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a b s t r a c t

Due to the rigid Si-O-Si backbone, silicone rubber (SR) have a widespread application in extreme en-

vironment such as high temperature and high-level radiation. However, the radiation stability of SR

still does not meet the practical needs in special radiation environments. Herein we prepared epoxy

POSS(ePOSS)/SR nanocomposites with excellent thermal stability and radiation resistance. As a physi-

cal crosslinking point in the SR, addition of small amount of ePOSS not only enhanced the mechanical

properties of the matrix, but also improved its thermal stability greatly due to their good compatibil-

ity. ePOSS/SR had higher radiation stability in air than SR owing to the inhibition of radiation oxidation

by ePOSS, and the yield of main gaseous radiolysis products (CH4, H2, CO and CO2) of SR and ePOSS/SR

nanocomposites was determined. By analyzing the changes of chemical structure, thermal properties and

mechanical properties of the ePOSS/SR nanocomposite, combined with the characteristics of gas products

after γ -irradiation, the radiation induced crosslinking and degradation mechanism of the nanocomposites

was proposed comprehensively.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Silicone rubber (SR) is a kind of polymer with the Si-O-Si back-

bone and organic groups attached to Si atom. Since Si-O bond

has a higher dissociation energy compared with C–C bond [1], SR

is more stable during lifetime than polyolefin. Therefore, it has a

wide range of applications in extreme environment such as high

temperature and high-energy radiation. However, how to make it

more stable in such severe environment still needs to explore.

Nowadays, many researches on modification of SR have been con-

ducted, including physical mixing or chemical modification. The

physical introduction of SiO2 [2], carbon nanotube [3] or clays

[4] can improve the performance of SR, while these fillers often

tend to aggregate in some degree. Another remedy to modify SR

is to form chemical bond between the fillers and SR, which often

uses complicated synthesis route.

Polyhedral oligomeric silsesquioxane (POSS) is one new type

of nano-hybrid organic-inorganic material with the typical for-

mula RSiO1.5. It is showed that organic substituents attached to

the inorganic cage make POSS easier to mix with the polymer
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matrix. The incorporation of POSS into polymers can dramatically

improve its mechanical properties [5,6], thermal stability [7,8],

flame retardancy [9], radiation resistance [10–12], ionic conductiv-

ity [13,14] and dielectric properties [15]. Recently, there are some

articles about POSS/SR nanocomposite, mainly focusing on me-

chanical property and thermal stability of the composites. Chen

et al. synthesized novel POSS as cross-linkers to prepare novel

POSS/SR nanocomposite with special three-dimensional structure

[16], and they found the composites had significantly enhanced

thermal stabilities, mechanical properties and hardness as com-

pared to the SR prepared with the conventional cross-linkers. Bai et

al. prepared chemical-modified liquid SR with octalvinyl POSS (Ov-

POSS) by the hydrosilylation reaction [5], and the results showed

that the thermal stability of POSS was improved. It is widely be-

lieved that chemical incorporation of POSS into the matrix have

significant effect on the performance of SR. However, Xu et al. syn-

thesized three kinds of POSS (aminopropyl, mercaptopropyl and

chloropropyl) to physically mix with silicone resins by thermal cur-

ing [8]. They found that POSS can improve the performance of SR

by physical blend.

In addition, previous studies have shown that POSS/polymer

composites have better radiation resistance than the matrix due to
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Fig. 1. (a) TG and (b) DTG thermograms of ePOSS, SR and ePOSS/SR nanocomposite in the nitrogen atmosphere; (c) FTIR spectra of the residue remaining after ePOSS was

heated to 700 °C.

that the rigid inorganic core of POSS is not easy to be damaged un-

der irradiation. Even at high dose, the inorganic core of POSS will

turn to a dense and stable SiO2 layer attached to the surface of

the materials, protecting it from further degradation. For example,

Qian et al. found that POSS/polyimide blends could resist atomic

oxygen (AO) attack, which could be used as the outer surface ma-

terial of spacecraft [10]. And Wang et al. prepared a kind of durable

AO-resistant coatings that are capable of autonomously healing

mechanical damage under low earth orbit environment [11]. This

coating was comprised of 2-ureido-4[1H]-pyrimidinone function-

alized polyhedral oligomeric silsesquioxane (UPy-POSS) that forms

hydrogen-bonded three-dimensional supramolecular polymers. The

preparation of high-performance SR nanocomposite with excellent

radiation resistance is of great importance in engineering applica-

tions. However, there are few reports on the study of radiation re-

sistance of POSS/SR nanocomposite.

