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ethylcyclotetrasiloxane grafting
and in situ silica particle generation on the curing
and mechanical properties of a styrene butadiene
rubber composite

Changjie Yin * and Qiuyu Zhang

The reinforcement of octamethylcyclotetrasiloxane (D4) grafted styrene butadiene rubber (SBR-g-D4) with

in situ generated silica was performed using the sol–gel reaction of tetraethoxysilane (TEOS) in latex. The

characterization of SBR-g-D4 and in situ generated silica reinforced SBR-g-D4 was investigated by

Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and Raman

spectroscopy. The grafting efficiency of the styrene butadiene rubber (SBR) was determined by

a gravimetric method. It was found that the constant silicon content and the grafting efficiency of SBR

were 1.72% and 0.13 wt% when the weight ratio of D4 to SBR was 0.20. The effects of the D4 and in situ

generated silica content on the curing characteristics, mechanical properties and morphology of SBR

latex were investigated. The mechanical properties of in situ generated silica reinforced SBR-g-D4

vulcanizates were improved significantly compared to raw SBR vulcanizate when the in situ generated

silica content was 18.05%. Compared with silica reinforced SBR-g-D4, the tensile strength, wet skid

resistance and rolling resistance of the in situ generated silica reinforced SBR-g-D4 were better. This is

because of the higher crosslinking degree in the SBR-g-D4 matrix and the strong chemical bond

between SBR-g-D4 molecular chains and in situ generated silica. Scanning electron microscopy analysis

revealed good silica filler dispersion in all the reinforced SBR-g-D4 vulcanizates.
1. Introduction

As previously reported,1–3 silica (SiO2) is considered to be a good
candidate for the substitution of the traditional carbon black in
the application of green tire manufacturing, because the tire
treads lled by silica have better wet skid resistance, low rolling
resistance and better wear resistance than carbon.4,5 However,
SiO2 has a high polarity and hydrophilic surface due to silanol
groups on its surface,6 which leads to poor interactions between
SiO2 and SBR.7

In order to solve this problem, the graing modication of
SBR is a promising and effective approach.8 In previous work,
many studies focused on graing rubber using the vinyl
monomers, such as maleic anhydride (MA),9 vinyl alcohol
(VA),10 stearyl methacrylate,11 methyl methacrylate (MMA),12

glycidyl methacrylate (GMA),13 acrylonitrile (AN),14 styrene (St),15

vinyltriethoxysilane16 and so forth. The methods for the prepa-
ration of graed rubber include thermal gra copolymeriza-
tion17–20 and irradiation graing polymerization.21–23 Second,
the generation of the in situ silica in the rubber matrix by the
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sol–gel reaction of TEOS is another effective technology, and
this technology has been used in various rubber forms, such as
solid rubber,24,25 rubber latex26,27 and rubber solution.28–30 Third,
combining the graed rubber with sol–gel technology using
TEOS to improve the properties of silica/rubber compounds is
the most effective method of all. Sittiphan et al.31 reported the
lling of styrene (St) graed natural rubber (St-NR) with in situ
generated silica which was performed using the sol–gel reaction
of TEOS, where transmission electron microscopy results
revealed that the in situ silica particles were small (�40 nm in
diameter) and well dispersed. The in situ silica lling of MMA-
NR via the solid rubber and rubber latex methods has been
reported.32 Although the use of vinyl monomer gra polymeri-
zation modied rubber can improve the compatibility between
silica and rubber, the chemical interaction between rubber and
SiO2 has not been greatly improved. Zhang et al.33,34 discussed
the in situ silica reinforcement of VTES graed SBR (SBR-g-
VTES) by the sol–gel process in latex; it was reported that the
increased tensile strength was due to the chemical interaction
between silica and SBR in the in situ reinforced SBR-g-VTES.
However, with the graing polymerization of the VTES onto the
SBR in latex, the hydrolysis and condensation of the VTES may
destroy the stability of SBR latex. Therefore, it is highly neces-
sary to use unhydrolyzable cyclosiloxanes to obtain the graed
This journal is © The Royal Society of Chemistry 2019
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SBR. Recently, different methods of graing octamethylcyclo-
tetrasiloxane (D4) onto polyacrylate by emulsion polymerization
have been reported. Liang et al.35 prepared a new core–shell
silicon-containing uoroacrylate by the D4 ring-opening poly-
merization in the presence of the uoroacrylate latex using
ammonium persulfate (APS) as the initiator. Jiang et al.36 also
thoroughly studied the kinetics of the ring-opening polymeri-
zation of D4 in emulsion, showing that the content of D4

molecules at the interface could cause an increase in the poly-
merization rate. Based on these two articles, it is possible to
obtain modied polymers by ring-opening polymerization of D4

