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ABSTRACT: In this study, we investigate the curing reaction 15 . .
kinetics and degree of cross-linking of LLS0, a polydimethylsilox- Heat Flow of Cure 1.0 Error Estimation L
ane (PDMS)-based polymer, using isothermal heat flow calorim- £ 10 s TR
etry (HFC). LLS0, developed by Lawrence Livermore National §' %

Laboratory, is a two-part addition-curing liquid silicone rubber for 2 s £05

direct-ink-writing additive manufacturing. The curing process, ] X

driven by a platinum-catalyzed hydrosilylation reaction, was T

monitored under isothermal conditions at various temperatures. o5 55 53 °-g; 55

We developed a kinetic model to predict the curing rate and extent
of the reaction. The model was validated within the temperature
range of S0 to 80 °C, showing good agreement with experimental data. However, the model’s extrapolation to near-room
temperatures (30 °C) was less accurate, indicating that different kinetic mechanisms may be at play. Our findings highlight the
importance of validating kinetic models across relevant temperature ranges and underscore the utility of isothermal calorimetry in
studying polymer curing processes. This study provides insights into the processing conditions necessary for the optimal

Time (day) Time (day)

performance of LLS0 in 3D printing applications.

B INTRODUCTION

Silicone rubbers are used in various applications due to their
unique properties such as good thermal, oxidative, and
mechanical stabilities, biocompatibility, tunable optical proper-
ties, flexibility, and reliability over a range of temperatures and
humidity.'~® These qualities make them suitable for emerging
technologies such as soft robots, shock-absorption devices,
engineered foam structures, and biocompatible materials.
Additionally, silicone polymers are well-suited for 3D printing
due to their shear-thinning and easy-curing qualities, allowing
the creation of unique and complex polymer structures with
low total volume density.”*

Recently, Lawrence Livermore National Laboratory (LLNL)
developed a polydimethylsiloxane (PDMS)-based copolymer
containing a surface-treated silica filler (LLS0) for use in
direct-ink-writing (DIW) additive manufacturing (i.e., 3-
dimensional, or 3D, printing).g_12 It is a two-part, addition-
curing liquid silicone rubber. LLS0 is exothermically solidified
through cross-linking hydrosilylation reactions.'* This reaction
involves the addition of a silicon—hydrogen (Si—H) bond
across a carbon—carbon double bond (C=C), typically a vinyl
group, in the presence of a platinum catalyst, most commonly
Karstedt’s catalyst.'*'> The reaction mechanism begins with
the activation of the platinum catalyst, which facilitates the
formation of a reactive intermediate complex between the Si—
H group and the vinyl group. This complex undergoes a
transition state where the Si—H bond is cleaved and the silicon
atom forms a new bond with the carbon atom of the vinyl
group, resulting in the formation of a Si—CH,—CH,—Si

© 2025 The Authors. Published by
American Chemical Society

7 ACS Publications

linkage. The reaction is highly exothermic, releasing heat
energy that can be monitored calorimetrically. The presence of
an inhibitor is often necessary to control the reaction rate and
prevent premature curing at room temperature. The reaction is
thermally driven; the pot life and cure time depend on
processing temperatures.

LL50 is designed to be cured by following 3D printing. It is
critical to avoid curing during processing or storage because
thickening may occur, which could translate into poor printing
performance. 3D printing applications may require an
extended pot-life at near-room temperature for printing large
parts. To predict the pot-life of a batch of LL50 material, we
developed a kinetic model using isothermal calorimetry. The
heat release from the polymer cross-linking reaction can be
used to monitor the curing process in situ.'®'” Isothermal heat
flow calorimetry (HFC) is an ultrasensitive (~100 s of nW)
microcalorimetric technique allowing heat flux measurements
over extended durations (days to years) with high integral heat
accuracies. HFC is uniquely suited to measuring the slow
curing behavior of PDMS-based polymers at near-room
temperature. Here, we monitor the curing behavior under
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isothermal conditions and develop a simple kinetic model to
predict the curing rate.

