conver-
sion rate as shown in Figure 11.7(b) to the Kamal model to obtain the
kinetic parameters A1, A2, E1, E2, m, and n. To facilitate the compar-
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Figure 11.8: Friedman-like isoconversional approach for calculating the ac-
tivation energy (a) and the activation energy as function of
conversion for the calorimetric approach (b).

ison with the rheology-based approach, this will be first introduced
next, and the fitting comparison will be made further in this Chapter.

11.2.2 Curing kinetics via RPA

While for the calorimetry-based approach the released heat was em-
ployed as measurable quantity to quantify the curing extent, for the
rheology-based method, a measurable mechanical response is used
to characterize the crosslinking development. Thus, the transmitted
torque was recorded for the three heating rates and under three shear
rates, and plotted over temperature, leading to the graphics shown in
Figure 11.9. For all heating rates and shear rates, the torque increases
sharply as the curing reaction starts, due to the increase of molecu-
lar weight that imposes high restriction to the set oscillation. As the
heating rate increases, the onset temperature of curing is shifted to
higher values, as occurred in the calorimetric approach. The effect of
shear rate is apparent in the torque values: the higher the imposed
shear rate (higher frequency of oscillation), the lower is the transmitted
torque. This is due to shear thinning effects, as thoroughly detailed in
Chapter 5. There is no significant effect of the shear rate in the onset
of curing, i.e., it was not observed neither an activation of the curing
reaction, nor an acceleration (higher curing speed, as shown next) by
the increasing shear rate, as reported by Ziebell and Bhogesra [59].

One important feature of the torque increase due to curing is the
steady and slow increase after the maximum curing rate, which in
some cases lasts until the end of the measurement (200°C). This steady
increase in the torque during RPA analyses is known as marching
modulus, which is a phenomenon related to the filler-filler interactions
between silica particles, but still not fully described in the literature.
[185] The occurrence of a marching modulus is detrimental to the
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Figure 11.9: Variation of torque over temperature during the experiments
at the rubber process analyser (RPA) for various shear rates at
2 K.min−1 (a), 5 K.min−1 (b), and 10 K.min−1 (c).

characterization of curing kinetics, since a definitive end (α = 1) of
the chemical reaction has to be established. In this sense, the end of
curing for these measurements was set at the temperature of maximum
transmitted torque.

The speed of reaction, or conversion rate, is shown in Figure 11.10

as a function of temperature (a-c) and of the conversion (d). As stated
before, the increase in shear rate does not impose a significant change
neither in the onset of curing, nor in the curing speed. Indeed, it is
plausible to argue that stronger shear heating is likely to occur when
the shear rate is increased, leading to faster curing reaction. However,
probably due to the device robustness, this difference could not be
monitored. Interesting is to note that the maximum curing speed
occurs at low conversion values, which reflects the steep increase of
torque right after the onset of curing. This already indicates distinct
reaction orders m and n when compared to the calorimetric approach,
since there is a close relationship [183] between the conversion at
which the curing speed is maximum and the reaction orders:
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Figure 11.10: Conversion rate dα/dt measured via RPA for LSR as a func-
tion of temperature at various shear rates at 2 K.min−1 (a),
5 K.min−1 (b), and 10 K.min−1 (c). The variation of dα/dt over
conversion is shown in (d). The shaded areas around the data
lines (average) represent the standard deviation around the
average.

α(max(
dα

dt
)) =

m
m + n

(11.3)

Another important observation is the variability of dα/dt for the same
measurement settings, as represented by the shaded areas around the
average (solid lines in Figure 11.10(d)). By comparing with the DSC
experiments, the RPA method is more prone to variation within replic-
ates, since the sample mass is higher and the measurable quantity is a
mechanical property, whose sensibility is lower than for the modern
calorimeters.

Following the isoconversional approach, the activation energy for
the curing as measured by the rheology-based approach was calcu-
lated and is expressed in Figure 11.11 for all three shear rates. Again,
the increase of shear did not impose any change in the activation
energy, which showed a slight decrease with the conversion. One can
easily realize once more that the reproducibility of DSC measurements
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was higher than RPA ones by the variation of the activation energy
shown in Figure 11.11. Besides, Ea as determined by DSC is more
constant when compared to the one characterized via RPA, suggesting
again that the kinetic parameters of the Kamal model will likely be
different. Statistically, the activation energies determined from the
different approaches are distinct, as also reported by Bardelli et al.
[167]. However, Bardelli and co-workers reported higher values for
the calorimetric analysis when compared to the rheological one. This
difference might be related to the different LSR grade studied by the
authors, which was the low-viscosity Sylgard184. This LSR is also
cured via hydrosilylation reaction, but it is employed as a dielectric gel
that is applicable for sealing and protecting various electronic devices.

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0
0

2 5
5 0
7 5

1 0 0
1 2 5
1 5 0
1 7 5
2 0 0
2 2 5

 C a l o r i m e t r i c  E a
 0 . 4 3 8 3  s - 1

 4 . 3 8 3  s - 1

 1 3 . 1 4 7 6  s - 1

Ac
tiva

tio
n e

ne
rgy

 (E
a), 

kJ.
mo

l-1

C o n v e r s i o n  ( � )
Figure 11.11: Activation energy values for the rheological approach (coloured

dots) compared to the calorimetric method (black dots).

The time and temperature at which the viscous (G”) and the elastic
(G’) contributions are equal are normally employed to determine the
gel point for systems that undergo a liquid-gel transition. [186] For
the samples under study, these values are reported in Figure 11.12.
The shear rate has also no effect on the gel point, as evidenced by
the lack of trend in terms of gel time and gel temperature. Besides,
more interestingly is to notice that the elastic modulus surpasses the
viscous one in the very beginning of the curing detection in the RPA:
by comparing with Figure 11.9(a), at 2 K.min−1, the gel temperature is
around 100°C, which is the very onset of curing. This behaviour was
noticed in the literature by Harkous et al. [186] and more recently by
Weißer et al. [60], who argued the existence of a physical gel (derived
from the filler-filler interactions and macromolecular entanglements)
before a chemical gel is formed due to curing. This argument is
confirmed by the present study, since this physical gel was proven
to exist in Chapter 5: the physical gel is disturbed under high shear
amplitude and G” is higher than G’ at 10% deformation (see Figure
5.2).
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Figure 11.12: Gel time (a) and temperature (b) for all heating rates and shear
rates as studied by the rheology-based approach.
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Thus, one can conclude that the classical definition of gel point
very likely cannot be applied to highly elastic and filled systems as
injection moulding grades of LSR. Instead, the standard definition
of optimum cure time, widely employed in the rubber industry, may
seem to be more appropriate here. In this case, the optimum cure time
is determined as the time at which 90% of the maximum torque dur-
ing RPA measurements is reached. [187] It is convenient to point out
here that the calorimetry-based method does not offer the possibility
to determine the gel point or the optimum cure time. However, as
demonstrated before and compared to RPA next, it is able to charac-
terize the curing kinetics of LSR in a sense that the conversion can
be determined during simulation to predict the optimum cycle time.
[188]

11.2.3 Fitting and comparison between DSC and RPA

In order to compare the methods available to characterize the curing
kinetics of LSR for injection moulding simulation, qualitative and
quantitative analyses are discussed next. Qualitatively, the conversion
over temperature is compared in Figure 11.13 for the samples tested
at 2 K.min−1. Only the samples at the lowest shear rate condition
are shown, since these are closer to static conditions, as experienced
during DSC runs, and because no significant qualitative difference
was observed for other shear conditions. From this plot it is possible to
clearly see that the DSC samples show higher values of conversion at
lower temperatures, i.e., the reaction is detected first. This observation
is explained by the fact that, while the calorimetric approach is able to
detect the heat released since the very beginning of the curing reaction,
the rheology-based method requires that a minimum (according to
the device sensitivity) torque increase occurs to be then detected by
the device. This means that the reaction response of one mol of Si–
H-based crosslinker with one mol of vinyl-modified chain ends of
poly(siloxane) oligomers is more strongly detected by its released heat,
not by the increase in molecular weight that leads to shear resistance
(increase in the transmitted torque). While sensitivity is the key issue
here, the fact that enough macromolecules have to be connected to
enhance shear resistance also plays a role in the detected differences.
In this sense, one can argue that the reaction is happening in the RPA
even before a torque increase is detected, but the molecular weight
did not increase enough to impose resistance higher than the device’s
transducer sensitivity. When the torque resistance is enough to reach
the device sensitivity, the conversion values are then higher than zero
and increase rapidly. Another explanation for such delay is the sample
size. DSC measurements require milligrams of sample, while RPA
functions with grams of LSR. Thus, the heat is transferred more easily
in the DSC when compared to RPA, affecting the measurement.
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Figure 11.13: Comparison between the calculated conversion for the DSC
and the RPA (0.4383 s−1) approaches at 2 K.min−1 for two
replicates. In the detail of the plot, conversion rate as function
of the conversion is compared.

Besides, one can notice that the transmitted torque increase is de-
tected at 100°C, when the conversion according to the DSC approach
already reached almost 50%. This indicates that the rheology-based
method is not able to detect the entire curing behaviour, failing to
cover the onset and beginning of crosslinking, as also reported in the
literature [186]. Furthermore, this approach is likely to have distinct
kinetic parameters when compared to the calorimetric method, due to
the fact that it detects only one part (roughly the second half) of the
curing process.

Another important difference between the calorimetric and the rhe-
ological approaches as shown in Figure 11.13 is the conversion value
at which the conversion rate is maximum. For the calorimetric ap-
proach, the maximum occurs at α > 0.5, while for the rheometry-based
method, dα/dt reaches its apex in early conversion values. As men-
tioned before, it is typical for autocatalytic reactions to present the
maximum conversion rate at moderate conversion values, since at
low conversion there is less concentration of the product that acts as
catalyst, rendering low reaction speeds. As the reaction proceeds and
more product is formed, the reaction is boosted by the catalytic effect
and it reaches its maximum speed at moderate conversion values. The
type of reaction that presents maximum speed in early conversion
values is the one that follows nth-order kinetics mechanisms, or dif-
fusion controlled reactions. These reactions present conversion rate
apex in the beginning of the reaction due to the reactant species’ high
mobility. As the reaction proceeds, either due to viscosity increase or
formation of a network structure, the reactants are less likely to collide,
resulting in a decrease of the curing speed. For the hydrosilylation
reaction, the autocatalytic behaviour is explained by the formation



11.2 curing kinetics of liquid silicone rubber 125

of an active form of the catalyst (Pt complex with alkenyl functional
group) in the beginning of curing process that will further catalyse the
insertion of the Si–H component. [143] Therefore, first a substantive
amount of active catalyst has to be formed before the curing speed
increases substantially. This is exactly what can be observed in Figure
11.13 for the blue lines (calorimetric data). On the other hand, the
rheology-based approach is only able to detect the curing step after
the formation of enough active catalyst, leading to a sudden sharp
increase of the conversion, suggesting an nth-order reaction. This is
an important differentiation between the two methods that relies only
in the detection of a signal that derives from the curing reaction. The
hypothesis that the calorimetric method is able to truly characterize
an autocatalytic reaction, while the rheological one can only detect
the diffusion-controlled portion of the same reaction will be further
discussed when the kinetic parameters are presented.

