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Abstract Liquid silicone rubber (LSR) is a family of
high-technology elastomer materials. The member of this fam-
ily has been identified as being very promising for development
in the coming decades due to their unique properties and ease of
generation in large series by the injection moulding process. In
particular, the over-moulding of LSR on other materials, such
as thermoplastic polymers, metals and ceramics, is possible
today, which leads to the possibility of obtainingmulti-material,
functional multi-colour and newly featured components. The
work presented in this paper focuses on the transformation of
liquid silicone rubber to better understand the phenomena
involved to improve production processes and to optimize the
processing conditions for bi-material components in
well-defined geometry and functional properties. The rheolog-
ical, rheo-kinetic and thermal behaviours of silicone elastomers
were investigated and characterized under real conditions of
manufacture with different combined methods. A
thermo-rheo-kinetic model was then developed and implement-
ed using the moulding simulation software Cadmould® 3D to
simulate two-component injection moulding of silicone rubber
into a thermoplastic polymer. For the validation of the models
chosen and the parameters identified, bi-material injection
moulding tests of a two-component standard peel test specimen
(polyamide thermoplastic polymer/liquid silicone rubber) were
performed and compared to numerical results.

Keywords Liquid silicone rubber . Polyamide thermoplastic
polymer . Bi-material injectionmoulding . Physical
characterization . Thermo-rheo-kinetic model . Numerical
simulation

1 Introduction

Silicone elastomer is a specific thermosetting elastomer mate-
rial that consists of an inorganic silicon-oxygen backbone
chain with organic groups attached to silicon atoms. Silicone
elastomers could be divided into three groups depending on
their rheological and kinetic properties: high consistency rub-
ber (HCR), room-temperature vulcanising (RTV) and liquid
silicone rubber (LSR) [1]. Otherwise, liquid silicone rubbers
are identified as having the strongest arguments for develop-
ment in the coming decades due to their unique properties and
ease of formation by the injection moulding process, which is
the most common and most cost-effective process for making
plastic products that have intricate shapes in high-volume pro-
duction due to its high efficiency and manufacturability. As a
result, silicone rubber presents the characteristics of both in-
organic and organic materials. It offers many advantages and
specific properties over traditional materials, such as low
toxicity, excellent weatherability and good thermal stability;
mechanical properties such as superior chemical resistance;
and electrical insulation properties, as well as biodurability
and biocompatibility with specific architecture materials with
NiTi silicone composites [2–4]. LSR is a versatile material and
is preferred over other polymers, especially in medical appli-
cations, due to its biocompatibility, heat resistance, flexibility
and self-lubrication [5]. It is also used widely in automotive,
electrical and consumer products [6].

The LSR injection moulding process is very similar to the
conventional thermoplastic injection moulding process, but
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there is a major difference in the solidification phase. During
thermoplastic injection moulding, the injected materials are
heated and melted by an injection screw and then filled into
a mould cavity. Rapid cycling is obtained during the injection,
packing, cooling and ejection phases of the process [7].

In contrast, two-part liquid silicone rubber materials are
metered and mixed by a specific dosing system and then
injected cold into a preheated die cavity mould, where the
mixture of LSR is solidified exothermally by a chemical
cross-linking reaction called “curing” [8]. The curing of
LSR is generally carried out with a platinum-catalysed
hydrosilylation reaction and necessitates a relatively long so-
lidification time in comparison to the injection cycle time.
Some new types of curing systems have been developed to
obtain very excellent mechanical properties [9]. Some
studies have focused on possible degradation mechanisms
due to the addition of specific curing constituents [10]. In
addition, the physical and mechanical properties of sili-
cone rubber are significantly affected by the kinetic curing
behaviour [11]. Thus, the rheo-kinetic models for elasto-
mer silicones, such as the curing temperature and the cur-
ing time, are very important for the optimization of the
LSR injection moulding process and the achievement of
final silicone rubber components [12]. Different experi-
mental methods have been developed to measure the dif-
ferent stages of the curing phase [13].

