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ABSTRACT

Reliability and durability are strict requiremerits silicone elastomers employed in high-
temperature applications, if long-time device perfance is desired. Improving the thermal
stability of silicone elastomers is a major challenaddressed by both the scientific and the
industrial community. Nevertheless, traditional hoets such as adding heat-resistant fillers
or chemical modifications still suffer from considble shortcomings. Here, it is
demonstrated that the thermal degradation beha¥isiticone elastomers is affected strongly
by network reactant stoichiometry. Comparative rttedrdegradation studies were performed

on silicone elastomers synthesized with differéoichiometric ratios—and thereby different



fractions of elastic, dangling, and sol structui&sth the reported findings, we demonstrate
how to optimize the stoichiometric ratio used t@gare silicone elastomers, in order to

enhance their thermal stability by simple meansigh-temperature applications.

KEYWORDS Thermal stability, thermal degradation metisms, silicone elastomers.

1. INTRODUCTION

Modern people experience increasingly more insgiuses of silicone elastomers, such as
soft robotics [1] ranging from millibots [2] to Ige humanoids [3], as well as electronic skin
with sensing properties and diagnostic functionS][4ilicone elastomers are also used in
more well-established technologies such as thasedftn the automotive [6] and the
aerospace [7] industries, biomedical implants f@Erofluidic devices [9], and
microelectromechanical systems (MEMSSs) [10]. Thesatlity of silicone elastomers is
illustrated by the wide range of product sizesgmag from the delicate components of
microsensors [11], to robust, multi-ton dielec&lastomer generators for offshore energy
harvesting [12]. This usefulness across scalesradifferent environments derives from the
combination of structural properties of the silogdrackbone [13]. In particular, high
dissociation energy and a low energy barrier taxsihe bond rotation [14] provide silicones
with remarkable thermal stability. Therefore, he-based materials—and in particular
silicone elastomers—are suitable for high-tempeeagipplications such as protective
coatings [15], encapsulants in light-emitting disdeED) [16], insulators for electric cables
[17], heat-shielding materials for solid rocket wrst[18], and commodities such as baking
molds. In a silicone elastomer, crosslinking adleddic functionalized silicone polymer into
networks furthermore provides dimensional stahiktwsticity, and flexibility. One of the
most common methods to facilitate crosslinkingddiaonal curing of the silicone, the

reaction of which is characterized by high yieldd ansignificant numbers of side reactions.



Therefore, well-defined networks can be formed whgrthe individual polymer strands will
be elastic (i.e. linked to the infinite networkatth ends), dangling (i.e. linked at one end
only), or part of the sol (not linked to the intminetwork) [19-21]. By controlling
stoichiometry (the ratio of crosslinking functiorgabups to polymer functional groups) the
relative fractions of network structures can bengjeal, and by using a small excess of high-

functional crosslinker, most of the polymer strands be made elastic [22].

Among silicones, the most commonly used polym@oigdimethylsiloxane (PDMS). It is
essential to understand its thermal degradatioawen in order to satisfy successfully the
requirements of durability, reliability, and nonxtaty over a wide range of environmental
changes such as elevated temperatures. Previalisshave elucidated some of the
underlying mechanisms [23-25]; for instance, whéinesar PDMS polymer, either as an oil
or incorporated into an elastomer, is exposeddwvadéd temperatures, different degradation
mechanisms occur [26] and, consequently, volayitdic oligomers are released and
crosslinking reactions may take place. These stractearrangements lead to an irreversible
and undesired change in the chemical and physiopkepties of the material. A main
implication of so-called “thermal ageing” is inceea susceptibility to fracturing and tearing
[27]. Moreover, changes in properties over time a@iao be observed from the evaporation of
residual solvent. Therefore, silicone elastometenided for high-temperature uses are
usually subjected to a post-curing treatment, deoto limit the outgassing of volatiles at the
operating temperature, which can lead to bubblindetamination of the silicone component
in the device. During post-curing, volatiles armoxed from the silicone elastomers by
diffusion and evaporation at a higher temperataa the curing temperature [28], and this
results in increased Young's moduli [29]. Postsgrihowever, is an additional and

expensive procedure, and it is thus preferablydaain manufacturing processes.



