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SYNOPSIS

The effect of a reactive diluent (RD) on the kinetics of the curing of an epoxy resin, based
on diglycidyl ether of bisphenol A (DGEBA), with a carboxylic anhydride derived from
methyl-tetrahydrophthalic anhydride (MTHPA) catalyzed by a tertiary amine has been
studied. The reactive diluent was a low-viscosity aliphatic diglycidyl ether, and the com-
positions per 100 parts by weight (pbw) of DGEBA were 10, 30, and 50 pbw of RD with
the stoichiometric quantity of MTHPA and 1 pbw of catalyst. The curing kinetics was
monitored by differential scanning calorimetry (DSC), and the kinetic parameters were
determined from the nonisothermal DSC curves by the method described by Malek. The
kinetic analysis suggests that the two-parameter autocatalytic model is the more appropriate
to describe the kinetics of the curing reaction of this epoxy-anhydride system. The kinetic
parameters thus derived satisfactorily simulate both the nonisothermal DSC curves and
the isothermal conversion-time plots. Increasing the RD content leads to a small increase
in both the nonisothermal and the isothermal heats of curing and has a slight effect on the
kinetic parameters E, In A, m, and n and, consequently, on the overall reactivity of the
system. On the other hand, the increase of the RD content significantly affects the structure
of the crosslinked epoxy. It is confirmed that the introduction of aliphatic chains in the
structure of the epoxy increases the mobility of the segmental chains in the glass transition
region. The consequence of this chemical modification is a decrease of the glass transition
temperature, T,. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

Reactive diluents (RDs) are used as additives in
epoxy resin formulations in order to reduce the vis-
cosity of the initial mixture and to aid the “pro-
cessability” of the resin. With this additive, the
properties of both the system during curing and the
crosslinked epoxy can be modified.! The addition of
an RD in an epoxy-anhydride system improves the
casting and impregnation properties of the resin
when it is used in electrical or electronic compo-
nents. There are two main types of RD, the epoxy-
based diluents and chemical compounds with a re-
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active group other than an epoxide. The presence
of epoxide groups allows the crosslinking reaction
of the diluent at the same time that the epoxy resin
is cured by the hardener. In the case of a monoepoxy
diluent, the curing reaction leads to a decrease of
the crosslink density of the resin, but in the case of
“polyfunctionality,” the behavior of the diluent is
considered to be similar to that of the basic epoxy
component and the crosslink density seems not to
be affected.!

The curing reaction of the catalyzed epoxy-an-
hydride system has been described by various au-
thors,?* but there is less information when an RD is
used in the formulation of the resin.>® The objective
of this article was to study the effect of an RD of
diepoxide type on the kinetics of the curing of di-
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glycidyl ether of bisphenol A (DGEBA) with methyl-
tetrahydrophthalic anhydride (MTHPA), catalyzed
by a tertiary amine. The curing reaction was moni-
tored by differential scanning calorimetry (DSC), and
the kinetic analysis of the nonisothermal curing was
performed by Mélek’s method,” which has been used
to study other epoxy-anhydride systems.®1° The ki-
netic parameters obtained by this method allow a
satisfactory representation of the isothermal conver-
sion curves at temperatures for which the vitrification
of the system does not occur. The effect of the RD
on the glass transition region of the fully cured epoxy
resin has also been analyzed. In the second part of
this work, the effect of the RD on the enthalpy re-
laxation process has been studied and compared with
the same system without the RD.!!

EXPERIMENTAL

Materials and Cure Procedure

The system studied in this article was a commercial
epoxy resin based on DGEBA, namely Araldite F
(CIBA-GEIGY), with an epoxy equivalent weight of
188.3 g.eq”}, cured by a carboxylic anhydride derived
from MTHPA (CIBA-GEIGY HY905) with an ac-
celerator that was a tertiary amine (CIBA-GEIGY
DYO061). The reactive diluent was a low-viscosity
aliphatic diglycidyl ether (Araldite DY 026) with an
epoxy equivalent weight of 113.8 g eq~!. The epoxy
resin, the hardener, and the RD were mixed at the
compositions given in Table I and stirred at room
temperature for 20 min. Then, the required quantity
of accelerator was added, mixed vigorously for about
20 min, and degassed in a vacuum oven at room
temperature for about 15 min. Samples were encap-
sulated in aluminum pans in order to be analyzed
in the calorimeter.