With the progress made in material innovation and process
technology, multi-component injection moulding has been
largely developed and used in industry. It offers a large num-
ber of possibilities for obtaining multi-colour parts,
multi-material parts and parts that have novel functionality
to satisfy the growing demands in the fields of safety, ergo-
nomics and aesthetics, among others. The plastic injection
over-moulding process is an important technique within
multi-component injection moulding, which is one of the
most common transformation processes used to combine
two different materials, such as a thermoplastic polymer
and liquid silicone rubber, in a single part [14]. During the
over-moulding process, an elastomer material is moulded
over or around a compatible substrate (typically, a rigid
plastic) by using insert moulding or multi-shot injection
mould ing processes [15 ] . The qua l i ty o f the
multi-components obtained strongly depends on the inter-
facial adhesion strength [16]. However, there are a large
number of parameters that influence the adhesion strength
between two materials, including the preparation of the
substrate surface, the chemical composition of the liquid
silicone rubber material and the thermal history during the
curing process [17]. Therefore, even the description of the
mechanism of adhesion in simple terms is complex due to
the various related phenomena involved.

Process parameters play an important role in plastic injec-
tion moulding as they influence the quality of the moulded

part and also affect the productivity, cycle time and energy
consumption of the moulding process [18]. However, the op-
timization of moulds and process parameters for thermoplastic
injection moulding by the trial-and-error method in a series of
moulding tests is both expensive and time consuming [19].
Currently, with the development of computer technology,
computer-aided engineering simulation tools have been
successfully used in the prediction and optimization of the
thermoplastic injection moulding process without physically
committing real material and machine time [20]. The simula-
tion of conventional injection moulding as well as complex
injection moulding processes, such as gas assist, co-injection,
over-moulding and sequential moulding, has become a com-
mon place. This is unfortunately not true in the case of the
LSR moulding process [21].

This paper includes modelling and is focused on research
related to the simulation of the liquid silicone rubber injection
moulding process applied to two-material components with
thermoplastic polymer and liquid silicone rubber. The
thermo-rheo-kinetic model coupling the heat transfer and the
rheological and curing kinetic behaviours during injection
moulding have been taken into account and implemented in
moulding using finite element Cadmould® software.

For determining and identifying the parameters of the
thermo-rheo-kinetic model of different liquid silicone
rubber materials, rheological measurements and kinetic
characterization were achieved by using a rotational rhe-
ometer. The experimental rheological results were fitted
by a Carreau-Yasuda model with the temperature depen-
dence characterized by the Williams-Landel-Ferry (WLF)
equation. The evolution of the cure reaction kinetics was
described by the Isayev-Deng model using the inverse
method. In addition, the thermo-physical properties of sil-
icone liquid rubbers, such as the density, specific heat and
thermal conductivity, were also measured under real in-
dustrial conditions. To validate the proposed model and
the identified parameters, finite element simulation of the
filling process results was compared to moulding tests
performed on a polyamide thermoplastic polymer/liquid
silicone rubber to evaluate a standard peel test specimen
without defects.

2 Rheo-kinetic models and method of specific
identification

2.1 Viscosity model

Various models exist to describe the evolution of shear viscos-
ity with the temperature and shear rate for polymer materials.
However, the accuracy of numerical simulation is critically
dependent on the ability of the various rheological models
to predict the material flow over the range of shear rates,
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temperatures and pressures encountered during the injec-
tion moulding process. In this study, the Carreau-Yasuda
model was chosen [22].

ηð ˙γ
:
; TÞ ¼ η0 Tð Þ 1þ η0 Tð Þ ˙γ:

τ

� �A
 !n−1

A

ð1Þ

where η0, τ, a and n are the fitting parameters. More specifi-
cally, η is the shear viscosity (Pa·s), η0 is the apparent shear
viscosity at zero shear rate (Pa·s), γ̇: is the shear rate (s−1), T is
the temperature (K), τ represents the critical shear stress
roughly characterizing the transition shear stress from the
Newtonian range to the shear-thinning region, A determines
the width of the transition region and n is the power law index
describing the slope of the viscosity curve with respect to the
shear rate in the shear-thinning region. For a shear-thinning
fluid, n is between 0 and 1, and for a shear-thickening fluid, it
is greater than 1. The flow behaviour index of the power law
index indicates shear sensitivity. A thermoplastic polymer
with a smaller n value indicates that the polymer has higher
shear sensitivity and more pseudoplasticity. Some moulding
defects are associated with small values of n, i.e., higher shear
sensitivity. The parameters η0 and n influence the transition
between the shear threshold at a low shear rate and the portion
of the curve following a power law behaviour. In the simula-
tion software, Awas chosen to be equal 1.

