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Abstract

The use of non-linear regression for a series of measurements with different heating rates or different reaction temperatures

(multivariate non-linear regression) allows the reliable formal kinetic evaluation of reactions. As a result, an optimum data

reduction is achieved and the practician can predict the reaction behaviour for any reaction conditions. Even reactions with

partial diffusion control can now be investigated. In this paper we demonstrate this for DSC measurements of an epoxy resin

curing reaction. The only additional requirement is the measurement of a glass transition temperature Tg as function of

conversion �. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The detailed mechanisms of many reactions, impor-

tant for technical applications, are only partially

known. To make matters worse, the exact composition

of the reacting system is not known or not published

for reasons of protective rights. In such cases a kinetic

analysis of the reaction in the physical±chemical sense

is not possible, even if there is enough time for such

studies.

But the practician needs a useful and quickly

accessible `̀ reaction model'', which on one hand

adequately describes the course of the reaction and

on the other allows reliable predictions for any tem-

perature±time-conditions. The form of this reaction

model (overall rate law, combination of `̀ elementary

reactions'') is unimportant. The kinetic evaluation of

some technically essential polymerization reactions is

additionally complicated by the fact that for some

reaction conditions (low heating rates, annealing per-

iods) the glass temperature of the polymer increases

faster than the program temperature. After the partial

or complete freezing of the reaction mixture the

reaction is no longer controlled by the kinetics of

the chemical reaction, but by diffusion processes.

Finally, if the program temperature exceeds the max-

imum glass transition temperature, one enters again

the realm of chemical reaction control.

In describing the formal kinetics of complex reac-

tions we can distinguish between three principle pro-

cedures:

In the past many reactions were described by

empirically found overall rate laws or by rate laws

which were derived from a postulated and some-

times oversimplified reaction mechanism. Fre-

quently, the fit of the experimental data was
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improved by introducing additional parameters

and/or the restriction to limited conversion ranges.

A typical example is the so-called `Kamal'-

equation [1,2] which is often used for the

polymerization reaction of epoxides:

d�

dt
� k1 � k2�

m�T�
� �

� 1ÿ �� �n�T�:

In this equation the original integer reaction orders

n and m are replaced by freely selectable, broken

and temperature-dependent fit parameters.

Using modern methods of data acquisition and

evaluation two other procedures offer clear advan-

tages.

The Ozawa±Flynn±Wall method [3,4] allows the

model-free and conversion-dependent estimation

of the overall activation energy. Assuming an

additive superposition of the contributions of the

individual partial reactions as a function of

conversion, predictions for other reaction condi-

tions can also be made in many cases, according to

Vyazovkin [5].

According to Opfermann [6] the overall process is

described by multi-step processes with constant

activation parameters. The single steps can be

independent, parallel, competitive or consecutive.

This is the more advantageous procedure, being

generally applicable, even for reactions with

independent competitive reactions and such with

partial diffusion control. An interpretation of the

single steps and their parameters should be done

very cautiously, if at all. In this paper we

investigate the curing reaction of a commercial

epoxy resin. The only disadvantage for the time

being is the restriction to systems of equal initial

composition.

The concept of (partial) diffusion control for epoxy

curing reactions is already well documented by means

of very different approaches [7±9]. Using the tem-

perature-modulated DSC [10] a technique is available

that allows the detection of the temperature range of a

possible diffusion control without any doubt. Besides,

this technique offers the possibility to obtain the Tg

conversion curve quickly and suf®ciently reliably.

This is a necessary precondition for the consideration

of the diffusion control.

2. Experimental

A commercial epoxy (2,20,6,60-tetrabrom-bisphe-

nol-A-diglycidylether, RUETAPOX VE 3579, in the

glassy amorphous state, Tg � 258C) was used in

combination with 5% of a self-prepared thermal latent

accelerator (Zn(OCN)2 �1MeImid�2, crystalline pow-

der, release of the 1-methylimidazol above the melting

point at about 708C). The reaction mixture which

results during mortaring both solid components can

be stored nearly in®nitely below 258C. Standard pans

of aluminium foil were used for sample preparation.

The sample masses were 5±20 mg, depending on the

program heating rate.

Most of the measurements were obtained with

an MDSC 2920 (TA Instruments) with RCS-cooling.