In order to quantitatively compare the approaches, the datasets from
Figures 11.7 and 11.10 were fitted to the Kamal model (Equation 10.11)
and the experimental and fitted plots are shown in Figure 11.14. The
kinetic parameters associated to these plots are detailed in Table 11.4.
From the plots, it is possible to see that the calorimetric data is nicely
predicted by the Kamal model with the lowest mean residual (see
Table A.4 in the Appendix A.11, the closer the mean residual is to zero,
the better). The kinetic parameters associated to the DSC experiments
are different from the ones obtained by the RPA approach, as it was
assumed due to qualitative difference of the conversion rate plots.
The difference arises from the fact that the methods are detecting not
only different responses of the curing reaction, but they also cover the
crosslinking process differently due to method sensitivity. This contrast
was even observed when employing more senstitive rheometers, as the
strain controlled rheometers employed by Harkous et al. [186], Bardelli
et al. [167], and by Weißer et al. [60].

Table 11.4: Kinetic parameters (average) determined after fitting of the ex-
perimental conversion rate dα/dt to the Kamal model (Equation
10.11) for LSR employing various experimental procedures (DSC
and rheological, from which the employed shear rates are shown).

Parameter DSC 0.4383 s−1
4.383 s−1

13.1476 s−1

A1, s−1 1.07 × 1024 1.00 × 105 1.00 × 105 1.00 × 105

A2, s−1 4.98 × 1012 1.35 × 1017 1.40 × 1017 7.24 × 1012

E1, kJ.mol−1
193.6 171.3 158.9 178.3

E2, kJ.mol−1
100.9 133.9 134.1 102.2

m 1.52 0.73 0.78 0.84

n 1.24 3.00 3.00 3.00
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Figure 11.14: Comparison of experimental data (black symbols) and fitting ac-
cording to the Kamal model (coloured lines) for the conversion
rate dα/dt at several heating rates as a function of temperature
for the DSC experiments (a) and for the RPA measurements
(b-d) at different shear rates.

The kinetic parameters detailed in Table 11.4 show that, for the
calorimetry-based approach, the reaction order related to the autocata-
lytic contribution m is higher than the contribution of the nth-order
n portion of the model. This helps to engage in the hypothesis that
the DSC is able to detect the whole curing process, from the forma-
tion of the active catalyst to the total consumption of the reactants
(α → 1). However, the rheological approach presents a predominance
of the nth-order contribution, since n > m for all shear rates. This is
a result of the abrupt increase in conversion right after the curing
onset, typical of reactions that follow an nth-order kinetic model. Since
it is unreasonable to think that the same chemical reaction changes
its mechanism depending on the method employed to study it, one
can conclude that the way the data is detected plays a roll into the
fitting to a certain kinetic model. Although without clear explanations,
Hong and Lee [168], Harkous and co-workers [186], and Bardelli and
co-workers [167] also reported n > m when employing a rheological
analysis, while m > n was determined for the calorimetric one. All
fittings performed with the data obtained via RPA presented n = 3
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due to the fact that this parameter was allowed to vary during fitting
from 0 to 3. Thus, this is an artifact from the fitting process.

11.3 conclusion of the chapter

From what was discussed in this Chapter, one can confirm that both
calorimetry- and rheology-based approaches are suitable to determ-
ine the curing kinetics of silicone rubber. Besides, the Kamal model
(autocatalytic) was enough to describe the curing speed (conversion
rate dα/dt) of high consistency and liquid silicone rubbers. Concerning
the high consistency silicone, rheological experimental data showed
that dicumylperoxide concentration enhancement accelerates the cross-
linking reaction by shortening the induction time and increasing the
reaction velocity. Besides, it results in higher but limited detected
maximum torque, with distinguished extents for lower and higher
temperatures. A correlation between the optimum cure time, the cur-
ing temperature, and the dicumylperoxide concentration was given,
aiming to predict the cycle time during compression or injection
moulding, for example. Determination of the kinetics parameters
showed that even though there was a decrease of the pre-exponential
factor, the overall reactivity (represented by the Arrhenius rate con-
stant) increased as the dicumylperoxide concentration rose. The overall
reactivity was boosted due to the activation energy decrease caused
by the increase on the dicumylperoxide concentration. This effect
was associated to the catalytic effect of the radicals responsible for
crosslinking. In this sense, curing was understood to be dependant
not only on the crosslinker (peroxide) concentration, but also on the
thermodynamic and kinetic characteristics of the curing mechanism,
i.e., limitation in terms of active sites for radical reaction and radical
recombination.

In terms of liquid silicone rubber, the classical definition of gel
time was proven to not be reliable to determine the point at which
LSR stops flowing, since a physical gel derived mainly from filler-
filler interactions and entanglements exists from the early stages of
curing. Moreover, it is important to highlight that characterizing the
curing kinetics via dynamic scanning calorimetry (based on released
heat) or via rheology (based on increase of resistance to shear) leads
to different kinetic parameters. While the calorimetric approach is
able to follow the whole curing process, the rheology-based method
cannot detect the real onset of curing due to the device limitation
on sensitivity. It was possible to show that these methods, when
connected to the Kamal model, lead to different inferences concerning
the most appropriate kinetic models to describe the curing reaction.
The calorimetric method delivers data to the Kamal model that are
consistent with the autocatalytic kinetic model, while the rheological
analysis provided information that are rational to the nth-order model.



128 results and conclusions

It is important to state though that both methods were able to produce
conversion rate data that could be fitted to the Kamal model with low
residuals, being the calorimetric method less prone to variation when
compared to the rheological one. Within this context, it is advised that
when determining the kinetic parameters for simulation, one has to
pay attention to such differences, mainly because the RPA device is
widely spread in the rubber industry, while DSC devices are not. The
way these differences affect simulation results will be discussed in the
next and final Part of this Thesis.
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I N J E C T I O N M O U L D I N G S I M U L AT I O N





12
S I M U L AT I O N T R I A L S

This final Chapter deals with the theoretical and practical aspects
of injection moulding simulation. The first part introduces common
concepts and definitions that condition the simulation routines. Next,
the simulation experiments are presented, as well as the analysis
strategy is introduced. Finally, the material datasets obtained in the
previous Chapters are compared in terms of the simulation output
parameters.

12.1 the governing constitutive equations

Liquid silicone rubber (LSR) injection moulding simulation is an es-
sential tool for predicting the behavior and quality of molded parts,
relying heavily on the constitutive equations of mass conservation,
momentum conservation, and energy conservation. The mass conser-
vation equation (Equation 12.1), also known as the continuity equation,
ensures that the mass of LSR is preserved throughout the moulding
process. During LSR injection moulding, this equation is critical for
accurately predicting the filling phase, where the silicone rubber is in-
jected into the heated mould cavity. The simulation software solves the
mass conservation equation using a discretized mesh, which divides
the mould cavity into small elements. By ensuring that the mass flow
rate into each element equals the mass flow rate out of the element, the
software maintains a balance, thereby predicting how the material fills
the mould and identifying potential defects like voids or incomplete
filling. The continuity equation is a function of the density ρ and of
the flow velocity −→v .

∂

∂t
ρ +∇.(ρ−→v ) = 0 (12.1)

The momentum conservation equation (Equation 12.2), derived from
Newton’s second law, is fundamental in capturing the flow dynamics
of the LSR during injection moulding. This equation accounts for
the forces acting on the silicone rubber, including pressure gradients,
viscous forces, and inertial effects. In the context of LSR injection
moulding, the momentum conservation equation helps to simulate the
velocity field of the silicone rubber as it moves through the running
channels and the heated mould. The software solves this equation
on the mesh by iteratively updating the velocity and pressure fields
within each element, ensuring that the momentum is conserved. This
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aspect of the simulation is important for predicting flow front advance-
ment, identifying potential flow-related issues such as weld lines, and
ensuring the overall stability of the flow. In this equation, −→g is the
total body force per unit mass, p is pressure, η is shear viscosity, and
−→
D is deformation tensor.

ρ
∂

∂t
−→v = ρ−→g −∇p + 2∇.η

−→
D − ρ−→v .∇−→v (12.2)

Finally, the energy conservation plays an important role in LSR injec-
tion moulding simulations by accounting for the thermodynamics and
crosslinking reactions of the silicone rubber. The energy conservation
equation ensures that the energy balance is maintained, considering
factors like heat conduction, convection, and the viscous dissipation of
heat due to shear forces within the material. During the injection and
subsequent crosslinking process, this equation helps to predict the
temperature distribution throughout the mould, which is crucial for
understanding the curing phase and the resulting material properties.
The simulation software solves the energy conservation equation on
the mesh by calculating the temperature changes and crosslinking
reactions within each element, allowing for accurate predictions of
curing rates and cycle times. For such, cp is specific heat capacity at
constant pressure, T is temperature, β is coefficient of volume expan-
sion, γ̇ is shear rate, λ is thermal conductivity, and Q̇ represents a heat
source, which for LSR injection moulding is the exothermal nature of
the crosslinking reaction

ρcp(
∂T
∂t

+−→v .∇T) = βT(
∂p
∂t

+−→v .∇p) + ηγ̇2 + λ∇2T + Q̇ (12.3)

These constitutive equations of mass conservation, momentum con-
servation, and energy conservation form the backbone of LSR injec-
tion moulding simulations. The simulation software employs these
equations within the framework of a discretized mesh, solving them
iteratively to predict the behavior of the silicone rubber during the
moulding process. By accurately modeling the filling, packing, and
curing phases, the software can provide valuable insights into the
performance and quality of the moulded parts. The following sec-
tion will delve into the simulation boundary conditions and meshing,
highlighting how these elements influence the accuracy and reliability
of the simulation outcomes, and how different datasets for material
properties can impact the simulation results.

12.2 boundary conditions and meshing

In order to correctly solve the equations presented before, specific
boundary conditions have to be set, aiming to define the circumstances
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at which the injection moulding process is occurring. These boundary
conditions are responsible for capturing the physics of the process
and ensuring that simulations provide reliable predictions of the
moulding behavior. These conditions are mainly concerning the flow
entrance into the mould, the mould itself, and the interaction between
the mould and the polymer flow. Thus, in general, these conditions
include the surfaces through which the melt enters the cavity, the
edges of the mould, the top and bottom surfaces of the mould, and
the wall slip condition. [134] Mitsoulis [49] differentiates the boundary
conditions related to the flow from the ones related to the temperature
and heat exchange, which will be detailed next.

The flow boundary conditions associated to a non-axisymmetric
polymer flow are usually the following:

• At the mould inlet, the polymer flow presents a fully developed
velocity profile, which is related to the volumetric flow rate.

• Along the cold runner and mould walls, which will be con-
sidered here as stationary, the flow velocity is zero, i.e., the
no-slip velocity boundary condition is imposed. In case strong
slippage is known to occur, Tran [134] suggests two ways to ac-
count for it in simulation routines: one can either specify a wall
shear stress threshold at which the friction coefficient is higher
than zero (slippage); or implement the commonly mathematical
slip model developed by Mooney.

The thermal boundary conditions, on the other hand, are implemen-
ted as follows:

• At the mould inlet, the polymer presents a constant temperature,
which for LSR is set to room temperature [48].

• The cold runner and mould walls are assumed to either present
constant temperature, or to involve a heat balance with the LSR
flow.