Due to the increasing demand of high-performanamose elastomers, significant scientific
and industrial effort has been put into improvihgit thermal stability. One common way to
progress thermal stability is to add heat-residilats into the formulations, such as CagO
[30], platinum [31], and carbon nanotubes [32]. Howepeaqr filler compatibility with the
matrix and loss of transparency are often signitickawbacks. An alternative approach
consists of grafting specialized functionalities}. ¢polyhedral oligomeric silsesquioxanes
(POSS), onto the silicone network to enhance hesagtance [33]. Nevertheless, a chemical
modification of the silicone network renders thedquct more expensive, which is thus not
necessarily appealing at an industrial level. Depwlg cheap and easy solutions to improve
the thermal stability of silicone elastomers is@on challenge, especially when also seeking
to reduce the thermal ageing of silicone componevith the overall goal of increasing the

lifetime and span of operation of devices.

This study focuses on determining the role of nekvatructure on the thermal degradation of
silicone elastomers, to investigate if PDMS degsatifferently depending on its mobility.
Consequently, elastomers with different stoichiamettios were synthesized to vary the
relative fractions of elastic, dangling, and solistures, with the elastic fraction having the
least mobility and the sol fraction being the mosibile. Thermogravimetric analysis was
used to investigate the thermal degradation af@mie networks with different crosslinking
densities. Degradation products and changes igilibene elastomers’ thermal properties

resulting from the treatment at high-temperaturesevalso analyzed.



2. MATERIALS AND METHODS

2.1. Materials

Vinyl-terminated polydimethylsiloxane (DMS-V35, 30@St) and (25-35%
methylhydrosiloxane)-dimethylsiloxane copolymeimtthylsiloxane terminated (HMS-301,
25-35 cSt) were purchased from Gelest. Platinurh(®)divinyl-1,1,3,3-

tetramethyldisiloxane complex solution (catalyst 5Bt~1%) was supplied by Hanse Chemie
AG, while heptane (Sigma-Aldrich, 95%) and tolu¢Bgyma-Aldrich, 99.8%) were used as

received.

2.2. Synthesis of the silicone elastomers

Silicone elastomers were synthesized via a hyddasibn reaction between the vinyl-
terminated polydimethylsiloxane DMS-V35 (denotedbYB,,= 52900 g/mol, as determined
by SEC) and the hydride-functional crosslinker HBIEL (f=8, M,= 1900 g/mol, as
determined by NMR and SEC, respectively), catalyzeglatinum (Karstedt’s catalyst,
511). PDMS, crosslinker, and catalyst were mixeifbamly, using a dual asymmetric
centrifuge (SpeedMixer DAC 150 FVZ-Kat) at 3000 rfon2 minutes. The uniform mixture
was cast on a mold with a 1 mm spacer and curad wven at 80°C for 3 days, to ensure the
maximum conversion. Three formulations with diff@rstoichiometric imbalances (molar
ratio of hydrosilane groups over vinyl groups;1, 1.5, 2) were prepared, in order to obtain
silicone networks with different crosslinking deres. Subsequently, unreacted PDMS (sol
fraction) was removed from the silicone elastonigrextraction in heptane for 24 hours.
The extracted samples were dried at room temperana then placed in the oven at 60°C
for 4 hours, to remove the solvent completely. Samwere weighed before and after

extraction, in order to determine the sol fractions



2.3. Thermogravimetry analysis (TGA)

Thermogravimetry analysis was performed on a thgremometric analyzer Discovery series
(TA instruments). Samples (~10 mg) were heatedglatnum pan from room temperature
to 700°C under a nitrogen flow (25mL riinat a heating rate of 10°C miinLong-term
thermal treatment of the samples (~80 mg) wasearhout at constant temperatures of 300

and 400°C, respectively, for 12 hours under nitrofiew.
2.4. Thermogravimetry-Fourier transform infrared spectroscopy (TG-FTIR)

