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Fig. 1. Hydrosilylation reaction between vinyl silicone MQ resins and silicone functionalized chains

Table 1. Assignment of pristine rubbers NMR peaks Table 2. Average Molecular weight between cross-links (Mc) of pristine and irradiated rubbers

Table 3. Glass transition temperatures of pristine and irradiated rubbers caption

Electron flux radiations generate chains cross-linking.

Cross-linking occurs by T and Si-CH 2 -Si units formation.

The cross-linking rate is slightly faster for 2D rubber compared to 3D rubber.

Modulus increases much more significantly for 3D rubber.

*Highlights

Introduction

Due to their excellent properties such as good resistance to oxidation and ultraviolet radiations, wide operating temperature range, excellent insulating properties [START_REF] Noll | Chemistry and Technology of silicones[END_REF][START_REF] Biron | Silicones ou siloxanes-structure et propriétés[END_REF][3] silicone rubbers are used on spacecraft such as thermal-control coatings or adhesives for solar cells. In geostationary orbit (GEO), the spacecraft is exposed to space environment mainly characterized by high vacuum, Ultra-Violet (UV) radiations and charged particles (electrons and protons). This aggressive environment causes degradation of materials [START_REF] Marco | High Perform[END_REF][START_REF] Marco | Simulation of 1 year GEO orbit[END_REF]. Therefore, it is necessary to study and understand space environment effects on the chemical silicone structure and to evaluate mechanical and thermo-optical properties in order to forecast spacecraft life-time. Many studies have been conducted on the effects of UV and protons radiations. UV radiations are known to be responsible for thermo-optical properties degradations [START_REF] Grossman | [END_REF][7][START_REF] Marco | UV and Particles Irradiations on Thermal Control Coatings for Simulated Space Environment[END_REF]. Protons radiations cause mechanical properties degradations and surface cracks [START_REF] Zhang | [END_REF][10][11][12]. However, only a few studies were focused on the damages caused by electrons radiations [13,14] and were interested in the correlation between chemical structure degradations and technological properties evolution. The aim of this work is to study the electron radiations effects on two space grade silicone rubbers with different chemical structures, prepared by polyaddition reactions. The first one contains silicone MQ resins as reinforced material, whereas the second one, functionalized with phenyl groups at the silicon atoms, is silica-filled. The irradiated materials were studied by means of solvent swelling, solid-state 29 Si NMR, and Attenuated Total Reflection (ATR) Fourier Transform Infrared (FTIR) spectroscopy. The evolution of physical properties, mechanical and thermo-optical, was evaluated by differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy.

Experimental

Materials

Silicone rubber containing MQ resins as reinforced materials was prepared by hydrosilylation catalyzed by Karstedt complexe {Pt 2 [O(Si(CH 3 ) 2 (CH=CH 2 )) 2 ] 3 } from Dow Corning (DC) 93-500 Space Grade Encapsulant two part silicone elastomer kit (Fig. 1). The curing agent was used at a ratio 1/10 (w/w). Silicone rubber containing silica as reinforced material was prepared from Wacker Elastosil S 690 kit. The curing agent was used at a ratio 1/1 (w/w). After mixing the base and the curing agent, two sample types were prepared. Thin layers of rubber were successively deposited on quartz substrates until reaching 150 µm thickness by manual way. For the second type of sample, the solution's kit was poured in a mould of 500 µm depth to obtain 500 µm thickness films, and then air degassed. Finally, polymers were cured during 16 h at 65 °C. Thin coatings on quartz substrates were prepared to measure thermo-optical properties. 500 µm thickness films were prepared to perform chemical analyses and evaluate mechanical properties. Throughout this paper, the silicone rubber containing silicone MQ resins will be named "3D rubber", and the silica-filled silicone rubber will be named "2D rubber" (Fig. 2).

Irradiation

Samples were placed on a sample holder in a vacuum vessel (ONERA facility) connected to a 2.7 MeV Van de Graaff accelerator supplying electrons beam. After 16 h pumping, a vacuum of 10 -6 mbar was reached. The electron energy was 400 keV and the irradiation current was fixed at 20 nA/cm 2 . The fluence was 3.10 15 electrons/cm 2 corresponding to 3 years in GEO for the satellite North / South faces. After irradiation, samples were analysed under air conditions.

NMR spectroscopy

Solid-state 29 Si NMR spectra were recorded on a Bruker Avance 400 spectrometer equipped with a 4 mm probe operating at 79.39 MHz. Samples were spun at 12 kHz at the magic angle using ZrO 2 rotors. 29 Si MAS (magic angle spinning) spectra were obtained under high-power proton decoupling conditions; with a small flip angle (30°) and a recycle delay of 60 s.