The calorimeter was a Mettler Thermoanalyser
TA4000 equipped with a low-temperature-range
DSC 30 differential scanning calorimetry module.
Nonisothermal scans were performed at different
heating rates (2.5, 5, 10, and 20 K min!) from —80
to 300°C under nitrogen atmosphere in order to cure
the resin and to provide the data for kinetic analysis.
A second DSC scan was made to measure the glass
transition temperature (7},) of the crosslinked epoxy
by use of the following procedure. After the non-
isothermal scan, the sample was freely cooled to
130°C and left 5 min at this temperature; it was
then cooled at 20 K min~! to a temperature T well
below the glass transition (e.g., 10°C in FRD10; refer
to Table I for T, values) and immediately reheated

at 10 K min~! to a temperature about 30°C above
the glass transition (e.g., 130°C in FRD10).

The kinetics of the isothermal curing reactions
were also studied. In these isothermal experiments,
the sample was placed in the calorimeter at room
temperature, and then the temperature was raised
at a heating rate of about 180 K min! to the iso-
thermal curing temperature, which was between 70
and 140°C. The curing time was about 3-5 h, de-
pending on the curing temperature, in order to de-
velop all of the exothermic heat of the curing reac-
tion. The time required for initial temperature
equilibration was between 1.25 and 1.5 min.

As in the nonisothermal experiments, the sam-
ple was submitted to a second scan to measure the
glass transition of the crosslinked epoxy resin by
use of the following procedure. After the isother-
mal period, the sample was immediately cooled at
20 K min™' to a temperature 7, well below the
glass transition and immediately reheated at 10 K
min~! from 7 to 250-300°C in order to measure
the T, and the residual heat of curing (only for
the partially cured samples). The T, determined
in the second DSC scan, following either the iso-
thermal or nonisothermal experiments, can be de-
fined in various ways: the extrapolated onset value
(Ty,), the midpoint value in AC,(T,), and the
extrapolated end value (T}).

KINETIC ANALYSIS

The kinetic analysis starts with the basic rate equa-
tion for the degree of conversion a:

da -
E=k(T)f(a)=Ae *fla) (1)

where A is the preexponential factor, x = E/RT, E
being the activation energy, and f («) is a function
of the conversion degree which can be described by
some empirical kinetic models.'?!* The models most
frequently applied to curing reactions are the reac-
tion order model,

fla) =(1—a)" (2)
and the two-parameter autocatalytic model ( Sestdk-
Berggren equation), which for a reaction with zero

initial rate, is:

fla) =a™(1 — a)” (3)
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Table I Composition of the Epoxy Systems in Parts by Weight and the

Corresponding 7T,

Nomenclature DGEBA : MTHPA : RD : Accl® T, (°C)
FRDO 100:100:0:1 101.3
FRD10 100:112:10:1 96.6
FRD30 100:136:30:1 81.5
FRD50 100 : 160 : 50 : 1 74.2
® Accl, accelerator agent.
According to the basic assumption that the heat yla)=¢e*= AHA f(a) (8)

flow, ¢, generated in the curing reaction is propor-
tional to the rate of conversion, the following equa-
tion is obtained:

8= 22 AH = AeAHF (@) (4)

where AH is the total heat of curing.
For nonisothermal DSC data, the change of the
degree of conversion with temperature is

s @ (5)

where 8 = dT'/dt is the constant heating rate. Sep-
arating variables in eq. (5), integrating, and sub-
stituting eq. (4), the following integral kinetic
equation is obtained:

_£ w(x)
AHg(Oé)f(a)—ﬁRd)[ . ] (6)

where w(x) is an approximation to the temperature
integral which can be calculated by suitable expres-

sions,”! and g («) is the integral form of the kinetic
model
¢ da
gla) = | —— (7
o fla)

According to Mélek’s method,” it is possible to
calculate all of the kinetic parameters from a single
nonisothermal DSC curve if the activation energy
is previously known. The activation energy may be
determined by the Kissinger method!® from the peak
temperatures of nonisothermal DSC curves obtained
for different heating rates. In addition, the method
of Malek allows the selection of the kinetic model
which best describes the DSC data by the definition
of the following functions:

T
z(a)=7r(x)¢E=AHg(a)f(a) (9)

As described in Reference 7 and discussed in more
detail below, the y(«) and z(«) functions permit
the selection of the appropriate kinetic model and
the evaluation of the kinetic parameters for the se-
lected model.

