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Abstract

Application of elastomers in general demands the conversion of their soluble

networks into crosslinked structures. This abrupt change causes several modi-

fications, both in the atomic/molecular level and at the macro-scale. In this

study, solid silicone rubber (high molecular weight poly(dimethylsiloxane)),

was crosslinked with dicumylperoxide (DCP), a widely used crosslinking agent

by the rubber industry. The changes caused by different DCP concentrations

were investigated, aiming to bring attention to the molecular transformations,

usually neglected when processing-oriented studies are conducted. DCP con-

centration showed a limited contribution to the network's molecular dynamics,

which was found to be mainly dominated by entanglements. The dominance

of entanglements over other molecular constraints, like crosslink points, jus-

tifies the threshold and counter-intuitive behavior of tensile and hardness

properties. However, differences were found in the crystallization ability after

crosslinking, when the more crosslink points were introduced, the lower the

crystallinity was and the less stable the PDMS crystallites were. In addition to

providing a deeper understanding of an industrially applied rubber system n

terms of the effective concentration of DCP, and the reasoning behind such

concentration, the findings of this study add to the state-of-the-art comprehen-

sion of elastomeric networks, and how they behave on a molecular level.
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1 | INTRODUCTION

Poly(siloxane)s of high molecular weight, known as sili-
cone elastomers or silicone rubbers, are materials

composed of hybrid macromolecules: the main chain is
based on successive silicon-oxygen bonds (inorganic),
and the side groups (attached to the tetravalent Si-atom)
are monovalent organic moieties, such as methyl or
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phenyl. This alternating inorganic chain of Si and O
atoms grants unique properties to silicone, like strong
and long chain bonds,1 main chain flexibility,2 low inter-
and intramolecular forces, and good dielectric proper-
ties.3,4 As a result of the longer Si O bond, compared to
a C C bond, there is more space for organic side groups,
like methyl and phenyl, without an increase in steric hin-
drance or molecular congestion, thus retaining flexibility.
The flexibility of the Si O Si bond is explained by the
oxygen atom's delocalized lone electron pair, which is
spread over the covalent bond region between Si and O
atoms, specifically into the silicon vacant d orbital, allow-
ing a wider angle for the sp3 hybridization. These molec-
ular properties, linked to the inorganic nature of the
main chain and the organic nature of the side group sub-
stituent, constitute an important bridge between inor-
ganic and well-known organic polymers. Nowadays,
silicone rubber has been used to produce medical devices,
optical components, sealants, and electronic parts, for
example.2,5–7

In spite of the high molecular weight, silicone rubber
must be crosslinked in order to be employed to manu-
facture usable products. The curing reaction shifts the
soluble and highly viscous state of the polymer into an
insoluble and viscoelastic condition. It was already
reported by this group,8 and also widely cited in the
literature,9–11 that a dicumylperoxide (DCP)-based sili-
cone rubber crosslinking mechanism involves free radi-
cals, which act in accordance with kinetic and
thermodynamic boundaries. These free radicals are able
to abstract protons from the silicone chain (specifically
at the organic side groups), creating active sites for
crosslinking. Ultimately, what was only an entangled
silicone network becomes a tridimensional network,
where entanglements and chain junctions co-exist. All
properties that characterize the final crosslinked silicone
product are derived from this tridimensional network,
being mainly dependent on the density of chain junc-
tions, or crosslink density. Thus, this study aims to pre-
sent a comprehensive characterization of industrially
relevant DCP-cured compounds regarding the effect of
the crosslinking reaction in macro- and micro proper-
ties. It is based upon our previous study8 on the cross-
linking mechanism of the same silicone compounds in
terms of kinetic and thermodynamic considerations.
This combination of kinetic, thermodynamic, and now
molecular dynamic-based investigation of an industri-
ally significant material contributes not only to the
understanding of peroxide-cured poly(siloxane)s, but
also to polymeric systems with similar chemistry and
molecular structure, such as organic elastomers.
Besides, the correlation among molecular characteristics
and bulk properties is novel for peroxide-crosslinked

silicones, explaining the usual concentration of DCP
applied in the industry (up to 1 phr), and the behavior
described in the literature, such as the studies of
Kružel�ak et al.12 and Verheyen et al.13 but not yet
elucidated.

2 | MATERIALS AND METHODS

This section describes all characterization techniques and
the necessary knowledge to calculate and interpret their
results. State-of-the-art definitions related to the follow-
ing methods were suppressed when not essential for
understanding the reported results.

2.1 | Materials

High consistency poly(dimethylsiloxane), or solid PDMS
(Xiameter™ RBB-2100-50, Mw = 660 kgmol�1, Mw=Mn

= 1.8), containing approximately 26wt% of an inorganic
filler and no significant concentration of vinyl side
groups (as confirmed by 1H-NMR studies) was supplied
by Dow Inc. (Midland, MI, USA). PDMS characteriza-
tion in terms of molecular weight, filler, and vinyl con-
tents is described in a previous publication of the
present research group.8 DCP 99.9% (Peroxan DC,
Pergan GmbH, Bocholt, Germany) was supplied with an
active oxygen content of 5.91 wt%. Both components
were thoroughly mixed in a 2-roll-mill by Biesterfeld
Interowa GmbH & Co (Vienna, Austria) varying the per-
oxide concentration: 0, 0.21, 0.35, 0.49, 0.70, 1.00, and
1.50 phr of DCP. These concentrations represent frac-
tions of the suggested peroxide concentration (0.70 phr)
by the silicone supplier, that is, 0%, 30%, 50%, 70%,
100%, 140%, and 215%. The samples up to 0.70 phr were
prepared at the same time, employing the same PDMS
and DCP batches, while the samples with higher DCP
concentrations were produced aftwerwards. Differences
between these two groups may arise due to batch varia-
tions, such as molecular weight distribution, or Mw.
These variations are assigned whenever they are present,
but these do not compromise the comparability between
the studied samples. All silicone compounds were stored
at low temperatures (<5�C) prior to testing, in order to
avoid pre-curing.

2.2 | Preparation of cured PDMS plates

Crosslinking of the PDMS/DCP compounds into cured
plates was conducted in a vertical hot molding press
(MTF750 160editionS MAPLAN GmbH, Kottingbrunn,
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Austria) via compression molding. The curing cycle had
a duration of 20 min at 160�C for all compounds,
regardless of the peroxide content, producing 2 and
6 mm thick plates. In order to guarantee that all DCP
was consumed within the compression molding cycle
disregarding the DCP concentration, and that all sam-
ples had the same thermal history, the same cycle time
(longer than the optimum cure time as determined by
the rubber process analyzer8) was used for all com-
pounds. For peroxide-cured rubber compounds, rever-
sion effects (decrease of the mechanical properties after
long curing times) can be neglected, so the curing time
for the present study was higher than the optimum cure
determined by the rubber process analyzer.8 Mold tem-
perature was chosen as the one usually applied for pro-
cessing PDMS via compression molding, with decent
curing times and according to the manufacturer. Subse-
quently, after mold opening, the cured plates were sub-
merged in cold water (5�C) for 10 min, aiming to cease
the crosslinking reaction.

