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ABSTRACT

effect by the former and accelerating effect by the latter in the kinetics of

sulfur vulcanization of rubber. It seems that in sulfur vulcanization reaction
of rubber some kinetic phenomena are not systematically investigated. In this regard,
due to the autocatalytic mechanism of vulcanization and the diffusional effect of its
chains, it seems that immobilization of rubber chains as a result of the presence of
reinforcing fillers has an essential role in changing the kinetics of sulfur vulcanization
of rubber. This concept has not been explored in other researches.
Methods: Kinetics measurements were performed by means of an oscillating
disc rheometer. The extent of filler/filler interactions was monitored by means of
dynamic-mechanical and electrical conductivity tests for silica and carbon black filled
compounds, respectively.
Findings: It was shown that the autocatalytic nature of the vulcanization remains
unchanged regardless of the type and concentration of fillers. It was demonstrated
that the vulcanization rate goes through a maximum as the loading of fillers rises,
regardless of the type and surface chemistry of the fillers. Consequently, silica can
also accelerate the vulcanization rate at low loading and decelerate it above a critical
loading. Such critical loading exists for both silica and carbon-black, and it is related
to the percolation threshold for filler network formation. Therefore, it is discussed that
not only the filler surface chemistry, but also the physical phenomena originating
from the filler/filler interactions can alter the vulcanization kinetics of rubbers.
Such physical effect is attributed to the immobilization and lack of kinetic energy
in the entrapped rubber chains which reduce the probability of reaction between the
macro-radicals. Therefore, a single mechanism is introduced here to explain the effect
of reinforcing fillers on the vulcanization kinetics of the filled rubber.

Hypothesis: It is demonstrated that silica and carbon black have inhibiting
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Table 1. Recipe for the compounds (the values are in phr).

Compound code SBR Carbon-black Silica Modifier 6PPD? Zinc oxide | TBBS® | Sulfur
SBR - - -
SBR/SIO, - 2-60 -
SBR/TESPT-SiO, 100 - 2-60 Varied 1 0.5 3 2.5
SBR/N220 5-60 - -
SBR/N550 5-60 - -

(a) 6PPD: n-(1,3-dimethylbutyl)-n"-phenyl-p-phenylenediamine
(b) TBBS: n-tert-butyl-2-benzothiazolesulfenamide
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Fig. 1. SEM micrographs of filler aggregates dispersion in 40 phr silica and 70 phr carbon-black filled compounds at 60 kX magnification.
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Fig. 2. The regular curves of conversion and rate of reaction

in the kinetics of rubber vulcanization.
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Table 2. Vulcanization characteristics times for the silica filled compounds.

Silica loading Pristine silica filled compounds Modified silica filled compounds
(phr) t,, (min) t,, (min) teygp (MiN) ty, (min) t (mMin) teygp (MiN)
0 9.18 11.23 13.13 9.18 11.23 13.13
2 7.43 9.57 10.75 8.95 11.00 13.35
5 4.58 6.27 7.20 7.02 10.42 17.71
10 4.07 5.92 6.88 6.08 8.17 9.47
20 3.83 5.07 8.20 5.47 7.63 10.05
40 3.48 4.92 10.18 4.48 6.48 10.03
60 2.83 4.32 40.32 3.55 5.38 13.50
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Table 3. Vulcanization characteristics times for the carbon-black filled compounds.

Carbon-black loading N220 filled compounds N550 filled compounds
(phr) t,, (min) t,, (min) teq0 (Min) t., (min) t,,, (min) t.,q, (Min)
0 9.18 11.23 13.13 9.18 11.23 13.13
5 7.15 8.98 10.45 7.60 9.57 11.40
10 6.03 7.83 9.22 6.58 8.53 10.23
20 5.03 6.72 7.77 5.23 6.98 8.28
30 4.40 6.03 7.37 4.58 6.38 7.73
40 3.85 5.53 8.60 3.90 5.52 7.10
50 3.63 5.28 9.12 3.63 5.13 6.63
60 3.27 5.05 10.10 3.30 4.70 7.52
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Fig. 3. Conversion as a function of time for: (a) pristine- and (b) modified-silica filled compounds.
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Fig. 4. Conversion as a function of time for: (a) N220, and (b) N550 carbon-black filled compounds.
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Table 4. Kinetic parameters for silica filled compounds obtained by fitting the vulcanization experimental data with Ghoreishy’s

model.
Silica loading (phr) Pristine silica filled compounds Modified silica filled compounds
k (s) n r? k (s) n r’
0 190.0 7.21 0.980 190.0 7.21 0.980
2 157.1 7.01 0.975 187.7 7.01 0.976
5 113.7 7.01 0.978 150.0 7.01 0.953
10 115.9 7.01 0.978 115.0 7.01 0.972
20 138.5 7.01 0.978 120.4 7.01 0.976
40 209.2 7.01 0.952 135.5 7.01 0.985
60 650.0 7.01 0.980 144.1 7.01 0.991
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Table 5. Kinetic parameters for carbon-black filled compounds obtained by fitting the vulcanization experimental data with Ghore-

ishy’s model.

Carbon-black loading N220 filled compounds N550 filled compounds
(phr) k (s) n it k (s) n it
0 190.0 7.21 0.980 190.0 7.21 0.980
5 156.7 7.28 0.972 183.0 7.10 0.970
10 144.7 7.60 0.970 168.1 7.16 0.975
20 138.0 7.29 0.971 155.1 7.20 0.978
30 132.6 7.10 0.983 138.5 7.04 0.982
40 148.2 7.04 0.994 135.9 7.20 0.990
50 153.6 7.05 0.994 113.0 7.01 0.990
60 154.2 7.13 0.941 133.0 7.20 0.991
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Fig. 5. Effect of filler loading on the maximum rate of vulca-

nization of compounds.

