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Abstract: Various studies have been conducted to improve silica dispersion of silica filled tire tread compounds; among
them, silica wet masterbatch (WMB) technology is known to be suitable for manufacturing silica filled compounds that have
high silica content and high dispersibility. Till now, the WMB study is focused on the natural rubber (NR) or emulsion sty-
rene-butadiene rubber (ESBR) that does not have a silica-affinity functional group, and a study of NR or ESBR having a
silica-affinity functional group is still not well known. Unlike the dry masterbatch technology, the WMB technology can
solve the problems associated with the high Mooney viscosity when applied to silica-friendly rubber. However, a coagulant
suitable for each functional group has not yet been determined. Therefore, in this study, different coagulant applied silica
WMB was prepared by applying calcium chloride, sulfuric acid, acetic acid, and propionic acid by using a carboxyl group
functionalized reversible addition fragmentation chain transfer ESBR. The evaluation of the WMB compounds revealed that
the calcium chloride added WMB compound showed excellent silica dispersion, abrasion resistance, and rolling resistance.
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Introduction

Elojo] EF|t A7} Hupbg oA A27e] EARE Wt
A, AHIEA, F8A1F 540 9 71X 4l Aol
o, )7t Ak FAS §iete] vt 13k 28717 =
AE 17 S L i 7)& ) 2 B )8l A &
HNAE Ae7tet 175 7 11 E}sH= wet masterbatch
(WMB) 7|57 @) AHg-s3 gl Azt AZZAS bis[3-
(triethoxysilyl)propyl]tetrasulfide (TESPT)E tiA|3t= Al
Ak AEIA Y AT & o] F o] &3t AL A7t Huky
E 5 o a7t olFofA L Qlek

WMB 7]£2 19224 7I2E2S/H AT WMB 7|& £3
ZEE A1ZE 9] silicate, carbon nanotube, graphite 5-2] ThoF
o BAAE o] 83 A77F LEE Gl ow, " 20144 o] F 1
] A7} WMBe]| tj3t A5 237} oh HEE L gl S
A7} WMB 7]&9 84 53+ 18T 9 284 AErt
AT AlxolH, o] & F3l 7H4, Wrte A, A5
57, QuIEAEE Aol JiAdste Aol Aot Azt
WMBE % solution ©]-838} solution WMBS} §H4d 115
2 H AT FENR) latexE ©]-23F emulsion WMBZ WA &
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o} I Z9 M= emulsion WMB A 20| AFREE= 18 &
gl A 13 A o] A 9| ETL Eof EAME ] Q= A
2 ojujsiol, FAH R D8 RN AHE o B §
3}A) (ex: rosin soap, fatty acid, sodium dodecyl sulfate, etc.)7}
micelle $4T F T RN 12 B Fso] 4
oA EAt=]o] gl Fejolch® MicelleE |74 2ZNA
#Ho| SFATE HEFHEE micelle7he] P2 0 2 Q13) 4=
Aol 4 T2A] BAL 7Psoic DR latexd] $1E ol LS
F443te] micelle FHO SH3HE A5t micelle7te] F=
o WAelT, T EHA TR Aol U= Lds Wl
ShARE, AE]7F WMB= §3L B oA Azt AESIAZ &
whRE A2zt nnet ol $mEHR Aelsh B9
HH-$- silanol group (Si-OH) T3t -3-31A| o A A4 == ol
3} 9kl FHs st}

4 A7E A2k WMBY] 7 2 Ael7h 05 2
€717} 9l= ESBR (emulsion styrene butadiene rubber)i} NR
of thal 2 olgolpon M B A7 ESBRAZ}
WMBe|| A3t 3aA|9] AHS ¢t A5 A aAstod, 7]
Zo] ESBR 443 A4bo]| AHE-EE NaCl/H,SO, -&-32A| 7} of
d g3}dw(CaClyo] ESBR/AZ7 WMBE| A= 9l 0] & 9]
|3 EA BTN St A AL Ao, A+

AIE Table 19 7123 B7)5kE
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Table 1. Previous Research Results of ESBR/silica WMB Compound
according to the Type of Coagulant'