The temperature dependence is calculated according to the
WLF equation [23]. TheWLF equation has the following form:

log aTð Þ ¼ log
η0 Tð Þ
η0 T 0ð Þ
� �

¼ −
C1 T−T 0ð Þ

C2 þ T−T 0ð Þ ð2Þ

where T0 is the reference temperature chosen to construct the
compliance master curve andC1 andC2 are empirical constants
that are adjusted to fit the values of the superposition parameter
aT. C1 and C2 are positive constants that depend on the material
and the reference temperature. The principle of time tempera-
ture superposition states that the change in temperature from T
to T0 is equivalent to multiplying the time scale by the constant
factor aTwhich is only a function of the two temperatures (T to
T0). The quantity aT is called “horizontal translation factor” or
the shift factor and has the properties: T > T0→ aT > 1, T <
T0→ aT < 1 and T = T0→ aT = 1.

2.2 Kinetic modelling

From such different methods, a parameter known as the cure
degree is defined and plotted versus time to give a useful rep-
resentation describing the temporal behaviour of the curing
reaction and describing chemical reactions that occur during
the curing process [24]. There are two types of system models
that have been developed in the literature, namely mechanistic
kinetic models and phenomenological [25] or empirical models
[26]. The cure degree quantifies the balance of the chemical
species involved in reactions to form the mathematical relation-
ships connecting the reaction rate path to the cure time and
temperature. Many kinetic models have been developed to de-
scribe the cure behaviour, especially the model of Kamal and
Sourour [28] and Isayev and Deng [29]. The kinetic cure pa-
rameters were defined using the proposed models of Claxton
and Liska [27] and Isayev and Deng [29], which are frequently
used for kinetic curing modelling applied to elastomers.

Thermoplas�c part

Flow channel 

Injec�on point 1

Injec�on point 2

LSR part

Flow channel 

a bFig. 2 a Illustration of PA 66/
LSR injection moulding. b The
finite element meshes of the
bi-material standard peel test
specimen
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Fig. 1 Geometries of the PA 66/
LSR standard peel test specimen

Int J Adv Manuf Technol (2017) 92:3871–3882 3873

Author's personal copy



From the cure data obtained from the rheometer [29], the
cure degree (α) can be calculated using the following equa-
tion:

α ¼ G
0
tð Þ−G0

min

G
0
max−G

0
min

ð3Þ

where G′(t), G
0
max and G

0
min are the elastic modulus at time t,

the maximum elastic modulus and the minimum elastic

modulus during the curing reaction, respectively. The state
of a rubber during an isothermal vulcanization reaction can
be described by a cure degree (α) ranging from 0 (uncured) to
1 (complete reaction) [30]. The raw data obtained is complex
torque M*, the real part of which G′ is related to the storage
modulus of the rubber. This degree of cure is generally obtained
from dynamic rheological measurements of elastic modulus

(G′), initially equal to G
0
min [30]. Three steps are generally ob-

served: an induction period, during which the modulus

Fig. 3 Numerical simulation
results of polyamide
thermoplastic injection moulding.
a Evolution of flow front during
the filling stage. b The
temperature distribution of the
polyamide substrate at the end of
the injection moulding process

Table 1 Process parameters used
in the simulation for polyamide
PA 66/LSR injection moulding

Process
parameters

Injection parameters for polyamide
substrate (PA 66)

Injection parameter for over-moulding LSR on
polyamide substrate (PA 66)

Melt
temperature
(°C)

245 20

Mould
temperature
(°C)

80 180

Flow rate
(cm3 s−1)

25 2

Packing
pressure
(MPa)

35 11

Packing time (s) 10 1.2

Cooling time (s) 60 –

Heating time (s) – 60
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Fig. 5 Numerical simulation
results of LSR injection
moulding. a Cure degree at the
end of the filling stage. b Cure
degree at the end of the heating
stage

Fig. 4 Numerical simulation
results of LSR injection
moulding. a Evolution of flow
front during the filling stage. b
The temperature distribution of
the LSR part at the end of the
filling stage
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increases very slowly (α remains close to zero), followed by the
cure step, with a sharp increase of the elastic modulus (and α).
During this step, the modulus increases up to a maximum value

(G
0
max ) [30].
The kinetic model used for describing the curing re-

action was proposed by Isayev and Deng, which is de-
fined as [31].

