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Abstract: Due to the polar characteristics of silica compared to carbon black, the degree of silica dispersion, which affects
the mechanical properties of rubber compounds, is an important issue. Wolff first introduced the in-rubber structure of
particles (ox) to express the structure development in the compounds; however, with the introduction of bifunctional
silanes, his theory could not explain the 3-dimensional network structure of the compounds. Later his theory was
expanded to express the composite interaction parameter (in-rubber structure of the compound) (¢r), which included
Wolff’s filler-filler interaction parameter (), however, there was no reported experimental result proving the theory. This
research first experimentally expressed the in-rubber structure of the compound o¢ (= o + o4p(filler-silane-rubber inter-
action parameter) + o5 (rubber-rubber interaction parameter)) upon mono- and bifunctional silane treated silica filled nat-
ural rubber (NR) compounds. Using different structure silanes, i.e. PTES, OTES, TESPD, and TESPT, the o value of
each compound was measured and calculated. The ¢ value of TESPT treated silica filled compound was 1.64, which

composed of o (0.99), ogp (0.31), and o (0.34).
Keywords: in-rubber structure of the compound (), silica, silane, Wolff’s theory, natural rubber (NR).

FAA) B WBloh BT ATy )] BN
deRhe 718719 2k

Aolalert. 2 FAA L] Aol whe BitaeAle] B2

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

N = AT, Wolffe] A7 ZxA7E 452 gelwr AAIE7)
Fol, 7154 Aeso] H7HEAUL Al hydrolysis WHg- 2
Wolff= S84 Y= Atele] 3 HAIE HeRl 7] 93] Ak ] el o3l FUHA o R WA EE FHA AL, A7

AL 57} S,
A YA BEHE A
71(OH)E o]Folz] Helrhs’ v

FHo] isolated?} geminal 52| FENE EA|se | ==
F71EQ1 EEH et A

SR olgslo] FHEEE S ekl o= Blwsisintt.? o

"To whom correspondence should be addressed.
E-mail: kkim@dongahtire.co.kr

411

/g0 Hojxm, /991 del7t YA B AE o R s
A7t YA S8k = ol Asitt. sARE, s
2d 4 S(bifunctional silane) (4, TESPT(bis(triethoxysilyl-
propyltetrasulfide), TESPD(bis(triethoxysilylpropyl)disulfide))



412

o7 AE|Eo] aFEFLA] 28 e ATy
ARETle 3181 Agks: F9k 3314 AKET-2(3-dimensional
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AME M=, YE7FE Pan Rubber Co., Ltd.ol|A Alz=3t
ML 1+4(100 °C)°llA] FY % =(Mooney viscosity)”} 50(+5,
—5)21 HATF (natural rubber) STRS CV 50 gradeE AM&-3}
Aot XA AZEY A= ULTRASIL® 7000 GR(BET
surface area: 170 m%g, moisture content: 6.5%, pH-value:
6.8, Evonik, Germany)®} PTES(TCI, Japan), OTES(TCI,
Japan), TESPD(Evonik, Germany), TESPT(Evonik, Germany)
= ARESIY. @A zine oxide(PJ Chemtek®), Korea)et
stearic acid(Suriachem, Malaysia)S AFESIATE QUL o2
nlE Al 2491 KD A 3057319, Korea), 7Iu A= 73+
(MIDAS SP 325, 1|94, Korea)yS AHE-sIitt. 2 vt
o ZXAI= N-cyclohexylbenzo-thiazyl-2-sulfenamide(CBS,
Qingdao Duote, China)$} diphenyl guanidine(DPG, Sumitomo
Chemical, Japan)E AME-3IATE A ARS8 WA EELS
Table 16 Q.o Ak E(mole) H]&ol| BHF0] A&
SIom, phrE Agketo] A AT E3F 7F Aetke] £t
gt 23 o] /4= Table 2, AFHe] AR 2=
Figure 19 VERHSITE.

