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ABSTRACT: Differential scanning calorimetry (DSC) is one of the most used methods for
kinetic studies of thermoset cure reactions. The basic assumption made in this tech-
nique is the proportionality between the heat generation rate and cure reaction rate. To
have access to the heat generation rate that provides information about reaction
kinetics, one must know the baseline under the measured curve. Various methods of
baseline construction are described and recommended, but most thermoset cure kinetic
studies only use a straight line between the exothermal peak start and the end. The
influence of changes in the sample’s heat capacity is rarely taken into consideration.
The use of data obtained with this type of baseline to determine kinetic parameters can
lead to significant errors. DSC thermograms in the scanning mode are simulated for
two epoxy-amine type systems of known cure kinetic and thermophysical characteris-
tics. Simulated thermograms are analyzed using a straight baseline, and different
parameter estimation techniques are applied to the resulting data to characterize the
cure reaction. The results are compared with real values. © 2000 John Wiley & Sons, Inc.
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INTRODUCTION

The optimization of thermoset molding processes
(reaction transfer molding, reaction injection
molding, prepeg cure, etc.) requires reliable sim-
ulation methods to predict and control the evolu-
tion of temperature and conversion fields in the
material during the process and the final values
when the part is unmolded.! Such methods are
generally based on numerical resolution of the
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heat equation with a source term that corre-
sponds to the heat produced by the cure reac-
tion' and is assumed to be proportional to the
rate of reaction:

da

d
heat source = A, H d—? with ar = fla, T) (1)

where f'is a kinetic function of temperature 7' and
conversion «, and a certain number of adjustable
parameters have to be determined previously. An
important problem arises: kinetic studies are gen-
erally made on small samples and, although the
set of kinetic parameters found seems to describe



the reaction kinetics well in that case, one can
still have problems when trying to simulate the
reaction in thick pieces. It has been shown that a
small error in the values of kinetic parameters,
especially the activation energy,® can have a huge
effect on the accuracy of temperature field predic-
tion.>® Consequently, the previous kinetic pa-
rameter determination must be carried out with
the best precision possible.

One of the most used techniques for cure ki-
netic studies of thermoset materials (such as ep-
oxy-amine, cyanate-ester systems, etc.) is differ-
ential scanning calorimetry (DSC).® In this par-
ticular case it has the advantage of being based on
the same assumption as the heat equation, which
is the proportionality between the rate of heat
generation and the rate of reaction. Different er-
rors may affect the accuracy of the cure kinetic
parameter determination based on DSC measure-
ments: use of an inappropriate kinetic model
function (an incorrect empirical function’ or a
simplified mechanistic kinetic model neglecting
the presence of secondary reactions, vitrification
effects,®? etc.), intrinsic defaults of the apparatus
(time lags,'® heat leaks, reproducibility of mea-
surements, etc.), and errors in the interpretation
of the DSC thermograms (baseline error). It is
known that the baseline of a DSC scan experi-
ment for a thermoset is not a straight line,'* but
it is a complicated process to obtain its real shape:
it can be obtained by heat capacity measurements
(as explained below) or direct measurement by
temperature modulated DSC.'? Nevertheless,
this recent method is still not commonly used and
most of the kinetic studies are made with conven-
tional DSC. Moreover, the type of baseline used is
generally a simple straight line drawn from the
beginning to the end of the exothermic sig-
na1‘13—15

The present article attempts to evaluate the
effect of such an approximation on the accuracy of
the kinetic parameters further calculated. In or-
der to focus only on the baseline shape effect, it is
necessary to eliminate all other error sources (in-
accuracy of the kinetic model, apparatus defaults,
ete.).

Even when using a thermoset system of a
known simple kinetic model and a very good DSC
apparatus, it is impossible to totally eliminate
this type of error. The only way to avoid experi-
mental errors is to simulate DSC thermograms
for a virtual chemical system of an imposed ki-
netic model and parameters (suppression of
“chemical” error): it would be tested with a “per-
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fect” DSC apparatus for which the monitored sig-
nal is only a function of the sample characteristics
as detailed below.

