
HAL Id: hal-05043550
https://hal.science/hal-05043550v1

Submitted on 23 Apr 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Pressure steam ageing of silica filled silicone rubber :
Degradation mechanisms

Manar Ramram, Lénaïk Belec, Jean-François Chailan, François Perseil Rouillard,
François-Xavier Perrin

To cite this version:
Manar Ramram, Lénaïk Belec, Jean-François Chailan, François Perseil Rouillard, François-Xavier Perrin. Pres-
sure steam ageing of silica filled silicone rubber : Degradation mechanisms. Polymer Degradation and Stabil-
ity, 2025, 237, pp.111332. ⟨10.1016/j.polymdegradstab.2025.111332⟩. ⟨hal-05043550⟩

https://hal.science/hal-05043550v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Pressure steam ageing of silica filled silicone rubber : 
Degradation mechanisms
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A B S T R A C T

Silica filled silicone rubber compound was hydrothermally aged under a complex condition consisting of a 
succession of vacuum phases at 80 ◦C and exposure to pressure steam at 134 ◦C. The results from various physico- 
chemical analysis techniques indicate that hydrothermal ageing has significantly affected both the polymer 
network and the polymer-filler interfaces, allowing the identification of the primary degradation mechanisms. 
Solvent swelling and solid 29Si CP-MAS NMR analysis evinced that hydrolytic scission reactions predominate in 
the early stages of ageing and are compensated by recombination reactions for the subsequent cycles.

The volatilization of cyclic oligomers, resulting from the backbiting reaction, led to polymer loss and an 
associated increase in silica content within the silicone rubber compound, as confirmed by FTIR and TGA an
alyses. Significant changes occurred at the polymer-filler interfaces during the first few hundred cycles, including 
the formation of covalent bonds at the silica surface, replacing the physical interactions. These findings were 
further supported by solid-state 29Si CP-MAS NMR analysis and ammonia-modified swelling experiments.

1. Introduction

Since their commercialization in the early ‘40 s, silicone rubber 
materials have been steadily gaining ground in the high-performance 
applications market [1,2]. They owe their success to the combined 
intrinsic synergetic properties of inorganic Si-O siloxane bonds and the 
organic side groups, resulting in high mobility, enhanced thermal and 
chemical stability, excellent resistance to attack by ozone, oxygen and 
sunlight [3–5]. The mechanical properties of these materials are 
improved by the incorporation of nanometric fillers, mainly fumed [6,7] 
and precipitated silica [6,8,9], through polymer-filler and filler-filler 
interactions. However, the hydrolytic degradation of silicone rubber is 
of concern in some specific industrial applications. In fact, because 
siloxane bond Si—O is sterically unhindered and strongly polar, it is 
subject to heterolytic cleavage [10]. Hydrolysis of the siloxane bond, 
leading to two hydroxyl‑terminated chains [11] can be followed by 
redistribution [12] or depolymerization process. The silanol groups 
formed during hydrolysis can also re-condense, depending on the pro
portion of water in the system. The effective activation energy of poly
dimethylsiloxane (PDMS) hydrolysis varies from 67 to 125 kJ/mol [11,
13,14] and the extent of the degradation depends on temperature, time 

and exposure medium (liquid water or steam)[11]. Metkin et al. [13] 
reported that the limiting temperature for hydrolytic stability of poly
organosiloxanes depends on their structure and the nature of lateral 
groups. For instance, when methyl groups are substituted with ethyl, 
fluoropropyl or phenyl groups, the limiting temperature for hydrolytic 
stability increases (e.g., 258 ◦C for polymethylphenylsiloxane vs 198 ◦C 
for polydimethylsiloxane). Hydrolytic stability thus increases with more 
bulky and hydrophobic substituent groups. On the other hand, the 
presence of impurities, such as the residues from tin octoate, the catalyst 
used in the cure of RTV (room temperature vulcanization) polysiloxanes, 
can seriously impair the hydrolytic stability of silicone rubber materials 
[15]. Acid and base species, even in small quantities, play an important 
role in catalyzing the hydrolysis reaction and lowering the onset tem
perature of silicone rubber degradation. The presence of 5 % KOH in 
PDMS leads to a spectacular reduction in the temperature at which 
PDMS begins to degrade under inert conditions, from 350 ◦C to 110 ◦C 
[16]. In the presence of strong acids or bases, the hydrolytic degradation 
has been reported to occur at temperatures as low as 25 ◦C [10] or 40 ◦C 
[17]. Ducom et al. [18] reported that degradation rates of PDMS fluids at 
24 ◦C were higher in highly acidic (pH 2) and basic (pH 12) solutions 
than in demineralized water. A review of the literature reveals that the 
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work reported to date focuses on changes in the structure of the silicone 
matrix, without discussing the role played by silica fillers or 
polymer-filler interfaces in the evolution of the material’s properties. 
Therefore, the aim of this study is to assess the degradation mechanisms 
of a crosslinked, silica filled, silicone rubber compound under the prion 
sterilization cycle, consisting of alternating vacuum and steam phases. 
Particular attention will be paid to rearrangements that occur at 
polymer-filler interfaces. Following on from this study, a forthcoming 
paper will be dedicated to the influence of the material degradation on 
its mechanical properties.