The modulation periods were 60 and 100 s, the

modulation amplitudes from �0.15 up to �1.0 K

(depending on the heating rate). Supplementary mea-

surements were carried out using the DSC 2 and DSC

7 (Perkin Elmer). As usual all instruments were

calibrated in the temperature range from ÿ308C up

to 2508C regarding base line, temperature (water,

indium and tin), heat (indium) and heat ¯ow rate

(sapphire).

The original non-reversing heat ¯ow rate curves

could only be used for the kinetic analysis after several

corrections had been done:

(1) The real heating rates (underlying heating rates)

were a factor of 0.971 lower than the program heating

rates (0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.5 and 5.0 K/

minÿ1). Besides, the heat ¯ow rate calibration of

MDSC 2920 is somewhat temperature-dependent.

The available software version of the manufacturer

allows only a constant, average correction for the

relationship between the literature and measured

value. Therefore, this correction was not made.

Instead, the measured heat capacities were corrected

later on with a temperature-dependent function, which

was calculated from the deviation between the litera-

ture and measured cp-values for sapphire. The cor-

rected reversing and non-reversing heat ¯ow rate

curves were recalculated as follows:

(a) reversing heat flow rate curve � corrected cp

value *real heating rate,

(b) non-reversing heat flow rate curve � total heat

flow rate curve ÿ reversing heat flow rate curve.
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(2) In temperature ranges, that correspond to the

decomposition of the initiator or the highest heat ¯ow

rate changes during the reaction, minor disturbances in

the reversing signal are observed, that disappear only

at heating rates <1 K minÿ1. The ®rst disturbance does

not have any in¯uence on the evaluation, as the

reaction starts with a distinct rate only above 708C.

The correction of the second effect is simple. As heat

capacity function and reversing signal are smooth,

steady and nearly linear functions of the temperature,

a linear extrapolation from temperature ranges with-

out interruption into the interrupted ranges is possible.

(3) The non-reversing curve of a completely reacted

sample should not show a signal over the whole

temperature range. In spite of careful baseline cali-

bration this requirement was not suf®ciently ful®lled

in our measurements (compare Fig. 4). This is clearly

veri®ed by repeated measurements with samples, that

± to be on the safe side ± were additionally tempered at

1808C for another 10 h. Typical values for the differ-

ences of the heat ¯ow rate signals between 08C and

2008C were found in the range �0.05 W gÿ1. In our

case this drift is extremely disturbing, because the

reaction during the ®rst run is not yet completely

®nished at the maximum allowed end temperature

of 2008C. Hence, it cannot be decided which portion

of the signal at 2008C means drift or reaction. All

attempts to obtain reproducibly drift-free curves or at

least such with a constant drift failed up to now. The

observed drift did not depend on sample mass, heating

rate, period and amplitude of the temperature mod-

ulation. Possibly, a minor parasitic heat transfer

between sample and instrument, depending on the

individual sample, (eventually an exemplary feature

of the available measuring head) plays a decisive part.

This assumption is supported by the observation that

multiple runs with one and the same completely

reacted sample yield practically identical results for

the heat capacity function and the reversing and non-

reversing heat ¯ow rate curves. Our used correction

procedure is derived from and justi®ed by this obser-

vation. The curve of the repeated run should include

all non-desired instrumental in¯uences as a sum.

Besides the drift, this is valid also for a small curvature

of the baseline. As the ®rst and second run are falsi®ed

in the same way by these in¯uences, one obtains the

real reaction signal as a difference between the (cor-

rected) non-reversing curves of the ®rst and second

run. Nevertheless, the remaining uncertainty regard-

ing this correction decisively in¯uences the reliability

of the respective data set for the latter kinetic analysis.

3. Results and discussion

The reaction heat was obtained as 260�10 J gÿ1.

Figs. 1±3 show the heat ¯ow rate curves at a very slow

heating rate (0.25 K minÿ1), the heat capacity mea-

surements at different heating rates and the course of

the isothermal curing at 958C. Three characteristics of

the investigated reaction can be clearly deduced from

these ®gures. They have to be considered in the kinetic

analysis:

(1) Apart from the mentioned uncertainty regarding

the slope of the respective curve the reproducibility of

Fig. 1. Non-reversing heat flow rates for the curing of two samples

at � � 0.243 K minÿ1, sample masses 21.17 and 21.91 mg.