ATR-FTIR spectroscopy

The ATR-FTIR spectra were collected using a Nicolet 800 FT-IR spectrometer equipped with a deuterated triglyceride sulfate detector (DTGS) and coupled with a diamond ATR accessory.

Swelling tests

Toluene was used as solvent in these tests. Silicone rubber samples were submerged in toluene, and the swollen weight was recorded periodically until an equilibrium weight was obtained (about 3 days). Just before weighting, the solvent on the surface was absorbed off quickly with filter paper. The samples were dried at room temperature during 7 days in air and reweighted for the final dry weight. The molecular weight between crosslinks Mc was then calculated using the Flory-Rehner relationship [15,16]:

2 3 / 1 , . ) 1 ln( ) 2 .( .             mol s V Mc
where ρ is the density of the rubber network (g/ cm 3 ) , Φ the volume fraction of the polymer in the swollen mass, V s,mol the molar volume of solvent (106.3 mL / mol for toluene) and χ the Flory-solvent-polymer interaction parameter (0.791 for the system PDMS-toluene) [17].

DMA and DSC

Dynamic mechanical analysis (DMA) was used to determine the storage modulus E' and Differential Scanning Calorimetry (DSC) to determine the glass transition temperature. DMA assays were carried out on a Mettler Toledo DMA/ SDTA 86 instrument operating on traction mode, at a frequency of 1 Hz at room temperature, using samples of 0.5 x 1.9 x 2 mm 3 .

The DSC measurements were performed on a Mettler Toledo differential scanning calorimeter (model DSC 1 STARe system) under dry nitrogen. An empty aluminium pan was used as reference. In the first run, the sample is heated from room temperature to 150 °C, then cooled to -140 °C. Data were recorded during the second run for temperatures ranging from -140 °C to 150 °C at a heating rate of 10 °C.min -1 . The cooling rate between the first and second run was also equal to 10 °C.min -1 . The glass transition temperature (Tg) was calculated at the inflection point of the transition.

UV-Vis-NIR spectroscopy

The UV-Vis-NIR measurement system of ONERA is composed of a Perkin Elmer Lambda 900 spectrophotometer connected to an integrating sphere in air. The calibration was performed using a Spectralon SRS-99-010 standard. The diffuse transmission spectra in the range 200-2500 nm were acquired at intervals of 1 nm, with the lamp change at 319.2 nm.

Results and Discussion

29 Si NMR

The pristine rubbers were characterized by 29 Si NMR. In order to make an easier spectra description, the standard shorthand nomenclature will be used to identify molecular structures (Fig. 3) as following [18]:

The 29 Si NMR spectra of pristine rubbers are shown in Fig. 4 and peak assignments are summarized in Table 1 [19,20]. Spectra have three peaks in common at -22 ppm assigned to D siloxane units within the chain, -109 / -110 ppm attributed to Q motifs and 7.5 ppm attributed to M siloxane units at the polymer chain ends. However, some differences can be observed. The peak at -109 / -110 ppm is broad for 2D rubber and well-defined for 3D rubber corresponding to silica and Q units in MQ resins respectively. 3D rubber spectrum presents another peak at 12 ppm which can be assigned to M units in MQ resins and a peak at -37 ppm attributed to Si-H groups inside the chains. 2D rubber spectrum shows an intense peak at -48 ppm attributed to Si-phenyl functions along the chains [21]. After irradiation, a new peak at -67 ppm appears for each rubber, which can be assigned to T siloxane units (Fig. 5). In the case of 3D rubber a small signal at -28 ppm can be assigned to Si-CH 2 -Si cross-link unit as described for gamma irradiations [20,22]. The signal was not observed in the case of 2D rubber, which contains less ≡Si-CH 3 groups than 3D rubber.

ATR-FTIR

ATR -FTIR spectra, in the range 1300-600 cm -1 , of irradiated rubbers compared with the pristine ones are presented in Fig. 6 and7. For both irradiated-rubbers, only changes in the vibrational band intensity were observed. In the case of 3D rubber, an increase of the absorption band at 906 cm -1 is observed which could be attributed to an increase of the number of Si-H groups. The peaks at 786 and 1257 cm -1 assigned to Si-CH 3 groups decrease in intensity. However an increase of the peaks at 842 and 756 cm -1 , attributed to methyl groups at the chain ends [-Si(CH 3 ) 3 ], is observed for both irradiated rubbers. Finally, slight changes of the broad band between 1000-1130 cm -1 are ascribed to modification of Si-O-Si bonds.

