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Abstract
           A cure kinetic model with induction, curing, and post-cure periods based on curecharacteristics of Styrene Butadiene Rubber/Sulfur/N-t-butylbenzothiazole-2-sulfenamide (SBR/S/TBBS) system was chosen to simulate the cure reaction of this system. Cure-curves reflecting the evolution of crosslink density were recorded as a function of curing time for SBR compounds using a rubber processing analyzer (RPA). The data of experimental cure curves were non-linear fitted with the chosen model and the kinetic parameters were then figured out. The results showed that the simulated curves fit well with the experimental curves. The incorporation of zinc oxide changed the cure mechanism of this system. The concentration of activated sulfurting agents Ao increased with increased zinc oxide amount. With the increase of zinc oxide amount, the activity of crosslink precursors decreased slightly (K2 decreased) which had little influence on its activation energy. The activity of crosslink degradation decreased with the increase of zinc oxide amount from 1 phr to 2 phr. Further higher zinc oxide load had no more contribution to crosslink density and reversion resistance. Parameter ψ was decreased significantly when zinc oxide increased from 1 phr to 2 phr. Further higher zinc oxide load(from 2~4 phr) induced a slight increase of ψ, especially at higher cure temperature.

خلاصة

     يعتمد النموذج الحركي بالحث والفلكنة وفترة ما بعدالفلكنة على صفات نظام الفلكنة لمطاط (SBR/S/TBBS) الذي تم اختياره لتحفيز تفاعل الفلكنة لهذا النظام . تستخدم منحنيات العلاج لمركبات SBR بوساطة محلل عملية المطاط RPA) ( . كانت معلومات منحنيات الفلكنة التجريبي غير ملائمة تلاحظ مع النموذج المختار والباراميتر الحركي تم اكتشافها حينذاك . توضح النتائج بان المنحنيات المحفزة تتلائم تماما مع المنحنيات التجريبية . أن اندماج اوكسيد الخارصين غير ميكانيكية الفلكنة لهذا النظام . ازداد تركيز عوامل الكبريت المحفز( A°) مع زيادة كمية اوكسيد الخارصين . ومع زيادة اوكسيد الخارصين فان فعالية الاشتباك تقل بشكل طفيف (K2 تقل) والتي تمتلك تأثير قليل على الطاقة المنشطة . أن فعالية التشابك التجزيئية تقل مع زيادة كمية اوكسيد الخارصين من 1Phr إلى 2Phr كما أن أي تحميل زائد لاوكسيد الخارصين ليس له أي مساهمة في كثافة التشابك العرضي ومقاومة الارتداد . يقل مقياس ψ بشكل مميز عند زيادة اوكسيد الخارصين من 1Phrإلى 2Phr . وأي زيادة لاوكسيد الخارصين (من 2~4 phr )     تحث زيادة طفيفة ل ψ خصوصا عند درجة حرارة الفلكنة العالية .
Introduction
    Parallel to the development of accelerators in sulfur vulcanization of rubber is the discovery of activators. Zinc oxide is used as one important component of activator for sulfur vulcanization of unsaturated rubbers [1] such as Natural rubber (NR), Butadiene rubber (BR), Styrene-butadiene rubber(SBR) and Nitrile rubber (NBR). As a complex chemical reaction, accelerated sulfur vulcanization both in the absence and presence of zinc oxide has been widely studied [2-13]. Study [14] showed that zinc oxide not only increased the reaction rate of sulfur vulcanization, but also influenced the distribution of different crosslinks in vulcanizes [15-18], which was an indication for change of reaction mechanism. The change of crosslink distribution subsequently influenced the thermal-stability of the vulcanizates.   Recently, there is a demand for reducing zinc oxide dosage [19]. The U.S. Environmental Protection Agency (EPA) has classified zinc oxide as a toxic chemical; accordingly, the less used, the less difficulty in disposing of waste rubber compounds. The kinetic model proposed by Ding [20] and his colleagues, including induction, curing, and post-cure periods, was still used with this paper as follows.
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   Where A represents the active curing agent (Ac-Sx-Zn-Sy-Ac) obtained from reaction of sulfur, accelerator and activator; B for crosslink precursor (R-Sx-Ac); B* is an activated form of B which may be free radicals or ions; Vu is a crosslink; and α, β and γ are stoichiometric parameters. D represents inactive side products. This reaction model is appropriate to our SBR /S/ TBBS system and was chosen as the kinetic model used in this paper. The evolution of crosslinks as a function of cure time (t’) was described in formula (1) in which K2 and K6 are represent the rate constants for the reaction from crosslink precursors to their activated forms and the reaction of crosslink- degradation respectively, A0 for the concentration of the active curing agent and ψ for the ratio of another two rate constants K5/K3 which partially regulates the competition between crosslinking and side reactions by temperature.Curing time (t’) eliminates the induction time (ti )which means it takes the time for the torque to increase 2dNm from the minimum torque (ML) as origin.

