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Abstract

To get a better understanding of the curing process of multi-component thermosets differential scanning calorimetric (DSC) and
temperature modulated DSC (TMDSC) measurements were performed during isothermal curing of semi-interpenetrating polymer networks
(semi-IPNs) with amounts of 10 or 20 wt.% of linear polymer and of the corresponding pure networks at temperatures between 333 and
393 K. The network component consists of diglycidylether of bisphenol A (DGEBA) cross-linked with diaminodiphenyl methane (DDM)
and the linear polymer component is polysulfone (PSn) or polyethersulfone (PES). The curing time dependence of conversion was estimated
from time dependent heat flow measurements during isothermal curing. The curing kinetics is discussed in the framework of different models
taking into account the catalytic effects and the influence of diffusion. A lower reaction rate was found in the semi-IPNs compared with the
pure networks which is related to a decrease of the diffusion coefficient and/or the density of reacting units due to the linear polymer
component. The final conversions were found to decrease with an increasing amount of the linear polymer component and with decreasing
curing temperature which corresponds to less perfect network structures. The time evolution of the glass transition temperatures during
isothermal curing was determined by the DSC and TMDSC. At the beginning of the reaction only one glass transition—indicating a one
phase system—was found whereas at later stages of curing the two phase structure—consisting of a DGEBA/DDM-rich and a PSn-or PES-
rich phase—was indicated by two glass transition temperatures.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Extensive investigations have been performed in the last
decades to get a better understanding of the cure behaviour
of one phase thermosetting systems. Some of the measure-
ment techniques used for this purpose are calorimetry
[1–15], dielectric relaxation spectroscopy [13,15–24],
mechanical analysis [22,25–29], ultrasound [7,30–34] and
light scattering [32,35]. These investigations were extended
in the last years to multi-component thermosets, particularly
to interpenetrating polymer networks (IPNs) [36–39]. Due
to the possibility of combining the properties of different
components, the class of IPNs have attracted the interest of
many researchers [40,41]. One can distinguish between the
full and semi-IPNs. In the former, the two components are
chemically cross-linked without mutual covalent bonds
whereas in the latter only one component is cross-linked
and the second component is linear. In the last decades a
wide variety of IPNs have been synthesized and their

physical properties and structures have been studied by
different experimental methods. From these investigations
[40–42] it is known that usually IPNs do not interpenetrate
on a monomer scale, but have a microheterogeneous
morphology with regions enriched by one of the
components. The final morphology of IPNs is a result of a
competitive process between phase separation and its frus-
tration due to network formation or vitrification of one of
the components and can be controlled by changing the
reaction parameters like the curing temperature or the
composition [36,37,42]. In contrast to polymer blends
the phase morphology is fixed by the network.

In this paper we present differential scanning calorimetric
(DSC) and temperature modulated DSC (TMDSC)
measurements performed during isothermal curing of
semi-IPNs consisting of diglycidylether of bisphenol A
(DGEBA) cross-linked with diaminodiphenyl methane
(DDM) and polysulfone (PSn) or polyethersulfone (PES)
as the linear polymer component. For comparison, identical
measurements were performed on the corresponding pure
networks without a linear component. The measurements
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are compared with recent dielectric relaxation studies on the
same systems [39]. The systems have been characterised
before by de Graaf [36,37] using transmission electron
microscopy and mechanical measurements. From these
investigations it is well established that the systems phase
separate during reaction and form a two phase (a DGEBA/
DDM-rich and a PSn- or PES-rich phase) structure which is
frozen in by the topology of the epoxy network or by the
glass transition of one of the components. Although the
phase morphologies of our systems correspond rather to
blends which are “pinned” in the process of demixing
than to networks which are interpenetrated by linear chains
on a molecular scale, the term “semi-IPN” will be used in
the following as a synonym for the partially phase separated
high-Tg thermoplast modified epoxy resin (Tg is the glass
transition temperature).

The aim of this paper is to study the influence of a high
Tg-thermoplastic linear polymer component on the reaction
kinetics by comparing the isothermal DSC experiments to
the predictions of different models. Furthermore, we applied
the MDSC experiments to resolve the phase separation
during reaction. By combining the conventional DSC and
TMDSC the evolution of the glass transitions prior and after
phase separation could be determined.