B SAMPLE AND EXPERIMENTAL METHODS

Materials. The siloxane copolymer developed at LLNL is
designated as Llama30 (LL50).” LLS0 is prepared in two parts
and mixed mechanically. Part A contains Nusil PLY3-7560
[10,000 cSt poly(dimethyl)-co-(diphenyl)siloxane, vinyl termi-
nated] at 66.99 wt %, Aerosil R8200 (hexamethyldisilazane-
treated fumed silica) at 32.16 wt %, Elkem Bluesil Thixo Add
22646 at 0.27 wt %, and a platinum—palladium catalyst blend
of Nusil PLY2-7560 [1000 cSt poly(dimethyl)-co-(diphenyl)-
siloxane, vinyl terminated] and Karstedt catalyst at a mass ratio
9:1 at 0.58 wt % for 13.1 ppm Pt. Part B contains Gelest HMS-
H271 [poly(hydromethyl)-co-(dimethylsiloxane), dimethylhy-
drosilane terminated] at 45 wt %, Gelest DMS-V0S [6 cSt
poly(dimethylsiloxane)] at 27 wt %, Nusil PLY3-7560 at 22 wt
%, and an inhibitor blend containing 1-ethynyl-1-cyclohexanol
at 6 wt % and 6000 ppm 1-ethynyl-1-cyclohexanol. Parts A and
B are mixed in ratios of 10:1. Each sample was mixed in three
cycles at 1400 rpm for 30 s for each spin in a FlackTek mixer
and hand mixed with a spatula in between mixing spins. The
sample was exposed to room temperature for 2 h before being
placed in a freezer. The sample was removed from the freezer
and was exposed to ~3 h of room temperature prior to data
being collected on any given technique in this study. Discussed
in the text, the sample is curing slowly during this wait time at
room temperature. The possible effect of room temperature
exposure is discussed below.

Thermogravimetric Analysis. Thermogravimetric anal-
ysis (TG) was performed using a TA Instruments first
generation Discovery system running TRIOS software
VS5.7.0.14. Testing conditions involved a heating rate of 10
°C/min and a nitrogen purge flow rate of 25 mL/min. Sample
mass of 3.8 mg was analyzed in a 100 L platinum pan from 30
to 600 °C.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) was performed on a TA Instruments
Q2000 system running TA Advantage software V24.11.
Testing conditions involved a heating rate of 10 °C/min and
a nitrogen purge flow rate of 50 mL/min. About 12 mg of the
sample was analyzed in a Tzero aluminum crucible from 30 to
200 °C.

Isothermal Calorimetric Analysis. Isothermal calorim-
etry was performed by using a TA Instruments Thermal
Activity Monitor (TAM III). Instrument baseline is measured
prior to and following the measurement. Experimental details
including the date of the start of the measurement,
temperature of measurement, mass of sample, calorimeter
type, and ampule is cataloged in Table SI1. Briefly, the
experiments used two different sized stainless-steel vials (4 and
20 mL), with sample masses ranging from approximately 98 to
903 mg, in three different calorimeters (i.e, TAM III “4 mL
nanocalorimeter”, “20 mL microcalorimeter”, and “20 mL
multicalorimeter”) with slightly different sensitivities. The
variation in sample mass, calorimeter, and vial is analyzed and
discussed below.

Insertion of the sample into the calorimeter requires heating
to acclimate the temperature of the vessel for 15 min before
the heat flux is measured. Calorimeter accuracy was measured
to be within +1.5% of the theoretical enthalpy of melting for a
biphenyl standard. Error was estimated to be two standard
deviations of the mean. The kinetic model was derived using

AKTS Thermokinetics software, which in turn uses an
isoconversional method discussed further below.'®

B RESULTS AND DISCUSSION

DSC was performed on uncured LLSO (see Figure 1). DSC
measured an exotherm with a peak at ~126 °C, assigned to
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Figure 1. Differential scanning calorimetry (DSC) of LLSO conducted
at 10 °C/min.

cross-linking reactions. TG measures ~0.5 wt % between 100
to 200 °C, attributed to water/solvent loss and volatile
products of curing, presented in Figure S1. We do not believe
that the mass loss is related to the curing process. No
significant decomposition or endothermic reaction, such as
pyrolysis, was observed in either the TG or DSC up to 200 °C.
Thermal stability of PDMS and poly(dimethyl diphenyl
siloxane) copolymers is expected in this temperature
range.'””’ Karstedt’s catalyst requires oxygen to perform
hydrosilylation reactions; however, due to the mobility of
oxygen and the low sample mass, we expect that the diffusion
of oxygen is not limiting.”""** These initial results indicate that
calorimetry is well-suited to study the cross-linking of LLS50.