2. Materials and methods

2.1. Material processing and ageing

The silicone rubber compound studied in this work was composed of 
a high consistency silicone gum, amorphous silica reinforcing fillers 
(Fig. S1), processing aid and crosslinking agent. The silicone gum was a 
polyvinyldimethylsiloxane (VMQ) polymer, the number average mo
lecular weight was about 300 000 g/mol. A hydroxyl terminated low 
molecular weight polydimethylsiloxane fluid was used as the processing 
aid. The supporting information provides detailed chemical structure of 
the VMQ polymer and the processing aid (Fig. S2).

The crosslinking agent was 2,4 bis dichlorobenzoyle, a non-vinyl 
specific peroxide. Sheets of 2 mm thickness were cured by compres
sion molding at 110 ◦C, for 10 min, using a Mapelli 80T press at a 
pressure of 200 bar. Then, the sheets were post-cured in an air- 
circulating oven for 4 h at a temperature of 200 ◦C. The ageing was 
performed using a WH Lisa 17 sterilizer. A standard prion cycle was 
used, consisting of 3 vacuum draws at 80 ◦C, followed by exposure to dry 
saturated steam at 134 ◦C at an overpressure of 2.2 bars. The cycle ends 
with vacuum drying at 80 ◦C (Fig. 1).

5 sets of samples were aged in the sterilizer at 100, 200, 500, 1000 
and 2000 standard ageing cycles. The aged samples were named AX, 
with X the corresponding number of ageing cycles, and P for pristine 
sample. Each set of samples consisted of 2 mm thickness sheets that were 
suspended in the sterilizer and aged without any mechanical stress. One 
set of samples was aged at a time to avoid repeated opening and closing 
of the sterilizer.

2.2. Characterization

2.2.1. Scanning electronic microscopy (SEM)
Surface of pristine and aged samples was observed using a Zeiss 

Supra 40 vp scanning electron microscope with a 6 keV beam. Samples 
were not cleaned and were directly analyzed after deposition of a thin 
layer of gold to minimize charging effects. Micrographs were taken using 
Inlens mode at magnifications of 200X and 2000X.

2.2.2. Weight loss
Silicone rubber sheets of 2 mm thickness were weighted before and 

after ageing using a ACCULAB / VICON scale with a measurement in
accuracy of ± 5 mg. The percentage weight loss was determined using 
Eq. (1): 

Weight loss(%) = 100 ∗
wi − wf

wi
(1) 

Where and are respectively the weight before and after ageing.

2.2.3. Thermogravimetric analysis (TGA)
Thermogravimetric analyses were conducted on a Q600 SDT from 

TA Instruments. Around 10 mg of specimen, cut from the center of 2 mm 
silicone rubber sheets, were placed in an alumina pan and heated from 
room temperature to 850 ◦C at a rate of 10 ◦C/min, under nitrogen flow 
of 100 mL/min. Before each analysis, a purge was performed under 
nitrogen flow of 400 mL/min for 20 min, to drive away residual air 
molecules. The temperature at 5 % weight loss (Td5 %) was identified as 
the onset degradation temperature.

2.2.4. Infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) analyses of pristine 

and aged samples were performed on an IS50 spectrometer from 
THERMO NICOLET. The spectra were obtained using a diamond ATR 
crystal and recorded with a resolution of 8 cm− 1 and an accumulation of 
16 scans.

2.2.5. Equilibrium swelling
Two swelling protocols were conducted simultaneously to monitor 

the evolution of total and chemical crosslink density during ageing and 
to determine the contribution of physical polymer-filler interactions to 
the total crosslink density. Three swelling specimens were cut from the 2 
mm thickness silicone rubber sheets using a die-cutter of 9 mm diameter, 
and the initial weight was determined for each specimen.

