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Abstract

Vulcanisation of rubber compounds was studied by DSC under isothermal and non-isothermal
conditions. The parameters of an Arrhenius-like equation describing the temperature dependence
of induction period have been obtained bath from isothermal and non-isothermal measurements.
A new method for obtaining the kinclic parameters from non-isothermal measurcments, based on
the dependence of onset temperature of vulcanisation peak on heating rate, is presented. Also. a
procedure for the evaluation of temperature difference between the furnace and sample is pro-
posed. It has been shown that the treatment of non-isothermal DSC measurcments gives the ki-
netic parameters (ree of systematic crrors. The new methed can also be used for studying other re-
actions cxhibiting the induction period.
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Introduction

Curing of rubber compounds occurs in two stages [1]. In the first one, called the
induction period, seemingly no chemical reaction takes place. At the end of the in-
duction period the second stage, i.e. the vulcanisation itself, begins. Accurate deter-
mination of the induction period is of utmost importance for the rubber technology
since this is the point where the physico-chemical and mechanieal properties of the
rubber compounds change irreversibly as a consequence of the start of crosslinking.
The curing is an exothermic process and the reaction heat evolved makes it possible
to employ the differential scanning calorimetry (DSC) for its study [1-3]. The vul-
canisation is also accompanied by a change in the theelogical properties of the com-
pound. Rheometers are the devices used most widely to determine the induction pe-
rieds and to follow the kinetics of curing.

Kinetic description of the vulcanisation resides in finding the kinetic equations
characterising the process and obtaining the values of kinietic parameters (rate con-
stants, activation energics. pre-cxponential factors, etc.) appearing in the equations.
Knowing this, modelling of the vulcanisation process is possible. The modelling
leads to better understanding of the process and it gets the practical importance in
optimising the vulcanisation process [41.
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The determination of induction periods from isothermal DSC measurements is
quite problematic mainly at lower temperatures since the exothermic peak of curing
is flat and its onset can hardly be determined unambiguously. On the other hand, at
higher temperatures where the induction periods are below 1 min, the periods are
comparable with the time of establishing the steady state of DSC apparatus and a
correct determination of the induction period cannot be carried out. When studying
the vulcanisation at various heating rates we realised that, contrary to the isothcrmal
measurements, the peak of vulcanisation is distinet in these non-isothermal measure-
ments and the onset temperature ¢an be read accurately and unambiguously. Hence,
in this paper a new method is proposed for obtaining the kinetic parameters of induc-
tion periods from the onset temperatures of non-isothermal DSC runs with linear in-
crease of temperature. The results obtained are compared with the induction periods
obtained by Rheometer.

Experimental

Two techniques were employed to study the curing of the rubber compounds:

1. Differential scanning calorimeter DSC-7 Perkin-Elmer. The temperature scale
was calibrated using the standards In and Zn. The samples of 3-4 mg were crimped
in standard aluminum pans. The purge gas nsed was nitrogen.

2. Rheometer MDR-2000 E from Alfa Technologies (Monsanto). The frequency
of oscillations was 1.67 Hz, the amplitude was 0.5°. The induction periods were de-
termined as fgy.

Theoretical

Dependence of the induction period on temperature can be expressed by an Ar-
rhenius-like relationship [1]:

Ii=Aexp[B/T] (1

where A and B are constants and T is the absolute temperaturc. The constants A and
B are mostly obtained from the logarithmic transformation of Eq. (1):

Int, =1nA + B/T (2)
For non-isothermal vulcanisation, the induction period can be calculated accord-

ing to the Eq. (1)

t
1= (-9 (3)
nti(T)

where the dependence of t; on temperature is given by Eq. (1), In case of the linear
increase ol lemperature, the furnace temperature can be expressed as
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Ti=T,+ Bt (4)

where Ty is the furnace temperature, 7y, is the starting temperature of the measure-
ment and B stands for the cocfficient of temperature increase (scan). If one assumes
that the temperature of the sample equals that of the furnace, combination of Eqs (1),
(3) and (4} gives the result

TI

B= JAL (5)
explB/T]

TU

where T; is the temperature of the end of induction period, i.e. the onset temperature

of the vulcanisation peak. As Eq. (5) indicates, when increasing the rate of heating,

the onset temperature also increases.