Isothermal calorimetric measurements were used to monitor
the curing of LL50. Heat flow curves as a function of time are
presented in Figure 2. Four measurements were performed at
each of the following temperatures: 50, 60, 70, and 80 °C.
However, at 50 °C, one measurement returned an integrated
heat of less than two-standard deviations of the mean. This
outlying measurement was treated as an anomaly and was not
included in the data analysis. Heat flow shows an exothermic
peak produced from cross-linking through hydrosilylation of
vinyl and hydride end blocked groups. Integral heats of
reaction or “heats of cure” were determined by integrating
across the exothermic heat flow peak using a sigmoidal
baseline. All integrations are presented in Figures S2—S16. A
sigmoidal baseline is justified by the expected change in the
heat flow baseline due to the decrease in heat capacity from a
decrease in entropy, as cross-linking reduces the degrees of
freedom of polymer chains. Error was estimated to two-
standard deviations of the mean; no significant difference in
integral heats measured at different temperatures was
evidenced. The heat of cure was determined to be —12.03 +
0.58 J/g (n = 15). There is no noticeable trend in the specific
heat of cure mass of sample from a near-zero slope of a linear
fit of the data with poor correlation (Figure S17). Additionally,
the heat of cure displays no dependence on the temperature of
measurement; all averaged heats of cure at temperature of
measurement are within error (Figure S18).
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Figure 2. Mass normalized heat flow as a function of time in isothermal LLS0 in situ curing measurements performed at temperatures of (a) 50, (b)
60, (c) 70, and (d) 80 °C. Measured data are presented as solid lines and the kinetic model fit is presented as a dashed line.

Using Hess’s Law and average bond energies retrieved from
literature, an estimation can be made for the energy of each
cross-linking reaction.”””* The energy required to break the
Si—H and C=C bonds is estimated by eq 1.

k
AH,,.. = 393 (Si — H) + 614 (C&#xesfb; C) -

mol

= 1007 kJ/mol (1)

The energy released by the formation of the Si—CH,—
CH,—Si chain is estimated by eq 2.

AH;, .= —432 (H—-H)+ — 347 (C — C) + — 360

(si—c) L
mol
= —1139 kJ/mol (2)

The net energy of the reaction is calculated by summation in
eq 3.

AHnet = AHbroken + AI_Iformed =132 kJ/mOI (3)

This analysis provides theoretical support for the notion that
the hydrosilylation reaction is exothermic with an estimated
reaction energy of —132 kJ/mol. Using the bond energies of
the unique molecules instead of average bond energies would
be more accurate, but for the purpose of qualification, we find
this analysis sufficient. Without a well-defined molecular
weight, which is difficult to ascertain, we cannot directly
compare the measured heat of cure and the estimated enthalpy
of the hydrosilylation reaction.

The progress of the curing reaction, sometimes referred to as
the extent of reaction (c), was derived by dividing the current
heat by the total heat of reaction and plotted as a function of
time in Figure 3a. Rate of reaction, ie., (da/dt), is analogous
to measured heat flow. From the assumptions listed, a model-

10296

free isoconversional method can be used to determine the
kinetic parameters as the apparent energy of activation is
dependent on the extent of reaction. The fits of the model
compared to example data of the measured heat flow (i.e., rate
of cure or da/dt) are also presented in Figure 2a—c. The
model fits are in good agreement with the data. The fits fall
within the distribution of a for all points of time for
measurements at 50, 60, and 70 °C. At 80 °C, the model
predicts peak heat flow and & to be at longer times than the
measurements evidence (Figures 2d and 3a.) This is due to the
sample being inserted into the calorimeter in a preheating
location for ~15—20 min before being placed into measure-
ment position. This is standard experimental procedure with
the TAMIII instrumentation to avoid thermal shock, but
curing occurs rapidly (within hours) at 80 °C. The sample
starts curing immediately, and the heat signal is not recorded
during this initial preheating step. We expect that if this heat
signal were to be recorded at 80 °C, the measurement and
model fit would be in similar agreement to that seen in
measurements at lower temperatures. While some degree of
curing is unrecorded during this preheating time for measure-
ments at lower temperatures, ~15—20 min is negligible.