α ¼ k t−tsð Þn
1þ k t−tsð Þn ð4Þ

where k, n and ts are the rate constant, the order of reaction and
the scorch time, respectively. In the elastomer industry, the scorch
time (ts) is usually defined as the time at which the cure degree is
equal to 0.05. In this investigation, the scorch timewas defined as
the time when the value of the storage modulus was equal to that

of loss modulus [32]. The rate constant depends on the temper-
ature with an Arrhenius expression.

k ¼ k0exp −
E0

RT

� �
ð5Þ

where k0, E0, R and T are the pre-exponential factor of reaction
velocity, the activation energy, the universal gas constant and the
absolute temperature, respectively. In addition, the Claxton-Liska
model was used to fit the scorch time (ts), which is also expressed
by an Arrhenius-type temperature dependence [27].

ts ¼ t0exp
T0

T

� �
ð6Þ

where t0 and T0 are the material constants.

Table 2 Mechanical properties
of LSRs and TCS used Liquid silicone

rubbers
Density
(g cm−3)

Hardness
shore A

Tensile strength
(MPa)

Elongation at
break (%)

Mix ratio A/B

LSR4350 1.12 50 8.4 570 1:1 LSR4350A

LSR4350B

LSR4370 1.14 68 9.0 450 1:1 LSR4370A

LSR4370B

TCS7550 1.25 52 5.5 200 1:1 TCS7550A

TCS7550B

Fig. 6 Numerical simulation
results of LSR injection
moulding. a Temperature
distribution. b Cure degree
cutaway views in the middle of
the thermoplastic/elastomer
standard peel test specimen
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2.3 Fitting procedure

From the rheological measurements, the shear viscosities
versus shear rate and temperature curves were fitted
using the Carreau-Yasuda and WLF models, where the
fitting parameters were determined by the inverse meth-
od. In addition, the constants of the Claxton-Liska and
Isayev-Deng models were obtained by data fitting tech-
niques and the inverse method using the curve fitting
software Origin from the curing measurement experi-
mental data.

Different identifications according to the inverse method
were achieved by solving a minimization problem of the cost
function using algorithms based on the generalized reduced
gradient method:

min
x

F x; xdatað Þ−ydatak k22 ¼ min
x

∑
i

F x; xdataai−ydataaið Þð Þ2 ð7Þ

where ydata is the experimental data curve; xdata is the estimat-
ed value of the rheological or vulcanization behaviour model,
according to variable values of the model parameters being
optimized; F(x, xdata) is the rheological or curing model used;
and x is the parameter to be identified.

3 Numerical simulations

3.1 Boundary and initial conditions

Numerical simulation of polyamide thermoplastic polymer/
LSR injection moulding was carried out with a polyamide
thermoplastic polymer/rubber standard peel test specimen.
The dimension of the standard peel test specimen is illustrated
in Fig. 1. The numerical simulation of PA 66/LSR injection
moulding was divided into two steps: first, the thermoplastic
injection moulding of the polyamide substrate, and then, the
over-moulding of LSR onto the surface of the polyamide sub-
strate (Fig. 2). During the injection moulding process, the ini-
tial wall temperature of the mould was assumed to be constant,
and gravity was also considered in the simulation, as shown in
Table 1. In addition, the process parameters used in the simu-
lation for polyamide thermoplastic injection moulding and
LSR injection moulding are summarized in Table 1.

3.2 Numerical results and discussion

The first step of the numerical mould filling simulation of the
injection, packing and cooling stages was realized with
Cadmould® software and corresponded to the injection of the
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the materials studied
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Fig. 7 Shear viscosity versus shear rate experimental curves include a
large range of shear rates from 1 to 105 s−1 and 25 to 100 °C at different
temperatures for the elastomer material LSR4350

Table 3 Mechanical and thermal properties of the polyamide
thermoplastic material used

Polyamide PA 66 PA 66-GF 30

Density (g cm−3) 1.14

Tensile strength at break (MPa) 80

Young’s modulus (MPa) 3200

Melting temperature 220

Thermal conductivity of melt (W mK−1) 0.183

Specific heat capacity of melt (J (kg K−1)−1) 2700

Eff. thermal diffusivity (m2 s−1) 7.10−8

Ejection temperature (°C) 140
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polyamide substrate. The mesh used is defined in Fig. 2a. The
injection parameters used during simulation are defined in
Table 1. The rheological and thermal parameters correspond to
the data sheet of the PA 66-GF 30 polyamide provider. The
numerical results of polyamide thermoplastic injection mould-
ing are illustrated in Fig. 3a. It can be noted that the filling time
was approximately 1.2 s for the full filling of the runner, gate and
plate. The substrate presents a temperature approximately 80 °C
after the cooling stage, and themaximal temperature of 115 °C is
localized in the gate zone (see Fig. 3b). The temperature around
the mould wall is approximately 85 °C.