2.3 | Dynamic scanning calorimetry

Detection of thermal events, such as crystallization,
melting, and crosslinking of the DCP/PDMS compounds
was carried out using a dynamic scanning calorimeter
(DSC1 STAR System Mettler-Toledo International Inc,
Greifensee, Switzerland). Non-crosslinked samples (trip-
licate) were placed into aluminium crucibles, following
a specific procedure to guarantee maximum sample con-
tact with the DSC crucible. To do so, the samples were
cold-pressed (room temperature) into 2 mm plates, from
which disks were punched out. These disks were subse-
quently introduced into the DSC crucible and pressed
against the crucible's bottom. Finally, the samples were
submitted to the following thermal program, under
50 mL.min�1 of nitrogen as purge gas, in random order
to avoid any unmeasured, and uncontrolled, distur-
bances from the laboratory environment and from the
device:

1. Isotherm for 5 min at 25�C.
2. Cooling at �10 K min�1 until �80�C.
3. Isotherm for 10 min at �80�C.
4. Heating at 10 K min�1 until 220�C.
5. Isotherm for 5 min at 220�C.
6. Cooling at �10 K min�1 until �80�C.
7. Isotherm for 10 min at �80�C.
8. Heating at 10 K min�1 until 220�C.

During steps 1, 2, 3, and 4, the sample is considered
as non-crosslinked, since the crosslinking reaction is

promoted by the temperature increase only at step 4. The
isotherms at �80�C (steps 3 and 7) were set to guarantee
full crystallization of the samples. Similarly, the isotherm
at 220�C (step 5) was set to ensure the total consumption
of DCP for crosslinking promotion. At steps 6, 7, and
8 the samples are considered as fully crosslinked. Step
1 was set to guarantee that all thermal programs start at
the same temperature.

The endothermic event related to PDMS crystallites'
melting was analyzed during heating and compared for
non-crosslinked (step 4) and crosslinked (step 8) sam-
ples, in terms of melting enthalpy and heat flow apex
temperature. Alike, the exothermic event related to the
DCP-driven crosslinking reaction (step 4) was analyzed
in terms of the curing enthalpy, calculated after consid-
ering baseline correction (step 8) of the heat flow _Q. As
advised by Heinze and Echtermeyer,14 the melting (Hm)
and crosslinking (Hx) enthalpies were calculated
(mean value) as follows, considering the heating rate β
= 10K.min�1:

Hm,x ,J g�1 ¼ 1
β

Z Tendset

Tonset

_QdT: ð1Þ

2.4 | Equilibrium solvent swelling

Equilibrium swelling experiments were performed at
23�C employing an analytical scale and using toluene
(molar volume Vm,toluene = 106.2mLmol�1, density
ρtoluene = 0.86 g cm�3) as the solvent. For each DCP con-
centration, three specimens (triplicate, disk-shaped,
6mm thick and 10mm diameter) were weighed (the ini-
tial mass was taken as minitial) and then placed inside
glass vials with toluene, protected from light. After 48 h,
the swollen samples were slightly blotted with tissue
paper and immediately weighed (the swollen mass was
taken as mswollen). To determine the dry mass after swell-
ing (taken as mdry), the samples were dried for 24 h under
forced air circulation and subsequently for 24 h at 50�C
in an oven until constant weight was reached. All steps
related to the swelling experiments were performed iden-
tically, without variations, and all samples were investi-
gated at the same time, utilizing the same solvent batch,
and under the same laboratory conditions. The same
modus operandi for all samples is important, due to the
intrinsic high error15 associated with this method. A
more detailed description of the swelling experiment is
disclosed at the end of this subsection.

The swelling degree (SD, %) and the toluene-soluble
fraction (Soltol, %) were calculated according to
Equations (2) and (3), respectively.
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SD,%¼mswollen�mdry

mdry
100, ð2Þ

Soltol,%¼minitial�mdry

minitial
100: ð3Þ

In order to calculate the crosslink density, the ther-
modynamic approach for swollen polymers proposed by
Frenkel16 and Flory and Rehner17 was considered. The
average molecular weight between crosslinks Mc,swelling

was determined using Equation (4), based on the phan-
tom network model18:

Mc,swelling,kgmol�1 ¼
�ρpolymerVm,toluene ϕ

1
3
p

� �

ln 1�ϕp

� �
þϕpþ χϕ2

p

f �2
f

, ð4Þ

where ρpolymer is the polymer density (0.00113 kg cm�3),
Vm,toluene is the molar volume of toluene
(106.29 cm3mol�1), χ is the Flory-Huggins polymer-sol-
vent interaction parameter, ϕp is the volumetric polymer
fraction in the swollen gel, and f is the crosslink func-
tionality, taken as 4,19 since the polymer under study has
a high molecular weight, thus is composed of long mac-
romolecules. The factor that relates the fraction of elasti-
cally active material ωel, is present at the original
equation proposed by Schlögl et al.18 was omitted due to
experimental limitations of performing solid-state low-
field MQ 1H NMR in the swollen state. The volumetric
fraction of polymer in the swollen gel was calculated as
described by Equation (5), where considerations regard-
ing the filler mass fraction Φfiller (determined by thermo-
gravimetric analysis, TGA) were taken, since it does not
swell in the presence of toluene:

ϕp ¼
mdry�Φfillermdry

ρpolymer

mdry�Φfillermdry

ρpolymer
þmswollen�mdry

ρtoluene

: ð5Þ

In the above equation, mdry was used instead of
minitial as a correction for the mass loss due to toluene sol-
ubility of chemicals (Soltol) that are incorporated into the
rubber network, like peroxide decomposition by-products
and low molecular weight macromolecules. The sample
density was considered as constant after swelling, based
on the findings by Valentín et al.15 Assumptions or cor-
rections regarding the network degradation due to swell-
ing were not considered here, since peroxide-cured
rubbers, unlike sulfur-cured organic rubber compounds,
are considered to not significantly degrade during the
experiment.15 The Flory-Huggins polymer-solvent inter-
action parameter χ for the pair silicone-toluene was taken

as a function of ϕp, as reported by Kuwahara et al.20

according to Equation (6):

χ¼ 0:445þ0:297ϕp: ð6Þ

Several studies in the literature consider the Flory-
Huggins polymer-solvent interaction parameter χ as con-
stant. However, since χ (ϕp) was available for PDMS, it
was applied here. In the case where this function is not
yet disclosed, a fixed and determined value should be
used. Since all swelling experiments were conducted at
the same temperature (23�C), the dependency of χ on
temperature was neglected.

