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Abstract

A simple and well-known polyaddition reaction is used as test reaction. The formal-kinetic evaluation of the data sets from
11 participants of laboratories in industry, universities and manufacturing companies permits representative and well-founded
conclusions. In spite of always possible statistical and systematic measurement errors and mathematical artefacts, all
calculated individual parameter sets for the most probable formal-kinetic model allow reliable predictions of the reaction
behaviour for any complex temperature—time conditions. The simultaneous evaluation of non-isothermal measurements at
different heating rates and isothermal data sets at various temperatures is not only possible but even highly desirable. The DSC
as well as other thermoanalytical methods are in combination with multivariate kinetic analysis, a powerful tool for process
prediction and optimisation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

A number of thermoanalytical methods, above all
DSC, TG and DMA, are frequently used for the study
and optimisation of technical processes. Two main
problems have to be solved in the kinetic evaluation of
the underlying chemical reactions. In the first step, a
series of measurements with many data points is
reduced to few parameters of a (formal) kinetic model.
Using this model, it should be possible in the second
step to make reliable predictions concerning the reac-
tion behaviour for any temperature—time conditions.
Most reactions occur in a sequence of elementary
reactions. Therefore, in DSC, the measured heat flow
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rate is the overall signal of all simultaneous and/or
consecutive steps.

From the physico-chemical point of view, the objec-
tive of a kinetic evaluation is the description of the
overall process as the sum of all or at least of all
important elementary steps. Each of these steps are
characterised by its heat of reaction and its (Arrhenius)
activation parameters. Such a procedure is extremely
time-consuming, requires the knowledge of the initial,
final and all intermediate states and is not possible
without the coupling with numerous other analytical
techniques [1].

The alternative and custom-made evaluation for the
practician is the use of a formal-kinetic model [2].
Using vocabulary and basic ideas of the usual reaction
kinetics, the overall reaction is now described by the
combination of formal reaction steps. As a rule, these
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steps may not be interpreted as really existing che-
mical reaction steps. The main advantages of this
procedure are the low consumption of time and the
possibility to evaluate also systems of unknown che-
mical composition. Only a small disadvantage results
from the fact that the obtained process parameters and
derived conclusions are valid just for this tested com-
position.

Of course, the so-called model-free analysis [3-5]
as a further variety of formal-kinetic evaluation often
permits the description of the overall process by an
apparent and conversion-dependent activation energy.
But this procedure is not so versatile and fails if
independent parallel reactions, reversible reactions,
reactions with combinations of endo- and exothermic
reactions and reactions with partial diffusion control
exist in the reaction mechanism [6].

The round-robin test concerning the formal-kinetic
evaluation of a relatively simple and well-known
polyaddition reaction was initiated by the working
group ‘Polymers’ of the German Society for Thermal
Analysis (GEFTA). The two principal objectives were
as follows:

1. Is it possible to describe the data sets obtained in
different laboratories and with different types of
DSC devices with the same formal-kinetic model
and with comparable fit quality?

2. Which influence have the scattering formal-kinetic
process parameters on the predictions of the
reaction behaviour? In other words, is the scatter
acceptable for the practician?

Evaluating the data sets from 11 participants of
laboratories in industry, universities and manufactur-
ing companies, it should be possible to obtain repre-
sentative and well-founded results.

2. Experimental

The investigated test reaction was the linear step-
growth and solvent-free polymerisation of the 1:1
mixture of bisphenol-A-diglycidyl ether (DGEBA)
and N,N'-dibenzyl-4,4'-diamino-diphenylmethane
(DBMDA). The glass transition temperature of the
produced polymer with M,;>10,000 is T,=(88+3)°C.
The fundamental steps of the reaction mechanism are
known [7]. Some individual steps are autocatalytically

activated. The small differences in the heat capacities
between reactants and product are advantageously for
the construction of the peak baseline. A further advan-
tage of the chosen system is the low T,, which was
always clearly lower than the programme temperature
for all planned dynamic and isothermal experiments.
This avoids complications by an eventual partial
diffusion control of the reaction [8].

The micro-heterogeneous mixture of the both solid
components was obtained by careful and intensive
mixing of the solid components. It is absolutely stable
below of the melting temperature of the epoxide
(41°C). The mixture was given to all participants of
the round-robin test.