Protocol 1: swelling in methylcyclohexane
Each specimen was placed in a vial and 10 mL of methylcylohexane 

(Thermofisher, 99 %) were added and the vial was then sealed. The 
swelling was conducted for 7 days, at ambient temperature, until equi
librium. After 7 days, the specimen was removed from the vial and the 
solvent at specimen surface was quickly removed using an absorbing 
paper and then weighted to obtain the swollen weight. The specimens 
were then left under fume hood for 2 days to evaporate the absorbed 
solvent and weighted to determine the final weight.

Protocol 2: swelling in methylcyclohexane under ammonia atmosphere
Each specimen was placed in an open vial and 10 mL of methyl

cyclohexane were added. The open vials were then placed in a desiccator 
containing excess of concentrated ammonium hydroxide solution 
NH4OH (28 - 30 % in water, Thermoscientific) and the desiccator was 
then sealed, which allows the formation of ammonia atmosphere. The 
ammonia is known for its capacity to break the hydrogen bonds between 
silanols groups at the surface of silica fillers and polymer chains (Fig. S3) 
[19] and thus, to determine contribution of physical polymer-filler in
teractions to the total crosslink density. As for the first protocol, the 
swelling was conducted for 7 days until equilibrium and the desiccator 
was not opened during the whole process. The swollen and final weight 
of the specimens were determined following the same process as for 
protocol 1.

For each protocol, the swelling ratio (SR) and the extractable fraction 
in the solvent (EF) were calculated using Eqs. (2) and (3), respectively 
[20]: 

SR(%) =
wf − (wi ∗ Fsilica ) +

(
ws − wf

)
∗ (ρe/ρs)

wf − (wi ∗ Fsilica )
∗ 100 (2) 

EF(%) =
wi − wf

wi ∗ (1 − Fsilica )
∗ 100 (3) 

Fig. 1. Standard ageing cycle.
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Where the initial weight of the specimen, the weight of the swollen 
specimen, the final weight of the specimen after evaporation of solvent, 
the weight fraction of silica fillers, = 0.97 g/cm3 the density of the 
polymer [21] and = 0.77 g/cm3 the density of the solvent: here, 
methylcyclohexane.

From swelling data determined for both protocols, parameter was 

calculated. The parameter, first introduced by Vondracek et al. [19] as 
the network chain decrement, is proportional to the fraction of total 
network resulting from physical polymer-filler bonds. It was determined 
using Eq. (4): 

Fig. 2. SEM micrographs of pristine and aged samples, at magnifications of 200X and 2000X.
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ΔVr (%) =

(

1 −
SRM

SRA

)

∗ 100 (4) 

Where and are the swelling ratios determined from protocol 1 and 
protocol 2, respectively.

It was decided not to calculate the molar mass between crosslinks 
using Flory Rehner theory to avoid the uncertainty in the proper 
quantitative values, relative to the interaction parameter between 
polymer and solvent [21,22] and how it may evolve during ageing. For 
each determination, the results of three specimens were averaged.

2.2.6. NMR spectroscopy
Solid-state 29Si NMR analyses were conducted on a Bruker Avance- 

400 MHz NMR spectrometer operating at 29Si resonance frequency of 
79.5 MHz. About 80 mg of specimen, cut from the 2 mm diameter sili
cone rubber sheets, were placed in a zirconium dioxide rotor of 4 mm 
outer diameter and spun at a Magic Angle Spinning rate of 8 kHz in a 
commercial Bruker Double Channel probe. The experiments were per
formed with Cross Polarization (CP) technique [23] using a ramped 1H 
pulse starting at 100 % power and decreasing until 50 % during the 
contact time (5ms) to circumvent Hartmann-Hahn mismatches [24]. To 
improve the resolution, a dipolar decoupling GT8 pulse sequence [25] 
was applied during the acquisition time. The spectra were obtained with 
an accumulation of 14 000 scans using a delay of 2,5 s for 10 h exper
imental time for each specimen, which allowed a good signal-to-noise 
ratio. The 29Si chemical shifts were referenced to tetramethylsilane.

3. Results

3.1. SEM observations

SEM micrographs of the surface of pristine and aged silicone rubber 
samples, at magnifications of 200X and 2000X, are presented in

Fig. 2. Before ageing, pristine sample shows a uniform and smooth 
surface morphology. After 100 ageing cycles, small circular spots of 
inhomogeneous diameter appear on the sample surface. At higher 
magnification, those spots seem to be cracked areas of the material 
surface. As the number of ageing cycles increases, the number and 
diameter of these spots become bigger, and cracks become wider and 
deeper. The aged samples surface become chalky, and the roughness and 
chalkiness can be felt even by touching the surface. These cracks show 
up the extent of silicone rubber degradation upon hydrothermal ageing. 
These observations are quite similar to the surface state after natural and 
artificial ageing of silicone composite insulators as reported by Zeng 
et al. [26]. The chalking observed after natural ageing is particularly 
associated with the emergence of silica particles on the surface due to 
the degradation of the polymer matrix.

