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a b s t r a c t

Thermo-controlled two-step curing reactions in melt are of particular interest for reactive polymeric
systems. These reaction types are e.g. observed in thermal curing polyurethane (PUR) powder coatings.
Illustrated by the uretdione/OH-reaction we describe the formal kinetic analysis of two-step curing pro-
cesses in melts. The two reaction steps (allophanate- and uretdione reaction) can be separated applying
special reaction conditions.
vailable online 22 December 2009

eywords:
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ormal kinetic analysis
soconversional analysis
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The curing reaction of polymeric model systems was monitored by non-isothermal DSC measure-
ments with different heating rates. On the basis of these data the kinetic parameters (activation energies,
pre-exponential factors and reaction orders) were determined and analyzed with the aid of formal
kinetic analysis. Our investigations are of particular interest in view of the simulation of curing pro-
cesses of low temperature powder coatings. In this way, time consuming curing experiments can be
minimized.
retdione cross-linker

. Introduction

The kinetic analysis is a useful tool for the characterization of the
uring behavior of reactive polymeric systems. Besides the eval-
ation of a certain curing mechanism kinetic analysis is also of
echnical importance. On the basis of a kinetic model and cor-
esponding kinetic parameters the reaction behavior at different
emperature/time regimes can be predicted [1–4]. Considerable
ork on the isoconversional cure kinetics of epoxy systems has

een done by Vyazovkin and Sbirrazzouli and co-workers in the
990s [5–9]. The development of the kinetic analysis on the basis
f multivariate non-linear regression has established the determi-
ation of very reliable results [10]. Hereby, DSC measurements are
favored instrument for the kinetic analysis due to their exper-

mental simplicity. In a relatively short period of time a number
f DSC measurements can be carried out without time consum-
ng sample preparation. In view of the optimization of the curing
rocess of powder coatings a large number of investigations were
arried out in this direction [11–17]. The cross-linking kinetics of

cold-setting polyurethane system for injection molding has been

nvestigated by Vergnes et al. [18]. This process could be described
sing a three-step model.
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Recently, a completely new two-step curing mechanism based
on internally blocked isocyanate cross-linkers has been reported
[19,20]. In the presence of a suitable catalyst the reaction between
a polyol and an uretdione cross-linker occurs via an allophanate
structure (Fig. 1). This reaction is thermo-controlled and can
be performed at temperatures below 150 ◦C. Raising the cur-
ing temperature enables the transformation of the allophanate
into the urethane network. In view of the volatile organic com-
pounds (VOC) guidelines this reaction exhibits a great potential
for powder coatings since no emissions are set free. In a pre-
vious paper we investigated the two-step curing reaction on
the basis of low molecular model systems [21]. In the prevail-
ing paper we expanded our investigations on the formal kinetic
investigation of the curing reaction of an aliphatic hydroxyl func-
tionalized polyester with a commercial uretdione cross-linker in
melt.

2. Experimental

2.1. Materials

All substances were used without further purification. Tetra-

butylammonium bromide (≥98%, Fluka). TEGOKAT® 623 was
donated by Goldschmidt TIB. Uretdione cross-linker Vestagon® BF
1320 (Tg 73 ◦C; NCO-eqiuvalent 300 g/mol) was donated by Evonik
Industries AG. Araldite PT 910® (epoxy equivalent 147 g/mol)
was donated by Huntsman. Hydroxy functionalized polyester

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:edelmann@ipfdd.de
dx.doi.org/10.1016/j.tca.2009.12.006
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The use of DSC scans with different heating rates ensures the
adaptability of the kinetic model over a broad temperature range.
For our investigations we consider five different heating rates from
1.25 up to 20 K/min where the used heating rate is doubled with
Fig. 1. Two-step curing mechanism of the catalyzed reaction betw

LE 04-210 (Tg 43 ◦C; acid value 4.5; hydroxyl number 57.0) was
onated by Synthopol Chemie.

.2. Sample preparation

The substances were homogenized in a Haake Rheomix 600p
elt mixer at 80 ◦C with a rotational frequency of 30 rpm. At first,

he polyester, the uretdione cross-linker and the epoxide were
dded to the mixer and melted. Then the catalysts were added and
he melt was mixed for 3 min. The resulting melt was poured into
iquid nitrogen and then milled. Then the pulverized samples were
ried at 25 ◦C in vacuo for 24 h and stored in a desiccator over P2O5.

.3. DSC measurements

All non-isothermal and isothermal DSC measurements were
un on a DSC Q1000 from TA Instruments. The device was cali-
rated with a pure indium sample according to the guidelines of
he PTB Braunschweig, Germany (onset temperature of the melt-
ng peak: 156.6 ◦C, heat of fusion: −28.6 J/g). Heating rates of the
on-isothermal runs were annotated directly in the correspond-

ng diagrams or tables. The sample masses for the non-isothermal
easurement were approx. 5 mg. The measurements were carried

ut using standard aluminum pans with a pierced lid.
The temperatures of the isothermal measurements were

eached applying a temperature ramp of 100 K/min.