2. Experimental

DGEBA was supplied by Shell Chemical Company
(Epikote 828, degree of polymerisationn� 0.14) and
DDM by Aldrich. The linear polymers PSn (molecular
weight: Mw� 46 000 g/mol, Mw/Mn� 1.32) and PES
(Mw� 42 000 g/mol, Mw/Mn� 2.05) are commercial
substances from BASF (Ultrason S3010 and E3010, respec-
tively). Details of the reaction mechanism [1,4,8,43,44] and
the phase morphology [36,37,39] have been described
before. For the semi-IPNs, mixtures of PSn or PES in
DGEBA were prepared in such a composition that the
weight fraction of PSn or PES was 10 and 20% in the
final samples.

DGEBA (for pure networks), DGEBA/PSn mixtures or
DGEBA/PES mixtures (for semi-IPNs) and the DDM were
heated separately to 393 K, poured together into a preheated
glass container and stirred at 393 K for 30 s to get a homo-
geneous mixture. The DGEBA and DDM were used in
stoichiometric amounts. Then several DSC aluminium
pans were filled with the reaction mixture and brought to
a refrigerator at2308C where no significant reaction took
place over periods of several months as confirmed by a
constant DSC glass transition temperature. The pans
containing identical mixtures were then taken successively
for the DSC measurements. The reaction mixtures were
cured isothermally at different curing temperatures in a
DSC 7 from Perkin–Elmer under a nitrogen atmosphere.
In these experiments the heat of reaction was recorded as
a function of the curing time. As the reactions were

relatively slow, inaccuracies arising from the finite heat
conductivity were neglected.

To measure the time evolution of the glass transition
temperaturesTg the isothermal reaction was interrupted
after defined curing times by quenching the samples to
213 K. The quenched samples were then reheated with
10 K/min to estimate the glass transition temperatures
which were taken from the points of inflection of the steps
in the heat flow (i.e. the steps in the heat capacity). In these
experiments for every curing interval a new sample was
used.

In addition to the conventional DSC measurements, the
TMDSC measurements were performed under similar
conditions with a DSC 7 with DDSC mode. In a TMDSC
measurement the usual temperature program is superim-
posed with a periodical temperature perturbation [45]:

T�t� � T0 1 b0t 1 Ta sin�v0t�; �1�
whereT0 is the initial temperature andb0 is the underlying
heating rate (isothermal experiments:b0 � 0). Ta is the
amplitude andv0�v0 � 2pf0; f0: frequency) is the angular
frequency of the sinusoidal temperature perturbation. The
heat flow into the sample can be calculated after some cali-
brations from the measured signal by [46,47]:

F � cbmb0 1 Fa cos�v0t 2 w�; �2�
whereFa is the amplitude of the oscillating part of the heat
flow andw the corresponding phase shift in respect to the
input signal dT�t�=dt. Since in our experiments, the periodic
temperature perturbation has the form of a triangle, the last
terms in the right sides of Eqs. (1) and (2) represent the first
harmonics of the temperature perturbation and the heat flow
answer, respectively.m is the sample mass.cb is the under-
lying (total) specific heat capacity which can be evaluated
from the underlying (total) heat flow. The latter is the heat
flow averaged over one period and corresponds to the
conventional DSC signal. The real partc0 and the imaginary
part c00 of the complex specific heat capacitycp�v0� �
c0�v0�2 ic00�v0� are related to the quantities in Eqs. (1)
and (2) by [45,48–50]:

c0�v0� � ucpu cosw; �3�

c00�v0� � ucpu sinw;

with

ucpu �
����������������
�c0�2 1 �c00�2

q
� Fa

mv0Ta
:

3. Results and discussion

3.1. Heat of reaction and conversion

To determine the total heat of reaction, a pure DGEBA/
DDM network was heated from 203 to 573 K with a rate of
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3 K/min as shown in Fig. 1. The step in the heat flow at
257 K indicates the glass transition of the unreacted
mixture. The reaction starts at about 320 K as seen by the
onset of a minimum in the endothermic heat flow (this mini-
mum in the graphic representation corresponds to maximal
heat flow due to the exothermic epoxy–amine reaction). By
integration of the area between this minimum and a straight
line connecting the curve before and after the minimum
(dashed line in Fig. 1) a heat of reaction of 405 J/g could
be determined which was taken to be the total heatQtot of the

epoxy–amine reaction. This yields a value of 99.8 kJ/mol
epoxy groups and is in agreement with the literature values
[1,4,5,8,51].

