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Preliminary considerations

All text additions described in this document are assigned as blue in the manuscript parts quoted in this
document. The removal of words/sentences is only quoted in the present document, not being shown in the
manuscript.

Compared to the original manuscript, some Figures and Table might have shifted at the revised manuscript
.pdf file from their original positions. The positioning of Figures, Tables, and text brakes will be done by the
Journal after peer-rewview.

Reviewer #1, round 1

Comments and Suggestions for Authors

This paper investigates how different experimental techniques for material characterization affect the
accuracy and predictive quality of injection moulding simulations for highly filled liquid silicone rubber
(LSR). The authors systematically compare multiple methods for measuring viscosity (LAOS vs. HPCR),
specific heat capacity (modulated DSC vs. sapphire method), thermal conductivity (transient vs. steady-
state), and curing kinetics (calorimetry vs. rheology), using a single commercial LSR compound. The
study builds five distinct material datasets and evaluates their impact on simulated pressure, temperature,
and degree of cure in a controlled simulation setup (a four-cavity LSR mould). However, several questions
need to be answered before the publishment of this manuscript:

The authors kindly thank the reviewer for the comments and suggestions. All comments are separately replied
and discussed below.

Comment #1

The paper reports using triplicates for measurements, but it is unclear whether statistical analysis (e.g.,
error bars in figures, ANOVA) was used to confirm whether observed differences between methods
are significant. Could the authors provide confidence intervals or standard deviations for at least key
comparisons (e.g., cp curves, curing kinetics)?

Analysis of variance (ANOVA) was not employed in this study. However, the variance of replicates is
represented in all results, either by stating the coefficient of variance (% ratio between the standard deviation
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and the average), as in the ¢, results; or showing standard deviation bands, as in Figure 5, or absolute standard
deviation values, as in Table 2, for the thermal conductivity; or plotting all three replicates, as in the curing
kinetics results (calorimetry and rheology). In order to clarify further this aspect, the following modifications
were introduced (lines 187-189; Caption Figure 3; lines 452-454; and lines 640-643, respectively):

The MTDSC-TOPEM experiments were conducted with an underlying heating rate b = 2 K.min—!, an
amplitude B = 0.5 K, and a period (1) = 15-30 s under 20 mL.min~" of nitrogen gas, employing
samples in triplicate. The temperature program is as follows:

Modulated temperature DSC thermogram differentiating the total, the non-reversible, and the reversible
(employed to determine c,) heat quantities for the 1:1 LSR mixture. Sample mass is 15-20 mg. The
coefficient of variation for the measurement is 7%

The modulated temperature DSC method results in ¢, values as shown in Figure 4 by the red lines

one replicate, the coefficient of variation among the triplicates was 7%). As expected, c,, is a linear

function of temperature for the first and second heating steps.

When studied under a calorimetric perspective, liquid silicone rubber mixture (1:1 A:B) samples

show a heat flow behaviour as shown in Figure 8 (all replicates are shown in the plots, aiming to also
demonstrate the method’s repeatability). For all heating rates, the exothermic peak related to curing is
apparent at temperatures higher than 90°C.

Comment #2

2. The simulation differences are clearly analyzed, but was any validation performed against real injection
moulding data (e.g., cycle time, temperature profiles, or degree of cure in actual parts)? Even partial
validation (for one dataset) would help establish the relevance of simulation deviations shown.

Injection moulding validation experiments were not conducted in this investigation due to the lack of avail-
ability of liquid silicone rubber-tailored injection moulding machines under the authors’ partner institutions.
We however acknowledge and agree with the reviewer that these validation experiments would help establish
the relevance of simulation deviations, as presented by the current manuscript. To address this aspect, the
following addition to the conclusion is proposed (lines 1050-1053):

The most pronounced discrepancies arose from curing kinetics datasets, where calorimetric data
predicted an earlier onset and faster conversion compared to rheological data, resulting in distinct
curing degree distributions and cycle time estimations. These differences strongly indicate the necessity
of careful dataset selection, as curing-related properties exert the strongest influence on predictive

fidelity. It is important to acknowledge that validation experiments would help establish the relevance
of these simulation deviations; however, real injection moulding tests could not be performed in this
study due to the unavailability of the proper injection moulding machine and dosing unit for LSR.

Comment #3

Was the simulation platform (SIGMASOFT) capable of fully implementing all kinetic models, particularly
the Kamal model with two activation energies from Equation 14? If not, were any simplifications made,
and how might that affect the interpretation of differences between rheology- and DSC-derived kinetics?
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Figure 1: SIGMASOFT screenshot, where the Edit Material Dataset window shows Kamal model parameters
to be input for Reaction Kinetics information

Yes, the SIGMASOFT software allows the input of two different activation energies for the Kamal model.
Therefore, no model simplification was made. To clarify this aspect, we present a screenshot in Figure T|from
the software, showing the possibility to implement two activation energies for the Kamal model.

Comment #4

Figure 4 (page 13) shows that the sapphire method introduces enthalpy-driven artifacts in cp values, while
MDSC does not. However, in practice, is one more beneficial for simulation? Should cp include heat
release indirectly (as with sapphire) or should latent heat be entered separately (as in MDSC + enthalpy
input)?

In lines 513-518, we address this question stating that the sapphire method incorporates the heat release
information, while the MDSC approach does not, leading to the necessity to input this reaction heat (due to
the exothermal curing reaction) separately in the simulation software. This input, however, has to be linked to
the conversion da/dt (as stated in Equation 16), since the heat release rate is proportional to the curing rate:
the heat release is dependent on the number of moles of reactants that collide with each other. This difference
is further explored in Part 3.5.2., specifically in lines 944-946, where we stress the fact that it is more reliable
to input specific heat capacity data set determined by the sapphire 1% heating method, since it accounts for
the heat release that ultimately raises the polymer temperature. This statement is based on the fact that, even
though the curing enthalpy (8.15 kJ.kg 1) was separately input for the MDSC method dataset B, it was not
enough to equalize the temperature to the sapphire method dataset C. As addressed in lines 942-944, 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 16, in order to account for the internal heat source. Aiming to clarify and guide the
reader to the explanation of this difference, the following was added to lines 519-521:
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This difference concerning the kind of information that is given by each method to the simulation
software, i.e., variable ¢, values including the exothermal reaction or linear ¢, values and a separate
enthalpy of curing, will be further discussed in Section 3.5.2.

Comment #5

With over 937,000 elements in the simulation (page 10), did the authors perform any mesh sensitivity
analysis? This would be particularly relevant to ensure that differences in predictions stem from material
property datasets and not from numerical artifacts.

A dedicated mesh sensitivity analysis was not performed in the present study. The mesh resolution (0.5
x 0.5 x 1.0 mm? within the cavity and 1.6 x 1.6 x 1.6 mm? in the runners and gates) was deliberately
selected to provide a fine level of discretisation capable of capturing relevant flow and thermal gradients,
while maintaining computational feasibility. The final model, consisting of approximately 937,000 elements,
exhibited stable convergence and consistent flow behaviour across all simulations. As the primary objective
of this work was to assess the influence of different material property datasets under identical numerical
conditions, all simulations were conducted using the same mesh configuration. This approach ensures that
the observed variations in predicted pressure, temperature, and curing degree are attributable to the material
datasets themselves rather than to numerical artefacts. A comprehensive mesh independence study, while
valuable, remains outside the scope of the present methodological assessment.

Reviewer #2, round 1

Comments and Suggestions for Authors

The manuscript systematically compares material characterization routes for an LSR (Silopren 2070, 32
wt% filler) and quantifies how those choices (viscosity, thermal conductivity, pvT, and curing kinetics)
propagate into injection-molding simulation outputs. Using both sapphire and modulated DSC for, DSC
and RPA for kinetics, and LAOS vs HPCR for viscosity, the authors show curing-related datasets dominate
cycle-time/degree-of-cure predictions, while viscosity mainly shifts injection pressures. The main takeaway
is that dataset selection, especially for (with enthalpy) and kinetics, critically governs predictive fidelity in
LSR IM simulations.

Timely and useful study with strong methodological depth. The writing would benefit from tighter positioning
of novelty, clearer reproducibility details for each test, and a crisper link from data-selection differences to
specific simulation deltas.

The authors kindly thank the reviewer for the comments and suggestions. All comments are separately replied
and discussed below.

Comment #1

Please make explicit, in the Introduction and end of the Abstract, what is new versus prior LSR IM studies.
Right now, the gap and “why this matters” are implied rather than stated plainly.

To clearly state the present work’s novelty and contribution to the current state-of-the-art literature, the fol-
lowing statements were added to the Abstract (lines 17-23) and to the Introduction (lines 71-89), respectively:
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These results emphasize that dataset choice, particularly for curing-related parameters, is critical
to achieving predictive accuracy in LSR injection moulding simulations. Unlike previous studies

on LSR injection moulding, which typically adapt thermoplastic-inspired characterisation methods
without systematically addressing their limitations, this work introduces an organised and comparative
methodology to evaluate how different material characterisation techniques influence simulation outcomes.
The proposed approach establishes a methodological framework that can guide future research and
improve the reliability of process simulations for LSR and other polymeric systems.

All the cited investigations reached reasonable simulation results when the predicted processing
parameters were compared to the measured values. However, most studies adapted material data

characterization techniques originally developed for thermoplastic materials and employed them with

several approximations.For example, none of the mentioned authors highlighted the strong influence

of filler content on the applicability of the selected methods or discussed which of the available

techniques is most appropriate to define the curing behayiour of LSR. Moreover, the literature generally

lacks a methodological rationale explaining the selection and limitations of the experimental procedures
adopted for thermoset systems.

From the literature, precise guidelines on material data characterization of LSR, based on a systematic
and comparative investigation of the available state-of-the-art methods, were not found in the context
of injection moulding simulation. Therefore, despite the positive results previously reported for LSR
simulations, a fundamental methodological gap still exists.The present work aims to fill this gap
by introducing an organised and comprehensive framework for evaluating and comparing different
material characterization approaches—covering viscosity, thermal, and curing properties—and by
demonstrating how these methodological choices influence the accuracy of injection moulding simulations.
This systematic perspective is expected to guide future research, improve reproducibility, and support
the development of reliable simulation workflows not only for LSR but also for other polymeric
systems.