2.4.1 | Practical aspects for the swelling
experiments

In order to obtain reliable and statistically valid results
for the equilibrium swelling experiments, it is advisable
that a strict and fixed protocol is followed for every sam-
ple that is tested. In the present investigation, equilib-
rium swelling experiments were carried out according to
the modus operandi developed by the authors.

Regarding sampling, it is advisable that all samples
have roughly the same weight, which should be at least
two orders of magnitude higher than the sensitivity of
the applied scale. Besides, the samples should have simi-
lar surface areas (or shape), in order to avoid differences
regarding the solvent contact area. It is advisable that the
samples do not touch each other, neither the bottom, nor
the side walls of the glass flask where the experiment is
conducted, also to avoid differences in solvent
contact area.

As regards to the flask where the experiment is car-
ried out, ideally it should be made of glass. If organic
elastomers are the case of study, the flasks must be kept
away from direct light, aiming to avoid chemical degra-
dation. In the case of silicones, this is not an issue, since
poly(dimethylsiloxane)s are composed of fully saturated
molecules. During the whole experiment, the flask must
be sealed, protected from light, and in stable and con-
trolled temperature and humidity.

For the solvent, a compatible liquid should be chosen
(toluene) considering not only safety and availability, but
also the ease of working with. Toluene has a vapor pres-
sure (20�C) of 29 hPa, while water's is around 17 hPa, for
example. A widely used solvent for swelling experiments
is chloroform (CHCl3), which has a much higher vapor
pressure: 210 hPa. This means that it is harder to handle
chloroform than toluene, since the former evaporates fas-
ter, causing mass loss when conducting the swelling
experiment. A high vapor pressure is more critical when
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the swelling is over, since the sample must be slightly
blotted and weighed, avoiding excessive solvent loss to
the ambient air. Thus, it is advisable to look for compati-
ble, safe, available, and slightly volatile solvents to avoid
errors.

About weighing the swollen samples, attention must
be paid when operating the scale. Since an organic sol-
vent is present, safety measures must be taken to avoid
inhaling toxic vapors. Besides, it is advisable to work with
a second glass flask inside the scale, enabling to put the
swollen sample inside the mentioned flask, close it, and
finally weigh it. This procedure avoids excessive solvent
evaporation, limiting it to the necessary to reach equilib-
rium with the air inside the flask.

If a drying stage is necessary, attention must be paid
to the thermal degradation of the swollen sample. It is
advisable to evaporate the solvent at low temperatures
(20�C below the solvent boiling temperature) and with
the aid of vacuum, if available. Drying at the fume hood
at room temperature can be done, but a second drying
stage in higher temperature is necessary. The drying pro-
cess is finished when the sample reaches constant weight
within the sensitivity of the scale.

After drying, it is advisable to compare the dry mass
and the initial mass of the same sample. This procedure
allows one to observe mass losses during swelling. If mass
loss is detected and it is at least higher than the mass
standard deviation among the samples, a correction for
the applied equations (calculation of the polymer fraction
in the swollen gel) is necessary. The same applies to filled
samples, where the filler content must be discounted
from the measured masses, since filler particles hardly
swell in organic solvents.

2.5 | Proton low-field solid-state NMR
spectroscopy

Static low-field time-domain multi-quantum 1H NMR
spectroscopy experiments were performed at room tem-
perature on a benchtop spectrometer (Minispec mq20,
Bruker, Billerica, MA, USA), operating at the Larmor res-
onance frequency of 20 MHz (B0 = 0.47 T) with a 90�

pulse length and receiver deadtime of 1.6 s and 15 μs,
respectively. Two millimeter thick/8 mm diameter disks
were punched out of both the non-crosslinked (pure
PDMS gum) and the crosslinked PDMS plates and
stacked (until a maximum height of 10 mm) inside a
glass tube, which was then placed into the spectrometer.
The experiment was performed without replication, due
to the stability of the method and of the device.

1H NMR data were measured and analyzed according
to previously published procedures.21,22 Relevant

parameters were taken from the data fitting procedure,
like the so-called residual dipolar coupling constant Dres,
reflecting the constraint density (crosslink points and
entanglements); the logarithmic standard deviation of
the probability distribution of residual couplings in the
sample, or width parameter σ ln ; and the fractions of iso-
tropically mobile moieties, such as network defects (char-
acterized by a long effective relaxation time), here
identified as tail1 (relaxation time= 15–25ms) and tail
2 (relaxation time >60ms).

The average molecular weight between crosslinks
Mc,NMR was evaluated using Equation (7), based on a
fixed-junction model and explicit spin dynamics simula-
tions, considering the phantom network model as the
theoretical basis,19,23 1266Hz as the calibration value Dref

for poly(dimethylsiloxane), and the crosslink functional-
ity f as 4:

Mc,NMR,kgmol�1 ¼ 1266
Dres
2π

f �2
f

: ð7Þ

2.6 | Positron annihilation lifetime
spectroscopy

Positron annihilation lifetime spectroscopy (PALS)
measurements were performed using disk-shaped
samples (20 mm diameter, 2 mm thickness), where all
positrons entering them were annihilated. 22Na was
used as the positron source, embedded between two
Kapton (polyimide) foils, and placed inside a copper
cup containing the sample. This whole set was
arranged in contact with a liquid nitrogen cryostat
(DN 1714 Oxford Instruments, Abingdon, Oxford-
shire, England), capable of providing a 0.5 K stability
on temperature within the �135 to 40�C range. Mea-
surements were performed at a pressure lower than
10�5 mbar. The collection of the positron spectra was
accomplished using a fast-fast timing spectrometer
(340 ps resolution), and each spectrum contained at
least 2 � 106 counts. The spectrometer was composed
of two plastic scintillators (Pilot U, 1.500 diameter, 100

height) connected to photomultipliers (Philips
XP2020, Philips, Amsterdam, Netherlands). Analysis
of the spectra was performed by means of a dedicated
program for such purpose (LT program24) with a
proper correction for the positron annihilation occur-
ring at each of the Kapton supports (thickness of
7 μm). The experiment was performed without repli-
cation, due to the stability of the method and of the
device.