.4. Kinetic analysis

The kinetic parameters of the molecular model system were
etermined using the NETZSCH THERMOKINETICS software. For
alculations the raw DSC data were imported as ASCII files and cor-
ected by the software using device specific correction parameters.

. Results and discussion

The kinetic studies of the two-step curing reaction are per-

ormed using the NETZSCH THERMOKINETICS software. For the
etermination of the kinetic parameters (A, E, n) non-isothermal
SC measurements with different heating rates are considered.
ere, A is a pre-exponential factor, E is the activation energy and n

he reaction order.
n uretdione cross-linker and OH groups in melt according to [19].

The examined polymeric model systems consist of the reactive
components of a polyurethane powder coating. The used aliphatic
polyester DLE 04-210 contains some residual carboxylic end groups
which deactivate the curing catalyst zinc(II)–acetylacetonate.
Therefore, it is necessary to transform these endgroups by an
esterification using an epoxide (Araldite PT 910) and tetrabuty-
lammonium bromide as catalyst. This reaction occurs in situ prior
the two-step curing process. Due to the low amount of carboxylic
groups in the polyester this exothermal reaction is not observed
in the thermograms of the non-isothermal DSC experiments. Fig. 2
shows the typical signals for all the transitions and reactions of the
polymeric model system. At 40 ◦C the glass transition of the unre-
acted polymeric model system is observed. The exothermic signals
at 144.6 and 171.9 ◦C represent the two steps of the curing reac-
tion, where the first peak results from the allophanate step and the
latter one from the transformation to the urethane network.

3.1. Non-isothermal DSC measurements
Fig. 2. Non-isothermal DSC measurement of the polymeric model system (heating
rate: 10 K/min).
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Fig. 4. Results of the Friedman analysis of the polymeric model system. x describes
the degree of conversion.

T
R

ig. 3. Curves of non-isothermal DSC measurements with different heating rates.

ach step. The resulting thermograms of the different DSC measure-
ents are shown in Fig. 3 and the results are summarized in Table 1.

he glass transition of the unreacted model system is not influenced
trongly by the different heating rates. In contrast, we detect a sig-
ificant shift of the two reaction maxima to higher temperatures
ith increasing heating rates. The beginning of the curing reaction
epends not only on the temperature but also on the time. Hence,
here is a dependence of the course of the reaction on the heating
ate of the measurement. Low heating rates result in an earlier start
f the reaction. Furthermore, the separation of both reaction peaks
epends also on the heating rate. The two exothermal signals for
he two-step curing reaction are separated better at lower heat-
ng rates. This situation indicates that the activation energy for the
llophanate reaction is lower than that for the following reaction
o the urethane network.

.2. Determination of the kinetic parameters

The determination of the kinetic parameters using the
HERMOKINETIC software implies the presetting of an appropriate
inetic model and, furthermore, the knowledge of different starting
arameters such as activation energy, pre-exponential factor and
roportion of the partial reactions to the complete chemical pro-
ess. These parameters should be obtained without the knowledge
f the real kinetic model, therefore we use a model-free estimation
f the activation energy by the aid of an isoconversion method.
very useful tool is the Friedman analysis [22] of non-isothermal
easurements, provided that no competitive reactions do occur. In

he investigated model system the OH-functionalized polyester can
nly react with the uretdione cross-linker to the allophanate which
s converted in a consecutive reaction with a further OH group of

he polyester into the urethane. This fact can be taken for granted
ince the reaction enthalpies of the two-step reactions are almost
qual for all heating rates. The results of the Friedman analysis and
he herefrom deduced energy plot are shown in Figs. 4 and 5. The
re-exponential factor A in Fig. 5 was calculated by the THERMOKI-

able 1
esults of the non-isothermal DSC measurements of the polymeric model system with di

Measurement Heating rate (K/min) Tmax1 (◦C) Tmax2 (◦C)

1 1.25 108.8 142.4
2 2.5 121.0 154.5
3 5 132.5 161.3
4 10 144.6 171.9
5 20 157.3 180.0

a Glass transition of the cured system, determined in a second heating run.
Fig. 5. Energy plot of the Friedman analysis of the polymeric model system.

NETICS software out of the isoconversional lines, assuming a first
order reaction.

After the determination of the starting parameters and the
choice of an appropriate formal kinetic model the measured data
are fitted by the software using a multivariate non-linear regres-
sion. This type of analysis carried out by the software is a curve
shape analysis. The software applies a Runge–Kutta process in a

modified Marquardt procedure. A system of differential equations
based on the differential equations of the relevant reaction types is
solved [6].

fferent heating rates.

