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ABSTRACT：Organo bifunctional silane (TESPD) is added into silica containing NR and its effects are investigated with
respect to the vulcanization properties, the processability, and the physical properties. The addition of the TESPD into 
silica filled NR compound increases the degree of crosslinking by formation of a strong 3-dimensional network structure 
with silica surface via coupling reaction, which results in an improved mechanical property. It also improves the processabilities
compared to the Control compound.

요 약：양기능성실란(TESPD)이 실리카가 함유된 NR복합소재에 첨가되었을시 그에따른 가교특성, 가공정도, 물리적

특성들에 미치는 영향을 조사하였다. TESPD를 첨가한 NR복합소재는 TESPD가 실리카표면과 고무의표면을 화학

적으로 결합하여 3차원적인 구조를 형성함으로해서 가교도가 증가하였고, 이에따라 기계적강도가 증가하였다. 이 

복합소재는 또한 TESPD를 첨가하지않은 소재와 비교했을시 가공성이 증가하는것을 보여주었다.
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Ⅰ. Introduction

  General silane chemistry is widely used in various indu-
stries. Silanes are used for automotives (e.g. engine mount, 
door sealing), military vehicles (e.g. air, ground (heavy duty 
tires, tank innerliner), and underwater), military goods (e.g. 
gas masks, boots, protective gloves, hose, rubber gasket), aero-
space vehicles (e.g. hose, wire products), tires (e.g. airplane, 
heavy-duty, high performance (racing etc.)), belts (e.g. auto-
motives, conveyer), general rubber goods, construction (e.g. 
building vibration absorption), medical (e.g. artificial teeth), 
recycling of end-of-life polymers, biodegradable fibers cou-
pling with polymers (cf. bio-resin: poly(lactic acid), poly(tri-
methylene terephthalate), etc.
  Use of bifunctional silanes such as TESPT and TESPD with 
silica particle in natural rubber (NR) and styrene-co-butadiene 
rubber (SBR) or SBR/BR has been known to improve several 
tire properties such as gas mileage,1 wet and snow traction 
due to improved rolling resistance2 and degree of cross-linking 
via improved silica-silane coupling.3-8 One end of silane chem-
ically bond on silica surface via hydrolysis reaction9-12 and 

the other end of silane bond on rubber chain via sulfur 
cross-linking.13-15

  NRs have been used in the area of heavy-duty tires and 
building vibration absorption against earthquakes.16 NR is 
non-polar and has more double bonds than SBR. Each rubber 
has different levels of double bonds and different types of 
residues. The unit cell of crystalline form NR has a density 
of 1.0 g/cm3 and that of amorphous unfilled rubber is 0.9 
g/cm3, respectively.17 The NR is mainly based on isoprene and 
has many other ingredients such as sugars, fats and proteins, 
which influence the vulcanizate properties. The residue such 
as fatty acids, amino acids, and proteins will also react with 
the initial zinc oxide. These acids should present in the final 
vulcanizate as their zinc soaps. Wunderlich18 theoretically de-
scribed the nucleation rate based on absolute rate reaction 
theory. Avrami19-21 describe rate relationships for crystals gro-
wing uniformly in metals in one, two or three dimensions. 
The state of equilibrium is a function of the rubber crosslink 
density,22 the temperature23 and the strain.24 Flory has made 
use of thermodynamic arguments to derive theoretical ex-
pressions for relaxation of stress due to crystallization for the
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Table 1. Materials Used in This Study

  Usage Trade name Supplier Remark
Rubber SMR201 Goodyear NR
Filler Hi-Sil 243 PPG 150 (m2/g)
Peptizer A 86 Struktol
Activator ZOCO Zochem Zinc Oxide
Activator/processing aid Stearic acid Harwick Standard
Silica surface modifier/UV absorber TiO2 Malvern Minerals Titanium dioxide
Antioxidant TMQ2 R. T. Vanderbilt
Homogenizer 60NS Struktol
Antiozonant/inhibitor Sunolite 240 Sovereign Chemical Co. Blended wax 
Plasticizer/softener Stanplas 2000 Harwick Naphthenic oil
Silane SCA985 Struktol S2