The resulting thermograms (which can be con-
sidered perfect) are analyzed with different meth-
ods of kinetic parameter determination, and the
values of the parameters found are compared to
the true values of the virtual chemical system
(used for the thermogram construction). In this
way the possible differences between the calcu-
lated and true values of these parameters may be
exclusively assigned to the DSC thermogram in-
terpretation.

EXPERIMENTAL

When considering DSC experiments, it is impor-
tant to specify some terms. The zero line is the
curve measured by the instrument without any
sample; it reflects the asymmetry of the instru-
ment. The baseline is the curve measured for a
sample that does not evolve any heat during the
experiment. Thus, the measured signal is only
due to the difference in heat capacities between
the sample and reference. In a reactive sample,
the baseline lies under an exothermal peak and
must be interpolated.

In this study two important assumptions are
made that correspond to optimal conditions: the
zero line remains horizontal over the entire time—
temperature range considered, and the tempera-
ture response of the apparatus is immediate
(“pseudo-steady-state conditions”). In such condi-
tions the signal monitored by the apparatus is
only due to the thermoset sample characteristics.

Thermodynamic Aspects

Under constant pressure conditions, the enthalpy
H of a thermoset material can be described by the
first law of thermodynamics as a function of only
two variables of state: temperature T' and degree
of conversion «. This latter variable describes the
system transformation from the unreacted state
(a = 0) to a complete reaction (o = 1):

H=fT, o) (2)

The total differential is

oH oH
dH = () dT + <> da 3)
P,a P,

oT da 7
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where (0H/0T)p , = C,(a, T) is the molar heat
capacity of the thermoset at constant pressure
and (0H/da)p p = —A,H(T) is the isobaric and
isothermal enthalpy of the reaction (assuming an
exothermic reaction).

Building DSC Thermograms

When performing a DSC experiment in the opti-
mal conditions previously described, the mea-
sured signal is due to thermoset sample char-
acteristics only and is given by the following
formula:

dH da

in which ¢ is the heating rate. The heat capacity
contribution {C,q} in eq. (4) is the underlying
baseline. It is referred to as the “true baseline” in
the rest of this article, which is in opposition to
the straight line that is used later on. The
{—A,H(da/dt)} is the heat source term due to the
chemical reaction (assumed exothermic). There-
fore, in order to simulate thermograms obtained
by DSC, one needs to know the variations of C,,
A H, and da/dt during the experiment consid-
ered.

For defined time-temperature conditions, dis-
crete values of (da/dt)(t, T) and a(¢, T) can be
calculated by a numerical integration of a kinetic
model of the thermoset cure reaction . The heat
capacity of a thermoset system under cure varies
continuously, depending on both the conversion
and temperature. As explained before, it cannot
be measured by a conventional DSC because of
the superposition of the reaction contribution [see
eq. (3)]. But the evolution C,, during the cure can
be interpolated using the following equation dem-
onstrated by Bailleul et al.':

Cp(a7 T) = CpO(T)(l - O[) + pr(T)a (5)

where C,, and C,,., are the respective heat capac-
ities of the unreacted and totally reacted thermo-
sets. This equation is similar to a simple mixing
law but is based on thermodynamic equations.
The variations of C,, and C,.. as a function of
temperature are determined experimentally. The
C,o can only be measured at low temperature
where no reaction occurs; behavior at higher tem-
peratures must be extrapolated (linear depen-
dencel). In opposition, the C,.. can be measured

over the entire temperature range under consid-
eration, the only problem being possible degrada-
tion of the material at high temperature. Never-
theless, while Bailleul et al.! chose to consider the
value of C,.. measured in the glassy state, we
chose here to consider its value in the rubbery
state because the simulated reaction takes place
exclusively in the rubbery state. So, C,.. can only
be measured at high temperature and has to be
extrapolated for low temperatures (linear depen-
dence, too, according to our measurements on dif-
ferent systems).

The variation of the reaction enthalpy, assum-
ing a total reaction during the DSC scan, is only a
function of temperature, following Kirschoffs law:

AH(T,) = AH(T,)

T:
+ f (Cpe(T) = Cio(THAT  (6)

To

Finally, to build a thermogram, one only needs a
kinetic model and the values of C,(T), C,..(T),
and A H(T) (T, is a reference temperature).