The energy of activation is determined by producing
isoconversional lines with the reaction rates versus temperature
by the simple manipulation of Arrhenius kinetics. AKTS
software utilizes a differential isoconversional method to
determine the kinetic parameters. The isoconversional method
is a simple technique to directly incorporate possible multistep
reactions into a model. A rigorous explanation on how the
differential isoconversional method is employed in the software
is available from AKTS.'®?® Briefly, the differential isoconver-
sional method is based on eq 4.

ln(d—a)
dt ),

=i (f(@)4,) - RET“

st a,i

(4)
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Figure 3. (a) Cure progress presented as a function of time from
isothermal calorimetry measurements and fitted parameters. (b)
Kinetic parameters, energy of activation (E,) and pre-exponential
term, combined pre-exponential factor and reaction model [f (@) In
(A)] as a function of the extent of reaction () as determined by
AKTS Software employing differential isoconversional analysis
method. (c) Correlation coefficient (r) of the fit as a function of
extent of reaction.

where E, is the energy of activation, R is the ideal gas constant,
and the index i denotes the various temperatures at which the
measurements were performed. The E,, is determined from the
rate of change (or slope) of the left-hand side of eq 4 (LHS) vs
1/T,. fla) A, is the kinetic model and pre-exponential factor.
Differential isoconversional analysis avoids the assumption of a
kinetic model by grouping the f(a) A, terms and determining
their combined values at every step of analysis. The product of
the f(a) A, is determined from the intercept of LHS vs 1/T,,.
The derived energy of activation and f(a) A, as a function of
reaction progress is presented in Figure 3b. The fla) A,
mirrors the energy of activation because of the kinetic
compensation effect, an intrinsic linear relationship between
the pre-exponential factor and activation energy.”® We
interpret the energy of activation to display a general decrease
involving three steps and finally an increased peak at high
extents of reaction. Previously discussed in literature, the
hydrosilylation reaction occurs in three stages: (1) an
induction period in which the Karstedt’s catalyst must undergo
hydrosilylation or exchange of ligands prior to hydrosilylation

of the added olefin, (2) a hydrosilylation reaction of the Si—H
and C=C groups, and (3) a “post-cure” reaction of remaining
cross-linking groups.”””” Common practice ignores the first
and last 10% of isoconversional analysis kinetics. We limit our
interpretation to the domain of 0.1 < @ < 0.9. The initial stage
up to @ = 0.2 (E, = > 100 kJ/mol) likely accounts for the
induction period. The second stage occurring between o = 0.2
to 0.6 (E, = 80—100 kJ/mol) can be attributed to the
hydrosilylation reaction, cross-linking the hydride and vinyl
terminated chains. The third stage is a decrease to E, = 60—80
kJ/mol from a = 0.6 to 0.9 and is attributed to a small-
molecule diffusion-controlled mechanism. A diffusion-con-
trolled mechanism is commonly observed in isoconversional
analysis using isothermal techniques in polymer cross-linking.'”
The coefficient of correlation, the r value, is presented in
Figure 3c and represents the agreement of the measured
reaction progress and isoconversional fit. The fit agrees well
with the measured data at & < 0.7, having an r > —0.95. There
is less correlation between the fit and data at higher extents of
reaction (a > 0.7). The decrease in correlation mirrors the
transition out of chemical reaction-controlled kinetics into
diffusion-controlled mechanisms, including the locking of the
unbranched chains. The model struggles to describe this
diffusion behavior in the polymer. This may be due to natural
variation in the curing process or even temperature-related
effects.