In the second step of the numerical simulation, a
two-component moulding filling simulation corresponding to
the LSR over-moulding on a polyamide substrate plate (corre-
sponding to a standard peel test specimen) was investigated.
The runner and gate of this specific elastomer is located opposite
the polymer plate. The injection parameters used are defined in
Table 1. The rheological and cure kinetic parameters are in de-
fined in Tables 4 and 5. The rheo-kinetics models used and the
identified parameters were implemented in the Cadmould®

software.
In addition, the temperature field of the polyamide

substrate was implemented in the initial conditions for
the simulation of LSR injection moulding. The evolu-
tion of the flow front during the filling stage of LSR
injection moulding on a polymer substrate is illustrated
in Fig. 4a. The filling time is approximately 5.48 s.
During the injection, the elastomer material was heating
by the polyamide substrate and the mould wall. It
reached 104.9 °C at the end of the filling stage
(Fig. 4b). The goal was to choose the proper injection
conditions to avoid premature curing during filling,

which could result in an incompletely filled part.
There are a number of causes of this problem, such as
slow filling, high mould surface temperature and so on.
The evolution of the cure degree during injection
moulding is illustrated in Fig. 5a. It shows that the cure
degree at the end of the filling stage is almost zero and
grows significantly during the heating stage (Fig. 6b).
Moreover, the cure degree distribution demonstrates the
effect of temperature on the kinetics of the cure reac-
tion. It is of interest that the zone of the LSR part in
contact with the die cavity mould walls present a great-
er cure degree (>99.6%) than that in contact with the
polyamide substrate (∼97.5% or more). A cutaway view
of the temperature distribution in the middle of the
thermoplastic/elastomer standard peel test specimen is
shown in Fig. 6a. Because of the difference in thermal
conductivity between the thermoplastic and die cavity
mould materials, the temperature of the LSR part at
the surface that is in contact with the mould wall is
greater than that in contact with the substrate, resulting
in faster kinetics of the cure reaction being observed at
the exterior surface, as shown in Fig. 6b. This therefore
shows that it is possible to simulate proper cavity filling
and curing phases.

4 Materials and experimental techniques

4.1 Materials

The commercially available silicone reactants were kindly
supplied by Bluestar Silicones as Silbione® two-part systems
(LSR4350, LSR4370 and TCS7550). The LSR silicones used
have specific properties: ultra-low durometer values, high perfor-
mance (LSR4370), fast cure at elevated temperature,
self-lubrication and over-moulding ability. The thermoplastic ma-
terial PA 66-GF 30 used is a black polyamide PA 66 with a 30%
glass filler. The main mechanical and thermal properties of these
materials (LSRs, TCS and PA66) are summarized in Tables 2 and
3.

4.2 Rheological and curing kinetic characterizations

The rheological measurements were carried out using a rota-
tional HAAKE MARS III rheometer and a capillary Rosand

Table 4 Material constants for
the Carreau-Yasuda model with
the WLF equation

Material T0 (°C) C1 C2 (°K) η0(T0) (Pa·s) τ (Pa) a Number

LSR4350 25 4.30 428.92 3390.73 1940.72 0.39 0.35

LSR4370 25 70.80 6861.20 27,019.59 2139.14 0.28 0.27

TCS7550 25 3.08 304.24 76.28 11,789.00 0.76 0.34
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Fig. 10 Evolution of experimental cross-linking versus time and
temperature for LSR4350
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RH2000 rheometer for the mixture of liquid silicone rubber
without a platinum catalyst as well as the two different parts
(A/B) of the silicone elastomer at different temperatures from
25 to 100 °C. Characterization was carried out by a rotational
rheometer that operates in a cone-and-plate geometry with a
diameter of 35mm and an angle of 2° over a shear rate ranging
from 1 to 102 s−1. Characterization by a capillary rheometer
was carried out with a 0.5-mm-diameter die of 16 mm length
over a shear rate ranging from 102 to 105 s−1. The shear vis-
cosity versus shear rate curve was recorded.

