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Abstract. The poor tear resistance of silicone rubber dramatically limits its application range. In this study, a topological
entanglement structure of molecular chains was constructed at the interface between the matrix and silica by introducing
epoxidized silicone rubber into silicone rubber/silica composites. We found that this topologically entangled structure could
improve the crack propagation resistance of the composites by inducing the orientation of molecular chains. The results
showed that adding 5 phr of 15% epoxy silicone rubber raised the silicone rubber composite’s tear strength and elongation
at break, they increased by 330% and 140%, respectively. This work provides a new idea for preparing silicone rubber com-
posites with high tear resistance to better expand the application field of silicone rubber.
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1. Introduction

The special Si—O bond structure in silicone rubber
gives it a variety of excellent properties, such as ex-
cellent thermal stability, aging resistance, and bio-
compatibility. These excellent characteristics make it
play an irreplaceable role in aerospace, medical in-
strument industry, construction, electronics industry,
chemical industry and transportation, and other fields
[1-10]. Carbon nanoparticles were added to silicone
rubber to increase its mechanical and electrical char-
acteristics to be utilized in strain sensors [11-14]. Sil-
icone rubber with thermochromic phase change mi-
crocapsules has thermochromic properties and
recyclability and can be used in the field of security
labels and temperature sensors [15]. Due to its high
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resistance to extreme temperatures and stable chem-
ical properties, silicone rubber may be utilized as a
thermal insulation material in the aerospace field [16,
17]. The application of phenyl silicone rubber in aero-
space is made available by its radiation resistance and
dampening properties [ 18, 19]. Fuel delivery systems
in automobiles and aerospace employ fluorosilicone
rubber that is resistant to fuel and heat [20-22]. In the
shipping sector, silicone rubber has been utilized in
ecological fouling prevention coating [23-25]. How-
ever, the poor mechanical properties and low tear
strength of silicone rubber compared to other rubbers
have greatly limited the application range of silicone
rubber [26, 27]. Therefore, there is an urgent need
for effective strategies to improve their mechanical
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properties and crack resistance significantly. To im-
prove the mechanical properties of silicone rubber,
researchers have improved the tear resistance of sil-
icone rubber by adding reinforcing agents, cross-link-
ing agents, improving branched groups of silicone
rubber, and blending with other rubbers [28-32]. Sil-
ica is a very effective and widely used reinforcing
agent for silicone rubber due to the interfacial contact
between silica and silicone rubber, which improves
the mechanical properties of silicone rubber [33—-39].
Therefore, the poor tear resistance of silicone rubber
may be enhanced by improving the interfacial contact
between silica particles and silicone rubber. Fang et
al. [40] prepared superhydrophobic nano silica,
which improved the mechanical properties of silicone
rubber composites, especially the elongation at break.
Yan et al. [41] modified nano-silica by surface mod-
ifiers hexamethyldisilazane (HMDS) and methacryl-
functional silane (KH570), and adjusted the modifi-
cation dosage to regulate the mechanical properties
of silicone rubber, especially the tear resistance. Park
et al. [42] added a vinyl silane coupling agent to
nano-silica to modify it. Modified nano-silica was
added, increasing the liquid silicone rubber’s tensile
strength by 27.9 times. Xu et al. [43] found that the
tear strength of silicone rubber blended with different
vinyl content was higher than that of single vinyl sil-
icone rubber, with a maximum tear strength of
31.55 kN/m. Chen et al. [44] co-cross-linked silicone
rubber with different vinyl contents. A nonuniform
network is formed in nano-silica reinforced silicone
rubber to enhance mechanical properties, among
which the tear strength reached 41 kN/m. Sarath et
al. [45] added 7 phr of exfoliated graphite (EG) to the
silicone rubber to promote uniform stress transfer in
the silicone rubber, and the tear strength was in-
creased from 20 to 30 kN/m. Cao et al. [46] added
2 phr of high vinyl silicone oil (HVSO) to form a spe-
cial cross-linked network structure, resulting in an
18.5% increase in the tear performance of the com-
posite. Wang et al. [47] obtained thermoplastic vul-
canizates (TPVs) by blending vinylidene fluoride,
fluoroelastomer, and silicone rubber and adding a
certain amount of vulcanizing agent to vulcanize
them. It was also found that the good interfacial com-
patibility of vinylidene fluoride and fluoroelastomer
could improve the mechanical properties of TPVs
with a tear strength of 58 kN/m. Dong et al. [48] syn-
thesized y-chloropropyl polysiloxane and added vul-
canizing agents with polyamino polydimethylsiloxane
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end groups to form a concentrated cross-linked net-
work in silicone rubber. The tear strength reached a
maximum of 45.5 kN/m when the [N-H]/[(CH);CI]
ratio was 1. However, these conventional methods of
toughening have drawbacks of their own. For in-
stance, while increasing its hardness, silicone rub-
ber’s great qualities, such as its ability to withstand
both high and low temperatures and its resistance to
aging, were diminished. Additionally, the production
of modified nano-fillers is a costly and challenging
operation. Because dense cross-linking stiffens the
rubber, strengthening the chemically cross-linked
network of silicone rubber and introducing a non-ho-
mogeneous network would minimize its own elon-
gation at break while improving tear strength. Kim
et al. [49] prepared highly entangled polymers with
a fabric-like topology that resolved the conflict be-
tween stiffness and toughness and achieved both high
toughness and low hysteresis. Liu et al. [50] prepared
topoarchitected polymer network (TPN) hydrogels in
which each block had a polymer network consisting
of dense cross-links, and the matrix had a sparsely
cross-linked polymer network. The polymer net-
works of the block and matrix were firmly adhered
together by topological entanglement. At the crack
tip of the TPN, the enormous strain in the soft matrix
spreads high stress over the length of the rigid block,
making the TPN more challenging. Gao et al. [51]
have successfully prepared an ideal mechanically in-
terlocked composite structure by coarse particle mo-
lecular dynamics simulations. The structure permits
the matrix chains to cross the rings formed by the
end-functionalized chains that have been grafted to
the surface of the nanoparticles, improving the tensile
stress of the system significantly up to 700%