The time dependence of heat of reaction of the DGEBA/
DDM networks, PSn/DGEBA/DDM semi-IPNs and PES/
DGEBA/DDM semi-IPNs during isothermal curing at
different temperatures is shown in Fig. 2. The curves are
normalised to 1 g of network component (DGEBA and
DDM). For all the samples, the rate of the exothermic
epoxy–amine reaction increases first and passes through a
maximum in the exothermic heat flow (minimum in Fig. 2).
The increase in the rate constant is indicative of an auto-
acceleration in the rate-reaction. It has been suggested that
this arises from autocatalysis of the amine–epoxy reaction
by hydroxyl groups formed during the amine reaction
[1,4,8,44]. It can be clearly seen that for the semi-IPNs
this minimum is shifted to longer curing times, i.e. the
higher the PSn or PES content the more the minimum is
shifted. In addition, the width of the minima increases with
increasing content of PSn or PES. Such a broadening was
also observed by Lin and Lee [38] for non-isothermal curing
of full and semi-IPNs. This broadening reflects a slower
reaction rate which can be explained by a decrease of the
number of reacting groups per volume and/or by a decrease
of the diffusion coefficient by the high-Tg polymers (PSn or
PES).

From the temperature dependence of the times related to
the minima in the endothermic heat flow (Fig. 2) an activa-
tion energy of about (45̂ 2) kJ/mol was estimated for the
DGEBA/DDM network as well as for the semi-IPNs. This
value is in agreement with the activation energy of 45.1 kJ/
mol determined from gelation or vitrification times
measured by dielectric relaxation spectroscopy [39] on the
same substances. This value agrees well with the gelation
times determined by mechanical measurements [36,39].

The heat of reactionQ(tcure) released up to a given curing
time tcurecan be determined by integrating the corresponding
heat flow curveF�t� (Fig. 2):

Q�tcure� �
Ztcure

0
F�t� dt: �4�

Then the curing time dependence of conversiona can be
calculated by dividingQ(tcure) by the total heat of reaction
Qtot:

a�tcure� � Q�tcure�
Qtot

: �5�

The calculateda (tcure)-curves are shown in Fig. 3. All the
curves have a sigmoidal shape. The curves of the semi-IPNs
differ from those of the pure networks already in the begin-
ning. For an higher PSn or PES content the curing reaction is
shifted to longer curing times and the final conversion is
decreased. Both can be explained by the decrease of the
mobility of the reacting sites and/or by the decrease of the
density of reacting groups.

It can be seen in Fig. 3 that the reaction does not reach
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Fig. 1. Temperature dependence of the heat flow for a DGEBA/DDM
network (sample weight: 31.8 mg, heating rate: 3 K/min) measured by
conventional DSC.

Fig. 2. Curing time dependence of the heat flow during the isothermal
epoxy–amine reaction for the DGEBA/DDM networks and for the semi-
IPNs containing 10 or 20 wt.% PSn or PES measured by conventional DSC.
All the curves are normalised to 1 g of network component (DGEBA and
DDM). The curing temperatures are indicated.



completion for the curing temperatures used. The final
conversions after isothermal curing at different temperatures
are shown in Fig. 4. It can be seen that for lower curing
temperatures and higher PSn or PES content the final
conversion decreases which corresponds to less perfect
network structures. The small deviation from this trend for
the highest curing temperature (393 K) is probably due to
uncertainties in determining the heat of reaction in the initial
time interval.

