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Abstract —For the carbon black filled polymer network samples prepared by three different curing agents (sulfur, TMTD,
and DCP), crosslink modulus G. and entanglement modulus G. were obtained from the Mooney plot which was made
through the uniaxial elongation test. Some parameters such as average molecular mass between the crosslink strands,
density and average area of couples between rubber phase and carbon black particles (through G. data), and ratio of
the tube radii of network chains filled and unfilled with carbon black (through G. data) were investigated for polymer
networks prepared by different curing agents. The network sample cured by sulfur was most remarkable in the G, and
the coupling potential between network chains and carbon black particles. The samples cured by TMTD and DCP ex-
hibited lower coupling potentials but narrower distribution of the couples than the sulfurcured network. The TMTD-
cured network showed the highest increase in the tube radius by the addition of carbon black.

Keywords: Rubber elasticity, carbon black filled network. crosslink modulus, entanglement modulus, sulfur, TMTD, DCP.
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Table 1. Mixing compositions, optimal cure times, Mooney viscosities, and other physical properties of the polymer net-
work samples unfilled and filled with carbon black.

Unfilled system Filled system
Rubber NR SR NR SR

Curing agent sulfur TMTD DCP |sulfur TMTD DCP [sulfur TMTD DCP [sulfur TMTD DCP
Component®
NR 100 100 100 - - - 100 100 100 - - -
SR - - - 100 100 100 - - - 100 100 100
carbon black - - - - - 50 50 50 50 50 50
aromatic oil - - - - - 5 5 5 5 5 5
sulfur 3 - - 3 - - 3 - - 3 - -
TMTD - 3 - - 3 - - 3 - - 3 -
Zn0 3 3 - 3 3 - 3 3 - 3 3 -
stearic acid 1 1 - 1 1 - 1 1 - 1 1 -
CBS 1 1 - 1 1 - 1 1 - 1 1 -
DCP - - 3 - - 3 - - 3 - - 3
Specific gravity 1191 1167 1.106)1.207 1.160 1.141(1.391 1.383 13311442 1419 1.410
Glass transition tem--706 —69.1 -70.0|-60.6 -57.7 -59.7|-72.8 -71.6 -70.8| 617 -60.3 -645
perature (°C)
Optimal cure time tg (min)] 9.2 118 592 | 34.2 177 775 9.0 125 575| 372 154 772
at 150°C
Mooney visosity ML 4(units) { 30.1 241 241 (238 219 219| 426 43 425| 377 231 404

* All the units of the contents are phr (parts per hundred rubber).
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2|1 3 @ TMTDZ 7}8A12 ol SR T &4
o] 023 AMuojule|=F 7482 FAZA N-cyclo-
hexyl-2-benzothiazole sulfenamide (CBS)E 7
=elaten, 3 ARy a5t 483 7tud F U=
£ 3= ISAE 8 A7he £ el # A
M= Aol (Zn0)# stearic acidE AHE8IITH &
A FHEEH] A7 Mo E FEAZ aromatic oilg F
7 Avkstgh. FHEEHLS 3% 100 phr(parts per
hundred rubber)ell i3t & Z$- F3] 50 phrs
FArrstger AgAoz Jehd JHEEYe] RIis
& Al 25% R=olATHAIAIE R3] 28L& Table 29
o3 Fx). o¥e 98 4 HA/REY WY =4S

Table 1] WERASIT

AREYE AN Y % 23 TF I

4 a5 7tn gAdEH 97 B4E 229

Z ASTM D31913% D3192E 7|F22 & & Q&)
B A AHEshs 948889 stuArt 2 71E §
Ho] opug AAZE 7t 2] Pt F F &
H]%32 25 AY44 Banbury mixerolA] 7kl
£ A9 nF, FAA L WHAES EFAREY ©]
o] ZAL rotor speed 77 rpm, ram ¥F 571,
mixer 7FE%7]¢] £EE 40 °CE uct £82 ¢4
Z7]9) % 100 phr ¢, 30% ¥ 7H2E3 25 phr 2
7taA 919 O H7H F4, 902 F UeA| FHEEF
25 phr %41, 150% ¥ sweeping, 270% ¥ dumping
= A4E Az 28R AEDY JtaEs AEAE
821%] open rollolA $Y3 2o 7IWAE H7A
Zoz A o) F ) JtaA] o] ¢aEH wigaF
£ % 25mm FAZ Bohhgich 1 s FERE
N2Z #3led Monsanto rheometer® Mooney

Table 2. Crosslink modulus G, and entanglement modulus G, of polymer network samples obtained from the linear re-

gression of the Mooney plots.