in emulsion.
As a result, in this study, the SBR-g-D4 (D4 graed SBR) was

rstly synthesized using the graing polymerization reaction of
the D4 onto the SBR molecular chains in the SBR latex. The
effects of the D4 content on the silica content, curing charac-
teristics and mechanical properties of the SBR-g-D4 were
investigated to nd the optimal conditions (dened as a good
balance between curing characteristics and mechanical prop-
erties at the highest graing ratio of SBR with the lowest added
mass of D4). The SBR-g-D4 latex was then mixed with various
amounts of TEOS at 50 �C. Subsequently, SBR composites with
a different silica content were obtained aer the in situ sol–gel
of TEOS. The effects of the mass of TEOS on the silica content,
utilization of the TEOS, curing characteristics and mechanical
properties of in situ generated silica reinforced SBR-g-D4 vulca-
nizates were systematically discussed. Finally, the morphology
of the in situ silica lled SBR-g-D4 vulcanizates was
characterized.

The schematic representation of the in situ silica generated
in the SBR-g-D4 matrix aer gra copolymerization is shown in
Scheme 1. The occurrence of the D4 graing onto the SBR
backbone (Scheme 1a) and the formation of the in situ silica via
the sol–gel reaction of TEOS in the TEOS swelled SBR-g-D4 latex,
for sol–gel reaction aer gra copolymerization, are depicted.
The chemical bond could be formed between the in situ
generated silica particles and SBR-g-D4 molecular chains
(Scheme 1b).

2. Experimental
2.1 Materials

Silica was purchased from Changtai Micro-Nano Chemistry Co.,
Ltd., China. The primary silica particles were of 10–20 nm
diameter and with a 190 m2 g�1 to 200 m2 g�1 surface area. The
styrene butadiene rubber (SBR1502) was kindly provided by Lan
Zhou Petroleum Chemical Industrial Co., Ltd., China. Octa-
methylcyclotetrasiloxane (D4) was provided by Guangzhou
Double Peach Fine Chemical Co., Ltd., China. Tetraethoxysilane
(TEOS, CP) was purchased from Sinopharm Chemical Reagent
Co., Ltd., China. Potassium persulfate (KPS, CP) was supplied
by Tianjin Shan Pu Chemical Co., Ltd., China. Sulfur, zinc oxide
(ZnO), stearic acid (SA), N-cyclohexyl-benzothiazyl-sulfenamide
(CBS, purity > 97%), N-(1,3-dimethylbutyl)-N0-phenyl-p-phenyl-
enediamine (DPG, purity > 97%), 2,2,4-trimethyl-1,2-
dihydroquinoline (8PPD), methyltrialkylammonium chloride
(AM-2) and the condensation product of dicyandiamide and
This journal is © The Royal Society of Chemistry 2019
formaldehyde (TXD), both industry grade, were provided by Lan
Zhou Petroleum Chemical Industrial Co., Ltd., China.

2.2 Preparation of D4 graed SBR (SBR-g-D4)

The gra reactions were carried out in a four neck 500 mL
round bottom ask reactor with agitation of 100 rpm under
nitrogen atmosphere. In each reaction, 200.00 g SBR latex
(40.00 g dry SBR) was added rst while stirring at 80 �C over
30 min to remove the oxygen. The initiator KPS (1.00 g KPS was
dissolved in 9.00 g H2O) was then added in turn to the latex over
60 min, while at the same time, the D4 (varying from 0.00 g,
2.00 g, 4.00 g, 6.00 g, 8.00 g, 10.00 g) was slowly dropped into the
latex at a rate of 20 mg min�1 until completion; stirring was
continued for 1 hour to obtain the graed SBR latex (SBR-g-D4

latex). Hydroquinone was added to stop the reaction. 24 hours
later 2.00 g SBR-g-D4 latex samples were poured on a vessel and
dried in an oven at 70 �C for 48 h to remove water and unreacted
monomers to obtain the dry SBR-g-D4 which was used for
infrared and thermogravimetric analysis.

2.3 Sol–gel reaction of TEOS in the SBR-g-D4 latex

In this study, the TEOS was added aer the gra copolymeri-
zation. The TEOS was slowly dropped into the SBR-g-D4 latex at
a rate of 0.50 g min�1 at 50 �C until completion; the conditions
for the sol–gel reaction of TEOS in SBR-g-D4 latex are summa-
rized in Table 1. The antioxidant (0.010 g 8PPD) and coagulants
(0.020 g AM-2, and 0.001 g TXD) were then added into the in situ
sol–gel SBR-g-D4 latex by dropping in turn over 2 min, and then
the SBR-g-D4 rubber was coagulated from the latex. Lastly, the
SBR-g-D4 rubber was dried under vacuum at 60 �C for 24 h.