Equations 12.1, 12.2, and 12.3 are then solved using the aforemen-
tioned boundary condition to describe the polymer flow during injec-
tion moulding. However, since analytical solutions for these equations
are not known, a system of differential equations is solved numeric-
ally and partial derivatives are converted into finite differences via
discretization of the runner and cavity volumes. [189] Discretization
is carried out by dividing the volume under study into smaller and
simpler cells (mesh elements), which are characterized by their nodes.
Solving the differential equations can then be either executed for each
node in a fashion that the differential at one node can be replaced
by the difference in the values at the neighboring nodes [189], or by
using the differential equations in their integral and transforming
the volume integral into a surface integral via the Gauss theorem.
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In current simulation software employed to solve flow problems in
engineering applications, three-dimensional meshes are employed for
discretizing the geometry, while beam elements are used for the feed
system and cooling channels, for example. [190]

It is well-established that increasing the number of mesh elements,
resulting in finer meshes, enhances the accuracy of simulation results
in finite element analysis (FEA). [191, 192] However, this improvement
in precision comes at the cost of significantly higher computational
resources and time. Conversely, simulations utilizing coarser meshes
with fewer elements are computationally less demanding and more
cost-effective, although at the expense of accuracy. Therefore, in prac-
tical applications, the number of mesh elements can be adjusted to
balance the trade-off between simulation accuracy and computational
efficiency.

12.3 available commercial software

The software marketing for injection moulding simulation is quite
diverse. Specifically for reactive injection moulding, as the case for
liquid silicone rubber, there are four available software to be employed
to predict flow and curing, all of them being able to cover all injection
moulding phases (filling, packing, curing). Autodesk Moldflow Insight
(provided by Autodesk Inc., USA) [193] has the option to analyse
reactive moulding. This software employs 2.5D and 3D models for the
finite element analysis, and has the advantage to allow user-defined
functions for some material properties, such as viscosity and specific
volume.

Cadmould 3D-F, from SIMCON kunststofftechnische Software GmbH
(Germany) [194] also enables to simulate elastomer injection moulding.
It employs a patented 2.5D-based 3D-lattice model (3D-F) for finite
element analysis. The software developed by CoreTech System Co.
Ltd. (Taiwan) called Moldex3D [195] also employs 2.5D models, but
has the advantage to enable 3D models with finite volume method
approach, being well-suited for continuous flow problems, where the
balance of fluxes for each control volume is considered. [196]

At last, SIGMASOFT is the injection moulding simulation software
from SIGMA Engineering GmbH (Germany), which has a dedicated
module for liquid silicone rubber injetion moulding [197]. Similarly
to Moldex3D, SIGMASOFT opperates exclusively with 3D models
under the finite volume method approach, being able to simulate poly-
mer flow through complex geometries. SIGMASOFT is the software
employed in this work (version 6.1.0.2) not only due to the license
availability, but also because it allows tailoring the material data prop-
erties according to the user’s discretion, which is essential for the
purposes of the present investigation.
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12.4 comparison routines - simulation setup

In order to compare the several characterization methods presented
in the previous Chapters, simulations were carried out employing
different sub-datasets for viscosity, specific heat capacity, and curing
kinetics. In this sense, five different LSR material data arrays were
considered, which are detailed in Table 12.1.

Table 12.1: Material data employed to run the comparison simulation routines
according to each sub-dataset and the employed characterization
technique. DSC∗ denotes calorimetry data without input for the
curing enthalpy.

Dataset A B C D E

Viscosity LAOS HPCR HPCR HPCR HPCR

cp MDSC 1
st MDSC 1

st sapphire 1
st sapphire 2

nd MDSC 1
st

λ cured sample

pvT See Section 8.3

Curing DSC DSC DSC∗ DSC RPA

For the viscosity sub-dataset, the viscosity variation with temper-
ature and shear rate was compared between the data obtained via
LAOS (see Section 5.2) or HPCR (see Section 5.4); therefore, datasets A
and B were compared. The comparison between measuring cp via the
sapphire method or the modulated DSC approach (see Section 8.1) is
made between datasets B and C for the first heating (considering the
curing step) and B and D (linear relationship of cp with temperature,
without crosslinking), taking into account the cp trend shown in Figure
8.2. Finally, to compare the two studied approaches to determine the
curing kinetics, datasets B and E were compared: the first employed
the sub-dataset obtained from calorimetry-based experiments (see
Section 11.2.1), and the second obtained from rheology-based tests
(see Section 11.2.2). For all datasets (A-E), the thermal conductivity
was assumed to be a function of temperature as reported in Section
8.2 for the 1:1 mixture A:B cured sample (the trend of λ with tem-
perature is shown in Figure 8.5). Since viscosity, cP, and the curing
parameters can vary, when these are set as constants for comparing
datasets, the HPCR data were employed for the viscosity information;
the 1

st heating of the MDSC technique was chosen to represent the
specific heat capacity; and the curing kinetics as determined via DSC
was used to set the crosslinking characteristics.
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12.4.1 Part geometry and simulation settings

The simulation was carried out employing a rubber injection moulding
multi-cavity mould configuration as described by Traintinger [198] in
his Ph.D. thesis, coupled with a cold running system. The 4 cavities
are all equal, being 161.3 x 110.6 x 6.3 mm3, as shown in Figure
12.1(a). The mould temperature was set to 180°C by heating cartridges
positioned above and below the cavities; filling time was set to 10 s,
and the curing time to 210 s. Steel was defined as the mould material,
with thermal conductivity at 100°C equal to 46.6 W.m−1.K−1. Heat
transfer coefficients were set as the software-suggested default values:
10 kW.m−2K−1 for steel-steel contact surfaces, and 0.8 kW.m−2K−1

for liquid silicone rubber-steel surfaces. A generic injection moulding
machine was chosen from SIGMASOFT database (SIGMA/generics160-
50), with 1600 kN maximum clamping force, 1300 bar maximum
injection pressure, and 3000 bar.s−1 maximum pressure increase rate.
This virtual injection moulding machine is characterized by 60 cm3

nozzle volume and 50 mm piston diameter, leading to a maximum
dosage volume of 510.51 cm3. Three heating cycles were defined and
the data were gathered at the fourth cycle.

To compare the various dataset, pressure, temperature, and curing
degree information at the sensors (blue squares at the sprue and in
the cavity in Figure 12.1(a)) were obtained and analysed for each
pair. sensor 1 in the sprue (mould inlet) was placed to check the flow
characteristics at the very beginning of injection, being important to
derive the necessary parameters for the injection moulding machine.
In Figure 12.1(a), sensor 1 is shown above the running system, in the
position where the polymer flows from outside the mould into the
sprue. sensor 2 in the part was placed close to the cavity entrance
to monitor the flow properties. This sensor is positioned in close to
the wall opposing the flow entrance into the cavity. This spot in the
cavity will face LSR flow during most of the filling stage, being an
adequate place to locate the sensor. Only one sensor was employed,
since the mould is considered balanced concerning the flow into the
four cavities, i.e., the analysis of one cavity is expected to derive the
same conclusions as for the other three. Besides, qualitative informa-
tion concerning the filling pattern was also employed to compare the
effect of using different material data to run the simulations. Meshing
was accomplished via setting equidistant mesh parameters, with 0.5 x
0.5 x 1.0 mm3 elements, resulting in 937246 cells composing the cavity.
A detail of the mesh is shown in Figure 12.1(b). For the gate and the
runners, 1.6 x 1.6 x 1.6 mm3 elements were set.
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Sensor 1

Sensor 2

(a)

(b)

Figure 12.1: Runner system and cavity geometry applied in the simulation,
showing the position of the pressure and temperature sensors
(a), where sensor 1 is located in the mould inlet and sensor 2 is
placed inside the cavity facing the flow entrance into the cavity;
and detail of the mesh (b) employed in the volume discretization.
The geometry is inspired by the work of Traintinger [198].
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12.4.2 Viscosity data: oscillatory LAOS and HPCR

The viscosity sub-datasets obtained in Chapter 5 are employed here
as input for an injection moulding simulation. For this comparison,
datasets A and B from Table 12.1 were utilized and fitted to the
Carreau-Yasuda model (Equation 12.4) [199, 200] with the William-
Landel-Ferry (WLF) equation (Equation 12.5) [201] to describe the
temperature dependency, as follows:

η(T, γ̇) = η∞αT + αT(η0 − η∞)[1 + (λαTγ̇)a]
n−1

a (12.4)

logαT =
8.86(T0 − TS)

101.6 + (T0 − TS)
− 8.86(T − TS)

101.6 + (T − TS)
(12.5)

where η∞ is the infinite shear viscosity, αT is the temperature depend-
ence given by Equation 12.5, η0 is the zero shear viscosity, λ is a time
constant, a is a transition parameter, n is the model order, T0 is the
reference temperature, and TS is the standard temperature. The fitting
was conducted by the simulation software and the parameters were
obtained for dataset A (viscosity data from oscillatory experiments
LAOS) and B (high pressure capillary rheometer) as shown in Table
12.2.

Table 12.2: Carreau-Yasuda model parameters as obtained by fitting the vis-
cosity data from datasets A and B.

Parameter A B

η∞, Pa.s 0.0248 0.00917

η0, Pa.s 22.75 8.0

a, - 5.0 5.0

n, - 0.103 0.368

λ, s 12.64 12.0

T0, °C 72.0 72.0

TS, °C -273.0 -103.22

The values reported in Table 12.2 are the parameters that minimize
the sum of the squares of the residuals concerning Equations 12.4 and
12.5. The fittings are shown the the Appendix A.12, which contains
the plots obtained directly from the simulation software. In this sense,
no physical meaning will be derived from these values.

12.4.3 Specific heat capacity: standard and modulated DSC

The specific heat capacity sub-datasets obtained in Chapter 8 are
employed here as input for the injection moulding simulations. For
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this comparison, two pairs of datasets were used: first datasets B and
C from Table 12.1 to compare the effect of the curing signal in cp data;
and second the datasets B and D to compare the magnitude of cp as
varying linearly with temperature.

12.4.4 Curing kinetics: calorimetry and rheology approaches

To compare the approaches employed to characterize LSR curing kin-
etics, the Kamal model parameters from Table 11.4 were employed for
the calorimetry and for the rheological approaches. In this sense, the
parameters obtained from the lowest shear rate (0.4383 s−1) were em-
ployed. For clarity, the Kamal model parameters obtained in Chapter
11 are repeated in Table 12.3 for the calorimetry-based (dataset D) and
the rheological approaches (dataset E).

Table 12.3: Kinetic parameters (average) determined after fitting of the exper-
imental conversion rate dα

dt to the Kamal model (Equation (10.11))
for LSR employing the calorimetry approach (dataset B) and the
rheological method (dataset E).

Parameter B E

log(A1), s−1
24.03 5.00

log(A2), s−1
12.69 17.13

E1, kJ.mol−1
193.6 171.3

E2, kJ.mol−1
100.9 133.9

m, - 1.52 0.73

n, - 1.24 3.00

Enthalpy, kJ.kg−1
8.15 8.15

12.5 comparison results

Following the strategy outlined before, processing parameters related
to the simulation output are compared next in pairs, aiming to contrast
two datasets obtained via distinct experimental methods. For each pair,
the most significant injection moulding phase will be assessed, for
example, the effect of different curing kinetics parameters is studied
only during the solidification (curing) phase, not during filling.

12.5.1 Viscosity datasets A and B

The effect of distinct viscosity sub-datasets in filling and curing simu-
lations are analysed next mostly in terms of the filling phase. Figure
12.2 shows the flow behaviour of LSR at 20% cavity filling for datasets
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A and B. It is possible to see that the flow profile is very similar for
both simulations, which is the typical parabolic flow characteristic of
the velocity profile described by fluid mechanics. The flow behaviour
similarity continues during the whole filling stage. From Figure 5.10,
one can realize that at the highest studied temperature (90°C), the
viscosity values for both methods (LAOS and HPCR) are comparable
for the whole shear rate range. Thus, it is expected that the flow front
behaves similarly.

