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A b s t r a c t  

The exothermal process of curing of thermoset resins in adiabatic conditions cannot be mo- 
nitored by differential thermal analysis techniques such as DSC. Starting from the specific reac- 
tion rate, heat capacity as function of the temperature and the heat of reaction at some reference 
temperature, it is possible to design any adiabatic operation. 

In this paper we apply the energy balance to the curing process in adiabatic conditions and 
solve the basic rate law for the two empirical kinetic functionsf(et) usually used: n~-order kine- 
tics [](ct) =(I--ix)n], and autocatalytie kinetics 0r162 =ctm(1--ct)~], where tx is the degree of conver- 
sion and n and m the reaction orders, in order to obtain the heat generation curve (dH/dt) as a 
function of time, as well as the change of temperature with time, the explosion time, the maxi- 
mum adiabatic temperature and the rate of reaction as a function of the degree of conversion. 

Keywords: adiabatic conditions, kinetics, polyester resin 

Introduction 

The kinetic study of an exothermic reaction like the curing of a thermoset 
material allows us to determine now much, how fast, and in what temperature 
range the heat of reaction is released. On the other hand, all chemical reactions 
involve a change in the energy of the system, which is revealed as a thermal in- 
teraction between the system and its surroundings. Hence, energy release or ab- 
sorption provide the basis for kinetic measurements and constitute the principle 
of  Differential Thermal Analysis for kinetic-data acquisition [1]. Thus, Differ- 
ential Scanning Calorimetry (DSC) or quantitative differential thermal analysis 
are techniques commonly used for monitoring the process and evaluating not 
only the heat of reaction but also the reaction kinetics [2, 3]. Any study of re- 
action kinetics requires the following fundamental data: reaction rate and 
amount of reactant(s). 
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In these thermal analysis techniques, it is common to assume that the rate of 
the evolution of heat exchanged with the surroundings at constant pressure is 
strictly proportional to the rate of the global chemical reaction(s) at any instant 
as follows [41: 

dH d(z (1) 
-~- = AHR dt 

where dH/dt is the rate of heat evolution, AHR is the heat of reaction and d~/dt 
is the rate of reaction. 

It is also common to accept the following assumption in kinetic analysis of 
chemical reactions by thermal analysis: any chemical process of a reaction will 
obey a rate law of the form [5] 

~ = kj(tz) (2) 

k is the chemical rate constant which is given by an Arrhenius-type equation 
k=Ae -wRr, where A is the frequency factor and E the activation energy of the re- 
action. F(ct) is some function of the degree of conversion that results from the 
mechanism of the process. In the curing process of thermoset resins, two em- 
pirical mechanistic models of reaction are usually assumed [6]: 

- n ~ order reaction: f(tz)=(1-ct)* and 
- autocatalytic: f(tz)=tzm(1-o0 *. 

Sometimes, in curing processes at room temperature when the curing is 
highly activated due to the high rate of heat generation, as well as the low ther- 
mal conductivity of the material, or in applications in which the small surface 
to volume ratio does not facilitate heat removal, a considerable rise of tempera- 
ture occurs in the material. This can cause high shrinkage and cracks of ther- 
mosetting resins [7], at the same time modifying the properties of the material, 
which becomes a bad product. In this type of application, it is useful to know 
the maximum temperature to which the system may be heated (the adiabatic re- 
action temperature, T,d). 

As distinguished from isothermal and non-isothermal conditions of reaction 
(at a constant heating rate), for an exothermic reaction which occurs at adi- 
abatic conditions, the process cannot be monitored by DSC technique and must 
be evaluated by other methods. For the design of any adiabatic operation, the 
following data are needed [8]: 

1. The specific reaction rate as a function of temperature and degree of con- 
version, dot/dr 
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2. The thermal data of the reacting system, such as the heat capacities and 
sensible and latent heats of all reaction partners and inert materials, as a func- 
tion of temperature 

3. The heat of reaction at some reference temperature. 

All these data can be determined by DSC for the process. 
It is known [9] that when an exothermal process such as the curing takes 

place at adiabatic conditions, the heat generated from the reaction at an initial 
temperature To will result after a certain time (called the explosion time) in a 
temperature rise, which in turn accelerates the reaction. The rate of reaction 
rises too, but after reaching its maximum value at one determined temperature, 
it will decrease and finally diminishes to zero at the completion of the reaction 
at temperature T,a. 