3.2. Curing kinetics

The curing kinetics for epoxy systems (without phase
separation during reaction) is discussed rather
controversially in the literature (see for example Refs.
[1–6,8,10,13–15,44] and references therein). Some of the
problems under discussion [15] are: (i) the question as how
to distinguish between a mass-controlled (i.e. thermochemi-
cal) and a diffusion-controlled reaction regime, (ii) the
reaction mechanism in epoxy thermosets and (iii) the rela-
tion between the reaction rate, sterical hindrance and
molecular relaxations (e.g. measured by relaxation spectro-
scopy). To get a deeper insight into the curing kinetics of the

epoxy resins—in a first step—the data in Fig. 3 are analysed
by simplified reaction models.

The linear polymer component in our systems yields an
additional parameter for systematic variation of the reaction
kinetics. Due to its higherTg the thermoplastic component
leads to an increase in the viscosity of the reacting mixture.
Furthermore, it results in a decrease of the concentration
of reacting sites. As a first approximation the influence of
changes in phase morphology on the reaction kinetics of the
epoxy component is neglected. This is justified by the
assumption that the mechanism of the epoxy–amine reac-
tion does not change considerably in the linear polymer rich
phase which has also a high amount of the epoxy compo-
nent. This is supported by the large glass transition step
corresponding to the linear polymer rich phase (see
Fig. 10) which exceeds the value expected for the small
volume fraction of the PSn or PES component considerably.

In a bimolecular reaction where anA-molecule reacts
with a B-molecule to produce an AB-molecule one can (in
the absence of catalytic effects) assume a second-order reac-
tion kinetics with a temperature dependent rate constantk:

dcA

dt
� dcB

dt
� 2kcAcB; �6�

wherecA andcB denote the concentrations of A-molecules
and B-molecules, respectively. In a stoichiometric composi-
tion cA � cB � c. An A-molecule reacts only with a
B-molecule when they approach within a certain distance
(the capture radius) as a result of their random diffusion. If
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Fig. 3. Curing time dependence of conversiona calculated from the data in
Fig. 2 by Eq. (5) for the DGEBA/DDM networks and for the semi-IPNs
containing 10 or 20 wt.% PSn or PES. The curing temperatures are indi-
cated in figure.

Fig. 4. Dependence of the final conversion after isothermal curing on curing
temperature for the DGEBA/DDM networks and for the semi-IPNs contain-
ing 10 or 20 wt.% PSn or PES.



hindrance by diffusion can be neglected there is a high
probability that both molecules will diffuse apart again
without reacting. Therefore the chemical kinetics is the
rate limiting step. In this case the rate constantk does not
depend on conversion and is therefore a constant which
depends solely on the probability that an A-molecule and
a B-molecule react when they are both within the capture
radius. If, however, hindrance by diffusion is dominant, the
rate constant is determined by the probability of an encoun-
ter between A- and B-molecules. To consider diffusion
effects one can incorporate in Eq. (6) thatk depends on
the diffusion coefficientD [15]. In the diffusion-controlled
regime the following formula can be derived [15]:

dc
dt
� 2

4pr0D
c0

1 1
1

pDt=r2
0

ÿ �1=2
 !" #

c2
; �7�

where r0 is the capture radius,D an averaged diffusion
coefficient andc0 the initial concentration of the reactive
groups.

As a first approximation the (stoichiometric) epoxy–
amine reaction is considered to follow a simple bimolecular
second-order mechanism where the epoxy groups are
identified with the A-molecules�cA � cepoxy� c� and
the amine hydrogen atoms with the B-molecules
�cB � camino hydrogens� c�. During the network growth the
steric hindrance becomes more and more important and the
viscosity increases which results in a decrease ofD. There-
fore the rate constant (denoted askv for the second-order
epoxy–amine reaction) depends on conversion and, equiva-
lently, on the curing time:

dc
dt
� 2kv�t�c2 �8�

with t � tcure. Integrating Eq. (8) yields:

c�t� � c0

1 1 c0

Zt

0
kv�t� dt

; �9�

where c0 is the initial concentration of epoxy groups (at
tcure� 0).