RESULTS AND DISCUSSION

Nonisothermal DSC Curves

Figure 1 shows the DSC curves for the nonisother-
mal curing of the epoxy with different contents of
RD at a heating rate of 10 K min ~!. The shapes of
all of these curves are very similar, and the peak
temperature is practically the same in all cases.
These curves also show the glass transition of the
unreacted system, the midpoint value of which de-
creases from —38°C in FRDO to —57°C in FRD50,
in addition to the exothermic peak between 100 and
200°C. It is observed that the heat of curing

axo>

2. W/

N T
-100. Q. 100. 200. T (°C)

Figure 1 DSC curves for the nonisothermal curing of
the epoxy-anhydride system with different contents of RD,
at a heating rate of 10 K min~>.
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(AHps0) tends to increase slightly with the RD
content, as shown in Figure 2(a), and that the width
of the peak (AT') tends to decrease with increasing
RD content [Fig. 2(b)].

Scans at different heating rates for the system
FRD50 are shown in Figure 3 (full lines). Figure
4 (a) shows the calculated values of the heat of cur-
ing ( AHy;50) which tend to increase when the heat-
ing rate decreases. A similar effect has been observed
in other thermosetting systems such as polyesters 6
and epoxy resins.!”!® At the same time, the width
of the peak tends to increase with the heating rate
[Fig. 4(b)].

The DSC scans at different heating rates allow
us to determine the apparent activation energy of
the overall process, E, by the Kissinger method, or
the apparent activation energy at a constant con-
version degree, E,, by the isoconversional method,'?
which follows from the logarithmic form of eq. (4).

In¢ =1In[AH A f(a)]—:;;, (10)

Figure 5(a) shows the values of E obtained by
the Kissinger method as a function of the RD con-
tent; the values of E, as a function of the degree of
conversion are shown in Figure 5(b). The average
values of E, for each epoxy system are also plotted
in Figure 5(a) as a function of RD content. It is
observed that the activation energy E and the av-
erage of E, do not change significantly with the RD
content, in agreement with the results obtained by
Patel and Patel.® Additionally, Figure 5(b) shows
that E, increases gradually with the degree of con-
version, as was observed in another epoxy-anhydride
system.’
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In order to perform the kinetic analysis of the
nonisothermal DSC curves, following Malek’s
method, the DSC data were converted to y(«) and
z(a) functions, following eq. (8) and eq. (9), and
are thus shown in Figures 6 and 7, respectively. As
described in References 7 and 8, the shape of the
¥(«a) function allows the selection of the kinetic
model. When the y(«) function decreases mono-
tonically from a maximum at a,; = 0 (in practice at
ay < 0.05), the phenomenological model corre-
sponds to the reaction order. On the other hand,
when a maximum is located in the interval 0.05 < ay,
< oy, ap being the conversion degree at the peak of
the DSC curve, the curing reaction may be described
by the autocatalytic model. The shape of y(«),
shown in Figure 6, together with the data of Table
II, which shows the «, values and that the maxi-
mum of the y(«) function lies at ap values be-
tween 0.28 and 0.33 depending on the RD content,
indicates that the two-parameter autocatalytic
model is better than the reaction order model for
describing the curing reaction. This result is in
agreement with previous work on a catalyzed epoxy-
anhydride system.?1°

Additionally, the z(«) function has a maximum
at oy, which is the (theoretical) value of « at the
peak of a hypothetical DSC curve for which the re-
duced activation energy x, tends to infinity (refer
to Appendix of Ref. 7 for more details). For the two-
parameter autocatalytic model, this parameter o
allows us to determine the other kinetic parameters,
namely, the preexponential factor and the exponents
m and n of eq. (3), by the methods described in
Reference 7. The values of o are found to be prac-
tically the same for all of the epoxy systems (0.59-
0.60) (refer to Table II).
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Figure 2 Nonisothermal heat of curing (AHn;s0) at 10 K min™ (a) and width of the
peak (AT) (b) for epoxy systems with different contents of RD. Lines are drawn as visual

guides.
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Figure 3 Experimental DSC curves (full lines) and calculated DSC curves (symbols) for
the epoxy-anhydride system with 50 parts by weight (FRD50) of RD at different heating

rates.