Accelerator TBBS3

DPG4
Flexsys America L.P.
Harwick

Vulcanizer Sulfur C. P. Hall
1 Natural rubber
2 1,2-dihydro-2,2,4-trimethylquinoline
3 N-t-butylbenzothiazole-2-sulfenamide
4 Diphenylguanidine
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Scheme 1. Chemical Structure of (a) NR, (b) TESPD (Bis(trie-
thoxysilylpropyl)disulfide).

equilibrium degree of crystallinity. After Flory's24 proposed 
model 'fringed micelle', Andrews25,26 discovered 'chain fold' 
structure in electron microscopy studies of strained ultra thin 
rubber films. More refined versions of chain fold have devel-
oped by Keller27 and later authors.28-30 The crystallization is 

accompanied by an increase in density (i.e. decrease in vol-
ume) and volume changes.31,32 Nucleation may occur sponta-
neously and homogeneously throughout the amorphous phase 
at lower temperature or be 'seeded' by foreign surfaces or struc-
ture discontinuities. The crystal growth26 is influenced by the 
type and density of nucleation. Embryo nuclei grow to a crit-
ical size and distribution before any macroscopic effect such 
as elastic modulus increase is observed. 
  The chemical structure of NR is shown in Scheme 1. There 
have been many researches on NR compounds;8, 33-37 however, 
there have been few published researches on application of 
TESPD in silica containing NR8 compound. Furthermore, there 
were very few published studies effects of the TESPD in prac-
tical tire compound.
  In this research, we investigate the effects of TESPD in 
a silica filled NR compound, which consists with many differ-
ent ingredients used in practical tire industry, with respect 
to the processability and the mechanical properties. 

Ⅱ. Experimental

1. Materials

  The silane used in this study was TESPD (bis (triethoxysi-
lylpropyl) disulfide), which is a product of Struktol Co 
America brand name of SCA985. The main chemical structure 
of the TESPD is shown in Scheme 1. The silica used was 
Hi-Sil 243, which is precipitated silica with BET area 150 
(m2/g) and primary particle diameter 19 nm supplied by PPG. 
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  The elastomer used was natural rubber (polyisoprene rub-
ber), which was a Goodyear product by the brand name of 
SMR-20. Various additives including activator (zinc oxide), 
processing aid/activator (stearic acid), peptizer (A 86), silica 
surface modifier/UV absorber (titanium dioxide), anti oxidants 
(TMQ), anti antiozonant/inhibitor (Sunolite 240), homogenizer 
(60NS Flakes), plasticizer (Stanplas 2000), curing agent 
(Sulphur), and accelerators (TBBS, DPG) were used. The in-
formation on the materials used in this study was summarized 
in Table 1.

2. Mixing

  Banbury internal mixer (BR 1600) was used for masterbatch 
mixings (MB1 and MB2) of rubber and additives (batch: the 
product of one mixing operation). The silane level in the NR 

Table 2. Formulation and Mixing Procedure for NR Compound

2.1 Formulation

1st Stage Material NR NR/S2
SMR20 100.00 100.00
A 86 0.25 0.25

Hi-Sil 243 60.00 60.00
Zinc Oxide 4.00 4.00
Stearic Acid 2.00 2.00

TiO2 5.00 5.00
TMQ 1.00 1.00

Sunolite 240 1.25 1.25
60 NS Flakes 3.50 3.50
Stanplas 2000 4.00 4.00

ZS 0.00 0.00

2nd Stage Material NR NR-S2
Sulfur 2.00 2.00
TBBS 1.00 1.00
DPG 0.50 0.50

2.2 Mixing Procedure (70 RPM, 30 PSI, Fill Factor 0.7, Starting 
Temp 65 oC) 

 1st stage (MB1)
a. Add rubber and A86.
b. Mix for 30 sec.
c. Add rest additives.
d. Mix for 1 min and sweep
e. Mix for 2 min and sweep.
f. Mix for 5 min and dump.