PALS allows the indirect measurement of how large the
cavities within a certain polymer network are. In the

AZEVEDO ET AL. 5 of 17
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present study, the samples at different temperatures were
shot with positrons. Interaction of thermalized positrons
with matter via diffusion may cause the formation of an
unstable bound system, positronium (Ps), which is the same
size as hydrogen, but about 2000 times lighter.25 This
atomic system is pushed into the open volumes of the mate-
rial, where the electron density is lower, due to the
exchange repulsion between the Ps electron and the exter-
nal electrons. Ground state Ps in vacuum exists in two sub-
levels, para-Ps (antiparallel spins, lifetime 125 ps) and
ortho-Ps, o-Ps (parallel spins, lifetime 142 ns). Annihilation
occurs in two (para-Ps) and three photons (o-Ps),
respectively.26

Ps is the atomic system usually employed and its
annihilation is detected in PALS experiments. Indeed, Ps
in open spaces of polymers, such as free volume holes in
the amorphous regions and defects in the crystalline
domains, may annihilate, in addition to its own electron,
also with an external electron in relative singlet state.
This “pickoff” process allows annihilation in two photons
and this channel greatly reduces o-Ps lifetime with
respect to vacuum. Ps lifetime is correlated to the size of
the cavity where annihilation occurs. Such a relationship
between o-Ps lifetime and the size of holes in polymer
networks is the central point of PALS analyses.

2.7 | Mechanical and physical properties
characterization

Uniaxial tensile tests were performed according to DIN
(Deutsche Institut für Normung) 5350427 with a universal
testing machine (Zwick Roell, Ulm, Germany) using a
10 kN load cell at a constant crosshead speed of
200 mm min�1 at room temperature. Smooth dumbbell
specimens were cut from 2 mm crosslinked plates, lead-
ing to specimens with 2 mm thickness and 4 mm width,
that were clamped at a distance of 25 mm. For each for-
mulation, the average and standard deviation values of
the moduli at 100% (M100) and 300% (M300) elongations
of five samples were reported.

Dynamic mechanical analysis of the crosslinked
PDMS samples was performed in a DMA device (MCR
702e MultiDrive, Anton Paar GmbH, Graz, Austria) in
tensile mode. An identical thermal program was applied
to all samples, starting from room temperature and cool-
ing down (2 K.min�1) to �150�C. Subsequently, a 5 min
isotherm was held, before finally heating up (2 K min�1)
the sample to 50�C. A dynamic strain of 0.07% was
applied with a frequency of 1 Hz. The glass transition
temperature Tg was taken as the tan δ apex between
�150 and �100�C. The sample 1.5 phr was analyzed in
triplicate to determine the overall variation of the

experiment, which for the glass transition temperature
determination was less than 1%.

Hardness determination was conducted at room
temperature according to DIN ISO (International Organi-
zation for Standardization) 48–4.28 Six millimeter thick
crosslinked plates were tested in a digital Shore A durom-
eter (Hardness Tester HT 3000 MonTech Rubber Testing
Solutions GmbH, Buchen, Germany) and the hardness
was measured in triplicate.

3 | RESULTS

This section is divided into three major subsections. The
first, comprehending Section 3.1, discusses the effect that
the crosslinking has on the crystallization and melting of
the silicone samples. The second, including Section 3.2,
reports on the molecular weight between crosslinks for
different DCP concentrations, along with a comparison
between the swelling and the static low-field time-
domain multi-quantum 1H NMR spectroscopy experi-
ments. Finally, mechanical properties are discussed in
the third Section 3.3, where the effects of different DCP
concentrations on the mechanical properties are assessed,
as well as considerations regarding free volume
are made.

3.1 | Crystallization and melting
behavior

Non-crosslinked and crosslinked samples were analyzed
by DSC to obtain information regarding the DCP concen-
tration effect on the melting of PDMS crystallites and on

FIGURE 1 DSC thermogram of the non-crosslinked PDMS

sample without DCP, with indications for the main thermal events

and the sequence of heating/cooling ramps. Exo up.
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the heat release related to the exothermic reactions of
DCP decomposition and of crosslink formation. Figure 1
shows the thermogram for a pure solid PDMS rubber,
without DCP. According to observation, a broad signal
appears at �40�C during cooling, due to the start of
PDMS crystallization, which is completed during the
isotherm of stage iii (described in Section 2.3). PDMS
crystallization occurs due to the high flexibility of the
siloxane macromolecules, which are able to organize
into lamellae structures. These structures grow from
small nuclei, which are formed in the bulk of the poly-
mer network. Considering that the sample under inves-
tigation has sufficiently high molecular weight to
promote a high density of chain entanglements,29,30 it is
fair to assume that nucleation on the melt rubbery state
occurs far from a chain entanglement, and that the
growth lamellae has a fine structure, due to the highly
entangled state of high molecular weight and highly
flexible PDMS.31 The presence of a mineral filler dis-
persed into the rubber matrix and its influence on the
nucleation phase of temperature-induced crystallization
is still unclear. Even though it is reported that filler par-
ticles affect polymer chain conformations and local
reptation,32 the effect they have on nucleation is argued
to be negative by some authors,33 since fillers create a
region with hindered mobility where the nucleation
and crystallite growth are slowed down; neutral by
others,34 claiming that fillers extensively affect only the
crosslinking reaction, not the crystallization; and posi-
tive by some,35 that suggest fillers favor the formation
of nuclei via polymer chain adsorption, interaction, or

even confinement of macromolecules inside a filler
network.

On the first heating (stage 4), an endothermic signal
is present, indicating the melting of crystallites that were
formed during cooling and during the isotherm at
�80�C. Melting demands energy to occur, since the orga-
nized lamellae structure is only destroyed when the mac-
romolecules have enough thermal energy to move and
assume a higher entropic state, characterizing an endo-
thermic event at the DSC. The melting peak temperature
is within the typical range for silicones,36,37 around
�40�C, and its shape reflects the crystallites' morphology
in terms of size distribution, that is, the sharp peak for
the pure solid PDMS rubber indicates a narrow size dis-
tribution for the crystals. No exothermic peak is observed
at higher temperature, which is evident due to the
absence of DCP and due to the high thermal stability of
poly(dimethylsiloxane)s, that only start degrading above
300�C.38,39

The first (step 4) and second (step 8) DSC heating
ramps for the DCP/PDMS systems are shown in Figure 2,
with the region of crystallite's melting shown in
Figure 2a. Analysis of the melting endothermic signal at
approximately �40�C grants the evaluation on how the
DCP content (thus, the crosslinking extent) affects PDMS
crystallization. The melting enthalpy, represented by the
area of the melting peak, decreases after crosslinking
reaction for all samples, regardless of the peroxide con-
tent, indicating that the sample crystallinity also
decreases due to the linkage of adjacent PDMS macro-
molecules (crosslinks). All crosslinked systems

FIGURE 2 DSC thermograms for the PDMS/DCP systems with varied dicumylperoxide concentrations, highlighting the thermal events

including the endothermic melting (a) and the exothermic crosslinking (b). The full lines indicate the first heating (stage 5, non-crosslinked

sample) and the dotted lines indicate the second heating (stage 8, crosslinked sample). Exo up. [Color figure can be viewed at

wileyonlinelibrary.com]
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underwent a decrease in crystallinity that varied from 0%
to 14%, when compared to their analogous non-
crosslinked pair, from which the associated enthalpy
values can be seen at Figure 3a. The decrease in PDMS'
crystallinity after crosslinking was also reported by
Roland and Aronson,40 where a justification for this find-
ing was given: the tetrafunctional junctions (crosslinks)
constrain 8–9 chain units from being incorporated into
the crystal phase.40 The decrease of melting enthalpy
related to the non-crosslinked samples (first heating)
among the samples 0–0.70 phr and the samples with
higher DCP concentrations (1 and 1.5 phr) is justified by
batch differences between these two groups of samples,
as discussed in Section 2.1.

