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Table 1 Formulations of rubber compounds.

Entry ® TDAE SiLPBS SiLPB25 SiLPB45 SiLPB60 SiLPB80

C-Ref 36.5 - - - - _
C-SiLPB5 26.5 10 - - - _
C-SiLPB25 26.5 - 10 - - _
C-SiLPB45 26.5 - - 10 - _
C-SiLPB60 26.5 - - - 10 _
C-SiLPB80 26.5 - - - - 10

2 All samples contained 70 phr SSBR 5251H, 30 phr BR 9000, 80 phr silica, 6.4 phr Si-69, 3.5 phr ZnO, 2 phr stearic acid, 3 phr
microcrystalline wax, 1 phr 6PPD, 1 phr RD, 1.7 phr sulfur, 2 phr TBBS, and 2 phr DPG, where phr stands for parts per hundred
parts of rubber.

1.2.2 TR & TBBS, B3 min J5HEA, B BORHE 2R
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EIGE: RERE MR R T RO A MR T AR P RE R 5 3

400 MHz BUAZ RE LIRSS T IR, DURARE
PiNEER], FE AR BT A N2 S
2 {# HLIH-AR e 47 40 (FTIR) Ot it K Fl BRUKER
Vertex-70 LT AMEIEAR, 73HER N4 em™,
RN 32 s MRS, FE RIS T S
o IR TR AR T, RERE T S T
. REMPIE 7 TREWM,) Mo TR e
(PDI)K H R 1238 taii515:(GPC)TE 40 °C Rl 5E
PLVY SRR (THF) 9 s A8, Jiti% 4 1.0 mL/min,
KRR CIRARERE S T RME . GPC RGLIL %
Waters 515 HPLC 72 . 4 8 1% A (HMW 7 THF.
HMW 6E THF x 2. HMW 2 THF) } Waters 2414
N R

JE AT BB AR R 12 (LPB) M 24 1 & SiLPB O
S 5 ik B A RGBT 'H-NMR 5 FTIR #4743
#1. LPB H 1 4- 5 i @ R i 115 5 F B AL T 6=
5.4~5.6 X3, 1,2- )R ah My b JE O 05 i+
55 FEALT 0=4.9~52 X4, 7]l i S i i
AR+ 5 LPB /1 1,2- 0 3L 45 K Fl 1,4-45 K49 1)
AR R, WAR():

21
fr.2(%)= -2

(211,4) =1,
He, fi, R LPBH 1,2- 2GS, LN
1A- 25 FREAE I TR A T AR, 1,0 1,2- S M dk
SERIRHIE R TR T AR

SiLPB H i e A% 22 i ' H-NMR F 43 1
28], Hrh = R85 H —SiOCH, — 11
R 55 HIUAE 0=3.75~3.85 [X 38 . it i iz g
5 LPB EHERFAEVE A AR, vl Al ok FRE
BErE LPB 70 FHE LR & &

Ixnsso/6 < Mymusso
Iipp/(2 X Mypg )+ Ixusso/(6 X Mpsgo)
(2)
Hor, Igusso /& KHS80 RHAEIE AR 70 THIARME, Iipp
F& LPB /1 1,4-25 #4 All 1,2-45 ¥ XU R 715 5 774
TFUE, Mgysso /& KHS80 [ 4 F &, HU{H 282,
Mypp7e LPBHEE HI0H 15, HUEHS54.

LPB /% SiLPB 0¥ 45 #4918 i FT-IR 3647 /€ &
IHT. BT 0 THE cis-1,4 850, 1,2-20d %%
S5 K trans-1,4 85849 73 I 4E 738, 911 #1967 ecm™
B AT H IR A R WA U, AR 5 AR A0 U ) R ' B
TREE A RN R U R, TH A [R) 5 7 5 0 AH

U=
[S==\p

% 100% (1)

xpsg (WtV0)=

132 REHMER

SR 7 [ it 4t DSC 3500 Sirius HoR 22 &
PAGHATRAE . FREL 5~10 mg i B T, 78
AR PR IR B — R — PR — AR
TR, IR VI FEIN-100~20 °C,  TH/F&R R 1)
7910 °C/min. HRHE Hh 42 73 A i () BB A0 3 A T
JE(T,), Forb T, IR T i 2 Hh 1 Hh A
1.3.3 I THEREMR

"1 JE b BEM R F 26 IR A Bl R AR A
] Mooney MV2000, lli{#% GB/T 1232.1—2016
CREMEAZI F BB R AT I e 265 1350
gy TTREERN E) brifEdiAT, MK A
100 °C, TR A 1 min, % 7% 5 8 4 min,
45 F40 N ML1+4 (100 °C).
1.3.4 BB T A0t

X 1 5% B Alpha 24 @] RPA-2000 % % Jist i T
A3 BT AC(RPA)II . (1) A B AR VR JR JI Ut 2% A1«
I8 % 60 °C, #i% 1 Hz, N ARG 0.28%~42%.
) BALBIR & TRIEHRE T RPA AR Py If
7 160 °C F ik (to+3) min, Bl J57E 60 °C. 1 Hz
A N AT R, N ARTE DN 0.28%~42%.
1.3.5 ffbet

T A 265 4 8 % ] Prescott 23 5] Mini MDR
Lite BT BAAX, % GB/T 16584—1996 (1%
FE A TG 3 TR A G 2 BRALARFPE Y ARl a1k
IR S8, BALIRE N 160 °C.