3.2. Weight loss and TGA

Fig. 3 depicts the weight loss (%) versus number of ageing cycles. The 
weight loss increases linearly with the number of ageing cycles and 
reached 21.9 % after 2000 ageing cycles. To determine whether the 
weight loss origins from the polymer, the fillers, or both, TGA were 
conducted on pristine and aged samples. Fig. 4 shows TGA curves of 
pristine and aged samples. The residue increases with the number of 
ageing cycles. Under nitrogen, silicone rubber decomposes entirely at 
temperature above 400 ◦C by random chain scission mechanism, form
ing volatile cyclic oligomers [27]. In these conditions, the residue is 
attributed to the weight content of silica in silica filled silicone rubber 
[28]. As displayed in Fig. 4, the increase of residue with the number of 
ageing cycles suggests therefore that the weight loss measured during 
ageing mainly results from the polymer and not from the fillers. To 
verify this hypothesis, the silica weight content was calculated from TGA 
and weight loss data, assuming the weight loss resulted only from the 
polymer (Table 1).

As evinced in Table 1, the weight content of silica in pristine and 
aged samples calculated from weight loss measurements data is 
consistent with that calculated from TGA data, confirming that the 
weight loss concerns mainly the polymer. The variation in results that 
are seen for 2000 cycles can be explained by the fact that the weight loss 
measurements results are an average weight loss on the entire sample, 
while the TGA results depend on where the specimen was cut, center or 
near sample edge and thus could be affected by the inhomogeneity of the 
ageing on the samples surface, that increases as the number of ageing 
cycles increases [29].

Table 2 shows the temperature at 5 % weight loss from TGA curves 
for pristine and aged samples. The temperature at which degradation 
begins increases with ageing, with the greatest increase during the first 
100 cycles.

3.3. Infrared spectroscopy

Fig. 5 shows FTIR spectra of pristine and aged samples surface. The 
band at 790 cm− 1 is characteristic of CH3 rocking and Si-C asymmetric 
stretching. Bands at 1010 cm− 1 and 1060 cm− 1 are attributed to Si-O-Si 
symmetric and asymmetric stretching, respectively [30]. Band at 1259 
cm− 1 is characteristic of symmetric -CH3 bend [30]. Amorphous silica 
fillers (including fumed silica [31]) are characterized by a broad 
shoulder at 1220 cm− 1 and a band at 1060 cm− 1 [32]. Bands at 2904 
cm− 1 and 2960 cm− 1 are attributed to asymmetric and symmetric 
stretching of CH3 in Si-CH3, respectively [30]. A decrease in bands in
tensity over the entire spectrum is observed after 2000 ageing cycles, as 
compared to other samples. This is probably due to the irregularities on 

Fig. 3. Weight loss (from Eq. 1) as a function of the number of ageing cycles. Fig. 4. TGA curves of pristine and aged samples.
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the sample surface (as shown in SEM micrographs). This irregular 

surface leads to poor quality contact with the ATR diamond crystal, 
which limits the amount of material analyzed.

As shown in Fig. 5, notable changes in the absorbance of the main 
bands of the filled silicone rubber occurred after hydrothermal ageing. 
On one hand, the band at 1259 cm− 1 decreased monotonously with 
ageing cycles number, suggesting a loss of polymer fragments. On the 
other hand, the absorbance of silica at 1220 cm− 1 and 1060 cm− 1 

increased monotonously with ageing cycles number indicating an in
crease of silica content at the samples surface, undoubtedly because of 
the polymer loss. The broad band at 3400 cm− 1 may refer to the 
stretching vibrations of the silanol groups of silica [33] or end chain 
silanol groups as well as water molecules bound to the silica [34]. It is 
therefore very complex to assess the origin of the changes in the in
tensity of this band, especially since the width of the band is likely to 
evolve during ageing due to modifications in hydrogen bond in
teractions of these groups. It is important to note that the lower absor
bance at 3400 cm− 1 after 2000 cycles is only due to a poorer contact 
with the ATR crystal (vide supra). The ratio of the absorbance at 3400 
cm− 1 to the absorbance of SiCH3 at 2960 cm− 1, showed a continuous 
increase in this ratio during successive cycling (Fig. S4). While the in
crease in the absorption intensity at 3400 cm− 1 can be associated with 
the formation of end chain silanol formed by hydrolysis of the polymer, 
the increase observed for the subsequent cycles is more difficult to 
interpret. However, it is very likely that the increase beyond 100 ageing 
cycles is mainly due to the increase in silica content in the material, with 
silica contributing more to the absorption at 3400 cm− 1 (surface silanol 
groups and bound water) compared to the polymer matrix.