From NMR and ATR-FTIR analyses, it can be postulated that electrons radiations cause the formation of radicals: ≡Si•, -CH 2 •, CH 3 •, and H•. Then crosslinks are formed by recombination of polymer radicals through T and Si-CH 2 -Si units (Fig. 8 and9), and sidechain functionalization by M motifs and Si-H groups were also observed (Fig. 10). Phenyl groups on silicone chains seem privileged the formation of T and M motifs.

Solvent swelling

Cross-linking evidenced by NMR analysis should be corroborated by an increased network density. To confirm these results, swelling tests were carried out on pristine and irradiated rubbers (Table 2). Average molecular weights between cross-links (Mc) for pristine and irradiated rubbers are different. Before irradiation, Mc of 2D rubber is 2.5 times higher than 3D rubber one. After irradiation, the Mc values have decreased dramatically highlighting an increase of cross-link density, in agreement with NMR results. The cross-linking rate is slightly faster in the case of 2D rubber despite the presence of phenyl groups along silicone chains known to reduce remarkably the cross-linking efficiency [23]. Cross-linking is probably favoured in this rubber because of the initial low density of the network, resulting in high chain mobility. On the contrary, in the case of 3D rubber, the cross-linking would be disfavoured by the high initial density network.

DSC

Glass transition temperature values (Tg) are presented in Table 3. The phenyl groups along the chain in pristine and 2D rubber induce a higher Tg than in 3D rubber [24]. After irradiation, Tg have increased by about 5 °C for both rubbers. It traduces a decrease of chains mobility due to an increase of cross-link density, in agreement with the reduction of chain length between cross-links.

DMA

Fig. 11 illustrates storage modulus E' (MPa) of pristine and irradiated rubbers. Irradiation leads to an increase in modulus for both rubbers, and to a degradation of mechanical properties. The modulus variation is much more significant for 3D rubber compared to 2D one. According to solvent swelling and DSC results, this difference can not be only related to the cross-linking rate. Although, this could be explained at the network architecture level. Indeed, for 3D rubbers, the pristine network is not fully cross-linked (pending vinyl groups on MQ resins), and, during electron irradiation, cross-linking through these reactive sites can be expected to give an increase of the rigidity. Whereas in 2D rubber, cross-linking seems to occur predominately between chains, leading to a more flexible network.

UV-Vis-NIR spectroscopy

UV-Vis-NIR spectra of pristine and irradiated rubbers are presented in Fig. 12. Before irradiation, the UV-cut off wavelengths, at 75 % of transmission, are 230 nm and 280nm for 3D and 2D rubbers respectively. Silica and phenyl groups in 2D rubber absorb at wavelengths below 280 nm and explain a higher UV-cut off. After electron flux irradiations, the UV-cut off evolution is similar for both rubbers with a slope decrease and shift to higher wavelengths. The UV-cut off wavelengths, at 75 % of transmission, are now 300 nm and 340 nm for 3D and 2D rubbers respectively. The degradation rate seems to be similar for both rubbers independently of the initial chemical silicone structure. The UV cut off wavelengths are situated below 400 nm, so no yellowing is observed and the thermo-optical properties degradation caused by electrons radiations can be considered non-significant. It can be supposed that the slight degradation of transmission in both rubbers is due to the common chemical degradations.

Conclusion

Electron flux radiations cause substantial degradation in mechanical properties, whereas thermo-optical properties are only slightly damaged. In particular, electron flux radiationinduced cross-linking of silicone rubbers significantly increases network density, glass transition temperature, and modulus. This phenomenon mainly occurs via silicium-T and Si-CH 2 -Si units formation. Side-chain functionalization by Si-H groups and M siloxane units were also observed. The cross-linking rate is slightly faster for 2D rubber compared to 3D rubber, whereas modulus increase is much more significant for 3D rubber. MQ resins in 3D rubber are probably responsible of the very high increase of modulus. In conclusion, 2D rubber are probably more suitable than 3D rubber for applications requiring mechanical properties preservation. 
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Table 1 . Assignment of pristine rubbers NMR peaks

 1 

	Peak	2D rubber	3D rubber
	7.5 ppm	M siloxane unit at the end of polymer chains
	-22 ppm	D siloxane unit
	12 ppm	-	M siloxane unit in MQ resin
	-109/ -112 ppm	Q siloxane unit
	-37 ppm	-	D H siloxane unit
	-48 ppm	D phenyl siloxane unit	-

Table 2 . Average Molecular weight between cross-links (Mc) of pristine and irradiated rubbers

 2 

		Mc (g/mol)	Mc (g/mol)	Ratio (Mc pristine/
		Pristine sample	Irradiated sample	Mc irradiated)
	3D rubber	1330	230	5.7
	2D rubber	3300	400	8.3

Table 3 . Glass transition temperatures of pristine and irradiated rubbers

 3