JERBHE 160 °C. 20 MPa %1 Fhtk, #Rik
1] M (t9p+3) min.
1.3.6  fu il

Ak &5 12 h )5, SbnrER 1 E D) Ak
W2 7R 45U . R R A PR B 4% IR GBY/T 528—2020
CHR G B ARG e R A R g AR g (i
SE ) AT I . IR #S R FH A [E Zwick/Roell
Z005 B F RIS HL, fE=IR N AT, RifH
T 500 mm/min. I 4580 B2 R d SRR 1 N
F1-RiAR 2% . AR E DI S S FAT IR
1.3.7  #AEZ R

P B FRUE GB/T 3512—2014 (i Ab A% i B4
IAVERR I FAAS SN 2 A A FAAREG Y, A &
BB A A BR A 7] GT-7017-EL AL i 56 6 %t
FERT A B RE . BB R E T2
feAE, #E100 °CEAF NE4 48 h. BHEEH 5,
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Fig. 1 (a) 'H-NMR spectra of LPBs; (b) 'H-NMR spectra of SiLPBs; (¢) FTIR spectra of LPBs; (d) FTIR spectra of SiLPBs.

Table 2 Microstructures and molecular weight of SiLPB.

Microstructure (%)

Sample M, (g/mol) PDI
1,4-Unit ® 1,2-Unit 1,4-Unit ® 1,2-Unit ®

SiLPB5 97 3 89 11 6200 2.56

SiLPB25 79 21 76 24 5400 2.82

SiLPB45 59 41 54 46 4500 2.62

SiLPB60 43 57 37 63 5300 2.71

SiLPB80 24 76 22 78 6800 3.36

a Calculation by 'H-NMR; ® Calculation by FTIR.
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A RIFIER, XEZIAYT SiLPB A
KH T2, MmBERERTTREE . H5ItFE

i, SILPB HANE 1,2- 203 & st k1 e %
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Fig. 2 (a) DSC traces of SiLPB with glass transition Strain (%)

temperature identified; (b) TGA curves of TDAE oil and
SiLPB; (c) DTG curves of TDAE oil and SiLPB.
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Fig. 3 (a) Mooney viscosities of compounds; (b) Storage
modulus (G")-strain curves of uncured composites; (c) G’-strain

curves of vulcanizates.
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Fig. 4 TEM images of filler dispersion in vulcanizates (a) C-Ref, (b) C-SiLPBS, (c) C-SiLPB2S, (d) C-SiLPB45, (e) C-SiLPB60,

(f) C-SiLPBS0.

2.3 WACETLERE
TRIERBA R S H R 3 s, F TPl
SiLPB X Vi e fin T 2 A P AR A Jis 28 Bk 2% BE 1)
M. 50 HERE C-Ref A LG, 75 SILPB R HI R
PO 2R B AR — 8, &AW G 2 (AM) A IE Rt
AT 8] (90) AL TR /)N, 1588 SILPB 1 1,2- £ 0 5k

B AR R B ALAT R A R L (E
SiLPB [ [ k£ 5 Hif 8] (¢,0) ¢ C-Ref B I 4iE K £
1 min, B F3EFHIBIIN T 224 . XAl g2
SN SILPB — J7 THI 2035 [ 7% BEE A5 R JE Ak v 4y ik
P, RIS SiLPB 4 B i A R Mt A B T ik
KBRS, 2L F BRI B339,

Table 3 Curing characteristics, swelling ratio, sol fraction, and crosslink densities of samples °.

Sample M (AN'm) My (dN'-m)  AM(dN'm) £, (min) 7y (min) Sk (%) FysoL (%) pex (mol/m?)

C-Ref 3.75 27.09 23.34 0.92 19.59 190.4 39.1 43.6
C-SiLPB5 3.35 24.28 20.93 2.58 16.36 176.2 36.9 522
C-SiLPB25 2.93 25.13 222 2.25 17.83 185.3 38.8 49.5
C-SiLPB45 2.64 25.03 22.39 2.14 19.48 183.6 38.9 50.8
C-SiLPB60 2.79 24.72 21.93 2.17 18.18 182.3 38.3 50.2
C-SiLPB80 2.93 254 22.47 2.15 19.15 184.1 37.9 50.2