In this work, to develop a simple remedy for improving

the thermal property and radiation resistance of SR, epoxy-POSS

(ePOSS) with better compatibility with SR was synthesized by oxi-

dizing OvPOSS with meta-chloroperoxybenzoic acid, and character-

ized by FTIR, NMR and MS (synthesis and characterization of ePOSS

as shown in Supporting information). Then ePOSS/SR nanocom-

posites were prepared by simple solution blending (experimental

section in the supporting information). To explore the effects of

ePOSS on the matrix, the cross-linking density, mechanical prop-

erties, thermal stability and radiation resistance were studied, re-

spectively. Fig. 1a showed the TG thermograms of OvPOSS, ePOSS,

SR and ePOSS/SR nanocomposites. Contributed to the stiff inor-

ganic core, OvPOSS was very stable until the temperature reached

252 °C. Above 252 °C, OvPOSS powder began to sublimate [17]. Fi-

nally, only 5.3% residue remains at 278 °C. However, the oxidized

ePOSS did not tend to sublime when heating in the nitrogen. That

is, the thermal stability of ePOSS was higher than OvPOSS, and its

highest weight loss rate existed at 289 °C (Fig. 1b). From Fig. 1c, it

was found that the residue of ePOSS at 700 °C was SiO2, and the

actual residue was 77.1%. It is worth mentioning that the introduc-

tion of ePOSS significantly improved the thermal decomposition

temperature of the SR matrix. Here we defined the temperature at

the mass loss of 5% is T5, same as T10. As shown in Table S1 (Sup-

porting information), T5 increased from 310 °C of SR to 421 °C of

ePOSS/SR6 nanocomposites, with about 34.8% growth. In addition,

T10 increased from 329 °C of SR to 484 °C of ePOSS/SR6 nanocom-

posites, with nearly 47.1% growth. It was reported that the thermal

decomposition mechanism of SR consists of unzip degradation and

rearrangement degradation [18]. In the unzip degradation stage,

the terminal hydroxyl groups of SR would bite back into the main

chain and cause unzip degradation. In the rearrangement decom-

position reaction, the Si-O-Si backbone would be broken randomly,

and rearrangement degradation occurs.

As shown in Fig. 1b, the first weight loss peak at 300∼ 400 °C
corresponding to the unzip decomposition stage gradually de-