The absorbance ratio at 1220 cm–1 to the absorbance at 1259 cm–1 

Table 1 
Silica content (Wt%) of pristine and aged samples calculated from weight loss 
measurements and TGA.

Sample Weight loss 
(%)

Silica content (Wt%) 
(weight loss data)a

Silica content (Wt%) 
(TGA data)b

P 0 32 32 ± 0.3
A100 1.6 32.7 32,9 ± 0.4
A200 3.0 33 33 ± 0.4
A500 6.3 34 35 ± 0.9
A1000 12.3 37 38 ± 1.5
A2000 21.9 41 44 ± 2.8

a The error of weight loss measurements is below 1 %.
b The standard deviation was calculated from 3 measurements.

Table 2 
Temperature at 5 % weight loss (Td5 %) of 
pristine and aged samples.

Sample Td5 % 

( ◦C)

P 432 ± 3
A100 449 ± 2
A200 456 ± 2
A500 459 ± 1
A1000 462 ± 1
A2000 466 ± 0

Fig. 5. FTIR spectra of pristine and aged silicone rubber samples.
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was calculated and plotted as a function of the number of ageing cycles, 
as shown in Fig. 6. The ratio was calculated from FTIR spectra at the 
samples surface and at ~ 1 mm from the surface (after cutting the sheets 
of 2 mm thickness in the bulk).

As depicted in Fig. 6, the absorbance ratio (H 1220 / H 1259) in
creases as the number of ageing cycles increases, confirming an increase 
of silica content at the samples surface. The increase of the absorbance 
ratio (H 1220 / H 1259) at the samples surface is much higher than that 
in the bulk. The difference widens from 200 cycles upwards. This in
dicates an ageing gradient in the material thickness, more prominent as 
the number of ageing cycles increases.

3.4. Swelling

Fig. 7 shows the evolution of swelling ratio, in methylcyclohexane 
and in methylcyclohexane under ammonia atmosphere as function of 
the number of ageing cycles.

The swelling ratio of silicone rubber in methylcyclohexane increases 
up to 500 ageing cycles and then seems to reach a relatively stable value 
beyond that. The overall increase of swelling ratio is very slight, as it 
increases from 362 % before ageing to 372 % after 2000 ageing cycles 
which represents an increase of 2.8 %. Polymer-filler interactions be
tween silicone chains and silica surface contribute to the total crosslink 
density through physical network. Thus, the ammonia modified swelling 
protocol is of great interest to determine the contribution of physical 
interactions, specifically hydrogen bonds between silica and siloxane 
chains, to the total crosslink density. The procedure was first introduced 
by Polmanteer and Lenz [35] as the ammonia is believed to cleave 
hydrogen bonds between polymer and fillers. As expected, the swelling 
ratio in methylcyclohexane under ammonia is higher than that in 
methylcyclohexane because of the rupture of physical polymer-filler 
attachments by ammonia (Fig. 7). In methylcyclohexane under 
ammonia, the swelling ratio decreases up to 200 ageing cycles, then 
increases from 200 cycles to 500 ageing cycles and reaches a plateau 
from 1000 cycles to 2000 cycles. To quantify the contribution of phys
ical polymer-filler interactions to the total crosslink density and its 
evolution upon hydrothermal ageing, the network chain decrement was 
calculated. The evolution of versus number of ageing cycles is presented 
in Fig. 8.

Network chain decrement decreases in the early stages of ageing 
until 200 cycles and then increases slightly from 500 cycles to 2000 
cycles. However, after 2000 ageing cycles, remains lower than before 
ageing. The changes of during ageing suggests that major modifications 
occurred at polymer-filler interfaces.

Fig. 9 shows the evolution of extractable fraction in methyl
cyclohexane and in methylcyclohexane under ammonia versus number 

of ageing cycles.
Regardless of the swelling protocol, the extractable fraction de

creases with the number of ageing cycles and is nearly null after 2000 
cycles. Before ageing, the extractable fraction could be attributed to the 
residual free chains present in the network (e.g. processing aid and free 
VMQ chains), which can then be extracted in the solvent during swelling 
[22]. The extractable fraction is slightly higher under ammonia atmo
sphere, indicating that around 20 % of the free chains in the pristine 
sample are in physical interaction with silica fillers. The proportion of 
free chains interacting with silica decreases over the first 200 cycles and 
then fluctuates with no clear trend.

