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ABSTRACT

Some emphasis has been placed upon the air layer between the calorimeter and holder,
and upon its effect on the curing process in the case of calorimetry under isothermal
conditions. Cylindrical samples of rather large dimensions (100-200 mg) have been consid-
ered, and the cure of epoxide resin was the reaction studied. Mathematical models based on
numerical methods with finite differences have been used to describe the process: they take
into account not only the rate of heat evolved from the reaction but also the heat transferred

through the air layer, holder and sample.

As a result, heat flux—time histories in good agreement with experimental results and the
profiles of temperature and state of cure developed in the sample have been obtained. A
fuller insight into the process has been gained, enabling various conclusions to be drawn.

LIST OF SYMBOLS

C,C.,GC, specific heat of sample, holder and air respectively

E activation energy

k, rate constant of reaction

n order of overall reaction

0. enthalpy of reaction per unit mass

0, enthalpy evolved up to time ¢

R radius of sample

R, R, external radius of holder and air respectively

Ar,Ar;,Ar, finite increment in radius of sample, holder and air respec-
tively

SOC state of cure reaction

At finite increment in time

Ty temperature of mould

T, TN, temperature of jth increment at time ¢ and ¢+ Ar respec-
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tively
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AALA, thermal conductivity of sample, holder and air respectively
0,01, 02 density of sample, holder and air respectively
INTRODUCTION

As the process developed in calorimetry is controlied by the heat trans-
ferred to the holder surface and through the holder and sample, the time of
the experiments is proportional to the square of the main dimension of the
material in the case of samples which are a thin sheet or are cylindrical in
shape, this main dimension being the thickness and radius respectively. Due
to this basic fact, the tendency in calorimetry has been io use smaller
samples which allow for faster rates of heating. Another important point is
that when a small sample is used, if it is not pure or is a mixture, it is
essential that all the constituents of the sample are very well dispersed.
Dispersion problems occasionally arise and are generally observed to result
in a lack of reproducibility in the calorimetric curves. The question which
always arises is how representative of the homogeneity of the batch is a 5 mg
sample taken from a large batch. For example, sulphur can be poorly
dispersed in rubber either because of poor milling practices or because of
large particles of sulphur not being broken down [1,2]. As a consequence of
these basic facts, it is understandable that there are two types of calorimeter,
one accommodating very small samples of 5 mg or less, the other for rather
large samples of 150 mg or more [3,4], sometimes up to 10 g.

Very often, DSC and DC techniques are compared with each other, the
second technique being sometimes preferred over the first one, perhaps
because of the simpler operational conditions and the simpler mathematical
treatment of the kinetics in DC experiments.

In fact, in spite of their advantages which are very well known and
noteworthy, both DSC and DC techniques also suffer from drawbacks. The
main important inconvenience is perhaps due to the temperature measure-
ment in calorimetry. In a DSC experiment, the sample is scanned at a
selected heating rate up to a temperature at which the full exotherm is
complete. Because of the time required for heat to be transferred from the
calorimeter to the inside of the sample, the temperature in the sample shifts
with respect to that of the calorimeter, the difference in temperature being
proportional to the heating rate and square of the main dimension [5-9].
For constant temperature operation in the DC mode, the calorimeter is
stabilized at the desired temperature, and the sample previously at room
temperature is introduced. Thus, the set calorimeter temperature is not the
true sample temperature during the heating period or during the reaction
period because of local heating arising from the exothermic reaction.

The purpose of this paper is to demonstrate that the quality of the contact
between the calorimeter and the sample [10,11] must be widely studied,
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especially considering the presence of the air layer between the calorimeter
and holder [12]. The air layer between the holder and the calorimeter is more
important for heat transfer as was shown in a previous paper in which a
temperature of 150°C with epoxy resin was chosen [12]. The effect of this
air layer with various other temperature values must be now be elucidated.

Another purpose of this paper is to determine the development of the
profiles of temperature and state of cure through the sample and their
modification by the presence of the air layer.

Mathematical models based on numerical methods with finite differences
which consider, for example, the kinetics of the heat evolved from the
reaction as obtained by DSC experiment, and the heat transferred through
the air layer, holder and sample by conduction, have been used for this

purpose.

