Q Elastomers and Composites
Qq,, Vol. 51, No. 2, pp. 81~92 (June 2016)

Print ISSN 2092-9676/Online ISSN 2288-7725
DOI: http://dx.doi.org/10.7473/EC.2016.51.2.81

Powered by iThenticate

Effect of 1,3-Diphenyl-guanidine (DPG) Mixing Step on the Properties
of SSBR-silica Compounds

Seok-Hwan Lim, Sangdae Lee, Noori Lee, Byeong Kyu Ahn, Nam Park’, and Wonho Kim’

Department of Chemical Engineering, Pusan National University, Busan 609-735, Korea
*R&D Division, Nexentire, Yangsan 626-230, Korea

(Received November 13, 2015, Revised November 30, 2015, Accepted June 7, 2016)

Abstract: 1,3-Diphenylguanidine (DPG) is commonly used as a secondary accelerator which not only acts as booster of
cure but also activating silanization reaction. The aim of this study is to increase the interaction between silica and rubber
by using DPG. In this study, mixing was proceeded in two steps. The T-1 compound is mixed DPG with silica and silane
coupling agent in the kneader at high temperature which is named as 1% mixing step. T-3 compound is mixed DPG with
curatives in the two-roll mill at low temperature which is named as 2™ mixing step. The T-2 compound is mixed a half
of DPG in 1* mixing step and the remainder is mixed in 2" mixing step. Total DPG content was equal for all compounds.
When DPG is mixed with silica, silane coupling agent during the 1% mixing step, a decrease in cure rate and an increase
in scorch time can be seen. This indicates that DPG is adsorbed on the surface of silica. during rubber processing. However,
bound rubber content is increased and dynamic properties are improved. These results are due to the highly accelerated
silanization reaction. However, there are no significant difference in 100%, 300% modulus.
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Ael7ke ) e 2ol 17 BelE shfoln] 53] 1
o elolo] A2E Y3 WA 20| 1 Yok A7k B
AR AT A9 AR BeRG S5 Holol B4 ehy
WA FHE e AR W&t 53] TR rolling
resistance), 2 EA(heat build-up) 18] 311 =HA|FA] (wet
erip)o] 7122 lo] v]3) S5t SAS ELH Az}
HAA 2 288 A oA g7t B4R 71AAEA
9 7hek B4 5ol Ag G vk shRIT d2jrt #H
o] Az 7| (silanol group)oll o3l Zejmete] &40l &
A ot AT R A HE7te) HAkS of -9, o]of whet
AY7HE BEAAR =Ysts AS, 7HEEd0] HA R &
AH Aol vl3) 7Hg1 718 B4 SHA Bttt
olof whet A7t} E2jH Ato] A2¥EE S I= HH
o] ik & A=

A A Y] EE]A EALS BAAY 2H BT )
et Gk gtk ot Ayt 29 Fs7lE 9 B9
of F2 AT Ayt BHS AHS HE AT V)
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A= thekat A2AF 7| (siloxane group)= F4Elof 9k 4l
g7t U ATE 7)o Y3 =2 F4S 7HAH o|= <l
3] X424 (hydrophilicy& YepATE ' o]e} ZHo] A7k &
wo o9 ghe Alehe 7)(SiOH)et A4 7](5i0-8)2 7}
AL Qled, o] 752 SXAE 26t 7SS
A QA7 E G ek AE 7)9k 713E 1A Alolof 4=
224%E A Hed o] ¥hgo] A=Y HE, A5 ¢t
A, 71 &=, 71 A, kR AT 2 o A= 9
& A7 BohR E Aelsh aERe] A 7] Aolo]
2AgHhydrogen bond) 02 Q15| A2]7} -5-3A|(agglome-
rates 7} B 1A 0] o] Ae A7} AL vl Azlzto)
ake Asfaieh. 2 ol wek A2ist QA Al 43
A(silica aggregates) S BALA7]7] HBIHE 2712 el Elo]
Basieh 0 ST 29 B E Fol Aeivke) wAre @
AT HoE B 5 A E7he] A-8-3 (re-agglomeration,
flocculation)o] WAYsHA Hot. E3F HE|7o] WL of¢d
3FsHE(zine compound), X|WHAk(fatty acid), 2&]Z(glycol), &
&I (polyalcohols), 18] 32 o}l (amines) 52 A4S T
< 38t 2239 F2F vhg(adsorption effect)o] Uojidtt.
E Yot wHe) QREE 9U149E Nt SAAe A9t
£ S oty o] BE A £4T A8 7
HH-3-(cure behavior)d} 7Fal W (crosslink density)E A] 8|5t
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oh7 fjet 72 st AEL Agyt BH] ARE V8
7l #&E A (coupling agent)?} ZAYZ o= whg-shm Ak
3} 9h-g(silanization)®] F-&of gL 7]t