Further, the following recommendations were made
to obtain measurements which are appropriate for
kinetic evaluations:

1. General conditions of the test programme:

1.1. temperature programmed (dynamic) mea-
surements using at least three strongly
differing heating rates;

The highest heating rate should not be
higher than 5 Kmin~', because at higher
heating rates the final temperature for a
quantitative reaction is clearly higher than
525 K and disturbing side reactions cannot be
avoided.

1.2. isothermal measurements at 400, 430 and
460 K;

These temperatures are a compromise
between an acceptable reaction time (<6 h)
and the reliable possibility of correcting the
initial phase of the reaction. This correction
is necessary because the steady state condi-
tions are disturbed by the insertion of the
sample in the DSC.

1.3. a second run with the reaction product
immediately after the reaction and using
identical measuring conditions.

2. Conditions for sample preparation:

2.1. melting of the sample and consequently
homogenising of the reaction mixture by
rapid heating to 115°C in the DSC, holding
time about 30 s;

2.2. quenching of the molten sample to 70-80°C;
the sample remains in a subcooled liquid state;
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Table 1

Code number of the participants, equipment and measurements carried out

Code no. Equipment Heating rates Isothermal reaction
(K min~ ") temperatures (K)
1 SETARAM 141 0.25,1,4 -
2 NETZSCH, DSC 204 1,2,5 400, 430, 460
3 Perkin-Elmer, DSC7 05,1,2,5 400, 430, 460
4 TA Instruments, MDSC 2920 05,1,2, 4 -
Perkin-Elmer, DSC2 0.25,0.5,1,2,5 400, 410, 430, 440, 460, 470
5 NETZSCH, DSC 204 1,2,5 -
6 Perkin-Elmer, DSC7 1,2,5 400, 430, 460
7 METTLER, DSC 821 1,2,5 -
8 TA Instruments, MDSC 2920 05,2,5 -
9 Perkin-Elmer, DSC7 1,2,5 -
10 Perkin-Elmer, DSC7 0.25,1,5 -
METTLER, DSC 820 0.25,1,5 -
11 TA Instruments, MDSC 2920 0.25,1,5 -

2.3. immediate start of the measurement after
reaching the thermal steady state conditions.

The small partial reaction during this pre-
treatment can be neglected, as the rate of the
non-catalysed reaction is much slower than that of
the autocatalysed reaction steps [7].

3. Further conditions:

3.1. sample weights about 10 mg; use of standard
aluminium pans with pierced lids;

3.2. an additional run with an indium calibration
sample (heating rate 2 K min~') in order to
realise the later desmearing of the reaction
curves.

The correct temperature, caloric and heat flow rate
calibration and the careful correction of the zero-line
behaviour of the DSC is presupposed [9]. Table 1
summarises for all participants code number, available
equipment and the experiments carried out.

3. Evaluation and pre-treatment of the DSC raw
data

The kinetic modelling by means of multivariate
non-linear regression was carried out using the soft-
ware ‘NETzscH Thermokinetics’ [2,10]. This program
calculates the optimal parameters for the chosen
model, which can include single or multi-step pro-

cesses (to a maximum of four steps). It is possible to
combine concurrent, reversible and consecutive par-
tial reactions. Every step can be described by the usual
rate laws of reactions in homogeneous or heteroge-
neous phases. The present software version allows
eight measurements to be loaded in the same project.
Therefore, the model calculations were carried out
separately for each participant of the round-robin test.
After loading in the data and before starting the kinetic
evaluation, all measurements were desmeared,
smoothed and temperature-corrected with regard to
slight self heating of the samples. The required cor-
rection function for this operation is calculated in the
kinetics software from the individual shape of the
melting peak of high purity indium. For the chosen
heating rates and isothermal temperatures the influ-
ence of this correction is very small.

If a participant had made both temperature-
programmed and isothermal runs, the corresponding
data sets were evaluated separately as well as com-
bined in a common data set.