Another parameter that enables the evaluation on
how crosslink formation affects crystallinity is the melt-
ing peak temperature. Differently from the enthalpy, the
melting peak temperature is related to the stability and to
the size of crystallites. A decrease of the melting tempera-
ture is noticeable after crosslinking (Figure 3b), meaning
that the imposed chemical constraints result in less stable
and possibly smaller crystallites. This melting point
depletion was also reported by Roland and Aronson40

and by Sui et al.41 the latter who investigated gamma-
irradiated PDMS.

It is important to mention the effects imposed by phys-
ical entanglements in the nucleation (precedent phase to
crystallite growth) and by chemical crosslinks in the crys-
tallite, or lamellae, growth. It is commonly accepted that
entanglements counteract crystallization,31,42–45 but also
crosslink junctions are said to inhibit crystallite growth.
Even though the present study and others demonstrated

the previously mentioned behavior, Dollase et al.46

observed the opposite trend for low molecular weight
poly(siloxane)s. Still, in the same publication, the authors
suggest that the distance between crosslinks determines
the thickness of the crystallite's lamellae, also preventing
crystallite thickening/growth, which is what probably
occurred to the samples analyzed in the present investiga-
tion. It was not possible, however, to observe a specific
trend for the melting enthalpy depletion and the DCP con-
centration. This is possibly justified by the low concentra-
tion range and the spatially heterogeneous nature of
peroxidic crosslinking,47 which is characterized by locally
crosslinked clusters.

Nevertheless, all PDMS/DCP systems, even in the
crosslinked state, were able to crystallize. This fact sug-
gests that the molecular weight between crosslinks is large
enough (chain segment between two crosslink knots is
long enough) to enable crystallization. This finding is cor-
roborated by the MQ 1H NMR and swelling experiments,
discussed further in this publication, which confirmed a
molecular weight between crosslinks in the order of mag-
nitude of the critical molecular weight between entangle-
ments Me for poly(dimethylsiloxane). The assessment of
PDMS' crystalline phase allows the detection of molecu-
lar changes due to crossli, however, a correlation with
mechanical properties should be made with cautiousness,
since most silicone products are applied in temperatures
highly above the melting temperature. That means that
during service, mechanical loads are transferred to a
completely amorphous network, which lacks reinforce-
ment from the crystalline phase, but possesses only
entanglements and crosslink points as network features.

FIGURE 3 Melting enthalpy (a) and melting peak temperature (b) for the non-crosslinked (first heating) and crosslinked (second

heating) PDMS/DCS systems with varied DCP contents. For the melting enthalpy, it is noted above the respective bar the enthalpy depletion

after curing. [Color figure can be viewed at wileyonlinelibrary.com]

8 of 17 AZEVEDO ET AL.

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54111 by PO

L
IT

E
C

N
IC

O
 D

I M
IL

A
N

O
, W

iley O
nline L

ibrary on [20/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


Analysis of the exothermic crosslinking signal
(highlighted at Figure 2b) shows that the signal intensity
rises as the DCP concentration increases, meaning that
the enthalpy related to this thermal event also increases.
The increase in enthalpy due to the higher DCP content
is plausible: a higher number of DCP molecules also
increases the energy released by both the peroxide
decomposition reaction (which is exothermic48,49) and
the crosslinking reaction. This justification was also used
and understood as plausible in this group's publication8

that dealt with the crosslinking kinetics of these
DCP/PDMS systems. It is important to point out that the
signal detected by DSC over the range 100–200�C is
related to two first subsequent, and later concomitant,
reactions: the DCP's thermal decomposition (homolytic
cleavage of the O O bond) and the formation of C C
covalent bonds (crosslink junction). These reactions are
said to be first subsequent to each other because it is nec-
essary that first one DCP molecule decomposes, in order
to generate radicals to start the crosslinking reaction.
After radical generation, the crosslinking reaction pro-
ceeds concomitantly to the formation of more radicals.
The exothermic signal finally vanishes after all radicals
have been consumed, either via formation of crosslink
points, or due to termination, via hydrogen transfer or
disproportionation, for example.

Differential scanning calorimetry is not able to distin-
guish the heat that is released from the peroxide decom-
position and the heat from the formation of crosslink
points. Even though the enthalpy must be proportional
to both reactions, it is known and already reported in a
previous publication of this group8 that the DCP-based
curing, in terms of radical formation, does not guarantee
full efficiency of radical hydrogen abstraction, since ter-
mination and side reactions may occur. However, it is
possible to state that the majority of DCP molecules were
(statistically) decomposed, since no exothermic peak is
observed at the second heating. This fact leads to the

point where studying a peroxide-based crosslinking reac-
tion only by DSC is insufficient, since the peroxide
decomposition kinetics may overcome, or at least
conceal, the rubber crosslinking. Rheology methods,
which are also widely used for such purpose, rely on the
increase in modulus, which is a clear reflection of a net-
work formation, without ambiguities or concurrent
effects.

3.2 | Molecular weight between
crosslinks evaluation

Determining the molecular weight between crosslink
points is a task that can be accomplished using different
methodologies.50 Swelling tests in a suitable solvent are
rather simple methods to determine the crosslinking state
of a polymer specimen and the results of these tests for
the silicone rubber compounds with varied DCP concen-
trations are shown in Table 1. The effect of the DCP con-
centration on the swelling degree SD is evident, since
crosslinking adjacent silicone macromolecules prevents
the polymer network from swelling, due to the lower
interaction of solvent molecules with polymer chains.
The fraction of toluene-soluble matter is kept almost con-
stant with the DCP concentration, but representing less
than 4% of the specimen mass. This fact justifies the use
of mdry instead of minitial in Equation (5) to account for
this mass loss, which possibly comprehends soluble sili-
cone oligomers and crosslinking by-products. The molec-
ular weight between crosslinks is calculated using
Equation (4), which is based on the phantom network
model, first introduced by James and Guth51 and further
developed by Graessley.52 This model assumes that the
elastically effective polymer macromolecules can cross
each other freely without compromising the network
morphology, meaning that the forces that arise during
the swelling test are merely transmitted to the crosslink

TABLE 1 Equilibrium swelling results and solid-state low-field multi-quantum 1H NMR determined parameters for silicone rubber

compounds with varied dicumylperoxide concentrations.