                                     Ao K2 [exp(-K2 t' ) -exp(- k6t' ) ]
  Vu (t') = ___________________________________       , (ψ = K5 / K3  )...................... (1)                    
                                             (1+ψ) (K6-K2)  
  The evolution of crosslinks was recorded by RPA based on the fact that crosslink density is

proportional to the stiffness of a rubber, which is characterized by the torque. The cure-curves were then simulated with the above formula and the rate constants were figured out.

Experimental
Samples preparation

       The raw SBR was masticated first on a two-roll mill by passing it through the rolls about 11 times. After that, ZnO, stearic acid and accelerator were added and mixed for 3 minutes with a rolling bank and 5 cuts on each side. Then sulfur was added and mixed for 2 minutes and finally 5 additional passes. The compound was stored at room temperature for at least 8 hours. Isothermal vulcanization was performed using a rubber processing analyzer (RPA2000 from Alpha Co.). The samples underwent dynamic oscillation at 1% strain amplitude at a frequency of 1.67Hz and temperatures 150°C, 160℃ and 170℃ respectively. The torque was recorded automatically every 0.2 minute. 
Formulations of compounds

      Formulations with different amounts of zinc oxide are shown in Table 1. The content of all compounded ingredients are given as usual, based on a total of 100 parts of SBR rubber by weight.

Table (1) Compound formulation of different zinc oxide amount
	Styrene butadiene rubber
	100
	100
	100
	100
	100

	Zinc Oxide
	0
	1
	2
	3
	4

	Stearic acid
	2
	2
	2
	2
	2

	Accelerator TBBSa
	1.0
	1.0
	1.0
	1.0
	1.0

	Sulfur
	2
	2
	2
	2
	2


a: TBBS: N-butylbenzothiazole-2-sulfenamide
Data Analysis

     According to ISO 3417-1977 [21] or ASTM D 2084-95 [22], (ti, ML+2dNm) was taken as the  origin of the cure-curve in which (ML+2dNm) is taken as the torque increases 2dNm from minimum torque (ML) and ti is the corresponding time which is also take as the induction time. This means that the induction time is not included in the crosslink reaction. All the following cure curves in this paper take (ti, ML+2dNm) as the origins.   The non-linear fitting was carried out  by using  a computer software. Origin 6.0. kinetic parameters were figured out from the fitting results.
Results and Discussion

     Cure curves of compounds with different zinc oxide load are shown in Figure 1.