Comment #2

Consolidate key properties (A: B=1:1, mixing protocol, filler content, Mw/Mn, curing temperature windows)
into a single table for reproducibility. Some are scattered across Methods and prior work.

The characteristics of the employed LSR are explained in a single paragraph (lines 90-107), i.e., the first
paragraph of Section 2. Materials and Methods. Even though the molecular weight and filler content character-
izations are indeed presented in a previous publications, the necessary information for full reproducibility of
the current study are stated in this manuscript. Mixture procedure is explained right after the aforementioned
paragraph as clear steps with rotation speed, time, and pressure. Therefore, we decided not to include an
additional table, aiming to keep the manuscript in a reasonable length.

Comment #3

The comparison shows DSC captures early conversion while RPA misses the onset; please quantify
the fraction of the overall heat (from DSC) that occurs before the RPA “detectable’ point, and discuss
implications for Kamal parameter bias (m vs n dominance) and cycle-time predictions.

We have now quantified the heat released in the DSC measurement up to the onset of detectable torque
increase in the RPA measurement at 100°C, corresponding to approximately 53% of the total released heat.
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This confirms that more than half of the curing reaction occurs before the RPA registers any signal. We have
incorporated this result in the manuscript, highlighting its relevance to Kamal model fitting bias (favoring
n dominance in RPA and m dominance in DSC) and to cycle-time predictions, where DSC datasets led to
shorter cycle time estimates due to earlier onset and faster conversion. The relevant passage in the manuscript
has been updated to include this quantitative discussion, as shown below (lines 792-805):

Besides, one can notice that the transmitted torque increase is detected at 100°C, when the conversion
according to the DSC approach already reaches more than 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 [55]. 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. To quantify this effect, the heat released by

the DSC sample (2 K.min ") up to 100°C (the temperature at which torque becomes detectable in the
RPA at 04383 s ) was calculated. This value corresponds to approximately 53% of the total curing
heat, confirming that more than half of the reaction progresses before the RPA measurement registers
any increase in torque. It is also worth noting that this temperature coincides with the apex of the
DSC heat flow curve, indicating the maximum reaction rate occurs at the beginning of the RPA signal.
This behaviour supports the interpretation that the RPA captures primarily the diffusion-controlled or
n"-order portion of the reaction. As discussed next, this detection limitation causes the RPA data
to fit the Kamal model with an artificially high 1 parameter, whereas the full-profile DSC dataset
yields a dominant m parameter, as expected for an autocatalytic reaction. In terms of simulation
implications, this discrepancy contributes to the observed differences in cycle time prediction, with
DSC-based kinetics producing shorter and more realistic cycle times due to earlier onset and higher

Comment #4

You attribute pressure differences to dataset choice; include a small table with peak sprue pressure and
integral (pressurextime) during filling for LAOS vs HPCR, and clarify the temperature used for the
viscosity.

We have added a table (line 898, page 30) summarizing both the peak sprue pressure and the integral of
pressure over filling time for datasets A (LAOS) and B (HPCR), extracted from the simulated curves in
Figure 18(a). The peak pressure was obtained as the maximum value at the virtual sensor placed at the
sprue. Additionally, we clarified in the manuscript that the viscosity measurements were performed below
the injection moulding temperature to avoid premature curing during rheological testing. However, the fitted
models were extrapolated to higher temperatures in the simulation, within a range where the material remains
stable. These modifications are shown below (lines 897-908):

At the sprue, the pressure was monitored via a virtual sensor and plotted over the filling time in Figure
18(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 this LSR grade shows 1405 > nrpcr [8]. This difference in viscosity, i.e.,
resistance to flow, leads to a difference in pressure as presented in Figure 18(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 further clarify this difference, peak pressures durin
filling and the integral of pressure over time are displayed in Table 5.
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The peak pressure values represent the maximum pressure recorded by the virtual sensor at the
sprue during the filling phase, while the integral quantifies the total pressure impulse applied over
the same period. Both metrics clearly indicate that dataset B (HPCR) predicts significantly higher
flow resistance, requiring increased injection pressure compared to dataset A (LAOS). At this point, it
is important to highlight that the viscosity measurements were performed at temperatures below the
injection moulding temperature to avoid premature crosslinking during rheological testing. However,
the fitted viscosity models (parameters shown in Table 4) were extrapolated to cover the actual process
conditions, ensuring compatibility with the simulation environment while preserving the integrity of
the experimental data.

Comment #5

Since cured vs uncured were measured by different methods (steady vs transient), please add an uncertainty
budget and explicitly caution against interpreting the cured sample’s lower value as physical rather than
methodological.

This explanation is stated in lines 575-581, second paragraph, as well as in Table 2, where the thermal
conductivity averages, standard deviations, and errors are presented. From the Table, it is possible to check the
variability of both methods (steady and transient), aiming to guide the interpretation of thermal conductivity
trends. Besides, Figure 5 presents the standard deviation bands for all data, which further helps identify
differences between the reported values. A statement to caution against interpreting the cure sample’s lower
value as physical rather than methodological is present in lines 575-581 and transcribed below:

For the present scenario, considering that the samples’ thermal conductivities are dominated by the filler
thermal properties, and that curing of LSR connects two adjacent macromolecules via a linkage that is
oligomeric (the size of the Si—H based crosslinker), a decrease of A 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.

Comment #6

Provide the exact SIGMASOFT version/build, solver settings (time step, convergence criteria). Also include
the boundary coefficients you used and why.

The exact SIGMASOFT version/build was added, as shown below (line 342):

In order to compare the several characterization methods presented in the previous sections, simulations

software SIGMASOFT v6.1.0.0, 64-bit release in 2024)were carried out employing different sub-

datasets for viscosity, specific heat capacity, and curing kinetics.

Solver settings were left at the software’s default values: time steps were automatically controlled with
a maximum fill increment of 1% volume per step; up to 50 iterations per time step were allowed; and a
convergence tolerance factor of 1.0 was used. For boundary conditions, constant temperatures of 180°C
(mould) and 25°C (inlet rubber) were defined. Heat transfer coefficients were set to 10 kW-m~2 - K ~! for
steel—steel contacts and 0.8 kW-m~2-K ~! for LSR—steel interfaces. These values match SIGMASOFT’s
recommended defaults and are consistent with established literature for thermoset injection moulding. The
corresponding information was added to the simulation settings section of the manuscript, i.g., in lines
362-374:
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The 4 cavities are all equal, being 161.3 x 110.6 x 6.3 mm?, as shown in Figure 2(a). Boundary

conditions for heat transfer were defined as follows: the rubber was injected at a constant temperature
of 25°C, while the mould walls were maintained at 180°C throughout the simulationby heating car-

tridges 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.m2K~! for
steel-steel contact surfaces, and 0.8 kW.m 2K~ for liquid silicone rubber-steel surfaces. Solver

parameters were kept at the default settings: the time step was automatically controlled using a
maximum volume filling increment of 1% per step; a maximum of 50 iterations per time step was
allowed; and a convergence tolerance factor of 1.0 was applied. These settings ensured numerically
stable and accurate results without unnecessary computational overhead.

Comment #7

You discuss ejection at 75-95% Doc. Please state the chosen pass/fail criterion used for “cycle time” in
your comparisons and justify it with a reference or a short note on post-ejection cure.

No explicit degree of cure (DoC) threshold was imposed in the simulations to define the cycle time. Instead,
the curing behaviour was simulated over a total cycle of 210 s in order to capture the full development of the
reaction within the mould and enable a direct comparison of curing progress between material datasets. The
references to 75-95% DoC in the manuscript are included only to indicate the range typically considered
acceptable for demoulding of LSR parts, as reported by Bont (2021). Within this range, a curing degree of
about 90% is generally sufficient to ensure mechanical integrity for ejection, while residual heat completes
the reaction post-ejection. The following clarification has been added (page 10) to the manuscript:

This virtual injection moulding machine is characterized by 60 cm® 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. It is important to note that no curing degree limit was
predefined in the simulation to determine the cycle time. The total curing time was fixed at 210 s to
enable tracking of the curing development throughout the entire moulding cycle. References in later
sections to curing degrees between 75% and 95% refer only to typical demoulding conditions for LSR
[31], where the residual internal heat after ejection promotes the completion of curing.

Comment #8
Please include a brief mesh-independence study for the SIGMASOFT model.

A dedicated mesh sensitivity analysis was not performed in the present study. The mesh resolution (0.5
x 0.5 x 1.0 mm? within the cavity and 1.6 x 1.6 x 1.6 mm? in the runners and gates) was deliberately
selected to provide a fine level of discretisation capable of capturing relevant flow and thermal gradients,
while maintaining computational feasibility. The final model, consisting of approximately 937,000 elements,
exhibited stable convergence and consistent flow behaviour across all simulations. As the primary objective
of this work was to assess the influence of different material property datasets under identical numerical
conditions, all simulations were conducted using the same mesh configuration. This approach ensures that
the observed variations in predicted pressure, temperature, and curing degree are attributable to the material
datasets themselves rather than to numerical artefacts. A comprehensive mesh independence study, while
valuable, remains outside the scope of the present methodological assessment.
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Abstract: Injection moulding of liquid silicone rubber (LSR) requires reliable computer-
aided engineering simulations to support process optimisation, which in turn depend on
accurate material data. In this study, thermo-physical and kinetic properties of a highly
filled injection moulding (IM) grade of LSR were systematically characterised using com-
plementary experimental approaches and their impact on simulation fidelity was critically
assessed. Specific heat capacity was measured using both modulated DSC and the standard
sapphire method, revealing temperature dependence but no intrinsic change during curing,
with sapphire-based data incorporating enthalpic effects more realistically for process
prediction. Thermal conductivity was found to be nearly constant across the processing
temperature range. Curing kinetics were investigated by calorimetry and rheology, with
the former supporting an autocatalytic mechanism and the latter suggesting an n'-order
model, reflecting differences in detection sensitivity and onset characterization. When
implemented into injection moulding simulations, viscosity primarily affected injection
pressures, while differences in specific heat capacity and curing kinetics strongly influenced
predicted curing profiles and cycle times. These results emphasize that dataset choice,
particularly for curing-related parameters, is critical to achieving predictive accuracy in
LSR injection moulding simulations. Unlike previous studies on LSR injection moulding,
which typically adapt thermoplastic-inspired characterisation methods without system-
atically addressing their limitations, this work introduces an organised and comparative
methodology to evaluate how different material characterisation techniques influence sim-
ulation outcomes. The proposed approach establishes a methodological framework that
can guide future research and improve the reliability of process simulations for LSR and
other polymeric systems.