The values of m and n obtained in this way are
shown as a function of RD content in Figure 8(a).
Both m and n can be seen to increase slightly with
the RD content [Fig. 8(a)]. The dependence of
In A on RD content [Fig. 8(b)] is similar to that
observed in the apparent activation energy E. This
effect is a consequence of the correlation between
these two parameters, as shown in Figure 9, where
the linear relationship between In A and E

InA=aE+5b (10)

gives the values a = 0.273 (mol k J ') and b = —3.805
with a correlation coeflicient = 0.98, where a and b
are constants for this epoxy system. Such a rela-
tionship implies a so-called “compensation effect,”
which has been observed in other series of curing
reactions, such as a catalyzed epoxy-anhydride sys-
tem with different degrees of crosslinking® or in the
nonisothermal degradation of polymers, as reported
by Budrugeac and Segal.!®

The kinetic parameters thus derived satisfactorily
simulate the experimental nonisothermal DSC
curves, as can be seen in Figure 3 (symbols). This
agreement confirms that the autocatalytic model is

appropriate to describe the kinetics of the curing
reaction of this epoxy system.

The results obtained for m, n, and In A also in-
dicate that the introduction of aliphatic segments
into the main chain of the epoxy based on DGEBA
does not cause a significant change in the kinetics
of the overall curing process. Only an increase of
about 10% in the exothermic heat of curing is ob-
served when the RD content increases up to 50 parts
by weight.

Isothermal DSC Curves

The results of the isothermal experiments on FRD10
samples are shown in Figure 10 for four different
curing temperatures, 7T.. The values of the isother-
mal heat of curing (AH s) and of the time at which
the maximum occurs are shown in Figure 11. At a
fixed curing temperature, it is observed that the heat
of curing increases slightly with the RD content {Fig.
11(a)]. This trend is similar to that observed in non-
isothermal experiments [Fig. 4(a)] and may be at-
tributed to the presence of the aliphatic diepoxide
of the RD in the curing reaction. However, there
are some characteristic aspects of the isothermal
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Figure 4 Dependence of the nonisothermal heat of curing (AHy;s0) (a) and width of the
peak (AT) (b) on the heating rate for the epoxy systems: ((J) FRD10, (o) FRD30, and (O)

FRD50. Lines are drawn as visual guides.

heats of curing to be highlighted. At the highest cur-
ing temperatures of 130 and 140°C, lower values of
AHso are observed than at 120°C. According to
other authors,'>'*'7 at these higher curing temper-
atures, the reaction takes place very rapidly and the
heat of curing evolved during the time required for
temperature equilibration is not fully recorded in
the DSC curve; the result is a decrease in the value
of AH;55. The maximum values of AH,;s, are ob-
served in the range of 110-120°C, which is the op-
timal range of curing temperatures. In this range of
temperatures, the values of AH,g, are very close to
those measured nonisothermally at 5 or 10 K min™*
[compare the values of Figs. 11(a) and 4(a)].

Considering lower curing temperatures in the
system FRD10, it is observed that the value of AH g,
at 100°C is less than that at 110°C. This decrease
could be a consequence of the vitrification of the
system, which would result in a partially cured
epoxy. The increase of crosslinks in the resin reduces
the mobility of the reacting groups, and the curing
reaction becomes controlled by diffusion.?? As a
consequence of the freezing of the chemical reaction,
the conversion degree tends to a practically constant
limiting value, ., which is lower than unity: the
system becomes partially cured after a long time of
curing. On the other hand, the T, of the system in-
creases during the curing and becomes higher than
the curing temperature. In these conditions, the
system is in the glassy state, vitrifies, and is subject
to the process of structural relaxation, which is easily
identified in the DSC scan by a characteristic en-
dothermic peak.??-2

Bearing in mind these comments, the lower value
of AH 5, at 100°C in FRD10 cannot be clearly at-
tributed to the vitrification process, because no re-

sidual heat of curing is observed in the second DSC
scan after the isothermal curing [see Fig. 12(a)]. Ad-
ditionally, the T, of the resin cured at 100°C is prac-
tically the same as that observed in samples cured
at 110 and 120°C [see Fig. 12(a)], showing that the
degree of crosslinking is the same in all of these
samples. Instead, it is possible that the decrease in
AH;g, on curing at 100°C may be an experimental
artefact caused by a partial loss of the heat of curing
due to the weak heat flow signal.