Sample (phr) SD (%) Soltoluene (%)
Mc,swelling

(kgmol�1) σln (�) tail 1 (�) tail 2 (�)
Dres=2π
(Hz)

Mc,NMR

(kgmol�1)

0 n/a n/a n/a 0.632 0.234 0.055 34.9 18.14

0.21 183.0 ± 0.4 3.64 ± 0.03 8.36 0.352 0.074 0.026 89.9 7.04

0.35 180.9 ± 0.1 3.64 ± 0.01 8.20 0.290 0.077 0.020 92.0 6.88

0.49 177.0 ± 0.2 3.50 ± 0.04 7.90 0.299 0.088 0.029 97.4 6.50

0.70 176.7 ± 0.3 3.50 ± 0.01 7.97 0.288 0.082 0.028 102.7 6.16

1.00 171.0 ± 0.8 3.78 ± 0.06 7.44 0.264 0.088 0.031 106.0 5.97

1.50 170.0 ± 0.1 3.74 ± 0.02 7.37 0.297 0.060 0.024 107.3 5.90
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joints to which the chains are linked.53 From the values
reported in Table 1, one can realize that the molecular
weight between crosslinks Mc,swelling decreases with the
DCP concentration, that is, the crosslink density
increases as more radicals are formed. However, even
though there is an evident decrease of the molecular
weight between crosslinks, this increase is not as high as
expected for the DCP concentration range that was
employed. In fact, from 0.21 to 1.50 phr (increase of more
than 600%), the Mc,swelling decreased by only 10%. Theo-
retically calculating the number of mers (chain segments
with molecular weight of 74 gmol�1) of silicone that are
excluded from the chain in-between crosslinking when
the peroxide concentration increases from 0.21 to 1.50 phr,
this number is limited to only 13 mers approximately.
A threshold for the crosslinking extent seems to exist for
this crosslinking system, as the molecular weight between
entanglements approaches the value of 8 kgmol�1.

Solid-state multi-quantum 1H NMR experiments nor-
mally shed light into the understanding of how the
molecular dynamics occurs into polymeric networks. The
values for the parameters that are obtained after sample
testing are also reported in Table 1, along with a graphic
representation in Figure 4. The parameter σ ln , or width
parameter, contains information about the homogeneity
of the polymer network and usually σ ln > 0:4 denotes
inhomogeneous crosslinked networks. All crosslinked
samples (DCP concentration >0 phr) present a narrow

Dres distribution (σ ln < 0:4), meaning that they possess
rather homogeneous networks in terms of the spatial
distribution of crosslinks and entanglements. Higher
values for σ ln would occur only when the spatial distribu-
tion of constraints is inhomogeneous on the lengthscale
beyond 5 nm, that is, exceeding one or a few network
chain sizes.54 In the present case, chain packing (due to
entanglement and crosslinking) and connectivity effects
(local force balances) “homogenize” the NMR response.
The non-crosslinked sample 0 phr presents σ ln > 0:4
(marked with a * sign at Figure 4b), which does not mean
it is a non-homogeneous network, but that it is a linear
polymer undergoing reptation motion, which is indeed
the case of poly(dimethylsiloxane). Reptation motion is
the movement of a polymer chain confined within a
tube-like region, usually driven by random thermal
agitation.55 This theoretical approach56,57 takes into con-
sideration that the macromolecules cannot move perpen-
dicular to their own contour, but only along it. The tail 1
and tail 2 values (Figure 4a) for the crosslinked samples
show that they have around 8% of non-elastic but high
molecular weight defects, such as dangling chains, for
example; and around 3% of low molecular weight defects,
like outer chain ends. These values related to defects are
in accordance with the high molecular weight and the
molecular weight distribution of the silicone rubber
under investigation: less than 2% of the macromolecules
have lower than 100 kgmol�1 before crosslinking. In

FIGURE 4 MQ 1H NMR parameters

variation with the dicumylperoxide

concentration. Tail 1 and tail 2 (a), and

σ ln , or Dres distribution length, where the

non-crosslinked sample is marked with a

* signal (b). [Color figure can be viewed

at wileyonlinelibrary.com]
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addition, the polymer's high molecular weight induces a
minor response of the chain ends, whose concentration
decreases as the molecular weight increases during
polymerization. It is important to point out that the three
parameters seem to be around a threshold value, without
significant changes when the DCP concentration
increases.

Values for the residual dipolar coupling constant
Dres=2π are also reported in Table 1. A slight increase is
observed among the crosslinked samples as the DCP con-
centration increases, pointing to a saturation or threshold
of the crosslink density. The same behavior was previ-
ously reported8 for the maximum detected torque values
during rheometry measurements using a rubber process
analyzer, which reflects the cure state of the elastomer.
As stated in Equation (7), the molecular weight between
crosslinks can be estimated, which directly shows the
tendency to an equilibrium state of cure.

Regarding the non-crosslinked sample 0 phr, the resid-
ual dipolar coupling constant amounted to 34.9 Hz (repre-
senting an apparent molecular weight between
entanglements of 18.14 kg mol�1, value that is higher than
the true Me, due to reptation), which is lower than the
usually reported 90Hz value for poly(dimethylsiloxane),
that was measured at a lower temperature where the
experimental timescale corresponds to the entanglement
time τe.

22 This discrepancy is explained by the high
molecular weight of the silicone rubber under investiga-
tion within the scope of the present paper (Mw

= 660 kgmol�1), its linear chain morphology, and the
reptation motion associated to this precursor, as com-
pared to the PDMS studied by Ch�avez and Saalwächter.22

For visualization, a schematic of the progressive
change in the PDMS/DCP network is shown at Figure 5.
At the non-crosslinked state, the network has only entan-
glements, and the macromolecules are able to move

FIGURE 5 Schematic representation of the

progressive curing of a highly entangled

network. The reptation tube is represented by a

red dashed line, while the red arrows indicate

the reptation motion itself. Entanglements are

indicated by green dashed circles, and crosslink

points by blue solid circles. The concentration of

green dashed circles and blue solid circles as

represented by this figure are only

representative, since the concentration of

entanglements overcomes the concentration of

crosslink points. [Color figure can be viewed at

wileyonlinelibrary.com]
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confined along the reptation tube. After DCP addition,
reptation is frozen, and crosslink points are incorporated
to the network. At the final stage, that is, higher concen-
tration of DCP and complete crosslinking, both entangle-
ments and crosslink points co-exist at the network,
dictating all properties of such network.