The conversiona�t� is related to the concentration of
epoxy groups by:

a�t� � c0 2 c�t�
c0

: �10�

From Eqs. (9) and (10) the curing time dependence ofkv�t�
can be calculated as:

c0kv�t� � d
dt

1
1=�a�t�2 1�

� �
: �11�

As is well known [1,4,8,44] the epoxy–amine reaction
can be catalysed by impurities and by the hydroxyl groups
formed, which is usually considered in more detailed
models [1]. However, in our simple considerations formally
these catalytic effects can also be incorporated intokv�t�.
The latter should be commented somewhat more in detail.

Usually a complex reaction mechanism (e.g. due to
autocatalytic effects) can be considered by subdivision of
the reaction constant into different components where one or
several are changing with concentration. As mentioned
above, the reaction mechanism for epoxy curing is still
discussed controversially and the detailed functional depen-
dence of the components is not known. Therefore we
alternatively assumed that the order of the reaction (and
the corresponding kinetic equation) is almost unchanged
over a limited time interval of reaction (here the beginning
of the curing prior to gelation). In this concept all changes of
the components of the rate constant are “formally”
incorporated intokv�t�. This can be denoted as “pseudo-
second-order kinetics”. The concept will also be extended
to the later stage of curing (after gelation) by formal consid-
eration of a “pseudo-first-order kinetics”.

After sufficiently large microgel clusters or a macro-
scopic network (gelation) was formed one can assume that
one of the two reacting groups is fixed whereas the other one
can still diffuse. It is therefore reasonable to assume in the
final stage of curing first-order kinetics with a curing time
dependent rate constantkw�t� (pseudo-first-order kinetics):

dc
dt
� 2kw�t�c; �12�

kw�t� describes again the reaction velocity which depends on
the chemical kinetics and the diffusion coefficient. Integrat-
ing Eq. (12) yields:

c�t� � c0 exp 2
Zt

0
kw�t� dt

� �
: �13�

c0 has the same meaning as in Eq. (9). From Eqs. (10) and
(13) one gets:

kw�t� � d
dt

ln
1

1 2 a�t�
� �

: �14�

The rate constants for the second (kv) and for the first-
order kinetics (kw) are calculated from the data of Fig. 3 by
using Eqs. (11) and (14), respectively. The corresponding
curing time dependence is shown in Figs. 5 (kv) and 6 (kw).
Although we assume, that in the earlier stage of curing a
second-order mechanism is dominant whereas in the final
stage of curing a first-order mechanism holds,kv in Fig. 5 is
plotted over the entire curing time range. As expected for a
simple second-order mechanism neglecting catalytic effects
and diffusion, in the early stage of reactionkv remains
almost constant. This is more pronounced for lower curing
temperatures. For all curing temperatures and compositions
the region wherekv is nearly constant is less than 10–20%
of the gelation timetgel (indicated by arrows in Fig. 5 for the
DGEBA/DDM networks) which corresponds to less than
10% conversion (Fig. 3). However, a cancellation of the
hindrance by diffusion and the acceleration of the reaction
by autocatalytic effects is also possible in this time interval.
The sharp increase ofkv after this initial period can be
related to the dominance of autocatalytic effects due to the
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hydroxyl groups generated during reaction which is also
indicated by the increase of the exothermic heat flow
(Fig. 2). As discussed above, we expect a first-order reaction
kinetics in the time interval aftertgel. Therefore, this time
interval should be discussed in terms ofkw�tcure� as shown in
Fig. 6. As in Fig. 5, the maxima inkw versustcure can be
related to the highest reaction velocity due to the autocata-
lytic mechanism. The sharp decrease inkw�t� for tcure . tgel

can be attributed to the decrease of the diffusion coefficient
and/or to the decreasing density of reacting groups. In addi-
tion, in Figs. 5 and 6 there is a trend that the reaction is
slower with increasing content of PSn or PES. This can be
explained by the higher viscosity and/or the lower number
of reacting groups due to the PSn or PES components which
have high glass transition temperatures and which do not
have reacting groups. We think that it is not possible to get
quantitative information from the curves in Figs. 5 and 6
since the models used are too simple for the complicated
systems investigated. However, such simple models may
give some qualitative insight.