It can be seen from Figure 1 that the increase of zinc oxide amount, the torque increased sharply from 1.58 dNm in absence of zinc oxide to 5.8 dNm for 1 phr ZnO, 6.7 dNm for 2 phr ZnO,6.9 dNm for 3 phr ZnO, and 6.8 dNm for 4 phr ZnO. The torque leveled after the load of zinc oxide exceeded 2 phr. Experimental cure-curves (with (ti,ML+2dNm) as origin) and corresponding simulated cure-curves of compounds containing 1.0phr，2.0phr, 3.0phr and 4.0 phr ZnO are shown in Figures(2 to 5), of 1.0, 2.0, 3.0 and 4.0 phr respectively  representing the cure curves at 150 °C，160 °C and 170 °C respectively and solid line representing the corresponding simulated curves. For compound without zinc oxide, the maximum torque was lower than 2.0 dNm. So, it’s impossible to simulate the cure curve according to ISO 3417-1977 or ASTM D2084-95. The results showed that simulated curves are fitting perfectly with experimental curves. Cure reversion became more apparent as the cure temperature increased at the same zinc oxide level. With the increase of zinc oxide amount, the maximum torque increased which indicated more chemical crosslinks had been formed in the vulcanizate rubber. It’s said [4, 23] that the presence of zinc oxide can change the position of S-S bond and most likely to break as shown in Figure 6. This resulted in shortened the crosslinks in the vulcanizates and the right residual part in Fig.6 (b) continued to participate cure reaction, leading to the formation of more crosslinks.  Table (2) showed the fitting parameters of SBR compounds with different zinc oxide at different cure temperature. The results showed that all these parameters K2, k6, and ψ are temperature-dependent. K2 controls the cure rate, higher K2 value indicates a faster cure rate. ψ controls the competition between side reaction and crosslink reaction and its increase indicates an increase in the probability of side reaction, leading to a decrease in the crosslink density. The rate constant K6 affects the maximum cure and controls the reversion rate in post-cure period. The concentration of active curing agent A0 increased with the increase of zinc oxide amount and kept almost constant for 2 phr, 3 phr and 4phr zinc oxide. The fitting results showed that the increase of zinc oxide amount resulted in lower K2, but not too much. This result agreed with the reported reference [4, 23]. K2 was far higher than K6 at any zinc oxide level, meaning that the activity for crosslink precursors to decompose to activated radicals or ions is higher than that of crosslink-degradation. The low value of ψ (far less than 1) indicated that the reaction of crosslinks formation(with rate constant K3) was much faster than the side reactions (with rate constant K5).   At the same cure temperatures, K6 decreased with the increase of zinc oxide amount that could be due to the shortening of sulfur chain in crosslinks（R–Sx–R）.  The decrease of x, y values in activated sulfurating agents shortened the length of crosslinks (frompolysulfidic crosslinks to di-sulfidic, even mono-sulfidic crosslinks) and this improved the thermal-stability of crosslinks and a reversion resistance of vulcanizates. That’s the reason why K6 decreased with increasing the amount of zinc oxide.   When zinc oxide increased from 1phr to 2 phr, the value of ψ (ψ=K5/K3) decreased sharply due to  the shortened sulfur chains in crosslink precursors which restricted the “back bite” of precursor radicals to the allylic carbon in the original rubber backbone. This restriction reduces the formation of cyclicsulfides. Also, the increase of ψ value with elevated cure temperature indicated that a lower cure temperature results in a higher maximum crosslink density. But the value of ψ didn’t change a lot, even increased a bit, for compounds containing 3 phr and 4 phr zinc oxide. It’s said [7] that the presence of zinc complex with accelerator can catalyze the de-sulfuration and degradation reaction which leads to the formation of cyclic sulfides and dead by-products. These reactions occur at higher temperature [24].    Activation energy can be calculated from rate constants at different temperatures using the   Arrhenius Equation:
                                         Ki =  Kiο exp (-Ei / RT)  ........................... (2)
The activation energies for K2 and K6 are shown in Table 3.
The increase of zinc oxide amount has little effect on E2. When zinc oxide increased from 1 phr to 2 phr, E6 increased significantly. For compounds with 2, 3, and 4 phr zinc oxide, E6 had a tendency to decrease, but didn’t decrease a lot.
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Fig (1) Cure curves of compounds with different zinc oxide load
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Fig (2)Simulated curves with 1.0phr ZnO at different cure temperatures
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Fig (3)Simulated curves with 2.0phr ZnO at different cure temperatures
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Fig (4)Simulated curves with 3.0phr ZnO at different cure temperatures
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Fig (5)Simulated curves with 4.0phr ZnO at different cure temperatures
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Fig (6) Effect of zinc on cleavage of S-S bond in crosslink precursors [4, 23]

(a) In absence of zinc                                               (b) In presence of zinc
Table(2) Fitting parameters with different ZnO amount at different cure temperatures
      Cure temperature/°C          Fitting parameters     ZnO=1       ZnO=2      ZnO=3    ZnO=4
            150                               K2/min-1                                           0.7324       0.7162       0.6926      0.6537 

                                                 K6/min-1                                               0.0400       0.0060       0.0049      0.0053
                                                      A0                                   4.6134       4.9855        5.0087      5.0196 
                                                       ψ                                   0.0459       0.0116        0.0041      0.0030

            160                                 K2/min-1                            1.3852        1.3598        1.3588      1.3406

                                                   K6/min-1                                 0.0739       0.0207         0.0157     0.0115

                                                      A0                                   4.3699       4.6717         4.7880     4.7735
                                                       ψ                                  0.0568         0.0401         0.0409     0.0446

             170                                K2/min-1                            2.3240         2.2872        2.1609     2.0538

                                                   K6/min-1                           0.1063         0.0463        0.0362     0.0358
                                                      A0                                 3.3507         4.4229        4.5364      4.7430

                                                       ψ                                 0.0682         0.0408        0.0432      0.0469

                                                                                        
Table(3) Activation energy with different TBBS dosage (phr)
	ZnO=4
	ZnO=3
	ZnO=2
	ZnO=1
	Activation Energy /kJ·mol-1

	95.7
	95.4
	96.5
	95.9
	E2

	193.6
	195.4
	196.7
	81.2
	E6


Conclusions

        From the present study, the following conclusions could be drawn:

1. With the increase of zinc oxide amount, the reaction activity of crosslink precursors decreased slightly which had little influence on its activation energy. The activity of crosslink degradation decreased with the increase of zinc oxide amount from 1 phr to 2 phr. Further higher zinc oxide load had no more contribution to crosslink density and reversion resistance.

2. Parameter ψ decreased significantly when zinc oxide increased from 1 phr to 2 phr. Further higher zinc oxide load (from 2~4 phr) induced a slight increase of ψ, especially at higher cure temperature.
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