�H (J/g) Tg1 (◦C) Tg2
a (◦C) Mass loss (%)

−54.8 36 64 4.8
−55.8 38 65 3.9
−55.1 39 66 2.3
−55.3 40 66 2.0
−51.9 40 65 1.8
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Since the Friedman plot shows no less than two maxima, the
elected kinetic model should have at least two steps. Further-
ore, the energy plot also shows two different levels of activation

nergies. The activation energy of the first reaction, which can be
ssumed as the allophanate reaction, is about 80 kJ/mol. The value
f the partial area of this first reaction step is about half of the
verall peak area. The following reaction can be assigned an activa-
ion energy of about 120 kJ/mol. These results reflect the observed
ecrease of the peak separation at higher heating rates.

Furthermore, the isoconversion lines in the Friedman analysis
Fig. 5) exhibit in the start range of the reaction, which means
t high values of 1000 K/T, a lower slope than the experimental
ata. This fact indicates an autocatalyzed starting reaction A → B.
he first fit of the experimental DSC data was performed applying
two-step reaction model A → B → C with consecutive reactions.
s a result, the curves with higher heating rates were fitted very
ccurately while at lower heating rates the regression data devi-
ted from the experimental data. Therefore, a further reaction
tep was inserted prior to the curing reaction. Then, the DSC
urves showed an endothermal process prior the curing reaction
ue to the melting of the sample. The results of the non-linear
egression could be improved by adding a further reaction step
rior the two-step curing process. The three-step reaction model
→ B→ C → D with consecutive reactions of nth order (t:f, f) leads

o a higher fit quality of the experimental data. In the reaction
ode (t:f, f) t stands for a three-step reaction and f assigns the
eaction steps two and three as following reactions. In this reac-
ion model the second reaction step B → C was autocatalyzed. The
esults of the non-linear regression are given in Table 3. How-
ver, the first reaction step indicates an endothermal process which
s not a chemical process. Rather, it describes the melting of the
olymeric model system. The fitting quality could be improved,
s demonstrated, by an increase of the correlation coefficients
rom 0.9973 to 0.9988. The determined kinetic parameters are

isted in Table 2, and Fig. 6 shows the results of the non-linear
egression.

The first reaction step was added to fit the endothermal signal at
bout 80 ◦C which results from the melting of the polymeric model
ystem.

able 2
inetic parameters determined by applying a three-step kinetic model with consec-
tive reactions (A → B → C → D).

Kinetic parameters Standard deviation

Log A1 (s−1) 11.7 0.31
Ea1 (kJ/mol) 107.2 2.20
n1 2.04 0.19
Log A2 (s−1) 4.6 0.16
Ea2 (kJ/mol) 58.6 1.53
n2 0.76 5.97 × 10−2

Log kcat2
a 1.61 5.33 × 10−2

Log A3 (s−1) 14.6 0.77
Ea3 (kJ/mol) 140.1 6.46
n3 1.85 0.16
Foll-react 1b −2.98 × 10−2 7.90 × 10−3

Foll-react 2c 0.76 3.84 × 10−2

Area 1 (J/g)d −49.2 0.23
Area 2 (J/g)d −52.1 0.32
Area 3 (J/g)d −55.5 0.54
Area 4 (J/g)d −56.6 1.02
Area 5 (J/g)d −54.7 1.89

a Logarithm of the autocatalytic coefficient.
b Share of reaction step 1 (A → B) in the total reaction enthalpy (value of the overall

eaction = 1; negative value describes an endothermal process).
c Share of reaction step 2 (B → C) in the total reaction enthalpy; the share of

eaction step 3 (C → D) is given by 1 − � (foll-react).
d Areas 1–5: calculated reaction enthalpies of the DSC curves with different heat-

ng rates from 20 to 1.25 K/min.
Fig. 6. Results of the multivariate non-linear regression of the model system with
a three-step kinetic model t:f, f (A → B → C → D).

The share in the allophanate reaction (A → C) is about 76% of
the heat of the overall reaction which is in accordance with the
determined partial area of the first process given by the Friedman
analysis. Furthermore, the activation energy of the first reaction
step is 59 kJ/mol. The deviation from the result of the Friedman
analysis can be explained by the autocatalysis. As discussed before,
the activation energy for the following reaction should be higher,
indicated by the better peak separation for lower heating rates. An
activation energy of 140 kJ/mol is obtained for the further transfor-
mation to the urethane product.

The non-linear regression on the basis of the chosen kinetic
model results in reaction enthalpies in the range of −49 to
−55 J/g. These values are in accordance to the determined reaction
enthalpies gained from the DSC curves.

