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Kinetic analysis of a fast reacting thermoset system
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Abstract

Many thermosets are rapidly mixed and processed to quickly and efficiently effect a bond or produce a protective coating or a finished
part. These processes are often characterized by non-linear time–temperature profiles. While it is often desirable to model the cure it can be
challenging with such highly reactive systems in rapid processes. Described here is a hybrid approach to determine the kinetic equation for
such a system. DSC multiple heating rate, isothermal and simulated process methods were combined with time–temperature superposition
methodology to generate a master curve for the chemically controlled cure. Analysis of the master curve showed that it could be described by
a
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second-order kinetic equation, consistent with polyurethane cure and permitting the complete kinetic description of the system.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The thermosetting system that is the subject of this study
ay be characterized as fast reacting. It is mixed and cured

n less than 4 min in a pultrusion process where it is heated
apidly to nearly 180◦C and allowed to cool, as illustrated
n Fig. 1. The goal of this study was to develop a model
or the reaction kinetics of this system and to use the model
o predict the evolution of cure during the production pro-
ess. Isothermal DSC was the preferred method but presented
hallenges due to the highly reactive nature of this system.
ote that above about 80◦C, almost 100◦C below the max-

mum process temperature, isothermal DSC measurements
annot be made due to the very short reaction times. Also
ote that vitrification does not occur during the process and

herefore care must be taken to avoid it during isothermal
ure so that all kinetic data are obtained while the reaction is
nder chemical control. The following approach was taken

o measure the cure kinetics in the absence of vitrification

∗ Corresponding author. Tel.: +1 408 2671473; fax: +1 408 2671473.

over a broad temperature range that includes actual pr
temperatures:
1. Assume the cure process can be described by a co

activation energy, and measure activation energy from
Ozawa multiple heating rate method.

2. MeasureTg and conversion after selected times at t
peratures between 30 and 80◦C. Construct a master cu
curve of conversion versus reduced time using the m
sured activation energy.

3. MeasureTg and conversion after DSC cures, which s
ulate process profiles and add these results to gene
total master cure curve.

4. Fit the master cure curve to an analytical model for
and determine the pre-exponential factor, completing
kinetic analysis.

2. Experimental

2.1. Materials
E-mail address:rbprime@attglobal.net (R.B. Prime).
RL: http://www.primethermosets.com.

The two-part system consisting of a urethane resin and
a cross-linker was provided in divided syringes along with

040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Temperature profile for typical pultrusion process.

a 16 cm mixing tip. A fresh syringe of material was used
for each experiment. The material initially dispensed from
the syringe contained uneven amounts of the urethane and
cross-linker and the first 15 ml of material forced from the
syringe was discarded. Once the mix was uniform, roughly
3 ml were dispensed into a weighing dish. This deposit was
stirred vigorously with a small flat wooden stick for exactly
20 s. (Several trials without this extra mixing step produced
segregation of the components and large data variability.).
A dot of the mixed components – roughly 5–10 mg – was
placed in an aluminum liquid DSC pan using the tip of a
round wooden stick. The pan was weighed, capped, placed
in the DSC, and the temperature program started. The total
time from dispensing the 3 ml into the pan and starting the
run was about 1.75 min; from the kinetic model developed in
this study <1% conversion occurred in this step.

2.2. DSC analysis

A TA Instruments 2920 DSC was used in this study. The
program for the multiple heating rate experiments was as
follows. The cell was pre-cooled to 10◦C. As soon as the
sample and lids were in place, the sample was ramped at either
5, 10, or 20◦C/min to 250◦C. The sample was held at 250◦C
for 5 min and cooled at 10◦C/min to−100◦C. A modulation
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of these samples with a TMDSC run from−125 to 200◦C
at 2◦C/min. The oscillation amplitude was±1◦C and the
period was 60 s.

For the DSC runs which simulated pultrusion profiles, the
cell temperature was initially at ambient. As soon as the sam-
ple and lids were in place, the sample was heated to either
130 or 160◦C at 40◦C/min, held at temperature for 1.5 min,
and cooled to 25◦C at 20◦C/min. It was held at 25◦C for
30 min. These samples were subsequently heated to measure
Tg and conversion.