In arecent paper [11], itis claimed that dynamic and
isothermal data sets cannot be described by the same
process parameters, if a fitting procedure, based on a
model, is used. The results of this round-robin test
prove definitely that this statement is not correct. It is
correct that under some conditions, dynamic and
isothermal measurements cannot evaluated commonly
via the same kinetic model. But this is almost always
due to the fact that the path of reaction changes with
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the different measurement conditions. Therefore, the
failing of a common analysis is not a deficiency of the
procedure of kinetic analysis, but a clear indication
that the used model has no general validity for the
conditions of all measurements. If, for example, dur-
ing annealing the diffusion control becomes signifi-
cant, this must be considered by the kinetic model.
Then a common evaluation of dynamic and isothermal
measurements will be successful [8].

The main sources for systematic errors are uncer-
tainties in constructing the baseline of the DSC mea-
surement. This is true for both dynamic measurements
(caused by temperature intervals of more than 200 K)
and for isothermal experiments (caused by measuring
times of several hours). Assuming a perfect stability of
all device parameters and an ideal correction of pos-
sible device asymmetries by subtracting the zero-line
from the measurement, one should expect a linear
baseline with a small slope towards the endothermic
direction. This was concluded from some additional
measurements of the participants 3, 4 and 11 using the
temperature-modulated DSC [12]. The temperature-
modulated DSC allows the direct measurement of the
baseline by splitting the total heat flow into two
components. The so-called reversing heat flow rate
is proportional to the temperature dependent heat
capacity A.C,(T) of the reaction mixture and corre-
sponds to the required baseline. Considering the
repeatability of the heat capacity curves (Fig. 1) within
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Fig. 1. Heat capacity functions, obtained from MDSC measure-

ments by the participants 3, 4 and 11; solid lines: first run; broken
lines: second run; the arrows indicate the error probabilities.

the same laboratory (+2.5 to £3%) and an only
insignificantly worse reproducibility of the different
laboratories (£4 to £5%), one obtains a heat capacity,
which increases nearly linear by 0.2Jg 'K
between start and end of the reaction. If one assumes
aheating rate of 1 K minfl, the calculated offset of the
DSC signal between start and end of the reaction
amounts to 3.3x107° W g~'. This corresponds to
about 3% of the maximum heat flow rate caused by
the chemical reaction. Because this value is within the
errors of the measured heat flow rates, it is possible to
assume a nearly constant heat capacity to a fairly good
approximation.

The quality of the DSC curves can be estimated by
comparison with the second run of the reaction pro-
duct, considering temperature ranges without reaction.
Possible deviations from the ideal situation are clearly
indicated by different curvatures, slopes >3% or even
slopes in the false (exothermic) direction. Such devia-
tions were the rule and not the exception. If first and
second run showed the same curvature and/or only
insignificant differences in the slope, it was assumed
that it is justifiable to obtain the curve for the kinetic
evaluation by subtraction of both runs. The most
probable reasons for curvatures and pronounced
slopes are different sample geometries and heat trans-
port conditions for zero-line and measurements.

Three participants had made only the zero-line
corrected first run. This is somewhat problematic,
because a possible curvature of the baseline can be
neither detected nor corrected. In these cases, the
baseline was taken as simple straight line between
the most probable starting and end points of the
reaction.

In two cases, a further uncertainty factor resulted
from the necessary pre-treatment period, because the
molten reaction mixture could not be cooled down to
the start temperature fast enough due to large furnace
inertia and/or insufficient cooling capacity. In such
cases, the start of the reaction is interfering with a
broad melting peak.

The baseline of isothermal measurements is con-
structed by extrapolating the measured heat flow rate
value after completion of reaction. This is correct if
there is no noticeable drift of the signal at this
moment, of course, in the hope that this is also valid
for the total reaction time. Only such curves were
included in the kinetic evaluation. For all isothermal
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measurements, the initial phase (60-600 s, strongly
dependent on the thermal inertia of the device) could
not be evaluated precisely. The necessary correction
was made in two steps. In the first one, the rerun of the
fully reacted sample was subtracted from the first run.
This eliminates the error to the greatest part. There-
after, the remaining uncertainty during the first 60 s
should be strongly reduced by extrapolation of the

-0.15 A

heat flow rate in W g”