Ag)7Het T Aol 9] MBS S 7]7] Yshe] o2
T7F A= AR S A AEHAE AR
a5 EAer A7t W Afo] o] Hets) vkg-5 s slet
A AFES 4oyl Woltt ! TR W el A
27he] S FEA717] f8 FE4S "He el =
4 B571E =8 7ot AEFt AtolY 4 287S Sl
AL ZA7IE Holth? o] 2 Ba) ezl 18 A}
o] 9] interaction %o} Aej7ke] BALS FAFAIZ % Sick A
A S A7 BAA7IE 98s st A7HIE R
A3t= whHolt}. Ag7 EAMAZ = triethanolamine (TEA),
diethylene glycol (DEG), 18] 3 polyethylene glycol (PEG) 5
o] Ql=tl olet 2 A7t #AHAIE A2zt £ A9
A7vshd A=zt A vk A7t #HS AEE = 3l
o> oo what Azt EHOA ZHERIA ] TS &Y
g QAL 28 FAlo A7t ARe]9] network S W0l
=tk 2 A} whE cure rates SEIf 7HF 27] A7k A
SHE gof Aa)rte] BARS FAAZL S ek g
F718= Y= 7S AAE XK primary) S304| 9} BH-85H=
otk A7t A= G718E He 7IREAAE &
2 % ik ofo] wet Azlzie) o3t 13 2R A
£Y & Utk Ag7t Ao Eoll= diphenyl guanidine (DPG),
diortho tolyl guanidine (DOTG)®} 7+ Lo} ¢l (guanidine)
AR secondary ZAAE W g, g9k 2L ofuEA
Al 237 YA AFE A T e BeS 23
AR} 2

Guanidine A¥ ZZA¢l DPG: Alg)y} Amed o)A
secondary ZXA| 2 AME-EH ™ DPGO| H&-2 ofefj &} ). A
A, Ael7te BRS TYAAZE DPGE S22 o)
Ag)7tet e 23S 45| dEo] MBT, CBS, TMTD
Hojhe 3uf o] WE £ =2, MBTS b= 108 o]/ &
&=2 Ayt FHof F2HEt o] DPGY} primary 71
Axth H71=7 7] BEdH DPGE= AHdS H= A7t
o} A1-4719H8-¢ SR wakd Aejrle] wE 2L F
ojma] A7t BARE FAAIZ 4= §len E 7k ¥hg
Zrofdt= primary £Z1A9] AT £Y 4= YA ok E3
AE|71e] #HE DPG 2 F¥ 5= Hhg-o] dofut Mooney
viscosity = A FE 4= glon FXA| 7t ¥hES o)
+ primary SX1A| 9] A7t BHFAE YA T 4= QAL A
S AZYAY 29T @E £ ATV B4, AT AEY
A2l hydrolysisE ZZIA|A silanization ¥H-8-& FFAFA| 71T
MR, co-accelerator &] H&-E =3Pl Ao —S,-ZHE
free sulfurE YRR A 7[ =S A 7ITH & DPG = 7l
BRgelA] 2mElR] gherh

2 AFolA= A7t BIEE Az A secondary £31
A2 AHEH= DPG & A7t ASASHA o Aot vt
S0l dojuh= kneadingTHA] (1% step)oll Al Fdsh= W, 4
20]| 4 83} primary £ A S two-roll millo] 4] E# 3= (2™
step)@AIN A DPGE FYsh= W, 183 1% stepe} 2™
step ol 4] AEHX DPGE £¢] 8l+= 371K {22 DPGE &
2] Fo5te] DPG £¢) Aol w2 filler-rubber interation %
A7 A= 4 HsiA Hla Friski