creased and shifted to a higher temperature. When the content of

ePOSS is 6 wt%, only a small peak remains in this decomposition

stage, indicating that the unzip degradation reaction was almost

inhibited by ePOSS. Resulting from the physical interaction be-

tween ePOSS and the SR matrix, the introduction of ePOSS signif-

icantly increased the thermal decomposition temperature of SR. In

the related literature, Zhang et al. prepared vinyl-POSS-reinforced

SR with chemical bond, and found the �T5 is only 18 °C when the

content of vinyl-POSS is 6 wt% [19], the same content as in our

work. And Xu et al. published an article on greatly improving ther-

mal stability of silicone resins by modification with aminopropyl-

POSS by forming hydrogen bond between aminopropyl-POSS and

silicone resins [8], in which �T5 of the composite is 45 °C at the

content of aminopropyl-POSS 1 wt%. However, aminopropyl-POSS

begins to aggregate when the content continues to increase, and

the thermal stability of the composites obviously decreases. In our

work, ePOSS significantly improves the thermal stability of SR by

simple physical mixing. ePOSS/SR6 nanocomposites had excellent

properties and thermal stability, which was selected as the experi-

mental sample of radiation resistance, and SR as the control sam-

ple. By comparison, the effect of fillers and absorbed doses on the

properties of SR were explored. Finally, the radiation crosslinking

and degradation mechanisms of ePOSS/SR nanocomposite were an-

alyzed via structural characterization and measurement of radiol-

ysis products. Fig. 2a compared the ve-total of SR and ePOSS/SR6

nanocomposites at different absorbed doses. With the increase of

the absorbed dose, the ve-total of SR and ePOSS/SR6 nanocompos-

ites gradually increased, and ve-chem of ePOSS/SR6 nanocomposites

increased more obviously than that of SR. The higher absorbed

dose was, the more free radicals generated in the polymer. Then

the free radicals caused the crosslinking between the polymer

chains, so the ve-total increased with the increasing absorbed dose.

In addition, the side chain of ePOSS would react with the chain

of the polymer under irradiation, leading to the higher growth

of ve-chem of ePOSS/SR nanocomposite. And this phenomenon was

similar to the previous studies on the effect of SiO2 filler on SR

radiation stability [20].

The surface functional groups of SR and ePOSS/SR6 nanocom-

posites at different absorbed doses were analyzed by ATR-FTIR (Fig.

2b). By comparison, it was found that the ATR-FTIR spectra of SR

at different absorbed dose were consistent in those of ePOSS/SR

nanocomposites, excepting that SR at 300 kGy and 500 kGy had

new absorption vibration peaks at 3142 cm−1 and 3050 cm−1,

which may be belonged to the absorption of hydroxyl group. How-

ever, no new absorption peaks appeared in the ePOSS/SR6 at 300

kGy and ePOSS/SR6 at 500 kGy, indicating the presence of ePOSS

can slow down the oxidation process of the SR surface. The solu-

ble substance from SR to ePOSS/SR6 nanocomposites with differ-

ent absorbed dose in CDCl3 were characterized by 1H NMR. Com-

pared with irradiated SR at different absorbed dose, all of the irra-

diated ePOSS/SR6 nanocomposite had characteristic peaks at 2.6∼
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Fig. 2. In the air, the ve of SR and ePOSS/SR6 nanocomposites at different absorbed

doses (a); ATR-FTIR spectra of SR and ePOSS/SR6 nanocomposites with different ab-

sorbed doses (b) and 1H NMR spectra of soluble substance from SR to ePOSS/SR6

nanocomposites dissolved in CDCl3 before and after irradiation (c).

2.9 ppm and 5.7∼6.1 ppm, which corresponded to the C–C bonds

and epoxy bonds of ePOSS (Fig. 2c), respectively. That is, ePOSS

would escape from the SR matrix and dissolve in CDCl3 during

the soaking process, which further proved that it was physically

mixed in the SR matrix. However, as discussed about ve-chem above,

chemical bonds formed between the reactive side chain of ePOSS

and the matrix under irradiation. So these two characteristic peaks

gradually became weaker with the increasing absorbed dose. In ad-

dition, no new characteristic peaks appeared in the spectra of SR

and ePOSS/SR6 nanocomposites after 500 kGy, which means that

no significant degradation of the samples occurred under this irra-

diation condition.

Fig. 3a showed the TG thermograms of both SR and ePOSS/SR6

under different absorbed doses. First, with the increasing absorbed

dose, the thermal decomposition temperature of SR continued to

improve due to the increasing crosslinking density. However, after

γ -irradiation, the thermal decomposition temperature of irradiated

ePOSS/SR6 nanocomposites were lower than that of the unirradi-

ated sample. Subsequently, its thermal stability increased slightly

with the increasing absorbed dose. It is possibly attributed to that

under γ -ray irradiation, the physical interaction between ePOSS

and the matrix was destroyed, leading to the reduction of ther-

mal stability of the composites. At the same time, the chemical

bond between ePOSS and the matrix formed, leading to a slight

increase in thermal stability. By comparing Figs. 3b and c, it can

be seen that the DTG curve of ePOSS/SR6 nanocomposites changed

less than SR after irradiation, and its thermal stability was always

Fig. 3. TG (a) and DTG thermograms (b, c) of both SR and ePOSS/SR nanocomposite

with different absorbed doses in the nitrogen atmosphere; DSC curves (d, e) of SR

and ePOSS/SR nanocomposite with different absorbed doses in helium atmosphere.

