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SYNOPSIS

Isothermal curing of an epoxy resin based on diglycidyl ether of bisphenol A, using a
hardener derived from phthalic anhydride, has been performed at curing temperatures
between 30 and 130°C. Samples were cured isothermally at various intervals of time and
analyzed by differential scanning calorimetry (DSC), the glass transition temperature T},
and the conversion degree being determined by the residual enthalpy technique. The vit-
rification phenomenon and a further structural relaxation process, occurring at curing
temperatures (T,) lower than the maximum T, (109°C), at which T, equalizes T, have
been studied at curing temperatures between 30 and 100°C. The structural relaxation process
is analyzed by the endothermic peak that appears superposed on T, in dynamic DSC scans.
The area of this peak () is a measure of the recovery enthalpy, and thus of the extent of
the relaxation process. This process begins at higher curing times (¢.) when T, decreases
because the vitrification of the system starts later. Both the enthalpy recovery (@) and the
temperature of the endothermic peak (7, ) increase with the annealing time (t,), calculated
as the difference between ¢, and the time in which vitrification occurs, and tend to have a
limiting value due to the fact that the system loses mobility when the free volume decreases
during its asymptotic approach toward the metastable equilibrium state. Furthermore, the
dependence of @ and T}, on ¢, at different T\ shows that the relaxation process in partially
cured resins depends on the conversion degree of the system and consequently on the

crosslinking density of the network.

INTRODUCTION

Epoxy resins are widely used as polymeric materials,
as polymer matrices for composite materials, and as
adhesives. The conversion of linear epoxy resins to
three-dimensional crosslinked and thermosetting
materials is performed by curing reaction. Epoxy
resins are commonly cured by amines and anhy-
drides, with or without the use of catalysts and ac-
celerators. Curing epoxy resins with cyclic anhy-
drides is an important process in the manufacture
of high-grade electrical insulation materials whose
exothermic reaction and polymerization mecha-
nisms have been recently analyzed in various kinds
of epoxy resins.!™*
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Curing kinetics of epoxy resins has been studied
with different techniques, such as infrared spec-
troscopy (IR), Fourier transform IR, thermal anal-
ysis as differential scanning calorimetry (DSC), di-
rect current conductivity, etc. Recently, Prime® and
Barton® have published excellent reviews of appli-
cations of DSC to the study of curing kinetics.

However, the isothermal curing reaction of an
epoxy resin is usually complicated as a consequence
of the interaction of the chemical kinetics of curing
with other physical processes, causing important
changes in the macroscopic physical properties of
the reacting system.”® These processes are phase
separation, gelation, vitrification, and devitrifica-
tion.

According to Flory,® gelation is the incipient for-
mation of an infinite network in the first stages of
curing. At this point the system changes its mac-
roscopic properties. Its occurrence depends on the
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functionality of the resin and stoichiometry of the
components but not on experimental conditions
such as curing temperature.

Vitrification involves a physical transformation
from a liquid or rubbery state to a glassy state as a
result of an increase in the crosslinking density of
the material. It is well known that this phenomenon
occurs when the glass transition temperature, T,
becomes equal to the curing temperature T,. The
system is in the glassy state when 7. becomes higher
than T,. Vitrification dramatically affects the prog-
ress of curing reaction since the degree of conversion
becomes practically quenched.”®1°

In addition, when the system is annealed at a
temperature lower than T, the structural relaxation
process or physical aging appears!! due to the fact
that the glassy state is not an equilibrium thermo-
dynamic state, and its properties, such as volume,
entropy, and enthalpy, decrease with time.'>!3

Finally, devitrification of the material occurs
when T, decreases through the isothermal temper-
ature as a consequence of the thermal degrada-
tion.™*

This paper studies the conditions of temperature
and time of curing of an epoxy resin at which the
vitrification process appears and, also, the effect of
the extent of the curing reaction on the structural
relaxation process. The differential scanning calo-
rimetry technique is used to monitor the curing re-
action and to evaluate the thermal properties of the
resin during the curing.

EXPERIMENTAL

Materials

The epoxy resin used in this study was a diglycidyl
ether of bisphenol A (DGEBA) modified type (Ciba-
Geigy Araldite CY 225) with an epoxy content be-
tween 5.0 and 5.3 mol/kg. A hardener derived from
phthalic anhydride with an accelerator ( Ciba-Geigy
Hardener HY 225) was used to cure the resin.'’