 2nd stage (MB2) (70 RPM, 30PSI)
a. Add 1/2 MB1
b. Mix for 30 sec
c. Add curatives and 1/2 MB1.
d. Drop at 90 sec.

compounds was 3 phr. All the materials with the same in-
gredients in each elastomer compounds were added in master-
batch 1 (MB1) and discharged (dropped) at 300 sec mixing. 
After drop out of MB1, real temperature of each compound 
was measured by probing. At second pass mixing (MB2), each 
compound was further mixed with curatives for 90 sec. The 
total mixing times of the compounds were the same for 6.5 
min each. The fill factor, RAM pressure, and rotor speed was 
fixed at 70%, 30 PSI, and 70 RPM, respectively. The mixing 
formulations and procedures are included in Table 2.

3. Mooney viscosity measurement

  Mooney viscosities were measured as a function of apparent 
shear rate at 2RPM and ML1+4 at 100 oC according to ASTM 
D1646. The rotor diameter of the shearing disc rheometer was 
38.1 mm and the thickness of the rotor was 5.5 mm. The 
machine we used for measuring Mooney viscosity was brand 
name Mooney Viscometer 2000 (MV 2000) manufactured 
from Alpha Technology. The shear rate at the outer radius 
of the shearing disc could be expressed as follows:38,39

   H
RR Ω

=
⋅

)(γ (1)

where R is the radius of rotating disc, Ω, the rotor rotation 
rate, H, the distance between the disc surface and the stationary 
housing.

4. Cure rheometer test 

  Oscillating disc cure rheometer (Model Rheotec) manufac-
tured from Tech Pro Inc. was used for measuring vulcanization 
and reversion resistance property of the compounds in a pres-
surized rotational rheometer with a biconical rotor following 
ASTM D 2084 at 160 oC. The oscillation frequency was 100 
cycles/min (1.66 Hz) with amplitude of 3o. Minimum torque 
(ML), maximum torque (MH), torque rise (MH-ML), scorch 
(premature vulcanization of a rubber compound) time (Ts-2), 
cure time (Tc-90), and reversion (deterioration of vulcanizate 
properties that may occur when vulcanization time is extended 
beyond the optimum) resistance time (T-2) were measured.

5. Viscoelastic property (tanδ) measurement

  Vulcanized specimens were characterized using Mechanical 
Energy Resolver (MER-1100B) manufactured by Instrumentors, 
Inc. This instrument measures the oscillatory input of axial 
compression and tension response of the cylindrical specimen. 
Oscillatory signal response depending on material was meas-
ured and recorded as the elastic and the viscous property as 
follows:38,39
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  tanδ = G"/G' (2)

  G'(ω) = G* cosδ (3)

  G"(ω) = G* sinδ (4)

  
δ

ωω
ωη sin*")(' GG

== (5)

where ω represents oscillation frequency; G*, the complex 
modulus; δ, the phase angle; G'(ω), the storage modulus; 
G"(ω), the loss modulus; and η'(ω), the dynamic viscosity. 
Depending on each sample group condition (23 oC or 100 oC) 
the static servo position (signal accepter position) was adjusted. 

6. Screw extrusion

  Single Screw Lab Extruder (SSE) manufactured by C. W. 
Brabender Instruments, Inc. (CWB) attached with roll feeder 
(Model 1513) was used and data were obtained from a PC 
attached to CWB at the time of extrusion of the compounds. 
The drive type of the extruder for SSE was Plasti-Corder 
PL2100 manufactured by CWB. The length/diameter (L/D) ra-
tio of the barrel was 15:1 (barrel diameter 19 mm) with com-
pression ratio of three-to-one (3:1). The processing temper-
ature and screw speed were set to 100 oC and 30 RPM, 
respectively. Garvey type ASTM Extrusion Die (see ASTM 
D 2230-88) was attached at the exit of the screw. The pressure 
buildup (PSI) of each compound at the exit of the die was 
measured.