2.4 Preparation of silica reinforced SBR vulcanizates and the
in situ generated silica reinforced SBR-g-D4 vulcanizates

The compounding compositions of the silica and in situ
generated silica reinforced SBR-g-D4 vulcanizates are described
in Table 2. The in situ generated silica reinforced SBR-g-D4

vulcanizates were obtained using a two-roll mill (X(S)-160 type at
room temperature, Shanghai Rubber Machinery Factory,
China). First, the in situ formed silica reinforced SBR-g-D4

rubber, ZnO and SA were mixed together by a two-roll mill.
Second, the S, and the vulcanization accelerators CBS and DPG,
were added into the same mill. Third, the rubber composites
were vulcanized at 160 �C according to the optimum cure time
(t90) measured by a rubber rheometer in a press at 10 MPa to
obtain the 2.00 mm thick lms of vulcanized rubber to be used
in the mechanical properties analysis.

2.5 Characterization

2.5.1 Silicon content and graing efficiency of SBR.
Ungraed SBR was washed out in a Soxhlet extractor with 60–
80 �C boiling point petroleum ether for 24 h, and the residue
was then extracted in acetone for 24 h to remove the free poly-
mers of D4. The graing efficiency of D4 (w) ¼ practical silicon
content (w2)/theoretical silicon content (w1). The formulae for
calculating w1 and w2 are as follows:
RSC Adv., 2019, 9, 34330–34341 | 34331
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Scheme 1 Possible mechanism for the interactions and bonding between SBR-g-D4 and silica.

Table 1 Conditions for the sol–gel reaction of TEOS in the SBR-g-D4

latex

Condition number TEOS content (g) Temperature (�C)

1 0.00 50
2 2.00 50
3 4.00 50
4 6.00 50
5 8.00 50
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w1 ¼ m2 � 4� 28

296�m1

(1)

w2 ¼ m4 � 28

m3 � 60
(2)

w0 ¼ m2 � w

m2 � wþ 40:00
(3)

w0 represents the graing efficiency of SBR; m1, m2 represent
the total mass of the SBR-g-D4 and D4, respectively; m3 denotes
the weight of SBR-g-D4 for muffle furnace burning; m4 denotes
the weight of the ashes (the residue of SBR-g-D4 in a muffle
furnace under 700 �C for 6 h, washed by diluted hydrochloric
acid and water three times, respectively). 4, 40, 28, 60 and 296
are the number of silicon atoms in D4, the quality of dry rubber,
the molecular weight of silicon, silica and D4, respectively.
34332 | RSC Adv., 2019, 9, 34330–34341
2.5.2 Silica content and utilization of silica in the in situ
formed silica reinforced SBR-g-D4. The silica content and utili-
zation efficiency of TEOS were determined using a muffle
furnace under 700 �C for 6 h. Silica content (w3) ¼ m6/m5,
utilization efficiency of TEOS ¼ practical silica content as
6 10.00 50

This journal is © The Royal Society of Chemistry 2019
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Table 2 Formulations for the rubber compounding, in parts by weight per hundred parts (phr)

Ingredient Content (phr) Content (phr) Content (phr)

Pristine SBR 100.00
SBR-g-D4 rubber 100.00
In situ reinforced SBR-g-D4 rubber 100.00
Silica 0 Varied from 0, 4.80, 7.90, 9.32, 13.70, 18.05 0
ZnO 3.00 3.00 3.00
SA 1.00 1.00 1.00
CBS 1.00 1.00 1.00
DPG 1.50 1.50 1.50
S 2.00 2.00 2.00
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formed by TEOS (w5)/theoretical silica content as formed by
TEOS (w4). The formulae for calculating w4, w5, and w6 are as
follows:

w4 ¼ m7 � 60=208

200� 20%þm7 � 60=208
(4)

w6 ¼ m8 � 60=297

200� 20%þm8 � 60=297
(5)

w5 ¼ w3 � w6 � w (6)

wherem5,m6 are the weight of in situ generated silica reinforced
SBR-g-D4 and the weight of the residue of in situ generated silica
reinforced SBR-g-D4 in a muffle furnace under 700 �C for 6 h,
respectively. m7 and m8 are the weight of TEOS and D4,
respectively. 60, 297, 208, and w are the molecular weights of
SiO2, D4, TEOS, and the graing efficiency of D4, respectively.
Bound rubber was measured as a percentage of insoluble
rubber in total rubber for the differing silica content.

2.5.3 ATR-FTIR analysis. The attenuated total reectance-
Fourier transform infrared (ATR-FTIR) spectra of SBR, SBR-g-
Fig. 1 FTIR spectra of SBR, SBR-g-D4, in situ generated SiO2 rein-
forced SBR-g-D4 and SiO2.