In this paper, high vinyl silicone rubber (HMVQ)
was prepared by anionic polymerization. To produce
epoxidized silicone rubber (EMVQ), epoxy groups
were introduced to the silicone rubber’s molecular
chain after the vinyl in the chain was reacted with 3-
chloroperbenzoic acid. Silicone rubber with high tear
resistance was prepared by adding EMVQ, ordinary
silicone rubber (110-2), and fumed silica. The epoxy
group would interact with the hydroxyl group of sil-
ica to form covalent bonds [52, 53]. EMVQ’s mole-
cule chains create polycyclic structures on the silica
that can be topologically entangled with the matrix
silicone rubber molecular chains. It is found that the
topological entanglement can effectively inhibit crack
propagation by inducing the orientation of molecular
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chains, resulting in a composite with excellent tear
strength. This method avoids the drawback that chem-
ical cross-linking cannot bestow the ability to trans-
fer molecular chains in the network structure, as op-
posed to conventional toughening methods. More
molecular chains can bear stress through topological
entanglement. The elongation at break of silicone
rubber was also enhanced, in addition to the tear re-
sistance, without weakening other properties. In this
paper, an effective method to improve the crack prop-
agation resistance of silicone rubber composites was
demonstrated. It is important for the expansion of
the application of silicone rubber. In addition, the in-
fluence mechanism of topological entanglement of
molecular chains at the interface between silicone
rubber and nano-filler on the tearing performance of
the composites was expounded.

2. Materials and methods

2.1. Materials

Methyl vinyl silicon rubber (MVQ) with vinyl content
of 0.17% was purchased from Dongjue Organosili-
con (110-2, Tianjin, China); octamethyl cyclotetra-
siloxane (D4, 99%, Shandong, China), tetramethyl
tetravinyl cyclotetrasiloxane (V4, 98%, Shandong,
China) decamethyltetrasiloxane, methanol, and cat-
alyst alkali glue (2%, Shandong, China) were ob-
tained from Shandong Dongyue Organosilicon Ma-
terials Co., Ltd.; 3-chloroperbenzoic acid (MCPBA)
was purchased from Shanghai Macklin Biochemical
Co., Ltd. (85%, Sanghai, China); 2,5-dimethyl-2,5-
di(tert-butylperoxy)hexane (DBPH) was purchased
from Shangyu Shaofeng Chemical Co., Ltd (92%,
Zhejiang, China). Chlorobenzene was purchased from
the Beijing Ruixiang Nengyuan Trading Co., Ltd
(>99%, Beijing, China). Silica was purchased from
Degussa (A200, Frankfurt, Germany).