7. Tensile test

  An Instron tensile tester (Model 4201) with data acquisition 
system was used to obtain tensile test data of dumbbell 
specimen. The average of three specimens was obtained fol-
lowing the ASTM D 412-87 method. This instrument meets 
the ASTM E4 and measures mechanical properties of the mate-
rials, which was a table mounted units consisting of loading 
frame and control console as separate assemblies. The modulus 
(Pa) of each compound was measured at 300% elongation. 
The average thickness and width of the specimens were 2.2 
mm and 6.3 mm, respectively. 

Ⅲ. Results

1. MB1 mixing temperature changes

  Figure 1 represents the mixing temperature changes (MB1) 
of NR compounds in a Banbury internal mixer. The addition 
of the S2 lowered the rate of mixing temperature rise than 
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Figure 1. Mixing temperature changes (MB1) of NR com-
pounds in a Banbury internal mixer.
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Figure 2. Probe temperatures of each compound measured 
from MB1.

the NR compound. 

2. Drop temperature

  Figure 2 shows the drop/probe temperatures of each com-
pound measured from MB1. The NR/S2 compound showed 
a lower drop temperature than the NR one. 
 
3. Vulcanization curve

  Figure 3 shows the vulcanization curve changes of the NR 
compounds for 30 min at 160 oC. The S2 added compounds 
showed a higher MH, lower ML, higher torque rise (MH-ML), 
and delayed scorch (Ts-2) time than the NR one. This is an 
implication that addition of silane (S2) improves the process-
ability and the degree of cross-linking of the NR compound. 
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Figure 3. Vulcanization curve changes of NR compounds for 
30 min at 160 oC.
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Figure 4. The torque rise (MH-ML) of the NR compounds.
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Figure 5. The torque maximum (MH) and the torque minimum 
(ML) of the NR compounds.

  Figure 4 shows the torque rise (MH-ML) of each compound. 
Silane added compound (NR/S2) showed a higher torque rise 
than the NR one.
  Figure 5 shows the torque maximum (MH) and the torque 
minimum (ML) of each compound. Silane added compound 
(NR/S2) showed a higher torque maximum (MH) and a lower 
torque minimum (ML) than the NR one. 

4. Viscoelastic property (tanδ)

  Figure 6 shows the tanδ values of each compound. At room 
temperature, the tanδ of NR/S2 compound showed a lower 
value than that of the Control one. 

5. Mooney viscosity

  Figure 7 shows the Mooney viscosity of each compound. 
The NR/S2 compound showed a lower Mooney viscosity than 
the NR one. 
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Figure 6. The tanδ values of the NR compounds. 
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Figure 7. The mooney viscosity of the NR compounds.
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Figure 8. The extrusion torque and the pressure build up of 
each compound processed through a single screw extruder.

6. Extrusion torque

  Figure 8 shows the extrusion torque and the pressure build 
up of each compound processed through a single screw ex- 
truder. Silane added compound (NR/S2) showed a lower tor-
que and pressure build up than the NR one. 

7. Tensile test

  Figure 9(a) shows the modulus of each compound at 300% 
elongation. The NR/S2 compound showed a higher elongation 
modulus than the NR one. 
  Figure 9(b) shows the elongation% at break of each com-
pound. 
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Figure 9. (a) the modulus at 300% elongation (b) the elonga-
tion% at break of the NR compounds.

Ⅳ. Discussion

  Surface treatment of silica with bifunctional organosilanes 
improves the processability of silica compounds4,40-47 as well 
as their mechanical properties.5,47 This is due to the function 
of ethoxy groups and sulfur groups. The ethoxy groups at-
tached on silane chemically react with silanol groups on silica 
surface at the mixing stage via hydrolysis mechanism,9-12 and 
then the sulfur groups react with double bonds on rubber 
chains4,48 at vulcanization stage. Those lead to a formation of 
a stable silica-silane-rubber network. Bifunctional organo-
silanes such as bis (triethoxysilyl propyl) tetrasulfide (TESPT) 
and bis (triethoxysilyl propyl) disulfide (TESPD) have been 
widely used for reinforcing silica filled elastomer sys-
tems.5,6,49-53
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Figure 10. Schematic presentation of the proposed improved hydrolyzation of the alkoxy group remained
in a silane.