This journal is © The Royal Society of Chemistry 2019
D4 and in situ generated silica reinforced SBR-g-D4 were
characterized using a Tensor-37 FTIR spectrometer (Bruker
Optics Inc, Germany) at room temperature. The FTIR spec-
trum of D4 was determined in the range of 400–4000 cm�1

with 32 scans.
2.5.4 XPS analysis. The XPS analysis of SBR and SBR-g-D4

rubber samples was conducted using a Kratos Axis Ultra X-ray
photoelectron spectrometer tted with a monochromatic Al
Ka X-ray source (1487 eV) operating on a spot size of 300 mm.37

2.5.5 Raman spectroscopy. The Raman spectra of SBR and
SBR-g-D4 were recorded using a WITec alpha 300RA confocal
Raman spectrometer.38

2.5.6 Curing characteristics. The curing time (t90),
maximum torque (MH) and minimum torque (ML) of rubber
vulcanizate composites were studied using a Moving Die
Rheometer (MDR) JC-2000E (JiangDu JingCheng Test Instru-
ments Factory, China) at 160 �C according to ASTM D 2084-95.

2.5.7 Mechanical properties. The mechanical properties of
the 2 mm thick cured lms of the rubber vulcanizate compos-
ites were measured using a SANS-CMT 5105 electrical tensile
tester (Shenzhen SANS Test Machine Co., China) in accordance
with ASTM D 412 using dumbbell-shaped test specimens at
a crosshead speed of 500 mm min�1.
Fig. 2 Raman spectra of SBR and SBR-g-D4.

RSC Adv., 2019, 9, 34330–34341 | 34333
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Fig. 5 Effects of the weight ratio of D4 to SBR on the cure time (t90)
and scorch time (ts2) of the SBR-g-D4 vulcanizates.

Fig. 3 XPS spectra of SBR and SBR-g-D4.
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2.5.8 Dynamic mechanical analysis. Dynamic mechanical
analysis was performed using the DMA/SDTA861e (Mettler-
Toledo, Switzerland) in the tension mode, at a heating rate of
5�C min�1 from �50 �C to 110 �C. The specimens (size 30 � 5 �
2 mm3) were cut from the center of the samples.

2.5.9 Scanning electron microscopy (SEM). Examination of
the tensile fracture surfaces of SBR and the in situ formed silica
reinforced SBR-g-D4 composites was conducted using SEM with
a JSM-6700F scanning electron microscope (Japan Electron
Optics Laboratory, Japan) on gold-coated cryo-fracture surfaces.
3. Results and discussion
3.1 Characterization of SBR-g-D4 and in situ generated SiO2

reinforced SBR-g-D4

FTIR spectra of the pristine SBR, pristine silica, SBR-g-D4, and in
situ generated silica reinforced SBR-g-D4 without any cross-
linking additives are shown in Fig. 1. For SBR, the absorption
Fig. 4 Effects of the weight ratio of D4 to SBR on the silicon content in
SBR-g-D4.

34334 | RSC Adv., 2019, 9, 34330–34341
peaks appeared at 2924, 1440, 1350 and 764 cm�1, which were
identied as the stretching vibration of aliphatic ]C–H, C–H
bending of CH2, C–H bending of CH3 and C]C bending
vibrations, respectively.32

Compared with the pristine SBR, the spectrum of the SBR-g-
D4 shows the samemajor signals as obtained from SBR, and the
additional absorption signals at 1020 and 1055 cm�1 corre-
sponding to the –Si–O–C– and –Si–O–Si–39 stretching and
vibration are evidence for D4 being present in the SBR-g-D4

graed copolymer.
Furthermore, the new absorption peaks at 1062–1100 cm�1

are attributed to the –Si–O–Si– stretching of silica generated by
the sol–gel reaction of the TEOS in the in situ generated SiO2

reinforced SBR-g-D4.40 Compared with the absorption peaks of
–Si–O–Si– groups at 1054–1213 cm�1 in the pristine silica, the
narrower absorption peaks in the SiO2 reinforced SBR-g-D4 may
indicate the existence of an interaction between SBR-g-D4 and
silica that arises via D4.
Fig. 6 Effects of the weight ratio of D4 to SBR on themaximum torque
(MH) and minimum torque (ML) of the SBR-g-D4 vulcanizates.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05475h


Fig. 9 Effects of the weight ratio of D4 to SBR on the modulus at 100%
elongation of the SBR-g-D4 vulcanizates.