3. Results and discussion

3.1. Activation energy

A common multiple heating rate method, which yields
a simple relationship between the activation energyE, the
heating rateϕ and isoconversional temperatureTi , is based
on the work of Ozawa[1,2], and Flynn and Wall[3,4]:

E ∼= −R

1.052

�(ln ϕ)

�(1/Ti)
(1)

A more accurate value ofEmay be obtained by recalculating
the constant 1.052 from tables in[5]. Several authors have
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as then applied, with an oscillation amplitude of±1◦C and
period of 60 s. The sample was ramped at 2◦C/min to 200◦C

o measure the glass transition temperature. For this woTg
s measured as the peak in the derivative of the temper

odulated DSC (TMDSC) heat capacity versus temper
urve. Heats of reaction were obtained by drawing a str
aseline under the reaction exotherm and integrating the
nder the curve in accordance with the instrument softw

For the isothermal measurements, the cell was pre-h
o the respective isothermal temperature: 30, 45, 60, or 8◦C.
s soon as the sample and lids were in place, a 20 or 4

sothermal program was started. At the end of the isothe
rogram, the sample was cooled to−60◦C at 10◦C/min,
eld for 1 min, and heated from−60 to 250◦C at 10◦C/min

o measureTg and conversion.Tg∞ was measured for ea
bserved that the extent of reaction at the peak exot
s constant and independent of heating rate for several

osetting systems[6], and that is the assumption made h
Fig. 2shows DSC at 10◦C/min heating rate for the uncur

ystem. Note the onset of the cure exotherm near room
erature, which necessitated rapid mixing and sample p
ation, and chilling of the DSC cell prior to measurem

hile a small secondary exotherm was noted near 200◦C it
as decided to ignore this because it was small and p
ly due to errors in mixing. Nonetheless, it does sugge
ossible complexity in the cure of this system. The hea
eaction, taken as the average of measurements at 5, 1
0◦C/min, was�HRxn = 214 J/g. A plot of heating rate vers
eak temperature according to Eq.(1) gave an approxima
ctivation energy of 58.9 kJ/mol (14.1 kcal/mol) and from
oyle tables a revised value of 60.2 kJ/mol (14.4 kcal/m
as obtained.

.2. Tg-conversion relationship and version 1 master
urve

Samples were cured isothermally in the DSC betwee
nd 80◦C, followed by a 10◦C/min heat to measureTg and
onversion from the residual heat, and a third TMDSC
o measureTg for the fully cured thermoset,Tg∞. An aver-
ge of six measurements yielded a value ofTg∞ = 94◦C. The

sothermal cure data inTable 1was observed to follow th
ell-known Tg - conversion relationships[7–9]. At higher
onversions whereTg was more reliable than the resid
xotherm, the following empirical relationship was es

ished from the measuredTg∞ and the data inTable 1in
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Fig. 2. Standard DSC of uncured polyurethane at 10◦C/min.

order to convertTg to conversion:

Conversion (%)= 44.1 + 0.719Tg − 0.0013T2
g (2)

Fig. 3a shows the isothermal cure data measured at 30,
45, 60 and 80◦C. Table 1andFig. 3b show the same data
shifted to a reference temperature ofT2 = 80◦C, according to
Eq. (3) using the measured activation energy of 60.2 kJ/mol
[6,10,11], to form a master cure curve:

t2 = t1 exp

[
E(T1 − T2)

RT1T2

]
(3)

Note that the highest conversion reached on isothermal
cure is 90%. Values closer to 100% conversion are required
for the master curve to be truly representative of the entire
cure process. The difficulty in achieving high conversions
with isothermal cures is two-fold: the interference of vitri-
fication at lower cure temperatures and the increasing error
in recording the initial reaction with increasing cure tem-
perature. Since the profile temperature quickly rises above
Tg∞ = 94◦C, vitrification does not occur during cure but only

Table 1
Isothermal cure data and cure times shifted to 80◦C using Eq.(3)

Temperature
(◦C)

Time
(min)

Tg (◦C) Conversion (%) Time at 80◦C
(min)

3
4
6
6
8
8

when the temperature cools belowTg at the end of the cy-
cle. For this reason vitrification must also be avoided in the
modeling. To extend the master curve to include data closer
to complete conversion, two data points were obtained from
DSC cure profiles, which simulated the pultrusion process.
The goal was to achieve one conversion level just below 90%
to overlap with the isothermal results and the other between
95 and 100% to represent full cure.

F from
i

0.3 20 −21 29 0.7
5.5 20 1 43 2.2
0.3 20 35 70 6.0
0.3 45 53 76 13.4
0.5 20 63 86 20.6
0.5 45 76 90 46.3
 ig. 3. (a) Isothermal conversion–time data. (b) Master curve formed

sothermal conversion data shifted to times at 80◦C by means of Eq.(3).
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Fig. 4. DSC profiles that simulate the pultrusion process.

3.3. DSC time–temperature profiles

DSC profiles were designed which would give equiv-
alent isothermal times at 80◦C (EIt80◦C) of ∼35 and
∼125 min, where EIt is computed by summing along the
time–temperature profile as indicated below[6,10]. Note that
for the process profile shown inFig. 1EIt80◦C = 115 min can
be computed:

EIt80◦C =
∑

t80◦C =
∑

ti

[
E(T − 80)

R(T + 273)353

]
(4)

Fig. 4 shows the DSC profiles. Samples were cured ac-
cording to these profiles and their conversions determined
from subsequent DSC scans as shown inTable 2.