When deriving Eq. (5) an acsumption has been adopted that the temperature of
the sample equals that of the furnace. In DSC non-isothermal measurements, the
thermal resistance between the pan and furnace is climinaled by temperature calibra-
tion. However, a temperature difference between the bottom of the pan and the sam-
ple can exist, For the case that the temperature gradient within the sample and be-
tween the sample and the pan are insignificant compared with the difference be-
tween the pan and the furnace, a simple method has been proposed for estimation of
the temperature lag between the sample and the furnace [3]. We modified the method
in order to obtain the correet onset temperature of vulcanisation.

For the power-compensated DSC calorimeters, the signal registered by the appa-
ratus is a difference of powers for heating the sample and the reference, respectively:

P=P,-P, (6)

where P is the DSC signal with respect to the baseline. The powers lor heating the
sample and the reference, P, and P, can be expressed as

P =x(T;—T )
P.=m,C,B (8)

where K is the overall heat transfer coefficient, m;, and ¢, stand for the mass and
heat capacity of the pan. The overall heat transfer coefficient has been determined
(rom the slope of the peak of In melting to be ¥=35.5 mW/K. Combining Eqs (6}—(8)
onc can gel:
P+myc
T= Tf - —P_llE (9)
K
Equation (9) enables to calculate the correct values of the sample temperature, so
that the kinetic parameters obtained from Eq. (5) are free of systemalic errors caused
by the different temperatures of furnace and sample,
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Results and discussion

Induction periods have been measured for two rubber compounds denoted as
KIN1 and KIN2; their composition is summarised in Table 1. The kinetic parameters

describing the induction period have been obtained both for isothermal and non-iso-
thermal measuremenis.

Table 1 Composition of the rubber compounds under study [phr]

Compound KIN1 KIN?2
synthetic polyisopren 100 100

Zn0O 4.98 4.98
stearin 1.98 1.98
soot N-330 34.97 34,97
sulphur milted oiled 2.22 222
sulfenax CBS/MG 0.96 1.20

The dependences of induction periods on temperature obtained from isothermal
measurements are shown in Fig. 1. Tt can he seen that the curves obtained by DSC
are nol smooth due to the uncertainties in the determination of onset times for the flat
vulcanisation peaks. The kinetic parameters of the induction period, A and B, have
been obtained by a direct comparison of experimental and theoretical values of in-
duction periods, where the theoretical values arc given by Eq. (1). The minimisation
of the sum of squares between experimental and theoretical values has been made by
the simplex method [5]. The kinetic parameters have been determined also by the
other procedure, i.c. the determination of InA and B as the intercepl and slope of the
linear dependence Int=f(1/T) given as Eq. (2). The values of A and B obtained by
both procedures are listed in Tahle 2.
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Fig. 1 Isothermal measurements of induction periods by DSC and Rheometer
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Table 2 Values of the kinetic parameters A and B obtained by various methods

Sample Method 10" Afmin™! 107" B/K
is0-DSC Eq. (1) 498 12.9

KINI iso-DSC Eq. (2) 12.1 115
non-iso-DSC 217 14.1
non-iso-DSC corrected 203 14.1
iso-DSC Eg. (1) 315.0 12.1

KIN? iso-DSC Eg. (2) 13.2 134
non-isa-DSC 2.03 14.1
non-iso-DSC corrected 2.41 14.0

Onset temperatures of vulcanisation for non-isothermal measurements with vari-
ous scan rates are listed in Table 3. Table 3 also shows the onset temperatures cor-
rected by Eq. (9). The parameters A and B in Eq. (5) have been obtained by minimis-
ing the sum of squares hetween experimental and theoretical values of heating rale
by the simplex method [5]. The integration indicated in Eq. (5) has been carried out
by the trapezium method. The kinctic parameters are given in Table 2.