Experimental

1. 48 T2 L Al

H Lo A= solution styrene butadiene rubber (SSBR) 21
HPR 850 (Japan Synthetic Rubber (JSR), styrene $3F; 28
wt%, non-oil extended)S ZYHZE AR A 7=
cetyl trimethylammonium bromide (CTAB)gto] 160 m%/g¢l
Ultrasil 7000GR (Evonik)Z &85}, A&7 Z7 A (silane
coupling agenty:=bis-[3-(tri-ethoxysilyl)-propyl]-tetrasulfide
(TESPT)7} AR EH Yo n Rk 4] (1) o= ALtste] 4§
3t} A7HA| 2= residual aromatic extract (RAE) £, &F
3}o}dd (ZnO; zine oxide, paticle size : 20~30 nm, H]|FEHZ] :
140~170 m¥/g) 18] T &0} 2 AKstearic acid, CHy(CH,),eCOOH)
2 AMESHAT 3 A A= semi-efficiency vulcanization
(semi-EV) Al281& Hgatgon, whebd 7ol 2rg 3
(sulfur) 1.5 phr& Z-835}931, 22} %A (secondary accelerator)
£ o d(guanidine)A| € 9] €7]1E21A1?1 1,3-diphenyl-guani-
dine (D, DPG)E 2.0 phr Z-g&3}4c}t. 12} A A|(primary
accelerator)= A @ ojnlo] = (sulfenamide) Aol A<

cyclohexyl-2-benzothiazole sulfonamide (CBS, CZ)E 2] (2)°]

@

()

(©)

Scheme 1. Chemical structures of (a) tetrahydrofuran (THF), (b)
n-hexane, and (c) toluene.
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Scheme 2. Chemical structures of (a) piperidne, (b) propane-2-
thiol, (c) n-hexanethiol, and (d) n-heptane.

we} 0.70 phr A3 Fhm T2 WA 7] B
(organic material} 2 A|AS}t7] )| tetrahydrofuran (THF,
C4HgO, MW; 72.11 g/mol, th A 3122} n-hexane (CH3(CH,),CHs,
MW; 86.18 g/mol, ) A=) AFE5FE AL, W-&A (swelling
solvent)Z toluene (C¢HsCH;, MW; 92.14, tiASF)2 AME
stglom 3F8HA L= Scheme 19 Uit 7 2
£ o527 Y8 piperidine (CsHy N, MW; 85.15, ti A &),
propane-2-thiol ((CH3),CHSH, MW; 76.16, Acros Organics),
hexanethiol (CH3(CH,)sSH, MW; 118.24, Sigma Aldrich) ZL]
11 n-heptane (CH3(CH,)sCH3, MW; 100.20, A& 2F5 F

Table 1. Formulation of the Compounds

A3 Aoz ARGt en B5ha = Scheme 2
of el e

TESPT (phr) = 5.3x107 x (CTAB)iiica X (Phr)sitica )

CBS (phr) = 0.25 +[0.035x10(CTAB)giica * (Ph)siical ~ (2)

2. Anl2E M=

Master batch (MB) A} = E&H-2 Table 20| Uepd A=
HE A-8sto] Wo4] 371 (Kneader, 300cc)E ©]-8-5+f A
Z5Hth £ 2102 2E | JAEEE 40 ipm, HE 2
EE95°C, £ FY =+ 150°C~155°C, 27 THE&L
7] &7 70%= AAsHoh. £ @9= parts per
hundred rubber (phr)2 1 FE 100 7|&2 2 217 B4 EH Q]
b MB ATLE Az &ML TR Pt w8el HPR
8502 mixing 7)o FeJaheick. 13 5 wjgke) 7hgy
& 913 RAE oilg 913 thg 28, 3320] Alej7he} Azt
EYAE 2MoR o] BY5hT s 7hx BT §
ofl Zn0, SUAZ Tt 919 Zo] MB Aot eEE 1187}
Aot A3t 9h-g-9 B4 $18l 140~155 °C Atol 9]
LEE $ASES Tk AT HEA] FiLSE oJehg
2 Ry 98 2/1H 02 Amm) DolFich 24
3t & AHx}= Table 39 YEFY It Final master batch
(FMB) A2 = Z3-2 821X] two-roll mill (rotor speed ratio;
114N AASHE T, A 2 A o2t 2ok WA, 13230
Z e AR EE ST F, 3 M EXAE 2 42
302 B¢t ERstY] S} ZuEXAE BAMAIR T AAIS
MB, FMB 32 E+= Table 19 et Al2E o £ 7
7J& Table 29] YR et FMB E8714] bzl HuopE=