Keywords: liquid silicone rubber; injection moulding; curing kinetics; specific heat capacity;
thermal conductivity; specific volume; processing simulation accuracy

1. Introduction

Process optimization within the injection moulding context is a complex task consider-
ing the intrinsically complicated manufacturing process via IM. As described by Mitsoulis
[1], the injection moulding 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 regarding the process itself, being time and resource consuming.
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Besides, considering the widespread employment of injection moulding techniques, mini- s
mal marketing time also plays an important role when optimization is performed aiming =
to become more competitive. [2] In this sense, computer-aided engineering (CAE) simula- s
tion technologies based on computational fluid dynamics (CFD) are widely employed to 3
optimize the injection moulding process, since they present the following not-exhaustive
list of assets [3]: 3

¢ Itis cheaper and less time consuming, since trial and error analyses based on industrial s

pilot lines would be unaffordable. 40
*  Numerical tools allow the evaluation of a material response without the physical use  «
of the real material and without compromising mould manufacturing. a2
*  CAE simulation routines provide the possibility to shorten the cycle time and optimize
the curing duration to save energy and avoid material waste. a“
¢  Simulation is able to avoid re-design of the mould. as

¢ CFD studies are able to predict processing-related defects in the injected part, such as 4
weld lines and air traps. a7

To achieve the mentioned benefits, the performed simulation must be reliableina
sense that it mimics the real material behaviour and, therefore, the real IM process. The
accuracy of such simulation depends on many factors, such as the representation of the s
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 s
governing equations of mass, momentum, and energy conservation. [4] If the aim of the s
simulation is to predict processing parameters, such as pressure and temperature profiles, s
and cycle time (that includes the curing time for a reactive material injected into the mould’s s
cavity), precise material data must be provided, since these feed the phenomenological s
models that are able to explain the fluid mechanics, heat transfer, and chemical reaction s
kinetics/thermodynamics associated to the IM process. 58

The injection moulding simulation of LSR has been unsatisfactorily published in the s
available literature. In 2002, Haberstroh et al. [5] proposed a material data strategy to e
simulate the filling and curing phases of LSR. Shortly after, the research advanced and &
Capellmann et al. [6] enhanced a tool for the simulation of the injection moulding process e
enabling it to take into account undervolumetric filling. However, when determining &
the viscosity of LSR, the authors could not prove the validity of the employed approach e
for low shear rates and high temperatures applying plate-plate rheometers. Matysiak et &
al. [2] extended the previous work and included in the simulation data from pressure e
measurements to gather knowledge on thermal expansion of LSR, but with a simple &
pressure-temperature model. More recently, Ou et al. [7] investigated the simulation of e
two-component injection moulding of silicone rubber into a thermoplastic polymer. All the &
cited investigations reached reasonable simulation results when the predicted processing 7
parameters were compared to the measured values. However, most studies adapted =
material data characterization techniques originally developed for thermoplastic materials 7
and employed them with several approximations. For example, none of the mentioned 7
authors highlighted the strong influence of filler content on the applicability of the selected 7
methods or discussed which of the available techniques is most appropriate to define
the curing behaviour of LSR. Moreover, the literature generally lacks a methodological
rationale explaining the selection and limitations of the experimental procedures adopted
for thermoset systems. 78

From the literature, precise guidelines on material data characterization of LSR, based 7
on a systematic and comparative investigation of the available state-of-the-art methods,
were not found in the context of injection moulding simulation. Therefore, despite the
positive results previously reported for LSR simulations, a fundamental methodological &
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gap still exists. The present work aims to fill this gap by introducing an organised and
comprehensive framework for evaluating and comparing different material characterization
approaches (covering viscosity, thermal, and curing properties) and by demonstrating how
these methodological choices influence the accuracy of injection moulding simulations.
This systematic perspective is expected to guide future research, improve reproducibility,
and support the development of reliable simulation workflows not only for LSR but also
for other polymeric systems.

2. Materials and Methods

Liquid silicone rubber (Silopren™ LSR 2070, My, = 86673 g.mol~!, M,/ M,, = 1.603,
hardness after cured = 70 Shore A), containing approximately 32 wt% (high content)
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 a previous publication of our group [8]. Silopren”™ 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

Since this work has an intensive methodological effort, all techniques employed for
this investigation are explained in detailed below, aiming to allow reproduction of the
methods. For all experiments, the same material was investigated, either as a single part (A
or B) or as a mixture (1:1 A+B)

2.1. Determination of the viscosity

To measure the viscosity of liquid silicone rubber, two distinct methodologies were
employed: large amplitude oscillatory shear (LAOS), a rotational method; and one em-
ploying a high pressure capillary rheometer (HPCR), a pressure-driven-based procedure.
These two routines are detailed in a previous publication [8] from our group. These data
were employed here to obtain model parameters for the injection moulding simulation.
The viscosity models and their parameters are shown in the Results section of this paper.

2.2. Determination of the specific heat capacity

The specific heat capacity was studied employing two different, but similar, methods.
While the standard ASTM E1269 [9] employs sapphire as a reference material for ¢y, the
temperature-modulated approach is a stand-alone method to determine a polymer’s c.
Since these methodologies differ on how c, is determined, they are critically compared.
Both methodologies determined c;, as function of temperature for the liquid silicone mixture
A+B, considering two heating cycles in the dynamic scanning calorimeter (DSC1 and
DSC2 STAR System Mettler-Toledo International Inc, Switzerland).

2.2.1. Sapphire method ASTM E1296-11

Approximately 10-20 mg of A+B 1:1 mixture (triplicate) were placed into aluminium
crucibles aiming maximum possible contact with the crucible’s bottom. Subsequently and
according to the standard ASTM E1269 [9], the following thermal program was applied
under 50 mL.min~! of nitrogen gas:

1. Isotherm for 4 min at 50°C.
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Heating at 20 K.min ! until 200°C.
Isotherm for 4 min at 200°C.
Cooling at 20 K.min~! until 50°C.
Isotherm for 4 min at 50°C.
Heating at 20 K.min~! until 200°C.
Isotherm for 4 min at 200°C.

NG N

The temperature program was designed to measure the sample’s specific heat capacity as
non-cured and during curing (step 2), as well as cured (step 6).

The same thermal program was employed for an empty aluminium crucible (reported
weight) and for an aluminium crucible containing the specific heat capacity standard
(synthetic sapphire disk with reported weight). It is important to highlight that the software
connected 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 ¢, s (J.g 2. K1)
can be calculated in terms of the standard’s ¢ st as:

c = Cpst Ds-wst
S — ,St -
p P D Wi

D; is the heat flow difference (mW) at a given temperature between the empty pan

(1)

and the sample; Dy; is the heat flow difference (mW) at a given temperature between the
sapphire standard and the sample; W; is the sample’s mass (mg); and Wy 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 1 one can realize that any disturbance in the sapphire heat flow signal
will impact the sample’s ¢, measurement, since c(s) is directly calculated from cy(st). This
feature is not present in the next methodology as it will be described next.

2.2.2. Modulated temperature calorimetry

This approach, commonly referred to as MTDSC (modulated temperature DSC),
differs from the one described before due to the fact that it applies a sinusoidal thermal
perturbation instead of a constant heating rate for non-isothermal experiments. [10,11] In
general terms, during a DSC run, the total heat flow %2 is a contribution of one signal that
is dependent on %' 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

=gy + f(t,T) 2)

where ¢+ is the specific heat capacity at constant pressure defined here as that due to the
energy stored as motion of the sample’s molecules; 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 ¢, (here with sub-index ¢ to
refer as the thermodynamic ¢;) and is dependent on %, and another that is kinetically
hindered by a mechanism (f (¢, T)), which is dependent on T. In the case of liquid silicone
rubber, the first response is connected to the vibrational, rotational, 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 ’%, the sample’s response to the bond breaking
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and forming process of the cure reaction and the response due to increase in oligomers” 17
kinetic energy (molecular motion) are different. This output signal separation between 17
purely thermodynamic and kinetic-governed phenomena is the main difference between 1
conventional (sapphire method) and modulated DSC methods for ¢, determination. 176

To accomplish this distinction, the sample is subjected to a modulated thermal program 177
with an initial temperature Tj, a heating rate b, and a modulation factor with amplitude B 17
and frequency w, as follows: 179

T = To + b.t + B.sin(wt) 3)

For the present research, stochastic temperature modulations, i.e., well-distributed 1
temperature perturbations within the analysed temperature range with random duration, 1
are superimposed on an underlying rate of conventional DSC. This was accomplished
employing a dynamic scanning calorimeter and the TOPEM™M software (Mettler-Toledo In- 13
ternational Inc, Switzerland). By applying discrete Laplace transformations, this method is 1
able to determine the quasi-static heat capacity, or the thermodynamic specific heat capacity. s
This ¢, signal will be independent of any thermal event that occurs during the DSC run. 15
The MTDSC-TOPEM experiments were conducted with an underlying heating rate b = 17
2 K.min~!, an amplitude B = +-0.5 K, and a period (%) =15-30 s under 20 mL.min"! of s

nitrogen gas, employing samples in triplicate. The temperature program is as follows: 189
1.  Isotherm for 1 min at 50°C. 190
2. Heating at 2 K.min~! until 250°C with temperature modulation. 191
3. Isotherm for 1 min at 250°C. 192
4. Cooling at 2 K.min~! until 50°C without temperature modulation. 193
5. Isotherm for 1 min at 50°C. 194
6. Heating at 2 K.min~! until 250°C with modulation. 195