Y 63— ,3T D o lesis ES9 e Jw rorly (55919iS5 9 pole (Y Sy - sele Alxo 26?



Ol 3B9a— O paian] Sl Ly Suliaan p3 035 395 SOOI 3 ST ud BT )59 5w

Q\j&u{_‘flﬁ;M)@b?CJ‘MoMﬂ)Woﬁié‘jaﬁjm
Gl b Gt )y Kt okl s 4l o235t
2l o ks glae el (gl 1 0S4 Sl
J.AS nbj.\luﬁ sdalie L}g"; U"‘ BE 45)}19@)&.& MJ‘_;G QL:.J
ca.knlcw‘ L;K.:l.:w L; A.M.il:u BE u.éjl:- LS&':L:""’ aﬂT dew J)L
N Vo] RO VR LU0 BRGSOV R Ve VL - SYCIUUL L S | -1
LS ool ol s hw 53 oS —oliS S S e 5 ol
St 28 G 35 e oS 0T St Sl mla #Mol ol
é%)‘}é&“%uﬁjbéwbﬁT)J&mjuﬁ
43};51;;4 sdalie (b)f’ J&&)J 45)}40[&.% &LJ‘))‘J:% e.l..ic"))h.p\
L&LAYLSLAﬁx)uMdﬁL;QT&)JJeMﬁ&MZQM
o,LiCDM\dK,L,ﬂ<daJL>lL§l§:lﬁ.~9§J5gax~;§ﬁ4§,i)>
)‘@jouﬂwQMbw&%b%LoMﬂ
.J)‘J QT)J Bl il &:LAY
aJ))L.’AJJ&J.;LgLaak‘AT))cJ;;Sﬁ—cmjﬁdLhui;srhﬁw)ﬂ
Jol sl planil e o (S Sl Sl oLl SeSe
sl eals 0L VS s el Sl Saile; 005
;MLM) )‘.\i& c)}.\.«l& a.\AL.\..A Jg...; Lﬁ‘ ).) 45)}.20\.&.“ CM‘
N220 o355 b o (slaesnl (gl (salo 03 S 55 (S S
fﬁ)}%ckw(}:}b@mw‘ .l N550 a.)}))'\f.\i.ﬁ
S s K15 a4 el NS5O 0355 b aeylio > N220 i3

4000
5000 —
4000 { e T o
30001 = 3000
(=™
2
r 3 2000
£ N
| = unfilea SBR ——
< 20001 10979 PEIEFLSOL sus sia s ans
&} W 60 phr TESPT-SiO’
< 0 T 2 r
0.01 0.1 1 10
Strain (%)
1000
0
0 10 20 30 40 50 60
Silica loading (phr)
(a)

SlaedisS 5 595 A rl?u" Sy e gle y sdiS 4SS
S slaesal OS5 1S Sk, o ege H skiSTyLE
A58 s ek 3 S5 S 5 ek egel i Jske 2l
oAl 03 Sy 5B sl 4S5 bl (Sl g
Sy a4 LS ek S gl (SN
Al by o oL JBs s ek sl
5 e s S ol 55 e STy e iS y (Sealud gy
okn GKeal Gl oS5 eSSy bl
(S oy 4 BT Ll il ackimediS S a s ediS
ol e edddlast A0S 5l i bl 5 (Seelisg s
03 dade (Sealus (1S Rl 5 dlasl bcnl o5 bdites
Glachle ;s o5 sn (oSt SRl Lok (Sanl e
o3 dade A0S 4 atasly A s e soass e diS oL
DS el Bl LS Col s iS5 sS4 B0 a1 LU
Badi o L [ETAXS] o ol 5 old annSld Seslus
sdidlesl i S o p o3 dsde Sk Jlages £ S
Ol sds Sl (ke b ok ol 6l 1y (G oo )
Sl ol ol sl IS St S b s e
\~phrzjb&@j&ﬁ;?ﬂﬂamﬁ—amﬁébulﬁrﬁﬂw
Slae sl 35 o sdaline @) & IS5 3 45 5boles A (s
O phr b sddy 5 ey osel fmd) Gl bB 51 5ol
L oSy a5 oS 5l 50 5l et 5l (Ko
ol 3 i o el glae el gl a5 Jls s tias e Ol
edidlosl S 5l Lo s e 53 50k SRl (Gl
Jsde Sl Sllde 55 oo g 00 oS 5 oS3 CuSid Sl AU

8000
12000 —
D
10000 :
AG' !
60004 = 8000 | g ) <
& H L\
X 6000 | S
iR 1 v Vvy
E 9 4000 Ao NS
oo} j
= 4000 2000
O ::ZLEOS;T-SK)Z
< . -
0.01 0.1 1 10
Strain (%)
2000
0 T T

SBR/TESPT-SiO, ~ SBR/SiO,

(b)

&v% o.L..i:_).; )L:mq. (b) 9 a.lﬁf:cw\ Ls% L> aJu.:J.; (a) :LSLAQ‘}:.AT 6‘]' O o.b”.h? )5\ -5 Jg.&
Fig. 6. Payne effect representation for: (a) modified silica and (b) highly silica filled compounds.
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Fig. 7. The electrical conductivity as a function of frequency for the: (a) N220, and (b) N550 carbon-black filled compounds.The

insets show the electrical conductivity at frequency of 20 Hz as a function of carbon-blacks loading.
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