The curing measurement of liquid silicone rubber was
carried out in dynamic mode using a rotational HAAKE
MARS III rheometer operating in parallel-plate mode.
The trays had a diameter of 20 mm and a thickness of
0.5 mm. The mixtures of the different elastomer materials
were characterized for their cure characteristics using the
mean of elastic modulus curves obtained under isothermal
conditions. The test temperatures used were from 25 to
140 °C. The frequency used in the measurement was
1 Hz, with a deformation of 1%. The raw data obtained
is complex torque (M*), the real part of which G′ is relat-
ed to the storage modulus of the rubber. During the cure
reaction, the values of the torque (M), storage modulus
(G′) and loss modulus (G″) were obtained during the

curing measurement. These data were used to calculate
the cure kinetic parameters.

5 Experimental results and discussion

5.1 Rheometric tests

The shear viscosity versus shear rate curves obtained by the
rotational rheometer and capillary rheometer at different tem-
peratures for the mixture of silicone LSR4350 are shown in
Fig. 7. The temperature ranges covered by the measurement
were from 25 to 100 °C and include a large shear rate ranging
from 1 to 105 s−1. From the plots, it is clear that the shear
viscosity decreases when either the temperature or shear rate
increases, indicating a pseudoplastic flow behaviour. One can
also observe that the differences between the experimental
curves at different temperatures are relatively small at a high
shear rate.

The curves of shear viscosity versus shear rate obtained by
the rotational rheometer at room temperature for the different
parts (A/B) of the materials studied are also shown in Fig. 8.
Here, the A and B components were measured separately. It is
worth noting that the two parts of LSR4350A and LSR4350B
and LSR4370A and LSR4370B present the same rheological
behaviour with the increasing shear rate, indicating a
pseudoplastic flow behaviour from 1 to 102 s−1 at ambient
temperature. The two parts of TCS7550A and TCS7550B
nearly present as Newtonian fluids in the measurement inter-
val from 1 to 102 s−1 at ambient temperature.

Table 5 Identified material constants of the Isayev-Deng model
combined with the Claxton-Liska model for elastomer materials

Material k0 (s
−1) E0 (kJ mol−1) Number

LSR4350 exp(49.31) 178.63 2.15

LSR4370 exp(39.20) 148.34 2.06

TCS7550 exp(20.23) 80.23 1.21
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5.2 Curing measurement

The cycle time is a very important parameter because a high
cure time basically means lower profits. The cure time is the
longest part of the cycle and is influenced by the choice of
materials and their properties, as clearly shown in Figs. 5 and 6.

The curing kinetic curves obtained by the rotational rheometer
at 100 °C for the three materials LSR4350, LSR4370 and
TCS7550 are illustrated in Fig. 9. Here, the LSR is measured
between two heated plates. It shows that the cure degree in-
creases with increasing cure time and that the curves can be
divided into three periods: induction, cure and reversion.
During the induction period, the cure degree is nearly zero and
increases slowly. Then, it grows rapidly toward one during the
cure period.

The evolution of the cure degree with curing time obtained at
different temperatures for the silicone elastomer LSR4350 is pre-
sented in Fig. 10. It can be observed that the cure degree increases
with time under given isothermal conditions. Initially, the curing
rate is low, but later, the reaction increases rapidly then gradually
levels off, approaching a value of 1. Additionally, with a temper-
ature increase from 100 to 140 °C, the cross-link density in-
creases more rapidly and the plateau is reached in a shorter time.

5.3 Rheological and curing kinetic parameter
identification

The Carreau-Yasuda model was fitted to the experimental re-
sults with aWLF-type temperature dependence. The reference
temperature selected was 25 °C. The model parameter values
resulting in the best fits to the experimental data for the
Carreau-Yasuda model and WLF equation are listed in
Table 4. The measured viscosity values and corresponding
fitted viscosity curves for silicone LSR4350 are shown in
Fig. 11. As can easily be observed, the rheological tests are

in good agreement with the modelling under all of the differ-
ent experimental conditions. It can be noted that a reasonable
fit was obtained for the test temperatures over the shear rate
ranges with the Carreau-Yasuda model.

After curve fitting using the inverse method with the
Carreau-Yasuda model, the value of n varied from 0.28 to 0.76
for different elastomers, corresponding to a shear-thinning behav-
iour (see Table 4).