3.4. Version 2 master curve

The two data points for the DSC profile cures shown in
Table 2were added to the isothermal data to give the mas-
ter cure shown inFig. 5. Both autocatalytic andnth order

Table 2
Measurements and computations from DSC profile studies

Maximum
temperature (◦C)

Equivalent isothermal
time at 80◦C (min)

Tg (◦C) Conversion
(%)

1
1

C

F netic
e

Fig. 6. Data ofFig. 5plotted according to the integrated form of the second-
order rate equation, Eq.(7).

reaction kinetics were examined. The lack of an inflection
in the conversion time data ofFig. 5 plus the absence of a
characteristic peak in the isothermal DSC curves eliminated
autocatalytic kinetics. An attempt to fit the data to the first-
order rate equation was unsuccessful. However, as shown in
Fig. 6, a very good fit to the second-order rate equation:

dα

dt
= k(1 − α)2 (5)

was observed. This result is reasonable since second-order
kinetics is typical of polyurethane cure, which involves the
reaction of isocyanate with alcohol to form a urethane link-
age. In Eq.(5) α is conversion,t the time andk the rate
constant. The temperature dependence of the rate constant is
contained in the Arrhenius equation:

k = A exp

[
E

RT

]
(6)

whereA is the pre-exponential factor,E the activation energy
(already determined to be 60.2 kJ/mol = 14.4 kcal/mol),Rthe
gas constant andT the absolute temperature.

The master curve data ofFig. 5were fit to the integrated
form of the second-order rate equation:

1

1 − α
= 1 + kt (7)

a t
k
8

α

T tions
f ion
d t im-
p ased
o -
v ed by
s ergy
a at low
30 37 63 86
60 133 87 97

onversion was measured fromTg by means of Eq.(2).

ig. 5. Version 2 master cure curve with model from second-order ki
quation.
s shown inFig. 6. The slope, which is the 80◦C rate constan
80, was found to be 0.235 min−1. Rearranging Eq.(7), the
0◦C master curve can be described as:

80 =
(

k80t

1 + k80t

)
= 0.235 (min−1)t

1 + 0.235 (min−1)t
(8)

This relationship is shown inFig. 5 as ‘Kinetic Eqn’.
able 3compares measured isothermal data with calcula
rom Eq. (8). Agreement is poorest for the low convers
ata which were taken at the lowest temperatures, bu
roves to give good agreement for conversion >75%. B
n the good fit of the data inFig. 6, including the low con
ersion data, we feel that these data are well represent
econd-order kinetics. Taking the measured activation en
s an estimate it was observed that better agreement
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Table 3
Isothermal cure data compared with calculations from Eq. (8)

Temperature (◦C) Time (min) Conversion (%)

Isothermal and profile DSC Eq.(8)

30.3 20 29 14
45.5 20 43 33
60.3 20 70 59
60.3 45 76 76
80.5 20 86 82
80.5 45 90 91
130 Profile 86 90
160 Profile 97 97

Fig. 7. Process temperature profile and development of conversion along the
profile.

conversion could be obtained with a lower activation energy
with a relatively small effect at high conversions. However,
a lower activation energy also resulted in a lower correlation
coefficient for the fit to second-order kinetics (seeFig. 6).
This approach was not pursued since accuracy at high con-
versions was an important factor in this study. We suggest
that an initially lower activation energy that increases to ap-
proximately that measured in this work may give a good fit at
all conversions. Based on the original assumption of a con-
stant activation energy and noting the possible complexity in
the reaction observed inFig. 2, we conclude that our hybrid
approach gives a good estimation of the kinetics for this fast
reacting thermoset system.

The temperature dependence ofk (min−1) becomes

kT = k80 exp

[
E(T − 80)

R(273+ 80)T

]

= 0.235 exp

[
14 400(T− 80)

702T (K)

]
(9)

Eq. (9) allows computation of the master curve at any tem-
perature. A value for the pre-exponential factor of 2.88E−10
can be calculated by incorporating the value forkat 80◦C of
0.235 min−1 into Eq.(6).

Fig. 7 shows conversion along the process profile. This
was accomplished by calculating the cumulative EIt for times
and temperatures along the process profile from Eq.(4) and
then using those results to compute conversion from Eq.(8).
Conversion for this system cured according to the process
profile with EIt = 115 min at 80◦C can be estimated at 96–
97%.

4. Summary

This thermosetting system is fast reacting, difficult to
mix without significant reaction taking place, and exhibits
some possible complexity in its cure. A variety of DSC tech-
niques were employed to elucidate the cure mechanism and
kinetics. Multiple heating rate DSC was used to measure
the activation energy for cure, while isothermal and simu-
lated process DSC were used to generate conversion–time
data. Time–temperature superposition techniques were used
to generate master curves for the chemically controlled cure.
The polyurethane system was found to follow second-order
k as-
t sions
d re re-
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inetics, consistent with the polyurethane cure reaction. M
er cure curves were constructed and analytical expres
eveloped to describe the conversion–time–temperatu

ationship.
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