higher than that of SR. As shown in Figs. 3d and e, the larger ab-

sorbed dose, the lower crystallization temperature (Tc), the lower

melting temperature (Tm), the smaller �Hm and the lower crys-

tallinity of the samples existed (Table S2 in Supporting informa-

tion). In addition, the crystallization and melting peaks were rarely

observed because of high ve-total of samples at the absorbed dose of

500 kGy. Considering what we have discussed above, with the in-

creasing absorbed dose, the ve-total of the samples increased, mak-

ing the polymer chain difficult to move. As the amorphous region

of the sample increased, the crystallinity of the sample decreased

and its crystallization and melting peaks move toward lower tem-

peratures.

Due to the increasing ve-total of both SR and ePOSS/SR6

nanocomposites under irradiation, their tensile strength and elon-

gation at break decreased, and Young’s modulus increased (Figs.

4a–c). However, the rate of change in Young’s modulus had distinct

difference between irradiated SR and ePOSS/SR6 nanocomposites

(Fig. 4d). During irradiation in the air, the oxygen would consume

some free radicals of the samples, so their rate of changes rarely

changed at the absorbed dose of 100 kGy. As the absorbed dose in-

creasing, the oxygen in the air was not enough to consume all free

radicals, and the left free radicals led to the chemical crosslinking

inside the samples. Therefore, the Young’s modulus of the samples

gradually increased. When the rate of change of Young’s modulus

was 20%, the corresponding absorbed dose of SR and ePOSS/SR6

nanocomposite were 276.6 and 353.6 kGy, respectively. In general,

the rate of change in Young’s modulus of SR was always higher

than that of ePOSS/SR6 nanocomposites, indicating the addition of

ePOSS can improve the radiation resistance of SR. In addition, com-

pared with irradiation in the air, both SR and ePOSS/SR6 nanocom-

posite had higher ve-total (especially ev-chem) after irradiation in the

nitrogen, which was consistent with previous studies [21]. Because
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Fig. 4. Tensile strength (a), elongation at break (b), Young’s modulus (c) and the

rate of change in Young’s modulus (d) of both SR and ePOSS/SR6 nanocomposites

with different absorbed doses (in air).

Fig. 5. (a) The pressure in the sample tube fitted with SR, SR-N, ePOSS/SR6 and

ePOSS/SR6-N after irradiation with different absorbed doses; (b) G-value of H2, CH4,

CO and CO2 of SR, SR-N, ePOSS/SR6 and ePOSS/SR6-N; the output of CH4 (c), CO2

(d), H2 (e) and CO (f) produced by SR, SR-N, ePOSS/SR6 and ePOSS/SR6-N after ir-

radiation with different absorbed doses.

the free radicals generated by irradiation would not be consumed

by oxygen under the protection of nitrogen.

Fig. 5a showed the pressure in the sample tube fitted with SR,

SR-N, ePOSS/SR6 and ePOSS/SR6-N (N represents irradiation in the

nitrogen) after irradiation with different absorbed doses. The pres-

sure change of the sample tubes containing SR and ePOSS/SR com-

posite had the same tendency whether samples were irradiated

in the nitrogen or air. In the nitrogen, the pressure in the sam-

ple tube increased slightly with the increasing absorbed dose, in-

dicating that samples produced some radiolysis gas after irradi-

ation. However, the pressure in the sample tube decreased with

Fig. 6. (a) γ -Radiation induced crosslinking mechanism of PDMS; (b) The gas-

releasing mechanism by the hydrogen pumping reaction of the methyl side chain

of PDMS [27]. (c) The radiation induced crosslinking and degradation mechanism of

ePOSS/SR6 at different atmosphere.

