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ABSTRACT 

The effect of a 30% variation around a mean value of thermal property values on the 
vulcanization of 1 and 2 cm thick rubber sheets is studied, by using a molding process at 
40 ’ C for the initial rubber and 120 ’ C for the injected rubber. The thermal properties chosen 
are the diffusivity and the product of density and heat capacity. This variation in thermal 
properties has a slight effect on sheets ~1 cm thick, but becomes significant when the 
thickness is > 2 cm. This must be taken into account when calculating the time necessary for 
the state-of-cure to reach 90% at the midplane of the sheets. 

INTRODUCTION 

As shown previously by considering the heat evolved by the overall 
reaction of cure [1,2], this reaction is an important step for the vulcanization 
of rubber in molds, and some parameters of interest were found: the cure 
enthalpy [3,4], and kinetic data including the constant, activation energy [S] 
and reaction order. However, the heating of rubber is the first step in the 
vulcanization process and, the rate at which heat can penetrate the rubber 
controls the rate of the extruding and molding operations. 

It has been shown recently that the temperature gradients developed in 
the rubber mass can be calculated by several mathematical models [l-3, 
6-101 by considering the balance of internal heat generation from the cure 
reaction, or conduction through the rubber mass. A profile of the extent of 
the cure reaction, an expression of the state-of-cure, can also be calculated 
by using the same heat balance [l-3]. 

Values of thermal properties of rubber, i.e., the thermal diffusivity, IY, 
thermal conductivity, X, specific gravity, p, and specific heat at constant 
pressure, C, are needed for heat-flow calculations. As indicated several years 
ago [lo-121, hardly any thermal diffusivities exist, and the reported values of 
thermal conductivity show a very large scatter. Not only do the values differ 
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at some temperatures by more than loo%, but different trends are indicated 
throughout the temperature range. However, diffusivity is the essential 
parameter for transient-flow calculations. The thermal properties are temper- 
ature-dependent. Both the diffusivity and conductivity of black-loaded NR 
compounds were found to decrease with increasing temperature; this de- 
crease, over the temperature range from ambient to 170 OC, can be as much 
as 35% [ll]. The temperature variation of thermal conductivity is rather 
small for NR. The thermal conductivity of raw materials and their gum 
vulcanizates are very similar [lo]. 

The purpose of this work was to study the effect of a variation in the 
thermal properties (thermal diffusivity, (Y, and the product pC) on the 
vulcanization process of rubber, by considering the profile of temperature 
and extent of cure obtained at the midplane of rubber sheets of different 
thicknesses. These thermal properties are considered since they are con- 
cerned with the equations of heat transfer. As the injection molding process 
is of interest for rubber, this study was conducted by choosing two different 
temperatures for the rubber at injection (40 and 120 “C), while the mold 
temperature was kept constant. On the one hand, the thermal properties 
considered vary with the temperature [l], on the other hand, they are 
non-temperature dependent; the values chosen are varied from their mean 
value by 30% whereas this mean value is calculated at 120 O C from the above 
temperature-dependent thermal properties. 

THEORETICAL 

Mathematical treatment 

The differential equation governing transient one-dimensional heat con- 
duction with internal heat generation from the cure reaction is written as 
follows 

= peg 0) 
(conduction heat) (reaction heat) 

where Q is the heat source term due to the vulcanization. 
The thermal diffusivity of rubber is represented either by constant, as in 

the present study, or by a linear function of temperature 

(Y = 3.12 x 10-3(1 - 1O-3 T) (2) 

The density decreases and the heat capacity increases with increasing 
temperature; in the present study, the product pC in eqn. (1) is either 
constant or barely sensitive to temperature 

pC= 0.35[1 + 1.6 x lo-‘(T- 293)] (3) 
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Initial and boundary conditions are as follows 

t=O O<X<L T= TO rubber space 

t=O X<OandX>L T= T, mold space 
(4) 

O<X<L T = TX, t rubber space 
(5) 

The overall cure reaction can be described by a single first-order reaction 
for this particular rubber compound, as previously shown [1,5]. 

$f= KdQ, - Q,) exd-EDT) 

where Q, is the heat of cure reaction evolved up to time t, and Q, the total 
heat of cure reaction, in the unit volume of rubber. 

Numerical calculation 

The exact mathematical solution for the heat equation is entirely intracta- 
ble for this particular problem. A numerical method with finite differences is 
therefore applicable. 