Hfgh. & Aol AFE-3St mixer= internal mixer(tip
clearance: 02 mm, volume: 1.6L, tangential rotor,
manufacturer: Bongshin Casting & Machinery Co., Ltd., S.
Korea)o| 2 FHulg=o) tIste] fill factor: 0.7, RPM: 43
9] 7FEEAE A4 2 (two roll millye zH 29] &
H|7} 112015 9 E9] 3= 16 rpm?] Mirae RPM Co.,

Table 1. Formulations Used in This Study (unit: phr)

Materials T1 T2 T3 T4 T5 T6 Product name Supplier Country

NR? 100 100 100 100 100 100 CV 50 Pan Rubber Thailland

Silica - 40 40 40 40 40 Ultrasil 7000GR Evonik Germany
Silane PTES - - 3.74 - - - TCI Japan
OTES - - - 5.01 - - TCI Japan

TESPD - - - - 435 - Si 266 Evonik Germany

TESPT - - - - - 4.80 Si 69 Evonik Germany
Zn0O? 3 3 3 3 3 3 ZnO#S PJ Chemtek Korea

Stearic acid 1 1 1 1 1 1 Stearic Acid Suriachem Malaysia
oil° 5 5 5 5 5 5 KD A 30 Kukdong Oil & Korea

Chemicals

Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 MIDAS SP 325 Miwon Commercial Korea
CBS? 1.5 1.5 1.5 1.5 1.5 1.5 CZ Qingdao Duote China
DPG* 1.1 1.1 1.1 1.1 1.1 1.1 SOXINOL D-G Sumitomo Chemical Japan

“Natural rubber. *Zinc oxide. ‘Aromatic oil. “N-cyclohexylbenzothiazyl-2-sulfenamide. “Diphenyl guanidine.
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Table 2. Chemical Structure of Silanes with Their Corresponding
Sulfur Ranks and Molecular Weight'*'>

Molecular Sulfur
Component weight
rank
(g/mol)
n-Propyltriethoxysilane
(C,H50)5-Si-(CH,),-CH; 206.36 0
n-Octyltriethoxysilane 576,49 o

(C;H;50)5-Si-(CH,)7-CH;
Bis(triethoxysilylpropyl)disulfide 480 215
(CH;50)5-8i-(CH,)3-S5,15-(CH,)3-Si-(OC,Hs)s '

Bis(triethoxysilylpropyl)tetrasulfide

(CoH:0):-Si«(CH,)1-S, -(CH),-SiHOC,Hy), 02032 37

(@

HyC——H,C—0
HyC——H,C——0——Si——CH,—CH,—CH,
HyC——H,C——0
(®)
HyC——H,C—0
HyC——H,C——O0——Si—— CH,—— CH,—— CH,— CH,—CH,——CH,—CH,—CHj
HyC—H,C—O0

(©, ()
HiC—H,C—0 O——CH,—CHj

HaC—H,C——0——Si— CH,— CH,— CH,— Sx— CH;— CH;— CH,——Si——O——CH,—CH,
HaC—H,C—O0

Figure 1. Chemical structure of silanes: (a) PTES; (b) OTES; (c)
TESPD; (d) TESPT.

O——CH,—CHs

Ltd.(Korea)2] A|F-& AHE-SATE 2GA 7 541= Table

39 goFsldiTt. 197E NRES UL 12 59 2dAA

ALl 7S refsialon, o 5 ey e d A
A

o] vhzt 71ZA (zine oxide, stearic acid)S ¥, 2
o] AIZF 7HAE AL A AegpAeds £y ¢

457 THFAE QA5 master batch 1(MB1)S A %3
Atk 22 = E2S ol &dA MBI & 9 71EETA
(CBS, DPG)Z u§}3lod master batch 2(MB2)S | %3} Th.
E219] B A7 Lo g 23X TS WAE] §
A 4ol S-S SEETh uigh] & A% "rkEre
747y A 159] A7Fo] t27] wiiel A8t S iy
12%¢°] TESPTE 7|52 TESPD:= U3¢ & sdste
&S A7FeHA5L, PTESSF OTESE TESPTRARS] WHEel]
$8hs 25 Uehlle AL IEske 28] 2o sidshe
Fo =2 Hrlslsir.