A further decrease of AH,y, is observed in FRD10
when it is cured at 90°C. In this case, the decrease
may indeed be a consequence of the vitrification of
the resin during the isothermal curing. The curing
temperature here is in the lower range of the glass
transition region (T, = 89.4°C) and clearly lower
than the midpoint T, (96.6°C), as shown in Figure
13. The sample is only partially cured, and a residual
heat of curing is measured [see Fig. 12(a)]. In ad-
dition, an endothermic peak appears in the second
DSC scan [Fig. 12(a)], indicative of a structural re-
laxation process during the isothermal curing.
However, at this curing temperature, the sum of the
isothermal and residual heats of curing, 283 and
about 10 J g™! respectively, is lower than the glo-
bal heat of the curing of this system (324 J g™1).
This difference indicates that a loss of heat of cur-
ing as a consequence of the low heat flow (about
0.04 W g! at its maximum value) has again probably
taken place.

In system FRD30, a decrease of the isothermal
heat of curing at T, < 110°C is also observed. The
lower values of AH g, observed at T, = 100 and 90°C
could be a consequence of a loss of heat during the
curing of the system because there is a very low re-
sidual heat of curing, as Figure 12(b) shows. The T}
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a) = 70°C. In spite of the fact that there is a residual
heat of curing, no endothermic peak is observed at
60— T T 1 T the glass transition [Fig. 12(¢)] and the partial cure
0 1o 2 0 3 _° 40 50 60 of the resin could be a consequence of insufficient
reactive diluent (pbw) curing time. One way to investigate whether or not
Figure 5 (a) The activation energy calculated by the this is a valid interpretation of these results would

Kissinger method ((J) and isoconversional average values
(m) for different contents of RD. (b) Dependence of the
activation energy determined by the isoconversional
method on the conversion degree for different contents of
RD (A) FRDO, (O0) FRD10, (a) FRD30, and (O) FRD50.

values of these samples are about 79-80°C, which
corresponds to the maximum T, observed in FRD30.
On the other hand, this T} is lower than the curing
temperature, which prevents the vitrification of the
resin. However, at T, = 80°C, it is possible to observe
some effects of vitrification: a) the curing temper-
ature lies in the glass transition region, which ranges
between 75.4 and 87.5°C (see Fig. 13); b) there is a
residual heat of about 21 J g™%; and ¢) a small relax-
ation peak is observed in the second DSC scan ob-
tained after 8 h at 80°C, as shown in Figure 12(b).
However, as for FRD10, an effect of loss of heat
during the curing cannot be disregarded because the
sum of the isothermal and residual heats of curing
(249 and 21 J g7}, respectively) is again lower than
the global heat of curing (337 J g™1).

The results for FRD50 show a trend similar to
that for FRD30. Bearing in mind that vitrification
appears when T is lower than the T}, we can expect
that a small effect of vitrification will occur at T,

be to study the curing at the same temperatures us-
ing the so-called method of residual heat of cur-
ing,'%22 obtaining point by point the conversion de-
gree at different curing times; this study is currently

in progress.
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Figure 7 The 2(«) function for different contents of
RD.
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Table II Average Values of a at the Maximum of
the y(a) Function (ay) and 2(«) Function (o) for

the Epoxies with Different RD Content

Epoxy " oy ay
FRD 0O 0.57 0.28 0.59
FRD 10 0.58 0.28 0.60
FRD 30 0.58 0.31 0.59
FRD 50 0.59 0.33 0.60

® a, is the conversion degree corresponding to the DSC peak.

The time ¢, where the maximum of the isothermal
DSC curves occurs is shown in Figure 11(b) as a
function of the curing temperature. For any partic-
ular RD content, this time ¢, decreases as the curing
temperature increases, as has been observed in other
epoxy resins.'>'*!7 At a fixed T., the value of ¢, in-
creases slightly with the RD content.