Fig. 7 Effects of the weight ratio of D4 to SBR on the stress–strain
behavior of the SBR-g-D4 vulcanizates.
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Raman spectra were obtained to conrm that the D4 was
graed onto the backbone of SBR. The corresponding results
are shown in Fig. 2. Compared with the Raman spectrum of
SBR, the new peaks at 616 and 1192 cm�1 could be assigned to
the bending and asymmetric stretching modes in the Si–O–Si
for D4, respectively.41 At the same time, the non-polar –CH3

groups are at the Raman shi of 2900–3000 cm�1, and it is
shown that the band peak at 2900–3100 cm�1 for the SBR-g-D4 is
much stronger than that of SBR, which indicates that a large
number of –CH3 groups have been introduced into the molec-
ular chains of the SBR aer graing with D4.

The elemental composition of SBR and SBR-g-D4 samples
was analyzed with wide-scan XPS spectra, as shown in Fig. 3.
Compared with SBR alone, for the SBR-g-D4 sample, stronger
O1s and C1s signals were observed, and a new peak at 98–100 eV
corresponding to Si element was also observed for the SBR-g-D4

sample, indicating the successful graing of D4 onto SBR
chains.42
Fig. 8 Effects of the weight ratio of D4 to SBR on the tensile strength
and elongation at break of the SBR-g-D4 vulcanizates.

This journal is © The Royal Society of Chemistry 2019
In this experiment, octamethylcyclotetrasiloxane (D4) was
chosen to be graed onto the molecular chains of SBR. From
the results of the FTIR, Raman and XPS analysis, the main
reaction is the free radical polymerization between the ring-
opening of D4 with the double bond in SBR as in Scheme 1.
The ring-opening polymerization of D4 was initiated by KPS to
get the active center in the SBR latex, and then one part of the
active center could attack the double bond in the molecular
chains of SBR to obtain the SBR-g-D4, and one part of the active
center could form ungraed polyoctamethylcyclotetrasiloxane.
Huang et al. also found that polyacrylate modied by poly-
siloxane latex could be successfully prepared by successive
seeding polymerization with the radical polymerization of
acrylate and the ring opening polycondensation of D4.43
3.2 Gra copolymerization of D4 onto SBR latex

3.2.1 Silicon content in the SBR-g-D4 and graing effi-
ciency of SBR. The effects of the weight ratio of D4 to SBR on the
Fig. 10 Effects of the weight of TEOS on the in situ generated silica
content and utilization of TEOS.
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Fig. 12 Effects of the silica content on the stress–strain behavior of
silica reinforced SBR-g-D4.

Table 3 Effects of in situ generated silica content on the curing time
of reinforced SBR-g-D4 vulcanizates

In situ
generated silica (%) ts2 (min) t90 (min) t90–t10 (min)

0 0.82 15.89 8.50
4.8 1.13 16.41 8.98
7.9 1.23 17.63 9.21
9.32 1.32 18.75 9.35
13.7 1.56 19.34 9.48
18.05 1.73 20.5 9.62
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practical silicon content, theoretical silicon content and gra-
ing efficiency of SBR were studied and are shown in Fig. 4. This
shows that the practical silicon content was lower than the
theoretical silicon content in the SBR-g-D4; this is due to the free
PD4 (polyoctamethylcyclotetrasiloxane) which is increased with
increasing the mass ratio of D4 to SBR, with similar results
having been observed by Satraphan et al.44 and Kochthon-
grasamee et al.,45 who suggested that the homopolymerization
wasmore pronounced than the gra copolymerization at higher
monomer concentrations, and thus, the free PD4 increased and
the silicon content in the SBR-g-D4 decreased.

For the practical silicon content (PCS) and graing efficiency
of SBR (GER), these increased with increasing the weight ratio
of D4 to SBR; however, they remained constant when the weight
ratio of D4 to SBR was higher than 0.20, as shown in Fig. 4. The
constant silicon content and GER were 1.72% and 0.13 wt%
when the weight ratio of D4 to SBR was 0.20. This is due to the
fact that the inter-molecule crosslinking reactions of SBR
probably occurred throughout the graing polymerization,10

and the formed cross linking network structure could prevent
the free D4 monomers from reacting with the SBR molecular
chains, resulting in the constant GER at the higher weight ratio
of D4 to SBR.
Fig. 11 Effects of in situ generated silica content on the torque of
reinforced SBR-g-D4 vulcanizates.

