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ABSTRACT 

Models based on numerical method with finite differences were applied to 
the study of the methods of calorimetry working under various conditions : 
isothermal or scanning mode. These models took into account not only the 
heat evolved from the reaction but also the heat transferred by conduction 
through thematerial and the oven-holder interface. As a result, heat flux 
emitted through the oven-holder interface could be obtained by calculation, 
as well as the profiles of temperature and state of cure developed through 
the material. A coefficient determining the quality of the contact between 
the holder and oven was introduced. These informations obtained for cure of 
low enthalpy as in rubber and of high enthalpy as in thermoset, were useful 
for explaining the properties of the materials cured in calorimetry and the 
changes in the enthalpy determined under isothermal conditions or in scan- 
ning mode. 

INTRODUCTION 

A general survey of the pertinent literature on industrial processes 

pointed out that modelling was already playing an important role on the 

description of these processes in flowsheets and on the optimization of the 

productivity. Of course, in this last case, the mathematical simulation of 

the process used in order to find out the best operational conditions were 

(usually faster and cheaper than real experiments undertaken on the large 

scale. Before operating this simulation, some experiments on a smell scale 

were generally useful and done by varying each of all parameters, in turn 

end separately. In this above case, the model had to account for all the 

facts intervening in the process, and particularly the kinetics of reactions 

and all heat and matter transfers. 

Modelling was especially studied for gaining a fuller insight on the 

process, and thus for allowing the optimization of operational conditions, 

when the process was complicated, as shown in case of rubber (l-4) and 

thennosets (5-6). The absorbing facts in both these cases were that in addi- 

tion to some complex reactions taking place in the material end especially 

in rubber, some important problems of heat transfer played the role of a li- 

mitation in the rate of the pro,cess. For instance, in the cure of the rubber 
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the kinetic of reaction was determined by considering the change in some 

mechanical properties of the rubber, either the viscosity of the rubber 

during the cure with the help of rheometer (7) or the swelling of the final 

product in a solvent (2), or thlel heat evolved from the overall reaction (8). 

An additional difficulty for the problem at hand was due to the fact that 

the thermal properties of the rubber were found to vary largely with Ihe 

temperature (q-10) and perhaps also with the state of cure of the material. 

In case of thermosets, the problem was complicated by these following two 

facts : on the one hand, thermosets exhibited low thermal properties, and on 

the other hand the enthalpy of cure was very high. So that the process of 

cure Ifollowed three steps : heating of the components of the resin generally 

in liquid form, reaction of cure with high evolving of heat, and cooling of 

the material with the help of the mold (5,6). Each of these above three 

steps was responsible for th,e development of intempestive gradients of 

temperature, and especially the second one. These high gradients of tempera- 

ture were in turn responsible for other high gradients of the rate of cure 

and of state of cure, as well as for high internal stress provoking deforma- 

tions of the final product and playing a role for high change in mechanical 

and physical properties. 

In case of the reaction taking place in the calorimeter, modelling could 

be of help affording a further insight into the nature of the process and 

of the final cured material. In calorimetry, two points ,v/ere worth noticing: 

i - The small sample size used in these techniques necessitated that all 

ingredients in the sample were well dispersed. Dispersion problems did qcca- 

sionally arise and would generally be observed by lack of reproducibility. 

The question which always arised for rubber and thermosets was how represen- 

tative could be a l-5 mg. sample, taken from a large batch, of the homoge- 

neity of the batch. 

ii - The applied temperature was the set calorimeter temperature and not the 

true sample temperature during the cure, because of low heat transfer 

through the sample (3,8) and of local heating arising from the exothermic 

reaction. As a result, very high gradients of temperature were deveAoped 

within the sample during the heating and the cure period, provoking some 

following profiles of state of cure. These profiles were found to depend 

largely on both the sample size and the heating rate (11). 

Of course, modelling of calorimetric techniques had to be done by consi- 

dering not only the kinetic of heat evolved from the cure reaction but also 

heat transferred through the calorimetepholder and the material by conduc- 

tion. These models were built either for isothermal calorimetry (DC) or for 

differential scanning calorimetry (DSC), by using rather large samples of 
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100-200 mg., cylindrical in shape with a diameter of about 5 mm, with 

reactinns of low enthalpy as those taking place in rubber (12-14) or with 

reactions of high enthalpy with epoxy resin (15-17). This large size was 

chosen for the holder, because of the above considerations on the distribu- 

tion of components in the material and by reminding that rubbers end thermo- 

sets were complex mixltures. 