=

H
o
e

=

unit : phr (parts per hundred rubber)

Ingredients T-1 T-2 T-3
Classification DPG mixing step
Types DPG DPG DPG
P (0/2.0) (1.0/01.0) (2.0/0)
Polymer SSBR HPR850 100 — —
Filler Silica 7000GR 80 — —
Coupling agent Si69 6.78 — —
1 step RAE oil 37.5 — —
Chemical ZnO 3.0 — —
St/A 2.0 — —
Secondary Guanidine DPG (D, Diphenyl guanidine) - 1.00 2.00
accelerator
Cure chemical sulfur 1.50 — —
Secondary - . -
2 step accelerator Guanidine DPG (D, Diphenyl guanidine) 2.00 1.00 -
Primary Sulfenamides CBS (CZ, Cyclohexyl-2- 0.70 _ -

accelerator

benzothiazole sulfenamide)
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Table 2. Mixing Procedure of the Silica Compounds

Types 1*" step process 2™ step process
Step Time (min) Action Action
0.00 Add rubbers Add rubbers
1.00 Add process oil Add process oil
2.00 Add Y silica, 2 TESPT Add Y silica, Y2 TESPT, %2 DPG
Step 1 2.30 Open ram Open ram
(mixing in 3.00 Add Y silica, Y2 TESPT Add Y silica, Y2 TESPT, Y2 DPG
a kneader) 3.30 Open ram Open ram
4.00 Close ram Close ram
8.00 Add ZnO, stearic acid Add ZnO, stearic acid
11.00 Dump Dump
Step 2 0.00 Add MB compound Add MB compound
(mixing in 1.30 Add sulfur, cure accelerator (CBS, DPG) Add sulfur, cure accelerator (CBS)
a two-roll mill) 430 Dump Dump
curometer (MYUNG-JI Tech, Model; ODR 2000)Z o]-8-3} £ AAsEct
160 °ColA] 12 Anke =] 21 7ke Akt Selet F T,
160 °C9] ¢ & Zd|20)A] 27 748k A7k B2k 7hawst O(%) = =g — * 100 @)

o 71ES& A=z

3. A iy
31. 7kt EY &4

Two-roll-mill o] 4 A|Z+ & Huh-2E=+= oscillating disk rheo-
meter (ODR, Model; ODR-2000, MYUNG-JI Tech, Korea) &
o]-gstod 10048 5 AF 2F £ 1°, 2% 160 °CE FAI& 4
oA B2 3h& A% o] AES A & Ea
(Tuin), N EFZZH(Tia) S8, 23] 7/ (scorch safety)
= U= £33 A7HY), 2A 7H Al7Ht) R 7k B
$-AF4>(vulcanization kinetic constants, k)& T8 4= 9lon k
LS 4] (312 o8 8to] TaHATE™ o] 3] obl A F3}
AlZkE o] &ste] 160 °C Za| 204 7Fet3tct

In(F,—F) = kxt+In(F,~F,) 3)

Fy : torque values at zero
F : torque values at ¢ (curing time)

F., : torque values at the end of vulcanization

3.2. WR(swelling ratio) &H

Beee 718E 179 7t 9 J=F dotdie= A3
ojty. WELE| 542 ASTM D 4719 wz} 25.0 mm (Zo])
x 5.0 mm (UH]) x 2.0 mm (FA)9] 7H} | Al HS SF4]
& AIFLF 30°Cof|A] 1, 2, 3, 6,9, 12, 24 A]7to] HSl& ),
7t AR YeE BAS ST T, 4 DL o143 W=

O : swelling ratio (%)

Wy : weight of the specimen before swelling
W, . weight of the specimen after swelling
d, : density of SBR (0.91 g/mL)

dy : density of toluene (0.87 g/mL)