Models

For the present study, the cure kinetic models
and thermophysical and thermochemical param-
eters used are representative of those measured
in our laboratory or found in the literature for
different thermoset systems such as various ep-
oxy-amine systems'® (heat capacities varying be-
tween 1 and 2 J/g/K, heat of reaction between 300
and 500 J/g, activation energy between 60 and 80
kJ/mol, gel times of a few minutes between 100
and 200°C, and no vitrification effect during DSC
experiments). The cure reactions are described by
a simplified Kamal-Sourour model containing
only two adjustable parameters in order to sim-
plify the calculations and interpretations. Al-
though many epoxy-amine systems do not follow
such a simple kinetic law (difference of reactivity
between primary and secondary amines) exactly,
such a model is available for certain ones'” and is
an acceptable approximation for many others, so
its choice is sufficiently representative.

In order to illustrate the influence of the cata-
lytic model, two different simple kinetic models
were investigated: an autocatalytic one, corre-
sponding to an epoxy-amine system, whose phys-
ical and kinetic parameters were identified with
an inverse method?®; and a noncatalytic one whose



physical and kinetic parameters do not corre-
spond to a specific chemical system but are rep-
resentative of the usual ones.

The numerical values used for building ther-
mograms are listed below. The kinetic parameter
values given here are referred to as true data for
the rest of the article in opposition to experimen-
tal values that are later determined from simu-
lated thermograms analysis by different methods.

Also, in the following sections the kinetic model
is assumed to be nth order (as already explained)
and no discussion about the way to determine this
order is made (n = 2 for the noncatalytic model
and 2 + 0.65 for the autocatalytic one). This study
only focuses on the determination of its adjust-
able parameters £ and E in “DSC anisothermal
curing”: the unreacted sample is placed directly in
a DSC oven and submitted to a scan from low to
high temperature in order to obtain a complete
reaction.’”® This can be carried out at different
heating rates.

In the present study all thermograms were
simulated with temperatures ranging from 27 to
327°C (300-600 K) at different heating rates. The
kinetic model was integrated by a fourth-order
Runge—Kutta method with a time step of 5 s and
an initial degree of conversion equal to zero at the
beginning of the experiment. The temperature of
the sample was

T = qt + 300 (K) (7

where q is the scanning rate and ¢ is the time. The
heat capacities (J/g/K) were

Coo(T) = 0.9 + 0.0026T
C,.(T) = 1.8 + 0.0003T
C,(x, T) = (1 — x)Cpo(T) + xC,.(T) (8)

Autocatalytic Systems

The first kinetic model was

do

-E
g =k exp(RT)(a +0.07)°%(1 — a)?  (9)

where k.. = 9.3 X 10°s™ 1 E, .. = 67.6 kJ/mol,
and R = 8.314 J/mol/K. The reaction heat was

ArPItrue(T'O) =440 J/g

with T, = 300 K.
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Figure 1 DSC thermograms of the noncatalytic sys-
tem at scanning rates of 2, 5, 7.5, 10, 12.5, and 15°C/
min for the peaks from left to right, respectively, and
their true sigmoidal baseline (Cp(x, T)dT/dt) as a
function of temperature.

The second kinetic model was

da B y
E =k exp(RT>(1 - Ol) (10)

where k,,.,. = 10 s7, E,... = 70 kJ/mol, and R
= 8.314 J/mol/K. The reaction heat was

AI“Htrue(TO) = 400 J/g

with T, = 300 K.
Thus, the DSC thermogram can be calculated
in three steps:

1. For a given scan rate g, the time-tempera-
ture profile is calculated between 300 and
600 K [eq. (7)].

2. The reaction rates and conversions are cal-
culated (as a function of the time—tempera-
ture profile previously calculated) using eq.
(9 and 10) and a Runge—Kutta integration
method.