Table 3 Onsel temperatures (in °C) of vulcanisation for various scan rates

Compound KINI ‘ KIN2
Method DSC original/corrected

2.5 152.11/152.08 152.24/152.21

5.0 161.92/161.86 161.23/161.16

heating rate/ .5 166.84/166.75 167.29/167.19
K min! 10. 171.39/171.26 171.04/170.89
15. 177.46/177.25 176.20/175.99

20. 180.86/180.60 180.66/180.37

30, 183.56/183.18 184.49/184.07

It can be seen from Table 2 that the values of kinetic parameters A and B, describ-
ing the dependence of induction period on temperature, differ greatly for isothermal
and non-isothermal measurements. In isothermal measurements, the time of heating
the sample from ambient temperature to the temperature of measurement taking 30—
60 s represents a systematic error. Addition of this constant term o the induction pe-
riods leads to lower values of both kinetic parameters. The sum of squares between
experimental values of induction periods and those calculated using the kinetic pa-

J. Therm. Anal. Cal., 56, 1999



1112 S$IMON, KUCMA: VULCANISATION

rameters, obtained by a treatment of the isothermal data using Eq. (2} is several
times higher than when using Eq. (1). However, we do not consider correct the treat-
ment based on Eq. (2), since the logarithmic transformation obviously brings about a de-
formation of the distribution of errors and. consequently, the values of A and B are also
deformed so that they do not correspond te the true minimum of the sum of squares.

From the original and corrected values of onset lemperatures listed in "Table 3 11
can be seen that the thermal lag between the bottom of the pan and the sample is very
small in non-isothermal measurements (up to 0.4 K) even for the highest scan rate.
Also, the values of kinetic parameters obtained from the original and corrected tem-
peratures are very close (Table 2). The kinetic parameters obtained with the inclu-
sion of temperature correction should be free of systematic errors. The temperature
dependences of induction periods calculated by using the data of Table 2 arc shown
in Fig. 2 for the compound KIN 1. It can be seen that the differences of induction pe-
riods for original and corrected non-isothermal data are less than 0.5 min. The induc-
tion periods calculaied using the paramcters obtained from isothermal measure-
ments arc longer than those from non-isothermal ones. For 140°C, the difference can
reach as much as 5 min which is an apparent censequence of the time delay existing
in isothermal measurements.

201 3
TN 1 - i50-DSC eq.(1)
2 - i5e-I3SC ¢q.(2)
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Fig. 2 Temperature dependences of induction period calculated from the data of Table 2 us-
ing Eq. (1) for the compound KINT

Comparison of induction periods obtained by DSC and Rheometer shows that, as
a rule, DSC gives longer induction periods than Rheometer (Fig. 1). This difference
between DSC and Rheometer data is well known [1, 6-8] and it is ascribed to the
production of heat in the sample during the measurements in Rheometer due to the
dissipation of the mechanical energy of ascillations [8]. Tt is ohvious that, dug to the
heat generated, the sample temperature in Rheometer reaches higher value than the
temperature of the furnace. This increase of sample temperature is responsible for
the shorter induction periods in comparison with DSC.

It can be concluded that the isothermal induction periods involve the time delay
due 1o heating the sample from ambient temperature to the temperature of the mea-
surement. These measurements can be used for comparing the induction periods of
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different samples since the systematic error affects all measurcd values in the same
dircetion, In the non-isothermal DSC mcasurements with temperature correction the
systcmatic crrors arc climinated. The kinctie parameters A and B do not convey the
eflect of heat transfer within the sample so that they are transferrable to be used in
modelling the vulcanisation where the effects of reaction kinetics, heat transfer, evo-
lution of reaction heat, etc. are explicitly involved. An undoubled advantage is that
the kinelic parameters are obtained using the same equation as is used for the evalu-
ation of non-isothcrmal induction periods in modelling the vulcanisation. This pro-
cedure eliminates the errors brought about by an eventual imperfection of Eq. (5).
We believe that the method of the treatment of non-isothermal DSC runs, based on
the analysis of onset peak temperature on heating rate, can be employed also for the
study of other reactions exhibiting the induction period, such as oxidation of poly-
mers, oils etc.
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