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Cure kinetics of epoxy resins studied by non-isothermal DSC data
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Abstract

The curing kinetics of diglycidyl ether of bisphenol A (DGEBA) and diglycidyl ether of hydroquinone (DGEHQ) epoxy
resins in presence of diglycidyl aniline as a reactive diluent and triethylenetetramine (TETA) as the curing agent was studied
by non-isothermal differential scanning calorimetry (DSC) technique at different heating rates. The kinetic parameters of the
curing process were determined by isoconversional method given by Malek for the kinetic analysis of the data obtained by the
thermal treatment. A two-parameter (m, n) autocatalytic model (§esték—Berggren equation) was found to be the most adequate
selected to describe the cure kinetics of the studied epoxy resins. Reactive diluent decreases both the activation energy and the
cure kinetic parameters. Non-isothermal DSC curves obtained using the experimental data show a good agreement with that
theoretically calculated. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Epoxy resins are the most important thermosetting
polymers widely used as matrices in reinforced com-
posites, adhesives in the aerospace industry, surface
coatings, etc. [1-3]. Most of the commercially avail-
able epoxy resins are oligomers of diglycidyl ether of
bisphenol A (DGEBA).

An epoxy resin becomes an insoluble thermosetting
polymer when it reacts with a cross-linking agent.
These resins have good thermal, electrical and
mechanical properties, but they are brittle and have
poor resistance to the crack propagation [4,5]. To
alternate this deficiency, the epoxy resins are mixed
with modifying agents, such as low molecular weight
polymers, reactive oligomeric compounds, plasticizers,
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fillers, reactive diluents, etc. which modify the visc-
osity of the resin so that the processability of the
system is not impaired [6—10].

It is known that the physical properties of the cured
epoxy resins depend on their structure [10,11], the
extent of cure [12], the curing conditions [13,14], and
the time and temperature of cure [15]. For this reason,
it is necessary to know and to understand the relation-
ships between the structure of the networks and the
final properties, in order to obtain resins with high
performance applications [16,17].

Differential scanning calorimetry (DSC), which mea-
sures the heat flow of the sample as a function of tem-
perature, has extensively used to study the cure kinetics
of various thermosetting polymers [12,14,15,17].

The presence of reactive diluents modifies the
properties of the epoxy systems [18-20]. In the pre-
vious paper [21], the behavior of the two epoxy resins
with different structure, namely DGEBA and diglyci-
dyl ether of hydroquinone (DGEHQ), cross-linked
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with triethylenetetramine (TETA), in presence of
diglycidyl aniline (DGA), used as reactive diluent,
was studied in isothermal conditions regarding their
rheological and thermal properties. The present paper
reports the cure kinetics of the two above-mentioned
epoxy resins and determination of the kinetic para-
meters of the cure reaction from non-isothermal DSC
measurements, applying the simple and consistent
method of Malek [22,23] on kinetic analysis of the
data obtained by the thermal treatment. The used
method allowed us to select the most convenient
model for the curing reaction (§esték—Berggren equa-
tion) of the studied epoxy resins.

2. Experimental
2.1. Materials

DGEBA epoxy resin was a commercial product
(supplied from Sintofarm SA-Bucharest, Romania),
which was obtained by the reaction between bisphenol
A and epichlorohydrin. It has an epoxy equivalent
weight of 160 g (Eq. (1)), and was used as received.
DGEHQ was synthesized in laboratory [24] starting
from hydroquinone and epichlorohydrin. It has an
epoxy equivalent weight of 345 g (Eq. (1)). DGA with
an epoxy equivalent weight of 194 g (Eq. (1)) was
obtained by a reaction between aniline and epichlor-
ohydrin [21]. Aniline, epichlorohydrin, hydroquinone
and TETA were of regent grade and used as received.

The studied epoxy resins were mixed with both the
reactive diluent and with the curing agent at the weight
ratios shown in Table 1. The mixture was stirred for
10 min at room temperature and then degassed in a
vacuum oven to remove the air included during the
mixing process.

Table 1

Samples analyzed by DSC technique

Sample ‘Weight ratio of the components
DGEBA/DGA/TETA DGEHQ/DGA/TETA

1 1/0/0.75 -

2 1/1/1.5 -

3 0/1/0.75 -

4 - 1/0/0.75

5 - 1/1/1.5

2.2. DSC measurements

The curing thermal data were obtained by means of
a Mettler 12 E type differential scanning calorimeter,
heated from 20 to 200 °C with different heating rates
(5, 10 and 20 °C min_l), in a nitrogen atmosphere.
Pure indium was used as a standard for calorimetric
calibration. Runs were carried out using an empty cell
as a reference. The heat flow data, as a function of
temperature and time, were obtained using the area
under the peak of the exotherm. These data were
processed further to obtain the fractional conversion
(o) and the rate of reaction.

The basic assumption for the application of DSC
technique to the cure of the thermoset polymers is that
the rate of the kinetic process (do/df) is proportional to
the measured heat flow ¢ [22,25].

de ¢

dt  AH

AH being the enthalpy of the curing reaction.
The rate of the kinetic process in kinetic analysis

can be described by Eq. (2)

do
T = KTy (@) @

where K(7) is a temperature-dependent reaction rate
constant, and f(«) a dependent kinetic model function
[22,26].