Curing Procedure

Resin and hardener with an accelerator were used
as received and mixed at a weight ratio of 10 : 8.
The mixture was stirred at room temperature for 20
min, and then was degassed in a vacuum chamber
for 15 min. Samples were enclosed in aluminium
DSC pans, introduced in Pyrex tubes under a nitro-
gen atmosphere, and placed in thermostatic baths
at curing temperatures T between 30 and 130°C for

various periods of curing time ¢,. For short curing
times (less than 2 h), the samples were cured inside
the DSC module.

Differential Scanning Calorimetry

A Mettler Thermoanalyzer TA3000 with a differ-
ential scanning calorimetry DSC 30 module, pre-
viously calibrated with indium, lead, and zinc stan-
dards, was used to measure the heat flow as a func-
tion of temperature. The thermal history to which
samples were subjected was as follows: After the iso-
thermal curing, the resin samples were cooled freely
to room temperature, introduced in the DSC module,
cooled to —80°C, and then scanned at a heating rate
of 10 K/min to 280°C, under nitrogen atmosphere.

The glass transition temperature T, and the re-
sidual enthalpy of curing AHy were determined in
each dynamic DSC curve. T, was measured as the
half-way point of AC,, when the polymer passes from
the glassy state to the rubbery state. An apparent
degree of conversion of the curing reaction is cal-
culated from the residual enthalpy AHp of the par-
tially cured resin and from the total enthalpy of re-
action AHy (297.2 J/g) corresponding to one “as-
mixed” sample without curing treatment:

_ AHp— AHpg
« AL,
After the first scan, the sample was cooled freely in
the DSC module and a second scan was carried out
from 20 to 130°C at the same heating rate. This
second scan only gives the glass transition temper-
ature of the resin almost fully cured, without any
noticeable residual enthalpy of curing.

Thermogravimetric Analysis

Loss of weight was measured using a thermogravi-
metric analyzer (TG-50 module) coupled to a Met-
tler Thermoanalyzer TA3000. Temperature scans
(50 to 600°C) were performed by heating uncured
mixtures of resin and hardener at a heating rate of
10 K/min in a nitrogen gas flow (200 mL /min).

RESULTS AND DISCUSSION

DSC Thermograms

For a given curing temperature, the temperature of
glass transition increases and the residual heat of
curing decreases with the curing time as a conse-
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Figure1l DSC thermograms of samples cured at temperatures of (a) 80°C and (b) 130°C

for different curing times.

quence of the increase in the crosslinking density
in the network of the material. Both effects can be
observed in the DSC thermograms in Figure 1 at
curing temperatures of 80 and 130°C.

The vitrification process is observed in DSC
thermograms for a curing temperature of 80°C [ Fig.
1(a)], which is lower than the maximum glass tran-
sition T}, of the resin, whose value is about 109°C.1¢
When T, equalizes T, the system vitrifies and a
peak superposed on T, appears as a consequence of
the structural relaxation process. Under these con-
ditions residual curing starts just beyond the en-
dothermic relaxation peak. The maximum of curing
exotherm rises slightly from 163 to 165°C (for T,
< T.) to 168-172°C (for T, = T.). These effects have
also been observed in amine-cured DGEBA."

When the curing temperature is higher than T,
the curing reaction occurs in the rubbery state. Un-
der these conditions, as the DSC thermograms show
in Figure 1(b) obtained at T, = 130°C for different

curing times, vitrification, and further structural re-
laxation no longer appears.

Dependence of the Conversion Degree with the
Curing Conditions

For a given curing temperature, the conversion de-
gree increases with a sigmoidal shape and tends to
have a limiting conversion degree, the value of which
depends on the temperature of curing (Fig. 2).
When T, < T,,, isothermal curing progresses
through two different curing stages. The first one is
controlled by the chemical reactivity of groups, the
curing reaction develops in liquid state and the T},
of the system is lower than the 7,.. The reaction
progresses at a rate depending on T, until the T
equals T,. On reaching this point, the second stage
of curing starts: the system vitrifies and the reaction
rate decreases considerably until the reaction be-
comes practically quenched due to the fact that the
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Figure 2 Dependence of the degree of conversion on curing time for different curing

temperatures.

mobility of the reacting groups becomes very re-
stricted. The reaction time required to reach T, = T,
is named vitrification time ¢,. Its values at different
T., obtained from 7T, data versus time, are shown in
Figure 4. When the system reaches the glassy state,
the chemical reaction becomes controlled by diffu-
sion.31%17-1® The slow segmental motions caused by
the structural relaxation process are the only ones
permitted, and the conversion degree tends to have
a practically constant limiting value «,,, thus pre-
venting the full conversion of the chemical reaction
to be reached.