Our main purpose in this paper was to determine: 

- t h e  rise of temperature of the material as a function of time, as well as the 
explosion time, the time point where the high rise of temperature takes place 
(curve: temperature vs. time), 

- the  rate of heat generation in the material as a function of time (curve: 
dH/dt vs. time), and 

- the rate of reaction da/dt as a function of the degree of conversion (curve 
dct/dt vs. or), 

when the process occurs in adiabatic conditions and at constant pressure. Like- 
wise, to study the influence on the former curves of variations in one of the ki- 
netic parameters which characterize the process(es), while the other parameters 
are held constant. 

T h e o r e t i c a l  considerations 

Energy balance 

If  a system undergoes an exothermic chemical reaction at constant pressure, 
the energy balance can be applied. In the absence of work, the energy released 
by a chemical reaction at constant pressure appears in two forms: heat loss to 
the surroundings and a temperature rise of the products formed and unconverted 
reactants and inert materials [10]. In these conditions the energy balance is 
[11]: 

Q = AH (3) 

where the enthalpy is the sum of the chemical and sensible and latent contribu- 
tion, i.e. 
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Heat transferred ) { Change in 
to the surroundings ~ = sensible 
from the system j heat 

+ consumed 
by reaction 

For an increment of time dt this expression can be written as 

~)Q = m, dT dHR (4) 
dt "P& dt 

where m is the total mass, cp the constant pressure heat capacity,/SQ is the heat 
transferred, dT the temperature change which the reaction mixture undergoes 
and dHR the enthalpy change of the system in this increase in time. The sign (-) 
indicates that the system releases heat. 

In adiabatic conditions the heat transferred is zero, so the equation of energy 
conservation is now 

dT dcx (5) 
mCp -~ = AHR dt 

in which Eq. (1) is taken into account which relates the rate of heat evolution 
dHR/dt with the rate of reaction dctldt. By eliminating the time, this expression 
can be reduced to a form which does not involve time. 

If Cp is assumed to be independent of temperature and conversion, Eq. (5) 
can be integrated to give a relationship between temperature and conversion, 

aHR (6) 
T = T o +  mcp 

Note that when the completion of reaction is reached, tx = 1 and the adiabatic 
reaction temperature is given by 

arts (7) 
T.d= To + - -  mcp 

If one wants to obtain the change of temperature and heat generated as func- 
tions of time, as well as the rate of reaction as a function of cx, the following 
system of equations will have to he solved [12] 
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f k = Ae- w~r 
T= To + mA~cp R 

= ~(a)  

ct 

(8) 

This system can only be solved numerically, for example, by the Runge- 
Kutta procedure [ 13]. 

Calculation procedure 

Note that the system of Eq. (8) is in fact one dependent-variable problem 
where the relation between time and conversion is obtained by integration of 

t = ! da da 
Ae- ~rAa) - ! ct] hlT(ct), 

(9) 

where T(ct) represents the expression of Eq. (6). 
As has been said, only numerical integration is usually feasible. The Runge- 

Kutta method is such procedure. The calculation procedure is to start at ct=0, 
t = 0  and calculates the necessary time at successive increments of conversion 
Act. If subscript n designates the number of conversion increments, the instant 
of time tn+~ is obtained from instant tn by the formula 

t~+l = to + I/6 [k1(n) + 2k2(n) + 2k3(n) + k4(n)] (10) 

where for one dependent-variable function H[T(ct),ct]= 1/h[T(ct),ct], kl(n), 
k2(n), ks(n) and k4(n), are given by the following working equations 

{ k~(n) = A a / - / [ / ( a n ) ,  cto] 

k2(n) ~a/~qT(ct~ + ~/2~ct), o~ + %Aal 
~(n) Aa HIT(o~ + ~/~ct), o~ + l/2Act] 
k.,(n) Aa It[T(ao + Act), o~ + Act] 

(11) 

The accuracy of the solution obtained by this procedure will depend on the 
value of increment Act. The solution will be made more accurate by covering 
the integration interval in two steps instead of one by using Act = ~'2Act. This 
procedure is continuously repeated until a good degree of accuracy is obtained. 
We have verified that an increment of Act=0.0001 provides a sufficiently accu- 
rate solution. 