3.3. Zgh 12 g2k (bound rubber content)e| &H

nRel HAA Y A% A W BAAY SH4=E HUst
7] 98l BT = SASATH 2d T Y 542 50
mesh Fgof m|718; 37 AL E 024001 gE Y25, &
| = (solubility parameter)7} 8.6¢1 SBR 3} H]|$:3} 8.9 2] 23
=5 Yehfls 25 8171 200 mL S0 8§70 2
o} o] AEfollA 25+2 °C X=X R 7 Y7t Byl F
Zrol 3 dA7L He dofl EFAE o H uAsiEc 1 F
o EFK= AASH| Al ot ELE wA|5t 24 ATt 5
QF B &, A3} 105 °C 2204 ZH2F 24 AIZH Az
AlA FAE S8 S8E FA= 4 (9ol st 2
R FZ AArsHAT
W= Wi Lmy [(my+m,)]

W, [m, [(mg+m,)]

Ry(%) = 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
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3.4. Ot EX(abrasion properties)

ulm EAL DIN 535160| we} DIN oA g 7|2 2435}
Atk AlEE A7 16 mm, £ 8 mm ¢l AUHFP o= A&}
SHAAL, 40+ 1 rpm 9] £ 2 I Hst= YFF &Yoo 3
H Anpz o] FHO| AHE 40 m vpEA|A A HO| A=F A
= S5 o] ), FEAIH Y vpE o] 180~220 mg ©]
= 24 A& WAL, 4] (6)= o]-&sto] mhi gt

=Taxs ©

Ay : abrasion loss (mm®)

Am, : loss in mass (mg)

d, : density of a composite (g/cm®)
S . abrasive grade (mg)

So : nominal abrasive grade (200 mg)

3.5. 7|AI® EXA(mechanical properties)

713HE-9] 71 A& EAZ-E ASTM D 4129 w2} 100.0 mm
(Zo]) x 25.0 mm (HH]) x 2.0 mm (FA))2] o}FF Al HEZ Al
245}, A2 AlH-E UTM (Model; KSU-05M-C, KSU Co.,
Korea) & ©]83}4] 500 N load cell2 ©]-&3}%] 500 mm/min
o T2 ZAstact. 24 AT £, 100%S} 300% =
£, A1AE(elongation at break), 217} 7} = (tensile strength)
9 AF 7= (tear strengthyE ZH2} Eoke] Uehfi$ict.

3.6. A= (hardness)

7FHE9] AE= ASTM D 22409 wet F771 6 mm7}
HA AHE HAF A=AE o83f oF 2 kg (19.6 N)9| 3
o2 ARS8 =S ST NS S5l HAAS
719)gt}.

3.7. 7l X "I (crosslink structure test)

3.7.1. AFEE chemical probe

Chemical probe= 713 A7 Y EH T 9] ststAQ] 1z H
7H Y34 AR&-E . Chemical probe= 7Hg 7oA A
gxo2 5% /s FASAL g5k WA 7] A5k, o]
Hrent o iz staole Jee uAA e Alek
ot} B4-& 9|3t A]Fo] chemical probe 4] AHEE|7] 93]
A FU 7 2 YRR EYHE Ho] THsslok o)
a1, £ Yot stehihgo] FAEL UH HA 52 = A
ojof gtt}. Chemical probe 2+ propane-2-thiol, hexane-thiol,
triphenylphosphine 50| ARE-H™, 2 A3 oA= propane-2-
thiol @} hexane-thiol <, thiol-amine probe & A}g-3tC}.

Thiol-sulfide 3-8 o] &3t 7182 o] 7t 722 H7}

3= W2 Waston, Savilext Campbello] 23] 7jt=] ¢t
Propane-2-thiol I} hexane-thiol, piperidine E23A| &5 €A 12
FURE =5, B3 F3E 17 HEY I A LA w
A UL 5 7] g & o]A4A Q] probe ©]t}. Propane-2-thiol
L gE7tn A3 v} a, hexanethiol o|Z-7tn A%t
< o3 gtc). whatA], chemical probe X2 A 9] 71w W=
£ SAFeEH, 71 E Yol EAsH= poly, di, mono-
crosslink density S H71e 4= Qi