Fig. 6. Absorbance ratio (H1220/H1259) versus number of ageing cycles.

Fig. 7. Swelling ratio (SR) versus number of ageing cycles.

Fig. 8. Network chain decrement (ΔVr) versus number of ageing cycles.

Fig. 9. Extractable fraction (EF) versus number of ageing cycles.
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3.5. NMR spectroscopy

29Si CP-MAS NMR analysis were conducted on pristine and aged 
samples to assess the modifications that occur at polymer-filler in
terfaces during the hydrothermal ageing. The 29Si CP-MAS spectra, in 
the region of − 130 to 30 ppm are presented in Fig. 10.

The spectra exhibit a narrow signal at ~ − 22 ppm, characteristic of D 
dimethylsiloxy units in long PDMS chains. An additional broad signal at 
a lower field is observed in the region of D units at about − 18 ppm. The 
origin of this signal, which is shifted to a lower field compared to the 
dimethylsiloxy units of long PDMS chains, will be discussed later. The 
two components in the Q region at ~ − 100 ppm and ~ − 110 ppm are 
characteristic respectively of single silanol groups Q3 and siloxane units 
Q4 of silica fillers [36,37]. To better understand the changes at silica 
surface during ageing, the peaks Q3 and Q4 were deconvoluted. The 
deconvolution was performed using OriginLab Pro software and 
Gaussian – Lorentz cross deconvolution was chosen and processed 
without any baseline correction (Fig. 11). The chi square values of all 
deconvoluted spectra were higher than 0.99. The ratio of the peak area 
Q4 to the peak area Q3 named Q4/Q3 ratio, was calculated from the fit.

As shown in Fig. 12, the Q4/Q3 ratio increases sharply during the first 
100 cycles, then more slowly for subsequent cycles, finally reaching a 
more or less constant value beyond 500 cycles. The increase of Q4/Q3 

ratio corresponds to an increasing number of siloxane groups in the 
detriment of single silanol groups.

4. Discussion

4.1. Chemical degradation of the polymer network

As evidenced by weight loss (Fig. 3), TGA (Fig. 4 and Table 1), and 
FTIR (Fig. 5) data, the weight loss that occurred during hydrothermal 
ageing comes undoubtedly from the loss of the polymer and not the 
fillers. Given the ageing conditions, the loss of polymer fragments occurs 
mainly during the vacuum phases. The degradation mechanism there
fore induces the formation of volatile species. Pioneering works in the 
1950s and 1960s demonstrated that, while silicone rubber is thermally 
stable up to temperatures generally over 350 ◦C, it decomposes in the 
presence of water at much lower temperatures [38,39]. In particular, it 
has been shown that hydrolysis reactions occur in the 120 ◦C-275 ◦C 
range in a humid atmosphere [38]. Hydrolysis of siloxane bonds in the 
polysiloxane backbone results in the formation of OH-terminated 
siloxane chains that have lower thermal stability than trimethylsilyl 
ended PDMS [40]. According to thermal degradation studies, it has been 
well established that OH-terminated PDMS chains depolymerize via Si-O 
bond scission in a stepwise fashion from chain ends to yield cyclic 
oligomeric siloxanes [40]. The formation of small volatile cycles by 
backbiting reaction, such as D3 and D4, and their evacuation during the 

vacuum phases, thus explains the significant weight loss observed 
throughout the successive cycles. Given that backbiting generally occurs 
at higher temperatures than that of the actual ageing procedure (134 ◦C) 
[11,41], the presence of a catalytic species in the compound of our study 
is likely. As mentioned in the introduction, the presence of certain im
purities is known to significantly lower the degradation temperature of 
silicone rubber materials, so much so that the depolymerization process 
can occur at temperatures as low as 100 ◦C [16,42]. Scheme 1 illustrates 
the primary degradation mechanisms of the polymer network: hydro
lysis and backbiting reaction.