J. Thermal Anal., 42, 1994 



1030 SALLA, MARTIN: SIMULATION OF THE CURING PROCESS 

Simulated curves in adiabatic conditions: position, shape and size 

nth-order react ion mode l  

The following kinetic parameters: frequency factor A=6.105s 4, activation 
energy E = 5 0  kJ/mol, reaction order n= 1, 2, 3 and 5 were used in this study. 
The range of temperature for simulated curves was 10 to 40~ and we assumed 
a reaction heat value of 500 J/g and a specific heat capacity value of 
1.67 J.g-l.K4. Both values were found by the authors for the reaction of curing 
of an unsaturated polyester resin [14]. 
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Fig. l Effect of the activation energy E on the shape of the theoretical dHId t  vs. t, T vs. t 

and d~/dt vs. v~ curves. Kinetic parameters: To=30~ n = 2 ,  A=6.105 s -l and reac- 
tion heat: 500 Jig. (A) E = 4 0  kJ/mol; (B) E = 5 0  kJ/mol; (C) E = 6 0  kJ/mol 

In Figs 1 and 2 we show the influence of variations in the frequency factor 
A and activation energy E on the following plots: dH/dt vs. t, Tvs .  t and d ~ / d t  
vs. ~ .  As can be seen, the shape of the exothermal peak does not change when 
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the activation energy and frequency factor are varied, but the position and size 
of the peak do change significantly. When E is increased, the peak shifts to 
longer times, increasing the explosion time. However, the size of peak de- 
creases and the shape is affected slightly by the increase in E. The effect of in- 
creasing A is the opposite of increasing E. Both variations increase or decrease 
the maximum reaction rate, changing its position, which is shifted to high de- 
grees of conversion when E is decreased or A is increased. 
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Fig. 2 Effect of the frequency factor A on the shape of the theoretical dHIdt  vs. t, T vs. t 

and dct/dt vs. cz curves. Kinetic parameters: To=30~ n=2,  E=50  kJ/mol and reac- 
tion heat: 500 J/g. (A) A=6.103 s-I; (B) A=6-104 s-I; (C) A=6-105 s -t 

�9 The influence of variations in the order of reaction is also represented in 
Fig. 3 for different values of reaction heat. The heat of reaction may decrease 
due to endothermal competitive reactions such as degradation processes as a 
consequence of the high temperatures reached. An increase in n causes a drastic 
change in the shape of heat generation curve, which becomes flatter. The peak 
is shifted to longer times. As can also be seen, the heat generation is different 
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from zero for t=O, there being a small flux of heat. In addition, the rate of re- 
action is lower and more time is required to reach the adiabatic reaction tem- 
perature [T.~], which is independent of the reaction order n. The size of the da/d t  
v s .  o~ curve decreases when n increases, its shape undergoes a drastic change 
and the maximum position shifts to lower degrees of conversion. 
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Fig. 3 Effect of the reaction order n on the shape of the theoretical dH/dt vs. t, T vs. t and 
da/dt vs. a curves for different values of the reaction heat: AH= 150 J/g, AH= 
300 J/g and AH=500 J/g. Kinetic parameters: To--30~ A=6.105 s -l, E--50 kJ/mol. 
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A decrease in the reaction heat also causes a drastic change in the shape of 
the heat generation curve (Fig.4), which is flatter, and the peak is shifted to 
longer times. The adiabatic reaction temperature decreases, too. The rate of re- 
action is lower, drastically changing its shape, and the maximum is shifted to 
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lower degrees of conversion. It can be seen that the maximum value is zero for 
n=5  and a reaction heat value of 150 J/g. 

Figure 5 represents the effect of the initial temperature and different values 
of reaction order n=  1, 2, 3 and 5 on the next set of plots: d H / d t  vs. t, T vs. t 

and dot/dt  vs. or. When the initial temperature varies, the shape of the peak on 
the  d H / d t  vs. t curve does not change, but its position and size do change. For 
high initial temperatures, the peak is higher and it is found at shorter times. 
Hence, the explosion time increases when the initial temperature is decreased 
or the reaction order is increased. Also, more time is required to reach the adi- 
abatic reaction temperature T,a. The temperature T~a depends on the initial tem- 
perature To (Eq. (7): the higher the initial temperature, the higher is T,a). 

The reaction rate increases when the temperature is increased. The shape of 
t he  dotldt  vs. ot curve and the position of the maximum change only slightly. 
Nevertheless, the maximum shifts slightly to lower degrees of conversion when 
the initial temperature is increased. This indicates that the reaction is faster for 
higher initial temperatures. 