Evaluation items H,SO4 CaCl,
Payne effect (AG', kPa) 810 790
Mooney viscosity (MLj.4) 107 103
Bound rubber (%) 29.5 36.6
Minimum torque in cure characteristics (N-m) 0.48 0.45
Maximum torque in cure characteristics (N-m)  1.726 1.649
300% modulus (MPa) 7.7 8.2
DIN abrasion loss (mg) 120.5 114
Tan § at 60°C 0.137 0.129
E” at 0°C (MPa) 6.5 5.1

Formulation: SBR-1712 100 phr, 12wt% TESPT modified silica 89.6
phr, TDAE oil 37.5 phr, ZnO 3 phr, St/A 2 phr, 6PPD 1 phr, Sulfur 1.5
phr, DPG 1.5 phr, CBS 1.5 phr

dutr o 7 Al 2]7}e}9] filler-rubber interaction (F-R inter-
actiony& FAA1717] $l8l A== 87|+ silanol group}
AL Aol 7Hse A8717F AEHH, dxA A7t W}
3 8712 oHHI(-NH,), 7254 (-COOH), &= A|(-OR),
S| Ajo|=7]o]k SRRk, 4] ezl Alelzh WMB
Aol A Z-aLA of| A A/ Tl o] silanol group
gh-g-o] WAYst=H], o]& 7 silanol group®| 427} 7
Fs3le 2 A7) 2138 Z8-7]9] 23k F-R interaction
o] Wefjir-S Ao 7 o AtErt. wEbA, Azt X3ty 1
AR&8to] A2j7 WMBE A 25t E4& v d 3¢
o

1 O
.__-6-_7

7o)
7

e B4S Ut Ao o,
wEba] E Ao A= reversible addition fragmentation
chain transfer (RAFT) 7|41} emulsion &3-S %|-835}o] 4]

Styrene monomer

+CH2—CH—_CH—CH2—CH2—CHA}-
n

Butadiene monomer

S

c

Styrene—s/

Butadiene

—[—3”1 monomer

Carboxyl functional
group containing

~

2|7}

1
A4

Weky 28712 A=A 244715 TP 9 7]
RAFT ESBR latexZS £33t & 2 wt% F3tds =&
A, I ML I MOPEAL | M Z2 1|24 SIA R &
&3 g7t WMBE 242t AlzstaL, wigste], a9
"7} 55 EAJ(Payne effect, bound rubber $%F, Mooney A
&), 71EA, 7= SA4C1AA &4, DIN vt EA, 54
AUEAE BAs] 712BA 48717 mgE 7154
RAFT ESBR/A 27} WMBe]| et §31A|9] F3Fs 495t
Rtk

Experimental

AlS [=1]

oF
oF

1. TE U A

A7t WMB A2l ALSE T latexis 7h2 24 2871
7} 323550 Q1= 7]5A RAFT ESBR latex (KKPC, Korea,
M,,: 635, styrene: 24.6%, vinyl in BD: 16%)S A3 o0,
7)1%4 RAFT ESBRQ] 2 scheme Figure 19] YERJTH
A2)7t WMB Ao A48 E AF Aejsks BET: 175
m%/gQ] Ag|7}to] Alg)7} tH] 8 wt%2] TESPT (Si-69, Evonik)
£ A8 TH/NAS NK-179 (Mirae Scientific Instruments
Inc., Korea, BET: 126 m%/g)Z AF&-3}9] 0.1, WMBoJ| AHE-E
STRY FRE 2 wiv ABFEE S8, | M B g,
| M P EAHCH,COOH) 22890, 1 M 2 5] 2AHCH;CH,-
COOH) =&%o] ARGHATt. ufge] AMEH 7H2Al=
TDAE oilo] AREH 1o, 713 2454 9 Atst UAA=
Z}Z} zine oxide, stearic acid, N-(1,3-dimethyl-butyl)-N'-phenyl-
p-phenylenediamine (6PPD)7} ARE-E| it} 71nA| & 7[2Z

AA 2= sulfur, N-cyclohexyl-2-benzothiazole sulfonamide

Styrene-butadiene rubber
(ESBR)

S ——Styrene—— Burtadiene—— 3™ monomer—]—
_In

Carboxyl functional
group containing

Functionalized RAFT ESBR
Figure 1. Schemes for the structure of SBR and functionalized RAFT ESBR.
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(CBS), diphenyl guanidine (DPG), tetrabenzylthiuram disulfide
(TBZTD)7} AFE-E 121, ©]3 bound rubber &4 2 7w g
= 248 93] acetone, toluene, n-hexane, THF7} Z+2} A&