Figure 3 shows these two stages in a diagram of
conversion degree versus the curing temperature.
The conversion degree at vitrification time, a,, de-
termines the progress of curing controlled by chem-
ical reaction. The difference between «, and «,
shows the progress of the crosslinking reaction in
the glassy state controlled by diffusion. When T,
> Ty, the curing reaction is only controlled by
chemical reactivity, the rate being faster as the iso-
thermal curves of 110 and 130°C show in Figure 2.

Dependence of the Glass Transition Temperature
on the Curing Conditions

As stated earlier, during the isothermal curing at T,
the T, of the system has been noticed to continue
increasing with the curing time ¢, as a consequence
of the increase in the crosslinking density of the
network. For samples cured at T, < T, deceleration
has been observed to occur near to T, = T, as a
consequence of the system vitrification (Fig. 4). Be-

yond the vitrification time, T, becomes higher than
the curing temperature, and as a result the system
is annealed at a lower temperature than T, and a
structural relaxation process or physical aging be-
gins.!™"® Then T} increases slowly with the anneal-
ing time at a temperature of T, < T, and approaches
asymptotically to a limiting value depending on 7.
At T, = 100°C, the limiting 7, is reached at about
109°C, but at 7. = 70°C this limiting value can rise
to0 92°C. At low T, (30 or 40°C), the limiting T, was
not reached in the times tried in this study.

If the T,-t. curves are shifted along the logarith-
mic time scale by an amount of log ar to superpose
at a given reference temperature Ty, a common

1.0
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!
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T
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Figure 8 Dependence of limiting conversion degree o,
() and conversion degree at vitrification time a, (O) on
the curing temperature.
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Figure 4 Variation of T, with the curing time at different curing temperatures.

master curve can be obtained at the lower T, tem-
perature end. The resulting curve with T, = 80°C
is shown in Figure 5. An acceptable good superpo-
sition is obtained for curing times lower than ¢, and
T, values lower than about T, — 20°C, where the
curing reaction is controlled by chemical kinetics.
Deviations to the master curve occur near the vit-
rification of the system, and obviously at T, > T,
when the reaction is controlled by diffusion. A sim-

ilar behavior has been observed by Gillham and co-
workers % in amine-cured DGEBA. Recently, Choy
and Plazek?' obtained a master curve of fictive tem-
peratures vs. log t., applying a scaling factor to fictive
temperature and a shift factor to time.

The shift factors ay listed in Table I follow an
Arrhenius relationship:

log ar = 10.92 — 3.84 X 10%/ T
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Figure5 Time-temperature superposition: 7}, versus log (shifted) time at different curing
temperatures for a reference temperature of T, = 80°C.
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TableI Shift Factors at Different T, Referred
to T, = 80°C

T. (°C) ar Qo
130 29.9 —
110 8.3 7.6
100 4.1 3.4

90 2 1.75
80 1 1

70 0.46 0.39
60 0.23 0.22
50 0.107 0.09
40 0.047 0.043
30 0.021 —

with a determination coefficient of r2 = 0.998. The
slope yields an apparent activation energy of 17.5
kcal/mol (73.3 kdJ /mol). Similarly, the same pro-
cedure can be applied to the conversion degree~time
curves in Figure 2. Shift factors a, obtained are
shown in Table 1. The Arrhenius relationship is

log a, = 10.79 — 3.82 X 103/ T

with a determination coefficient of r2 = 0.997. The
slope yields an apparent activation energy of 17.4
kcal /mol (72.7 kJ /mol), which corresponds to the
overall curing reaction.

The fact that these two activation energy values
are identical shows the existence of a good corre-
spondence between the values of T, and the degree
of conversion. On the other hand, the dependence
of T, values (obtained without physical aging effects
at t. < t,) on the conversion degree (Fig. 6) shows
that T, is an index of the reaction extent,!*?*#%%3
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Figure 6 Dependence of T, on degree of conversion from

regardless of the curing temperature. The existence
of this relation between T}, and « clearly shows that
the same reaction mechanism is followed in the
range of tested curing temperatures between 30 and
130°C.