Thermogravimetry-Fourier transform infrared spestapy was applied to analyze the
volatile degradation products of the silicone @astrs during the long-term isothermal
treatments. The TG-FTIR instrument consists ofthleemogravimeter, a Fourier transform
infrared spectrometer (Nicolet iS10, from Thermsh&ér Scientific), and a transfer tube

connecting the TG furnace and the infrared cell.
2.5. Linear viscoelasticity (LVE) measurements

Linear viscoelastic properties of the silicone &lagers were measured with an ARES-G2
rheometer (TA Instruments) at a controlled straode(1%), in a frequency range of 100 to

0.01 Hz, using a parallel-plate geometry (diamete&d mm).
2.6. Sze exclusion chromatography (SEC)

Size exclusion chromatography was run with a Shanadstrument equipped with two SDV
linear columns assembled in series and a refractdex detector (RID-10A), utilizing
toluene as the mobile phase (1 mL Miand operating at room temperature. Weight and
number, respectively, average molecular weightspagtispersity indexesHy) were

calculated using PDMS standards employing TriSEGvsoe.



3. RESULTS AND DISCUSSION

Series of PDMS elastomers were synthetized by mefagrs additional curing reaction (Fig.
1a), using three different stoichiometric imbalan¢g namely 1, 1.5, and 2, between the
reactants (telechelic vinyl functional PDMS andeaght-functional hydride oligomer).
Different network structures were obtained, randnogn high-content dangling PDMS
chains and a substantial sol fraction (soluble igggcto well-crosslinked networks with very
few dangling PDMS chains and little sol fractionh&r >1, an excess of crosslinker is
present and—theoretically—all telechelic functioREIMS chains are linked to a crosslinker
at both ends. In practice, when a network is fornagtivo-phase system is obtained,
consisting of a network and a sol fraction, dustasic hindrance of the reaction sites on the
multifunctional crosslinker. The structure of tHastomer moves closer to a fully reacted
network fromr =1 towards =1.5 and 2, and both the numbers of dangling ctesnsell as
the amounts of sol fraction decrease, in line wilditional network theory where steric
hindrance of the crosslinker is taken into congtlen [34]. All the networks behave as
viscoelastic materials with mainly elastic origimgjile a higher stoichiometric imbalance
results in increased storage moduli (G") for theegtigated range of(Fig. 2). The elastomer
with r =1 contains a significantly larger amount of saktfion compared to the elastomers
with r =1.5 and 2 (the determined weight fractions ofasel29.3%, 8%, and 6.9%,
respectively, as listed in Table S1). The silicefestomers were swelled in heptane, in order
to separate the washed network from the correspgrsdil fraction and to analyze the two
phases. For all networks, removing the sol fractesults in an increase in G” (Fig. 2).
Subsequently, the non-extracted and extractedoatess were analyzed by TGA coupled
with FTIR, to evaluate their thermal degradatiohdegor when heated from room

temperature up to 700°C and when exposed to lamg-itothermal treatment (Fig. 1b).
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Fig. 2. Storage moduli G” (recorded at 1 Hz) of the sile@lastomers, before and after

extraction, and before and after isothermal treatrae300°C.

3.1. Thermal degradation behavior and mechanisms

Thermogravimetric analysis was performed from rdemperature to 700°C under a
nitrogen atmosphere, to inspect the general thedegdadation behavior of the silicone
elastomers, before and after removing the soliradiy extraction. TGA data listed in Table
S2 indicate an increase in thermal stability indllog the removal of the sol fraction, since
the onset of degradation for all the extractedaile elastomers shifts toward higher
temperatures than the corresponding non-extratastbeners. Differential
thermogravimetric analysis (DTG, Fig. 3 a, b) digardicates how the removal of the sol
fraction drastically affects the thermal degradati@havior of the samples, which, before
extraction, occurred through a two-stage procdsadalace at different temperatures,
depending on the elastomers’ stoichiometric imbzdar(data shown in Table S2). After
extraction, all elastomers degrade thermally \@ingle-step process occurring in a similar

range with a maximum peak temperature of ~500°C.