34336 | RSC Adv., 2019, 9, 34330–34341
3.2.2 Curing characteristics of SBR-g-D4 vulcanizates.
Scorch time (ts2) and optimum cure time (t90) of the SBR-g-D4

vulcanizates are shown in Fig. 5 ts2 is a measure of the time to
premature vulcanization while t90 is the optimum cure time of
the vulcanizates. It can be seen that both the ts2 and t90 of the
vulcanizates were prolonged with increasing the weight ratio of
D4 to SBR. This might be due to the high polarities of –Si–O–Si–
groups which interfere with the vulcanization, that is, some of
the –Si–O–Si– groups in the D4 are assumed to have interacted
with –C]C– groups in the molecular chains of SBR; the
remaining free –Si–O–Si groups could possibly form hydrogen
bonds with polar accelerators, causing accelerator adsorption
on the polar surface.46

The value of t90–t10 can represent the increasing speed of
the degree of rubber crosslinking. As also shown in Fig. 5, the
value of t90–t10 increased signicantly with increasing the
weight ratio of D4 to SBR, and this remained constant when
Fig. 13 Effects of the silica content on the stress–strain behavior of in
situ generated silica reinforced SBR-g-D4.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05475h


Table 4 Effects of the silica content on the tensile strength and elongation at break of the silica reinforced SBR-g-D4 and in situ generated silica
reinforced SBR-g-D4 vulcanizates

Silica content
(%)

In situ generated silica reinforced SBR-g-D4 Silica reinforced SBR-g-D4

Tensile strength (MPa) Elongation at break (%) Tensile strength (MPa) Elongation at break (%)

4.80 5.12 � 0.03 309.99 � 5.11 4.89 � 0.02 409.20 � 5.39
7.90 6.35 � 0.02 289.56 � 6.23 6.03 � 0.03 390.24 � 7.10
9.32 8.29 � 0.02 275.00 � 3.09 7.81 � 0.02 379.58 � 2.95
13.70 10.00 � 0.01 270.79 � 3.55 8.52 � 0.03 350.68 � 4.02
18.05 10.04 � 0.04 265.01 � 2.89 8.89 � 0.04 340.01 � 6.03
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the weight ratio of D4 to SBR was higher than 0.20. Compared
with the crosslinking degree of pristine SBR, the crosslinking
degree of SBR-g-D4 containing the additional –Si–O–Si–
linkage crosslinking caused by the ring-opening polymeri-
zation in the SBR-g-D4 (ref. 47) is enhanced, and thus, the
greater the SBR-g-D4 content, the faster the increasing speed
of the degree of rubber crosslinking. Meanwhile, the SBR-g-
D4 content is determined by the GER which is shown in Fig. 4;
as a result, the changes in t90–t10 are consistent with the GER
data.

Fig. 6 shows the effects of the weight ratio of D4 to SBR on the
maximum torque (MH) andminimum torque (ML) of the SBR-g-
D4; it shows that the MH and ML increased with increasing the
weight ratio of D4 to SBR. The small number of graed D4

chains could enhance interaction between SBR molecular
chains, causing the increased MH and ML.

3.2.3 Mechanical properties of SBR-g-D4 vulcanizates.
Fig. 7 shows the effects of the weight ratio of D4 to SBR on the
stress–strain behavior of the SBR-g-D4 vulcanizates. It can be
seen that the high D4 content in the SBR-g-D4 is benecial in
improving the modulus of the SBR-g-D4 vulcanizates, which
reects an increase in the cross-linking density of SBR-g-D4

chains.48
Fig. 14 Temperature dependence of tan d (�50 to 110 �C) for silica
reinforced SBR, SBR-g-D4 and in situ generated silica reinforced SBR-
g-D4.

This journal is © The Royal Society of Chemistry 2019
The effects of the weight ratio of D4 to SBR on the tensile strength,
elongation at break and the modulus at 100% elongation are pre-
sented in Fig. 8 and 9. These show that the tensile strength and
modulus at 100% elongation increased with increasing the weight
ratio of D4 to SBR, but the elongation at break decreased with
increasing the weight ratio of D4 to SBR, while all remained reason-
ably constantwhen theweight ratio ofD4 to SBRwashigher than0.20.

Compared with the SBR vulcanizates, the enhancement of
the tensile strength and modulus at 100% elongation in the
SBR-g-D4 vulcanizates may be due to the higher crosslinking
degree than in SBR, that is, the crosslinking degree of the SBR-g-
D4 vulcanizates can be mainly attributed to two contributions:
sulfur crosslinkage and D4 crosslinkage; these lead to the
strengthening of the interface which could subsequently
promote an easier stress transfer across the molecular chains.49

At the same time, the higher crosslinking density of SBR-g-D4

increases the rigidity of rubber molecular chains, resulting in
a decrease in the elongation at break.

The effects of the D4 content on the silica content, curing
characteristics andmechanical properties of SBR-g-D4 having been
thoroughly investigated, it was found that the optimal weight ratio
of D4 to SBR is 0.20. The SBR-g-D4 latex with the optimal weight
ratio was then mixed with a certain amount of TEOS at 50 �C.
3.3 Sol–gel reaction of TEOS in the SBR-g-D4 latex

3.3.1 In situ generated silica content in reinforced SBR-g-
D4 and utilization efficiency of TEOS. Fig. 10 shows the effect of
the weight of TEOS (5.00–45.00 g) on the in situ generated silica
(SiO2) content in the reinforced SBR-g-D4 at 50 �C, with the
TEOS being added aer the gra copolymerization.