The temperature program was designed to measure the sample’s specific heat capacity 1
as non-cured and during curing (step 2), as well as cured (step 6). These experimental 1
parameters were selected according to the literature [12-14] for thermoset systems. 198

2.3. Determination of the thermal conductivity 199

The thermal conductivity of non-cured and cured liquid silicone rubber was de- 200
termined employing two methods suitable for each state of cure. While the individual 2
components A and B and the mixture (A+B) 1:1 were characterized employing the tran- 22
sient line-source method, crosslinked compression moulded (160°C, 10 min) samples were 203
evaluated employing a steady-state-based guarded heat flow meter. These two methods 20
are distinct in the sense that while transient approaches rely on applying a short energy 2o
pulse to the sample and evaluating the transient temperature rise, steady-state techniques 20
determine the thermal conductivity after the sample reaches thermal equilibrium. However, 20
they are comparable, as reported by Kerschbaumer et al. [15] when investigating natural 20
and synthetic industrial rubber compounds. 200

2.3.1. Transient line-source technique 210

Determination of the non-cured samples’ thermal conductivity was conducted ac-
cording to the standard ASTM D5930-09 [16] in a K-System II device (Advanced CAE  aw
Technology Inc., USA). This method relies on placing a line source in close contact with the 2
sample and measuring the rate propagation of the heat released by the line source radially = 2.4
through the sample. Since the rate of heat propagation is related to the thermal diffusivity s
of the sample and the temperature rise of the line source varies with the logarithm of time, s
the sample’s thermal conductivity can be determined. a7
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In practical terms, LSR samples (in triplicate) were placed inside the device’s cylinder s
(9.3 mm diameter) and the line source (1.3 mm diameter) was inserted into the cylinder, 2w
through the LSR sample. The whole cylinder was then heated to the desired temperature, 20
thermally-stabilised (15 min), and the measurement proceeded with a predefined amount 2z
of energy being dissipated by the immersed line source. Due to the released heat, the 2
temperature increment AT as a function of time (¢; — t) [15] was recorded and the slope C = 2

(K~1) was calculated: 24
In i—z
C=- 4
AT (4)
The thermal conductivity A (W.m~1.K~1) was calculated according to the Fourier’s s
heat transfer equation for a radial system: 226
K
A= — 5
in ()

where ¢ (W.m ™) is the line source’s heat flow per unit length. The dimensionless calibration 2
factor x is obtained after calibration conducted against a reference material with known 2
thermal conductivity, as detailed in the standard [16], covering as well the finite probe 2o
dimensions, contour effects, and other non-linearities [15]. According to the standard 2
ASTM D5930 [16], this method has an accuracy of £7%. 231

For each selected temperature, the same procedure was adopted. For the individual 2
components A and B, thermal conductivity was measured at 80°C, 100°C, 120°C, 140°C, 2
and 160°C. However, to avoid the curing reaction, the (A+B) 1:1 mixture was tested at 60°C, 2
70°C, and 80°C. 235

2.3.2. Guarded heat flow meter method 236

This method is based on the heat flux through a sample that is placed between a heat 27
source and a heat sink. 2 mm compression moulded samples (triplicate) were mounted in 23
a thermal conductivity tester DTC-300 (TA Instruments, USA) and tested after reaching  2s
thermal equilibrium at 60°C, 70°C, 80°C, 90°C, 120°C, 140°C, and 160°C. By measuring 2«0
the heat flow Q (W) through a specimen with thickness d (m) and area A (m?) and the o
temperature difference AT across the sample, the thermal conductivity A (Wm~1K~!) was e

calculated employing the Fourier’s heat transfer equation for linear systems: 243
Qd
~AAT ©)
According to the standard ASTM E1530 [17], this method has an accuracy of £5%. 204
2.4. Determination of the specific volume 245

For the characterization of the specific volume, one single method was employed, 2
the so called piston-die or piston-based isobaric method. It has been shown [18] that the 2«
piston-based method differs from the confining-fluid approach by a maximum of 4%, thus  2us
the data reported in this work can be safely compared to specific volumes determined 2
elsewhere. 250

The specific volume dependence on temperature and pressure was characterized in 2
a PVT 100 dilatometer (SWO Polymertechnik GmbH, Germany). This device employsa 2
piston technology and is based on a cylindrical metal cavity where the sample is placed s
under pressure between two pistons tightly fitting the cylinder. The change in volume 2
Av(p,T) is then calculated under specific pressure and temperature conditions as: 255

Al.7t.?
Ao(p,T) = - )
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where [ is the piston displacement length,  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~!) 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 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.

200
30 -
4175
25 - —H
4150
© 1%
20 - -
= . 125%
£ g
2 15 ©
§ - 100“2’.
a )
i [t
10 15
0 - . - . - . - 25
0 5000 10000 15000 20000

Experiment time, s

Figure 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.

2.5. Determination of the curing kinetics

For the curing kinetics investigation of liquid silicone rubber, methodologies based
on a preliminary investigation [19] were employed. Here, the rubber process analyser
(RPA, rheology-based) and the dynamic scanning calorimetry (DSC, calorimetry-based)
approaches were applied

2.5.1. Dynamic scanning calorimetry

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

1. Isotherm for 3 min at 50°C
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Heating at 2/5/10 K.min~! until 150°C
Isotherm for 5 min at 150°C

Cooling at 20 K.min~! until 50°C
Isotherm for 3 min at 50°C

Heating at 2/5/10 K.min~! until 150°C

AN

The crucible’s mass was measured before and after the thermal program and any
sample that underwent mass loss higher than 0.5% was repeated. As advised by Heinze
and Echtermeyer [20], crosslinking enthalpy (Hy) was calculated (mean value) as follows,
where 5 =2,5, or 10 K.min~1.

1 Tendset
‘B Tunset

The curing conversion « for this calorimetry approach was calculated as the released

H, QdT 8)

heat ratio Q according to Equation 9. The curing speed, or crosslink conversion rate da/dt,
was calculated employing the differentiate function from Origin 9.0G software (OriginLab,
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 neighbours.

t . tendset . -1
uc(t):/t Qat (/t | th) ©)

The activation energy for this calorimetry-based approach was calculated following
the integral isoconversional method for non-isothermal experiments [21,22] depicted in

; ) ( & )
In = Const — 1.0008. (10)
92
(Ti,i RT,

2.5.2. Non-isothermal rotational rhometry

Rubber process analyser (D-RPA 3000 Montech Werkstoffpriifmaschinen GmbH, Ger-
many) equipment, or moving die rheometer (MDR), was employed as a rotational oscillaroy

Equation 10.

rheometer to characterize the curing behaviour of LSR under various curing conditions.
For this set of experiments, in triplicate, three heating rates (8 =2, 5, and 10 K.min’l), and
three shear conditions (0.4383, 4.383, and 13.1476 sfl) were employed. 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, as demonstrated by our group in a previous work [8], and it is expected that G” is
higher than G’. Thus, the gel point was defined [23] as the time or temperature 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 11 as follows, where M is
the transmitted torque at time ¢, ML is the minimum transmitted torque, and AM is the
difference between the maximum and the minimum transmitted torques:

de 1 d(M-—ML)

dt ~ AM dt

The activation energy was calculated following the integral isoconversional method for

(11)

non-isothermal experiments depicted in Equation 10. Fitting of da /dt followed the method
described next.
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2.5.3. Curing kinetics non-linear fitting 316

Regarding the kinetic model function f(«), it is widely accepted [23-26] that the v
crosslinking reaction of silicone rubbers follows the autocatalytic model, first proposed by s
Sesték-Berggren [27] in the form of Equation 12, and further modified by Kamal [28] to s

include the temperature dependence, as seen in Equation 13: 320
fla) = a™(1—a)" (12)

da . . 321
It = (kl + kp. )(1 — (X) (13)

where m and n are the reaction orders and ky and k; are the Arrhenius rate constants. For s
the present study, a third version of the autocatalytic model was assumed, where kj and ky s
are taken as constants with activation energies E, 1 and E, 5, in a way that the final kinetic s
model equation can be written as: 325

df“ _ _sz,l _EOC,2 m _ n
Fri [Al.exp< RT )+A2.exp( RT >¢x ](1 o) (14)

The subscript 1 denotes the 1! order contribution to the crosslinking model, while the s

subscript 2 denotes the auto-catalytic contribution. Similarly, # is the reaction order for the =7
n" model, and m is the reaction order for the auto-catalytic part. 328

Fitting of the da /dt data according to the Kamal model was performed for conversion s
values from 0.05 to 0.95. Initially, it was assumed [23] that E, ; = E;» = E, as calculated  sx
applying the isoconversional approach. This E, value was then implemented as the s
activation energy at the preliminary fitting routine and the parameters A;, Ay, m,and n  s2
were determined employing the Levenberg-Marquardt algorithm [29] or damped least s
squares method. After the first preliminary fitting, the previously calculated parameters s
were employed as initial guesses for the final calculations of the kinetic parameters A;, s
A, m, n, Eyq, and E, 5. All fitting procedures were performed utilizing Python coding 13
language (Python 3.8, PyCharm Community Edition 2021.2.2, Jet Brains, Prague, Czechia). s
The code was built with the aid of the chatbot and virtual assistant ChatGPT (OpenAl, s
USA) version GPT-3.5. 330

2.6. Comparison routines - simulation setup 340

In order to compare the several characterization methods presented in the previous sa
sections, simulations (software SIGMASOFT v6.1.0.0, 64-bit release in 2024) were carried 3
out employing different sub-datasets for viscosity, specific heat capacity, and curing kinetics. s
In this sense, five different LSR material data arrays were considered, which are detailed in s
Table 1. 345

Table 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. 15 and 2" denote the runs sequences performed at the DSC analyses.