Real-time TG-FTIR was used to detect the releaséatile degradation products and to
evaluate the degradation mechanisms taking plage3Fe, d). FTIR spectra, 2D, and 3D
TG-FTIR plots are illustrated in Fig. S1, S2, arfg] &d it is observed that for all the
elastomers no volatiles were detected below 340A@.maximum release rate was reached
at ~450°C, and the main products detected wereungigtof cyclosiloxanes and low
molecular weight linear siloxanes (corresponding/éwelengths of 2965, 1266, 1084, 1023,
and 808 cnt) and methane (3011 ¢t[35]. These volatile products arise from two main
PDMS degradation mechanisms, namely a moleculanaadical mechanism, respectively

(Fig. S5). The former involves the molecular spigtof cyclic oligomers in which the



formation of an intramolecular transition stat¢hie rate-determining step, while the radical
mechanism takes place through homolytic Si®bind scission followed by hydrogen

abstraction, which eventually leads to the formatbémethane [33].
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Fig. 3. First derivative of the weight loss curves as afiom of the temperature of linear
vinyl PDMS (V35) and silicone elastomers, beforeaiad after (b) solvent extraction. 3D (c)

and 2D (d) TG-FTIR spectra of pyrolysis productshaf extracted silicone elastomer r=1

recorded during TG analysis.

3.2. Isothermal treatment

Long-term isothermal treatment (12 hours) of thie@ne elastomers was performed, in order
to collect and analyze the degradation products@edmpare the effect of degradation on

networks with different structures. Two referenemperatures were chosen, namely 300 and



400°C, since previous results anticipated howwwwetemperatures induce low and high

degrees of volatilization, respectively.
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Fig. 4. Weight loss curves of linear polymer V35, non-agted, and extracted silicone

elastomers during the isothermal treatment at 300°C

Weight loss curves of the non-extracted and exthetastomers, obtained from the
isothermal treatment at 300°C, are illustratediq &. Results indicate a different
degradation pattern for extracted and non-extragk@stomers, but in both cases, a low
extent of volatilization was observed, as anti@gddby the experimental design. Extracted
elastomers showed higher thermal stability thanexiracted elastomers, as indicated by the
higher values of residual weights after 12 hourthefmal treatment (Fig. S10). The non-
extracted networks and the linear PDMS (V35) shimevdame degradation trend,
characterized by an initial sharp drop in weighiofeed by a steady and slow decrease.
Interestingly, crosslinking of the pure PDMS (V3&s observed after thermal treatment at
300°C, which can possibly be explained as a regidgpontaneous thermal radical

oligomerization involving the vinyl groups. Based the observations, it can be assumed that



long-term thermal treatment at 300°C of the nonaeted elastomers affects the sol fraction,
which is mainly composed of linear PDMS (V35). Bothsslinking reactions involving the
sol fraction as well as post-curing through thepawvation of volatiles may explain the slight
increase in the shear storage moduli (G") of theedracted elastomers recorded after

thermal treatment (Fig. 2).