the increasing absorbed dose in the air, indicating that the oxygen

participated in the reaction during the irradiation. Then GC was

used to further detect the radiolysis gas generated during irradia-

tion [22,23]. It was found the main gaseous radiolysis products of

both irradiated SR and ePOSS/SR nanocomposite were CH4, CO2, H2

and CO [23], whether irradiated in the air or nitrogen. As shown

in Figs. 5c–f, the concentration (P) of these four gaseous radioly-

sis products increased with the increasing absorbed dose. Then the

radiolysis gas yield (G) were calculated by linear fitting of relation-

ship between the concentration of products with the dose (Fig. 5b

and Table S3 in Supporting information). GH2
was independent of

the irradiation atmosphere, but GCH4
, GCO2

and GCO were greatly

affected by the irradiation atmosphere. SR-N and ePOSS/SR-N had

higher GCH4
and SR and ePOSS/SR had higher GCO2

and GCO. The in-

volvement of G2 inhibited the cross-linking of SR-N and ePOSS/SR

materials and suppressed the formation of CH4. It indicates that

oxygen is involved in the radiation degradation process of polymer

chains. The change of CH4 content is closely related to the environ-

ment in which the material is exposed to, so it is speculated that

CH4 can be used for the assessment of the radiation aging state of

the material.

Based on the above analysis, the radiation induced cross-linking

and degradation mechanism of ePOSS/SR nanocomposite were pro-

posed in Fig. 6. The radiation crosslinking and degradation mech-

anism of PDMS under vacuum has been reported in literatures.

Initially, Miller found that the methyl side chain of PDMS would

break to generate -Si• and -CH2• radicals to form H-type crosslink-

ing during irradiation [21,24]. Then Hill et al. found that the main
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chain Si-O-Si of PDMS would also break to generate free radicals

to form Y-type crosslinking via recombination of Si-O bonds dur-

ing irradiation, and Y-type crosslinking was the main type of the

radiation crosslinking of PDMS (Fig. 6a) [25]. At the same time, the

methyl side chain would also undergo a hydrogen pumping reac-

tion to produce small molecular gasses such as H2 and CH4 during

irradiation (Fig. 6b). If the samples were irradiated in the presence

of oxygen, -Si• and -CH2• radicals would be converted into their

corresponding peroxy group [26] and would not directly partici-

pate in the H-type crosslinking reaction, but decompose to produce

CO2 and CO gas or form oxygen-containing groups on the surface

of the material. In the nitrogen, the irradiated SR and ePOSS/SR6

nanocomposites mainly produced CH4 and H2, while the amount

of CO and CO2 was very small. However, ePOSS had eight organic

side chains, which would be decomposed or oxidized. So GCO2
and

GCO of ePOSS/SR6 nanocomposites were higher than these of SR. In

the air, GH2
of ePOSS/SR nanocomposite was nearly same as that of

SR, and its GCH4
slightly increased. However, its GCO2

and GCO sig-

nificantly increased due to the presence of ePOSS. Fig. 6c shows

the schematic diagram of the mechanism of ePOSS/SR6 during ir-

radiation in the nitrogen or air. Thus, in this work, we suggested

that with the increase of the absorbed dose, the more free radicals

generated in SR and ePOSS/SR nanocomposite, the higher ve-total
was, the harder the material became, and the better thermal sta-

bility was. As for as ePOSS/SR nanocomposite, ePOSS had physical

interaction with SR matrix. While the physical interaction was bro-

ken and new chemical bonds between fillers and matrix formed

in composites during irradiation. Finally, ePOSS acted as a cross-

linking point or pendant in composites, which could improve the

radiation stability of SR.

In summary, the radiation induced crosslinking and degradation

mechanism of the ePOSS/SR nanocomposites under γ -irradiation

was proposed comprehensively by analyzing the changes in the

structure and properties of the materials and the radiolysis gasses

(Fig. 6c), which provided the foundation for the application of this

material in the nuclear radiation environment.
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