The isothermal DSC curves allow us to determine
the degree of conversion, a, as a function of the cur-
ing time according to the relationship

AH,

o= T
AHtotal

(11)

where AH, is the heat generated up to time t and
AH,,., is the total heat of curing, being the maximum
value obtained in the nonisothermal curing: 324
(FRD10), 337 (FRD30), and 346 J g (FRD50). The
reason for using the nonisothermal values for AH,,
is that during isothermal curing at lower tempera-
tures T, the occurrence of vitrification would pre-
vent the reaction from ever proceeding to a full cure.
The nonisothermal value of AH,,, therefore pro-
vides a unique reference for this evaluation.?® For
those temperatures 7T, for which a full cure is
achieved isothermally, the values of AH g, are equal
to AH,,,,; within experimental error. The isothermal
experiments are represented in the conversion-time
form for FRD10 samples in Figure 14 (symbols).
The kinetic parameters obtained from the non-
isothermal DSC curves allow the simulation of the
isothermal experiments (full lines in Fig. 14). The
results in the conversion-time plots of Figure 14
show that these kinetic parameters satisfactorily
simulate the isothermal curing experiments of the
FRD10 system in the range of conversion degree
between 0.1 and 0.9 and in a temperature range be-
tween 100 and 120°C. A deviation can be seen at
90°C when the conversion is higher than 0.5, which
may be attributed to the vitrification process. Ad-
ditionally, the kinetic parameters satisfactorily also
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Figure 8 The variation of the kinetic parameters m and
n (a) and preexponential factor (b) with the RD content.

simulate the experimental isotherms between 100
and 120°C for FRD30 and FRD50 in a range of de-
gree of conversion between 0.1 and 0.9. A deviation
has been observed in those systems where the AH o
is lower than the global value as the result of a loss
of heat during the curing.

The isothermal conversion-time plots allow us
also to calculate the apparent activation energy for
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Figure 9 Correlation between the preexponential factor
and the activation energy.
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Figure 10 Isothermal DSC curves for the epoxy FRD10
at different curing temperatures.

different degrees of conversion. Rearranging and in-
tegrating eq. (1), it follows that

133

da
X f(_ozi =k(T)t (12)

gla) =
and for a given curing temperature

Fla) =Ingla) =Ink(T) +Int (13)

where F(a) is a function only of the conversion de-
gree. Assuming an Arrhenius equation for the rate

constant k(T), as proposed above in the Kinetic.

Analysis section, and rearranging, one obtains
Int=F(a) —InA + (E/RT) (14)

There is therefore a linear dependence of In ¢ on
1/T for a given value of F(a), i.e., for the same con-
version degree «, and the activation energy can be
found from the slope of the In ¢ versus 1/T plots.
The values of the apparent activation energy, E,,
calculated from the isothermal o — ¢ plots in a tem-
perature range between 90 and 120°C, at different
conversions for the systems with different RD con-
tent, are shown in Figure 15. It can be seen that
these values of E,, are slightly higher than those ob-
tained from the nonisothermal DSC scans by the
1soconversional method and shown in Figure 5(b).
Nevertheless, both values show a similar trend of
activation energy increasing gradually with the de-
gree of conversion.

Glass Transition Temperature

An increase of the RD content results in a decrease
of the temperature interval of the glass transition.
The T, measured as the midpoint of AC, in the sec-
ond DSC scan after the nonisothermal curing, shows
a linear dependence on RD content (Fig. 13). The
decrease of T, with the RD content may be attrib-
uted to the increase of the mobility of the chain
segments introduced by the aliphatic epoxy chains.
As will be shown in another article,!' an epoxy-an-
hydride system such as the system FRD50 shows a
higher relaxation rate than the system without RD.

Similar values of midpoint T, were obtained in
samples cured isothermally, as shown in Figure
16. In the systems with RD, the glass transition
measured in samples cured isothermally is prac-
tically the same as that for those cured noniso-
thermally; it is only the system without RD which
shows higher values of T, for epoxies cured iso-
thermally. This difference is a consequence of the
effect of the thermal history on the network
properties?”?® and agrees with other results ob-

peak time (min)
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320

300

AHigo (J/g)

280

260 o

240 M T v T ¥ M T
60 80 100 120 140
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Figure 11 (a) Isothermal heat of curing and (b) time
of the maximum of the peak at different curing temper-
atures for the epoxies ((J) FRD10, (a) FRD30, and (O)
FRDS50. Lines are drawn as visual guides.
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FRD50 ¢)

exo>

0.2 W/g

\—__"/’_,_/_”,100"C/5h
\___’___’_____,,,,—ﬁgom/eh

110°C/3.5h

- = 80°C/7h

AHge=22J/9g

70°C/8h

T ¢C)

exo>

FRD30 b)