3. The DSC signal is then calculated using
eqs. (4)—(6) and the previous values of «
and da/dt.

RESULTS AND DISCUSSION

Figure 1 shows simulated thermograms (obtained
with the non catalytic model) as a function of
temperature for six heating rates ranging from 2
to 15°/min, which correspond to the usual values
found in the literature. (The curves corresponding
to the autocatalytic model are not represented
because they are very similar.) Figure 2 repre-
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Figure 2 DSC thermograms of the noncatalytic sys-
tem at scanning rates of 15, 12.5, 10, 7.5, and 5°C/min
for the peaks from left to right, respectively, and their
true sigmoidal baseline (Cp(x, T)dT/dt) as a function
of time.

sents the same thermograms as a function of
time, except for the thermogram at 2°C/min that
is out of scale. In the rest of the article the scan-
ning DSC experiments are represented as a func-
tion of time; the previous figures allow the reader
to calculate the corresponding temperatures if
necessary. Even if the experiment at 2°C/min is
not always represented in the figures because of a
problem of scale, it was always taken into account
in all calculations.

The “real baselines” are also plotted in Figures
1 and 2. As already explained, although it is
known that such a baseline is a sigmoid,* most of
the reaction kinetic studies in the literature use a
simple straight line between the beginning and

end of the reaction points. It can be chosen arbi-
trarily or by defining the beginning of the reaction
as the moment where the signal derivative begins
to rise and the end as the moment when it ap-
proaches zero for the second time (the first time
being the maximum of the thermogram).

Although the enthalpy of the reaction varies
with the temperature, in most studies found in
the literature'”'® this value is considered as a
constant equal to the integral of the DSC exother-
mal peak. In the present case, for a temperature
ranging from 300 to 600 K, the A, H(T) varies
from 360 to 410 J/g for the noncatalytic system
and from 420 to 460 J/g for the autocatalytic one,
which is not negligible.

To measure the effect of the variation of C, (on
the baseline and enthalpy of reaction values), exo-
thermal peaks of simulated thermograms were
integrated with a straight baseline: the corre-
sponding area was noted as AHpgogean- The re-
sulting values listed in Table I show that the
AHpgcscan 18 Toughly constant (AH pgegean =~ 364
+ 5 and 419 + 8 J/g for the autocatalytic and
noncatalytic systems, respectively): it can be con-
sidered as independent of the heating rate in
agreement with the assumption made on A,H
being constant in the entire temperature range.
But it is obvious that the heat of reaction slightly
decreases when increasing the scanning rate,
which is consistent with reported observations
made on different chemical systems.'®?° In fact,
because of the shape of the thermogram, it is

Table I Heat Evolved during DSC Scans Calculated with Straight Baseline
(AHpgcsean) and True Baseline (@) and Comparison with

Isothermal Heat of Reaction [A, H(T,,
at Maximum Temperature (T,

ax:

)] Calculated
) of DSC Peak

Scan Rate (°C/min)

2 5 7.5 10 12.5 15
Autocatalytic
system
AHpgcscan (J/8) 427 425 422 417 414 411
T nax (K) 360 380 396 409 411 415
AH(T,,..) J/g) 451 453 454 454 454 454
Q (J/g) 450 448 446 444 441 439
Noncatalytic
system
AHpgcscan (J/8) 368 368 368 366 362 359
T nax (K) 414 432 440 446 451 455
AH(T,,..) J/g) 409 408 407 406 405 405
Q J/g) 405 401 399 396 394 392
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Figure 3 The physical meaning of the heat @ evolved
during a DSC scan.

obvious that most of the heat is evolved around
the maximum 7', which does not vary too much
for scanning rates between 2 and 15°C/min (see
Table I); this explains the fact that the heat
evolved during the reaction @ ~ A H(T,.,) is a
constant with @ = [} A, H(«, T)da. However, it
may be pointed out that the value of AHpgcgcan 18
not equal to @. (The physical meaning of @ is
illustrated in Fig. 3.). In this case, the choice of a
correct baseline affects the value of the calculated
heat of reaction by about 10%. It is also clear that
the so-called “enthalpy of reaction” measured dur-
ing a DSC scan AHpgcgean COrresponds neither to
the real (isothermal) enthalpy of reaction nor to
the heat evolved during the DSC scan.