Dataset A B C D E
Viscosity ~ LAOS HPCR HPCR HPCR HPCR
cp MDSC 1% MDSC 1% sapphire 1% sapphire 2" MDSC 1°*
A cured sample

pvT As determined

Curing DSC DSC DSC* DSC RPA

For the viscosity sub-dataset, the viscosity variation with temperature and shear rate s
was compared between the data obtained via LAOS or HPCR; therefore, datasets A and
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B were compared. The comparison between measuring ¢, via the sapphire method or
the modulated DSC approach is made between datasets B and C for the first heating
(considering the curing step) and B and D (linear relationship of ¢, with temperature,
without crosslinking). 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, and the second obtained from rheology-
based tests. For all datasets (A-E), the thermal conductivity was assumed to be a function
of temperature for the 1:1 mixture A:B cured sample. 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 15 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.

Concerning the part geometry and the simulation settings, the simulation was carried
out employing a rubber injection moulding multi-cavity mould configuration as described
by Traintinger [30] 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 mm?, as shown in Figure 2(a). Boundary conditions
for heat transfer were defined as follows: the rubber was injected at a constant temperature
of 25°C, while the mould walls were maintained at 180°C throughout the simulation 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~!. Heat transfer coefficients were set as the
software-suggested default values: 10 kW.m 2K~ for steel-steel contact surfaces, and
0.8 kW.m 2K ! for liquid silicone rubber-steel surfaces. Solver parameters were kept at
the default settings: the time step was automatically controlled using a maximum volume
filling increment of 1% per step; a maximum of 50 iterations per time step was allowed;
and a convergence tolerance factor of 1.0 was applied. These settings ensured numerically
stable and accurate results without unnecessary computational overhead.

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~! maximum pressure increase rate. This virtual injection
moulding machine is characterized by 60 cm? nozzle volume and 50 mm piston diameter,
leading to a maximum dosage volume of 510.51 cm?. Three heating cycles were defined
and the data were gathered at the fourth cycle. It is important to note that no curing degree
limit was predefined in the simulation to determine the cycle time. The total curing time
was fixed at 210 s to enable tracking of the curing development throughout the entire
moulding cycle. References in later sections to curing degrees between 75% and 95% refer
only to typical demoulding conditions for LSR [31], where the residual internal heat after
ejection promotes the completion of curing.

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 2(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 2(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
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Sensor 1

Sensor 2

(@)

(b)

Figure 2. 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 [30].
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information 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 mm? elements, resulting in 937246 cells
composing the cavity. A detail of the mesh is shown in Figure 2(b). For the gate and the
runners, 1.6 x 1.6 x 1.6 mm?> elements were set.

3. Results

This section is divided into two parts. The first part introduces the material behaviour
in terms of the investigated properties and highlights the main differences between the
applied methods, reasoning them in terms of macromolecular and structural behaviour.
Secondly, the material behaviour is translated into material data (sub data-sets) and imple-
mented in injection moulding simulations, whose results are critically compared.

3.1. Specific heat capacity trend

The specific heat capacity of an 1:1 A:B mixture of liquid silicone rubber was deter-
mined employing the modulated temperature dynamic scanning calorimetry approach
and compared to the widely applied and standardized sapphire method. The generated
heat during the MDSC run is shown in Figure 3, where exothermal events are represented
by peaks pointing upwards. As explained before, MDSC is able to decompose the total
heat (as measured in conventional DSC devices) into reversible and non-reversible compo-
nents. For liquid silicone rubber, the crosslinking appears as an exothermal signal below
100°C, with 262 m] 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 [13,14] observed a different behaviour while studying the curing of an
epoxy-amine resin without reinforcing fillers. The authors observed a first increase of c
(consequence of a change in the reversible heat, Fig. 4 in [14]) 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 ¢, was
observed for these epoxy-amine systems, which can be attributed to the abrupt reduction
of macromolecular segmental mobility, directly related to the specific heat capacity. [32]
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.

The specific heat capacity of liquid silicone rubber during crosslinking 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 15 heating in
the DSC program is related to the uncured sample, during which the crosslinking reaction
occurs; whereas the 2 heating step involves the already crosslinked sample. In Figure 4,
the standard sapphire method (blue lines) shows a change in the c;, 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 c;, 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 ¢, 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
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Figure 3. Modulated temperature DSC thermogram differentiating the total, the non-reversible, and
the reversible (employed to determine c;) heat quantities for the 1:1 LSR mixture. Sample mass is
15-20 mg. The coefficient of variation for the measurement is 7%.

to suggest that the crosslinking reaction leads a decrease and posterior increase of ¢, as
result of any chemical or microstructural change occurring exclusively due to connection
of adjacent poly(siloxane) macromolecules. One must consider, however, that the ¢, 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 ¢, that only increases with temperature.

The modulated temperature DSC method results in ¢, values as shown in Figure 4
by the red lines (one replicate, the coefficient of variation among the triplicates was 7%).
As expected, ¢y is a linear function of temperature for the first and second heating steps.
The linear behaviour of ¢, results from the linearity of the reversible heat (red line) over
temperature in Figure 3. The sample during the first heating does not experience a change
in ¢, 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 c,. The first and major reason is the
presence of a high filler volume (silica), which significantly controls segmental mobility
due to interaction 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 c;, is observed. The second reason why
the curing reaction does not lead to a change in ¢, 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 remain, and crosslinking bridges are building between macromolecules via
poly(siloxane) oligomers. Even though these bridges increase substantially the molecular
weight, turning the before only crosslinked network in a 3D network of infinite molecular
weight, local segmental mobility is still preserved. In another direction, Vera-Graziano et
al. [33] observed a decrease of ¢, after crosslinking poly(dimythylsiloxane). The authors
also studied the specific heat capacity of PDMS with similar molecular weight distribution
as the one employed in the current study (M, = 66030 g.mol~!, M, = 83391 g.mol~!),
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Figure 4. Comparison of the LSR’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 Ri dj > 0.99. The coefficient of variation for the measurement is 7%.

but crosslinked via hydrogen abstraction with benzoyl peroxide, not via hydrosilylation.
Crosslinking via hydrogen abstraction connects adjacent macromolecules via a short cova-
lent bond, hindering segmental motion and, therefore, modifying c,. 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 ¢, as observed by the authors [33].

Concerning the absolute values of ¢y, both methods reached the values reported in the
literature [34-36] for poly(siloxane)s. For both methods, c, for the completely cured sample
(2" heating) appears 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 ¢, 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 4, one can interestingly realize that the variation of ¢, 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 Bicerano [37] when proposing an equation for
C;, (T) (capital C denotes the molar specific heat capacity) for liquid polymers (T>T for
rubbery and molten polymers) based on experimental data:

Ch(T) ~ Cl,(298K).(0.613 -+ 0.0013T) (15)

For poly(dimethylsiloxane), Bicerano [37] reported
C;(298K) =117.8 Jmol 1. K~!, which considering PDMS mer’s molar mass (74.01 g.mol’l)
leads to cé,(298K) =1.59 ].g’l.K’l. 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
comparisons are made. In this sense, since fumed silica has lower ¢, (around 0.9 ].g*1 K1
than PDMS and additionally the presence of silica in a poly(siloxane) matrix causes macro-
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molecule immobilization, one can expect that the silica-filled PDMS has a lower ¢, than the
pure polymer. Thus, one can conclude that the values reported in Figure 4 are comparable
to the one found and calculated by Bicerano [37]. For reference, the specific heat capacity of
copper is around 0.3 J.g~1.K~1.

For LSR, the slope of ¢,(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 [38] the variation of T, 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 T,. The same is very likely occurring here: c;, is only a function of temperature,
not of the curing conversion. Another hypothesis to explain such behaviour is the fact that
this LSR grade is highly filled. In this scenario, the filler properties strongly influence the
compound’s thermal properties, regardless of the curing state. Considering liquid silicone
rubber, the standard sapphire method and the MDSC approach resulted in comparable
values for ¢, 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 ¢, 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 16 [39],
where « is the curing conversion.

. d
Q= Quua (% ) 16

This difference concerning the kind of information that is given by each method to the
simulation software, i.e., variable ¢, values including the exothermal reaction or linear c,
values and a separate enthalpy of curing, will be further discussed in Section 3.5.2.

3.2. Thermal conductivity response

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 A are shown in Figure 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 liquid-like samples. 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 A = 0.2 W.m~1.K~!, which is typical [40-43] for LSRs.

The variation of polymers’ thermal conductivity with temperature depends basically
on the polymer morphology and its glass transition and melting/crystallization tempera-
tures. Van Krevelen [44] proposed that the thermal conductivity of amorphous polymers at
T > T, can be estimated based on the thermal conductivity at the glass transition tempera-
ture:

A(T) = /’\(Tg).(l.Z—O.Z.%;) (17)

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
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Figure 5. Thermal conductivity variation with temperature for the individual 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 investigated employing a steady-state method.
The symbols indicate the average of 3 measurements and the shaded areas represent the standard
deviation.

about the thermal conductivity. Zhong and co-workers [45] compared van Krevelen’s
assumption with A data for poly(ethylene) and poly(propylene) and observed a flatter
change of thermal conductivity with temperature. For cis-1,4-poly(isoprene) (natural
rubber, NR), the relationship proposed in Equation 17 is reasonable, as demonstrated by
Eiermann and Hellwege [46]. Above 50°C, however, the authors reported a plateau for the
thermal conductivity. Kerschbaumer and co-workers [15] also reported a plateau for A(T)
when studying rubber compounds based on cis-1,4-poly(isoprene) (NR), poly(styrene-co-
butadiene) (SBR), poly(acrylonitrile-co-butadiene) (NBR), hydrogenated 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 [47] determined A(T) for a poly(siloxane) (relative molecular mass =
28000 g.mol ') 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 [47]), 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 5 for an independence of A 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 (dependent 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, in accordance with what has been reported in the aforementioned literature.