The in situ generated silica content increased with increasing
TEOS weight, although it remained constant aer the weight of
TEOS was more than 35 g. As the in situ silica was generated by
the sol–gel reaction of TEOS, the silica content was thus
controlled by the weight of TEOS and the in situ formed silica
content increased with increasing TEOS weight. However, this
sol–gel technique may be restricted by the amount of D4 graed
SBR due to the polarity differences between SBR and silica.50 For
excessively TEOS lled composites (where the weight of TEOS
was higher than 35 g), a constant in situ silica content was
observed. This is due to the fact that, relative to the weight of
TEOS, the weight of the SBR-g-D4 is limited, and as a result, the
extra in situ silica generated from TEOS agglomerates and
RSC Adv., 2019, 9, 34330–34341 | 34337

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05475h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
2:

51
:3

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
separates out from the SBR-g-D4 latex, resulting in the relatively
constant in situ generated silica content. Similarly, with the
limited amount of SBR-g-D4 mixed with the TEOS, the utiliza-
tion of TEOS decreased with the increasing weight of TEOS, and
then became constant, which is also shown in Fig. 10.

3.3.2 Curing characteristics of the in situ generated silica
reinforced SBR-g-D4 vulcanizates. Table 3 shows the effect of in
situ generated silica content on the curing time of reinforced
SBR-g-D4. This shows that the ts2 and t90 increased with
increasing in situ generated silica (SiO2) content, which is
attributed to the absorption of the accelerator by the –OH
groups on the in situ generated SiO2 surface; this consequently
lowered the accelerator activity and slowed down the sulfur
vulcanizing reaction, resulting in the delayed curing time of the
in situ generated silica reinforced SBR-g-D4.51

With respect to the t90–t10, it increased with increasing
weight of TEOS. It is possible that the in situ generated SiO2 was
graed onto the SBR-g-D4 chains by the chemical bond between
–Si–O– groups in SBR-g-D4 and SiO2, which could increase the
crosslinking degree of SBR-g-D4, thereby resulting in the
increase in t90–t10.
Fig. 15 Morphological images of the tensile fracture surface of in situ gen
(b) 9.32%, (c) 13.7%, and (d) 18.05%.

34338 | RSC Adv., 2019, 9, 34330–34341
Fig. 11 shows the effect of the in situ generated SiO2 content
on the torque (ML andMH) of reinforced SBR-g-D4 vulcanizates.
The ML and MH are closely related to the interaction between
SBR-g-D4 and SiO2. The ML and MH were found to be increased
with increasing silica content, indicating a good interaction
between SBR-g-D4 and SiO2. This is due to the improvement of
the interaction between the SBR-g-D4 and SiO2 by the –Si–O–Si–
groups in themolecular chains of the SBR-g-D4.52 For excessively
silica lled composites (the content of silica was higher than
13.70%), constant ML and MH were observed, due to the fact
that, relative to the in situ silica content, the –Si–O– groups in
the SBR-g-D4 are limited. As a result, an excess amount of in situ
generated silica cannot be inserted into the networks of SBR-g-
D4 molecular chains to enhance the interaction between SBR-g-
D4 molecular chains and SiO2, resulting in the relatively
constant ML and MH when the silica content is higher than
13.70%.

3.3.3 Mechanical properties of the silica reinforced SBR-g-
D4 and in situ generated silica reinforced SBR-g-D4 vulcanizates.
The effects of the silica content on the stress–strain behavior of
the silica reinforced SBR and in situ generated silica reinforced
erated silica reinforced SBR-g-D4with a varying silica content: (a) 7.9%,

This journal is © The Royal Society of Chemistry 2019
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SBR-g-D4 are presented in Fig. 12 and 13, respectively, and the
detailed tensile strength and elongation at break data are
summarized in Table 4.

Fig. 12 and 13 both show that the stress–strain properties of
the reinforced SBR-g-D4 composites gradually improve with an
increase in the silica content in the composite. The improve-
ment in the mechanical properties is attributed to the rubber
ller interaction. At the same time, the stronger modulus in the
in situ generated silica reinforced SBR-g-D4 vulcanizates is due
to more regularity and the presence of entanglements.