Moreover, the choice of a straight baseline can
also affect the values of the reaction rate and the
degree of conversion that is generally calculated
by partial integration'® as follows:

da ™o 1 (dH - BL(. T )
E(t’ )exp_m W(t’ ) — t, T)
t
> dH(t, T)
0
aexp(ta T) - AHDSCscan (11)

where BL(t, T') is the baseline value, (dH/d¢t)(t,
T) is the DSC signal at time ¢ and temperature 7,
and dH(¢, T) is the partial area between ¢ — dt
and ¢ that is calculated by the trapezoidal
method.

As can be seen in Figures 4 and 5 for the
noncatalytic system, the discrepancy between the
calculated values and true ones (obtained with
the kinetic model) is not negligible, but it is al-
ways less than 10%. The effect is equivalent for
the autocatalytic system (not represented). Could
these relatively small mismatches have a signifi-
cant influence on kinetic parameter determina-
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Figure 4 The reaction rate of the noncatalytic system
as a function of time at scanning rates of 15, 12.5, 10,
7.5, and 5°C/min from left to right, respectively. The
thin lines represent the true values (from the kinetic
model), and the thick lines represent the calculated
values with a straight baseline.

tion? In order to answer to this question, four
different methods of kinetic parameter identifica-
tion were tested on both systems.

For such a simple kinetic model (with only one
activation energy), the easiest way to determine
E is Kissinger’s method?! that consists of measur-
ing the maximum temperature 7', and then
drawing In[DSCscanning rate/T% ] against 1/7T.
The results are illustrated in Figure 6 for the
noncatalytic system and lead to an activation en-
ergy value of 70.5 kd/mol, which is very close to
the true value of 70 kJ/mol. For the autocatalytic
system, the calculated activation energy value is
68 kd/mol, in spite of 67.6 kd/mol for the true
value. These results are not surprising because in
this method the determination of E only depends
on the measurement of 7T',,, which is not very
sensitive to the baseline shape.

0 < ,

0 1000 2000 3000 4000
time (s)

Figure 5 The conversion of the noncatalytic system
as a function of time at scanning rates of 15, 12.5, 10,
7.5, and 5°C/min from left to right, respectively. The
thin lines represent the true values (from the kinetic
model), and the thick lines represent the calculated
values with a straight baseline.
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Figure 6 The determination of the activation energy
by the Kissinger method for the noncatalytic system.

Another way to determine k2 and E is the clas-
sic Barett method,!” which consists of the follow-
ing plot:

W VS T (12)

One must have a unique straight line whatever
the heating rate is. Figure 7 shows that this as-
sumption is roughly verified for the noncatalytic
system for a temperature range between 110 and
200°C (0.0021 < 1/T < 0.0026), that is to say in
the usual range of temperature reaction. Diver-
gence of all the curves at the beginning and end of
reaction can be explained by the fact that da/dt
tends to zero at these points, so that the loga-
rithm function diverges. Consequently, these ex-
tremities of the curves are neglected for linear
regression and only the points measured between
110 and 200°C are taken into account.
The plot of

da

dt (1
In (a +0.07)°%(1 — a)?) f(T)

for the autocatalytic system (not represented)
gave similar curves.

Table IT gives the results of the linear regres-
sion for both systems. Although activation ener-
gies found by this method are fairly constant
within the experimental error whatever the scan-
ning rate is (E.,, = 76 = 1 or 75.5 * 2 kJ/mol for
the autocatalytic and noncatalytic systems, re-
spectively), these mean values are different from
the true ones (£, ,. = 67.6 and 70 kJ/mol, respec-
tively).

We found evidence that using a straight base-
line has an important effect on the activation
energy values one determines. This effect is even
more important on %k values showing a larger
dispersion and total inaccuracy (&, ranging be-
tween 1 and 2.5 X 10® s~ ' instead 0f 9.3 X 10°s !
or between 3 and 10 X 10® s ! instead of 10° s !
for the autocatalytic and noncatalytic systems,
respectively). In fact, as % is calculated as the
exponential of the intercept, which is an extrap-
olation to zero of values measured between 0.0021
and 0.0026, a very small variation of the E.,,
value has an irremediable effect on the % calcula-
tion.