Fig. 2. (A) Heat capacity curves of the first runs at different

heating rates (numbers at the arrows). (B) Heat capacity curve of

the reaction product, calculated from all second runs.
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the measurements is excellent (Fig. 1). Tg of the basic

resin is 25 � 18C, the one of the reacted system

165 � 28C. The reaction starts with a detectable rate

at about 70±808C, coupled to the decomposition of the

®nely dispersed latent accelerator. In the ®rst reaction

stage the sample temperature is clearly higher than the

glass temperature of the reacting system at all used

heating rates. The observed reaction rate is only

dependent on the rate of the chemical reaction (kine-

tically controlled). However, at all heating rates the

glass temperature increases faster than the program

temperature. The system vitri®es partially (arrows in

Fig. 2, see also Fig. 8). The degree of vitri®cation at

this temperature is given by the ratio of the respective

step height to the maximum step width of the ®nal

product. In the temperature range between vitri®cation

and devitri®cation at about 1658C the reaction is more

or less diffusion-controlled.

(2) Fig. 3 proves de®nitely that one or several

reaction steps are autocatalytical. The range of the

isothermal vitri®cation of the system is clearly dis-

played by the decrease of the heat capacity in this

®gure (between the both vertical lines). However, it

does not manifest itself ± as often stated in literature ±

by a noticeable sudden decrease of the reaction rate in

the heat ¯ow rate curve.

(3) Fig. 1 shows that the reaction is not yet ®nished

at 2008C even at very low heating rates. The heat ¯ow

rate is still different from zero. From this follows the

selection of the peak baseline. Its constant level is

given by the signal at the beginning of the reaction. An

upper temperature limit of 190±2008C must not be

exceeded, in order to avoid incipient decomposition

reactions of the product. This is sensitively indicated

by the decrease of the maximum glass temperature.

Taking into account these observations, the kinetic

model should be as simple as possible. Only then the

parameters of the individual steps can be signi®cantly

obtained. If diffusion hindrances must be additionally

considered, the Rabinowitch equation can be used for

the overall rate constant k [11]:

1

k
� 1

kdiff

� 1

kchem

:

As usual the temperature dependence of kchem is

calculated by the Arrhenius equation. The concrete

form of the temperature function for kdiff is absolutely

unimportant. However, it should be such that the

experimental input necessary for the calculation of

the selected function is the easily accessible glass

temperature. Therefore, most authors use any mod-

i®ed equations of the WLF type. We use a form as

proposed by Wise et al. [12]:

kdiff;T � kdiff � e C1��TÿTg�� �= C2�TÿTg� �:
The magnitude of kdiff can be estimated using a

relation as given by Smoluchowski [13]:

kdiff � 4� � NA � r � D;
NA is the Avogadro constant. Wise et al. [12] use

0.5 nm for the collision radius r. The diffusion coef®-

cient D used by the same authors (10ÿ20 m2 sÿ1) for

the diffusion of small molecules in a polymer matrix is

only a rough approximation for the investigated reac-

tion system. Therefore, the value of kdiff given by Wise

et al. for the glass temperature (3.8 � 10ÿ5 molÿ1

m3 sÿ1) is only a usable start value for the optimization

calculations. Frequently used values for the WLF

parameter C1 and C2 are 40 and 52 K.

The kinetic modelling by means of multivariate

non-linear regression was carried out using the Soft-

ware `̀ NETZSCH Thermokinetics'' (NETZSCH-GeraÈtebau

GmbH). The new version of this commercial software

was extended by the software producer in such a way,

that as an option the diffusion control is admitted for

all reaction steps. For the ®t of the reaction curves to a

kinetic model we postulate that kdiff may be different

for each diffusion-controlled reaction step, but C1 and

C2 must be global. That means, they must be valid for

all reaction steps. With this restriction kdiff, C1 and C2

can be handled as freely variable parameters for the

Fig. 3. Non-reversing heat flow rate and heat capacity during the

isothermal reaction at 958C, sample mass 8.2 mg. The vertical lines

mark the vitrification range.
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model. In order to realize a partial diffusion control the

user must provide a reliable function Tg(�). The

`̀ activation parameters'' (the term `̀ process para-

meters'' would rather emphasize the formal kinetic

evaluation) of the single reactions of the selected

model are strongly in¯uenced by more or less reliably

measured glass transition temperature Tg as function

of conversion. Therefore, a lot of care should be taken

in the determination of the Tg(�)-function. It includes

the following steps:

1. Complete curing of a sample and calculation of

�rH and � � f(T).