Previously, the energy of activation for the cross-linking
curing reaction of several PDMS-based polymers has been
reported. Generally, the differences in the energies of activation
reflect the differences in the composition of the PDMS and
testing methodology. Hong and Lee report E, = 103—109 kJ/
mol for Silbione LSR 4330.”" The energies were determined by
using a variety of integral and differential isoconversional
methods from DSC measurements. This corresponds well to
the induction period energies of activation measured at the
initial stages of curing. Harkous et al. calculated from
differential isoconversional analysis of DSC to be ~74 kJ/
mol for Silbione LSR 4350 HC.” This compares to the
measured region of the third stage of our energies, which
displays a diffusion-controlled mechanism. Bardelli et al. report
energies of activation as a function of extent of reaction
calculated from differential isoconversional methods applied to
rheological, isothermal, and dynamic calorimetric data.’
Isothermal and dynamic calorimetric techniques produce E,
= 80—100 kJ/mol for & = 0 to 0.6. These energies correspond
to the measured hydrosilylation reactions of the Si—H and
C=C groups. Bardelli et al. also observes a decrease in E, at &
= > 0.6 corresponding to a diffusion-controlled mechanism.
Rheological characterization calculated E, = ~ 60—75 kJ/mol
for @ = 0 to 0.6. It has been observed that heat release can be
detected without mechanical change to a material behavior,
which could account for the lower energies of activation
measured by rheology. Compared to Sylgard-184, a slower
reaction rate (and therefore higher curing temperatures) is
observed for LLS0. We expect the higher activation energies of
LLSO0 to be due to the presence of the cure inhibitor, 1-ethynyl-
1-cyclohexanol.

To assess the kinetic model’s performance within the 50—80
°C range, we conducted a curing measurement at 55 °C. This
measurement was not part of the initial model fitting, allowing
for an independent evaluation of the model’s accuracy at this
specific temperature. Our analysis of the model’s predictive
accuracy at 55 °C incorporates error analysis techniques
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detailed below. We selected S5 °C because it is at the lower
end of the temperature range studied, making it more relevant
to typical storage conditions compared to higher temperatures
such as 65 or 75 °C. The model predicts a faster reaction rate
than what is measured by calorimetry. The measured and
simulated exotherms have a peak maximum difference of ~0.11
days. Regarding shape, the measurement has a longer tail on
the right side of the exotherm and near @ = 1 in the extent of
the reaction curve. To assess the agreement, we perform an
error analysis of the model.

Heat flow (a) and extent of reaction (b) from isothermal
calorimetry measurements and fitted parameters of LLSO
curing at 55 °C.

To assess the variability and sensitivity of our kinetic model
to the variability of the data, we developed kinetic models
using limited sets of measurements. We performed Bootstrap
Monte Carlo analysis as well as varied the measurements that
were incorporated into the analysis based on the temperature
and calorimeter type. In Figure Sa, predictions of LLS0 curing
at 55 °C is presented using 10 measurements resampled 10
iterations. The data used in each prediction are detailed in the
Supporting Information. To compare the Bootstrap analysis
with our initial model, that incorporates all 15 measurements,
we use time to reach @ = 0.5 (t,5) at 55 °C. The all-data model
has t;5 = 2.377 days and bootstrap analysis returns a #,5 =
2.377 + 0.033 days (n = 10, error = 1.37%). Error was
determined from two-standard deviations of the mean. From
our 10 bootstrap samplings, we found that the model has an
estimated error of 1.37%.

To determine the influence of measurement temperature on
the model, we developed the model by excluding each of the
temperature sets once. This is presented in Figure Sb.
Simulations without 60, 70, and 80 °C (No60C, No70C,
and No80C) are in strong agreement with each other;
differences are negligible, ¢, = 2.365 + 0.006 days (n = 3,
error = 0.23%). The simulation excluding the 50 °C (NoS0C)
has t,5 = 2.474 days, which is ~0.11 days different than the
other predictions and actually much closer to the measured
data t, 5 = 2.483. We find that the measurements done at 50 °C
have a strong influence on the predictions of a simulated cure
at 55 °C. Measurements at 50 °C were performed last out of
the measurements used in the model, meaning the samples
used were exposed to room temperature the most (at least 4
times since mixing) and have been stored the longest. This
could explain the apparent influence of 50 °C on faster
predicted reaction rates. Simulations from varied temperature
sets return a ty = 2.392 & 0.109 days (n = 4, error = 4.58%).