. . NR SR
Elongation Curing
rates (s  agent ¢ G. MPa) G, (MPa) r ['% G. (MPa) G, (MPa) r

sulfur 0.00 0.392 0.081 0.9779 0.00 0.295 0.103 0.9734

0.25 1.003 0.585 0.9912 0.21 0.727 0.481 0.9859

0.00025 TMTD 0.00 0.210 0.095 0.9878 0.00 0.207 0.082 0.9516
' 0.25 0.509 0.532 0.9978 0.26 0.527 0.424 0.9972
DCP 0.00 0.380 0.040 0.8784 0.00 0.219 0.067 0.9839

0.25 0.834 0.350 0.9775 0.27 0.787 0.312 0.9387

sulfur 0.00 0.413 0.115 0.9749 0.00 0.294 0.086 0.9521

0.25 1.000 0.716 0.9820 0.21 0.735 0.581 0.9921

0.0025 TMTD 0.00 0.197 0.134 0.9584 0.00 0.211 0.081 0.9653
0.25 0.547 0.567 0.9928 0.26 0.506 0.671 0.9921

DCP 0.00 0.365 0.045 0.9042 0.00 0.283 0.040 0.9476

0.25 0.819 0.201 0.9583 0.27 0.806 0.363 0.9801

sulfur 0.00 0.409 0.137 0.9884 0.00 0.287 0.064 0.9764

0.25 0.977 0.863 0.9979 0.21 0.863 0.543 0.9808

0.025 TMTD 0.00 0.201 0.165 0.9893 0.00 0.229 0.069 0.8709
0.25 0.570 0.630 0.9961 0.26 0.496 0.598 0.9957

DCP 0.00 0.342 0.113 0.9612 0.00 0.311 0.038 0.8905

0.25 0.810 0.355 0.9826 0.27 0.830 0.513 0.9727

sulfur 0.00 0.417 0.119 0.9748 0.00 0.273 0.155 0.9218

0.25 1.080 0.759 0.9831 0.21 0.884 0.627 0.9687

0.95 TMTD 0.00 0.203 0.162 0.9883 0.00 0.216 0.110 0.9786
’ 0.25 0.582 0.652 0.9927 0.26 0.548 0.648 0.9964
DCP 0.00 0.354 0.109 0.9313 0.00 0.293 0.061 0.9667

0.25 0.814 0.320 0.9352 0.27 0.842 0.455 0.9601

®volume fraction of carbon black in the polymer network samples.
"Relative deviation from the perfect linearity (the value of unity).
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Fig. 1. Mooney stress versus deformation function f(A") obtained from the uniaxial elongation test with the elongation
rate of 0.00025 s. The rubber materials employed are (a) natural rubber (SMR-20) and (b) styene-butadiene co-

polymer (SBR 1712).
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Fig. 2. Same plot as Fig. 1 but the elongation rate of 0.0025 s™.
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Fig. 3. Same plot as Fig. 1 but the elongation rate of 0.025 s,
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Fig. 4. Same plot as Fig. 1 but the elongation rate of 0.25 s
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Table 3. Parameters of the polymer network samples, which are obtained from the crosslink modulus G..