The good fitting of the curves and the agreement of the model-
free and calculated activation energies for the three-step reaction
implies that the chosen formal kinetic model describes the sys-
tem very accurately. In the following, predictions of the reaction
behavior are made simulating different reaction conditions. Based
on these results we prove the accuracy of the kinetic model for the
description of the chemical process.

3.3. Prediction and verification of the reaction behavior on the
basis of the determined kinetic model

The results of the non-linear regression and the choice of the
three-step kinetic model are proved simulating different reaction
conditions. However, at first glance it is not possible to assign the
components of the formal kinetic model to the appropriate chem-
ical products. Only the final product D represents definitely the
urethane network. As we consider a formal kinetic analysis, not
all intermediate products are chemically traceable. Both reactions
of the investigated system are thermally controlled, so it is pos-
sible to separate them applying appropriate reaction conditions.
The following predictions are made assuming that component C
represents the allophanate network. Following the curing of pow-
der coatings the isothermal predictions of the reaction system are
carried out for 30 min. The results of these predictions are shown
in Fig. 7 where the concentrations of components C and D are

plotted against the isothermal reaction temperature. The calcu-
lated concentration of the allophanate network (component C) runs
through a maximum at 120 ◦C. At 170 ◦C the concentration of the
allophanate is only about 10%. The formation of the urethane (com-
ponent D) starts already at 115 ◦C.
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Table 3
Results of the non-isothermal and following DSC measurements at different temperatures for 30 min.

Tiso (◦C) tmin (min) Tg1 (◦C) Tg2
a (◦C) Tmax (◦C) �H (J/g) �H/�H0

b

110 9.43 51 68 170.2 −32.3 0.58
120 4.43 54 67 176.8 −29.0 0.52
130 2.83 58 68 196.1 −19.0 0.34
140 1.45 60 67 204.1 −11.9 0.22
150 0.89 61 67 207.9 −9.2 0.17
160 0.53 62 65 211.8 −4.6 0.08

a Glass transition of the cured system, determined in a second heating run.
b �H0: enthalpy of the DSC measurement with 10 K/min without isothermal pretreatment.
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ig. 7. Calculated concentrations of components C (allophanate) and D (urethane)
fter isothermal treatment for 30 min based on the three-step kinetic model
→ B → C → D.

The results of the simulation of the reaction behavior were ver-
fied applying isothermal and non-isothermal DSC measurements.
n a first isothermal DSC experiment the polymeric model sys-
em was cured using the parameters of the simulations. Then, two
on-isothermal DSC runs were added to determine the residual
nthalpies of the partially cured systems and the glass transition
emperatures. The results of the DSC measurements are illustrated

n Figs. 8 and 9 as well as in Table 3.

As expected, the curing reaction of the polymeric model sys-
em starts earlier at higher curing temperatures. The determined

axima of the isothermal reaction enthalpy decrease within the

ig. 8. Isothermal DSC measurements of the polymeric model systems at different
emperatures.
Fig. 9. Non-isothermal DSC measurements of the polymeric model systems after
isothermal treatment of the samples at different temperatures (heating rates:
10 K/min).

time interval from 9.43 to 0.53 min increasing the isothermal cur-
ing temperature from 110 to 160 ◦C. The degree of conversion
was determined in subsequently carried out non-isothermal DSC
experiments. The resulting thermograms are shown in Fig. 9. After
heating the sample at 110 ◦C, the signal for the first reaction step
is almost disappeared. The calculated concentration of the allo-
phanate is 67.3% and reaches its maximum at 120 ◦C with 76.2%.
At higher curing temperatures, the thermograms show only the
exothermal signal for the urethane reaction. These results are in
accordance with the predictions made on the basis of the three-step
kinetic model (Fig. 7). The two reactions are thermo-controlled and
can be separated applying suitable reaction conditions. The allo-
phanate is formed nearly selectively at temperatures below 120 ◦C.
So, the two-step curing process of the polymeric model system can
be described very accurately with the determined kinetic param-
eters and the kinetic model. However, these investigations show
that of the two reaction steps in the polymeric model system could
not be separated as well as in case of the previously described low
molecular model systems [13]. The urethane reaction sets already
in, even at curing temperatures of 120 ◦C.

4. Conclusions

The thermo-controlled two-step reaction between uretdione
and OH groups of the aliphatic polyester in the investigated poly-
meric model system can be described by a three-step kinetic model
with three consecutive reactions of nth order. Although a formal
kinetic model is regarded, it is possible to assign clearly the allo-
phanate reaction which can be separated applying appropriate

reaction conditions. These conditions are determined using the cal-
culated kinetic parameters and the kinetic model. Component C
can be identified unambiguously as the allophanate which is veri-
fied applying isothermal DSC experiments. The first reaction stage
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an be realized at temperatures of about 120 ◦C. The formal kinetic
nalysis of the investigated polymeric model system enables the
rediction of the reaction behavior of the system.
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