In contrast, the extracted elastomers showed signify different behavior. The residual
weight recorded after thermal treatment followedear trend and increased from the
elastomer witlr =1 towards =1.5 and 2, proving that crosslinking density hagaificant
beneficial effect on thermal stability. It was aldoserved that the elastomer with the lowest
crosslinking density—and thus the higher amourttasfgling chains—degraded faster
compared to the elastomers witk 1.5 and 2. A plausible explanation for this wbhe that
for extracted elastomers, thermal degradation bgtaen chain scission involves dangling
chains, since the sol fraction is absent. Linescaglasticity measurements are consistent
with this hypothesis, since a significant increes@&” was observed for the extracted sample
with r =1, suggesting that the increase in hardnesseaigalthe cleavage of the dangling
chains by degradation (Fig. 2). Soluble degradatimalucts resulting from the thermal
treatment of the elastomers were collected by sblertraction and analyzed subsequently
by size exclusion chromatography. Data show thaitbight average molecular weight of
the soluble degradation products decreases imfitiethe increasing stoichiometric ratio of
the elastomers (Table S5). All the discussed ougsosniggest that silicone elastomers
degrade thermally following a hierarchical trendpdnding on the degree of PDMS chain
mobility. Therefore, thermal degradation involvastfunreacted PDMS chains (sol fraction),
second pendant structures, which are crosslinkéuetaetwork by one of the functional ends
(dangling chains), and, eventually, the elasticatiiive network chains, which are

crosslinked at both ends to the network.



Isothermal treatment at 400°C (Fig. 5) resulted aonsiderably high extent of silicone
elastomer volatilization. Removing the sol fractinduced an increase in thermal stability
for all elastomers, since the extracted samplesstidnigher residual weights than for the
non-extracted samples, as also observed after éhérsatment at 300°C (Fig. S10).
Nevertheless, residual weight decreases from tsagher with r =1 towards r =1.5 and 2,
meaning that highly crosslinked networks possesgidhermal stability than networks with
lower crosslinking density. TG-FTIR was used toedethe volatiles released during the
isothermal treatment of the elastomers (FTIR speatd 2D plots are illustrated in Fig. S8
and S9). Analysis of the data reveals that foelalstomers, the volatiles reached the
maximum intensity of absorption at an early stagte( ~40 minutes) and then started
decreasing gradually. The extent of volatilizatomer time increases in line with the
increasing stoichiometric ratio (and thereby criogshg density) of the elastomers. While no
volatiles were detected at the end of the therreakinent of elastomers with=1, a
significant absorption peak intensity was stilletged at the end of the thermal treatment of
the elastomer with =2. Reported findings on the thermal degradatiemalvior of PDMS
networks with different structural elements maybeelevance to other polymer networks
with similar structures, given the common use ofMelastomers as model materials in

network theory [34].
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Fig. 5. Weight loss curves of V35 and non-extracted ancheted silicone elastomers during

isothermal treatment at 400°C.

4. CONCLUSIONS

In this work, we present a cheap and facile walyaafsting the thermal stability of silicone
networks that does not involve adding fillers oewtical modification. It is established that
the reliability and performance of silicone elastwsused in high-temperature applications
are affected strongly by the stoichiometric imbaknsed to synthesize the network. Our
results prove that an overall improvement in thegrthal stability of silicone elastomers can
be achieved simply by removing the sol fractionngiderm isothermal treatment of silicone
elastomers was performed at two reference tempesatmamely 300 and 400°C. At 300°C,
thermal degradation of silicone elastomers invothessol fraction, but after removing it by
extraction, the thermal stability of the elastonmiacseases in line with increasing
crosslinking density, since thermal degradationniyaaffects the dangling chains. In
contrast, at a higher temperature (400°C), enhatierdhal stability and reduced
volatilization can be achieved by synthetizingcsilie elastomers with low crosslinking
density. The results of this work can be used idaythe preparation of robust silicone
elastomers for high-temperature applications, bey fare also meant to have an impact on

both the scientific and the industrial level.
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Silicone elastomers with varying cross-linking densities were investigated through
thermogravimetric analysis.

Network reactant stoichiometry was shown to strongly affect thermal degradation
behaviour.

Silicone polymers within the elastomer degrade thermally hierarchically, with most
mobile polymers degrading the first.

Removal of the sol fraction therefore leads to an overall increase in the thermal stability.