A more detailed description for the epoxy–amine reac-
tion in terms of a mass-controlled autocatalytic reaction has

been developed by Horie et al. [1,8]. The reactions of the
epoxy groups with primary and secondary amines as well as
catalytic (catalyst or impurity) and autocatalytic effects
(hydroxyl groups generated) are explicitly taken into
account. Assuming equal reactivity of all the amino hydro-
gens, the rate for a stoichiometric mixture of epoxy and
amine in this model can be expressed as:

da
dt
� �k1 1 k2a��1 2 a�2: �15�

k1 and k2 are rate constants. Eq. (15) considers only the
chemical kinetics whereas the influence of diffusion is not
taken into account. To get a better representation of experi-
mental data the empirical reaction ordersmandn have been
introduced (see Ref. [3] and references therein):

da
dt
� �k1 1 k2a

m��1 2 a�n: �16�

mandn can have different values. In many casesm� n� 1
gives a good representation of the curing kinetics in epoxy
resins [6]. In this case, a plot of��da=dt�=�1 2 a�� versusa
gives a straight line. This type of plots is shown in Fig. 7 for

W. Jenninger et al. / Polymer 41 (2000) 1577–15881582

Fig. 5. Curing time dependence ofkv calculated for a second-order reaction
kinetics by Eq. (11) for the DGEBA/DDM networks and for the semi-IPNs
containing 10 or 20 wt.% PSn or PES. The curing temperatures are indi-
cated in the figure.c0 is the initial concentration of epoxy groups (at
tcure� 0). Dielectric gelation timestgel [39] of the DGEBA/DDM networks
are indicated by arrows (for the semi-IPNs these times are very similar).

Fig. 6. Curing time dependence ofkw calculated for a pseudo-first-order
reaction kinetics by Eq. (14) for the DGEBA/DDM networks and for the
semi-IPNs containing 10 or 20 wt.% PSn or PES. The curing temperatures
are indicated in the figure. Dielectric gelation timestgel [39] of the DGEBA/
DDM networks are indicated by arrows (for the semi-IPNs these times are
very similar).



our data. The straight lines for low conversions justify the
assumption thatm� n� 1 for all substances investigated.
This finding is independent of the reaction temperature and
the amount of linear polymer. From the linear regions in
Fig. 7 the rate constantsk1 andk2 were determined (Table 1).
The linear regions of the curves in Fig. 7 are followed by
maxima and sharp declines towards zero. This deviation
from Eq. (16) has been attributed in the literature [13,15]
to vitrification. The degrees of conversion corresponding to
the vitrificationa vit of the semi-IPNs containing 10 wt.% of
PSn or PES (estimated from the isothermal TMDSC
measurements as shown in Fig. 11) are indicated by arrows
in Fig. 7. It is obvious that the decrease of the rate constant
towards zero corresponds toa vit. Fournier et al. [13]
proposed to multiply an empirical “diffusion control func-
tion” fd�a� to Eq. (15) (here we multiply it to Eq. (16)):

da
dt
� �k1 1 k2a

m��1 2 a�nfd�a�

with fd�a� � 2
1 1 exp��a 2 af �=b� 2 1:

�17�

af is the final degree of polymerisation andb is an empirical
constant. Recently, Wise et al. presented a study on reaction
kinetics of DGEBA cured with DDM and monofunctional
aniline [14]. In this study the effect of diffusion on the
reaction rate was considered using an alternative approach
combining chemical and diffusional rate constants by the
Rabinowitch equation. Fits of Eq. (17) to the pure
network and the networks containing PSn are shown in
Fig. 8. Eq. (17) fits well withk1 and k2 values as deter-
mined above to the data for 353 K for all the amounts of
PSn (see Fig. 8) and PES (not shown). The quality of the
fits is decreasing forTcure� 373 K and not sufficient for
Tcure� 393 K (dashed in Fig. 8). The fit parameters are
included in Table 1. The increasing deviation of the
data from Eq. (17) with increasing reaction temperature
may be attributed to the changes in the reaction mechan-
ism in the later stage of curing (e.g. second- to first-order)
and/or to the influence of phase separation on the reaction
kinetics.