3.7.2. 5714 7}=(organic materials) A7 2 AA|7}n U=
%4

M7, 713+ sample& 10 mm x 10 mm 37| 2 X2} O
2 3L tetrahydrofuran (THF, 200 mL) £} n-hexane (200 mL)&
B2 56 717} o) (48 W)TH AIES AANA S R
9] §7] F7HEE AAT & A2oA 24 T AxA(ITh &
W AZET i 7] WrhEo] 227 ABe) 5L 2
gheh. 22]a o] AEE toluene o]l 2447t Ft JRIAIA B
T T A (D o8l AA 7h 2SS4

v

3.7.3 T 7} (poly sulfidic crosslink) 2% 7}

Organic materials & A| A3t AMES F 39 n-heptane total
solution (50 mL)of] A2 A 16 A7t 52t H 343t} n-Heptane
total solution2 n-heptane®] ™3}l propane-2-thiol®} piperidine
o] Z+z}t 0.4 M o] | =2 Z+ZF 5313}o] n-heptane total solution
(50 mLYE A|=3e}. 1647 St A2 A o]F A kA
g Bojdo], A4 t7] 5} AL20)| A n-heptane total solution
(50 mL)oj| 2A)17F ¥Fx| gk}t 18] 3t A| 22 AW n-heptane
2 XS Z AlFskL 80 °C I 2BoA Axet o M
£S5 toluened]] 24X|7F 5t JAAA B £ 4] (1) ©]
3 o5 7t =g ST 9 AgEe o st 7
29t 93| A)7| B2 7t Yo Apo|2RE T 7t U
£ 7 & Sl o] A7le IS 7 ion-pairE FAF
02N thF 7t E A E o2 wta| A7t 0] F 7t vt A
A g q o W3-, thF 7tavt g o o] vhgE I
o =gtk I olf= o, o5 Zhaak o] 2221 Z} thiol?
AAE ol 2po] wZolth. thg 7hat wa|of] ARE-E<= isopropyl
e 9] thiol7]E 7}A]= propane-2-thiol2 linear $F alkane
thiolZ 7}X]+&= n-hexanethiolo] H]&}] YA 3 o7} Az oz
A thF 7tugt A9y o 2 gt &, ¢ 7|7} linear &
42 7ta 25 3431 5)= thiol-amine complex FAJo] =4
A} E OF sbm PRE BT 1 AEG propane2-
thiol= =7} ofF W2 Wi, o]F 7t 25 33 d}= n-
hexanethiol2 =2 FE 2 ARREHTH O2 2l A4 16
A7V Bt B¢t 0|5 7hie offd S A &
1, o5 Zhagk AdeFoz Bajgct?
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3.74. &Y, o]= 7}x(mono, di-crosslink) T+ H7}

Propane-2-thiol/piperidine A 32 R 35t A-E-2- n-hexanethiol
(7 mLypiperidine (43 mL) ] S3-§4o] 931 213 AFehe] A
20| A 48 A|7F =<t B3t} o] A E] o]& “—‘,—__.5—2_—. n-heptane
© 2 AIAstaL 80 °C MFEoA Ax3 & WES

A 2442 B2 AAAA B % A (DS o|gstel T
o|F 7l YWEE =A3tct Piperidine 2] =7} S7HE A
Ej o]l 4] hexanethiol 2} Z+2 primary alkane thiol & %] 2|3},
o] 7kl kg2 B AIZE o of] BPof =gdTt. Y
FHolA = BB g2 olF ThalEe] ¥ TR A
AR, 17 Y EQ A thiol o] F=7} 8H--=¢l °|F 7t
w9 stk 108) o] H=F A wf BEESHA] 2 o]F 7t
P AP A dobglA] Al "ot uhde] dhdrtue
o=t} o]= B4-3}(carbon-sulfur)
A2 nucleophilic displacemento] 3l =2 A AL 714
7] W&o 7} hexanethiol-piperidine E3-g-oH o)) o] 3]
o7 7] oheth whebd gdvta e ke £4 sbssieh

3.8. 7ju HE =H uHH
3.8.1. Flory-Rehner equation
HaE DEAE BEAN F EAS 2H5 A (e

olgato] Tk Wel Fwd Aolo] HFEAFMIE T
SER
| In(1-V,)+V,+ 411
D= —— = _ ( 1) : AL 7)
2M, A
2PrV0(V1 - E)

: Crosslink density (mol/g)

<

M, : average molecular weight between crosslink points (g/
mol)