0.20 A signal at later reaction times [1].
The Fig. 2 shows dynamic experiments for a heating
2,4, 7and 8 .1 ..
025 _ . _ . , . ‘ . rate (2 K min™ ") chosen by most of the participants. It
80 100 120 140 160 180 200 220 240 is representative for the scatter of the DSC curves after
temperature in °C applying all mentioned corrections. As already men-

tioned, the kinetic analysis is a peak shape analysis
and therefore one would state a rather unfavourable

initial situation. The average heat of reaction for 51
1

Fig. 2. Start situation for the formal-kinetic evaluation: compar-
ison of the experimental DSC curves at 2 K min~' after applying
the most probable base line (curves are shifted and slope

corrected); code numbers 2, 4, 7 and 8: rather good comparability; measurements is —(2734+15)J g~ and is consistent
3,5, 6 and 9: more distinctive differences. with the published value of —272.27J g71 [7].
Table 2
The optimum formal-kinetic parameters for all participants of the round-robin test®
Code Mode of log A, E4, log A, Es» n m Correlation
no. measurements s™hH (kJ mol ™) s™h (kJ mol ™) coefficient
1 Dynamic 4.924+0.05 70.52+0.43 3.5940.04 52.7240.36 1.4240.01 1.10£0.02 0.999838
2 Dynamic 5.14+0.04 72.97+0.31 3.324+0.03 50.96+0.28 1.49+0.01 1.10+001 0.999915
Isothermal 5.19+0.04 73.14+0.39 3.75+0.04 54.72+0.38 1.59+0.02 1.10+0.02 0.999796
Mixed 5.43+0.03 75.27+0.31 3.424+0.03 51.10+0.28 1.49+0.01 1.09+0.01 0.999757
3 Dynamic 5.15+0.04 70.89+0.30 3.33+0.05 50.39+0.43 1.48+0.01 1.29+0.02 0.999787
Isothermal 5.274+0.03 72.98+0.24 3.2940.03 49.74+0.28 1.46+0.01 1.14£0.01 0.999871
Mixed 4.57+0.04 66.68+0.34 3.71+0.05 53.92+0.45 1.49+0.02 1.10+0.02 0.999415
4 Dynamic 5.00+0.06 71.60+0.49 4.01+0.03 56.454+0.31 1.484+0.01 1.01001 0.999770
Dynamic 4.80+0.02 69.73+0.17 3.65+0.01 52.84+0.09 1.51+0.01 1.13£0.01 0.999939
Isothermal 5.12+0.03 72.53+0.25 3.64+0,03 53.03+0.23 1.4240.01 1.10+001 0.999828
Mixed 4.95+0.01 70.92+0.14 3.57+0.01 52.18+0.09 1.50+0.01 1.14+0.01 0.999909
5 Dynamic 4.82+0.05 69.10+0.42 3.14+0.06 48.53+0.50 1.47+0.01 1.21£0.02 0.999841
6 Dynamic 4.394+0.04 66.294+0.33 3.50+0.03 51.924+0.30 1.4240.01 1.09+0.01 0.999890
Isothermal 3.7440.05 60.91+0.47 3.97+0.06 56.45+0.49 1.39+0.02 0.96+0.02 0.999774
Mixed 4.11+0.03 64.14+0.24 3.734+0.03 54.114+0.25 1.414+0.01 1.02+0.01 0.999750
7 Dynamic 4.67+0.06 69.454+0.45 3.884+0.04 55.354+0.32 1.4240.01 0.96+0.01 0.999838
8 Dynamic 4.39+0.05 66.58+0.36 3.85+0.03 54.74+0.31 1 554001 1.06£0.01 0.999934
9 Dynamic 3.9440.12 62.01+0.93 4.19+0.09 57.87+0.82 1.41+£0.01 1.13+0.04 0.999049
10 Dynamic 5.27+0.07 74.81+0.69 3.52+0.02 52.49+0.18 1.40+0.01 0.88-+0.01 0.999827
11 Dynamic 4.76+0.06 68.421+0.46 3.284+0.05 49.10£0.50 1.73£0.03 1.34+0.03 0.999633

?In the mixed mode of evaluation dynamic and isothermal measurements are analysed simultaneously; the standard deviations of
parameters are calculated using known procedures [14].
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4. Results and discussion

The most simple formal-kinetic model that pro-
duces a nearly perfect fit of the scans of all data sets
corresponds to a process with the following two
competitive reactions:

e=p
2

d E E
— dé =Ajexp (— RAT1> e* + Arexp (— RAT2> e"p™

where e and p are concentrations of reactant and
product, A and E, the Arrhenius parameter and n
and m are the formal reaction orders.