2.2. Synthesis of HMVQ and EMVQ

The mechanism of synthesis is the anion ring-open-
ing reaction of monomer D4 and V4 catalyzed by cat-
alyst alkali glue; the reaction process is shown in
Figure 1a.

Different amounts of D4 and V4 were added to the
three-necked flask, as shown in Table 1. The stirring
rate was maintained at 150 rpm and the temperature
was increased to 80°C. Turn on the vacuum pump
and reduce the vacuum degree to approximately
—0.09 MPa. Raw materials are dehydrated for 1 h. The
vacuum pump was turned off to return the system to
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Table 1. Experimental formulation of HMVQ with different
vinyl content.

Raw materials [ :;:]
Dy 90 85 80
V4 10 15 20
DMTS 0.06 0.06 0.06
Catalyst alkali glue 0.015 0.015 0.015

normal pressure. The system was added with catalyst
alkali gel and blocking agent, and then warmed up
to 113 °C under nitrogen protection for 3 h. Then the
temperature is raised to 163 °C and the catalyst alkali
gel decomposes trimethylamine. Finally, trimethy-
lamine and unreacted monomers are removed under
a vacuum. Since the viscosity of the system will grad-
ually increase during the reaction, we need to con-
tinuously adjust the rate of magnetic stirring to en-
sure the homogeneity and stability of the system
during the reaction.

HMVQ and chlorobenzene were added to a three-
necked flask and dissolved with stirring at 55 °C.
Then, the MCPBA was added to the system. The
temperature of the system was maintained at 55°C
for 40 h. The reaction is depicted in Figure 1b. In
order to precipitate out the organic acid, the temper-
ature of the system is maintained at -20 °C for 12 h.
Then, the organic acid is filtered by the screen.
Methanol is added to the system, and then a white
precipitate appears. It is dried in a vacuum oven.

2.3. Preparation of composites
MVQ and EMVQ were added to the open mill
(Table 2). Then 40 phr of silica were added to the

Table 2. The formulation of compounds.

Weight of different gums .
Samples 1102 EMVQ DBPH | Silica
[phr] | [phr]
[phr] [phr]
MVQ 100.0 0 0.08 40
EMVQ10-2.5 97.5 2.5 0.08 40
EMVQI10-5 95.0 5.0 0.08 40
EMVQ10-7.5 92.5 7.5 0.08 40
EMVQ10-10 90.0 10.0 0.08 40
EMVQI15-2.5 97.5 2.5 0.08 40
EMVQ15-5 95.0 5.0 0.08 40
EMVQ 5-7.5 92.5 7.5 0.08 40
EMVQ15-10 90.0 10.0 0.08 40
EMVQ20-2.5 97.5 2.5 0.08 40
EMVQ20-5 95.0 5.0 0.08 40
EMVQ20-7.5 92.5 7.5 0.08 40
EMVQ20-10 90.0 10.0 0.08 40
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Figure 1. a) The synthesis of HMVQ; b) the synthesis route of EMVQ; ¢) 'H NMR spectra of MVQ and EMVQ; d) topo-
logical entanglement allows the MVQ’s molecular chain to cling to the filler; e) infrared spectra of EMVQ15 with
compounding rubber.

open mill. The blend was placed at room tempera- Inc, Taiwan, China) to get the positive vulcanization
ture for 24 h. The blend was tested by a moving die  time #9 at 170 °C. The blend was molded at 10 MPa
rheometer (MD-3000A, Gotech Testing Machines  for the positive vulcanization time #9o in a plate
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vulcanizing machine (XQLB-350%350, Gotech Test-
ing Machines Inc, Taiwan, China) to obtain vulcanized
silicone rubber sheet (120 mm X% 120 mm x 1 mm).