7y : the volume fraction of rubber in the swollen gel at
equilibrium

Vo : the molar volume of solvent (cm®/mol)

p, : the density of the rubber sample (g/cm?)

x : the polymer-solvent interaction parameter

Flory-Rehner Aol AR&-E= #3712 tha 4ol sid &

£ st et

P = et ®)
W,— Wf+ w,—w,
or pS

W, . the weight of de-swollen sample
W; . the weight of the filler in the compound
W, . the weight of the swollen sample

ps : the density of solvent
pa - the density of polymer

AAE A BaF 7kl y= polymeret €1)2] interaction
parameter 2 1170] 7 9 BRI, S o] T/, 2%, 7kl

= ool w=h 9gstA #she gholth

_a. N 2

2= Bt 52 (8,-6) ©)
pi 1034
V, : the molar volume of solvent (cm*/mol)
0, : solubility parameter of polymer

Js : solubility parameter of solvent

3.8.3. Filled vulcanizate®] 7}n U&x =74 9 BA
Filler 7} AH&-= 713HE-9) 7ln U= é Jo

£ 0]43} Flory-Rehner4]¢] 9J3)] JZFg oz

t}. Flory-Rehner 4]0.2 B¢ C) 4= ?:f‘l:]-

20,

1
3o,
=t 70— 22) = -n(1-00) - v~ 208y (10)

C) o 2R E concentration of physical crosslink (7,
(=Ci/pRT=1/2M, pp:)E T+ 4 At Concentration of
physical crosslink (,,,,) = concentration of chemical crosslink
(Mehem) [= 1/Q2M,, crem)] 2} chain entanglement o] 23t crosslink
£ BE ZFH,

3.8.4. Mullins equation-& ©]-&3} chemically crosslink density
= ;(6]
1 DR T 6 ( M chem)
+ — e
C = [2M”hem (0.78x10 )} 1 M, 1)

Mullins 4] 8] C;2 total (effective) crosslinks ©]™ chemical
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o g TS Y= Folch A €, B3} Mullin 4
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2~ o]]:]_ 39
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3.9. S H™EMM mIl(dynamic viscoelastic properties)
7HHEY 2 Ho] & % F3 A7 EA4(53], tan §)y=
g13}7] 943 dynamic mechanical thermal analyzer (DMTA,
EPLEXOR® 500N, Germany)Z ©|238}gt}h A|H-S 15.0 mm
(2°]) x5.0 mm (HH]) x 2.0 mm (FA) 2 A=t 543t
Hoh A1 ASTM D59929] wha} —60 °CHE 100 °C 2] &
T Ho)A 3°C/minE 452 A]7|H tension mode oA A=
(amplitude) 30 pm, A5 (frequency) 10 Hz 27 S2 AA]

3kt
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Figure 1. Cure characteristics of the silica filled compounds.

Table 3. Cure Characteristics of the Silica Filled Compounds

Items T-1 T-2 T3

Types DPG DPG DPG
(0/2.0) (1.0/1.0) (2.0/0)

t)o (min:s) 7:55 9:47 9:51

tog (min:s) 58:03 59:34 60:09
too-t; (min:s) 54:14 55:28 55:35
k (min™") —0.0533 —0.0503 —0.0501

t; (min) 3:49 4:06 4:34

Cure rate (N-m/min)

(T30-Tag)/(ts0-t) 0.128 0.097 0.093
Tiin (N-m) 1.356 1.322 1.333
Tmax (N-m) 4.056 3.774 3.751

Tax-Tmin (N-m) 2.700 2452 2.418

2)7ke} o] w53t DPG7F BobA © ¥2 cure rate & 7HA
et 7hE ¥h8 Ade(k) g2 cure rate 9} H|Sdt AFS U
e ¢ict.

7t s el = AT (ThoTmin) #52 Bl 2312 DPG7}
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Figure 2. Swelling ratio of the silica filed DPG compounds.
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Figure 3. Bound rubber contents of the silica filled compounds.
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Figure 4. DIN abrasion loss of the silica filled compounds.