Measurements were performed in different calorimeter types
or “channels” in the TAMIIIL. Measurements were performed
in a 4 mL volume calorimeter channel branded a “Nano-
calorimeter” by TA and 20 mL calorimeters “Microcalorim-
eter” and “Multicalorimeter” channels. We discuss what we
believe to be the relevant differences from the measurements.
In Figure Sc, we present simulations that are modeled using
data from sets excluding one or more of the calorimeter types
to determine the influence of calorimeter type on the model.
There are S simulations: No4mINano describes the model that
used all of the data sets except measurements performed in the
4 mL “Nanocalorimeter”, No20mLMicro excludes the 20 mL
“Microcalorimeter”, No20mLMulti excludes the 20 mL
“Multicalorimeter”, Only4mLNano includes only 4 mL
“Nanocalorimeter”, and Only20mLMulti includes only 20
mL “Multicalorimeter” measurements. Calorimeter channel

type plays a significant role in the prediction of the cure.
Comparing the fastest simulation (Only4mLNano) ¢, = 2.304
days to the slowest (Only20mLMulti) t,s = 2.462 days, a
difference of ~0.15 days is found. This is almost certainly due
to the differences in heat transfer lengths of the two
calorimeter types. First, the 20 mL ampules have at least 5X
larger thermal mass than the 4 mL ampules by weight of the
ampules. Second, curing of LL50 was performed inside metal
crucible liners placed in 4 mL metal ampules and in glass liners
inside 20 mL metal ampules. Heat transfer is slower out of the
20 mL ampule. Third, we commonly added more mass of
LLS0 into the larger ampules (see Table S1), which could add
heat transfer length. This analysis shows just how much
influence the experimental setup can have on calorimetric
results. Simulations of varied calorimeter types have a t,5 =
2.378 + 0.122 days (n = S, error = 5.12%).

The calculated errors from our simulation analyses are used
to estimate the error in the simulation of the model
incorporating all of the calculated errors at 55 °C in Figure
Sd. Analyzed this way, the measurement and simulation are in
decent agreement, having f,s within the estimated errors
determined from the temperature variation (4.58%) and
calorimeter type variation (5.12%) analyses. It is notable that
the measurement is outside of the estimated errors in the early
and late part of the curing. This is because the measurement
does not display much of a left-side tail before the exotherm
and has a long tail to the right side of the exotherm (Figure 4).
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Figure 4. Measured and predicted heat flow (y-axis left) and extent of
reaction (y-axis right) of LLSO curing at 55 °C.

This shape is unique compared to the measurements
conducted at other temperatures. In respect to interpolative
capability, we suggest that predicting t, ; within 5% reasonably
validates the model (Figure S).

To evaluate extrapolation to near-room temperature, we
compared a simulated isothermal reaction with measurements
at 30 °C, as shown in Figure 6. After 16 days and 18 h at 30
°C, one of the samples (Measurement 1) measured a partial
heat of cure of —5.15 J/g, corresponding to an extent of
reaction (@) of 0.43. Both measurements were halted before a
full exothermic peak was completed due to logistical
limitations. This result starkly contrasts with the predicted
reaction, which was expected to occur after 70 days at 30 °C.
So, at least one measurement disagrees with the model by over
50 days for the onset of the exothermic curing peak. The other
measurement does not display any kind of significant heat flow
acceleration in the time range measured (Measurement 2). For
Measurement 1 at 30 °C, the model significantly overestimates
the expected time to react. We struggle to explain this
mechanistically besides to conclude that the model is limited in
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Figure S. Simulations of LLSO curing at 55 °C using a (a) Monte Carlo Bootstrap analysis, (b) simulations excluding one temperature of
measurement, (c) simulations excluding calorimeter types, and (d) estimated error from each analysis.
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Figure 6. Heat flow from isothermal calorimetry measurement of a
partial cure and fitted parameters of LLS0 curing at 30 °C.