This points to one limitation of this type of
Arrhenius plot: the activation energy is deter-
mined with a reasonably weak dispersion (*+2
kd/mol), which can be interpreted as a validation
of the kinetic parameter, while the result is
wrong.

A more sophisticated way to determine activa-
tion energy parameters is the isoconversional
method?? introduced by Montserrat and Malek.
Like the two preceding methods, it can be used for
a kinetic model in the following form:

do

a7 = feg(

where [ is a function of « only and g is a function
of T only. Our models agree with this assumption.

For a given conversion «;, the corresponding
values of (da/dt);; and T;; can be measured for
each scanning rate (dT/dt);. So, for each conver-

lﬂ(da / dt/(l‘a 3]
4

17 : . : ‘ .
0.0018 0.002 0.0022 0.0024 0.0026 0.0028 0.003
1T

Figure 7 The In[(da/dt)/(1 — «)?] for the noncata-
lytic system as a function of the inverse of the absolute
temperature calculated for scanning rates of 2, 5, 7.5,
10, 12.5, and 15°C/min. The thick line represents the
true values calculated with the kinetic model.
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Table II Values of E and . Calculated by Linear Regression for Different Scanning
Rates Using Barett’s Method
Scan Rate (°C/min)
2 5 7.5 10 12.5 15 True Value
Autocatalytic system
E (kJ/mol) 76.7 77.7 75.7 75.7 75.4 75.7 67.6
E X 1075 (s™h 206 251 126 126 108 115 9.3
Noncatalytic system
E (kJ/mol) 77.5 75.6 74.0 73.7 74.0 74.2 70
Ex10°%@6™h 9.8 5.8 3.3 3.0 3.2 3.4 1
sion degree «;, the values of In(da/dt);; can be experimental points around the regression

plotted against 1/T;. For the two kinetic models
this gives

da
ln<

a

RT,

dt)ij =1Ink + In(f(a;) —

(13)

The interest of such a method is twofold: one does
not have to make any assumptions on function
fla) and afterward the variations of the apparent
activation energy E _, with conversion can provide
information on the reaction mechanism.??

In our case the activation energy is supposed to
be constant, so the resulting plots must be
straight lines with a constant slope over all the
conversion range.

The results obtained [calculated with eq. (11)
and a straight baseline] for different «; values are
illustrated in Figure 8 for the noncatalytic system
(nonrepresented equivalent plot for the autocata-
lytic system). It can be seen that the dispersion of
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Figure 8 The determination of the activation energy
by the isoconversional method for scanning rates of 2,
5, 7.5, 10, 12.5, and 15°C/min for different o values in
the noncatalytic system.

straight lines is relatively small. So we suppose
we can determine the activation energy with good
accuracy. Figures 9 and 10 show that the mea-
sured E values are relatively close to the true
ones. However, whatever the system E regularly
varies with conversion: the conclusion of such a
study would be that the activation energy is not
unique, showing that the proposed kinetic model
is not true.

In fact, this shows that when using this isocon-
versional method, the choice of the baseline is
crucial and may drastically change the conclu-
sions of the study.

The last method tested here for anisothermal
DSC is a numerical method consisting of finding &
and E by minimizing the least squares (LS) cri-
terion between measured values (obtained by
DSC) and calculated ones (obtained by integrat-
ing the kinetic model for the same time—tempera-
ture profile).'® This method can be applied to the
conversion values or to the rate of conversion
values for the autocatalytic (see Figs. 11, 12) and
noncatalytic (not represented) systems. The LS
criterion was minimized on the rate of conversion

E (kJ/mol)

-

Figure 9 The activation energy of the autocatalytic
system determined by the isoconversional method as a
function of a.