The model above described (12-17) for the calorimetry techniques was 

based on a numerical method with finite differences applied to the cylindri- 

cal sample and took into account heat evolved from the reaction and from 

conduction. The heat flux emitted through the sample-calorimeter interface 

was calculated as a function of time in DC and of temperature in DSC, as 

well as the profiles of temperature anldl state of cure developed in the 

sample at the same time. 

Illoreover, a particular coefficient had to be considered accounting for 

the quality of the contact between the holder and oven. 

An additional purpose of this paper was to show that these above infor- 

mations given by simulating the process with the help of the model, were of 

interest for comparing the techniques of calorimetry xunning under isother 

ma1 conditions and in scanning mode. These results were able to explain some 

facts which were not understandable otherwise, as the difference in the 

enthalpies determined in DC and DSC, and the change in the properties 

obtain,ed for the materials when they were cured in DC and DSC. 

THEORETICAL 

Assumptions 

The following assumptions were made : 

i - As the sample was cylindrical in shape with a circular cross-section, 

the heat flow was considered as radial, by neglecting the longitudinal heat 

transfer. 

ii - Although the reactions of cure were complex, the heat evolved from 

the overall cure reaction "as expressed by an equation with constant para- 

meters. 

iii - The quality of the contact between the calorimeter and sample holder 

was accounted for by a coefficient. 

iv - The heat was transferred by convection through the material and the 

material-oven interface. 

Fundamental equations 

The transient heat conduction through the circular cross-section of the 

sample was expressed by the classical equation 
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where the contribution of heat transferred by conduction and heat evolved 

from the cure could be seen. 

The overall rate of cure was given by the simple equation : 

-& 
j!$ =ko~-A&_)n. exp -_& (2) 

Initial and boundary conditions were as follows : 

t=o OS+ T = Tr sample space (3) 

to r)* T = Tm oven space (4) 

O<r<R T = Tr,t sample spaoe 

Numerical Analysis 

As equations (1) and (2) could not find an analytical solution with the 

above conditions (internal heat from the cure reaction, quality of contact 

at the oven-holder interface), the problem was solved by using a numerical 

method with finite differences. 

By considering the various circles of radius with the successive values, 

r, r+Ar, r+2&r, dividing the circular cross-section, withhr being a 

constant radius increment, the temperature for each annulus was considered 

as constant T., _ . The heat balance enabled one to obtain fox these 
l.+J.,r 

temperatures 

T 
i+l,r = 1 Tir+br+ (M-2)Tir+TirOr C 1 + 

I ’ , , 
Ar 

2Mr 
-Tir_hr 'l.dB,bt , 1 C dt 

In the middle of the sample, eq. 5 was indeterminated, and 

ture was calculated with another equation : 

T 
i+l,O = 4 Ti,br - Ti,O 

M r 

+ 1. +. bt 
C 

In both these Eq., the dimensionless number M was expressed 

of the increments of time and space 

M = (*z-l2 . 
At 

(5) 

the tempera- 

(6 1 

as a function 

(7 1 

On the sample face, the heat balance allowed one to write : 



T T. + 1 
i+l,R = & i,m - 

T 
l+H 

i,R 

the coefficient H qualifying the contact between the holder and oven. 

The coefficient was obtained as follows (18) 

The heat flux emitted through the holder-calorimeter interface was 

obtained by Eq. 10. 
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(8) 

HF= As TR-TR-&- 

A, 

(10) 

The heat evolved from the cure reaction during the increment of time at 

the time i At was calculated by the recurrent relation : 

. At = Qi+l - Qi = (Qa,- Qtln. Q;-" . kg .exp- E 
RT 

(11) 

and 

Qo =O and Qi= .A t (12) 

EXPERIMENTAL 

Apparatus 

The apparatus chosen in this work (DSC 111 - Setaram) can work either 

in isothermal or in scanning mode. The heat flux detector emitted a signal 

which was proportional to the heat transferred per unit of time. 

About 100-200 mg of the mixture was encapsulated in the holder. The 

holder was cylindrical in shape with a diameter of 5 mm. A smaller size 

would necessitate that all ingredients in the sample were perfectly dis- 

persed. 

The calorimeter was coupled with a micro-computer (HP 86) which stored 

all the data, determined the kinetic parameters with the help of various 

methods (18). The validity of these kinetic data was usually controlled by 

superimposing heat flux-time curves obtained by calculation and experiments. 