THEORETICAL

Some assumptions have been made in order to clarify the problem:

(1) Only the radial heat transfer through the circular cross-section of the
sample is considered, because of the cylindrical shape of the sample and
the disposition of the sensitive heat cell of the calorimeter.

(2) The temperature of the sensitive heat cell of the calorimeter is kept
constant during the process.

(3) The thin layer of air between the sample and the calorimeter oven has a
constant thickness. In the same way, the thickness of the holder and the
radius of the resin are assumed constant.

(4) The thermal parameters of the resin are constant. They do not change
with the temperature or with the progress of the reaction.

(5) The partial enthalpy evolved up to time ¢ as a fraction of the totai
enthalpy represents the conversion up to time ¢.

(6) The rate of the conversion is expressed by an Arrhenius equation with
constant parameters.

Mathematical treatment

The rate of radial heat transfer through the circular cross-section of the
sample is given by the general equation

oT) _13] 071, do
pC[E] T r ar[ﬁ\ 8r]+p d: (1)

where the heat transferred by transient conduction and the heat evolved
from the reaction can be seen on the right-hand side of the equation. The
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Fig. 1. Scheme of the sample and temperature-space diagram for numerical analysis.

initial and boundary conditions are

t=0 0<r<R sample
R<r<R, holder
R, <r<R, air layer (2)
r=R, mould of calorimeter
t>0 r<R, T function of r and ¢
r=R, T of mould (3)

The rate of heat evolved from the cure reaction is as follows

gzl g el ”

Numerical analysis

No analytical solution can be found for the problem because of the heat
evolved from the reaction and the boundary conditions. A numerical method
with finite differences has to be used (Fig. 1). From the first assumption, the
circular cross-section of the sample, holder and air layer is considered with
the radial heat transfer. The heat balance is calculated during the increment
of time Az within the annulus centred on the position r and having the
thickness of Ar (Ar/2 on both sides of the centre r). The new temperature
TN, in this annulus at the time (i + 1) Az can be obtained from the values of
the temperature at the same position 7, and at the adjacent annuli 7;_; and

T, at the preceding time iAz.
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Calculations are made not only for the resin, but also for the metal holder
and the air layer.

Within the resin: 1 <j <N —1

1 1
TZ\G: H[7}~1+(M_2)7:i+ 7}+1]+}:—2~M—[7}” 1]+[C1[~HQ‘] Ar

(5
At the middle of the resin )
_ 4 11[dQ
TN =Ty + (T To) + | ][ G2, &7 (6)

Within the metal holder
Ary

1
TM='M';[7}~1+(M1‘2)7}+T |+ m( =T (D

Within the air layer

A"z( j+1 7}—1)
2M2[R1+(] Nl) Arz]

1
T. jz_“[T}~1+(M2‘“2)7}+ 7}+1]+ (8)

M,

Interfaces between the sample and holder, the holder and air, and the air and
the mould

More complex relations are obtained for these interfaces by calculating
the heat balance during the increment of time Az on the annuli located on
both sides of each interface [12].

The values of the moduli shown in egns. (5), (7) and (8) are given by

(Ar)2PC _ (Arl)zplcl . (Ar2)2p2C2
Af M= My="3m, ©)

with M > 4, M, > 2 and M, > 2 for the stability in the calculations.

M =

Heat evolved from the cure reaction
The heat evolved from the cure reaction up to time 7= (i+1)Azs is
obtained by the relation

Q
Qt+1 Ql (E') At (10)
with
O

The state of cure at time ¢ is expressed by the partial enthalpy evolved up
to time ¢ as a fraction of the total enthalpy
[ O

SOC, = ( o )100 (12)
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Heat flux emitted
The heat flux is calculated near the surface of the resin by considering
two annuli with parabolic approximation

3T — 4Ty, + Tx_
HF = }\( R R2AA; R-2Ar (13)
EXPERIMENTAL
Apparatus

A DSC 111 (Setaram) was employed for this study using a rather large
sample. This sample was representative of the heterogeneity of the batch
from which it was taken.