The rate constant K(7) is dependent on temperature
as in Eq. (3)

ey

K(T) = Aexp (— If—;) 3

where A is the pre-exponential factor and E, is the
apparent activation energy.

The kinetic parameters of the curing reaction, with
special reference to E,, can be calculated using various
computational methods [27-29]. The E, was deter-
mined by the isoconversional method [23], using the
logarithmic form of the kinetic (Eq. (2))

da _E

In— = In[Af («)] RT

o “

The slope of In do/df versus 1/T for the same value
of a gives the value of E,. The values of E, can then be
used to find the appropriate kinetic model which best
describes the conversion function of the studied
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process. For this, it is necessary to appeal to the special
functions y(«) and z(x) [22,23].

y(a) = ((clf;) e’
T

(5 5

where x is reduced activation energy (E,/RT), f the
heating rate (K min~ "), T absolute temperature (K)
and n(x) is the expression of the temperature integral.
As was pointed out [26], n(x) function can be well
approximated using the 4th rational expression of
Senum and Yang [30] as in Eq. (7)

&)

7() (6)

()_ x4+ 18x% + 88x + 96
T = A 2008 + 12002 + 240x + 120

The y(«) function is proportional to f{or) function,
being characteristic for a given kinetic model. The
shape and the maximum of both y(x) and z(x) func-
tions for several models, normalized within the (0, 1)

)

121

interval, give valuable informations for determination
of the most suitable kinetic model characterizing the
process studied.

Using the value of E, and knowing the kinetic
model, the pre-exponential factor A is calculated
according to Eq. (8)

Bxp

I " (otp)
where, f (op) is the differential form of the kinetic
model [dfia)/da], o, is the conversion corresponding
to the maximum on DSC curve and p is the maximum
of DSC curve.

= exp xp

®)

3. Results and discussion

The curing reaction of the studied epoxy resins in
presence of TETA and DGA was investigated by DSC
at three different heating rates. Fig. 1 shows a typical
example of the DSC thermograms for DGEBA/DGA/
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Fig. 1. Typical DSC curves recorded for DGEBA/DGA/TETA system at different heating rates: (@) 5°C min~'; (O) 10 °C min™"; (W)

20 °C min~".
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Fig. 2. Fractional conversion as a function of temperatures for DGEBA/DGA/TETA system: (@) 5°Cmin~'; (O) 10 °C min~'; (M)

20 °C min~ ..

TETA sample 1 recorded at 5, 10 and 20 °C minfl,
while Fig. 2 shows the variation of the fractional
conversion as a function of temperature for the same
sample 1.

From DSC thermograms obtained for all the five
studied samples information about the curing reaction
were obtained as follows: the initial curing tempera-
ture (7;), the peak temperature (7)), the finishing
temperature (7y) and the curing range of the studied
systems. Some data on the curing reactions are sum-
marized in Table 2.

Table 2

As can be noted, with some exceptions, the increase
of the reactive diluent content in the studied samples
leads to increase of the cure range, the cure duration,
as well as the AH, especially. This behavior can be
related to the more comprehensive cure of the tested
resins in presence of the reactive diluent, due to both
the decrease of the viscosity and increase of the
number of the epoxy groups which react with the
reactive diluent.

Arrhenius plots from DSC scans recorded for the
cured samples using Eq. (4) and the same o value are

Curing characteristics of both DGEBA/DGA/TETA and DGEHQ/DGA/TETA samples evaluated from DSC thermograms recorded at

10 °C min~" heating rate

Sample T; (°C) T, (°C) Tt (°C) Cure range (%) Cure duration (min) AH (T g™
1 28 92 150 122 12.0 373
2 37 104 187 150 15.0 680
3 49 110 158 109 11.0 718
4 41 90 146 105 10.5 519
5 44 107 197 153 15.0 1158
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Fig. 3. Arrhenius plots for sample 3 in the interval 0.2 < « < 0.8: (@) « =0.2; (O) «=0.3; (H) « = 0.4; () « = 0.5; (A) « = 0.6; (A)
«=0.7; (+) a =0.8.
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Fig. 4. Variation of E, versus conversion: (@) sample 1; (O) sample 2; ([]) sample 3; (A) sample 4; () sample 5.
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Fig. 5. Variation of y(«) function versus conversion for DGEBA/DGA/TETA system.

straight lines, the slope of which gives the value of
E..

Fig. 3 shows a plot obtained for the sample 3, in the
interval 0.2 < o < 0.8, while Fig. 4 shows the varia-
tion of E, for all the studied samples as a function of
the fractional conversion.

It can be observed that E, determined from DSC
scans is practically constant in the conversion interval

0.3 < o < 0.6, with the slight tendency to increase for
o values out of the above-mentioned interval. These
deviations are probably due to the errors in base line
approximation for peak tails [22].