29Si NMR spectra revealed that the relative intensity of silanol end 
groups MOH at ~ − 12 ppm [43] compared to that of dimethylsiloxy D 
units at ~ − 22 ppm increases after 100 ageing cycles. This highlights the 
hydrolysis of the dimethylsiloxane chains. The increase in IR absorption 
at 3400 cm− 1 during the first 100 cycles (Fig. S4) is primarily attributed 
to the hydrolysis of the dimethylsiloxane chains, which predominates 
over the condensation reactions of the silanols during the initial cycles. 
The MOH signal appears to change little beyond 100 ageing cycles which 
suggests that an equilibrium between hydrolysis and recombination 
reactions has been established. It should be noted that this is not a true 
equilibrium. Hydrolysis reactions occur during the steam exposure 
phase while condensation reactions between silanol groups occur more 
likely during the vacuum phases, as the hydrolysis-condensation equi
librium is displaced by the evacuation of water molecules. Since the 
concentration of silanol end groups in polymer chains rapidly becomes 
constant during successive cycles, the rate of formation of volatile cycles 
varies little, which explains the continuous and linear weight loss over 
time (Fig. 3). The reversibility of hydrolysis-condensation reactions is 
also reflected in swelling results. The swelling ratio in methyl
cyclohexane increases only during the first 500 ageing cycles, while 
little change is observed for subsequent cycles (Fig. 7). The relative 
stability in swelling over 500 cycles, does not mean however, that the 
network topology remains unchanged. The stabilization of swelling ratio 
is due to compensation effects between scission and recombination re
actions, but the network topology undoubtedly evolves throughout the 
ageing process. Furthermore, the high stability of the Si-C bond to hy
drolysis reactions is reflected in the absence of T signals in the − 40 - − 80 
ppm region (Fig. 10). This also evinces that the ageing conditions are not 
severe enough to observe homolytic cleavage of the Si-C bonds [41]. 
Other changes observed in the 29Si NMR spectra and swelling mea
surements suggest that significant modifications at the polymer-filler 
interfaces occur, primarily during the first few hundred ageing cycles. 
This will be discussed in detail in Section 4.2.

TGA results showed an increase in the onset degradation tempera
ture (Td5 %) during the ageing cycles (Table 2). The increase in Td5 % 
appears to have little correlation with the increase of silica content, in 
line with previously reported results [44]. In fact, the shift of Td5 % was 
the most significant after 100 cycles while in parallel, the weight loss 
was only about 1.8 %, which confirms that this shift cannot be solely 
related to the enhanced silica content upon the ageing. Fig. 9 shows that 
the amount of extractable chains decreases with the number of ageing 
cycles, becoming almost negligible after the highest number of ageing 
cycles. This indicates that few free chains are formed during the ageing, 
and that the extractable chains are mainly derived from the pristine 
sample (sol fraction related to network imperfections and processing 
aid). The low volatility of these siloxane free chains means that they 
cannot be evacuated during vacuum phases [45]. Thus, the reduction in 
the amount of extractable chains is probably due to the decrease in the 
molar mass of free chains following backbiting reactions, but also to 
their anchoring on silica surface via a siloxane bond (vide infra). The 
shift in onset temperature observed after ageing therefore appears to be 
controlled by the decrease in the amount of free OH-terminated chains 
in the aged samples.

Fig. 10. 29Si CP MAS spectra of pristine and aged samples in the 30 - − 130 
ppm region.
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4.2. Rearrangements at polymer-filler interfaces

Swelling experiments results (Figs. 7 and 8) and 29Si solid NMR data 
(Figs. 10 and 11) highlight the rearrangements that occurred at polymer- 
filler interfaces during ageing. Until 200 cycles, the decrease of reflects a 
lowering in the contribution of hydrogen interactions between silica and 
siloxane chains to the total crosslink density, which is consistent with 
the increase of Q4/Q3 ratio. Examining the D region of 29Si NMR spectra 
is also highly instructive. The resonance observed at ~ − 22 ppm is 
characteristic of dimethylsiloxy units such as those found in long PDMS 
chains. The assignment of the broad signal at ~ − 18 ppm in the D region 
of NMR spectra is more complicated but it may be attributed to D units 
close to Q units [46]. It has been reported by Babonneau et al. [47] that 

an enhanced response of this peak was observed for 29Si CP-MAS 
sequence compared to 29Si MAS. The enhanced cross-polarization 
response was related to a difference in the mobility of methyl groups 
which may affect the average of the dipolar interactions between the 
protons and Si nuclei [47]. Therefore the broad component at about − 18 
ppm was attributed to D units close to Q units in TEOS/PDMS gels [47]. 
As silica content increases with ageing, a continuous increase in the 
intensity of the − 18 ppm signal relative to that of the signal at~ − 22 
ppm might be expected. This is not the case, as there is a significant 
increase over the first 200 ageing cycles, followed by little changes over 
the subsequent cycles (with even a tendency to decrease slightly for the 
highest number of cycles). These changes cannot be explained simply by 
an increase in the silica fraction, and therefore reflect an evolution in the 