A u t o c a t a l y t i c  m o d e l  

For the simulation of the d H / d t  vs. t, T vs. t and dct/dt  vs. ~ curves in adi- 
abatic conditions according to an autocatalytic reaction model, we used the fol- 
lowing kinetic parameters: frequency factor A=6.105s -1, activation energy 
E=50  kJ/mol, reaction order n + m =  1, 2, 3 and 5, and exponent m=0.2 ,  0.4, 
0.6 and 0.8. The range of temperature used in this study was 10 to 40~ and we 
also assumed a reaction heat value of 500 J/g and specific heat capacity 
cp= 1.67 J-g-l.K-l. 

The influence of the parameters A and E on the theoretical curves is the 
same as for the corresponding influence on simulated curves of the n%order re- 
action model and it will not be considered here. Figure 6 represents the influ- 
ence of the heat of reaction for different values of the reaction order n + m = 1, 
2, 3 and 5 on the d H / d t  vs. t, T vs. t and dot/dt vs. ot curves. As seen, similar 
conclusions to those of Fig. 3 for the nth-order reaction model can be obtained. 

The only difference is that the explosion time is longer and the heat genera- 
tion is zero at t=0  for the autocatalytic model of reaction. 

In Fig. 7 we show the effect of temperature. The conclusion are also the 
same as those corresponding to the n~-order reaction model. The effect of the 
exponent m on the d H / d t  vs. t, Tvs .  t and dotldt vs. ot curves for different values 
of the reaction order n + m =  1, 2, 3 and 5 is represented in Fig. 8. When the ex- 
ponent m is increased, the shape of the exothermal peak does not change, but it 
is shifted to longer times and its size also increases. The adiabatic reaction tem- 
perature T,a is not affected by variations in the exponent m. The time of explo- 
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sion increases with m, but after that, a shorter time is required to reach the 
value of T,d. 

The shape of the reaction rate vs .  cz curve changes drastically (the curves are 
overlapped) when m is increased. Its size also increases and the maximum is 
shifted to higher degrees of conversion. 

Conclusions 

The theoretical simulation of the curing process of unsaturated polyesters 
based on the application of energy balance and basic rate law, as well as a nu- 
merical calculation procedure such as the Runge-Kutta method, allows us to ob- 
tain the heat generation curve as a function of time, the change of temperature 
and reaction rate as a function of the degree of conversion. This would not be 
feasible experimentally by differential thermal analysis such as the DSC tech- 
nique. 

The simulated curves that correspond to an autocatalytic reaction model 
show a longer explosion time than those corresponding to an nthorder reaction 
model. This is due to the existence of an induction period in order for the reac- 
tion to start up. On the other hand, as distinguished from an nth-order reaction 
model, the heat generation for the autocatalytic model is different from zero at 
t=0 .  

Variations in the kinetic parameters (A, E and reaction order) produce in 
turn variations in the position, size and shape of the simulated curves, and al- 
lows us to construct a set of reference curves that can be used to simulate the 
real kinetic process when it occurs in adiabatic conditions. 

Similar effects are produced by variations in the initial temperature and heat 
of reaction. The variations in the heat of reaction may be important, since due 
to the high temperatures reached in the material, the process in adiabatic con- 
ditions may be affected by endothermic processes such as degradation, which 
can cause shrinkage and cracks in the material. 

:r :g :4: 
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Zusammeafassung u Der exotherme Vorgang des Erhirtens yon Duroplasten unter adiabati- 
schen Bedingungen kann mittels differentialer Thermoanalyse wie z.B. DSC nicht verfolgt wer- 
den. Ausgehend yon der spezifischcn Reaktionsgeschwindigkeit und der Wirmekapazit~t als 
Funktionen der Tempcmtur sowie der Reaktionsw~rme b d  einigen Refemnztemperaturen ist es 
mSglich, ein adiabatisches Vorgchen zu konstruiemn. 
Vorfiegend wird die Energiebilanz beim Erhirtungsvorgang unter adiabatischen Bedingungen an- 
gewvndet und alas Geschwindigkeitsgcsetz ffir zwei empirische kinetische Funktionenj(ct) gel6st: 
Kinetik n-ter Ordnung [/(cr und Autokatalysekinetik [/(a)=am(1--a)~l, wobd a der 
Konvcrsionsgrad und n und m die Resktionsordnungen sind, um die W~rmefroisetzungskurve 
(dH/dt) als eine Funktion der Zeit, den Temperaturverlauf in Abh~ngigkeit der Zeit und die Ex- 
plosionszeit, die maximale adiabatische Tempcratur und die Reaktionsgeschwindigkeit als Funk- 
tion des Konversionsgrades zu erhalten. 
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