= ATt
2. 21 E87} CH2 7|54 RAFT ESBR WMB2| HI=

100 phre] A |78 Z2gsl= A7t WMBE A x35H7] ¢
3l], 108 phre] NK-179 Aej7}5 1 L 7ol £Yste, A
27} 227t HEE 60T 24 1587 mEkgit) o] %
Al zg A2)7t £22E 100 phr SBR 11FEof| 3jFs}= 7]
4 RAFT ESBR latex®} 60Col| Al 1087F Ly}l 2 wt%
2 A2E dskzs 290 300 mL, | M 34400 mL, 1 M
OLAEAL 1 L, 1 M Z2h24k 1 LE 2+t B9 & $3L
ANA A9 F77F 2 7|54 RAFT ESBR A&7}
WMBS A| 23} 2314 A 25 $ 60T EA 24 AIZF A
ZAF L.

3. MI=ZE WMBE 0|8t 2|7t ST Hul2E Hf

oy
]

A ZE WMBE WH4] £317](Mirae Scientific Instrument
Inc., Korea, 300cc)E ©]-83}o] SMB (silica masterbatch) step
o= AZF 2% 100T, dump 2=+ 155C7F HEE 12 &
7+ e AAIRT o] % Al2E SMB Hug B A0 A

Table 2. Formulation of WMB Compounds according to the Type
of WMB Coagulants

Unit: phr T-1 T2 T-3 T-4
WMB coagulants CaCl, H,SO, CH;COOH CH;CH,COOH
RAFT ESBR WMB  206.9 206.6 207.1 207.2
TDAE Oil 37.5

Zinc oxide 3

Stearic acid 2

6PPD 1

S / CBS / DPG /

TBZTD 1.5/15/70.1/70.25

Table 3. Mixing Procedures for Silica Filled WMB Compounds

Mixing time (min:s) Actions for SMB mixing step

0:00 add silica WMB, TDAE oil
3:40 sweep
5:40 add zinc oxide, steraric acid, 6PPD
12:00 Dump (155°C)

Mixing time (min:s) Actions for FMB mixing step
0:00 add SMB
0:20 add sulfur, cure accelerators
2:00 dump

24 A7 5 W7 &, A A EF7)E o] &ste] 50T A 2
27} FMB (final masterbatch) ¥ 32 A A3t &, two roll mill
& 0|83 A2} shoick A Rk 2 WS Table
29} Table 3o Yelth. o]% FMBx= 71354 4014 +
3 A7 A TH(too) & ©1-&8to] 7hE 2 204 160T 27
o2 7B AxsA

4. M3 up

4.1. 0] 7HRE S B W

u] 7H&E E4 %7l= Mooney A=, bound rubber 3,
Payne effect, TGAZS ©]-&3 WMBY A&7} =S 243}
Row, A7} g S th31} &t} Thermogravimetric
analyzer (TGA 550, TA Instrument, U.S.A)E o]-&35}lo] AX
7} ¢2E 7Hzke] WMBE ARl 4] 800C7H] 7Hgste] o]
we] A WSS A (1)l dste] Aol e =E)
et

Silica content (phr) =

Ash weight % at 800°C (silica weight %)

- . S . x 100 (1)
Weight % of 360°C~800°C (SBR weight %)

Bound rubber $=F H7}= 200 mesh Ho SMB 0.2 g¢&
P37 toluene 200 mLo] S0l Hlo|2o] 647t Bt}
ojnff 3¢A == g tolueneS §F H mAFITE I FHo
toluene?] A|&-& 93| acetone2 2 Gull S WA|5}to] 24 A|7H
Zot BISE 3 105°C QB oA 24 A|7F ARAA AFL =
Astsih. ol 24 FAL 4 @ Hstel bound
rubbere] §HE AAeL T,

Wie — Wilmy/(my + m,)]

RoC%) — e Ty + m

x 100 )

Rp : bound rubber content (%)