. . NR SR
Elongation Curing
rates (s7) agent o M (g/mol) 10°0" (nm? Apy’ (nm?) 0 M. (g/mol) 10™v (nm? Apy’ (nm?)
sulfur 0.00 5877.9 0.00 7978.6
0.25 3436.5 6.900 0.19 0.21 4915.6 5.723 0.23
0.00025 TMTD 0.00 10972.1 0.00 11370.5
’ 0.25 6734.2 3.421 0.39 0.26 6672.0 3.498 0.38
DCP 0.00 6063.5 0.00 10747.5
0.25 3953.7 5.343 0.25 0.27 4438.5 5.651 0.24
sulfur 0.00 5579.0 0.00 8005.8
0.25 3446.8 6.718 0.20 0.21 4862.1 5.825 0.23
0.0025 TMTD 0.00 11696.2 0.0¢ 11154.9
’ 0.25 6266.4 3.886 0.34 0.26 6949.0 3.274 0.41
DCP 0.00 6312.7 0.00 8316.9
0.25 4026.1 5.306 0.25 0.27 4333.9 5.401 0.25
sulfur 0.00 5633.6 0.00 8201.0
0.25 3527.9 6.523 0.20 0.21 4141.0 7.372 0.18
0.025 TMTD 0.00 11463.4 0.00 10278.1
0.25 6013.5 4.080 0.33 0.26 7089.1 3.056 0.44
DCP 0.00 6737.3 0.00 7568.1
0.25 4070.9 5.387 0.25 0.27 4208.6 5.433 0.25
sulfur 0.00 5525.5 0.00 8621.6
0.25 3191.5 7.467 0.18 0.21 4042.6 7.743 0.17
0.9 TMTD 0.00 11350.5 0.00 10896.7
0.25 5889.6 4.182 0.32 0.26 6416.4 3.632 0.37
DCP 0.00 6508.9 0.00 8033.1
0.25 4050.9 5.338 0.25 0.27 4148.6 5.600 0.24

*molecular mass of network chains.

*density of couples between rubber phase and carbon black particles.
‘average area of the coupling site between rubber and carbon black.
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Table 4. Parameters of the polymer network samples, which are obtained from the entanglement modulus G..

Elongation Curing NR SR
rates (s')  agent o Gy** (MPa) Y Ty 6  Gy* (MPa) Y Te
sulfur 0.00 0.950 0.810 0.00 0.759 1.022
0.25 5.487 0.906 0.8%4 0.21 7.941 0.683 1.496
0.00025 TMTD 0.00 0.707 1.017 0.00 0.747 0.919
' 0.25 5.915 0.832 -1.222 0.26 6.333 0.718 1.280
DCP 0.00 0.907 0.582 0.00 0.662 0.882
0.25 5.187 0.720 0.808 0.27 3.459 0.833 1.059
sulfur 0.00 0.950 0.965 0.00 0.759 0.934
0.25 5.487 1.002 0.963 0.21 7.941 0.750 1.245
0.0025 TMTD 0.00 0.707 1.207 0.00 0.747 0.913
’ 0.25 5.915 0.859 1.405 0.26 6.333 0.903 1.011
DCP 0.00 0.907 0.618 0.00 0.662 0.681
0.25 5.187 0.546 1.132 0.27 3.459 0.898 0.758
sulfur 0.00 0.950 1.053 0.00 0.759 0.805
0.25 5.487 1.100 0.957 0.21 7.941 0.725 1.110
0.0%5 TMTD 0.00 0.707 1.340 0.00 0.747 0.843
0.25 5.915 0.905 1.481 0.26 6.333 0.852 0.989
DCP 0.00 0.907 0.979 0.00 0.662 0.664
0.25 5.187 0.726 1.348 0.27 3.459 1.068 0.622
sulfur 0.00 0.950 0.982 0.00 0.759 1.253
0.25 5.487 1.032 0.952 0.21 7.941 0.779 1.608
0.95 TMTD 0.00 0.707 1.328 0.00 0.747 1.064
' 0.25 5.915 0.921 1.442 0.26 6.333 0.887 1.200
DCP 0.00 0.907 0.961 0.00 0.662 0.841
0.25 5.187 0.689 1.395 0.27 3.459 1.006 0.836

*Plateau modulus of polymer network samples obtained from the data of dynamic moduli at 20°C

"defined by dmer/daetwork.
Cdeﬁned by dnetwork(¢)/ dnetwork(o)~
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