  The hydrolysis reaction mechanism of Wolff as described 
in 1979,54,55 which had been accepted in the silane hydrolysis 
process as a mechanism. This is a steric hindrance theory, 
which a third alkoxy group in a trialkoxysilane does not hydro-
lyze (67% hydrolysis) due to steric hindrance. Recently, Kim 
proposed a water molecule treated silica systems, which shows 
additional hydrolyzation of the alkoxy group remained in a 
silane (81% hydrolysis) and produces fewer alcohols in the 
silane compound and it improves mechanical properties in 
2005 with moisture treated silica filled system.49 This is further 
increased to 89% hydrolysis.56 Thus the hydrolyzation of the 
alkoxy group remained in a silane should be represented as 
shown in Figure 10, i.e. about alkoxy group out of six alkoxy 
groups in a silane should be remained.
  In this various additive filled silica/NR system, addition of 
bifunctional silane (TESPD) showed an improved process-
ability and mechanical properties, which is a similar trend as 
observed from other researchers previously.40-45,47

Ⅴ. Conclusions

  Comparing the NR/S2 and the Control compound, the NR/ 
S2 one showed a better processability, better processing safety, 

higher degree of crosslinking, higher torque rise than the 
Control one. 
  Addition of the bifunctional silane (TESPD) into silica filled 
NR compound formed a strong 3-dimensional network struc-
ture with a silica surface via coupling reaction, results in in-
creased mechanical properties and improved processability of 
the compound. 

References

1. D. J. Schuring and S. Futamura, “Rolling loss of pneumatic 
high-way tire in the eighties”, Rubber Chem. Technol., 63, 
315 (1990); D. J. Schuring, “The Rolling Loss of Pneumatic 
Tires”, Rubber Chem. Technol., 53, 600 (1980).

2. U.S. Patent (filed Feb. 20, 1992) 5,227,425 (1993), R. Rauline 
(Michelin).

3. U. Goerl, A. Hunsche, A. Mueller, and H. G. Koban, “Investi-
gation into the silica/silane reaction system”, Rubber Chem. 
Technol., 70, 608 (1997).

4. P. Vondracek, M. Hradec, V. Chvalovsky, and H. D. Khanh, 
“Effect of the structure of sulfur-containing silane coupling 
agents on their activity on silica-filled SBR”, Rubber Chem. 
Technol., 57, 675 (1984).

5. K. J. Kim and J. VanderKooi, “TESPT and treated silica com-



Bifunctional Silane (TESPD) Effects on Silica Containing Elastomer Compound - Part I: Natural Rubber (NR) - 141

pounds on TESPD Rheological property and silica break 
down in natural rubber”, Kautsch. Gummi Kunstst., 55(10), 
518 (2002).

6. K. J. Kim and J. VanderKooi, “Moisture effects on TESPD- 
silica/CB/SBR compounds”, Rubber Chem. Technol., 78(1), 
84 (2005).

7. K. J. Kim and J. VanderKooi, “Rheological effects of zinc 
surfactant on the TESPT-Silica mixture in NR and S-SBR 
compounds”, Int. Polym. Process., 17(3), 192 (2002).

8. K. J. Kim and J. Vanderkooi, “Zinc Surfactant Effects on 
NR/TESPD/Silica and SBR/TESPD/Silica Compounds”, 
Elastomer, 39, 263 (2004).

9. H. Ishida, “A review of recent progress in the studies of mo-
lecular and microstructure of coupling agents and their func-
tions in composites, coatings and adhesive joints”, Polym. 
Compos., 5, 101 (1984).

10. H. Ishida and J. L. Koenig, “Structure of silane coupling 
agents adsorbed on silicon powder”, J. Colloid Interface Sci., 
106, 334 (1985).