Wy, : the weight of the filler and gel

W, . the weight of the sample before immersion

my: the weight fraction of the filler in the compound

m, : the weight fraction of rubber in the compound

7FH2Aol A=<l Mooney ZHXEE= Moony viscometer
(Vluechem IND, Korea)E ©|-83}o] &3l ASTM D 1646
of we} 100°C 7oA 1 #£7F A E3t F 4% 52 2 ipm
9] £= 2 rotorE J|AA|A Moony A= F2 S4J)

Filler 24F0] 222 AdHA Q= Payne effect S
rubber process analyzer (RPA 2000, Alpha Technologies,
USAYE ol&3te 542, SMBE ©]§3t9 ASTM D
80590 w2t 60T oA WMEFE W3lo] wWE storage
modulus (G")2] ¥H3E SAF
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42 71zt EY H I7lRE 4 Wit 4

HNER U AAREY B4 B REA, 7|4
7, DIN abrasion loss, 54 HAHEAAS v £43}% Tt

71EA Y £ FMB AR & two-roll-mill& ©]-83}] A]
E3ly A= moving die theometer (MDR, TOYOSEIKI,
Japan)Z o235} 3087k 160°C, + 1° A2 A A B AF
O AL L
23] cure rate2 AAEIE T, HA 71FA7HY 12812 AL
Blof 160°C el 2ol 4] 7HRE ANBHATH

7t = o] QA S4L ok swelling ¥ o]-8-3 U
o2 Z3ct 71nE Al1EE 10 mm x 10 mm 27| 2 A2
% THF, n-hexanes &M= 3tof 2F 2 A, 1 L7F A AA|A Al
H W5 f7] A7HES AAT & A200A 1 47 AxA|
1 % FAE SFste /7] J7kEe] AAE AlH
tolueneZ o]-gste] 1 A3t B-g A7 F FAE SA5H%
S3E FAL A 3= &5t tidsh v ks 7 =+, v,
Z= Flory-Rehner 4] (4)0] thYdste] 7t=g 5t ‘4

Wy —W{

v, = Lr 3)
wd—w,-+ W, — Wy

o s

v, : the volume fraction of rubber in the swollen gel at equi-
librium
W, : the dried sample weight
W;: the weight of the filler in the sample
Wy : the weight of the swollen sample
ps : the density of solvent
pr: the density of rubber.
LZiln(lfv,)+v,+xvf )
2M Ly
Zper(vfj)

v : crosslink density (mol/g)

yv=

Mc : average molecular weight between crosslink points (g/
mol)
v, : the volume fraction of rubber in the swollen gel at equi-
librium
V, : the molar volume of solvent (cm*/mol)
p, : the density of the rubber sample (g/cm?)

x : the polymer-solvent interaction parameter (0.34)

7FRE9] 71414 E4d(modulus, tensile strength, elongation
at break)2 ASTM D 412 20| u}e} ola A|HL RJ=H5}
o] 243} 2, universal testing machine (UTM, KSU Co.,

Korea)Z ©]-8-3F 3t}

Wotd 572 DIN abrasion Al@HS 2-&3t3lom,
ASTM D 59639] w2} DIN u}R A3 7] (Withlab, Korea)E ©|
&8l S35 AlHE A7 16 mm, 7 8 mme] AT
Foz AzxFon, dAnfzrt B2E dF 24 = 9

g5t0] 5 Ne| 27 515 SRol A ABL 40 m okRAlA AR
o opmee 2455,

57 A¥rEA H7l= dynamic mechanical analyzer (DMA
Q800, TA Instruments, USA)S ©]-&3}] tension modeo]| Al
0.2% strain, 10 Hz A2 2 -80°C ¥¥ 80°C 71X &&=
H 9]0l A hysteresis (tan §)2} loss modulus (E”)y& 4352
H, A% tan § GO ZHE peak tan 5, tan § at 60°C (rolling
resistance index) ZF2 FaIHch E3IF WIS WHI Hrle=
dynamic mechanical thermal spectrometer (EPLEXOR 500N,
Gabo, Germany) AH| & o]&3te] 60C ZANA 5%, 10%
straino] A 9] tan & ZFS A AT}

Results and Discussion

1. TGAE 0|2t A2|7t &aF 24 U Payne effect 2MS
£t n|7t7 Yot2seo| Mgt 24 &3 Zot

WMBY| 418]7} g=F 2 SMB2] Payne effectZ Figure 2,
Table 40f UelH T} A7t 2 2 E WMBZL -FARBH &

e T-1(CaCly)
. A T-2(H2S04)
. m  T-3(CH3COOH)
TR & T-4(CH3CHpCOOH)
4
] - ’0
o []
o o
£ 3
i LIRS
o | |
.
24 A : da,, MDY
®oo A e
e 4 , nm
14 L [ ] : A ‘ t
0 T

0.1 1 1‘0 100
Strain (%)

Figure 2. Payne effect of the T-1 to T4 un-vulcanized compounds.