The calorimeter was stabilized at the selected constant temperature (140,
150 or 160°C), the sample at room temperature was introduced, and the
time base recorded.

The dimensions are sample external radius, 0.25 cm; holder external
radius, 0.30 cm; and air layer thickness, 0.027 cm.

Materials

An epoxide resin was used; its kinetic parameters were determined by
DSC at the heating rate of 2°C min~!. The values of these kinetic parame-
ters are: Q=38 calg”!, n=1.56, k,=2x%x10% (s7!) and E = 50018 cal
mol .

The thermal parameters for the resin, metal holder and air are:

Resin A,=8X10"%*calem ' s7!' C™! p=147gcem™? C,=03+5x%
107*X T (calg™! °C™) T(°C).

Metal A =0.107calcm™'s™ !, p, =7.86gcm > C,=0.108calg™' °C~ ..
Air A,=7.6X 107° cal cm™! 57!, p,=944x107°% g cm™* at 125°C,
C,=024calg™ ' °CL

RESULTS

The layer of air located between the calorimeter and holder has some
effect not only on the heat flux—time histories obtained during the DC
experiments but also on the temperature profiles developed through the
system (air layer, holder and sample) and consequently on the profiles of
state of cure developed through the sample. These two effects of the air layer
were considered successively.
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Determination of kinetic parameters with DSC experiments

DSC experiments with a selected heating rate which depends on the value
of the enthalpy of reaction as previously shown [5-8], yielded the kinetic
parameters for the cure reaction. The heat evolved from the overall reaction
has been assumed to follow an Arrhenius equation, and the activation
energy and order of reaction have been calculated from the heat flux—tem-
perature curves using various classical techniques [13-15]. The main as-
sumption made in this calculation is that the heating rate of the calorimeter
is low compared with the rate of heat transfer through the system (air layer,
holder and sample), so that the temperature is the same throughout the
sample.

The validity of the parameters has been tested by comparing the experi-
mental heat flux—temperature curves with the curves calculated by making
the above-cited assumptions [12].

Heat flux—time profiles in DC experiments

Heat flux—time profiles with reaction

Various experiments were conducted in the DC mode with the calorimeter
kept successively at 140, 150 and 160° C.

A good correlation was obtained between experimental and calculated
curves, as shown at 150°C in a previous paper [12].

The three heat flux—time histories were drawn in Fig. 2 with the same
time scale, but with two different scales for the heat flux.
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Fig. 2. Heat flux~time histories in DC experiments with internal reaction, at 140, 150 and
160°C.



298

There are three sections in these curves:

(1) The heating period of the sample from room temperature to that of the
calorimeter. The temperature of the surface of the holder is the same as
that of the calorimeter when the heat flux is 0. Of course, during this
period, heat is transferred by conduction through the system (air layer,
holder and sample) at a very high rate, and the air layer represents an
important limiting factor. The presence of this air layer is responsible for
the significant time required for thermal equilibrium to be established,
this time ranging from 2 to 3 min according to the temperature of
calorimeter.

(2) The development of the exothermic reaction in the sample which causes
the temperature in the sample to increase. This is observed when heat
flux is emitted from the sample to the calorimeter, being positive in this
case.

(3) The heat flux—time curves pass through a maximum. As shown in Fig. 2,
it takes a long time for the reaction to be completed in the case of the
lowest temperature. In the case of the highest temperature, the heat-flux
peak is high and sharp. From these experiments, a temperature window
for the calorimeter is observed over which meaningful data can be
obtained. In the case of epoxy resin, the temperature effect is very
pronounced and this temperature window is narrow (20° C).

Heat flux—time with no reaction (reference baseline)

It is interesting to obtain the heat flux—time histories when no reaction
occurs, these curves being used as reference baselines, especially for the
determination of the enthalpy.

This experiment is done as follows: the sample is previously cured at the
selected temperature up to a time at which the full exotherm is obtained; the
sample is quenched and cooled down to room temperature and then dropped
again in the calorimeter under conditions identical to the first cure.