There are different definitions of the induction period or
scorch time for elastomers. Consideration of the induction period,
which is due to curing, is necessary to prevent any vulcanization
reaction from taking place during the pouring stage of the casting
process. The scorch times at each test temperatureweremeasured
as the time when the storage modulus is equal to the loss mod-
ulus, and the temperature dependence of the scorch time was
fitted with the Claxon-Liska model. The scorch time obtained
and the associated fitting curve are presented in Fig. 12.

The Isayev-Dengmodel was used to fit the experimental cure
curves at different temperatures. The comparison of the experi-
mental curing kinetic results and the Isayev-Deng model fitting
curves is shown in Fig. 13 for LSR4350 at different tempera-
tures. These data were fitted to the Isayev-Deng model by curve
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Fig. 15 Shear viscosity versus shear rate experimental curves of shear
rates from 1 to 105 s−1 and 250 to 290 °C at different temperatures for PA
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fitting using an inverse method in Origin software, and the
fitting of constant values together with the regression value is
detailed in Table 5. The identified model is in very good agree-
ment with the experimental results (gap <3%), although the
model attains a total conversion faster than the experimental data
for any of the temperatures. Despite this, the Isayev-Dengmodel
presents an accurate description of silicone cross-linking for
silicone LSR4350 at different temperatures. For example, after
fitting the parameters for the LSR4350 elastomer compound, the
activation energy of LSR4350 was 178.63 kJ mol−1. For exam-
ple, the full cure corresponding to LSR4350 silicone
cross-linking was obtained with a long cure time (600 s) at an
imposed temperature of 100 °C and a short cure time (45 s) for a
temperature equal to 140 °C, as observed in Fig. 9. This S shape
behaviour suggests that the reactionmechanism of vulcanization
could be described by simple kinetic models. The data was fitted
with the induction model proposed in the paper.

6 Experimental validation

In this investigation, bi-material injection moulding tests were
performed with a thermoplastic injection moulding Billion
Select 200T press coupled with an elastomer BOY injection
external control unit. A special two-component mould that

was used for the injection was designed and manufactured.
The two-component mould comprises two parts. The lower
part is the die cavity for the elaboration of the polyamide
substrate, and the upper part is the die cavity for the
over-moulding of LSR onto the thermoplastic substrate, as
shown in Fig. 14.

The injection tests were carried out with the same process
conditions indicated in Table 1. The evolution of the flow front
during LSR injection moulding was obtained by a series of tests
carried out with different injection volumes. The curves of shear
viscosity versus shear rate at different temperatures for the PA 66
are shown in Fig. 15. The temperature ranges covered by the
measurement were from 250 to 290 °C and included a large shear
rate ranging from 1 to 105 s−1. From the plots, it is clear that the
shear viscosity decreases when either the temperature or shear rate
increases, indicating a pseudoplastic flow behaviour. To validate
the model developed and parameters identified, a comparison of
the flow front during the filling stage between the experimental
and numerical results was performed. One of the aims of the
simulations was to predict the flow front advancement to see
how the mould fills, as shown in Fig. 16. The compari-
son of the flow front at different moments during injec-
tion tests shows that a good correlation is obtained be-
tween the experimental results and numerical simula-
tions. The evolution of the injection volume during the
bi-injection process and numerical results is shown in
Fig. 17. The comparison shows good agreement, and
there is a difference of less than 3%.

7 Conclusions

In this work, a thermo-rheo-kinetic model was developed for
predicting the filling stage and curing stage of liquid silicone
rubber during the injection moulding process. To identify the
parameters of the model, the rheological and curing kinetic be-
haviour of silicone elastomer materials was investigated by a
capillary rheometer and a rotational rheometer covering a large
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flow front prediction and
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shear rate. In addition, the thermo-physical properties of uncured
and cured elastomer materials were measured by different asso-
ciatedmethods. The numerical identificationwork shows that the
Carreau-Yasuda model fits the shear viscosity behaviours of sil-
icone LSR4350 well and the Isayev-Deng model also fits the
curing kinetic reaction of elastomer materials well. The nu-
merical simulation results present the evolution of the
filling stage and the curing stage of LSR injection
moulding, as well as the effect of the temperature dis-
tribution on the advancement of the cure degree inside
the elastomer part. To validate the parameters identified
and the numerical results obtained, a series of injection
tests was carried out to compare the flow front of the
elastomer materials during the filling stage, and a good
correlation was obtained between the experimental and
numerical results.
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