Between the individual components A and B, no significant difference was detected,
indicating that these two parts have similar thermal conductivities. The fact that part
B has a higher deviation may be connected 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
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similar A when compared to its single constituents. The cured sample, on the contrary, sn
presented a lower thermal conductivity than the uncured mixture, and an inclination s~
to lower A than the individual parts. This finding is contrary to that was observed by s
Cheheb and wo-workers [48], that identified a 10% increase in the thermal conductivity s
for crosslinked rubber compounds when compared to the uncured counterpart. For the s
present scenario, considering that the samples’ thermal conductivities are dominated by s
the filler thermal properties, and that curing of LSR connects two adjacent macromolecules sz
via a linkage that is oligomeric (the size of the Si-H based crosslinker), a decrease of A sz
does not seem reasonable. Thus, this apparent decrease in thermal conductivity after s
crosslinking may be associated to the different measurement method employed between  se
the cured and the uncured samples. In order to clarify this aspect, the averages (1) for sa
the whole temperature range are shown in Table 2, where it is also stated the standard e
deviation (0(A)) and the error associated to each measurement according to Kerschbaumer  ses
and co-workers [15]. Furthermore, since the transient line source method requires the filling  ses
of a cylinder with liquid sample to perform the analysis of A, any air bubbles would cause s
an increase of the sample’s thermal conductivity, probably leading to the higher values s
observed for the uncured samples. 587

Table 2. Thermal conductivity averages A for the whole studied temperature range and respective
standard deviations ¢ (A), including the associated measurement error.

Sample A o(A) Error
2070 A 0.223 0.001 7%
2070 B 0.209 0.001 7%

A+Buncured 0.211 0.005 7%
A+B cured 0.186 0.002 5%

For simulation, the values reported in Figure 5 have practical consequences in terms s
of how the thermal conductivity data can be input into the routine. The first outcome is  ss
that the individual components (either A or B) can be analysed in order to gather thermal s
conductivity data for the simulation, with the advantage to cover a larger temperature su
range without crosslinking. Following this outcome, a completely cured sample could also  se
be employed to measure the thermal conductivity of an LSR grade to be further injection s
moulded, however demanding a previous sample preparation. Lastly, if required either  so
by the simulation software or to save computational time, the thermal conductivity can s
be reliably considered as constant within typical liquid silicone rubber injection moulding s
temperatures. 597

3.3. Specific volume or pvT behaviour 598

The variation of specific volume with temperature and pressure is peculiarly impor-  se
tant for liquid silicone rubber, due to the fact that it experiences considerable thermal oo
expansion during processing. [31] For the studied LSR grade, the specific volume under
various isobaric conditions as a function of the temperature is presented in Figure 6, being o2
consistent with the scarce values reported in the literature [5]. As it was expected, for all 0
pressures, the specific volume increases with temperature. This expansion is driven by e
the vibrational motion of poly(siloxane) macromolecules, which gain more energy as tem- o
perature increases and, therefore, occupy more volume due to increased vibration. Under e
isothermal conditions, though, the effect of pressure is on decreasing the specific volume o7
and, in this case, it is the packing volume (empty space between the macromolecules) that e
is reduced. During injection moulding, liquid silicone rubber undergoes slight compres- 0
sion during injection (A-B segment in Figure 6) and heating mostly due to shear related o0
dissipation. Injection is over at point B, when the pressure is equalized and the cavity is e
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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.

1.04 - -
. 5 MPa (first heating)
1.02 10 MPa
1 — 15 MPa E
< 1.00 4 —— 20 MPa :
mc?’o%_' —— 25 MPa
e — 30 MPa
5 |
g 0964 TSRS
E 1
30944 &
o
0082 g
S 0.90 '
[ T R

» 0.88 -

pressure increase
T T

0.84 T |

L e e
40 60 80 100 120 140 160 180 200
Temperature, °C
Figure 6. Variation of the specific volume (one measurement) as a function of pressure and temper-
ature. The orange line represents the second measurement at 5 MPa at which the sample is fully
crosslinked, 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.

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
6 get flatter as pressure rises. The slopes were determined via linear fitting and plotted
over the applied pressure in Figure 7. Volume change decreases almost linearly with the
pressure, showing that vibrational mobility triggered by temperature increase is hindered
by the reduced empty space between macromolecules.
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Figure 7. Rate of volume change due to temperature (cm3 kg~ K1) for each tested pressure. The
shaded area around the plot represents the error connected to the linear fitting of the data in Figure 6.
The coefficients of determination for such linear fittings are higher than 0.999.
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From the data presented in Figure 6, the Tait model (Equation 18) coefficients were
determined based on a least squares method and shown below. The coefficients by,
(m3kg1) and by, (m3.kg!) represent the dependence of the specific volume at zero
pressure on pressure and temperature; bs,, (Pa) corresponds to the pressure dependency
of parameter B(T), and by, (K~1) adds the temperature correlation. [49] These are model
parameters for the molten domain:

o(p, T) = vo[1 — Cn(1+ )] + v
vo = by + b T

B = byy.exp(—byy.T)

vt =0,forT > Tg, Ty

(18)

where v(p, T) is the specific volume in terms of pressure and temperature, vy is the specific
volume at zero pressure, and C is an universal constant taken as 0.0894. v; describes the
volume change due to crystallization or glass transition.

bim = 6.091 x 10~* m3.kg~!
bom = 9.025 x 1077 m3.kg~!
by, = 1.278 x 108 Pa

by = 3.367 x 1073 K1

(19)

These parameters will be further utilized as input data for the simulation comparisons
carried out next.

3.4. Crosslinking kinetics characteristics

The curing kinetics of LSR 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 14) parameters.

3.4.1. 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 8 (all replicates are shown
in the plots, aiming to also demonstrate the method’s repeatability). For all heating rates,
the exothermic peak related to curing is apparent at temperatures higher than 90°C. As the
heating rate increases, 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 §) is the same for all
samples and heating rates, being 8.15-£0.27 J.g~!. This quantity is important for injection
moulding simulation, since it represents an internal heat source, which is incorporated into
the constitutional equation of energy conservation as Q.

From the shape of the exothermic peaks, one can realize that the speed of heat release is
proportional to the extent of curing or conversion a. Thus, the conversion a was calculated
and the conversion speed da /dt was determined and plotted over temperature and over
conversion in Figures 9(a) and (b), respectively. From the conversion rate data it is possible
to realize that the maximum speed of curing occurs at around « = 0.6 for all heating rates.
This is a good indication 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 n"-order-based reactions have the maximum
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Figure 8. 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.

conversion rate at the beginning of the curing reaction. [50] Thus, it is appropriate to fit the s

conversion rate data to the autocatalytic, or Kamal, model. 660
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Figure 9. Conversion rate dua /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 e
apply isoconversional approaches to determine kinetic parameters, such as the activation e
energy, that are model independent. The variation of activation energy with the curing s
extent is shown in Figure 10(b), while Figure 10(a) shows an example of a plot utilized e
to calculate E, for each conversion step. As for the case of high consistency silicone [19], s
the activation energy is fairly constant and has an averaged value of 134.5 k].mol~!. This s
value is consistent with the one found by Herndndez-Ortiz and Osswald [51], who studied &
an injection moulding grade of LSR; and it is slightly greater than the values (between s
80 kJ.mol~! and 100 kJ.mol~!) obtained by Ke et al. [52], who studied a liquid silicone s
rubber with lower molecular weight than the one investigated in the present work. The 6n
activation energy as determined in the isoconversional approach is the overall energy on
barrier of the reaction under study. This means that it shows the thermodynamic boundary e
of curing, regardless of the number of steps involved in the curing mechanism, or the type e
of mechanism. Next, two values of E; will be presented, one for the nt"-order contribution, e
and one for the autocatalytic part of the kinetic model, not being related to mechanistic e
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Figure 10. Friedman-like isoconversional approach for calculating the activation energy (a) and the
activation energy as function of conversion for the calorimetric approach (b).

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. [26]

With the data as presented until here, it is possible to fit the conversion rate as shown
in Figure 9(b) to the Kamal model to obtain the kinetic parameters Ay, A, Eq, Ep, m, and n.
To facilitate the comparison with the rheology-based approach, this will be first introduced
next, and the fitting comparison will be made further in this section.

3.4.2. Curing kinetics via RPA

While for the calorimetry-based approach the released heat was employed as measur-
able quantity to quantify the curing extent, for the rheology-based method, a measurable
mechanical response is used to characterize the crosslinking development. Thus, the trans-
mitted 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. For all heating rates
and shear rates, the torque increases sharply as the curing reaction starts, due to the increase
of molecular 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 a previous publication of our
group [8]. 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
[53].

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. [54] The occurrence of a
marching modulus is detrimental to the characterization of curing kinetics, since a definitive
end (« = 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.
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Figure 11. Variation of torque over temperature during the experiments at the rubber process analyser
(RPA) for various shear rates at 2 K.min~! (a), 5 K min~! (b), and 10 K.min~? (c).
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Figure 12. Conversion rate da /dt measured via RPA for LSR as a function of temperature at various
shear rates at 2 K.min—! (a), 5 K.min~! (b), and 10 K.min~! (c). The variation of da /dt over conversion
is shown in (d). The shaded areas around the data lines (average) represent the standard deviation
around the average.

The speed of reaction, or conversion rate, is shown in Figure 12 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 [50] between the
conversion at which the curing speed is maximum and the reaction orders:

m

min (20)

(max() =

Another important observation is the variability of da/dt for the same measurement
settings, as represented by the shaded areas around the average (solid lines in Figure 12(d)).
By comparing with the DSC experiments, the RPA method is more prone to variation within
replicates, since the sample mass is higher and the measurable quantity is a mechanical
property, whose sensibility is lower than for the modern calorimeters.
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Following the isoconversional approach, the activation energy for the curing as mea-
sured by the rheology-based approach was calculated and is expressed in Figure 13 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 was higher than RPA ones by the
variation of the activation energy shown in Figure 13. Besides, E, 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. [23]. 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.
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Figure 13. 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. [55] For the samples under study, these values are reported in Figure
14. 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(a), at 2 K.min~!, the gel temperature is around
100°C, which is the very onset of curing. This behaviour was noticed in the literature by
Harkous ef al. [55] and more recently by Weifser et al. [56], 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 a previous publication of our group
[8], where the rheology of LSR was thoroughly investigated: the physical gel is disturbed
under high shear amplitude and G” is higher than G’ at 10% deformation.