These curves are easily obtained by calculation with the model, by putting
the constant k, equal to 0. Of course, the thermal properties vary with the
advance of the reaction: moreover, they are not the same for the solid cured
resin and the liquid uncured resin [16]. However, these thermal properties
have been kept constant in these calculations.

The endothermic curves obtained with the three temperatures are ap-
proximately the same, as shown in Fig. 3.

Comparisons between heat flux—times with and without reaction

Comparisons made between heat flux—time histories obtained with and
without reaction can show that the reaction begins before the heat flux
becomes exothermic. This interesting fact is worth noting and it will be
studied in detail by considering the profiles of state of cure in the next
section.
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Fig. 3. Heat flux—time histories in DC experiments with no internal reaction, at 140, 150 and
160°C.

Profiles of temperature and state of cure in the sample

The model can provide more information than the experiments—the
profiles of temperature and state of cure developed throughout the sample
during the reaction.

These gradients of temperature and state of cure are drawn for various
temperatures of the calorimeter in Fig. 4 (140°C), Fig. 5 (150°C) and Fig. 6
(160° C), at various times.

Some conclusions can be drawn from the temperature profiles developed
through the sample:

(1) Very high temperature gradients are observed within the air layer for all
these cases, especially during the heating period. They are due to the low
thermal conductivity of air.
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Fig. 4. Profiles of temperature (left) and state of cure (right) obtained in the sample (air
layer—holder—material) at 140°C.
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Fig. S. Profiles of temperature (left) and state of cure (right) obtained in the sample (air
layer—holder—material) at 150° C.

(2) Because of the high thermal conductivity of the metal, the temperature
gradient in the holder is flat.

(3) Significant temperature gradients exist throughout the sample during the
heating period and the reaction period.

(4) The higher the temperature of the calorimeter, the steeper the tempera-
ture gradients: this is especially clear when the heat flux is maximum
(342 s at 140°C; 252 s at 150°C; 144 s at 160°C).

The profiles of state of cure developed throughout the sample are of great
interest and various conclusions can be drawn from these curves:

(1) The effect of the temperature of the calorimeter on the gradients is very
significant, for both the heating period and the reaction period. At
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Fig. 6. Profiles of temperature (left) and state of cure (right) obtained in the sample (air
layer—holder—material) at 160 ° C.
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140° C, the profiles of state of cure remain flat during these two periods.
At 150°C, the profiles are flat only during the heating period. For the
highest temperature (160 ° C), two profiles are developed during each of
these two periods: one with a higher value on the surface (the heating
period), and one with a higher value at the middle of the sample (the
reaction period).

(2) The highest value for the gradient of state of cure is obtained when the
heat flux is maximum.

(3) Part of the reaction has already occurred during the heating period. This
fact is especially significant when the temperature of the calorimeter is
high. For instance, at 150 and 160 ° C, more than 5% of the state of cure
has been attained when the heat flux reaches the value of 0. This part of
the enthalpy of cure is generally lost, especially when only the ex-
othermic part of the heat flux is registered and taken into account. This
is surely the main reason why the enthalpy of cure is lower when the
constant temperature of the calorimeter is higher (3).

CONCLUSIONS

The modelling of the process developing in the sample has been carried
out in the case of calorimetry under isothermal conditions. Mathematical
models based on numerical methods with finite differences must take into
account all the facts, not only the kinetics of the reaction (or rather the heat
evolved from the overall reaction) but also the heat transferred through the
air layer, the holder and sample.

The effect of the air layer located between the calorimeter and holder on
the heat transfer is of significance, in spite of the fact that it is very thin.

Heat flux-time histories obtained either by experiment or calculation
show that there is a temperature window of 20°C over which meaningful
data can be obtained.

Profiles of temperature and state of cure can be calculated, as they
develop through the sample. Interesting conclusions can be drawn from
these profiles. Some of them can explain the decrease in the value of the
enthalpy of cure obtained when the temperature of the calorimeter is
increased.

A fuller insight into the process has been obtained in DC mode, in the
case of a rather large sample (100-200 mg). However, the effect of the air
layer is more pronounced with a small sample, especially when the sample is
a thin sheet.
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