The cross-section of the slab is divided into equal intervals intervals of 
thickness, AX, while a small enough time interval, At, is chosen so that 

M= (AX)” I -- 
At (Y 

where M is a dimensionless number. 
The temperature at a particular reference point, n, at a particular time, 

iAt, is designated with two subscripts, the first identifying the time and the 
second the point. The heat balance written on the plane n enables us to find 
the equation 

The heat generated by the cure reaction on plane n during the time At is 
calculated at the time iht by the following equation 

zAt=Qm[exp(-Sj)-exp(-S,,,)] 

where S, = $“Kdt, and Si+, is given by the approximative recurrent relation 

Si+, = S; + KTA,At 

EXPERIMENTAL 

Properties of rubber compounds 

00) 

A rubber powder (150-200 pm grain size) having the following composi- 
tion was used: 55% rubber hydrocarbon; 14% acetone extractable; 25% 
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TABLE 1 

Thermal properties of rubber and kinetic data 

(1) 

(2) 
(3) 
(4) 
n=l 

pC = 0.41 [l + 2.5 x lo- 3 (T - 293)] cal cm-’ K-’ 
a = 3.1 x 10-3 (1 - 10-3 T) cm2 s-’ 
pC = 0.406 cal cm-’ K-’ a=l.89x10m3 cm2 s-’ 
pC = 0.52 a= 2.46~10-~ 
pC = 0.28 a=1.32~10-~ 
K,=3x109s-’ E = 25.400 cal mol-’ 

carbon black; and 6% ash. The rubber hydrocarbon is a mixture of NR and 
SBR in the ratio of about 2/3. This rubber powder and 2% sulfur as 
vulcanizing agent were mixed. 

The enthalpy of reaction, Q,, and the heat capacity, C, were measured by 
calorimetry [l]. The results obtained are’in good agreement with those found 
in the literature [13]. The diffusitivity, (Y, was measured by a flash method 
[14]; the face of the rubber sample is subjected to a thermal impulsion of 
short duration and the evolution of temperature is recorded on the other 
face. The diffusivity of the rubber was found to vary slightly with tempera- 
ture [lO,ll] as shown in Table 1 (first values). However, constant values were 
calculated for (Y and the product pC from these values at a temperature of 
120 O C, as well as other values differing by 30% from the above mean value. 

The kinetic parameters in eqn. (6) were determined by microcalorimetry 
working under isothermal conditions at temperatures ranging from 140 to 
17OOC [1,2]. The overall rate of cure was found to follow a first-order 
reaction with a constant activation energy. 

Temperature profiles at the midplane of rubber sheets 

The rubber compound was pressed into the slabs of a 10 x 10 x L cm 
stainless-steel mold at a temperature of 170 O C. Three series of temperature 
measurements were determined: the temperature of the mold; the tempera- 
ture of the rubber just before its introduction into the mold; and the 
difference between the temperature of the mold and that measured at the 
midplane of the rubber sheets. 

RESULTS 

The purpose of this work was to give new information on the effect of a 
variation in the thermal properties (diffusivity, the product PC) on vulcani- 
zation at the midplane of rubber sheets. As many other parameters are also 
of interest in the vulcanization process, an additional investigation consid- 



ered the effect of the above-mentioned parameters by using different 
rubber-injection temperatures (40-120 ‘C) and rubber-sheet thicknesses (l-2 
cm). 

We have examined two different ways for the variation in thermal 
properties: (1) concerned with a variation of 30% in thermal properties 
around the average value, by keeping them non-temperature dependent; (2) 
by using thermal properties expressed as a linear function of temperature 
(eqn. 2; Table 1). The average for the non-temperature dependent thermal 
properties was calculated from this linear function at a temperature of 
120°c. 

Effect of a variation in thermal properties on vulcanization in thin rubber sheets 

(1 cm) 

Figures 1 and 2 represent the variation of the temperature and state-of-cure 
determined at the midplane of a 1 cm thick rubber sheet, when the 
temperature of the rubber at the beginning of the process, Ti:,,, was 40 a C. Of 
course, the lower values of the thermal properties were responsible for the 
higher temperature at the midplane and shorter time for the state-of-cure to 
achieve certain values, but these differences are not as sensible. 

Similar results are shown in Figs. 3 and 4 for 1 cm thick sheets when the 
temperature of the injected rubber was 120 ‘C, leading to the same conclu- 
sions as for Ti,, = 40°C. 