Table 4. Swelling Ratio, Bound Rubber Contents and DIN Abrasion
Loss of the Silica Filled Compounds

Items T-1 T2 T-3
Types DPG DPG DPG
(0/2.0) (1.0/1.0) (2.0/0)
Swelling ratio (%) 139.39 144.03 147.84
Bound rubber contents (%) 34.56 37.98 38.34

DIN abrasion loss (mm®) 148.5 139.1 136.0

= =2 DIN abrasion lossE UEMT) o]&= Adzoz 4
Tolr-So HoJsl= DPG 3ol £oj59] filler-rubber
interaction®] 4 F=7F 7P W7 flE o2 ddEe. S 2
Aol A abrasion loss g 79| F7FETE filler-rubber
interactiono]] &J3t FFo] © Auj#l Aoz AtH)
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oE.
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Figure 5. Stress-strain curves of the silica filled compounds.

Table 5. Mechanical Properties of the Silica Filled Compounds

Items T-1 T-2 T3
Types DPG DPG DPG
(0/2.0) (1.0/1.0) (2.0/0)
Hardness (Shore A) 67 65 63
Migs (kgf/cm?) 32.63 33.26 32.79
M09 (kgf/em?) 171.752 175.542 172.34
Tensile strength (kgf/cm?) 172 174 186
Elongation (%) 300 300 320
Tear (N/mm) 47.50 49.26 47.57
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Figure 6. Crosslink density and sulfur structure of the silica filled
compounds.

Table 6. Crosslink Density and Crosslink Structure of the Silica
Filled Compounds

Items T-1 T2 T-3
Types DPG (02) DPG (1/1) DPG (2/0)
Crosslink Total 1.5460 1.4960 1.4770
density Poly 0.4150 0.3100 03360
(<107 Di 0.2791 0.2558 0.2948
(mol/g) Mono 0.8519 0.9302 0.8462
Crosslink Poly 26.84 20.72 22.75
structure Di 18.05 17.10 19.96
(%) Mono 55.10 62.18 57.29

Organic material & A|A3%F A|H 2] poly, di, mono 7} F=
o] Ao} AAH 7w AES grof TeEE vehyeic
AR 7HE Wl Bow FrlA 2 5 9E0| DPGE
2 stepo| Al FAH T-1 P =7 74 7k Wvt &9
I 1 o202 DPGY} 1% step oA Ak, 2" stepof| 4] Ayl
Eojd T2 Aot 183 DPG7} 19 stepof] EjE T-3 A
w7t 7P W 7k WS et o] 2" step ol A
DPG7} 5 Fojgd45 A7t #H o2 HE X079 F&
&4o] Ao B} g2 9 DPG 7} 7ha ¥h-g-of] rof ol w
2t 9ot 22 7t U= Ay vehd A e 2 gk Poly-
sulfide crosslink density = T-1 HI-LE=71 ¢F 27% 2 714 =
Qk¥1, di-sulfide crosslink density = T-3 A2 E=7} 9F 20% 2
7} =9kth. 18] 312 mono-sulfide crosslink density = T-2
TETE OF 62% 2 7MY T2 e UERT

Secondary accelerator @1 DPG = 2.0 phr, primary accelerator
¢l CBS+ 0.7 phr 18] 31 sulfur+= 1.5 phr 2 EQJEglen
2 accelerator/sulfur ZF-2 1.80] AojZth. o] £=2]= semi-EV
system o] 3T}, Accelerator/sulfurglo] Lold4E el
7} 9] v]go] Z78E R, CV system I} EV system 2] 37}
EAXE 71X = semi-EV systemS 7} A| AEH O 2 Z 235t 2
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Figure 7. Dynamic properties of the silica filled compounds.

Table 7. Dynamic Mechanical Properties of the Silica Filled
Compounds

Items T-1 T2 T-3
Types DPG DPG DPG
(0/2.0) (1.0/01.0) (2.0/0)

Tg (°C) -1.7 -3.0 -1.7
tand at 0 °C 0.9602 1.036 1.166

tan § at 60 °C 0.1216 0.1154 0.1112

Sro = AE7et 1 Alo]o] AgAdS Hh Fobx|A st
of 9] A &olstA A7] 2ot & T w2 &
4 A7k 38 S Adste] =2 tan § peak g 7HAl
t Aoz AAHG® 60°C 29| tand 2 filler-filler
network B4 A=} BElo] 2Tk 5 9 Al AP T
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