its ability to extrapolate to lower temperatures than used for
the model. It is important to note that Measurement 1 was
mixed in mid-November 2023 and was used in the measure-
ments of 50, 60, 70, and 80 °C over the course of 8 weeks. By
necessity, the sample was exposed to room temperature during
preparation of other experiments for hours at a time.
Otherwise, the material was stored in a freezer (~0 °C) until
the 30 °C measurements were performed in June 2024. Still,
even if you generously assume 1 day of room temperature
exposure for each day of preparation, it does not sum to be
more than 1 week. Measurement 2 was prepared in mid-
December 2023 and was exposed to less room temperature.
Both samples were stored in the same freezer. If we use the
model to predict curing in a freezer (0 °C) for 6—7 months, a
result of @ = ~ 0.0001 is returned. So, from the model, there
should have been almost no curing occurring during freezer
storage. However, as evidenced from Measurement 1, there is
clearly curing occurring on an advanced timeline compared to
expectations. It is unclear what this change in curing behavior
is a result from.
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It is fair to conclude that the model fails to extrapolate to
near-room temperature for at least one of the measurements.
Possible explanations for this discrepancy might include
different mechanisms controlling cross-linking at lower
temperatures than the hi§h temperatures investigated in this
study and in literature.” > Isoconversional methods are
developed on the basis that the reaction rate is dependent only
on temperature at a constant extent of reaction. Isoconver-
sional methods do not account for influences on the reaction
rate that may not be dependent on temperature or which may
influence the reaction nonproportionally. The data show that
the actual rate of reaction is faster at lower temperatures than
expected by the model. Practical application of the kinetic
model should be limited to use within the range of 50 to 80
°C. We cannot definitively assess the model’s accuracy outside
of the specified range, except at 30 °C. However, we can
hypothesize that the model may exhibit poor agreement at
temperatures below 30 °C. Within the range of 30 to 50 °C, we
anticipate that the model’s accuracy will improve as the
temperature approaches 50 °C, while it is likely to be less
accurate closer to 30 °C. Nonetheless, we are unable to
ascertain whether this relationship is linear or follows a
different pattern. We speculate that the faster reaction rate
evidenced by Measurement 1 at 30 °C could be due to the
influence of diffusion on our system. LLS0 precursor is a
viscous polymer. The activation energy of diffusivity does not
necessarily scale similarly to the cross-linking reaction with the
temperature. At lower temperatures, diffusion limitations may
be neglected as mass transport resistance is insignificant over
the timescales of the reaction evidenced here. However, at high
temperatures, such as those used to feed our model, diffusion
limitations may exhibit a greater influence on the measured
reaction rate. Regardless, the disagreement observed highlights
an important, and often ignored, practice of validating a kinetic
model that was derived in a thermal environment different
than the conditions of interest. Data are usually collected in
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convenient thermal environments such as the fast dynamic
measurements of a DSC or high isothermal temperatures
because it shortens the time of measurements. Often, the
derived models at higher temperatures and fast reaction rates
extrapolate well to other thermal environments, and validation
reinforces confidence. But, as exemplified here, outside the
thermal environments tested, predictions can differ signifi-
cantly because of the interplay of chemical reaction kinetics,
diffusion mechanisms, and physicochemical properties. For the
most confidence in predictions, models should be derived with
data collected under conditions close to the environment of
interest when possible. This may require long measurement
times and may not be feasible in a laboratory setting with
instruments in high demand or may be limited by the
sensitivity of the instruments. There is clearly a balance to be
struck.

The kinetics derived provide a guide for the processing of
LLSO within the temperature regions measured. In practice,
LLS0 may be stored and processed at variable temperatures
that may be influenced by numerous nonisothermal heat
sources including mechanical stirring during two-part mixing,
3D printing machinery, and environmental conditions. The
curing may be diffusion limited at higher temperatures and
reaction limited at near-room temperatures. Any additional
source of heat may increase the rate of the reaction.
Furthermore, the study highlights the utility of isothermal
HEC and provides an example of how kinetic models may fail
validation experiments.

B CONCLUSIONS

This study monitored the thermal behavior and modeled the
kinetics of curing of LL50, a PDMS-based polymer, by using
isothermal HFC. The kinetic model developed was validated
within the temperature range of 50 to 80 °C, demonstrating its
utility in predicting the curing behavior of LLS0 under these
conditions. However, the model’s extrapolation to near-room
temperatures (30 °C) revealed significant discrepancies,
suggesting that different mechanisms may govern the curing
process at lower temperatures. This finding underscores the
necessity of validating kinetic models across the full range of
relevant temperatures to ensure accurate predictions. The
kinetic model provides a valuable tool for optimizing
processing conditions, although it should be used with caution,
particularly at temperatures outside the validated range.
Overall, this research demonstrates the effectiveness of
isothermal calorimetry in studying the curing behavior of
PDMS-based polymers and provides a framework for
evaluating the rates of curing of other polymer systems.
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