Equilibrium swelling tests and solid-state low-field
multi-quantum 1H NMR experiments provide insights into
the crosslink state of elastomer and usually their findings
agree with each other. The comparison between the con-
stant Dres=2π and the crosslink density 1=Mc,swelling as
determined by the swelling tests, is presented in
Figure 6a. The methods result in a similar behavior,
which is widely reported in the literature.58,59 By fitting
Dres to a linear function, it is expected that the intercept,
that is, the theoretical point where the DCP concentration

is zero, reflects the contribution of a free-of-crosslinks
sample (only entangled) to Dres.

18 In the present case, the
extrapolated value is close to 85Hz, in good agreement
with the entanglement-related value mentioned above.
The relationship between the crosslink densities 1=Mc as
determined by swelling and by low-field 1H-NMR is also
shown in Figure 6b, where both quantities are plotted for
the studied DCP concentrations. This correlation is
roughly linear as expected but has a slope exceeding
unity due to uncertainties in calculating 1=Mc. With
regards to 1=Mc,swelling, variations arise from the Flory-
Huggins polymer-solvent interaction parameter χ, which
is reported in the literature (for the pair silicone-toluene)
by several authors.20,60–62 For the present study, χ ϕp

� �
was chosen as described by Kuwahara et al.20 since it was
determined for solutions of linear PDMS without adding
any model uncertainty, as stressed by Chassé et al. in the
correction of their article.19 Concerning 1=Mc,NMR, calcu-
lation issues are related to Equation (7), which is model-
dependent. The most relevant issue is likely the omission of
the defect-related correction (consideration of the fraction
of elastically active material ωel), which must be based
upon NMR experiments in the swollen state, being
beyond the scope of the present work.

Worth mentioning is the fact that the measured
Dres=2π = 34.9Hz for the 0 phr sample does not automat-
ically point to the molecular weight between entangle-
ments contribution of a crosslinked sample, as one would
mistakenly suggest by analogy with the molecular weight
between crosslinks. Schlögl et al.18 reported that the Dres

for non-crosslinked linear precursor can be directly
assumed as the entanglement contribution of the same
elastomer, if the analysis is carried out at the same
temperature. However, for crosslinked systems this is
ambiguous. This is due to the fact that the results for the
non-crosslinked elastomer are strongly affected by tem-
perature, while the Dres constant values for crosslinked
polymeric networks are not. By assuming a constant
entanglement density with the crosslinking state and the
additivity of entangled and crosslinked chain densities,
one can write:

Dres � crosslinking contribution
þentanglement contribution

¼ 1
Mc,NMR

þ 1
Me

: ð8Þ

Indeed, the case of Dres=2π = 34.9Hz does not repre-
sent solely the molecular weight between entanglements,
but is a consequence of the polymer's finite molecular
weight.

Considering the value of Dres=2π ≈ 85Hz as the
entanglement contribution and that the entanglement

FIGURE 6 Comparison between the residual dipolar coupling

constant Dres=2π and the crosslink density 1=Mc,swelling as a function

of the dicumylperoxide (DCP) concentration (a), and comparison

between the crosslink densities 1/Mc,swelling and 1/Mc,NMR for

increasing DCP concentration samples, at 25�C (b). The red dashed

line represents the linear fitting, whose slope is shown. [Color

figure can be viewed at wileyonlinelibrary.com]

12 of 17 AZEVEDO ET AL.

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54111 by PO

L
IT

E
C

N
IC

O
 D

I M
IL

A
N

O
, W

iley O
nline L

ibrary on [20/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


density does not change with the crosslink state, it is pos-
sible to state that the DCP-cured samples under investi-
gation are dominated by entanglements, even after
crosslinking. The very high molecular weight, highly
above the critical molecular weight for entanglements
for poly(dimethylsiloxane) (Mw of 29 kgmol�129 or
34.5 kgmol�130), already induced an intensively entangled
network even at the non-crosslinked state, reflected by
the high viscosity of the solid silicone. Crosslinking this
highly entangled network only slightly changes the
molecular dynamics, but greatly enhances the elastic
response of the elastomer, as will be discussed in the next
sections. Counter-intuitively, the increasing DCP concen-
tration did not cause major changes on the molecular
weight between crosslinks most likely due to the thermo-
dynamics and the chemical mechanism that controls the
respective curing reaction, as already noted previously.8

3.3 | Thermo-mechanical and
mechanical properties

Dynamic mechanical analysis provides information regard-
ing the thermo-mechanical properties of the PDMS/DCP

compounds, such as the extensional elastic/storage
modulus E0 and the extensional plastic/loss modulus E00, as
well as the relationship between them: tanδ, or exten-
sional loss factor. Both moduli are plotted in Figure 7a,
where glass transition, characterized by its temperature
Tg, can be assigned as the E0 drop between �125 and
�100�C, or the apex of E00 at the same temperature range.
This range for the glass transition is typical and is already
reported elsewhere.63 The glass transition temperature of
poly(dimethylsiloxane) is the lowest of all synthetic elas-
tomers, specifically due to its molecular structure.
Poly(dimethylsiloxane) macromolecules possesses flexible
backbones, with long chain bonds (106 kJmol�1 and
1.64Å, compared to 85 kJmol�1 and 1.53Å for C C
bond1), and wide bond angles (Si O Si bond angle of
143�, compared to 109.5� of the usual tetrahedron bond
angles2), allowing easier side-group rotation. In this
sense, the molecular motion at low temperatures is still
present, due to the cooperative crankshaft motion of the
silicon and oxygen atoms, as described by Schatzki.64 In
the present case, the crankshaft movement of 8 alternat-
ing silicon/oxygen atoms provides enough flexibility for
the macromolecule to only freeze below �125�C, charac-
terizing the very low Tg of silicone.

FIGURE 7 Dynamic mechanical

behavior of the varied DCP/PDMS

systems. Extensional storage and loss

moduli (a), and extensional loss factor

tan δ (b). [Color figure can be viewed at

wileyonlinelibrary.com]
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At temperatures above the glass transition, the sam-
ples soften, but still present a rather high elastic modulus
E0 (higher than 103 MPa) due to the self-reinforcing effect
of the crystallites formed during cooling, and their
action as physical crosslink points. All silicone samples
underwent crystallization during the slow cooling
(�2 K min�1), in a temperature range obviously above
the glass transition temperature, where the molecules
still had enough flexibility and thermal energy to move,
organize into lamellae, nucleate and, ultimately, crystal-
lize. When �50�C is reached, melting of the crystalline
phase occurs, in agreement with the DSC thermograms
reported in Figure 2a. Melting of crystallites causes the
moduli to abruptly drop, due to the lack of self-reinforce-
ment. Finally, after melting, the samples reached the
actual rubbery plateau, whose values are characteristic
for room temperature and filled silicone samples.