If during the kinetic calculation the formal order of
the reaction 1 is also optimised, then one always
obtains values very close to 2. Therefore, it was set
constant at 2 for all further calculations. The reaction 2
is autocatalytic, its formal reaction orders n and m are
used as free optimisation parameters. The model
corresponds approximately to a frequently used over-
all equation for the epoxy curing, known as Sourour—
Kamal equation [13]. In this equation, the formal
reaction order for the reaction 1 is identical to n of
the reaction 2.

In Table 2, the formal-kinetic process parameters
are summarised for the data sets of all participants.
Each data set is self-consistent, indicated by high
correlation coefficients and a very small sum of least
squares. This is valid for both, power compensated and
heat flux DSC’s. But the differences of corresponding
process parameters are relatively high for all partici-
pants. This seems to confirm the above-mentioned
reservations with respect to the usefulness of the
experimental data for a kinetic evaluation. The stan-
dard deviations of parameters, determined by using
common statistic procedures [14] for one and the same
data set, are always much smaller than differences
between the parameters of various data sets (Table 2).
This apparent contradiction results from the erroneous
measurements (Fig. 2), from the correlation between
the measurement errors within a single scan (see
Appendix A), and above all from the mathematical
structure of the Arrhenius equation [15,16]. The cor-
relation matrix shows for both formal reaction steps an
extremely high correlation between activation energy
and pre-exponential factor. The consequence of this is

5.5
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4.0 -

60 62 64 66 68 70 72 74 76

E, in kJ mol”’

42 ' 9
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48 50 52 54 56 58
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Fig. 3. The effect of the high correlation between the activation
parameters (apparent compensation effect) for the two reactions of
the formal-kinetic model; repeated code numbers: results for non-
isothermal, isothermal and mixed data sets, compare Table 2.

the so-called apparent compensation effect between
the two quantities (Fig. 3). Because the sum of least
squares to be minimised during the kinetic modelling
is situated in a narrow and very long-extended valley
[17], the same fit quality is achieved with large
variations of corresponding parameters (log A, E).
Likewise, the correlation matrix indicates a pro-
nounced correlation between activation parameters
and formal reaction orders n and m. For instance, n
and m can be held constant at 1.5 and 1 without any
remarkable reduction of the fit quality and only with
insignificant changes of the activation parameters (see
Appendix B).

Of course, the high correlation between all model
parameters means a very unfavourable situation. On
the other side and fortunately, there are no conse-
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heat flow rate in W g

g 20 40 60 80 100 120

time in min
Fig. 4. Prediction of isothermal heat flow rate at 167°C, using all
individual parameter sets for the non-isothermal data sets (solid

lines) and comparison with the experiment (points, measured by
no. 4); distinctive deviations only for participant 3.

quences for the practitioner with respect to predictions
of the reaction behaviour. This fortunate situation is
confirmed by the fact that if each data set is fitted with
the parameter set of the other data set, the fit has
practically the same perfect quality. But we think that
using the individual parameter sets, the results
obtained for predicted isothermal heat flow rate curves
(Fig. 4) and the corresponding conversion—time curves
(Fig. 5) are much more instructive. Similar results are
obtained also for other isothermal temperatures, tem-
perature programmed runs and combined tempera-
ture—time regimes. The differences among all
curves are always very small and the agreement with

bt
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o
=
.

degree of conversion

0 20 40 60 80 100 120
time in min

Fig. 5. Predicted and measured conversion—time curves, see Fig. 4.
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Fig. 6. Maximum differences between the predicted degrees of
conversion for all participants of the round-robin test.

the measured curve is very good. This can also be
derived from Fig. 6 which summarises the maximum
percentual differences for a certain degree of reaction.
If one neglects the two strongly scattering parameter
sets 3 and 5, the differences are generally smaller than
3%! This result is very pleasant for the practician. In
spite of all individual random and systematic errors of
the raw material, the formal-kinetic evaluation allows
reliable predictions of the reaction behaviour.