2. Partial curing of a number of further samples up to

temperatures that correspond to the desired con-

version degrees. Freezing of the reaction by

quenching the samples down to ambient tempera-

ture.

3. Post-curing of these samples, using the tempera-

ture-modulated mode of the DSC. Fig. 4 shows two

examples. Tg (538C and 988C for the samples 1 and

2) is obtained from the reversing curves (at the

bottom in the figure), the residual heat from the

non-reversing curves (at the top). From the latter

value follows � at the start of the reaction (0.248

and 0.598 for the two samples). The post-curing

starts in the temperature range of the glass transi-

tion.

4. Calculation of the function Tg � f(�) in the kinetics

software, using the following equation, [14]:

Tg��� � Tg�0� � exp
g1 � �

g2 ÿ �
� �

:

Table 1 contains the measured and the regression Tg

values (®t parameters Tg(0) � 296.26 K, g1 � 4.48

and g2 � 12.26) as function of the conversion degree.

Fig. 5 shows the good ®t.

Two data sets were available for the kinetic analy-

sis, each with 8 different heating rates between 0.25

and 5 K minÿ1. The model calculations with these two

data sets were carried out separately because the

present software version only allows 8 scans to be

loaded in. After loading in the data and before starting

the kinetic evaluation, each curve is desmeared, tem-

perature-corrected with regard to slight self-heating

[15] and smoothed if required. The most simple model

that produces a practically perfect ®t of the scans for

both data sets (correlation coef®cients >0.999) corre-

sponds to a process with two consecutive partial steps.

A! B!C C

Fig. 4. Non-reversing (solid lines) and reversing (dashed lines)

heat flow rates for the post-curing of two samples

û � 1.458 K minÿ1, sample masses about 9 mg.

Table 1

Experimental and fitted glass transition temperatures vs. degree of

reaction

Degree of reaction Tg (8C) Calculated

Measured

0.000 25.0 23.1

0.248 53.0 51.8

0.310 58.0 59.6

0.379 65.0 68.6

0.455 78.0 78.9

0.598 98.0 99.6

0.688 116.0 113.5

0.763 128.0 125.7

0.832 140.0 137.3

1.000 165.0 167.8

Fig. 5. Glass transition temperature vs. degree of reaction: (*)

experimental values; (Ð) regression line.
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The comparison between measured and calculated

curves for one data set is shown in Fig. 6. If in the

kinetic calculation the `̀ reaction orders'' for the two

subsequent reactions are also optimized, then one

obtains values very close to n1 � 1 and n2 � 2. There-

fore, they were kept constant at n1 � 1 and n2 � 2 for

all further calculations. The second reaction step is

auto-catalyzed by the reaction partner `̀ C''. The

`̀ NETZSCH Thermokinetics'' software takes into

account the auto-catalysis for the second reaction step

by the following differential equation [16]:

ÿ dcB

dt
� A2 � eÿEA;2=RT � cn2

B � 1� Kcat � cC� �:

Only this step 2 is in¯uenced by the diffusion. If as a

trial the diffusion control is not used for this step, no

acceptable ®t is reached. The WLF parameter C2 was

set to a constant value of 50 K. Then, the resulting

values for kdiff (4.3 � 10ÿ5 up to 6.9 � 10ÿ5 molÿ1

m3 sÿ1) approach the value mentioned by Wise et al.

[12]. The model parameters for both data sets are

summarized in Table 2; for the interpretation the

following points are important:

(a) Even very careful measurements are never free

from errors (heat ¯ow rate curves, Tg � f(�)). The

existence of momentary disturbances in¯uences all

subsequent points of the model calculations. These

aspects and the high correlation between activation

energies and pre-exponential factors result in case of

models with several partial steps very fast in the fact

that the standard errors of the single parameters are

signi®cantly higher in reality than those obtained from

the parameter estimation according to the usual sta-

tistical procedure. Therefore, for both data sets the

standard errors are not indicated ± a more realistic

image of the variation range can be obtained by the

comparison of corresponding parameters in Table 2.