Figure 12.2: Simulated LSR flow behaviour for datasets A (left, LAOS) and B
(right, HPCR) at 20% filling for one cavity.

At the sprue, the pressure was monitored via a virtual sensor and
plotted over the filling time in Figure 12.3(a). Since LSR flows into the
mould at 25°C, higher viscosity for the LAOS dataset is expected, due
to the fact that at 50°C (Figure 5.10) ηLAOS > ηHPCR. This difference
in viscosity, i.e., resistance to flow, leads to a difference in pressure
as presented in Figure 12.3(a): it is expected a higher pressure for
the more viscous sample (dataset B HPCR). The significant increase
of pressure at the sprue indicates that, when designing the injection
moulding process, distinct injection force/pressure and speed would
have to be defined.

In order to check which pressure curve predicts better the actual
pressure at the sprue during a real LSR injection moulding process,
further experiments would be necessary. This limitation in terms of the
scope of the present work is discussed in the conclusion of this Chapter.
Nevertheless, this evidence is the most important one concerning the
effect of distinct viscosity sub-datasets, since it shows that processing
conditions would also be differently set for each dataset. The pressure
profile at the surface of the sprue, running system, and cavities is
also shown qualitatively in Figure 12.4, where it becomes evident the
higher pressure for the simulation ran employing dataset B. Inside the
cavity, there is no significant pressure difference at the end of filling
for the simulations.
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Figure 12.3: Simulated pressure at the sprue (sensor 1) during the filling
stage (a) and simulated temperature at one cavity (sensor 2)
during the injection moulding cycle (b) for two different datasets
with distinct viscosity input as described in Table 12.2.
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Figure 12.4: Simulated pressure for the whole studied volume, including the
sprue and the running system, for datasets A (left, LAOS) and
B (right, HPCR), where the pressure difference is evident at the
sprue at the end of filling.

The comparison between datasets A and B kept constant the specific
heat capacity and thermal conductivity sub-datasets, leading to the
simulated temperature curve at Figure 12.3(b). During the whole
cycle, the temperature measured at the sensor was the same for both
datasets, indicating that the viscosity data did not effect how LSR heats
up inside the cavity. Indeed, this difference will be observed in the next
comparison concerning cP. Qualitatively, the cavity temperature at the
end of filling is also shown in Figure 12.5. It is valuable to analyse the
thermal state of the cavity at the end of filling because no significant
crosslinking should occur before the cavity is completely filled. From
the figure, besides the fact that both datasets lead to similar simulated
temperature profiles, one can realized that the temperature at the
surface is in the vicinity of curing onset. On the other hand, at the
center of the cavity (visible in the cross-section region shown in Figure
12.5), the temperature is below the curing temperature.

In order to demonstrate the curing state at the end of filling, Fig-
ure 12.6 shows the curing degree for the cavity. This confirms the
indications that no significant curing occurs during filling, avoiding
pre-curing (scorch). There are regions close to the walls near the cavity
entrance that indicate curing. This happens because the flow reached
those areas first, leading to higher residence time in contact with the
walls at 180°C. These areas, however, do not hinder or disturb the flow,
since it flows away and parallel (see Figure 12.2) to these walls.
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(a)

(b)

Figure 12.5: Simulated cavity temperature at the end of the filling stage for
datasets A (left, LAOS) and B (right, HPCR) (a), with snapshot of
the part cross-section for datasets A (top, LAOS) and B (bottom,
HPCR) (b).
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Figure 12.6: Simulated curing degree at the cavity for datasets A (left, LAOS)
and B (right, HPCR) at the end of the filling step.

12.5.2 Specific heat capacity datasets B and C

Differently from the comparison concerning viscosity sub-datasets,
the specific heat capacity affects mostly the temperature profile and,
therefore, the solidification (curing) phase of the injection moulding
cycle. At Figure 12.7, it is possible to check that the pressure at sensor 1,
located at the sprue, is very similar for both datasets. The pressure is
slightly higher for dataset B (MDSC 1

st heating) because the higher cP

values for this sub-dataset (for reference, see Figure 8.2) cause lower
flow temperature for the same mould temperature, leading to a higher
viscosity. Overall, however, the different specific heat capacity values
did not significantly affect the pressure at the sprue. This means that,
for a real process, no critical difference would rise if the processing
set was based on simulation B or C.

The effect of different cP values on the cavity temperature is quantit-
atively shown in Figure 12.7(b) and qualitative shown in Figure 12.8(a).
Dataset C causes higher temperatures throughout the whole cycle
than dataset B, which is a direct consequence of the lower cP determ-
ined by the sapphire method during the first heating. Besides, it is
possible to realize that the input concerning enthalpy (8.15 kJ.kg−1)
in dataset B was not enough to equalize the temperature to dataset
C. This probably occurs due to the fact that the software apparently
does not connect the released heat with the curing rate, as stated in
Equation 8.3, in order to account for the internal heat source. If this is
the case, then it is more reliable to input specific heat capacity data
set determined by the sapphire 1

st heating method, since it accounts
for the heat release that ultimately raises the polymer temperature.
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Figure 12.7: Simulated pressure at the sprue (sensor 1) during the filling
stage (a), simulated temperature at one cavity (sensor 2) during
the injection moulding cycle (b), and curing degree (c) for the
two different datasets B and C with distinct specific heat capacity
input as shown in Table 12.1. The cP data concerning MDSC 1

st

and sapphire 1
st can be consulted at Figure 8.1.
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The curing degree or conversion calculated at the sensor 2 position
is shown for the whole cycle duration in Figure 12.7(c), while it is
qualitatively shown for the cavity surface at Figure 12.8(b). The curing
degree behaviour is directly connected to the temperature profile
analysed before, i.e., the higher the temperature at a given cycle time
t, the higher the conversion, as it can be seen in the Figure 12.8(c).
Both datasets contain the same curing kinetics information, but heat
up at different paces, leading to distinct curing times. At the end
of the filling stage, it is possible to realize from Figure 12.8 that the
simulation carried out with dataset C indicates a curing degree at the
cavity surface around 30% in some regions, while the whole cavity
upper surface shows negligible curing degree. In this sense, there is
no possibility of scorch for any of the scenarios.

The curing degree development during the curing phase is shown
in Figure 12.9 for t = 25 s and t = 55 s (cycle time). At 25 s (Figure
12.9(a)), the crosslinking degree difference can be observed, being low
close to the cavity entrance for both datasets (lower residence time
when compared to the other cavity areas), but still higher for dataset
C. At 55 s, the simulation showed for dataset C complete curing for
the part, while dataset B’s simulation presented an uncured core. Even
though dataset B is not completely cured after 55 s, it is possible to
state that the part could still be ejected at this condition, since ejection
typically occurs between 75% and 95% completion of cure [48].

12.5.3 Specific heat capacity datasets B and D

In order to compare the specific heat capacity datasets that have a
linear relationship of cP with temperature (MDSC 1

st and sapphire
2

nd), i.e., without the crosslinking contribution, datasets B and D were
compared in terms of their simulation outputs. From the pressure and
temperature signals presented in Figure 12.10, one can realize that
both datasets present similar results, having dataset D slightly higher
temperature development than dataset B. The higher temperature
related to dataset D reflects in an earlier curing onset, as presented in
Figure 12.10(c). The curing degree behaviour for dataset C is shown
for comparison, where it is possible to observe not only the effect of
the lower average cP, but also the heat release contribution (realized
as a downward peak at cP).

When comparing the temperature at the end of the filling stage,
datasets B and D present similar behaviour, as shown in Figure 12.11.
The temperature difference at the center of the part is 1.7 K, which is
also the average for the temperature close to the cavity upper surface.
These dataset will eventually lead to higher temperature differences as
the cycle proceeds (Figure 12.10). In this sense, there is no significant
impact of the specific heat capacity in the filling phase, resulting in no
scorch or problems to fill the whole cavity within the set filling time.
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(a)

(b)

Figure 12.8: Simulated cavity temperature at the end of the filling stage for
datasets B (left, MDSC 1

st) and C (right, sapphire 1
st) (a), with

the correspondent curing degree (conversion 0-100%) (b).
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(a)

(b)

Figure 12.9: Curing degree at t = 25 s (a) and at t = 55 s (a) for datasets B
(left and top, MDSC 1

st) and C (right and bottom, sapphire 1
st).
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Figure 12.10: Simulated pressure at the sprue (sensor 1) during the filling
stage (a), simulated temperature at one cavity (sensor 2) during
the injection moulding cycle (b), and curing degree (c) for the
different datasets B and D with distinct specific heat capacity
input as shown in Table 12.1. The cP data concerning MDSC 1

st

and sapphire 1
st can be consulted at Figure 8.1. The conversion

values for dataset C are shown in (c) for comparison purposes.
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Figure 12.11: Simulated temperature at the cavity for datasets B (left, MDSC
1

st) and D (right, sapphire 2
nd) at the end of the filling step,

with the assigned local temperature at the center of the cavity
cross-section: 34.8°C (left) and 36.5°C (right).
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12.5.4 Curing kinetics datasets B and E

Finally, the impact of distinct curing kinetics parameters (Table 12.3)
in the filling and curing simulation of LSR injection moulding was
studied, and the pressure, temperature, and curing degree develop-
ment within the injection moulding cycle is shown in Figure 12.12. As
it was already demonstrated for the cP study, the pressure measured
by sensor 1 did not present significant difference when comparing
datasets B (curing parameters based on DSC experiments) and E (cur-
ing kinetics characterized via rubber process analyser). This is due
to the fact that the position where sensor 1 is located does not reach
the curing onset temperature, thus not being affected by the cross-
linking kinetics. Therefore, both datasets present the same pressure
profile (Figure 12.12(a)) at the sprue, leading to possibly the same
setups when concerning the injection moulding machine capacity
(force, injection speed, etc.).

At sensor 2, which is located close to the cavity entrance, the temper-
ature development (Figure 12.12(b)) is also the same for both datasets,
reflecting the equal specific heat capacities that were set for these
samples. However, since the Kamal model parameters are different,
distinct curing degree were measured at sensor 2, which are shown in
Figure 12.12(c). As it was explained before, no scorch occurs during
filling, since the curing degree is negligible before t = 10 s at the
location of sensor 2. This is shown in qualitative terms by Figure 12.13:
even though the curing onset is already reached at the end of filling
(Figure 12.13(a)), no significant curing occurs (Figure 12.13(b)).

The curing degree inside the cavity follows the conversion trend
presented in Chapter 11, where the calorimetric data displayed an
earlier onset compared to the rheological one. Besides, the curing
degree calculated for dataset B reached 90% 19 s before dataset E,
demonstrating once again the problem related to the rheological data
concerning marching modulus (conversion values were calculated
based on the torque data, that were sensitive to the marching modulus).
However, when one considers that ejection typically occurs between
75% and 95% completion of cure for LSR [48] due to the fact that the
remaining internal heat after ejection is capable to complete the part
curing, datasets B and E experience 5 s difference in the curing time,
reaching 75% curing degree at around 32 s and 37 s, respectively.