T PC) 

t 

160 

Fig. 1. Midplane temperature vs. time for different values of heat transfer parameters. (2) 
a = 0.4, pc x lo3 = 1.89; (3) a = 0.52, pC x lo3 = 2.46; (4) a=0.28, pCx10’=1.32: (+) a 

and pC are a function of T. Ti, = 40 o C, L = 1 cm. 
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Effect. of a variation in thermal properties on vulcanization in thick rubber 
sheets (2 cm) 

In order to appreciate the effect of a variation in thermal properties on the 
vulcanization process, experiments and calculations were carried out using 2 
cm thick rubber sheets. 

2 

Fig. 2. State-of-cure (SOC) at the midplane vs. time for different values of heat transfer 
parameters. For thermal properties, see Fig. 1. 

T (“C) 

160’ 

- 
0 20 40 Time (min) 

Fig. 3. Midplane temperature vs. time for different values of heat transfer parameters. For 
thermal properties, see Fig. 1. Tii, = 120°C, L = 1 cm. 
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The profiles of temperature and state-of-cure at the midplane are shown 
in Figs. 5 and 6 when the initial temperature of the rubber was 40’ C. and in 
Figs. 7 and 8 when it was 120°C. The effect of a variation in thermal 
properties on the vulcanization process becomes significant for the thick 
sheet. A decrease in thermal properties by 60% is responsible for an increase 
of about 3°C in the maximum value reached by the temperature at the 
midplane. The state-of-cure-time curves in Figs. 6 and 8 are not parallel to 

S.O.C.% A 

75 

25 

L,lcm 

b 
0 20 40 Time (min) 

Fig. 4. SOC at the midplane vs. time for different values of heat transfer parameters. For 
thermal properties, see Fig. 1. 

I v 
0 20 40 Time (min) 

Fig. 5. Midplane temperature vs. time for different values of heat transfer parameters. For 
thermal properties, see Fig. 1. Ti, = 40 o C, L = 2 cm. 
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each other, and the retardation in the state-of-cure due to an increase in the 
thermal properties varies with the value of the state-of-cure. As a 90% 
state-of-cure is often considered to be of interest, the times necessary for the 
state-of-cure to reach this value are collected in Table 2 for different thermal 
properties. 

The following conclusions have been drawn from this Table concerned 

25 

Fig. 6. State-of-cure (SOC) at the 

parameters. For thermal properties, 

40 Time (rni~% 

midplane vs. time for different values of heat transfer 

see Fig. 1. 

165 

0 20 40 Time (min) 

Fig. 7. Midplane temperature vs. time for different values of heat transfer parameters. For 

thermal properties, see Fig. 1. T,, = 12OOC. L = 2 cm. 
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TABLE 2 

Time necessary (s) for state-of-cure to reach 90%; L = 2 cm 

(Y x lo3 = 1.32 1.89 2.46 
pc = 0.28 0.41 0.52 

function of T 
function of T 

r,,=40°c 2184 2364 2436 2451 
Ti, =12O”C 1980 2124 2244 2260 

Fig. 8. State-of-cure (SOC) at the midplane vs. time for different 
parameters. For thermal properties, see Fig. 1. 

values of heat transfer 

with the effect of the values chosen for the thermal properties on the 
retardation in the state-of-cure at the midplane. 

(1) A decrease in the thermal properties must be considered as responsible 
for a shortening of the time necessary for the state-of-cure to reach selected 
values. 

(2) A variation in thermal properties of 30% around the mean value 
produces a variation of about 4-6% in the time necessary for the state-of-cure 
to reach 90%. 

(3) A linear function with temperature for the thermal properties gives 
about the same results as for constant values, when these constant values 
were calculated from the linear function at 120 ‘C. 

(4) The effect of a variation in thermal properties on the above-mentioned 
time is about the same in injection molding as in classical molding. 

RESULTS 

As it has been often taken for granted that a variation in thermal 
properties on the vulcanization process was of slight importance, we decided 
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to approach the problem by using several thicknesses of rubber sheets. 
The results obtained in this paper demonstrate that a variation in thermal 

properties of 30% around the mean value has no effect on the vulcanization 
of sheets of < 1 cm, but it becomes significant for sheets of > 2 cm. The 
choice between a linear function with temperature or a constant value for the 
thermal properties did not affect the vulcanization at the midplane if the 
constant value is calculated from the linear function at 120°C. The effect of 
a variation in thermal properties on vulcanization is about the same when a 
higher initial temperature is used for the rubber at injection. 
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