Table 4. Silica Content of the T-1 to T-4 WMB and Payne Effect
(AG") of the T-1 to T-4 Compounds

T-1 T-2 T-3 T-4
Silica content in WMB (phr)  99.0 98.7 99.2 99.3
AG’ (MPa)
G’ at 0.3% strain — G at 40% 1.5 1.6 3.6 43

strain
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AEo] SR 9] FFol W A7t gFo= 2 Xo|7t 9l
£ Ao IRIE s 2 IS SIAE HE3t
T-1, T2 A2 =7} oF {714ko] AHgH T-3, T4 A& of
H] =3 AE]7p BARS Uit A R E A7 T2
9 filler7} 159} Zro] S1EE= WMB 7[&oA S31 7+
oA &8 5% AJZHS WMBY) filler 3318 2 3H= Q1A}o]
o, PN SEE £ “E4E o B2 filler $3 0]
ARt oF f7)4ke] S S B oA W o] 25w
2 QA3 ] SIA7E Y= ofof 3FaL §aL 48 A|7to]
Zo] o @2 A7t &3o] g Ao & HE. ofof y
3, Astdea A AHHoR HL FIA FeEE F
17} 7Hs gt 27F Fol 0| AL o] 23t 2 FAto|nE &
I oA o] FQlgFo] A1 w2 AZHY ol SEER -
a3k Azt 2ARS Ul Ao 2 woEn. £35), dskda
o] 9 o] 23} Aol A A== Zr o] 0] A7t 2H
9] silanol group?] =40} X|3HE] = BH-Ql &ZeE]-A 7t vt
S22 ) A7t Ato]e] £AATE AT 5= 9lo] AU
3 Ayt B4R e i

2. Bound rubber &2F 2M Zd5}

T-1~T-4 ZAu}-&E 2] bound rubber TS Table 59 Ve
t}. Bound rubber gEF2- Alg]7}e} 115 A}o] Q] F-R interaction
of o3t a3}t occluded rubber] F7te| o a¥tr} HHIt
so] 24w 212 57} A7, Askagol 44E T1 de
Tl A W& 35.4%2] bound rubber S Vel o, 1
9] AL 45% A3 o] 2 A3 bound rubber L Ut
BRI}, Ak} A5}z 9] bound rubber HFE A 5}
R ESBRAZ|7H WMBo|| 4| 8] 7} Apeb= vt o] 7k
<& Yl ESBR 79 A7t 13k 287171 §l7]el
dIdee SLAE AE5S W dEE-Aert vl
ol Alg]7le] A3t w7) gAFElo] =& F-R interactione
Uetdith shA|ek 2 dqto] 8" A2zt X5E RAFT
ESBRE] 79 71284 28718 Tgetn gl dzel-A
2)7} Bk-g-ofl 23l m|Hk-3- silanol group®] 427} ZAstE =, 7}
=2 BA 2+27]9} silanol group?] A& 20| Z+A4~35}4] bound
rubber ¥Fo] At Aoz FEH

ON|EAM} 2w A4to] A-8H T-3, T4 Hupe &= St
3} §-AFgt bound rubber gH-& UEFHA|TE, Payne effects &
A Bol SR ] AR Al R o gelstn
2 occluded rubbero]] 2J$F 93F S 2 bound rubber Z}o] =4
=38 Ao FoEc)