The value of E, determined from DSC data was
used to calculate both y(«) and z(«) functions using
Egs. (5) and (6), respectively. Figs. 5 and 6 show the
variation of y(«) (Fig. 5) and z(«) (Fig. 6) values with

1,0 4 ey
s (T e 2 e,
FY - l*"'}“ = 5°C/min
A
T ._.;" "'3“ e 10°C/min
L]
05 - - e s 20°C/min
, an ufe
- "‘
i . N
& "
0,6 x" 4_
LY
a*
s 1 # k
N 3
0,4 -
)
0,2 -
010 | T T T T T v T T T
0,0 0,2 0,4 0,6 0,8 1,0
o

Fig. 6. Variation of z(«) function versus conversion for DGEBA/DGA/TETA system.
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conversion. The values of both y(«) and z(x) were
normalized within the (0, 1) interval of DGEBA/DGA/
TETA systems for various heating rates. These func-
tions exhibit maxima at oy and o°, respectively. Both
ap and o help to decide the choice of the kinetic
model [23].

Table 3 lists the values of maxima oy; and ocgo
corresponding to the functions y(x) and z(o) for all
the studied samples, together with o, taken as the
maximum of the DSC peak.

As was noted, data in Figs. 5 and 6, respective in
Table 3, show that oy, ocgo and o, values are indepen-
dently of the heating rate. Simultaneously, the values
of oy are lower against the values of «p, while oc;"
exhibits values lower than 0.632. These remarks indi-
cate that the studied curing process can be described
using the two-parameter autocatalytic kinetic model

Sestak—Berggren (Eq. (9)) [31].
flo) =o"(1 —a)" ©)

where m and n are the kinetic exponents [23].

The kinetic parameter n is obtained by the slope
of the linear dependence In[(de/dr)€e"] versus
In[¢ (1—a)] (from Eq. (2)), and m=pn, where p =
OCM/ (1 — OCM).

Table 4 lists some kinetic parameters evaluated for
the proposed §estzik—Berggren kinetic model. As it is
shown in Table 4, the variation of the kinetic para-
meter values with the heating rate is placed in the

Table 3
The values of o, oy and a;‘ obtained from DSC thermograms
analysis

Sample Heating rate o, oM o’
(°C min~")

DGEBA/TETA 5 0.74 0.01 0.540
10 0.54 0.01 0.540
20 0.52 0.03 0.533

DGEBA/DGA/TETA 5 0.43 0.10 0.460
10 0.46 0.09 0.480
20 0.42 0.06 0.480

DGEHQ/TETA 5 0.781 0.00088 0.601
10 0.598  0.00078 0.598
20 0.549  0.00039 0.607

DGEHQ/DGA/TETA 5 0.403  0.0003 0.450
10 0.495  0.0004 0.408
20 0.408  0.0003 0.448

experimental errors limit (within 10% of the average
value).

The correctness of the kinetic model proposed using
the §esték—Berggren equation was verified by plotting
da/dt versus temperature (experimental curves), using
the data listed in Table 4, with the curves obtained by
computational processing of the thermograms (calcu-
lated curves). An example is given in Fig. 7 for the
DGEBA/TETA system. It is observed that the two-
parameter §esték—Berggren model well describes the

studied curing process.

Table 4
The kinetic parameters evaluated for the curing of the tested epoxy resins
Sample Heating rate E, (kJ mol™}) InA Mean m Mean n Mean
(°C min~ ")
DGEBA/TETA 5 17.973 0.0147 1.948
10 69.5 18.061 17.953 0.0259 0.0284 1.770 1.755
20 17.837 0.0447 1.549
DGEBA/DGA/TETA 5 13.842 0.194 1.880
10 59.1 13.727 13.783 0.156 0.155 1.732 1.826
20 13.779 0.114 1.865
DGEHQ/TETA 5 86.204 0.00044 5.002
10 267.0 86.646 86.459 0.00380 0.00206 4.841 4.937
20 86.527 0.00196 4.967
DGEHQ/DGA/TETA 5 68.024 0.00016 3.920
10 230.5 68.533 68.446 0.00092 0.00092 4.770 4.772
20 68.842 0.00169 5.626
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Fig. 7. Comparison of experimental (symbols) and calculated (full lines) DSC curves for DGEBA/TETA system: (@) 5 °C min~'; (O)

10 °C min~'; (M) 20 °C min~ ..

4. Conclusions

The cure kinetics of two epoxy resins with different
structures (DGEBA and DGEHQ), in presence of
DGA, as a reactive diluent, and TETA, as hardener,
was examined by DSC technique at various heating
rates. The E, determined by isoconversional method
was 69.5 kI mol~! for DGEBA/TETA system, and
267.0 kJ mol ' for DGEHQ/TETA system. The pre-
sence of the reactive diluent leads to decrease of the E,
for both the studied epoxy resins. The values of E, in
the conversion interval between 0.3 and 0.6 is rela-
tively constant and independent of the experimental
working conditions.

It was established that the two-parameter autocata-
Iytic model (gesték—Berggren equation) is the most
suitable for description of the studied curing process.
The kinetic parameters which were experimentally
determined were used to calculate the theoretically
DSC curves. These show a good agreement with that
experimentally determined.
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