It 718 §M: ASTM D 20842 Farste] zhzhe) wiet
E-S 160 °CollA 20%- 5<F, biconical rotor(E 3= 100
3]/min(1.66 Hz), X135 395 2ket 719} 3] wh2le] #lem

i

J

T} et B ) TR A TR 9% 413

Table 3. Mixing Procedure

Step 1 : MB1
Time (min) Action
0.00 Open ram; add rubber
0.10 Close ram
1.00 Open ram; add silica,. s.ilane, and oil (1/2)
+ additives
1.10 Close ram
3.00 Open ram; add silica, silane, and oil (1/2)
3.10 Close ram
5.00 Open ram; sweep
6.00 Close ram
8.00 Dump
Step 2 : MB2
Time (min) Action
0.00 Load compound; add sulfur and accelerator
(CBS, DPG)
4.00 Dump

E(pressurized rotational rheometer, Daekyung Engineering
Co., Ltd., model DRM-100, Korea)s A3} 7152 (¢,
bos Toins Tow& ST, 3 7} S8 B7kp7] 9190
CRI(cure rate index)& 1,9} toe ©1-8-3ke] 2] (1) o] Y
BRI}

100 (1)

CRI(cure rate index) = ———
(799~ t52)

o714, te AR BN Mooney ©H9I7F 2EQE =
ezt W] AT, e A ESglelA ook HA E
AZk &2l 90% Aol =gt 75 o4 dlFsl= AL,
T AA EAG, T AW EAZES SJr)dich

TAN 2d: 7t FAukese] QAT BEelle ASTM
D4129]] ]3] SA At JAFHZE= A EFH ] HF 7}
SHES ol 33 AW 2 AZslal, THe 17 7] (universal
testing machine, Instron 3365, USA)2| crosshead speedZ
500 mm/minZ 3slod St ehA, S wlwsl] ¢
3] Th2- R.I. A|5(reinforcement index)S AM-3le] AXKSIAT

300% modulus @)

Reinforcement index = ————— 2
100% modulus

HOREW MSEHEAIT(a). W74 ATdo g A=
A7t HaA] o] i S AT(ac)s Wolfr A
ksl A oS’ XTI E AFAolA] Aekst 4 (3)S
o] &3ATEY = o E o p %2 TOE FTHITHae
=+ ot op). SRR TG () SOl W71 Aol
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D, ox—Dini Mp

max min
Dﬁmx, Dﬂlin: maximum and minmun torque of the filled
rubber compounds
D};ax, Dﬁlin: maximum and minmun torque of the gum

my, mp: filler and polymer mass in the compounds

oc: measure of the in-rubber structure of the compound
(owtogptap)

o measure of the in-rubber structure of the filler

ogp: measure of the in-rubber structure of the filler-
polymer

op: measure of the in-rubber structure of the polymer

B Ao TESPTZF H71e B39 oS FAsh=
T AL ES o o S TR} THE ABS
olgste] ZABIAE F, 4 (3)2 ©183l o= PTES, o
= TESPD$} PTES, o= TESPTS} TESPDZ o]&sle] ztz}
HES Al

Lo

Zn o =2

7te §4. Figure 2= A7) 30 mE 7 Hok=e]
7k} 524160 °CollA 202 73S vERd Zglo|t}.

to, too, CRL Tha-Toind] 7S Table 40l Rk om, Al
2Rl A7e LEARESE ot 2tk

ta| T1 (160) < T2 (174) < T6 (175) < T5 (201) < T3
(267) < T4 (292) [29): sec]

fo| T1 (216) < T2 (271) < T6 (277) < T5 (281) < T3
(358) < T4 (384) [29): sec]

CRI | T2, T6 (1.0) < T3, T4 (1.1) < T5 (1.3) < T1 (1.8)
[&: 1/sec]

TouTon | T1 2.11) < T4 (2.47) < T3 (2.95) < T2 (3.04)
< T5 (321) < T6 (3.50) [S+$]: Nem]
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Cure Curve

T1 (No silica, no silane)
T2 (Silica, no silane)
T3 (PTES)

T4 (OTES)

T5 (TESPD)

T6 (TESPT)

"> A DO+

0 5 10 15 20
Time (min.)
Figure 2. Cure characteristics of silica-filled natural rubber vulca-

nizates as a function of time upon various silanes at 160 °C for
20 min.