Qualitatively, Figure 12.14 shows the curing degree development
for various cycle times, highlighting the differences in terms of cross-
linking onset and speed for the distinct datasets. Between 30 s (Figure
12.14(b)) and 40 s (Figure 12.14(c)), the part upper surface already
reaches at least 70% of curing, while the part core (blue area evidenced
by the cross-section) is still mostly uncured for both datasets.
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Figure 12.12: Simulated pressure at the sprue (sensor 1) during the filling
stage (a), simulated temperature at one cavity (sensor 2) during
the injection moulding cycle (b), and curing degree (c) for the
different datasets B and E with distinct curing kinetics inputs
as shown in Table 12.3. The dashed area shown in (a) between
0 and 0.3 s is enlarged in the same plot to aid differentiation of
the curves. The time at which curing degree = 90% is marked
in (c) as 33.5 s for dataset B and 52.9 s for dataset E.
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(a)

(b)

Figure 12.13: Simulated cavity temperature at the end of the filling stage for
datasets B (left, DSC) and E (right, RPA) (a), with the corres-
pondent curing degree (conversion 0-100%) (b).
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(a)

(b)

(c)

(d)

Figure 12.14: Simulated cavity curing degree (conversion 0-100%) for datasets
B (left, DSC) and E (right, RPA) at the cycle times t = 15 s (a),
30 s (b), 40 s (c), and 45 s (d). The local surface indications for
the curing degree assign 98.78% (left) and 85.59% (right) at (c);
and 98.81% (left) and 82.31% (right) at (d).
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12.6 conclusions of the chapter

It was demonstrated in the previous Chapters of this work that the
main properties necessary to perform injection moulding simulation
of liquid silicone rubber can be assessed via different experimental
methods. Thus, it becomes reasonable to compare these distinct ma-
terial datasets in actual injection moulding simulations. Thus, pairs
of datasets related to viscosity (fully described in Chapter 5), specific
heat capacity (presented in Chapter 8), and curing kinetics (studied in
Chapter 11) were investigated. The main results of this Chapter were
the processing-related signals: pressure at the sprue (measured by
sensor 1), temperature at the cavity (measured by sensor 2), and cur-
ing degree (also referred as conversion, measured by sensor 2). Besides,
the spacial qualitative variation in the mould of these parameters were
also taken into consideration.

The investigation of the viscosity datasets revealed significant in-
sights into the influence of different viscosity inputs on the simulation
outcomes. Utilizing two distinct datasets, obtained from oscillatory
experiments at large amplitude under non-linear viscoelastic condi-
tions (LAOS) and high-pressure capillary rheometry (HPCR), it was
found that both datasets produced similar flow profiles during the
filling phase, indicative of a typical parabolic velocity profile. However,
at lower temperatures, the LAOS dataset exhibited higher viscosity
compared to the HPCR dataset, resulting in a higher pressure at the
sprue for the LAOS dataset. This difference in pressure highlights
the need for adjusting injection force and speed based on the specific
viscosity dataset used to perform the simulation, as higher viscosity
increases resistance to flow and, consequently, the required injection
pressure. Despite the differences in pressure, the temperature profiles
within the cavity remained consistent across both datasets, suggesting
that viscosity variations did not significantly impact the thermal be-
haviour of LSR during the injection moulding process. Furthermore,
the curing degree analysis indicated that minimal curing occurred
during the filling phase, with only slight curing observed near the
cavity walls due to higher residence time in contact with the heated
mould surfaces.

The analysis of specific heat capacity datasets elucidated the impact
of this thermal property on the simulation results. The study com-
pared two pairs of datasets: one obtained via MDSC at 1

st heating and
another via the standardized sapphire method at 1

st heating, which
differ in the effect of curing on specific heat capacity; and via MDSC
at 1

st heating and by the sapphire method at 2
nd heating, which vary

linearly with temperature. For MDSC 1
st heating and sapphire 1

st

heating, the pressure at the sprue remained similar, although slightly
higher for MDSC 1

st heating due to its higher specific heat capacity,
resulting in a lower flow temperature and higher viscosity. This indic-
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ates that in a real process, choosing between these datasets would not
significantly affect the pressure profile. However, the cavity temperat-
ure showed noticeable differences, with sapphire 1

st heating causing
higher temperatures throughout the cycle due to its lower specific
heat capacity. This discrepancy suggests that sapphire 1

st heating may
provide a more accurate thermal prediction, as it better accounts for
heat release during curing, which the simulation software did not fully
capture with MDSC 1

st heating. Consequently, the curing degree was
higher for sapphire 1

st heating, indicating faster curing and a reduced
risk of scorch. In contrast, MDSC 1

st heating showed an uncured core
at the end of the cycle, although still within acceptable limits for part
ejection. When comparing MDSC 1

st heating and sapphire 2
nd heating,

both exhibited similar temperature and pressure profiles, but sapphire
2

nd heating led to slightly higher temperatures and earlier curing
onset, reflecting the influence of its lower specific heat capacity. This
comparison underscores that while specific heat capacity variations
do not critically impact the filling phase, they significantly influence
the curing behavior and thermal management during the injection
moulding process.

The analysis of curing kinetics datasets compared two distinct ap-
proaches: calorimetric (DSC-based) and rheological (rubber process
analyser-based) methods. Both datasets showed no significant differ-
ence in pressure at the sprue due to the location of the sensor, which
does not reach curing onset temperatures, indicating that injection
moulding machine setups (such as force and injection speed) would
remain unaffected by the choice of curing kinetics dataset. Besides,
the temperature development near the cavity entrance was identical
for both datasets, owing to the same specific heat capacities used in
the simulation. Despite this, the curing degrees differed significantly
due to the distinct Kamal model parameters. The calorimetric dataset
exhibited an earlier onset and faster curing rate compared to the rhe-
ological dataset, with the curing degree reaching 90% approximately
19 seconds earlier. This disparity highlights the challenges associated
with using rheological data, particularly the issue of marching modu-
lus affecting the torque-based conversion calculations. Nonetheless,
both datasets reached 75% curing degree within a close timeframe
(32 seconds for the calorimetric data and 37 seconds for the rheolo-
gical data), aligning with the typical ejection criterion for LSR parts,
which relies on the remaining internal heat to complete curing post-
ejection. Qualitative analysis of the curing degree development further
illustrated these differences, with both datasets showing at least 70%
curing at the part’s upper surface between 30 s and 40 s, while the
part’s core remained mostly uncured.
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F I N A L R E M A R K S

This final Chapter concludes the present work assessing the proposed
objectives and resuming the main outcomes. Besides, it is discussed
the limitations of this Thesis and future investigations are prospected,
aiming to continue advancing in this topic.

13.1 philosophical objectives

As proposed in the introductory part, the following philosophical
objectives can now be assessed:

1. How has this research contributed to the generation of knowledge?

2. How has this investigation contributed to the development of
individuals?

3. How has this thesis contributed to the wider research community?

4. How has this work contributed to broader society?

Considering the current gap in the scientific literature concerning
the investigation of injection moulding grades of liquid silicone rubber,
the present Thesis adds to the state of the art in terms of novel find-
ings and methodological insights to characterize LSR for simulation
purposes. In this sense, the knowledge generated in this regards is
useful not only for the research community, but also, and very import-
antly, to the industry. Simulation software developers can employ the
disclosed knowledge described in this work to develop their routines.
Additionally, companies that employ the injection moulding process
to manufacture liquid silicone rubber-based products benefit from
this Thesis by having a deep study of many phenomena related to
LSR characterization. Since the development of This thesis involved
different institutions and, consequently, numerous people (bachelor,
master, and Ph.D. students, among other researchers and professores),
it is understood that the present work added to their overall know-
ledge about liquid silicone rubber, mainly the peculiarities of this
material. Finally, by adding scientific and industrial knowledge to
the current technological state of the society, this Thesis impacts the
broader society by aiding the manufacture of high-quality products,
with longer lifetime, and improving the life quality of their users.

159
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13.2 scientific goals

Furthermore, the general scientific goals can now be assessed for each
of the Parts of this work, linking the material data characterization
(Parts II, III, and IV) to the simulation comparisons presented in Part V.

The specific objective of Part II was to reliably define LSR’s viscosity
as a function of temperature and shear rate, considering the material’s
complex interactions among polymer chains and fillers. This objective
was met through a comprehensive investigation of various methodolo-
gies for determining the viscosity of liquid silicone rubber (LSR) under
different conditions that mimic the injection moulding environment.
The study critically and systematically compared state-of-the-art ap-
proaches, suggesting that steady shear-based techniques like rotational
steady experiments and high-pressure capillary rheometer (HPCR)
methods are most effective in capturing the microstructural changes
of LSR under shear. These changes are primarily attributed to the
structure of silica fillers present in commercial LSR grades, which
undergo disruption under shear and recovery when shear ceases.

Oscillatory experiments, commonly used in rheological studies,
were also examined. The traditional Cox-Merz rule, which links steady
and oscillatory shear properties, was not upheld in this study. However,
under non-linear viscoelastic conditions, the results from steady and
oscillatory (LAOS) experiments converged, indicating a comparable
filler structure only achievable in non-linear regimes. This was further
analyzed using Fourier-transformation and Chebyshev coefficients,
translating the concept of complex viscosity to a non-linear viscoelastic
scenario. These findings underscore the importance of considering
microstructural changes during viscosity determination.

The rheological properties of LSR were scrutinized in detail, provid-
ing insights for future research on viscosity determination for polymer
processing simulations. The methodologies employed were critically
analyzed, contributing to a deeper understanding of the rheological
behavior of LSR. In Part V of this Thesis, the LAOS and HPCR method-
ologies were compared in terms of their impact on injection moulding
simulation parameters, achieving the objective of correlating rheolo-
gical data with processing conditions. The results demonstrated that
different viscosity datasets can significantly affect the simulation out-
comes. Specifically, the LAOS dataset exhibited higher viscosity at
lower temperatures, resulting in higher pressure requirements dur-
ing mould filling compared to the HPCR dataset. This indicates that
the choice of viscosity dataset is crucial for accurately predicting
processing parameters and ensuring the quality of the final product.
Therefore, this study successfully achieved its objective by provid-
ing a detailed analysis of viscosity determination methods and their
implications for LSR injection moulding.
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The objective of Part III was to accurately determine LSR’s specific
heat capacity (cP) and thermal conductivity (λ) concerning temperat-
ure and the chemical state (non-crosslinked or cured), and to assess the
pressure-volume-temperature (pvT) behavior of LSR. This objective
was achieved through a detailed analysis of the thermal properties
necessary for the injection moulding simulation of LSR. The study
employed both the standardized sapphire method and the modulated
temperature approach to measure the specific heat capacity, demon-
strating that while cP is temperature-dependent, it is not influenced by
the curing state of the samples. The modulated temperature approach
captured the true specific heat capacity, necessitating the inclusion
of curing enthalpy information to accurately describe energy conser-
vation. Conversely, the sapphire method integrated enthalpic data
into the specific heat capacity, reflecting the exothermic nature of the
curing reaction, which is crucial for energy balance in simulations.

The investigation into thermal conductivity revealed that it remains
relatively stable across LSR processing temperatures for both uncured
and cured states of LSR. This stability supports the assumption of a
constant thermal conductivity in simulation routines, thereby simplify-
ing the computational process without significant accuracy loss. This
finding is beneficial for reducing computational complexity and time,
ensuring efficient simulations. Additionally, understanding the minor
variations between individual components and their mixtures aids in
planning material data characterization before simulations.

The analysis of specific volume, described accurately by the Tait
model, confirmed the expected behavior based on macromolecular
arguments and literature reports. This aspect of the study is critical
for determining the most suitable filling conditions in injection mould-
ing to prevent processing issues such as flashing. Thus, the thermal
properties investigated in the dedicated study provide essential data
for improving the accuracy and efficiency of LSR injection moulding
simulations.