The T, values of the second scan, after the first
heating up to 280°C, are slightly lower than T, .
Their average values range between 100°C (for T,
< 100°C) and 105°C (for T, = 100°C). The higher
T, value obtained on the second scan is lower than
109°C, the maximum glass transition temperature,
T, as indicated earlier. This decrease is possibly
due to the beginning of the thermal degradation that
the resin may undergo when heating up to 280°C in
the first scan. Figure 7 shows the thermogravimetric
(TG) temperature scan of the uncured resin-hard-
ener mixture; here it is clearly seen that the weight
loss begins at 250-300°C, when the resin is almost
fully cured, and concludes at 550°C with a substan-
tial weight loss (90% ). The initial thermal degra-
dation between 250 and 300°C may lead to a slight
decrease in the crosslinking density, and therefore
of the T, of the cured resin.

Analysis of the Structural Relaxation Process

It is well known that the glassy state is not a ther-
modynamic equilibrium state, and so the system

100 -} i 1 1
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60 - L
z
2
g w- :
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20 5
0
] T T L)
200 400 600
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various curing temperatures. The T, values represented Figure 7 TG temperature scan for uncured resin-hard-

are without physical aging effects, corresponding to T, ener system: weight percent versus temperature with a
<T,. heating rate of 10 K/min. Initial weight = 8.67 mg.



tends to evolve to an equilibrium (metastable) state,
its properties such as volume, enthalpy, and entropy
decreasing with time [see the schematic diagram in
Fig.8(a)]. The free volume of the system is reduced
and consequently the molecular mobility of the chain
segments decreases.

When the material annealed at T, during an an-
nealing time £, is submitted to heating up to a tem-
perature above the glass transition zone, the molec-
ular mobility increases and the system recovers its
equilibrium properties at an established tempera-
ture, as shown in Figure 8(a). Additionally, an en-
dothermic peak superposed on T, appears in the de-
rivative curve. In the diagram of Figure 8(b) the
endothermic peak, which appears in DSC thermo-
grams (heat capacity or heat flow versus tempera-
ture), is represented schematically. In thermoplastic
polymers, 117132427 fylly cured resins,?®3! and par-
tially cured resins,? the intensity, position, and area
of the endothermic peak depend on the annealing
time at T, < T,.

The area of the relaxation peak (@) in the heat
flow versus temperature scan, taking as the baseline
that of the extrapolated liquid or rubbery line, is a
measure of the recovery of enthalpy?*?® and thus of
the extent of the relaxation process taking place at
the isothermal temperature of curing (7T, < T,) in
a given time. In a partially cured resin, the occur-
rence of the structural relaxation process depends
on T,, as it starts when the system vitrifies at the
vitrification time t,. For high values of T, the process
begins at low values of ¢, and vice versa as shown
in Figure 4.

The dependence of recovery enthalpy (@) on the
annealing time (t,), calculated as the difference be-
tween the curing time and the vitrification time (i,
= t. — t,), is shown in Figure 9. Its values depend
on both the annealing or curing temperature and
the annealing time. For a curing temperature,  in-
creases with annealing time as in thermoplastic and
thermosetting polymers. The rate of the relaxation
process of the system (dQ/dt,) tends to decrease
with the annealing time according the annealing
temperature, because the system loses mobility as
free volume decreases during its asymptotic ap-
proach toward the metastable equilibrium state.

For curing temperatures equal to or higher than
70°C, @ increases with t, and tends to have a max-
imum value, Q,,, which depends on T, as shown in
Figure 9. For T, = 60°C we estimated a g, of about
7 J/g, but for T, values lower than 60°C we have
no results of @, since the total curing times (¢, = t,
+ t,) required are very high. In Figure 9 we can see
that for T, = 70°C, Q,, decreases with the curing
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Figure 8 Schematic diagrams of (a) enthalpy-temper-
ature and (b) C, (or dH/dt)-temperature illustrating
structural relaxation effects.

time. The kinetics of the structural relaxation slows
down as T increases. This means that the maximum
value of the extent of the relaxation process de-
creases with T, because the segmental mobility of
the system becomes more restricted as a consequence
of the increase in the limiting conversion degree and
therefore of the increase in the crosslinking density
of the network. This effect is plotted in Figure 10:
Q.. decreases with the limiting degree of conversion.
However, a great decrease in @,, is observed when
T. passes from 90 to 100°C, which may be due to
the proximity of the glass transition interval [at T,
= 100°C, Ty (onset; 18 about 95°C and T (enq) about
122°C].
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Figure 9 Dependence of enthalpy recovery @ on the annealing time ¢, (¢, = t. — ¢,) for
different curing temperatures: 30 (O), 40 (1), 50 (V), 60 (@), 70 (&), 80 (A), 90 (m),

and 100°C ($).