1.9 169 3 OTES7E 7HF Zom Ag7te} Aghe] =
T = A7 7P Aol =3k TESPT= TESPDe] Hla)
o 1.9} 1ohS BEATE o] TESPTO.EY5E AFE free
sulfurZ} 7hagh-g-of] Frojste] 7hwAI7HS: BEAZ] Zlo R
vhE okt v, A7 de] gle HALEE A9 v
2] HupeEo] 7luErE & 2jo]S Ho|A| it EA
AEe A7t e 7390l Hls] TESPTS} TESPD7}
o OTES®} PTESY E= A5zke #okth. TESPTS}
TESPDE] EA As3te]l & 72& Ueid A2 9 s
4 Ado] Ag7ke] SIS H5e 9T 9o Hevket 1
TAMES AFAIAA 33 ARETERE o] F7] HEleR
TETh 497 OTESY PTES7}F 2R B3 A57kS Vel A
< WA AT dFAP7F 7EsleF SEkEel 2a)
Ag7ke] S NEAA A7 JAEZR] s
TS HFI, A7) aFARolo| A “qghA] 2REol] Fhod
ARk Wiz A1 7)E vFAREe] JhRkg
7] WEo 7 dckeEn)

714 84. Ao o) 2 2 HI=9] reinforce-
ment index(R.1), Q178735 3t-S Table 59 VFERAATE

7} e A7 £AE Hlaste] taat o] Ud it

Table 4. Summary of Cure Properties of Each Compound Having Various Silanes

Tl T2 T3 T4 Ts T6
(No silica, silane)  (No silane) (PTES) (OTES) (TESPD) (TESPT)

to (sec) 160 174 267 292 201 175

too (seC) 216 271 358 384 281 277

CRI (1/sec) 1.8 1.0 1.1 1.1 1.3 1.0

T Toin (N-m) 2.11 3.04 2.95 247 321 3.50

Zan, A38W A43, 20143
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Table 5. Reinforcement Index and Tensile Strength of Each Compound

T1 T2 T3 T4 TS5 T6
(No silica, silane) (No silane) (PTES) (OTES) (TESPD) (TESPT)
Reinforcement index (Ms00/M00) 2.25 2.58 2.67 2.90 4.06 4.10
Tensile strength (MPa) 23.54 23.73 27.75 28.05 28.44 32.26

Reinforcement index(M;o/M,40) | T1 (2.25) < T2 (2.58) <
T3 (2.67) < T4 (2.90) < TS5 (4.06) < T6 (4.10)

Tensile strength | T1 (23.54) < T2 (23.73) < T3 (27.75) <
T4 (28.05) < T5 (28.44) < T6 (32.26) [+%]: MPa]

RILe} AT 25 Ay HAagrH 22 A&
Hut

TESPT=Z /W& ¥ 757} 7 & k2 el AL TESPD,
OTES, PTES, 2717 & 7%, Ag7h-Aehe] 2% gle
7497t FIE ©|Ath. TESPTS} TESPDE= AEl7F WS &
FAOE NEAT= A Bt oz}t dEl7lel AFANES
stealo g A7l o
TESPD-2LFAREZE A€
o] P B AgdyE sizld 4 ok TESPTZF TESPD
Hoh o 2 RI19F A= #S e AL sy A
¢l TESPTOlA F7H o2 AlFse ol o) 7F=9] 7}
PRI EEE o g vhE Heke] ¥
AgAgeE AN gt sk ©r1e Al OTES,
PTES= 2 B7taaE Bt o] 42 =9] weeA
o AAs] oAl

HoRE W PE MSHT(a). 2 3)el <3l ALt
H Aol ol wpE 7t Hupfro| TR ASAT o

Table 6. Summary of o Values of Each Compound

E Table 69 Skl Th
e A7) Wt e Ex4o 2 Vel ¢ OTES,
PTES, no silane, TESPD, TESPT =22 U8k 4= 9t}

ac | T4 (043) < T3 (0.99) < T2 (1.10) < T5 (1.30) <
T6 (1.64)

APA| G VRS TR =oldEol| A A&szln)

=2|. PTES, TESPD, TESPTS} A2)7}, IFAREZ] 4%
2h8-S 7tz} Figure 30 YERA T

Figure 3(ay= PTES7} SHAITF FE2E-(ap)oll VA= D
gF, Figure 3(b)= TESPD7} T3A 7} &2 8(ap) 2 53
A-LFAFET 32 E(ogp)°ll MIXE G, Figure 3(c)E
TESPT7} XA 235 2H8 (o), SRA -2 FAREZ 45t
(o) B IFAREL 52 (o)l PIX= B3l st
77} aglo R BT 9 BAE o831 o om S
22y Axker 4= k.