2.4. Characterization

2.4.1. Structural characterization

The samples were measured using gel permeation
chromatography (GPC Waters 1515, Waters, USA).
Dissolving the samples in tetrahydrofuran (THF) at a
concentration of 2—4 mg/ml. After the samples were
completely dissolved and filtered, then tested to obtain
molecular weight and molecular weight distribution.
The samples were tested by Fourier transform in-
frared spectrometer (Tensor 27, Bruker, USA) to ob-
tain infrared absorption spectra in the range of 600—
4000 cm™!.

The samples were dissolved in deuterated chloro-
form. The samples were subjected to proton nuclear
magnetic resonance ('"H NMR) spectroscopy using
a nuclear magnetic resonance spectrometer (AV400,
Bruker, USA).

The orientation of the uniaxially stretched sample can
be described by Equation (1). In the formula a is the
angle between the leap moment and the axis of the
molecular chain. Thus, (R — 1)/(R + 2) is used to de-
scribe the orientation of the molecular chain. Ab-
sorbances of the investigated absorption band in the
perpendicular and parallel directions are recorded as
A, and Ay, respectively, and the infrared dichroism
ratio is R = A4,/A . Polarization modulation experi-
ment performed by Fourier transform infrared spec-
trometer with a polarization filter. The sample is fixed
to a device that can be adjusted for different tensile
strains in Fourier transform infrared spectrometer:

f= R—1 2
R+2 3c0s0—1

)

2.4.2. Physical and mechanical performance
According to GB/T528-2009 and GB/T 529-2008
standards, tensile strength and tear strength are tested
using Servo Control System Universal Testing Ma-
chine (AI-7000-SU1, Gotech Testing Machines Inc,
Taiwan, China). The hardness is measured by Shore
A hardness tester (SAC-J, Beijing Ruida Yuchen In-
strument Co., Ltd, Beijing, China) according to
GB/T531-2008 standard. The samples were tested
by LF-NMR (VTMR20-010V-I, Niumag, ShangHai,
China) to obtain cross-linking density.
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2.4.3. Microscopic characterization

In order to obtain the morphology of the stretched
sample, the sample needs to be stretched to a prede-
termined strain, fixed and then polished. The mor-
phology of the samples was obtained by atomic force
microscope (Multimode8, Bruker, USA). At a scan
rate of 1 Hz, images with an area of 5x5 um were
captured at a resolution of 256x256 pixels. The mor-
phology of vulcanized silicone rubber was seen using
a scanning electron microscope (S-4800, Hitachi,
Japan). Samples were created using the low-temper-
ature brittle fracture method, and the surface was
then gold-sprayed before the morphology at the sam-
ples’ fractures was observed. Vulcanized silicone
rubber is characterized by a transmission electron
microscope (H-9500, Hitachi, Japan).

2.4.4. Rubber process analysis (RPA)

The Payne effect of the blend was analyzed by an
RPA2000 rubber process analyzer (Alpha Technolo-
gies, USA) at 60 °C, frequency of 1 Hz, and a strain
range of 0.3 to 100%.

3. Results and discussion
3.1. Construction and microstructural
characterization of composite materials
3.1.1. Structural characterization of EMVQ
As observed in Figure 1d, the peaks in the 'TH NMR
spectrum at chemical shift O ppm are hydrogen on
methyl in polysiloxane, while the peaks at chemical
shifts 5.98 and 5.83 ppm are hydrogen in vinyl [54,
55]. Chemical shifts of 2.88, 2.66, and 2.11 ppm
served as evidence of the conversion of vinyl to epoxy
group [56, 57]. The '"H NMR spectrum’s peaks were
integrated, and the epoxy group content (e) and the
vinyl content (v;) were determined using Equa-
tions (2) and (3), respectively (3):

E 2E
e = q=v= -100% = -100%
M X_E +E+V E+V+M
()
|4 2V
V. = == -100% = -100%
i M g ELE+V E+V+M
3)

where V is the area of the hydrogen peak of the vinyl
group in the "H NMR spectrum. M is the area of the
hydrogen peak of the methyl group in the '"H NMR
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Table 3. Content of each component in HMVQ and EMVQ.