For a further analysis of the glass transition region,
the loss factor tan δ is shown in Figure 7b. The glass tran-
sition temperature Tg was assigned as the apex of the tan
δ signal between �125 and �100�C and reported in
Table 2. No significant difference and no trend were
observed for the temperature where the samples passed
from brittle to soft, being at around �120�C. This sug-
gests that the molecular movement related to the glass
transition is not hindered neither by the crosslinking
points, nor by the entanglements, which dominate the
samples' network as shown before. Indeed, considering
the 8-atom crankshaft movement and the molecular
weight between crosslinks as reported in Table 1, no

movement suppression happened with the increase of
DCP concentration: comparing the 0.21 phr and the 1.50
phr samples, a total of approximately 16 mers are
excluded from the in-between crosslinked segments.
These 16 mers have 32 alternating silicon/oxygen atoms,
which are enough for the cooperative movement that
ultimately leads to the glass transition. Another conclu-
sion can be taken from the aforementioned facts: a con-
stant glass transition temperature regardless of the state
of cure may also reflect on a constant free volume hole
size, which is proven by the PALS experiments.

Figure 8 shows the variation of o-Ps lifetime τ3 with
temperature for the non-crosslinked (0 phr) and one
crosslinked sample (0.70 phr). Within the temperature
range �160 to 50�C, the free volume hole size (correlated
to τ3) changes according to different temperature zones.
Below the glass transition temperature (T < –130�C), τ3
slightly increases with temperature, which reflects the
limited chain motion that hinders the free volume hole
expansion.65 When the glass transition temperature is
reached, the τ3 variation changes, represented by a
change in the slope. At the glass transition region and
above, the free volume hole size increases at a higher
rate, due to the higher molecular motion, mainly ther-
mally driven.

Another difference in the slope is observed at the
melting temperature region, already reported in the liter-
ature and assigned to the PDMS crystallites' melting.66

After melting and until room temperature is reached,
considering the typical standard deviation for PALS

TABLE 2 Tensile moduli at 100

(M100) and 300% (M300) of

deformation and Shore A hardness

values for the various crosslinked

samples at 25�C, along with the

correspondent glass transition

temperature Tg.

Sample (phr) M100 (MPa) M300 (MPa) Hardness (�) Tg (�C)

0.21 0.95 ± 0.01 2.51 ± 0.04 48.0 ± 0.1 �120.43

0.35 0.96 ± 0.01 2.65 ± 0.08 48.3 ± 0.5 �119.86

0.49 0.99 ± 0.02 2.79 ± 0.09 48.7 ± 0.5 �120.41

0.70 1.02 ± 0.01 3.01 ± 0.17 49.3 ± 0.5 �120.23

1.00 1.17 ± 0.02 3.68 ± 0.06 49.8 ± 0.4 �119.51

1.50 1.11 ± 0.06 3.68 ± 0.26 50.2 ± 0.3 �120.29

FIGURE 8 o-positronium (o-Ps)

lifetime variation with temperature

for the 0 phr and the 0.70 phr

DCP/PDMS samples. [Color figure

can be viewed at

wileyonlinelibrary.com]
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experiments,65,66 both non-crosslinked and crosslinked
samples presented the same τ3 value. A constant τ3 value
for increasing crosslinked PDMS samples was also
reported by Sui et al.41 This fact leads to the inference
that the free volume hole size does not change after
crosslinking, evidently proven by the DMA experiments.
In this sense, it is still expected that the free volume hole
size, in the present case, is mainly controlled by molecu-
lar packing, and not by the crosslink points or the
entanglements.

The main mechanical properties as function of the
DCP concentration are listed in Table 2, along with the
temperature associated to the glass transition. For both
moduli, an increase is observed as the DCP concentration
rises, mainly due to the denser crosslinked network that
is formed after curing. The denser the networks, the more
effective is the load transfer from one molecule to the
next, joined by the crosslink point, and ultimately caus-
ing the tensile strength to increase. This increase was
already expected, since this group has already reported8

that the maximum torque values measured by a moving
die rheometer during curing also experience an incre-
ment. However, as previously observed for the maximum
torque and for the crosslink density assessments,8 the
moduli also reach a threshold. For all these findings, a
constant increase with the DCP concentration is not pre-
sent, revealing again a limitation of crosslinking.

Regarding the Shore A hardness values, a slight
increase is observed as the DCP concentration rises,
reaching the typical value of 50 Shore A for this silicone
rubber grade. Kružel�ak et al.12 and Verheyen et al.13

reported the exact same trend for hardness when study-
ing DCP-crosslinked rubbers. However, none of the
aforementioned authors suggests a reason why the incre-
ment in the DCP concentration does not proportionally
reflect an increase in these properties. As a matter of
comparison, an increase of more than 600% on the DCP
concentration (0.21 phr compared to 1.50 phr), resulted
in a 15% increase for M100, 46% increase for M300, and
5% for the hardness. Considering that the hardness deter-
mination is a static measurement, the influence of the
filler content is the main responsible for this property,
with less contribution from the crosslink density. Besides,
Shore A hardness assessment is a measurement method
that mainly reflects the surface properties of an
elastomer.

4 | CONCLUSIONS

This work reported a comprehensive description and dis-
cussion about the effects of DCP concentration on
poly(dimethylsiloxane) rubber networks. The investigation

was justified and based on macromolecular reasonings,
considering how the crosslink points affect thermal behav-
ior, mechanical properties, and molecular dynamics.

Crosslinking PDMS with DCP caused a decrease in
the potential of crystallization and a destabilization of the
formed lamellae. Besides, it resulted in rather homoge-
neous networks, when entanglements and crosslink
points are considered. The effect of DCP concentration
on the crosslink density was evident, as proven by swell-
ing and NMR experiments. However, all samples showed
a similar network dynamics, mainly dominated by
entanglements.

By analyzing all characterization methods using a
holistic approach, it is possible to realize the counter-
intuitive effect of the DCP concentration on the PDMS'
network morphology. As it would be expected, the
increase in the DCP concentration would cause a propor-
tional change in several properties. However, in the case
of DCP and the present polymer (solid silicone rubber
with the determined vinyl content), the studied DCP con-
centration range caused a response regarding the investi-
gated properties that reached a plateau. This is
understood to be caused by the dominance of entangle-
ments over crosslink points and the characteristic cross-
linking mechanism that governs curing.

As not usually trivial or reported, an in-depth study of
DCP-cured solid silicone rubber, widely used in the elas-
tomer industry, was carried out. The findings of this work
help to comprehend the importance of dosing crosslink-
ing agents when rubber formulation is executed, aiming
to avoid over-dosing. In the present investigation, a direct
correlation between crosslinker concentration and perfor-
mance was made, justified by molecular reasoning, show-
ing that an increase of concentration not always leads to
a proportional influence on a given property. In addition,
this report also contributes to the overall understanding
of elastomer networks' properties and how their micro
and macro-responses behave when the tridimensional
polymer network changes, as, for example, via
crosslinking.
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