Materials 

The formulations used in this study were composed of 2605 epoxy resin 

(which contained DC'i$A epoxy molecules, an anhydride hardener, and tertiary 
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amine as catalyst (CDP-Chimie). The formulations investigated contained 

80 parts of hardener per hundred parts of resin, by weight. 

The values of the kinetic and thermal parameters were shown in Table 1. 

TABLE1 

Values of Parameters 

Kinetic of reaction k0 = 0.4 x 1012/s. E = 27,140 Cal/mole 

n = 1.5 AH = 76 Cal/g 

Thermal properties 

A= 1.85 x 10W3 cal/cm.s.deg. C = 0.5 cal/g.deg. 

RESULTS 

R r+Ar r r- Ar 0 

_____I~__--- 

1 

fig. 1. Scheme of temperature-time history for numerical analysis 

1 - Determination of kinetic parameters in DSC 

The epozq resin mixture was heated in the calorimeter from 30 to 25ooC 

by using a constant heating rate of 2OC/min. After cooling the calorimeter 

and sample to jO°C, the sample was heated again under the same conditions 

in order to.obtain the baseline for heat flux-time curves. 

As shown in Pig. 2, the heat flux-time curves obtained by experiment 

and calculation were very well superimposed, the good agreement between 

these above curves proving the validity of kinetic parameters. It was 

necessary in fact to draw a third curve corresponding with the diffeEence 

between these heat flux as a function of time for appreciating some slight 

divergence. 
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Fig. 2. Comparison between experimental and calculated heat flux-time 
curve in DSC for epoxy resin. 

2 - Determination of heat flux in DC 

Fig. 3 illustrated the typical curve obtained for the cure of epoxy 

resin Jwi'th the calorimeter working under isothermal conditions at 150°C. 

As shown in this Fig., the heat flux could be recorded only after about a 

minute, and it was usually admitted that only the positive part of the 

heat flux was of interest and worth studying for determining either the 

kinetic of the reaction or the enthalpy of cure. A good agreement between 

the experimental curve and the calculated one with the help of the model 

were found to be in good agreement (15). As indicated previously, the value 

of the coefficient H qualifying the quality of contact between the resin 

and holder and between the holder and calorimeter, was about 20, corres- 

ponding with a contact like that occuring between iron and resin. This 

value given for H had a quantitative effect on the value of heat flux 

obtained in calorimeter, but not on the shape of this curve and the kinetic 

parameters (15). 

The whole part of the heat flux-time curves corresponding with the 

heating of material and cure reaction, end with the heating of material 

only, could be easily obtained with the help of the model : the first 

curve with the rate constant of the reaction, and the second when this rate 

constant was zero (Fig. 4). Both these curves appeared to be superimposed 

at the beginning of the process for times lower than p s. Then after this 

time these curves were found to diverge because of the internal heat from 

cure, so that the difference between these curves did not correspond exac- 
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tly with the heat flux generally recorded (heat flux in J?ig.J). This dif- 
ference was drawn Ln Fig. 3 and could be compared with 'the heat flux recor- 

ded. Of course, the whole enthalpy of cure was not proportional to the 

surface under the heat flux-time curve, but to the surface under the above 

difference between these heat flux-time curves, this fact explaining the 

lower value of enthalpy obtained by DC than by DSC. 

The same results were obtained for the resin at 17OW in Fig. 5 and 6, 

exhibiting a higher divergence between the positive heat flux recorded and 

calculated, and the diffe 

Fig. 3. Heat flux 150 
(NJ?)-time curve for 
epoxy resin in DC 
(talc. and exp.) 

8$6feREeo&ained 10 0 
with cure seaction 
and without cure. 

0 

Rig. 4. Heat flux-time 
curves obtained with cure 
(log & 0) and without cure 

(ko = 0) in DC for epoxy 
resin at 15OeC. 

hence between the calculated heat flux. 

H.F 

T,150*C 

I * 
100 200 300 400 5c13 

TIME(S) 
I 1 I 
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pig. 5. Heat flux-time curves 
obtained with cure (k0=0) in 
DC at 17OY! for epozq resin. 

Fig. 6. Heat flux(IiF)-time 
curve for epoxy resin in DC 
fca3.c. and exp.). 

Difference in Heat flux 
obtained with cure and 
wLthout cure, 

T=170°C 
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3- Determination of the urofiles of temperature and SOC 

The model was also able to give information on the temperature snb 

state of cure at any place and time within the sample. Although it was 

difficult at the present time to make some experiments on the temperature 

and state of cure, the validity of the model was tested by comparing the 

heat flux-time curves determined either by calculation or experiments. A 

good agreement between these curves was obtained when the data concerned 

with the kinetic and thermal parametiers were convenient. 