Vinyl |Epoxy group M, M,
Samples co{x;;)e]nt co{r;/toe]nt [104 g/mol] | [10* g/mol] PDI
HMVQI10| 11.3 - 40.94 88.67 |2.16
HMVQI15| 19.2 - 27.16 68.91 2.54
HMVQ20| 27.1 - 23.19 79.78 |3.44
EMVQ10| 1.31 9.80 26.25 69.30 |2.64
EMVQI15| 3.21 13.56 22.00 56.78 |2.58
EMVQ20| 0.11 18.80 13.86 4412 |3.18

spectrum and E is the area of the hydrogen peak of
the epoxy group in the '"H NMR spectrum.

In comparison to HMVQ, EMVQ’s relative molecu-
lar weight altered more, and the polydispersity index
(PDI) rose marginally (Table 3). The system’s high
concentrations of 3-chloroperbenzoic acid and ben-
zoic acid may have caused the molecular weight to
drop due to the breakdown of the molecular chain and
the ring-opening side reaction of the epoxy group.

3.1.2. Infrared spectroscopic analysis of the
compound of EMVQ15

As shown in Figure le, the epoxy group’s character-
istic peak is at 882 cm™!, the Si~O-Si stretching vi-
bration’s absorption peak is at 1089 cm™!, and the
peak at 800 cm™! is attributable to the Si—C stretch-
ing vibration [58]. The distinctive peak of the epoxy
group at 882 cm™! of the EMVQ15/Silica blend has
vanished when compared to the EMVQI15 and
EMVQ15/Silica blends (Figure 1e). This indicates
that the epoxy group has reacted with the hydroxyl
group and the polycyclic structure has been formed
on the silica surface. We create the architecture of
topological entanglement (Figure 1c).

3.1.3. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM)
In Figure 2a;, the cross-sectional morphology of
MVQ fracture was rough, with fewer and compara-
tively concentrated white highlights. In comparison
to MVQ, the shape of the fracture cross-section was
flatter in Figure 2a,, and the silica dispersion was
better. Silica was less agglomerated in Figure 2a;
and Figure 2ay. It is easy to find the parabolic struc-
ture of the fracture cross-section in Figure 2a4, which
denotes a significant concentration of stress during
the stretching process. In Figure 2as, It is difficult to
see the rough surface shape.
Agglomeration of fillers means poor dispersion of
silica in Figure 2b;. The silica showed evenly dis-
persed, and no evident agglomeration was observed
in Figure 2b,—2bs.
In conclusion, the dispersion of silica in MVQ was
improved by the addition of EMVQ and becomes
better as the amount of EMVQ rises.

3.2. Curing and mechanical properties of
materials

3.2.1. Vulcanization characteristic curve

The vulcanization characteristics of EMVQ15 with
different dosages were shown in Table 4 and Figure 3a.
As the EMVQ amount was increased, the minimum
torque (My) and the maximum torque (My)were re-
duced. My — My reflects the influence of filler on
rubber reinforcement. But My — M| showed a trend
of first decreasing and then increasing, and silica was
distributed more uniformly. This was because silica
reacted with epoxidized silicone rubber to form co-
valent bonds, which caused better dispersion of silica

Table 4. Vulcanization characteristics of different formulated composites.

Samples [d];l;l | Idﬂl\?.]:n | AII;N— III‘II]L Scorcllllntiilgle, to Cur? I:liil:llle, to
MVQ 13.12 23.74 10.62 2.14 8.24
EMVQ10-2.5 13.46 22.89 9.43 1.55 8.05
EMVQI10-5 12.53 23.44 10.91 2.09 9.25
EMVQI10-7.5 10.11 21.89 11.78 2.01 12.54
EMVQI10-10 9.27 22.33 13.06 2.02 10.28
EMVQI15-2.5 13.45 23.07 9.62 2.10 12.34
EMVQI15-5 11.38 21.63 10.25 1.97 9.49
EMVQI15-7.5 9.52 20.89 11.37 1.78 11.32
EMVQI15-10 9.21 20.58 11.37 1.68 13.28
EMVQ20-2.5 10.17 19.08 8.91 0.29 7.19
EMVQ20-5 8.39 16.53 8.14 0.29 6.27
EMVQ20-7.5 6.28 16.16 9.88 1.53 7.40
EMVQ20-10 6.26 17.26 11.00 1.56 8.36
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$4800 5.0kV 7