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 during RPA measurements is reached.
[19] It is convenient to point out here that the calorimetry-based method does not offer the
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Figure 14. Gel time (a) and temperature (b) for all heating rates and shear rates as studied by the
rheology-based approach.

possibility to determine the gel point or the optimum cure time. However, as demonstrated 7
before and compared to RPA next, it is able to characterize the curing kinetics of LSRin 7
a sense that the conversion can be determined during simulation to predict the optimum 7
cycle time. [57] 760

3.4.3. Fitting and comparison between DSC and RPA 761

In order to compare the methods available to characterize the curing kinetics of LSR 72
for injection moulding simulation, qualitative and quantitative analyses are discussed 7
next. Qualitatively, the conversion over temperature is compared in Figure 15 for the 7
samples tested at 2 K.min~!. Only the samples at the lowest shear rate condition are shown, s
since these are closer to static conditions, as experienced during DSC runs, and because s
no significant qualitative difference was observed for other shear conditions. From this 7
plot it is possible to clearly see that the DSC samples show higher values of conversion s
at lower temperatures, i.e., the reaction is detected first. This observation is explained by 7
the fact that, while the calorimetric approach is able to detect the heat released since the o
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 4
its released heat, not by the increase in molecular weight that leads to shear resistance s
(increase in the transmitted torque). While sensitivity is the key issue here, the fact that s
enough macromolecules have to be connected to enhance shear resistance also plays a role 7
in the detected differences. In this sense, one can argue that the reaction is happening in the s
RPA even before a torque increase is detected, but the molecular weight did not increase s
enough to impose resistance higher than the device’s transducer sensitivity. When the 7o
torque resistance is enough to reach the device sensitivity, the conversion values are then 7
higher than zero and increase rapidly. Another explanation for such delay is the sample 7
size. DSC measurements require milligrams of sample, while RPA functions with grams of 73
LSR. Thus, the heat is transferred more easily in the DSC when compared to RPA, affecting 7z
the measurement. 785

Besides, one can notice that the transmitted torque increase is detected at 100°C, when 7
the conversion according to the DSC approach already reached almost 50%. This indicates 7
that the rheology-based method is not able to detect the entire curing behaviour, failing  7s
to cover the onset and beginning of crosslinking, as also reported in the literature [55]. 7a
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Figure 15. Comparison between the calculated conversion for the DSC and the RPA (0.4383 s71)
approaches at 2 K.min~! for two replicates. In the detail of the plot, conversion rate as function of the
conversion is compared.

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. To quantify this effect, the heat released by the DSC sample
(2 Kxmin~1) up to 100°C (the temperature at which torque becomes detectable in the RPA at
0.4383 s~ !) was calculated. This value corresponds to approximately 53% of the total curing
heat, confirming that more than half of the reaction progresses before the RPA measurement
registers any increase in torque. It is also worth noting that this temperature coincides
with the apex of the DSC heat flow curve, indicating the maximum reaction rate occurs
at the beginning of the RPA signal. This behaviour supports the interpretation that the
RPA captures primarily the diffusion-controlled or n'-order portion of the reaction. As
discussed next, this detection limitation causes the RPA data to fit the Kamal model with
an artificially high n parameter, whereas the full-profile DSC dataset yields a dominant m
parameter, as expected for an autocatalytic reaction. In terms of simulation implications,
this discrepancy contributes to the observed differences in cycle time prediction, with
DSC-based kinetics producing shorter and more realistic cycle times due to earlier onset
and higher overall reactivity.

Another important difference between the calorimetric and the rheological approaches
as shown in Figure 15 is the conversion value at which the conversion rate is maximum. For
the calorimetric approach, the maximum occurs at « > 0.5, while for the rheometry-based
method, da/dt reaches its apex in early conversion values. As mentioned 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 n'"-order kinetics mechanisms, or diffusion
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 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. [58] Therefore, first a substantive amount
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of active catalyst has to be formed before the curing speed increases substantially. This is
exactly what can be observed in Figure 15 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 n'"-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 9 and
12 were fitted to the Kamal model (Equation 14) and the experimental and fitted plots are
shown in Figure 16. The kinetic parameters associated to these plots are detailed in Table 3.
From the plots, it is possible to see that the calorimetric data is nicely predicted by the Kamal
model with the lowest mean residual (not shown here). 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. [55], Bardelli ef al. [23], and by Weifser et
al. [56].

Table 3. Kinetic parameters (average) determined after fitting of the experimental conversion rate
da/dt to the Kamal model (Equation 14) for LSR employing various experimental procedures (DSC
and rheological, from which the employed shear rates are shown).

Parameter DSC 0.4383s1 4.383s 1 13.1476s7!
Aq, st 1.07 x 10%*  1.00 x 10° 1.00 x 10°  1.00 x 10°
Ay, s71 498 x 1012 1.35 x 101 1.40 x 1017 7.24 x 10'2
E;, kJ.mol~! 193.6 171.3 158.9 178.3
Ep, kJ.mol ! 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

The kinetic parameters detailed in Table 3 show that, for the calorimetry-based ap-
proach, the reaction order related to the autocatalytic contribution m is higher than the
contribution of the n**-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 formation of the active
catalyst to the total consumption of the reactants (x — 1). However, the rheological ap-
proach presents a predominance of the n#-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 n*-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
[24], Harkous and co-workers [55], and Bardelli and co-workers [23] 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 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.

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

852

853

854

855

856

857

858

859



Version November 1, 2025 submitted to Journal Not Specified

28 of 43

0.025
—— experimental

—— 2 K.min* fitting
—— 5 K.min™ fitting
10 K.min* fitting

S
o
o
]
o
1

0.015

0.010

Conversion rate (de/dt), st

o
o
S
a
1

0.000 T T T T T T
60 70 80 90 100 110 120

Temperature, °C

0.025

1
o o
o o
=3 ]
o o

Conversion rate (da/dt), s~
e
5

0.005

0.000

experimental
——— 2 K.min fitting
—— 5 K.min'! fitting
10 K.min' fitting

L

L

L

T T
80 90 100

-
110
Temperature, °C

RPA 0.4383 st

(@) (b)
0.025 . 0.025 .
—— experimental RPA 4.383 51 experimental RPA 10.1476 st
—— 2 K.min' fitting —— 2 K.min' fitting
——— 5 K.min"* fitting ——— 5 K.min fitting
%, 0.020 - 10 K.min’ fitting .'?’ oA 0.020 10 K.min' fitting
= i =
3 3
T.0.015 1 T.0.015 1
2 &
] [
c c
.© 0.010 .2 0.010
(4] a
o [}
> >
c c
5] <1
© 0.005 - o

Temperature, °C

(0) (d)

Figure 16. Comparison of experimental data (black symbols) and fitting according to the Kamal model
(coloured lines) for the conversion rate da /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.

3.5. Injection moulding simulations

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.

3.5.1. Viscosity datasets A and B

The viscosity sub-datasets obtained in a previous publication [8] are employed here as
input for an injection moulding simulation. For this comparison, datasets A and B from
Table 1 were utilized and fitted to the Carreau-Yasuda model (Equation 21) [59,60] with
the William-Landel-Ferry (WLF) equation (Equation 22) [61] to describe the temperature
dependency, as follows:

n—1
a

(T, 7) = Heortr + a1 (170 — 11o) [1 + (Aa7 )" (21)
8.86(Ty — Ts) 8.86(T — Ts)

logar = -
08%T = 1016+ (Tp — Ts)  101.6 + (T — Ts)

(22)

Temperature, °C -
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where 7, is the infinite shear viscosity, at is the temperature dependence given by Equation
22, 1o is the zero shear viscosity, A is a time constant, 4 is a transition parameter, n is the
model order, Tj 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 4.

Table 4. Carreau-Yasuda model parameters as obtained by fitting the viscosity data from datasets A
and B.

Parameter A B

Neo, Pa.s  0.0248 0.00917
1o, Pa.s 22.75 8.0

a,- 5.0 5.0
n,- 0.103  0.368
As 1264 120
Ty, °C 72.0 72.0
Ts, °C -273.0 -103.22

The values reported in Table 4 are the parameters that minimize the sum of the squares
of the residuals concerning Equations 21 and 22. In this sense, no physical meaning will be
derived from these values.

The effect of distinct viscosity sub-datasets in filling and curing simulations are anal-
ysed next mostly in terms of the filling phase. Figure 17 shows the flow behaviour of
LSR at 20% cavity filling for datasets 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 our previous study [8], 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.

—

Temperature Temperature w
o 3 B 6d oo o N 6®
c ©° 9% 3% @ 9 12900 (o c B0 P00 @ P 51O

Figure 17. 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 18(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 this LSR grade shows 771 405
> nupcr [8]. This difference in viscosity, i.e., resistance to flow, leads to a difference in
pressure as presented in Figure 18(a): it is expected a higher pressure for the more viscous
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Figure 18. 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 4.

sample (dataset B HPCR). The significant increase of pressure at the sprue indicates that, ss
when designing the injection moulding process, distinct injection force/pressure and speed s
would have to be defined. In order to further clarify this difference, peak pressures during e
filling and the integral of pressure over time are displayed in Table 5. 898

Table 5. Comparison of simulated sprue pressure metrics for viscosity datasets.