Table 4 shows that the tensile strength increased with
increasing in situ generated SiO2 content, and peaked at an SiO2

content of 13.70%, becoming relatively constant at the higher
SiO2 content. This is due to the reinforcement effect of in situ
generated silica particles on the SBR-g-D4 matrix networks.53

This result correlates well with the MH and ML data for the
reinforced SBR-g-D4 noted above, due to the limited –Si–O–
functional groups in the SBR-g-D4. The elongation at break of
the reinforced SBR-g-D4 vulcanizates decreased with the
increasing in situ generated silica content. This is due to more
silica-SBR-g-D4 interactions and higher crosslink densities.54 At
the same time, the tensile strength of the in situ generated silica
reinforced SBR-g-D4 was higher than that of the silica reinforced
SBR-g-D4, which is attributed to the higher crosslinking degree
in the SBR-g-D4 matrix and the strong chemical bond between
SBR-g-D4 molecular chains and in situ generated silica.

All these results may also prove that SBR-g-D4 can generate
a chemical interaction with in situ generated SiO2 in the silica-
reinforced SBR-g-D4, according to the mechanism proposed in
Scheme 1.55,56

3.3.4 Dynamic mechanical analysis of the silica reinforced
SBR-g-D4 and in situ generated silica reinforced SBR-g-D4

vulcanizates. It was reported that the loss tangent (tan d) at 50–
80 �C is an indication of tire rolling resistance, and the lower the
value of tan d at 50–80 �C, the better the rolling resistance of tires. In
a laboratory scale test, the tan d at�20 to 0 �C of the vulcanizates is
an indication of wet skid resistance, and the higher the value of
tan d at �20 to 0 �C, the better the wet skid resistance of tires.56,57

The tan d values of the silica reinforced SBR, SBR-g-D4 and in
situ generated silica reinforced SBR-g-D4 vulcanizates are shown in
Fig. 14. Compared with the tan d value of silica reinforced SBR
vulcanizates, the tan d value at �20 to 0 �C of the silica reinforced
SBR-g-D4 vulcanizates was higher, indicating the better wet skid
resistance of the silica reinforced SBR-g-D4 vulcanizates. At the
same time, the tan d value at �20 to 0 �C of the in situ generated
silica reinforced SBR-g-D4 vulcanizates was highest of all, indi-
cating an increased wet skid resistance, while the tan d at 50–80 �C
of the in situ generated silica reinforced SBR-g-D4 vulcanizates was
lower, implying a decrease in rolling resistance. This may be
attributed to a strong interaction between SBR and in situ gener-
ated silica and the additional linkages created by D4.
3.4. Morphology of the in situ generated silica reinforced
SBR-g-D4 vulcanizates

The morphological behavior of the tensile fracture surface (at
7.9%, 9.32%, 13.7%, and 18.05% in situ generated silica
This journal is © The Royal Society of Chemistry 2019
content) was analyzed by a scanning electron microscopy (SEM)
study, as shown in Fig. 15(a), (b), (c), and (d) , respectively. The
SEM images clearly indicate the good silica ller dispersion in
all the reinforced SBR-g-D4 vulcanizates. This is due to the fact
that SBR-g-D4 may act as a compatibilizer between ungraed
SBR and the in situ generated silica particles, which increases
the dispersion of the silica particles to a greater extent.
However, compared with the fracture surfaces seen in Fig. 15(c)
and (d), the in situ generated silica reinforced SBR-g-D4 vulca-
nizates (Fig. 15(a) and (b)) exhibit a rugged surface when the
silica content is lower than 9.32%. This is because of the higher
crosslinking degree in the SBR-g-D4 matrix and the strong
chemical bond between SBR-g-D4 molecular chains and in situ
generated silica, which improves the plasticity of in situ gener-
ated silica reinforced SBR.58

4. Conclusions

A new in situ generated silica reinforced SBR-g-D4 vulcanizate
has been developed from SBR latex through the graing and
sol–gel reaction of TEOS. The chemical structures of SBR-g-D4

and in situ generated silica reinforced SBR-g-D4 were assessed by
FTIR, Raman and XPS analysis. Aer graing, the constant
silicon content and GER were 1.72% and 0.13 wt% when the
weight ratio of D4 to SBR was 0.20; under this condition, the
tensile strength of SBR-g-D4 vulcanizates could reach 4.84 MPa.
The SBR-g-D4 was then reinforced by the in situ generated silica
formed by the sol–gel reaction of TEOS in latex; the constant in
situ generated silica content was 18.05%, and the tensile
strength of the in situ generated silica reinforced SBR-g-D4 was
found to have been signicantly enhanced. The tensile strength
of the in situ generated silica reinforced SBR-g-D4 vulcanizates
was increased signicantly compared to that of pristine rubber
vulcanizates, due to the formation of chemical bonds between
–Si–O– groups in SBR-g-D4 and in situ generated silica. SEM
images clearly indicate the good silica ller dispersion of all of
the reinforced SBR-g-D4 vulcanizate matrices.
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