Figure 2. a) The SEM of composite materials: a;) MVQ, a;) EMVQ-15-2.5, a3;) EMVQI15-5, a4) EMVQI15-7.5,
as) EMVQ15-10; b) the TEM of composite materials: bj) MVQ, b,) EMVQ-15-2.5, bs) EMVQ15-5, by) EMVQ15-

7.5, bs) EMVQ15-10.

[59, 60]. The scorch time ¢;y was also steadily re-
duced. The positive vulcanization time f9o ranged
from 8 to 13 min. M| and My were reduced, but
My — My showed a trend of first decreasing and then
increasing.

3.2.2. RPA

The storage modulus (G')-strain curves of EMVQ15
with different dosages are shown in Figure 3b. The
filler network is strong due to the agglomeration of
the filler at low strain. The storage modulus (G’) is
also high. The Payne effect refers to the phenomenon

wherein G’ dramatically drops with increasing strain.
The higher initial G’ indicated the poor dispersion of
silica. As the amount of EMVQI15 was increased, the
initial energy storage modulus gradually declined.
The weakening of the Payne effect was indicated by
this trend. Thus, silica is better dispersed in the ma-
trix silicone rubber.

3.2.3. Mechanical properties

The mechanical properties of EMVQ with different
dosages are shown in Table 5. The tear strength of
composites was not improved by the addition of
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Table 5. Mechanical properties of different formulations.

Samples/ Tensile Stress at 100% | Stress at 300% Elongation at Shore A Tear strength Cross-'l ink
Performance strength [MPa] [MPa] break hardness [kN/m] il4ens1ty

[MPa] [%] [10~* mol/ml]
MVQ 9.6+0.5 1.9+0.1 7.540.5 357425 61+1 19+1 0.8797+0.0122
EMVQ10-2.5 10.6+0.9 1.4£0.1 5.4+0.4 404437 61+2 20+1 1.1226+0.0162
EMVQI10-5 10.7+0.7 1.4+0.1 4.4+0.2 517+20 60+2 20+3 0.8953+0.0064
EMVQI10-7.5 10.4+0.6 1.320.1 3.740.5 557445 59+1 21+1 0.8777+0.0065
EMVQI10-10 10.0+0.4 1.320.1 3.7+0.1 567126 5742 2442 0.8890+0.0052
EMVQI15-2.5 10.5+0.8 1.420.1 6.5+0.2 404422 55+1 19+1 0.9033+0.0035
EMVQI15-5 11.3+0.9 1.3£0.1 5.1£0.3 510428 5442 5746 0.9277+0.0117
EMVQI15-7.5 10.7+0.5 1.1£0.1 3.540.3 576+48 52+1 5245 0.8987+0.0086
EMVQ15-10 9.5+0.5 1.1+0.1 2.840.2 619+34 5242 40+5 0.8659+0.0055
EMVQ20-2.5 10.7+0.6 1.1+0.1 7.540.3 459+43 53+2 15+1 0.9280+0.0106
EMVQ20-5 10.7+£0.4 0.9£0.1 5.0£0.5 580425 53+1 5445 0.9387+0.0291
EMVQ20-7.5 10.3+£0.4 0.8+0.1 4.8+0.2 602439 53+1 3744 0.9340+0.0149
EMVQ20-10 9.6+0.8 0.9£0.1 3.240.5 632+14 56+1 2245 0.8280+0.0140