SN -STMZE MSEE (o). Do) A 1A A5
2Rgol| vk H = FFS A3 M 2 ol e
@754 A<l PTESSF OTESE o] &3t} Ao] 37}t

] e A(T2) o= 1.102 YERSA] 9 PTES2F OTES
7F H7TE A(T3, T4) or2] 72 22} 0.99, 04302 A

g A3E Vepith Ao ARE Aeiske wud)

T2 T3 T4 T5 T6
(No silane) (PTES) (OTES) (TESPD) (TESPT)
oc O o e Ot Cp ot Ot o
Values 1.10 0.99 0.43 1.30 1.64

¥
H:.O\Nsi—

SCH;

) w2
‘"~
scwsié@?uﬂ/cus
\SA/

Figure 3. Schematic illustration of network structure of (a) PTES-silica; (b) rubber-TESPD-silica; (c) rubber-TESPT=silica.

Polymer(Korea), Vol. 38, No. 4, 2014



416 28w -

Ux]¢] gaFgo] ghaete] SRR Xg AR ke
F7154 Al TESPTZE A7 Ael7t HaAle] o
PTES7} H7F8 7991 0992 Yehd 4 9t PTESS] +%
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TESPT7} 7k &4 W S8A-23A| sz v
A= GRS tishs 102 7St §4, OTES®] o
= PTESY| vl&| wt o] wre Ag Aasl9n}. ol 42
71W E-44(PTES: 371, OTES : &2 A28 t& 7271
BE Fds Ae aHEE o, 9 F AT 12 ot
o’} EAEA] o, PTESKHCTE OTESE 7H&E¥ 7% 47
7F YAZE s ARgo] W3S ofn|giht

SUM-DF HSEE(orp). ATHO] THA-THA FS
Zhg- 9l FHA - FARE g viAE 4 54
al7] fsliA EAER o] oF i EAISk= TESPDE ©|
431 th TESPDS] &=A17]1& A7t 11 gshxoz
AS o] Fa” o g FAH e e FiES LA
&9] o5 A% ¥ oz Hhgsle] Ayl 3
A 2BFRE o] E2THY TESPDYF H7he Ayt Eet
2A 9 @t 1308 WEFITE ot ao(TESPD)S}
a(PTES)S] #}ol& o] &3l 4AH=3 4= Ut} TESPD= ++
24 a7t EAIEA BETE &, ot 1.302F 0.999] 2l
s Fsh= 0.310]t}.

D227 HSEE(ep). oF 419 o] EFE TESPT
£ o]gato] Aeto] ARSI A ARge miXE IS
ZA3ISTh &7 2ol fRIe &2 A7l fAREr 4
S FAstL, FH R AlFsEs oF 2719 free sulfure
IFARE-ITARE AR AT aat2 22 TESPT9:
TESPD7} H7Fe B9 e #tolE o]&ate] LeERH
0.342 A= AT

wEb F71eA AdEoz fAE ATt BEgAhA e o
e o o p= AlRESFEI TAAR] o2 JERTZ] 9
3 3}stz el F+x7} thE PTES, OTES, TESPD, TESPTZ
o]g-3te] 7} Aghol] et o0 FS AHZOZ Table 754
o]l A& 4 U

2 E
B AolNE TESPTR A€ At A7he 53
Ae] Tl JIAFE U 722 71 AUE F, PTES,

OTES, TESPDE ©]83sle] Sg3toax 7]Ee] o|E2o=z
E'_].— E%é}ﬁa Z‘l}_ '?_}—%% 74]:‘[:?_1 ac(:ap'i'app""ap)g '?_i-“
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Table 7. ac(=aw+orptap) Values of PTES, TESPD, and TESPT

Qc O Qrp %
PTES 0.99 (=ax) 0.99 N/A N/A
TESPD 1.30 (=axtamp) 0.99 0.31 N/A
TESPT 1.64 (Fortomtop) 0.99 0.31 0.34

Al HES AP B9 HEE AT F AATh

TESPTZ} H7He B9 ool 2 164009, o]& +
dslal e FHA-FHAATH or), SRAA-2LF M o), LT~
Iy TS AEATE 722 099, 031, 0.342
UERIT}. TESPD7}F 37F B3] o= 130, o= 0.99,
o= 0312 =R E A} w3 PTES7F FA71E Bghia) o
ac(=op)= 0.99% A H AT
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