Some profiles of temperature developed within the radius of the cross- 

section of the cylindrical sample were illustrated in Fig. 7 when the 

temperature of the calorimeter was 150% and in pig. 8 at 170°C. Some facts 

of interest were worth noticing : 

i - the temperature in the sample took about 60-70 s to reach the value 

of the calorimeter at 150°C, and about 60s. when this temperature was of 

17ooc. 

ii - During this first heating period, some high profiles of temperature 

were developed through the sample, corresponding with the very high endo- 

thermic heat flux emitted from the calorimeter to the sample. 

iii - At tile present time, a determination of the kinetic of cure reaction 

was practically unfeasible during this heating period. 

iv - A second period corresponding with the cure reaction was found to 

start at about 60-70 s. for the lower temperature of the calorimeter. During 

this period, the temperature was higher at the middle of the sample, because 

of the heat generated by the cure reaction. 

V - A third period occured after the maz&num of heat flux was raised. 

The profiles of the state of cure could also be calculated with the help 

of the model, as they were developed through the sample. As shown in Fig. 7 

at 150°C and Fig. 8 at 170°C, the state of cure was not the same within the 

sample, these profiles of ISOC following the profiles of temperature shown 

previously. Some facts of interest could be pointed out : 

i - The reaction of cure did not start for times lower than 30-40 s. 

ii - Some profiles of SOC were developed through the sample, the SOC being 

higher on the heated face of the sample during the heating period, and then 

higher at the middle of the sample during the cure period. 

iii- The highest gradients of SCC was obtained when the heat flux raised 

its maximum value. 
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FACE Ml DOLE 

' T=150°C A 
s.0.c % 

‘3040s 100 

FACE MIDDLE 

Fig, 7. Profiles of temperature and SOC through the radius of sample in DC 
at 150°C, for various times. 

FACE MlDDLE FACE MIDDLE 

Fig. 8. Profiles of temperature and SOC through the radius of sample in DC 
at 170°C, for vasious times. 
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4" Determination of the enthales of cure in DC 

The enthalpy of cure obtained by using DSC with a heating rate of 

was 76 Cal/g (19). This value was about the same as those determined 

2%/min 

by 
using the difference between the heat flux shown in Figs 3 and 5. Ho$ever 

the value of enthalpy obtained by integrating the positive part of the heat 

flux was slightly lower. This divergence between the values was found to 

depend largely on the temperature chosen for isothermal calorimetry as 

shown in Table 2. 

TABLE 2 

Values of enthalpy obtained in DC 

Temperature (WI 150 160 170 

Dnthalpy (cal_/g) 66.9 61.3 53.4 

Difference (%) 12 19.4 29.8 

Moclelling of process was surely of interest, because it enabled the user 

to get a fuller insight on the process, providing a knownedge on the profi- 

les of temperature aa state of cure, as well as heat flux-time history, 

But buildtng a model was sometime a tedious work, not only because of the 

difficulty of mathematical treatments especiall.y in case of interfaces,but 

also because of the pressing need of data of high accuracy. 

Reactions taking place in calorimeters were very often complicated, 

in the way that various phenomena could be observed : heat transfer by 

conduction or convection, reaction and heat flux. So modell.ing these pro- 

cessesi could be of help in order to give more information on the process. 

The yemperature of the calorimeter was not the temperature of the sample, 

and moreover some profiles of temperature were deWloped through the sampll\e. 

As a result, the state of cure was not the same throughout the sample, 

this point being of importance when a definite material was desired. 

However, calorimetry techniques, and especially those working in scanning 

mode were of great interest, allowing the user to record the rate of reac- 

tion as a function of time or temperature. Soa@ apparatus able to work 

tith rather large samples had to be run with lower heating rates, but they 

might be useful for providing the user with definite samples, these samples 

being of high interest for studjiing other properties of the material rela- 

tea to their state of cure. 
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LIST OF SYMBOLS 

Qtg Qo, : heat evolved from reaction up to time t, total enthalpy of 
cure. 

i tn 

H 

M 

bt 

rbr 

integers for the time end space 

coefficient characterizing the quality of heat transfer at 
the oven-holder interface 

dimensionless number 

increment of time 

increment of gate 

temperature at time i and space n 

thermal diffusivity of the material 

thermal conductivity of the material 

heat capacity 

Ti,n : 

o( : 
x : 
C 