EMVQI10. The tear strength of composites with the  strength of composites significantly increased after
5 phr of EMVQ15 could reach 57 kN/m, which was  the addition of EMVQ15. The tear strength of the
three times the tear strength of the MVQ. The tear composites with EMVQ20 was enhanced but not as
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Figure 3. a) Vulcanization curves of EMVQ15 and MVQ; b) relationship between energy storage modulus and strain of
EMVQ and MVVQ; ¢) tear strength of EMVQ15-5 after adding different amount of vulcanizing agent; d) photo-
graph of EMVQ and MVQ after tearing fracture.
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good as EMVQ15. When the EMVQ’s epoxy group
content was certain, we can observe a similar trend
for composites with high tear resistance. As the
EMVQ amount was increased, the tear strength first
remained constant, then increased, and final falls.
There was a tendency for the crosslink density to rise
and then fall as the number of EMVQ increased.
This was because the structure of the molecular
chain network of the system would be influenced by
the number of topological entanglements reaching a
specific threshold. When there were too many rings,
the number of silicone rubber molecular chains in
each ring was relatively reduced. Only sliding, not
tangling, occurred between molecular chains in the
ring. This was why the elongation at break consistent-
ly increased as the amount of EMVQ increased.

The tear resistance of silicone rubber cannot effec-
tively be improved when the added EMVQ’s degree
of epoxidation is low. The excess EMVQ’s degree of
epoxidation may be detrimental to silicone rubber’s
tear resistance. Topological entanglement between the
molecular chains of the matrix rubber and silica was
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impacted by polycyclic structures determined by the
degree of epoxidation of EMVQ of different sizes.
The MVQ’s molecular chains can slide around the
ring easily when the ring structure was too big. Again,
the number of rings was relatively increased when the
ring structure is too small. Neither of them can form
effective topological entanglement. This was why the
elongation at break was consistently increased as the
epoxy group content of EMVQ increased.

Since topological entanglement under stress may
spontaneously adjust the movement of the matrix rub-
ber’s molecular chains, composites’ stress at 300 per-
cent of strain dropped as EMVQ dosage increased.
We obtained the fracture energy and tear energy by
integrating the area of the stress-strain curve. Com-
pared to MVQ, the tensile strength of EMVQ15 did
not increase, and the tensile fracture energy of
EMVQL15 increased 160% (Figures 4a and 4b). In
contrast, the tearing energy of EMVQ15 increased
1570% in Figure 4c. The tear strength and tensile
strength of MVQ15-2.5 were not improved. Howev-
er, the fracture energy and strain of EMVQ15-2.5
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Figure 4. a) Histogram of fracture energy; b) histogram of tearing energy; c) stress—strain curves; d) tear force—elongation

curves.
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was raised. Samples with high tear strength displayed
unusual forks along the fracture routes (Figure 3d).
Samples with high tear strength displayed inflections
on the curves (Figure 4d). This was because the mo-
lecular chain of the matrix rubber slid in the poly-
cyclic structure, allowing the molecular chain to orient
in the stretching direction, thus forcing the tear to
deflect the original path.

The movement of molecular chains is affected by
chemical cross-linking networks. Thus, there will be
an appropriate crosslinking network [61]. The tear
strength reaches 63 kN/m at 0.07 phr of vulcanizing
agent (Figure 3c). After the amount of vulcanizing
agent exceeds 0.08 phr, the tear strength is not in-
creased.

3.3. Analysis of the principle

To obtain insight into how topological entanglement
improves the toughness of silicone rubber, AFM ex-
periments were performed on composites with dif-
ferent EMVQ dosages. We can see how the micro-
structure of EMVQ15-5 changed during the uniaxial
stretching operation (Figure 5a). Darker areas denote
lower modulus, and brighter areas denote higher
modulus. The overall brightness of the sample is low
in the absence of strain, indicating that the modulus
is quite low in Figure 5a;. The spots with high bright-
ness have become more and more when the strain of
the sample was 100% in Figure 5a,. When the strain
was raised by 300%, Figure 5a; showed a high-bright-
ness fiber structure in the stretching direction. This
was because the stress caused the orientation of the
molecular chains. The spot dispersion in Figure 5a4
was uniform at 500% strain, which indicated that the
molecular chains were isotropic. With increasing
strain, high-brightness fibrous structures were not
observed (Figure 5b).