Connecting these findings with the simulation comparisons carried
out at the final Part of this Thesis, it was observed that the choice of
specific heat capacity datasets significantly impacted the temperature
profile and curing behaviour during the injection moulding cycle.
The sapphire method, which accounts for the heat release during
curing, provided a more reliable temperature profile in simulations
compared to the modulated temperature approach. This difference
in temperature profiles influenced the curing kinetics, where higher
temperatures led to faster curing rates and earlier completion of the
curing process.

Ultimately, a crosslinking study aimed to precisely identify LSR’s
crosslinking kinetics and compare different approaches to determin-
ing the curing behavior. This goal was met by confirming that both
calorimetry- and rheology-based methods are effective in determining
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the curing kinetics of silicone rubber. The Kamal model (autocatalytic)
was found sufficient for describing the curing speed (conversion rate
dα/dt) of both high consistency and liquid silicone rubbers.

For high consistency silicone, rheological data demonstrated that
increasing dicumylperoxide concentration accelerates the crosslink-
ing reaction, reducing the induction time and increasing reaction
velocity. This acceleration results in a higher but limited maximum
detected torque, which varies significantly at different temperatures.
A correlation was established between optimum cure time, curing tem-
perature, and dicumylperoxide concentration, providing a predictive
tool for cycle times in compression or injection moulding. The kinetic
parameters indicated that while the pre-exponential factor decreased,
the overall reactivity (represented by the Arrhenius rate constant) in-
creased with higher dicumylperoxide concentration, attributed to the
catalytic effect of radicals involved in crosslinking. This illustrates that
curing depends not only on crosslinker concentration but also on the
thermodynamic and kinetic characteristics of the curing mechanism,
including limitations due to active sites for radical reaction and radical
recombination.

For liquid silicone rubber, the classical definition of gel time was
found unreliable for determining when LSR ceases to flow, as phys-
ical gels from filler-filler interactions and entanglements occur from
the early stages of curing. Notably, characterizing curing kinetics via
dynamic scanning calorimetry (based on released heat) or rheology
(based on increasing resistance to shear) yields different kinetic para-
meters. While the calorimetric approach effectively follows the entire
curing process, the rheology-based method struggles with detecting
the real onset of curing due to device sensitivity limitations. These
methods, when linked to the Kamal model, suggest different kinetic
models best describe the curing reaction: the calorimetric method
aligns with the autocatalytic model, while rheological analysis fits the
nth order model. Despite these differences, both methods produced
conversion rate data that fit well to the Kamal model with low resid-
uals, though the calorimetric method showed less variation compared
to the rheological approach.

Linking these findings with the simulation comparisons, it became
clear that the choice of kinetic parameters and the method used to
obtain them significantly impact the simulation outcomes. Specifically,
simulations using calorimetric data, which align with the autocatalytic
model, showed a more predictable and consistent curing process
compared to those using rheological data. This difference highlights
the need for careful selection of curing kinetic data in simulation
routines, given the different behaviors observed between the two
approaches.
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13.3 limitations of the study

This Thesis has brought forward important insights into the simula-
tion of liquid silicone rubber (LSR) injection moulding, yet there are
several limitations that merit discussion. The principal limitation is
the inability to conduct actual injection moulding experiments to dir-
ectly validate the simulation findings. Access to LSR-specific injection
moulding machines is limited, as these machines are specialized and
were not available in either university labs or through industrial part-
ners. This restriction made it impossible in the scope of this work to
empirically verify which material dataset could more precisely predict
processing signals during actual manufacturing conditions.

Additionally, the study was limited to only two grades of liquid
silicone rubber designed for injection moulding. While these grades
are representative of typical industry materials, LSR formulations are
diverse, especially in terms of filler content, which can significantly
impact the material’s rheological and thermal properties. Most com-
mercial LSR grades contain fillers, and although the outcomes of this
Thesis are likely relevant to other filled grades, the specific effects of
different fillers and their concentrations were not examined.

These limitations point towards potential areas for future research,
particularly the need for collaborations that could provide access to
specialized LSR moulding equipment and the extension of the research
to include a broader array of LSR grades. Such future studies would
deepen the understanding of LSR processing dynamics and improve
the precision of simulation models, effectively closing the gap between
theoretical simulations and practical manufacturing realities.

13.4 future research directions

To address the limitations identified in this Thesis and to further
enhance the predictive accuracy of LSR injection moulding simulations,
several directions for future research are proposed:

1. Empirical validation of simulation models: collaborations with
industry partners or research institutions that have access to spe-
cialized LSR injection moulding machines would be invaluable.
Conducting real-world moulding experiments would allow for
direct validation of simulation results, assessing the precision of
different material datasets in predicting processing signals.

2. Expansion of material grades: broadening the scope of investig-
ated LSR grades can provide a more comprehensive understand-
ing of how variations in formulations affect processing dynamics.
Including a wider range of filler contents would help in gen-
eralizing the simulation models to be applicable to a broader
spectrum of commercial LSR grades.
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3. Development of real-time measurement devices: advancing and
implementing devices that can measure key properties during
the injection moulding process could significantly enhance the
real-time monitoring and control of the moulding process. On-
line viscosimeters and infrared sensors for measuring curing
degree are examples of technologies that could be further de-
veloped and validated for this purpose.

4. Innovation in modelling approaches: the development of new
models that more accurately predict the flow and curing beha-
viours of LSR during injection moulding would help in bringing
simulation closer to reality. These models could incorporate
more complex aspects of material behaviour under the dynamic
conditions of moulding, such as phase changes and chemical
reactions.

5. Comparison with alternative simulation software and independ-
ent methods: exploring the efficacy of different simulation soft-
ware or employing independent finite element methods could
provide deeper insights into the strengths and weaknesses of cur-
rent approaches. Tailoring simulations in more advanced ways,
possibly by integrating custom modifications or enhancements
to existing models, could lead to more accurate and reliable
predictive models.

6. Integration of advanced sensing technologies: integrating sensors
that can provide real-time data during the moulding process,
such as pressure sensors, thermal cameras, or acoustic emission
sensors, could improve the understanding of the material be-
havior under process conditions. This integration would also
facilitate the development of more adaptive and responsive con-
trol systems for the injection moulding process.

By pursuing these research directions, the field can move closer
to developing highly accurate, reliable, and comprehensive simula-
tion tools that faithfully replicate the complexities of LSR injection
moulding. This would not only improve the efficiency and quality of
manufactured products but also enhance the scientific understanding
of polymer processing.
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A P P E N D I X

This Appendix provides additional information, mostly concerning
the experimental sections of the previous Parts. It covers not only
material characterization aspects, but also practical and statistical
considerations. The sequence in which the topics are covered follow
the original order in which these information were introduced in the
preceding Parts.

a.1 molecular weight distribution

a.1.1 High consistency silicone

The molecular weight distribution of high consistency poly(dimethyl
siloxane), or solid PDMS Xiameter™ RBB-2100-50 was determined via
gel permeation chromatography (GPC) by employing a GPC analyser
(Shimadzu Corp., Japan) coupled with a refractive index detector RID-
20 and a MZ-Gel SDplus Linear 5 µm column. Sample preparation
was accomplished by producing three 10 mg.mL−1 silicone rubber
solution samples in triplicate (samples 1, 2, and 3) in tetrahydrofuran
by solubilization. Only the sample containing 0 phr dicumylperoxide
was analysed. These solutions were subsequently filtered through
a 0.45 µm PTFE membrane filter, aiming to get rid of the filler in-
corporated to the silicone rubber gum. Calibration was made using
poly(styrene) references and a calibration curve was built. Several
averaged molecular weights are reported in Table A.1, along with the
polydispersity indexes Mw/Mn and Mz/Mw.

Table A.1: Averaged molecular weights and polydispersity indexes for three
high consistency silicone samples (sample A, 0 phr dicumylperox-
ide) as determined by GPC.

Sample Mn Mw Mz Mz+1 Mw/Mn Mz/Mw

(g.mol−1) (g.mol−1) (g.mol−1) (g.mol−1) (-) (-)

1 373,887 677,037 1,043,506 1,397,882 1.811 1.541

2 365,736 650,012 1,007,852 1,356,495 1.778 1.550

3 358,198 647,947 1,015,985 1,377,667 1.809 1.568

Mean 365,940 658,330 1,022,450 1,377,350 1.799 1.553

± std. dev ± 6406 ± 13,253 ± 15,256 ± 16,896 ± 0.015 ± 0.011

167
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Values for averaged molecular weights and polydispersity indexes
are in accordance with typical values for solid poly(siloxane) elast-
omers. [202] The polydispersity Mw

Mn
of around 2 is also typical for

polycondensation polymerization reactions, one of the normally em-
ployed synthesis route for poly(siloxane)s. [11]

a.1.2 Liquid silicone rubber

The molecular weight distribution of liquid silicone rubber SiloprenTM

LSR 2070 was characterized via gel permeation chromatography (GPC)
by employing a GPC analyser (Shimadzu Corp., Japan) coupled with
a refractive index detector RID-20 and a MZ-Gel SDplus Linear 5 µm
column. Sample preparation was accomplished by producing three
10 mg.mL−1 LSR solution samples in triplicate (samples 1, 2, and
3) in tetrahydrofuran by solubilization. Only part B was analysed.
These solutions were subsequently filtered through a 0.45 µm PTFE
membrane filter, aiming to get rid of the filler incorporated to the li-
quid silicone rubber matrix. Calibration was made using poly(styrene)
references and a calibration curve was built. The molecular weight
distribution information is shown in Table A.2.

Table A.2: Averaged molecular weights and polydispersity indexes for three
LSR samples (part B, only the base polymer) as determined by
GPC.

Sample Mn Mw Mz Mz+1 Mw/Mn Mz/Mw

(g.mol−1) (g.mol−1) (g.mol−1) (g.mol−1) (-) (-)

1 55265 88108 131661 182966 1.594 1.494

2 51798 86688 133102 188745 1.673 1.535

3 55274 85223 129952 187987 1.542 1.525

Mean 54112 86673 131571 186566 1.603 1.518

± std. dev ± 1636.5 ± 1177.8 ± 1287.5 ± 2564.3 ± 0.05 ± 0.02

a.2 chemical characterization

a.2.1 High consistency silicone

The investigated high consistency silicone was chemically character-
ized via infrared spectroscopy aiming to identify the type of siloxane
monomer (specifically, R1 and R2 from Figure 1.1). The presence or
absence of vinyl moieties, which are important to define the curing
mechanism, was determined via proton nuclear magnetic resonance
spectroscopy.
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Fourier-transform infrared spectroscopy (FTIR) was conducted in a
PerkinElmer Spectrum Two spectrometer (USA) in the transmittance
mode over a wavenumber range of 4000 cm−1 to 400 cm−1, with
accumulated 16 scans at a resolution of 4 cm−1 in the attenuated total
reflectance (ATR) mode. Characteristic absorption peaks are present
in Figure A.1, where the following wavenumbers can be assigned
[152, 203–205]: 2961 cm−1 (and shoulder at around 2910 cm−1) to CH3

asymmetric stretch; 1410 cm−1 to CH3 asymmetric bending; 1258 cm−1

to CH3 symmetric bending; 1004 cm−1 to Si-O-Si asymmetric stretch;
and 789 cm−1 to Si-CH3 asymmetric stretch and Si-CH3 asymmetric
rocking (shoulder at around 860 cm−1. Based on these characteristic
absorption peaks, one can conclude that the sample is likely to be a
poly(dimethylsiloxane). Since the sensibility of infrared spectroscopy
to double bonds is low, nuclear magnetic resonance spectroscopy was
applied and will be described next.
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Figure A.1: Infrared (IR) spectrum of the high consistency silicone sample
without dicumylperoxide (0 phr) indicating the characteristic IR
absorptions of poly(dimethylsiloxane).