In thermoplastics2**" and thermosets, ?*%! a lin-

ear relationship is observed in the dependence of
the enthalpy recovery versus the logarithm of the
annealing time when a wide range of ¢, is applied.
The slope (d@/d log t,) represents the overall
change in the enthalpy recovery when the annealing
time increases by one decade; in fact this could be
a characteristic parameter of the relaxation process
at a given annealing temperature. Similar parame-

A (100)

T T L] ¥
07 08 0s 1.0
Limiting conversion degree

Figure 10 Dependence of @ maximum (§,,) on the
limiting conversion degree. Curing temperature values are
indicated in brackets. The Q,, value for T, = 60°C is ap-
proximate.

ters have been applied in physical aging studies by
creep,’! volume relaxation,® and enthalpy relax-
ation.?* In the epoxy system studied, this parameter
tends to decrease with the annealing temperature
and also with the limiting conversion degree, as Fig-
ure 11 shows, while in thermoplastic polymers, a
step increase is first observed, later passing through
a maximum and finally decreasing near 7,.!333¢
Similarly, the position of the relaxation peak T,

T T T T T T T T T
05 06 07 08 09 10
Limiting conversion degree

Figure 11 Representation of dQ/d log t, with limiting
conversion degree. Curing temperature values are indi-
cated in brackets.
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Figure 12 Dependence of the peak temperature (T,,) on the annealing time t, (t, = ¢,

— t,) at the stated curing temperatures.

increases with the annealing time as a consequence
of the progress of the relaxation process, as has been
shown in other polymers?*3? and tends to have a
limiting value depending on T (Fig. 12). Alterna-
tively, T, values corresponding to equal values of
annealing time increase with T due to the increase
in the conversion degree or the crosslinking density
of the system, which causes a shift of the glass tran-
sition interval to higher temperatures.

CONCLUSIONS

Isothermal curing at temperatures lower than the
maximum 7T, of the resin shows two curing stages:
the first one is controlled by chemical reactivity and
proceeds until T, equalizes T,. On reaching this
point, the system becomes vitrified while the second
curing stage begins; here, the system is in the glassy
state and the reaction becomes mostly quenched,
which makes the curing reaction become controlled
by diffusion. Due to phenomenon of vitrification,
the conversion degree tends to have a limiting value,
which depends on T.. At the same time, T}, increases,
although slowly, as a result of the structural relax-
ation process of the system and approaches asymp-
totically closer to a limiting value depending on T.,.

This relaxation process is analyzed by the en-
dothermic peak superposed on T, in dynamic DSC
scans. The area of this peak (&) is a measure of the
recovery enthalpy, and thus of the extent of the re-

laxation process. This process begins at a higher ¢,
when T, decreases because the vitrification of the
system starts later. The rate of structural relaxation
of the system depends on both the annealing time
and the annealing temperature. The system loses
mobility as the free volume decreases during its
asymptotic approach toward a metastable equilib-
rium state, and as a result the rate of relaxation
decreases with the annealing time and @ tends to
have a maximum value.

For curing temperatures equal to or higher than
70°C, the maximum value of the enthalpy recovery
(@) decreases with T, because the limiting con-
version degree of the system increases; the cross-
linking density of the network also increases, and
consequently the segmental mobility becomes more
restricted.

Finally, the dependence of @ on the logarithm of
t, is a linear relationship whose slope always de-
creases with the annealing temperature, unlike the
behavior of thermoplastic polymers for which this
slope shows a steep increase passes through a max-
imum, and decreases near to T,. This different be-
havior in the structural relaxation with the anneal-
ing temperature is a consequence of the gradual
changes in the reticulation degree and also of the
network crosslinking density in the partially cured
resin.
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