4 M is the minimum torque, My is the maximum torque, AM is the difference between M; and My, t,, is the time for torque to

increase from the minimal value to 10% of AM, ty, is the time for torque to rise from the minimal value to 90% of AM.
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Fig. 5 (a) Stress-strain curves of unaged (solid lines) and
aged (dashed lines) compounds containing TDAE oil and
SiLPB; (b) Aging factor (F,) of vulcanizates C-Ref, C-SiLPBS5,
C-SiLPB25, C-SiLPB45, C-SiLPB60, and C-SiLPB80, where
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Table 4 Mechanical properties of vulcanizates.
Sample 0 & Mio00, Mip00, Toughness  Heat build-up  Tear strength  Shore A
(MPa) (%) (MPa) (MPa) (106 J/m?) (°C) (KN/m) hardness
C-Ref 21.3(0.35) 407(2) 3.9(0.09) 14.2(0.27) 38.28 30 439 64
C-SiLPB5  20.2 (0.65) 392(8) 4.2(0.05) 14.4(0.23) 38.28 30.8 42.4 64
C-SiLPB25 22.3(0.44) 447(10) 3.8(0.03) 13.2(0.17) 44.42 30.3 42.5 64
C-SiLPB45 21.6(0.62) 418 (6) 3.8(0.01) 13.8(0.22) 39.43 28.9 40.8 65
C-SiLPB60 20.7 (0.23)  405(6)  3.7(0.06) 13.9(0.51) 36.62 28.7 39.2 66
C-SiLPB80 20.5(0.61)  404(9) 3.8(0.07) 13.9(0.12) 36.82 29.2 39.7 66
Aging 48 h @ 100 °C
o, (MPa) &1 (%) M40y, (MPa) Toughness (10 J/m?)
C-Ref 19.5 (0.79) 273 (11) 5.0 (0.16) 23.45
C-SiLPB5 18.2 (0.83) 269 (9) 5.2(0.16) 22.03
C-SiLPB25 19.8 (0.66) 299 (10) 5.0 (0.28) 23.95
C-SiLPB45 20.3 (0.63) 270 (10) 4.5(0.18) 25.87
C-SiLPB60 21.7 (0.34) 306 (14) 4.7 (0.23) 29

o: stress at break; e: strain at break; M, stress at 100% strain; Mg, stress at 300% strain.
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Fig. 6 DIN abrasion (volume loss) of compounds containing
TDAE oil and SiLPB.
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Research Article

Effect of the Microstructures of Silane-modified Liquid Polybutadiene

on the Properties of Styrene-Butadiene Rubber

Qian Wang!, Meng-han Xing!, Jing-yi Zhang!, Yu-fei Shang', Ming-xiang Yu!, Ying Tan?,
Chun-yu Zhang!, Xue-quan Zhang'*, Yu Sun'*
(!College of Polymer Science and Engineering, Qingdao University of Science and Technology, Qingdao 266000)
(°Shandong Debo New Material Technology Co., Ltd., Dezhou 253300)

Abstract Silane-modified liquid polybutadiene (SiLPB) with different 1,2-vinyl contents were prepared to study
the effect of 1,2-vinyl content on rubber properties. 'H-NMR, FTIR and GPC results confirmed that the samples
SiLPB had similar silane contents and molecular weights. DSC results showed that, as the 1,2-vinyl content in

SiLPB was increased from 5% to 80%, its glass transition temperature was increased from —87 °C to —26 °C.
Replacing 10 phr conventional aromatic oil (TDAE) with SiLPB effectively reduced the Mooney viscosity of the

compounds, prolonged the scorch time and improved silica dispersion, while maintaining the similar curing time

(t99) and physical-mechanical properties to that containing TDAE oil (C-Ref). Vulcanizates containing SiLPB
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with high 1,2-vinyl content (C-SiLPB60 and C-SiLPB80) exhibited better thermal-oxidative aging resistance,
although their abrasion resistance was decreased by approximately 5% compared with C-Ref. In contrast, SiLPB
with 1,2-vinyl contents below 45% showed no obvious effect on abrasion resistance. Dynamic mechanical analysis
and rebound tests demonstrated that all SiLPB samples significantly reduced the tand value at 60 °C and increased
the rebound resilience at 70 °C, indicating their potential to reduce rolling resistance. Meanwhile, the tand value
at 0 °C was gradually increased with increasing 1,2-vinyl content in SiLPB, suggesting the potential to improve
wet-skid resistance. These results indicate that regulating the 1,2-vinyl content in SiLPB provides a new strategy
for balancing the performance of tire tread materials.

(@) (b) ©

Initiator l 160 °C

@ Crosslink points @ silica i Aggregation of silica _~ TDAE oil ™ SSBR/BR /ln{ SiLPB
(a) Synthesis of SiLPB; (b) Schematic of compound containing TDAE oil (C-Ref); (¢) Schematic of compounds containing SiLPB

Keywords Silane-modified liquid polybutadiene; 1,2-Vinyl content; Processing aid; Silica dispersion; Dynamic
mechanical properties