Table 5. Bound Rubber Content of the T-1 to T-4 Compounds
T-1 T-2 T-3 T-4
Bound rubber content (%) 354 44.1 44.5 46.2

ke

3. Mooney FE= H IS &3 Znt

ZF AYEEY 713EAY E Mooney M= &4 AAE
Figure 3¢} Table 6] Uebyllct. B71 Zx}, Aejz} Hito] £
TS F2 T 42 UEHH Y AY 53 A7t &
4 B Y d3dE A 489 T-1 HuEr Al
2 Thin A2 WEFATE Thin 352 H3H2E=2] Mooney &=
o A== A2 NP T-1 FuhSE=7} 7HE W2 Mooney 3
=5 Uetdllnt. oo vl3|, §7]4te] A-8H HALE(T-3, T-
4)9] A Egt Ayt BAO R A3 ¥ Toin A UEL
Wow, Mooney A& SHNAE 187 A|E 0|5, ZFo] A
Zbg o 200MU Zh 235t Mooney =2 S7o] FX]
E|o] over range7} 7| S E| U Tha 22 A7} =0
A 7t el A7} networke] FAJo] FH QRfo|th > Hrh
A}, FAito]l B8 A7t networkzt Wol FAE T-3, T4
A9 B 5L Tow &S UERATH

7]1&2] ESBR/A 2|7} WMBY] A+ Ait= g3pdwo] &
At 4% 7R %" Mooney FE=E YetH o, 2 Aol
A ol®Btt Hold 20%2] Mooney H&= 74 G315 LEL
wich A2zt 18y 28717 A8 7% F-R interaction
o] gAFg ol wat Mooney A=7} S7Fstckal & A Qo>

35

E
Z
[}
=
o
S
]
=
T-1(CaCly)
T-2 (HpS0y)
T-3 (CH3COOH)
E T-4 (CH3CH2COOH)
0.0 T T T T T
0 5 10 15 20 25 30

Time (min)

Figure 3. Cure behavior of the T-1 to T-4 compounds.

Table 6. Cure Characteristics and Mooney Viscosity of the T-1 to
T-4 Compounds

Unit T-1 T-2 T-3 T-4
Ve MU e oma O
too min:s 9:10 11:59 14:14 12:46
Thin N-m 0.50 0.72 1.09 0.81
Thnax N-m 2.05 2.05 2.87 3.03
AT N-m 1.55 1.33 1.78 222
Cure rate N-m/min  0.32 0.16 0.28 0.44
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shARE, d3bdgo] A8H B dEe-Art w3 o8|
a41S silanol group®] 47k ZHAao] wre 7h= R 21g7)
o] 23} F-R interaction®] ZF43}2E bound rubber &&Fo] 7+
ax8to] W2 Mooney M= YEHHTH

4. 71418 24, 7luUs, DIN D2EY BN Hnt

Vg9 7IAREA, 7t =, DIN np E/d-& Figure 4
I} Table 79 Yepftt. B7F A}, oF f7)4to] 285 T-3,
T4 A9LES & modulus Lrehion, Aol 4
25 T-1 HI-2=7F 38 300% modulusE YEFATEH 300%
modulus S FH o2 23l UE ghe] A} U
3t 7l U e 5242 =2 300% modulusE Ve
7hE7) 52 T3, T4 7tR/E2 S8 A7t #4k &
occluded rubber?] Z7}o] 23] effective filler volumeo] Z7}
1 o] 2 ol 7t =7} 2718k =2 300% modulusE L}
T AT Bato] 217 HEE T, T2 HRES o
ko]l ALE T-1 7HEEo| © W2 300% modulusES Ut
EPl= o] E3F ESBR/AIZZF WMBO|A & A Aiet=
ApEle AT R ok 94 AYsidRol dsds
o] A, gAY rt w3l o Azt 2HY nEks

T-1(CaClp)
— — — T-2(HpSOy)
Pl [—— T-3 (CH3COOH) o
o
... T-4 (CHsCH,COOH) o
oA
0 by
o 15 L 7
E st //
7 7
(] .//’ S
= 10 1 7, P
- o
(7] £ 2
P g
5/’ ”
.//’////
5 =
L
B
_.’of;/
0 . ; : .
0 100 200 300 400 500 600

Strain (%)

Figure 4. Stress-strain curves of the T-1 to T-4 vulcanizates.