Determination of the vinyl presence or absence in the silicone rubber
under study was vital to correctly describe the crosslinking mechanism
taking the thermodynamic and kinetic parameters that were calcu-
lated into consideration. The vinyl content was then determined via
high-field solution proton nuclear magnetic resonance spectroscopy
(1H NMR), by analysing the vinyl signals at about 6 ppm. The silicone
rubber gum without dicumylperoxide (0 phr sample) was solubilized
in deuterated chloroform (CDCl3) and analysed in a 300 MHz Bruker
Advance III spectrometer (Bruker, USA) with 64 scans and reference
as the residual solvent peak at 7.26 ppm.

Figure A.2 shows the 1H NMR full spectrum, as well as a detailed
1H NMR spectrum with focus on the 5.5–6.5 ppm chemical shift
(δ) region (usually where vinyl peaks show up [206]), for the 0 phr
dicumylperoxide solid silicone sample. The full spectrum shows char-
acteristic poly(dimethylsiloxane) signals, mainly between -0.20 ppm
and 0.20 ppm. Peaks at the 1.5 ppm region can be associated to water.
No significant vinyl signals were present at the 5.5-6.5 ppm region.
Normally, even at low concentrations (down to 2%, for example), vinyl
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groups appear as a set of multiple peaks at about 6 ppm. Thus, it is
possible to state that this silicone grade has no significant amount of
vinyl moieties, being mainly composed of poly(dimethylsiloxane).
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Figure A.2: (a) 1H NMR spectrum in CDCl3 for the 0 dicumylperoxide solid
silicone, and detailed spectrum (b) for the vinyl region.

a.2.2 Liquid silicone rubber

The chemical characterization of liquid silicone rubber (KEG-2003H-70-
A, hardness after cured = 70 Shore A) was conducted via infrared spec-
troscopy employing a PerkinElmer Spectrum Two spectrometer (USA)
in the transmittance mode over a wavenumber range of 4000 cm−1 to
400 cm−1, with accumulated 16 scans at a resolution of 4 cm−1 in the
attenuated total reflectance (ATR) mode. Figure A.3 shows the spectra
for part A and part B, where absorption peaks are assigned to char-
acteristic molecular features as described before for high consistency
silicone rubber. Part B shows two additional absorptions at 2159 cm−1

and 911 cm−1 that are absent in part A. These peaks can be attributed
to the Si–H group [207] present in the crosslinker, which is added to
part B.
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Figure A.3: Infrared (IR) spectrum of LSR’s part A and B indicating the char-
acteristic IR absorption wavenumbers of poly(dimethylsiloxane).

a.3 filler content determination

a.3.1 High consistency silicone

The filler content of high consistency poly(dimethylsiloxane), or solid
PDMS Xiameter™ RBB-2100-50 was determined by thermogravimetric
analysis (TGA). TGA was performed in a TGA/DSC 1 device (Mettler
Toledo, Switzerland) under 20 mL.min−1 of N2 at 10 K.min−1 from
25°C to 900°C. Filler content was determined as the mass residue at
900°C, since pure silicone rubber gum experiences no residue at this
temperature according to the literature [32]. The thermogram for the
sample without dicumylperoxide is shown in Figure A.4, where it is
possible to observe the high thermal stability of silicone rubbers [208],
and the residue at 900°C.
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Figure A.4: Thermogram for the 0 phr dicumylperoxide silicone rubber un-
der inert atmosphere (N2). The residue values were taken as the
% weight at 800°C.
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a.3.2 Liquid silicone rubber

The filler content of liquid silicone rubber SiloprenTM LSR 2070 was de-
termined via thermogravimetric analysis (TGA). TGA was performed
in a TGA 2 device (Mettler Toledo, Switzerland) from 25°C to 900°C.
The atmosphere was changed from N2 (20 mL.min−1) to synthetic air
(20 mL.min−1) at 700°C. The thermograms for samples 2070 part A
and 2070 part B are shown in Figure A.5.
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Figure A.5: 2070 A (full line) and 2070 B (dashed line) thermograms under
inert (N2) (until 700°C) and air atmospheres. The residue values
were taken as the % weight at 800°C.

Manufacturing of LSR is usually conducted via synthesizing the
base polymer (poly(siloxane) oligomers), incorporating the filler (silica),
and finally adding to each respective part the platinum catalyst (to
part A), and the crosslinker (low molecular weight poly(siloxane) to
part B). In this sense, both part A and part B contain the exact same
amount of filler. However, they showed different thermal degradation
profiles, mainly regarding the amount of residue (% weight) at 800°C,
as depicted in Figure A.5. The reason behind the difference on the
residue content is related to the presence of platinum catalyst at part
A and the silica surface’s chemical nature. As explained by Delebecq
et al. [36], the chemical modification of silica particle’s surface (mainly
via addition of vinyl moieties) and the presence of platinum catalyst
lead to the coupling reaction between the filler particles and the LSR
oligomers, ultimately leading to ceramization and thus increasing the
sample’s thermal stability. This thermal degradation pathway increases
the residue at 800°C (71.9 wt% in the present case) when compared
to an only silica-filled LSR polymer. Thus, the filler content based on
the residue amount was determined by 2070 part B’s residue value,
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since no platinum catalyst is incorporated to this component. For the
samples under study, a filler content of 32.3 wt% was established.

a.4 rheology - reproducibility study

To establish the highest variation concerning the oscillatory experi-
ments described in Section 4.2.1, three repetitions were conducted for
the strain amplitude sweep measurements under 0.1 Hz, 1.0 Hz, and
10 Hz. All triplicates are shown in Figure A.6(a), and the respective
coefficients of variation are shown in Figure A.6(b). For all frequen-
cies, the maximum determined coefficient of variation was lower than
5%. Thus, this variation was assumed for all other oscillatory exper-
iments conducted at the strain-controlled rheometer (ARES-G2, TA
Instruments, USA).
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Figure A.6: Variability study for oscillatory experiments: (a) three strain
amplitude sweep repetitions at 50°C for sample 2070 B under
different strain amplitudes and (b) coefficient of variation for the
amplitude sweeps shown in (a).
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a.5 hysteresis curves for 2070 b

σ(γ) (elastic) and σ(γ̇) (viscous) hysteresis curves for sample 2070

B during the recovery phase after intense shear are shown in Figure
A.7(a) and (b), respectively. From these hysteresis curves and compar-
ing with 2070 A’s curves (presented in Figure 5.13(a) and (d)), one can
derive the similarity regarding filler structure of both LSR parts.
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Figure A.7: Elastic σ(γ) (a) and viscous σ(γ̇) (b) LB curves for sample 2070

B at 50°C recorded during recovery period after intense shear.
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a.6 strain and stress sinusoidal signals

By imposing a sinusoidal shear strain γ(t) = γ0 sin(ωt) and a con-
sequent orthogonal strain rate γ̇(t) = γ0ω cos(ωt), a stress response
arises. These signals are presented in Figure A.8 for sample 2070 A un-
der linear (γ = 0.1%) and non-linear (γ = 10%) viscoelastic conditions
for three angular frequencies and three temperatures. Non-linearity
can be detected by the distorted stress signals at γ = 10%, which are
not smooth, but are still periodic sinusoidal signals. Note that the
curves show a time window within the stationary regime, i.e., when
successive strain cycles show equal stress responses. Figure A.8 does
not show the initial part of the experiment, where transient conditions
occur (strain is applied for the first time and stress is measured).

a.7 intensity of chebyshev coefficients at 90°c

The variation of the Chebyshev coefficients e3/1 and v3/1 as a function
of amplitude at 90°C is shown in Figure A.9. As demonstrated for 50°C,
the coefficients are close to zero under linear viscoelastic conditions,
while they reach values close to ±0.1 at 10% amplitude.

a.8 edge instability during steady shear experiments

In order to better visualize the edge instabilities that occur during
steady shear experiments, Figure A.10 shows the details of the snap-
shots provided in Figure 5.8 for each sequential shear rate. It is possible
to clearly see shear bands occurring at γ = 0.3 s−1 and the formation
of a concave gap edge (red arrow). At γ = 0.7 s−1, edge instability
occurs more strongly, deforming completely the gap edge geometry.
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Figure A.8: Imposed strain (dashed lines) and measured stress (full line) for
sample 2070 A under SAOS (bottom, γ = 0.1%) and LAOS (top,
γ = 10%) conditions for 3 different temperatures under stationary
regime.
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Figure A.9: Intensity of the Chebyshev coefficients e3/1 and v3/1 as a vari-
ation of the strain amplitude for 3 imposed angular frequencies
(a) 0.1 Hz; (b) 1.0 Hz; and (c) 10 Hz and at 90°C. For the ease of
interpretation, the vertical lines indicate the studied amplitudes
γ = 0.1% (SAOS) and γ = 10% (LAOS), and the horizontal line
shows where the coefficients are zero.
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Figure A.10: Gap snapshots for sequential shear rates during the steady
shear experiments as showed in the plot of Figure 5.8. These
snapshots show details of edge instabilities as indicated by the
red arrows.
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a.9 python scripts

The following script was used to fit the conversion rate data to the
Kamal model, as described in Chapter 10. This code was generated
with the aid of ChatGPT version GPT-3.5 (OpenAI) and the details
concerning the script are available in Section A.10 of this Appendix.

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from scipy.stats import norm

# Define the Kamal model equation with fixed E1 and E2

def kamal_model_fixed_E(T, A1, A2, m, n, alpha, E1=134500, E2=134500,

R=8.314):

return (A1 * np.exp(-E1 / (R * T)) + (A2 * np.exp(-E2 / (R * T))) *
alpha**m) * (1 - alpha)**n

# Validation checks

if np.any(T <= 0):

raise ValueError("Temperature values must be greater than zero")

if np.any(alpha < 0) or np.any(alpha > 1):

raise ValueError("Alpha values must be between 0 and 1")

# Model calculation

term1 = A1 * np.exp(-E1 / (R * T))

term2 = A2 * np.exp(-E2 / (R * T)) * alpha ** m

term3 = (1 - alpha) ** n

# Check for invalid values in intermediate terms

if np.any(np.isnan(term1)) or np.any(np.isinf(term1)):

print("Invalid values found in term1")

if np.any(np.isnan(term2)) or np.any(np.isinf(term2)):

print("Invalid values found in term2")

if np.any(np.isnan(term3)) or np.any(np.isinf(term3)):

print("Invalid values found in term3")

return (term1 + term2) * term3

# Define the Kamal model equation with E1 and E2 as variables

def kamal_model(T, A1, A2, E1, E2, m, n, alpha, R=8.314):

return (A1 * np.exp(-E1 / (R * T)) + (A2 * np.exp(-E2 / (R * T))) *
alpha**m) * (1 - alpha)**n

# Validation checks

if np.any(T <= 0):
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raise ValueError("Temperature values must be greater than zero")

if np.any(alpha < 0) or np.any(alpha > 1):

raise ValueError("Alpha values must be between 0 and 1")