11. A. Hunsche, U. Görl, A. Müller, M. Knaack, and T. Göbel, 
“Investigations concerning the reaction silica/organosilane 
and organosilane/polymer. Part 1: Reaction mechanism and 
reaction model for silica / organosilane”, Kautsch. Gummi 
Kunstst., 50, 881 (1997).

12. A. Hunsche, U. Görl, and H. G.Koban, T. Lehmann, “Investi-
gations on the reaction silica/organosilane and organo-
silane/polymer. Part 2: Kinetic aspects of the silica - organo-
silane reaction”, Kautsch. Gummi Kunstst., 51, 525 (1998).

13. S. Wolff, “Reinforcing and vulcanization effects of silane Si 
69 in silica-filled compounds”, Kautsch. Gummi Kunstst., 34, 
280 (1981).

14. U. Goerl, and J. Muenzenberg, paper No.38, ACS Rubber 
Division 151th Meeting, Anaheim CA, May 1997; abstract 
in Rubber Chem. Technol., 70, 690 (1997).

15. H. D. Luginsland, paper No. F, in Chemistry and Physics 
of Network Formation, Education Symposium No. 49, ACS 
Rubber Division 161th Meeting, Savannah, GA, May (2002).

16. A. D. Roberts, Ed., “Natural Rubber Science and Technolo-
gy”, Oxford Science Publications, New York, (1988).

17. C. Bunn, “Molecular Structure and Rubber-Like Elasticity. 
I. The Crystal Structures of β Gutta-Percha, Rubber and 
Polychloroprene”, Proc. Roy. Soc. A, 180, 40 (1942).

18. B. Wunderlich, “Macromolecular physics, Vol 2”, Academic 
Press, New York (1978).

19. M. Avrami, “Kinetics of Phase Change. I. General Theory”, 
J. Chem. Phys., 7, 1103 (1939).

20. M. Avrami, “Kinetics of Phase Change. II. Transformation- 
time relations for random distribution of nuclei”, J. Chem. 
Phys., 8, 212 (1940).

21. M. Avrami, “Granulation, Phase Change, and Microstructure 
Kinetics of Phase Change. III”, J. Chem. Phys., 9, 177 (1941).

22. A. N. Gent, “Crystallization and the relaxation of stress in 
stretched natural rubber vulcanizates”, Trans. Faraday Soc., 

50, 521 (1954).
23. A. N. Gent, “Crystallization in natural rubber. IV. Temper-

ature dependence”, J. Polym. Sci., 18, 321 (1955).
24. P. J. Flory, “Thermodynamics of Crystallization in High 

Polymers. I. Crystallization Induced by Stretching”, J. Chem. 
Phys., 15, 397 (1947).

25. E. H. Andrews, “Crystalline morphology in thin films of natu-
ral rubber (II). Crystallization under strain”, Proc. Roy. Soc. 
A, 277, 562 (1964).

26. E. H. Andrews, “Spherulite Morphology in Thin Films of 
Natural Rubber”, Proc. Roy. Soc. A, 270, 232 (1962).

27. A. Keller, and M. Machin, “Oriented crystallization in poly-
mers”, J. Macromol. Sci. B, I, 41 (1967)

28. J. Hoffmann and J. Lauritzen., “Kinetics of polymer crystal-
lization from solution and the melt”, Knoll. Z. Polym., 231, 
564 (1969).

29. P. D. Calvert and D. R. Uhlmann, “Theory of Polymer 
Crystallization without Chain Folding”, J. Appl. Phys., 43, 
944 (1972).

30. K. J. Smith, “Crystallization of networks under stress”, 
Polym. Eng. Sci., 16, 168 (1976).

31. N. Bekkedahl and L. A. Wood, “Crystallization of Vulcanized 
Rubber”, Ind. Eng. Chem., 33, 381 (1941).

32. W. L. Holt, and A. T. McPherson, “Changes of volume of 
rubber on stretching: Effect of time, elongation and temper-
ature”, J. Res. Nat. Bur. Stand., 17, 657 (1936).

33. H. S. Park, C. S. Woo, “Mechanical Properties Evaluation 
of Natural and Synthetic Rubber”, Elastomer, 42(1), 32 
(2007).