Using infrared dichroism experiments, it was possi-
ble to more fully investigate how silicone rubber ori-
ented itself when it was stretched. The infrared spec-
trum of MVQ is shown in Figure 5c. 2963 and
2906 cm™! are the asymmetric stretching vibration
absorption peak and symmetric stretching vibration
absorption peak, respectively [62]. In this paper, the
peak at 2906 cm™! is chosen for the orientation analy-
sis of the composite material when it is stretched [63].
Figure 5d depicts the composite’s orientation at dif-
ferent strains. The orientation of MVQ, EMVQ15-
2.5 and EMVQI15-10 increased gradually with the
increased of strain. However, it was shown that the
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orientation of EMVQ15-5.0 and EMVQ15-7.5
fluctuated. The initial two fluctuations were due to
the sliding of molecular chains and the disintegration
of topological tangles.

In summary, it was described that the principle of
topological entanglement toughened silicone rubber
(Figure 6). The steps were as follows: (1) The poly-
cyclic structure was created during the co-blending
process of EMVQ and silica. The polycyclic struc-
ture of silica was randomly traversed by the silicone
rubber matrix’s molecular chains, which formed
topological entanglement. Many silicas were con-
nected by topological entanglement. (2) When the
sample was initially stretched, the molecular chains
of the matrix silicone rubber slid on the polycyclic
structure. Stress was carried by more molecular
chains when the strain was gradually increased. At
this time, the molecular chain was entangled with
the polycyclic structure and the molecular chain was
highly oriented. (3) The path of crack expansion was
deflected by the oriented molecular chains in the
stretching direction (Figure 3d). (4) The polycyclic
structure acts as a fixed pulley to change the direc-
tion of the stress. Although the direction of the stress
was randomly changed, it might be divided into par-
allel to the direction of stretching and perpendicular
to it. (5) The molecular chains were also highly ori-
ented in the direction perpendicular to the stretching
direction. (6) Crack expansion was inhibited by the
oriented molecular chains in the direction perpendi-
cular to the stretching direction.

This was why the fibrous structure (high orientation)
appeared in Figures 5a; and 5as. According to the
test method and principle of IR color separation, the
(R — 1)/(R + 2) of composites with high tear resist-
ance decreased rather than increased at high strain
(Figure 5b). In the process, a lot of energy was con-
sumed. The tear resistance of silicone rubber was im-
proved.

4. Conclusions

In summary, silicone rubber with high tear resistance
was successfully prepared by adding EMVQ. It is
explained how silicone rubber was toughened by
EMVQ. The tear strength of the composites in-
creased from 19 to 63 kN/m when 5 phr of EMVQIS5,
0.07 phr of a vulcanizing agent, and 40 phr of silica
were added. This significantly improved the silicone
rubber’s tear resistance. The findings of the charac-
terization showed that topological entanglement of
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Figure 5. a) The modulus mapping images of EMVQ15-5 with increasing external strain: a;) 0%, a;) 100%, as) 300%,
as) 500%; b) the modulus mapping images of MVQ with increasing external strain: by) 0%, b,) 100%, bs) 300%;
¢) infrared spectrogram of composite materials; d) (R — 1)/(R + 2) of the composite at different strains.

polycyclic structure not only concentrated stress
during the stretching of the material but also modi-
fied the direction of stress transmission and im-
proved the toughness of the material. Silica was dis-
persed more uniformly in silicone rubber by the
addition of EMVQ. The demand for silicone rubber
is growing throughout a wide range of industries as
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they evolve. There are a lot of products, including
seals, films, medical silicone tubing, and turbocharg-
er tubes, are made of silicone rubber. However, many
silicone rubber products are small parts with com-
plex structures. The products are easily ripped when
the heat mold is opened. There are strict requirements
for the tear resistance of silicone rubber in harsh
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Figure 6. Toughening principle of topological tangles.

situations, such as in the engines of aerospace vehi-
cles. This study can be used to expand the applica-
tion of silicone rubber. Researchers may come up
with innovative ways to toughen other materials as
a result of this toughening approach.
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