120°C/3h

0.1 W/g

110°C/4h
100°C/5h

90°C/8h

80°C/8h

0.1 W/g

T v L T LI T
50. 100. 150. 200. 250. T (°C)
FRD10 a)
A
[}
»
@ 120°C/3h

\\__’\NMLO"C\IS.%

100°C/5.5h

AHres=10J/g

180, a0, T (C)

Figure 12 Second DSC scan obtained after the isothermal curing of the epoxy, cooling
to 10°C at 20 K min™!, and immediately reheating at 10 K min~}, for different epoxy
systems: FRD10 (a); FRD30 (b); and FRD50 (¢). The temperature and time of the isothermal
curing are shown against each curve. Residual heat of curing (AH,,,) is also indicated. Refer

to Figure 16 for the values of midpoint T,

tained on a similar epoxy resin cured with
MTHPA with accelerator.?®

It is also found that the T, values of these epoxies
depend on the curing temperature: a slight reduction

in T, is observed for the highest T, in most systems
(e.g., 140°C in FRDO and FRD10 or 120°C in
FRDA50), in addition to that for lower values of T..
A similar effect was reported by Meyer et al.?® As
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reactive diluent (pbw)

Figure 13 T, measured in the second DSC scan after
the nonisothermal curing for different RD contents:
extrapolated onset (W) Ty(7,), (®) midpoint T}, and (A)
extrapolated end T(T, ).

pointed out above, when the T is lower than the T},
of the system vitrification occurs, and hence, the
system remains partially cured and the T} is lower.
This effect can be observed in FRD10 at 90°C, in
FRD30 at 80°C, and in FRD50 at 70°C. Addition-
ally, a decrease of T, may also occur when the system
remains partially cured as the result of the low curing
temperature, as in FRD50 at 80°C. In these cases,
the T, of the system depends on the conversion de-
gree of the resin, 222>

S} ]
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Figure 14 Experimental (symbols) and calculated (full
lines) conversion-time curves for the epoxy FRD10 at dif-
ferent curing temperatures.
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Figure 15 Dependence of the apparent activation en-
ergy on the conversion degree calculated by the isocon-
versional method applied to the isothermal conversion-
time data, for different contents of RD: (O) FRD10, (A)
FRD30, and (O) FRD50.

CONCLUSIONS

The effect of RD on the cure kinetics of an epoxy
resin cured by a carboxylic anhydride with catalyst
has been studied. Kinetic analysis of the noniso-
thermal DSC scans performed by Malek’s method
suggests that the autocatalytic model is the more
appropriate to describe the kinetics of the curing
reaction of this epoxy-anhydride system. The kinetic

110 A AAA
00 o — o —
9 0 (o)
g T TR
70t---W o o o0-gooo ]
e ]
(= o
50
o
30 v T M ’ v T M T
60 80 100 120 140 160
Te (°C)

Figure 16 Midpoint T, for different epoxy resins
previously isothermally cured at the indicated temper-
atures: (A) FRDO, (OJ) FRD10, (a) FRD30, and (O)
FRD50. The dashed lines indicate the T, values obtained
in the second DSC scan after the nonisothermal curing:
(— — —) 101.3°C for FRDO, (----) 96.6°C for
FRD10, (—+-— -—) 81.5°C for FRD30, and (----)
70.2°C for FRD50. The symbols in brackets correspond
to the value of the midpoint T, when there is an en-
dothermic peak due to the structural relaxation of the
system. All of the DSC curves were scanned at 10 K

min .
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parameters thus derived satisfactorily simulate both
the nonisothermal DSC curves and the isothermal
conversion-time plots.

Increasing the RD content leads to an increase
in both the nonisothermal and the isothermal heats
of curing and has only a small effect on the kinetic
parameters E, In A, m, and n and consequently on
the overall reactivity of the system. The isothermal
experiments show an effect of vitrification when the
curing temperature is lower than the maximum T},
of the resin, giving a lower isothermal heat of curing,
AHs,. Nevertheless, a decrease in AHjg, has also
been observed in systems cured at temperatures
higher than the T,; a possible explanation for this
could lie in the low heat flow signal of the DSC scan.

On the other hand, an increase of the RD content
significantly affects the final structure of the epoxy.
It is confirmed that the introduction of aliphatic
chains in the structure of the epoxy affects the mo-
bility of the segmental chains in the glass transition
region. The consequence of this chemical modifi-
cation is a decrease of the T,.
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