34. R. Alex, M. J. Kim, Y. S. Lee, C. Nah, Preparation and 
Characterization of Rubber/Clay Nanocomposite Using Skim 
Natural Rubber Latex, Elastomer, 41(4), 252 (2006).

35. S. Y. Kaang, K. T. Nam, C. K. Hong, K. H. Kae, “A Study 
on UV Degradation of SBR and NR Containing Polymeric 
UV Stabilizer”, Elastomer, 41(3), 182 (2006).

36. K. C. Choi, J. H. Kim, J. M. Yoon, S. Y. Kim, “Effects 
of Foaming Temperature and Carbon black Content on the 
Cure Behaviors and Foaming Characteristics of the Natural 
Rubber Foams”, Elastomer, 41(3), 147 (2006).

37. D. H. Kim, H. M. Kim, C. S. Lee, W. S. Ahn, J. H. Kim, 
“A Study of Self-Sealing Rubber Material Using Foamed 
Natural Rubber”, Elastomer, 41(2), 88 (2006).

38. J. L. White, “Principle of Polymer Engineering Rheology”, 
Wiley Inter-Science, New York (1990).

39. J. L. White, “Rubber Processing: Technology, Materials, and 
Principles”, Hanser Publishers, Cincinnati (1995).

40. J. H. Bachmann, Sellers J. W., Wagner M. P., “Fine particle 
reinforcing silicas and silicates in elastomers”, Rubber Chem. 
Technol., 1959, 32, p. 1286.

41. E. M. Dannenberg, “The effects of surface chemical inter-
actions on the properties of filler-reinforced rubbers”, Rubber 
Chem. Technol., 48, 410 (1975).

42. B. B. Boonstra, H. Cochrane, E. M. Dannenberg, “Reinforc-



142 Kwang-Jea Kim / Elastomers and Composites Vol. 44, No. 2, pp. 134~142 (June 2009)

ment of silicone rubber by particulate silica”, Rubber Chem. 
Technol., 48, 558 (1975).

43. M. P. Wagner, “Reinforcing silicas and silicates”, Rubber 
Chem. Technol., 49, 703 (1976).

44. A. Krysztafkiewicz, “Modified silica precipitated in the me-
dium of organic solvents - an active rubber filler”, Colloid 
Polym. Sci., 267, 399 (1989).

45. S. Kohjiya, Y. Ikeda, “Reinforcement of general-purpose 
grade rubbers by silica generated in situ”, Rubber Chem. 
Technol., 73, 534 (2000).

46. K. J. Kim and J. L. White, “TESPT and different aliphatic 
silane treated silica compounds effects on silica agglomerate 
dispersion and on processability during mixing in EPDM”, 
J. Ind. Eng. Chem., 7(1), 50 (2001).

47. P. Sae-oui, C. Sirisinha, U. Thepsuwan, K. Hatthapanit, 
“Roles of silane coupling agents on properties of silica-filled 
polycholoprene”, Eur. Polym. J., 42, 479 (2006). 

48. S. Wolff, “A new development for reversible sulfur-cured NR 
compounds”, Kautsch. Gummi Kunstst., 1979, 32, p. 760.

49. K. J. Kim and J. Vanderkooi, “Temperature effects of silane 
coupling on moisture treated silica surface”, J. Appl. Polym. 

   Sci., 95(3), 623 (2005).
50. K. J. Kim and J. Vanderkooi, “Reactive batch mixing for 

improved silica-silane (TESPD) coupling”, Int. Polym. Pro-
cess., 19(4), 364 (2004).

51. K. J. Kim and J. Vanderkooi, “Moisture effects on improved 
hydrolysis reaction for TESPT and TESPD-silica com-
pounds”, Compos. Interf., 11(7), 471 (2004).

52. J. L. White and K. J. Kim, “Thermoplastic and Rubber 
Compounds: Technology and Physical Chemistry”, Hanser 
Publisher, Munich, 2008.