# Model calculation

term1 = A1 * np.exp(-E1 / (R * T))

term2 = A2 * np.exp(-E2 / (R * T)) * alpha ** m

term3 = (1 - alpha) ** n

# Check for invalid values in intermediate terms

if np.any(np.isnan(term1)) or np.any(np.isinf(term1)):

print("Invalid values found in term1")

if np.any(np.isnan(term2)) or np.any(np.isinf(term2)):

print("Invalid values found in term2")

if np.any(np.isnan(term3)) or np.any(np.isinf(term3)):

print("Invalid values found in term3")

return (term1 + term2) * term3

# Specify the file path to your Excel file

file_path = ’Momentive_data fitting.xlsx’ # Replace with the actual path

to your file

# Read the data from the Excel file into a DataFrame

df = pd.read_excel(file_path)

# Extract data from DataFrame

alpha = df[’alpha’].values

d_alpha_dt = df[’d_alpha_dt’].values

T = df[’T’].values

# Check for invalid data and remove it

valid_indices = ~np.isnan(alpha) & ~np.isnan(d_alpha_dt) & ~np.isnan(T) & \

~np.isinf(alpha) & ~np.isinf(d_alpha_dt) & ~np.isinf(T) & \

(alpha >= 0) & (alpha <= 1) & (T > 0)

alpha = alpha[valid_indices]

d_alpha_dt = d_alpha_dt[valid_indices]

T = T[valid_indices]

# Initial parameters and bounds for A1, A2, m, n for the first fit

initial_params_first_fit = [1e8, 1e8, 1, 1] # Initial guesses for

A1, A2, m, n

bounds_first_fit = ([1e5, 1e5, 0, 0], [1e30, 1e30, 3, 3]) # Bounds for

A1, A2, m, n
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# Perform the first curve fitting on the concatenated data with fixed

E1 and E2

params_first_fit, covariance_first_fit = curve_fit(

lambda T, A1, A2, m, n: kamal_model_fixed_E(T, A1, A2, m, n, alpha),

T, d_alpha_dt, p0=initial_params_first_fit,

bounds=bounds_first_fit, maxfev=10000

)

# Calculate standard deviations from the covariance matrix

param_std_devs_first_fit = np.sqrt(np.diag(covariance_first_fit))

# Display optimized parameters with standard deviations

print("First fitting with fixed E1 and E2 - Optimized parameters with

standard deviations:")

print(f"A1: {params_first_fit[0]} ± {param_std_devs_first_fit[0]}")

print(f"A2: {params_first_fit[1]} ± {param_std_devs_first_fit[1]}")

print(f"m: {params_first_fit[2]} ± {param_std_devs_first_fit[2]}")

print(f"n: {params_first_fit[3]} ± {param_std_devs_first_fit[3]}")

# Store the initial guesses for the second fit

initial_params_second_fit = [params_first_fit[0], params_first_fit[1],

100000, 100000, params_first_fit[2], params_first_fit[3]]

# Bounds for the second fitting (you can adjust these as needed)

bounds_second_fit = (

[1e5, 1e5, 5e4, 5e4, 0, 0], # Lower bounds for A1, A2, E1, E2, m, n

[1e30, 1e30, 5e5, 5e5, 3, 3] # Upper bounds for A1, A2, E1, E2, m, n

)

# Perform the second curve fitting

params_second_fit, covariance_second_fit = curve_fit(

lambda T, A1, A2, E1, E2, m, n: kamal_model(T, A1, A2, E1, E2, m, n, alpha),

T, d_alpha_dt, p0=initial_params_second_fit, bounds=bounds_second_fit, maxfev=10000

)

# Calculate standard deviations from the covariance matrix

param_std_devs_second_fit = np.sqrt(np.diag(covariance_second_fit))

# Display optimized parameters with standard deviations

print("\nSecond fitting to estimate E1 and E2 - Optimized parameters with

standard deviations:")

print(f"A1: {params_second_fit[0]} ± {param_std_devs_second_fit[0]}")

print(f"A2: {params_second_fit[1]} ± {param_std_devs_second_fit[1]}")

print(f"E1: {params_second_fit[2]} ± {param_std_devs_second_fit[2]}")

print(f"E2: {params_second_fit[3]} ± {param_std_devs_second_fit[3]}")
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print(f"m: {params_second_fit[4]} ± {param_std_devs_second_fit[4]}")

print(f"n: {params_second_fit[5]} ± {param_std_devs_second_fit[5]}")

# Calculate residuals for the second fit

d_alpha_dt_fit_second = kamal_model(T, *params_second_fit, alpha)

residuals_second = d_alpha_dt - d_alpha_dt_fit_second

# Create a DataFrame for residuals

residuals_df = pd.DataFrame({’Temperature’: T,

’Residuals’: residuals_second})

# Specify the file path to save the residuals

residuals_file_path = ’residuals_data_Momentive RPA 0.4.xlsx’

# Replace with your desired file path

# Save residuals to Excel

residuals_df.to_excel(residuals_file_path, index=False)

print(f"Residuals data saved to {residuals_file_path}")

# Plot the data and the fitted curve for the second fit

plt.figure(figsize=(10, 10))

plt.scatter(T, d_alpha_dt, label=’Data’, color=’red’)

T_fit = np.linspace(min(T), max(T), 100)

d_alpha_dt_fit_second = kamal_model(T_fit, *params_second_fit, T.mean())

# Use average T for fit

plt.plot(T_fit, d_alpha_dt_fit_second, label=’Fitted Curve’, color=’blue’)

plt.xlabel(’Temperature (T)’)

plt.ylabel(’dAlpha/dt’)

plt.title(’Kamal Model Fitting (Estimating E1 and E2)’)

plt.legend()

plt.show()

# Plot the residuals for the second fit

plt.figure(figsize=(10, 10))

plt.scatter(T, residuals_second, label=’Residuals’, color=’green’)

plt.hlines(0, min(T), max(T), colors=’black’, linestyles=’dashed’)

plt.xlabel(’Temperature (T)’)

plt.ylabel(’Residuals’)

plt.title(’Residuals (Second Fit)’)

plt.legend()

plt.show()

plt.figure(figsize=(10, 6))

plt.hist(residuals_second, bins=20, color=’green’, alpha=0.7)

plt.xlabel(’Residuals’)

plt.ylabel(’Frequency’)
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plt.title(’Histogram of Residuals’)

plt.grid(True)

plt.show()

# Calculate histogram of residuals

residuals = residuals_second

counts, bins = np.histogram(residuals, bins=’auto’) # ’auto’ determines the

number of bins automatically

# Create a DataFrame with counts and bin edges

histogram_data = pd.DataFrame({

’Bin Edges’: bins[:-1], # Exclude last bin edge because counts correspond to edges

’Counts’: counts

})

# Export to Excel

histogram_data.to_excel(’residuals_histogram_data_Momentive DSC with different

conditions.xlsx’, index=False)

# Plot histogram

plt.figure(figsize=(8, 8))

plt.hist(residuals_second, bins=20, color=’green’, alpha=0.7, density=True)

# density=True for normalized histogram

plt.xlabel(’Residuals’, fontsize=14)

plt.ylabel(’Frequency’, fontsize=14)

plt.title(’Histogram of Residuals’)

plt.grid(False) # Turn off grid

# Fit a normal distribution to the data

mu, std = norm.fit(residuals_second)

xmin, xmax = plt.xlim()

x = np.linspace(xmin, xmax, 100)

p = norm.pdf(x, mu, std)

plt.plot(x, p, ’k’, linewidth=2) # ’k’ is black color

# Add text annotation

plt.text(0.95, 0.95, ’LSR calorimetry’, verticalalignment=’top’,

horizontalalignment=’right’,

transform=plt.gca().transAxes, fontsize=12,

backgroundcolor=’white’, alpha=0.5)

plt.show()

residuals_mean = np.mean(residuals_second)

residuals_std = np.std(residuals_second)

residuals_min = np.min(residuals_second)
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residuals_max = np.max(residuals_second)

print(f"Mean of residuals: {residuals_mean}")

print(f"Standard deviation of residuals: {residuals_std}")

print(f"Minimum residual: {residuals_min}")

print(f"Maximum residual: {residuals_max}")

a.10 use of ai-based tools

As described in Section 10.1.4, the code employed to fit the conversion
rate data to the Kamal model was generated with the aid of ChatGPT.
The details concerning this tool and the artificial intelligence input
share into the generated code are described in Table A.3. Besides, the
use of an online translator to convert the Engligh abstract to a German
version is detailed.

Table A.3: Declaration of artificial intelligence-based tools and their charac-
teristics.

Output AI share
(%)

Tool/version Remarks Reference to
prompting

Code for
model
fitting

85 ChatGPT-
3.5

The code was
modified by the

author

https:

//shorturl.at/

k4AAL

Translation
of

abstract

85 DeepL-
24.7.3.12895

The text was
modified by the

author

Direct translation

Writing
assist-
ance

5% ChatGPT-
4.0

Grammar and
consistency check

-

https://shorturl.at/k4AAL
https://shorturl.at/k4AAL
https://shorturl.at/k4AAL
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a.11 residual analysis of the kamal model fitting

In order to analyse the goodness of fit, residual characteristics are
presented in Table A.4. The mean value represents the average residual,
i.e., the mean of ϵ distribution in a non-linear regression model (as the
Kamal model), generally represented by:

Yi = f (Xi, θ) + ϵi (A.1)

where, for the Kamal model (Equation 10.11), Y is the conversion rate
dα/dt, X is the conversion α and the temperature, and θ is the set
of parameters A1, A2, E1, E2, m, and n. It is assumed [209] that the
residuals are random, independent, and normally distributed variables
with mean 0 and variance σ2. From Table A.4 it is possible to see that
indeed the residuals have mean values around 0, with the lowest
value attributed to the DSC measurements. Besides, the requirement
of normality for the residuals distribution is met, as represented
qualitatively by the histograms in Figure A.11. Quantitative inspection
for the residuals normality was not carried out, since the qualitative
analysis of the residuals distribution already presented a normal
behaviour.

Table A.4: Residual characteristics for the fittings described by the parameters
in Table 11.4.

Residual DSC 0.4383 s−1
4.383 s−1

13.1476 s−1

Mean 2.50 × 10−06 4.43 × 10−05 −4.43 × 10−05 −1.32 × 10−05

Standard deviation 1.14 × 10−04 3.43 × 10−04 2.74 × 10−04 2.76 × 10−04

Minimum −7.26 × 10−04 −3.06 × 10−03 −2.21 × 10−03 −2.60 × 10−03

Maximum 9.58 × 10−04 3.75 × 10−03 2.62 × 10−03 3.47 × 10−03

a.12 viscosity data fitting

The fitting of viscosity data obtained via large amplitude oscillatory
shear (LAOS) experiments and via high pressure capillary rheometer
(HPCR) are shown in Figure A.12(a) and (b), respectively. The full
lines show the fitting employing the parameters presented in Table
12.2. The fittings were carried out by the Sigmasoft software.
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(a) (b)

(c) (d)

Figure A.11: Distribution of residuals from the conversion rate data fitting
that generated the model parameters described in Table 11.4.
The black line shows the normal distribution associated to the
residual distribution.
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(a)

(b)

Figure A.12: Viscosity plots showing the measured data (triangles) at three
temperatures: 50°C (blue), 70°C (red), and 90°C (green) and the
respective fittings (full lines) for (a) LAOS (dataset A) and (b)
HPCR (dataset B). The plots were obtained directly from the
Sigmasoft simulation software.
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