The experiments of the round-robin test were
planned and carried out with different heating rates.
A single curve evaluation is meaningless [10]. This
statement also holds well if a number of curves with
the same heating rate but from different laboratories is
included in a data set. Dependent on the chosen
combination (number and origin of the included data
sets, used heating rate) very different and extremely
scattering results are obtained. If on the other hand at
least two differing heating rates are used in such
calculations, the solutions become stable and compar-
able with the values in Table 2. The more reaction
curves with strongly varying heating rates are mea-
sured, the more stable are the results of a formal-
kinetic evaluation.

5. Conclusions
The existing measurement technique and the use of

modern kinetic evaluation allow routinely and inde-
pendent of the device type of the DSC.
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e the measurement of polymer producing reactions
within an acceptable period of 2-3 days, using at
least three heating rates or three isothermal tem-
peratures;

o the selection of the simplest and most appropriate
formal-kinetic model and the reliable estimation of
its activation parameters;

e reliable predictions of the reaction behaviour, using
any complex temperature—time regimes.

The simultaneous evaluation of non-isothermal and
isothermal data sets is not only possible but even
highly recommended. Always present statistical and
systematic measurement errors and mathematical
artefacts do not hinder the great use of such investiga-
tions for the practitioner. The DSC as well as other
thermoanalytical methods in combination with multi-
variate kinetic analysis are now a powerful tool for the
process prediction and optimisation.

6. Participants of the round-robin test!
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forschung Dresden, D-01069 Dresden; L. HiuBler, G.
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Appendix A

In all least squares procedures, there are two pre-
conditions:

Condition 1: The weighting of the residues should
be done in such a way that the weights are inversely
proportional to the square of the expected deviations.

m i

where y,, ;; measured data; c,,;: calculated values; s§:
standard deviation of measured data; sﬁ: standard
deviation of calculated data; m: number of measure-
ments; i: number of data points. Then the sum of least
squares is transformed to y°.

Condition 2: The residues are uncorrelated.

In general, in thermoanalytical measurements infor-
mation regarding to the expected deviations is not
taken into account. But the experience during the last
years has shown that it is recommended to apply a
weighting inversely proportional to the square of the
(absolute) maximum of the single scan. In the result,
the scans with smaller heating rates exert the same
influence than scans with higher heating rates.

If the condition 2 is not fulfilled then the values of
standard errors of the optimised parameters, estimated
by well-known routines [14], are too small [18]. A raw
estimation of the underestimation is given by the
formula

1
V1—=p?
The variable p is the value of auto-correlation, esti-
mated by means of Durbin—Watson analysis [19,20].

In general, a strong auto-correlation of the residues is
observed, so that the factor f exceeds the value of 10.

f=

Appendix B

If for data sets of all participants the parameters n,
m, E, ; and E, ; are fixed at constant values (1.0, 1.5,
71 and 56 kJ mol™') and only log A, and log A, are
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Fig. 7. Variation of logA; and log A, at fixed values for the
activation energies (E4 ;=71 and E,,=56kJ mol™") and fixed
values for the formal reaction orders (n=1.0 and m=1.5) for all
data sets. The standard deviations are multiplied with the factor f,
defined in Appendix A.

handled as freely varying parameters then all indivi-
dual data sets are fitted without remarkable loss of the
fit quality. Fig. 7 shows the values and deviations of
the pre-exponentials log A| and log A,. All calculated
values overlap within their error limits for the reaction
2. This is also valid for the reaction 1 with exception of
the data sets belonging to the code nos. 3, 5 and 10.
Obviously and not unexpectedly, the discussed uncer-
tainties in constructing the peak baseline influence
primarily reaction 1. This is also reflected by some-
what stronger deviations of model calculations for low
degrees of conversion (above all for code no. 3,
compare Figs. 4 and 6).

The high correlation between model parameters,
especially between log A and E, is a result of the
mathematical structure of the Arrhenius equation.
There is only one possibility to improve the confi-
dence of these parameters: the enlargement of the
working temperature interval. For dynamic measure-
ments this means that at least a variation of heating
rates by a factor of 10 is recommended. It is worth to
notify that the same problems are existing also in
model-free kinetic analysis. But because the calcula-
tion of activation energy and pre-exponential is con-
secutively in this procedure, these problems are not
visible.
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