Fig. 11. 29Si CP-MAS spectra of pristine and aged samples in the − 50—150 ppm region.
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structure of the polymer-filler interphase during ageing. The D signal 
associated to dimethylsiloxy units at the vicinity of silica surface and 
with constrained mobility, increases sharply over the first 200 cycles, 
while silica content has changed very little in parallel. This result, 
combined with the large increase in the silica condensation state over 
the same period (as revealed by the increase of Q4/Q3 ratio), suggests 
the formation of highly constrained oligodimethylsiloxane chains on 
silica surface participating to the crosslinked network. In addition to the 
formation of new covalent bonds between the silica and silicone net
works, the creation of small loops consisting of a few dimethylsiloxy 
units may contribute to an increased proportion of dimethylsiloxy units 
with low mobility. Previous research has demonstrated the significant 
role of physisorbed water in reactions between polysiloxanes and silica 
[48]. The Lewis acidic centers, which were most likely created by water 
adsorbed onto silica surface defects initiate the hydrolysis of the 
adsorbed siloxanes chains, and then silanols were coupled to the surface 
to generate grafted siloxanes, according to the hypothesized reaction 
mechanism [48]. The formation of highly constrained oligodimethylsi
loxane chains on silica surface participating to the crosslinked network 
is consistent with the decrease of swelling under ammonia observed in 
the first 100 cycles (Fig. 7). Unlike physical crosslinks, chemical cross
links remain active under ammonia, helping to reduce swelling. When 
swelling is carried out in methylcyclohexane (with no ammonia), both 
physical and chemical crosslinks are active. Consequently, the evolution 
of the polymer network topology contributes more to the observed 

swelling evolution.
Fig. 9 shows that the proportion of free chains (processing aid and 

residual free chains in the network) in physical interaction with silica 
decreases sharply over the first 200 cycles. In addition to backbiting, the 
condensation of free chains with the silica surface therefore undoubtedly 
contributes to the decrease in the extractable fraction during the first 
200 ageing cycles.

5. Conclusion

In this research, the ageing of a silica filled silicone rubber formu
lation was studied using a combination of physico-chemical analyses. 
We focused first on the degradation of the polymer network, then on the 
evolution of polymer-filler interactions. Hydrolytic scission of siloxane 
bonds in the polymer and reverse recombination reactions occur during 
steam exposure and vacuum phases, respectively. The ageing cycle in
duces the continuous formation of volatile cycles through backbiting 
reaction. In parallel, solvent extraction results showed that few free 
siloxane chains are formed during ageing. The oligomeric cycles are 
evacuated during vacuum phases, which lead to an increase in the silica 
content of the material. As a result, the structure of the silicone rubber is 
affected by both the dry steam and vacuum phases of the prion cycle.

In addition to changes in the topology of the polymer network, a 
significant change in the silica-polymer interfacial region has been 
demonstrated. Condensation reactions between the silanol groups at 
silica surface and polymer chains occur, particularly during the first 
ageing cycles. These reactions are accompanied by an increase in the 
concentration of low mobility dimethylsiloxane units. The strong af
finity of silica for water molecules is assumed to be at the origin of 
polymer-filler condensation process, since it causes extensive hydrolysis 
of dimethylsiloxane units at the vicinity of silica surface and subsequent 
grafting by connecting silanol groups.

In the present paper, we have identified the main modes of degra
dation of a silicone rubber subjected to pressure steam phases that 
alternated with vacuum phases. A forthcoming paper will be dedicated 
to the influence of these degradation modes on the mechanical proper
ties of the material.
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[19] P. Vondráček, M. Schätz, NH3-modified swelling of silica-filled silicone rubber, 
J. Appl. Polym. Sci. 23 (1979) 2681–2694, https://doi.org/10.1002/ 
app.1979.070230913.

[20] A.M. Stricher, R.G. Rinaldi, C. Barrès, F. Ganachaud, L. Chazeau, How I met your 
elastomers: from network topology to mechanical behaviours of conventional 
silicone materials, RSC. Adv. 5 (2015) 53713–53725, https://doi.org/10.1039/ 
C5RA06965C.

[21] A. Pouchelon, C. George, P. Menez, The swelling behaviour of siloxane elastomers 
in relation to their microscopic structure, Macromol. Symp. 171 (2001) 233–242, 
https://doi.org/10.1002/1521-3900(200106)171:1<233::AID-MASY233>3.0.CO; 
2-5.

[22] W. Chassé, M. Lang, J.U. Sommer, K. Saalwächter, Cross-link density estimation of 
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