53. R. K. Gupta, E. Kennel, and K. J. Kim, “Polymer Nanocom-
posites Handbook”, CRC Press, Boca Raton, 2009.

54. S. Wolff, Kautsch. Gummi, Kunstst, 30, 516 (1977)
55. S. Wolff, “Reinforcing and vulcanization effects of silane Si 

69 in silica-filled compounds”, Kautsch. Gummi, Kunstst, 34, 
280 (1981)

56. K. J. Kim and J. VanderKooi, “Moisture level effects on hy-
drolysis reaction in TESPD/Silica/CB/S-SBR compound”, 
166th ACS: Rubber Division Meeting, Columbus, OH, Oct. 
2004 (Paper No. 57).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AmiR-HM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /Batang
    /BatangChe
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Dotum
    /DotumChe
    /DungunM
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /ExpoM-HM
    /FelixTitlingMT
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /H2bulB
    /H2bulL
    /H2bulM
    /H2cysB
    /H2cysL
    /H2gprM
    /H2gsrB
    /H2gtrE
    /H2gtrM
    /H2gttB
    /H2hdrM
    /H2mjrE
    /H2mjsM
    /H2mkpB
    /H2mppB
    /H2mppL
    /H2porL
    /H2porM
    /H2sa1M
    /H2supB
    /H2supE
    /H2supL
    /H2supM
    /H2wulB
    /H2wulE
    /H2wulL
    /H2wulM
    /HaansoftBatang
    /HaansoftDotum
    /Haettenschweiler
    /HeadlineR-HM
    /HYbsrB
    /HYBuDle-Medium
    /HYcysM
    /HYGoThic-Bold
    /HYGoThic-Light
    /HYgprM
    /HYGraPhic-Bold
    /HYgsrB
    /HYgtrE
    /HYhaeseo
    /HYHeadLine-Bold
    /HyhwpEQ
    /HYKHeadLine-Bold
    /HYKHeadLine-Medium
    /HYLongSamul-Bold
    /HYLongSamul-Light
    /HYLongSamul-Medium
    /HYmjrE
    /HYMokGak-Bold
    /HYMokPan-Bold
    /HYmprL
    /HYMyeongJo-Bold
    /HYMyeongJo-Light
    /HYMyeongJo-Medium
    /HYMyeongJo-Ultra
    /HYPillGi-Light
    /HYporM
    /HYPost-Bold
    /HYRGoThic-Bold
    /HYRGoThic-Medium
    /HYSeNse-Bold
    /HYShortSamul-Bold
    /HYShortSamul-Light
    /HYSinGraPhic-Medium
    /HYSinMun-MyeongJo
    /HYSinMyeongJo-Bold
    /HYsnrL
    /HYSooN-MyeongJo
    /HYSymbolA
    /HYSymbolB
    /HYSymbolC
    /HYSymbolD
    /HYSymbolE
    /HYSymbolF
    /HYSymbolG
    /HYSymbolH
    /HYTaJa-Bold
    /HYTaJaFull-Bold
    /HYTaJaFull-Light
    /HYTaJaFull-Medium
    /HYTaJa-Light
    /HYTaJa-Medium
    /HYTeBack-Bold
    /HYYeasoL-Bold
    /HYYeaSo-Medium
    /HYYeatGul-Bold
    /HYYeatGul-Medium
    /Impact
    /ImprintMT-Shadow
    /Kartika
    /Latha
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /MagicR-HM
    /MaiandraGD-Regular
    /Mangal-Regular
    /MDAlong
    /MDArt
    /MDEasop
    /MDGaesung
    /MDSol
    /MicrosoftSansSerif
    /MingLiU
    /MoeumTR-HM
    /MogfilB
    /MogfilL
    /MogfilM
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /NewGulim
    /NSimSun
    /OCRAExtended
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PMingLiU
    /Pristina-Regular
    /PyunjiR-HM
    /Raavi
    /RageItalic
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /SanHgM
    /SanIgM
    /ScriptMTBold
    /Shruti
    /SimHei
    /SimSun
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /YetR-HM
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 793.701]
>> setpagedevice