Dataset Peak Sprue Pressure (bar) Integral Pressurex Time (bar-s)
A (LAOS) 50.21 201.2
B (HPCR) 77.31 270.5

The peak pressure values represent the maximum pressure recorded by the virtual  ss
sensor at the sprue during the filling phase, while the integral quantifies the total pres- o
sure impulse applied over the same period. Both metrics clearly indicate that dataset B o0
(HPCR) predicts significantly higher flow resistance, requiring increased injection pressure oo
compared to dataset A (LAOS). At this point, it is important to highlight that the viscosity o0
measurements were performed at temperatures below the injection moulding temperature oo
to avoid premature crosslinking during rheological testing. However, the fitted viscos- o5
ity models (parameters shown in Table 4) were extrapolated to cover the actual process o
conditions, ensuring compatibility with the simulation environment while preserving the oo
integrity of the experimental data. 908

In order to check which pressure curve predicts better the actual pressure at the sprue s
during a real LSR injection moulding process, further experiments would be necessary. oo
Nevertheless, this evidence is the most important one concerning the effect of distinct ou
viscosity sub-datasets, since it shows that processing conditions would also be differently o
set for each dataset. The pressure profile at the surface of the sprue, running system, s
and cavities is also shown qualitatively in Figure 19, where it becomes evident the higher o
pressure for the simulation ran employing dataset B. Inside the cavity, there is no significant o
pressure difference at the end of filling for the simulations. 916

The comparison between datasets A and B kept constant the specific heat capacity and o7
thermal conductivity sub-datasets, leading to the simulated temperature curve at Figure s
18(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 o0
cavity. Indeed, this difference will be observed in the next comparison concerning cp. o1
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Figure 19. 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.

3.5.2. Specific heat capacity datasets comparisons

The specific heat capacity sub-datasets previously obtained are employed as input
for the injection moulding simulations. For this comparison, two pairs of datasets were
used: first datasets B and C from Table 1 to compare the effect of the curing signal in ¢,
data; and second the datasets B and D to compare the magnitude of c, as varying linearly
with temperature.

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 20, 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% heating) because the higher cp values for this sub-dataset
(for reference, see Figure 4) cause lower heat flow 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 quantitatively shown in
Figure 20(b) and qualitative shown in Figure 21(a). Dataset C causes higher temperatures
throughout the whole cycle than dataset B, which is a direct consequence of the lower
cp determined by the sapphire method during the first heating. Besides, it is possible to
realize that the input concerning enthalpy (8.15 kJ.kg~!) 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 16,
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% heating method, since
it accounts for the heat release that ultimately raises the polymer temperature.

The curing degree or conversion calculated at the sensor 2 position is shown for the
whole cycle duration in Figure 20(c), while it is qualitatively shown for the cavity surface at
Figure 21(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 ¢, the higher the
conversion, as it can be seen in the Figure 21(c). Both datasets contain the same curing
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Figure 20. Simulated pressure at the sprue (sensor 1) during the filling stage (a), simulated tempera-
ture 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 1. The cp data
concerning MDSC 1% and sapphire 1% can be consulted at Figure 4.
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Figure 21. Simulated cavity temperature at the end of the filling stage for datasets B (left, MDSC 1)
and C (right, sapphire 1°%) (a), with the correspondent curing degree (conversion 0-100%) (b). Curing
degree at t=25s (c) and at t = 55 s (d) for datasets B (left and top, MDSC 1) and C (right and bottom,
sapphire 1%%).

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 21 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 21 for t
=25sand t =55 s (cycle time). At 25 s (Figure 21(c)), 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 [31].

In order to compare the specific heat capacity datasets that have a linear relationship of
cp with temperature (MDSC 15t and sapphire 2"”1), 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 22, 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
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Figure 22. Simulated pressure at the sprue (sensor 1) during the filling stage (a), simulated tempera-
ture 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 1. The cp data
concerning MDSC 1% and sapphire 1% can be consulted at Figure 4. The conversion values for dataset
C are shown in (c) for comparison purposes.

in Figure 22(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 23. 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 22). 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.

3.5.3. Curing kinetics datasets B and E

To compare the approaches employed to characterize LSR curing kinetics, the Kamal
model parameters from Table 3 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 employed. For clarity, the Kamal model parameters obtained in Section 3.4 are
repeated in Table 6 for the calorimetry-based (dataset D) and the rheological approaches
(dataset E).

The impact of these different curing kinetics parameters in the filling and curing
simulation of LSR injection moulding was studied, and the pressure, temperature, and
curing degree development within the injection moulding cycle is shown in Figure 24. As
it was already demonstrated for the cp study, the pressure measured by sensor 1 did not
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Figure 23. Simulated temperature at the cavity for datasets B (left, MDSC 1%!) and D (right, sapphire

2"d) 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).

Table 6. Kinetic parameters (average) determined after fitting of the experimental conversion rate '2—”;
to the Kamal model (Equation (14)) for LSR employing the calorimetry approach (dataset B) and the
rheological method (dataset E).

Parameter B E
log(Aq), s~ 24.03 5.00
log(A,), s~ 12.69 17.13
E;, kJ.mol ! 193.6 171.3
Ep, kJ.mol~! 100.9 133.9
m, - 152 0.73
n, - 1.24  3.00

Enthalpy, kJ.kg~! 8.15 8.15

present significant difference when comparing datasets B (curing parameters based on DSC
experiments) and E (curing 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 crosslinking kinetics. Therefore, both datasets
present the same pressure profile (Figure 24(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 temperature development
(Figure 24(Db)) 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 24(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
25: even though the curing onset is already reached at the end of filling (Figure 25(a)), no
significant curing occurs (Figure 25(b)).

The curing degree inside the cavity follows the conversion trend presented in Section
3.4, 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,
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Figure 24. Simulated pressure at the sprue (sensor 1) during the filling stage (a), simulated tempera-
ture 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 6. 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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Figure 25. Simulated cavity temperature at the end of the filling stage for datasets B (left, DSC) and E

(right, RPA) (a), with the correspondent curing degree (conversion 0-100%) (b).

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 [31] due to the fact that the remaining
internal heat after ejection is capable to complete the part curing, datasets B and E experi-
ence 5 s difference in the curing time, reaching 75% curing degree at around 32 s and 37 s,
respectively.

Qualitatively, Figure 26 shows the curing degree development for various cycle times,
highlighting the differences in terms of crosslinking onset and speed for the distinct datasets.
Between 30 s (Figure 26(b)) and 40 s (Figure 26(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.

4. Conclusions

This study demonstrated that the thermo-physical and kinetic properties essential for
reliable injection moulding simulations of liquid silicone rubber (LSR) can be characterised
by different experimental approaches. The specific heat capacity was shown to depend only
on temperature, with calorimetric and sapphire-based methods offering complementary
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Figure 26. 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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perspectives: the former yielding the intrinsic property and the latter embedding enthalpic 10
effects associated with curing. Thermal conductivity was found to remain nearly constant s
across the investigated temperature range, simplifying its implementation in simulations, 102
while the specific volume was accurately described by the Tait equation, capturing the 10
thermal expansion behaviour critical to mould filling. 1031

In terms of curing behaviour, the classical definition of gel time was shown to be unsuit- 10
able for LSR, as early-stage physical gels do not correspond to flow cessation. Furthermore, 103
calorimetric and rheological methods for kinetic characterization delivered distinct param- 10
eter sets when applied to the Kamal model, owing to their different sensitivities. While 103
calorimetry followed the full curing process and supported an autocatalytic description, 1o
rheology was limited to later stages of curing and suggested an alternative n'"-order repre- 105
sentation. Both methods provided acceptable fits to conversion rate data, but calorimetry 103
yielded more consistent results, whereas rheology remains more common in industrial 1
practice. 1040

When implemented in injection moulding simulations, these datasets led to mean- 10:
ingful differences in predictive outcomes. Viscosity inputs primarily influenced injection 10x2
pressure requirements, though not the overall thermal or early curing profiles. Variations in 1013
specific heat capacity impacted thermal predictions and curing rates, with sapphire-based 10
data providing a more realistic representation of heat release during curing. The most 10
pronounced discrepancies arose from curing kinetics datasets, where calorimetric data 1o
predicted an earlier onset and faster conversion compared to rheological data, resulting in  10sr
distinct curing degree distributions and cycle time estimations. These differences strongly 1
indicate the necessity of careful dataset selection, as curing-related properties exert the 109
strongest influence on predictive fidelity. It is important to acknowledge that validation 1
experiments would help establish the relevance of these simulation deviations; however, 1o
real injection moulding tests could not be performed in this study due to the unavailability o=
of the proper injection moulding machine and dosing unit for LSR. 1053

Overall, the findings emphasize that while different characterization techniques can 1
generate valid datasets, their implementation into simulations produces varying levels 105
of accuracy and predictive reliability. For robust process design and optimisation in LSR 105
injection moulding, particular attention must be given to curing kinetics and thermal 1057
properties, as they decisively shape curing predictions and cycle time determination. 1058
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List of Symbols 1059
Symbol Definition Units
% Degree of cure (conversion) -
ar WLF shift factor -
0% Shear rate s!
A Thermal conductivity W-m LK!
Ac Time constant (Carreau—Yasuda model) S
7 Viscosity Pa-s
K Calibration factor (line-source method) -
w Modulation angular frequency (MDSC) rad s~
a Carreau—Yasuda fitting parameter -
Aq, Ay Pre-exponential factors (Kamal model) s1
B Modulation amplitude (MDSC) K
B(T) Pressure parameter (Tait equation) Pa
Cp Specific heat capacity J kg LK!
C Tait constant (= 0.0894) -
d — .
T onversion rate s
En1,Exp Activation energies (Kamal model) kJ - mol
G,G" Storage and loss moduli Pa
H, Crosslinking (curing) enthalpy J- kg_1
k1, ko Rate constants (Kamal model) s1
l Piston displacement (pvT) m
Sample mass or reaction order (context-
m kg or -
dependent)

M, My, AM Transmitted, minimum, and torque range (RPA) N-m
n Reaction order (Kamal model) -
p Pressure Pa
Qtotal Total heat of reaction J- kg_1
Q Heat flow rate w
R Universal gas constant J-mol 1.K!
T Temperature °C
Ty, Ts Reference and standard temperatures (WLF) °C
v Specific volume m3-kg !
) Zero-pressure specific volume (Tait equation) m3-kg !
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