2270 DUPUY, LEROY, AND MAAZOUZ

71 -
70 J te ., . 1
69 <{ . 1
68 |
67 .
66 S
65 | :

0 0.5 1

E (kJ/mol)

o

Figure 10 The activation energy of the noncatalytic
system determined by the isoconversional method as a
function of a.

using Microsoft Excel Solver. The choice of a pri-
ori values for £ and E (in the range of values
found in literature: 50 < E < 100 kJ/mol and 10°
< k < 10° s 1) did not seem to have a significant
influence on the final optimized values that are
shown below:

ek =1.0x10%stand E = 75.0 kJ/mol is
totally different from the true ones for the
autocatalytic system.

ek =1.0x10%°s tand E = 70.0 kJ/mol is
exactly equal to the true ones for the non-
catalytic system.

The last results illustrate the strong correlation
between parameters®® k and E, which makes
their simultaneous identification by the LS
method very hazardous.

CONCLUSION

This article attempted to show the influence of
common assumptions made when using DSC to

1 ;
0.9 -
0.8 |
0.7 -
0.61
|
5 05
o.4j

02

0.1 4
0- ‘ : :
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Figure 11 A comparison of the conversion values of
the noncatalytic system obtained from DSC measure-
ments (thin lines) and calculated values (thick lines) at
scanning rates of 5, 7.5, 10, 12.5, and 15°C/min from
right to left, respectively.
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Figure 12 A comparison of the rate of conversion
values of the noncatalytic system obtained from DSC
measurements (thin lines) and calculated values (thick
lines) at scanning rates of 5, 7.5, 10, 12.5, and 15°C/min
from right to left, respectively.

calculate kinetic parameter values of thermoset
systems. The baseline is supposed to be a straight
line and the heat of reaction can be measured by
DSC scanning (commonly at 10°C/min).

The process of anisothermal DSC data using
these assumptions leads to more or less accurate
values of the activation energy, depending on the
parameter estimation technique used. Kissinger’s
method enables values to be obtained with a re-
markable accuracy, but the classical Barrett’s
method and the LS fit can lead to clearly inaccu-
rate values of activation energy E and preexpo-
nential factor k2. The isoconversional method was
also tested; it gives a relatively good estimation of
the activation energy but leads to the conclusion
that E varies with conversion, which is unaccept-
able.

These results can explain the fact that many
authors® observed that, for a given chemical sys-
tem, the kinetic parameters obtained with aniso-
thermal DSC are different from those obtained
with isothermal DSC (or mixed mode).

It was also pointed out that anisothermal DSC
does not enable an enthalpy of reaction, which is
a function of the temperature to be measured, but
leads to values inferior by about 10% in this case
to the mean value of A H in the temperature
range considered. This last observation may ex-
plain the differences in the values of the heat of
reaction observed in the literature® for the same
reactive system, depending on the method used:
DSC in scanning mode, isothermal mode, or
mixed mode (consisting of an isothermal cure fol-
lowed by an anisothermal measurement of resid-
ual heat).

One has to keep in mind, however, that these
results may depend on the kinetic function and



parameters used and even more on the variation
law of C,, with temperature and conversion. For
some other thermoset systems, the differences
between experimental and true values would be
smaller (e.g., in a small variation of C,), while for
another material it would be exacerbated.

NOMENCLATURE

H enthalpy (J/g)

T temperature (K)

« degree of conversion

doldt rate of conversion (s 1)

C, heat capacity (J/g/K)

C,o C, of the unreacted thermo-
set resin (J/g/K)

C,. C, of totally reacted thermo-

set material in rubbery
state (J/g/K)

AH enthalpy of reaction (abso-
lute value, J/g)

A H(T,) value of A,H at reference
temperature T, (J/g)

A Hp residual enthalpy of the re-
action (after an isothermal
cure, J/g)

AH pscsean heat measured during DSC

in scanning mode with a
straight baseline (J/g)

E activation energy of the sec-
ond-order reaction kinetic
model (J/mol)

k preexponential factor of the
second-order reaction ki-
netic model (s™1)

q = dT/dt heating rate (°C/s = K/s)

AH, oo Ay Hpirwe, truevalues of AH, A Hp, k,
Kiruer Eirue E, respectively

A Hy, A Hpey,,  experimental values of A, H,
Kexps Eexp A Hg, k, E, respectively
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