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INTRODUCTION
   The curing reaction of a rubber compound converts the compound into a strong viscoelastic material that can meet many performance needs.  A tire seems to represent the most useful and ubiquitous rubber article. It is well known that overcure of many tire compounds results in reversion which is observed in rheometric torque curves that pass through a maximum. Since the cure reversion usually has an undesirable effect on product quality, there arises a need to optimize the curing process. A prerequisite to this task will be an accurate cure kinetic model that can explain the observed reversion behavior of rubber compounds. 

   Another important factor in the optimal curing of rubber compounds is the heat transfer mechanism in a given cure press. The design of cure presses may vary from a simple apparatus that consists of two hot plates with a rubber slab in-between to an industrial-scale cure press for tire manufacturing. Since the heat required for invoking the curing reaction is supplied to rubber compounds from outside, the temperature of heat source becomes a major operating variable to be optimized. The inherent distributed nature of heat transfer phenomena results in nonuniform state of cure (SOC) within a cured rubber article of size of practical interest: the innermost region of the article cannot be fully cured without causing the overcure of the surface region. Accordingly, one needs to make trade-offs between different parts of the article with respect to the attainable SOC levels.

   The purpose of this paper is to present a systematic procedure for the optimal curing of rubber compounds showing reversion type cure behavior. We propose a cure kinetic model that can explain the reversion commonly found in the vulcanization of many rubber compounds. Then we address the problem of determining optimal cure temperature profile for a rubber slab in a simple cure press and present numerical algorithms and simulation results.

REVERSION TYPE CURE KINETICS

   In this study a cure kinetic model proposed earlier by the authors1 is used to explain the reversion and the induction period that are commonly found in the vulcanization of rubber compounds. The model postulates a reaction mechanism with the following three reaction paths
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where s denotes the current amount of sulfur, c1 the strong and stable cross-links, c2 the weak and unstable cross-links. Once destroyed, the weak cross-links cannot participate in the vulcanization again, thus being responsible for cure reversion.

  After defining the amount of each species against the initial amount of sulfur s0
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one can easily obtain the following rate equations
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where ti denotes the induction period. Now the sum 
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 denotes the state of cure corresponding to both the strong and weak cross-links. The temperature dependence of kinetic parameters are described by the Arrhenius type equations. 

OPTIMAL CURING OF A RUBBER SLAB
   In this section we address the problem of determining optimal cure temperature profile for a rubber slab in a simple cure press. A single or multi-layer rubber slab is heated between two heated plates whose temperatures are assumed to be manipulatable by some control schemes. Now the problem is to determine the temperature profile of the heating plates that would lead to an optimal state of the cured slab.

Problem Formulation
   The optimal curing problem is formulated as the following optimization problem: 
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    where  
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   The process model f in  Eq. 2 consists of a heat transfer equation and curing reaction kinetics. The heat transfer taking place in the cure press can be described by 
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Numerical Algorithms
   In this study the cure temperature profile 
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Then, the numerical algorithm for solving the optimization problem in Eqs. 3-5 using the B-spline parameterization of Eq. 11 consists of two major modules: 1) a solver that computes the solutions of the heat transfer equation and the cure rate model for a given vector ( of B-spline coefficients, and 2) an optimization algorithm that finds the optimal vector (* that minimizes the objective function J. The solver for the process model was constructed on the basis of the finite element method. The numerical algorithm, code development and execution procedure are presented in detail in our previous study3 which aimed at developing a rigorous dynamic simulator of the tire curing process. The constrained optimization problem with respect to ( was solved using the complex method.

Simulations And Discussions
   Numerical simulations were carried out to demonstrate the cure optimization algorithm for curing the single- and multi-layer rubber slabs. The same temperature profile Tp(t) was used for both the lower and upper plate, and was represented using six cubic B-splines. The 1.5 cm thick analysis domain was evenly divided into 45 finite elements to solve the model equation until tf = 150 min. The objective function formulated in Eq. 3 was used with varying values of n, th, and r. The desired state of cure was set to 1.0 for all i and Tp(t) was constrained between 25 and 200 ℃.

   Figure 1 shows the effect of the number of SOC observation points on the optimized curing temperature and the final state of cure in the curing of the single-layer rubber slab. The weight factor r was set to zero since it was assumed that high temperature during cure would not degrade the quality of the cured product. All the cure temperature profiles show the same sharp increase during an initial period but then exhibit different shapes depending on the number of sampling points. When only one sampling point was chosen at the center of the slab, the optimal curing temperature showed larger excursions than the other cases in order to provide enough heat to the innermost region of the rubber slab. The spatial SCO profile falls sharply as it approaches the boundaries. When three sampling points were chosen at the center and both the boundary elements, a much more uniform SOC profile was obtained with a moderate curing temperature profile. Finally, when all the 45 elements were chosen as sampling points, a slightly higher temperature profile was obtained with a slightly higher average state of cure than with three points.

   Figure 2 shows the effect of the weight factor in the curing of a three-layer rubber slab. The compound in the middle is a composite layer used in the belt layer of a tire whose temperature should not exceed 145 ℃ in order to prevent the degradation of adhesion force. When the temperature penalty term was introduced, the curing temperature showed lower profile at later heating stage to keep the temperature of the middle layer from exceeding the specified limit. This effect can be clearly seen in the SOC profiles of Figure 2(b) where the compound in the middle exhibits much lower SOC than the case of no temperature penalty.
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Figure 1. Effect of SOC observation points in optimal curing of the single-layer rubber slab (a) Optimal curing temperature (b) Final state of cure.





Figure 2. Effect of weight factor in optimal curing of the three-layer rubber slab (a) Optimal curing temperature (b) Final state of cure.
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