Table 7. Mechanical Properties and DIN Abrasion Loss of the T-
1 to T-4 Vulcanizates

Unit T-1 T2 T3 T-4

Hardness Shore A 63 64 70 71

100% modulus MPa 23 2.6 3.1 33
300% modulus MPa 8.9 9.9 11.9 12.6
Elongation at break % 530 490 510 450
Tensile strength MPa 19.1 18.5 20.8 19.7
DIN abrasion loss mg 151 152 186 194
Crosslink density 10~ mol/g 8.2 9.4 11.5 12.0

silanol group®] =7} Z44ASIER 7[2 84 2279 2]t F-
R interactiono] A& =22 7t W=7} ZFolA £-23F modulus
27E Ui

DIN ok 248§t vjohnal 37} Anjol 4 A7} &
Ao] 948t ABAHT} F-R interactiono] 94t Fato]
£ T1, T2 15E0] 958 Yokzge dehgon] Az
7} BAlo] U9 BT T3, T4 /ARES) A9 datasol &
£ T1AHE o] o 20% A= B3 ohna S e
stk ESBRAIZIZE WMBS) 917 Aol At daido] ¢
o Uz g Bgo), B AT AT NE T1, T2 7%
2o §AkE YukmAg S e, o F-R interaction®)

polofl A 7] QI Aot
5. 2 H3lof| 2 hysteresis U loss modulus 241 Zn}

752 =3} W tan § curve £} loss modulus =
A AiE Figure 52} Table 8] UEFHTE. Temperature sweep
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o] 45k A7 B4 2 Q13 occluded rubber7F Al &
A BHAE A= &2l 7Hest, 4k A 83 T2 7HRES
T-1 7}%E R} occluded rubber7} o] A AL eI}
Tt Peak tan 65 UEhd W] 2= 7HFEY Aol
= (glass transition temperature, T,)& 2|u]st, FF4 7t
Y= 2 bound rubber o] =S4E 117 chain®] mobility
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Rtk
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Figure 5. Tan & curves (a) and loss modulus curves, and (b) of
the T-1 to T-4 vulcanizates as a function of temperature.

Table 8. Viscoelastic Properties of the T-1 to T-4 Vulcanizates
according to Temperature Sweep

Unit T-1 T-2 T-3 T-4
T, °C -40.8 -40.0 -37.1 -36.9
Peak tan o - 0.901 0.811 0.695 0.710
E” at 0°C MPa 291 5.05 9.69 8.84
Tan & at 60°C - 0.113 0.137 0.168 0.157

6. HEZ0|| M2 hysteresis 2A Zn}

5Ee] W gol © 60TOAS hysteresis £ =4
ZATE Table 99 LFeERATE M3 0] AZ22 filler network
7} w3 =A@ A hysteresis loss7} A& = tan § S L ERA
ot g3 AU B7F A3}, occluded rubberZt 21 A7
7} BAlo] 948} Tl 7bREo] X2 tan§ at 60C S U}
EbWict. Payne effecto]] A &2t A2)7t 4R Yetdd T-
3, T4 AML T =0 tan§ at 60C FHS LFEPATE SHA|4,

Table 9. Tan d at 60°C Data of the T-1 to T-4 Vulcanizates at the
5% and 10% Strain

Unit  T-1 T2 T-3 T-4
Tan 6 at the 5% strain - 0.187  0.196 0.196 0.196
Tan 6 at the 10% strain - 0.190 0.199 0.201 0.202

SMBE ©]-&-3t Payne effect 57 Aol A T-1 F-=0t
Argt AlE|7E BARS UEbH Y ko] A8H T2 7HRE2 ¥
P& Mzl M2 hysteresis Z7g ol A= 2 tan § at 60C Zt
=2 Vet o]2d AR Hof SRS SA R 83t
3% ] 7hREY Ayt B4R 5k Rt, 73k of A
74 27] Foll o3t Azt A&H o] gol WAT AL 9
n)gtet. 718540 9] T 22l Figure 3& ¥ o T-2 Aok
T T1 Ho2 = vg) 718 2 27]0f Azt A3
o &J3f torque Fto] W= 5 AL &1l 7hHsdtt. o]
23t A2 Hof AA M)y} Hue=o] B4, 54 AYE
Aat Azt AR AR o] Ag3tr| Y8l A= Payne effect
£ 33 n7tREY Ayt 24 By oy 7tRES o]&
g Azt B4R FAO) Breor & dart gl

Conclusions
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A Ao} v wetE W AR d3bdgo] ¢ W
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