On ®rst examination the variation range seems to be

considerable. But if, on the other hand, each data set is

®tted with the parameter set of the other data set, the ®t

has practically the same perfect quality. In other

words, there are a great number of parameter sets that

describe the imperfect measurements practically just

as well.

(b) It must be emphasized, that if other information

is missing a mechanistic interpretation of both the

model type and the model parameters is forbidden.

However, this is indeed not the purpose of formal

kinetic evaluations.

(c) The use of the obtained results becomes evident

at quite different aspects. Each of both the parameter

sets enables exact predictions of the reaction course

for any temperature-time conditions. For example,

Fig. 7 shows the predicted isothermal reaction curves

at 1108C and 1408C. Both parameter sets produce

curves which differ only within the line width. Also

the agreement with the experiment is excellent (the

heat ¯ow rates of isothermal measurements are erro-

neous during the ®rst 30±40 s). Furthermore, the ®nal

reaction degrees are clearly lower than 1 at low

temperatures due to the freezing of the reaction after

®nite times. The corresponding values are correctly

predicted for some temperatures (1108C: calculated

0.58, found 0.57 and 0.61; 1408C: calculated 0.80,

Fig. 6. Comparison between measured (symbols) and calculated

(solid lines) DSC curves.

Table 2

Regression parameters and statistics for the two data sets

Parameter Data set 1 Data set 2

lg (A1/sÿ1) 6.152 5.764

EA,1 (kJ molÿ1) 67.85 64.79

lg (A2/sÿ1) 8.178 9.0553

EA,2 (kJ molÿ1) 80.48 87.26

lg Kcat,2 0.7833 0.7263

lg (Kdiffusion, 2/molÿ1 m3 sÿ1) ÿ4.3697 ÿ4.1584

C1 (K) 13.34 12.09

C2 (K) 50 50

Fraction of consecutive reaction 0.2563 0.2326

Weighted least squares 0.090 0.094

Mean of residues 0.006 0.0061

Correlation coefficient 0.9996 0.9995
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found 0.79 and 0.79; 1708C: calculated 0.94, found

0.93 and 0.94).

A convincing argument for the validity of the

selected model is ®nally given in Fig. 8. The course

of the heat capacity function that can be directly

accessed by experiment and is known already from

Fig. 2 runs completely parallel to the increase of the

glass temperature calculated by means of the model.

This is valid both for the freezing at about 1008C and

the slow defreezing starting at about 1308C. Here, the

increase of Tg follows the programmed temperature

exactly! This temperature range becomes larger using

even lower heating rates and lower using higher

heating rates. At heating rates >1 K minÿ1 Tg perma-

nently lags behind the program temperature, as the

diffusion hindrances due to partial freezing become

more and more unimportant.

4. Conclusions

The use of modern kinetic evaluation methods for

complex reactions allows the selection of the simplest

and most appropriate formal-kinetic model and the

reliable estimation of its activation parameters. This is

valid also in the case of partially diffusion-controlled

reactions. In this case, the Rabinowitch equation

enables the possibility to consider both chemical

and diffusion reaction control. The success and the

reliability of such evaluations is determined by the

correctness of the baseline and a well-known Tg-

conversion curve. Both sets of information are

obtained from MDSC measurements. The mentioned

corrections of the raw signal should be increasingly

unnecessary, resulting from better measuring devices.

Investigating complex reactions, one typically sees as

a result that a number of parameter sets describe the

reaction behaviour of the system nearly just as well.

This follows from the high correlation between pre-

exponential factor and activation energy and the una-

voidable measuring errors. For the practician this fact

has no consequences because the predictions for any

temperature±time reaction conditions are practically

equal for all parameter sets.
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Fig. 7. Comparison between calculated (solid lines) and measured

(dashed lines) isothermal curves, using the two slightly different

parameter sets of Table 2, sample masses about 6 mg.

Fig. 8. Heat capacity, degree of reaction, program temperature and glass transition temperature as function of reaction time.
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