3.3. Glass transition

For a curing temperature of 373 K the development of the
glass transition temperatures with the curing time was
measured both for the pure network and for the semi-IPNs
containing 10 or 20 wt.% PSn or PES. This was done by
curing a set of identical samples for different timestcure at
373 K. Then the samples were quenched to 213 K and
reheated with 10 K/min to record the glass transition
temperaturesTg and the residual heats of reaction for the
different curing timestcure.

In Fig. 9 the heating curves of the semi-IPN with 20 wt.%
PES after curing for different times at 373 K are shown.
Hence the development of both the glass transition and
the residual reaction with the curing time can be seen. The
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Fig. 7. Dependence of��da=dt�=�1 2 a�� on conversiona for the DGEBA/
DDM networks and for the semi-IPNs containing 10 or 20 wt.% PSn or
PES. The curing temperatures are indicated in the figure. The conversions
corresponding to isothermal vitrificationavit at a curing temperature of
373 K of the semi-IPNs with 10 wt.% PSn or PES determined by
TMDSC (see Fig. 11) are indicated by arrows.

Table 1
Fit parameters of Eqs. (16) and (17) for the pure DGEBA/DDM networks
and for the semi-IPNs containing 10 or 20 wt.% PSn or PES.Tcure is the
curing temperature

Tcure (K) k1 (1/min) k2 (1/min) af b

353 Pure network 0.0066 0.037 0.828 0.052
10 wt.% PSn 0.0059 0.030 0.803 0.050
20 wt.% PSn 0.0035 0.036 0.754 0.060
10 wt.% PES 0.0042 0.039 0.799 0.070
20 wt.% PES 0.0033 0.032 0.775 0.043

373 Pure network 0.011 0.079 0.915 (0.06)
10 wt.% PSn 0.011 0.068 0.877 0.040
20 wt.% PSn 0.010 0.058 0.865 0.045
10 wt.% PES 0.012 0.069 0.897 0.066
20 wt.% PES 0.011 0.068 0.886 0.044

393 Pure network 0.037 0.147 0.874 (0.065)
10 wt.% PSn 0.028 0.159 0.880 (0.075)
20 wt.% PSn 0.025 0.144 0.869 (0.06)
10 wt.% PES 0.031 0.173 0.880 –
20 wt.% PES 0.034 0.135 0.775 –



corresponding curves for the other samples are similar, but
the glass transition steps and the minima of the residual heat
flow become broader with increasing PSn- or PES-content.
It should also be noticed that with increasing curing time
there is an increasing physical aging peak superimposed to
the glass transition [8,52,54] as can be seen for example by
the high peak in the curve measured after a curing time of
200 min in Fig. 9.

The minima in the heat flow curves due to the residual
reaction (examples are shown in Fig. 9) are expected to
mask the glass transition steps of the PSn- or PES-rich
phases of the semi-IPNs since these glass transitions should

occur at higher temperatures than those of the DGEBA/
DDM-rich phases because of the fairly high glass transition
temperaturesTg of pure PSn and PES (460 and 495 K,
respectively).

To test this assumption, additional TMDSC measure-
ments were performed on the semi-IPNs with 10 wt.%
PSn or PES. With the TMDSC technique the complex
heat capacity can be determined in addition to the total
heat flow which corresponds to the conventional DSC
signal. Both heating experiments after defined curing peri-
ods and isothermal curing experiments were performed.

In Fig. 10 the heating curves after different times of
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Fig. 9. Temperature dependence of the heat flow of different samples of the semi-IPN containing 20 wt.% PES after different isothermal curing intervals at
373 K (heating rate: 10 K/min) measured by conventional DSC. The curing times are 0 min (sample weight: 27.9 mg), 30 min (sample weight: 27.1 mg),
60 min (sample weight: 37.7 mg) and 200 min (sample weight: 17.4 mg). For clarity the curves are vertically shifted.

Fig. 8. Fits of the Horie equation modified by a “diffusion control function” (Eq. (17)) to the��da=dt�=�1 2 a�� versusa curves for the DGEBA/DDM network
and the semi-IPNs containing 10 and 20 wt.% PSn. The curing temperatures are indicated in the figure.



isothermal cure at 373 K (in analogy to Fig. 9) are shown.
The two glass transitions can clearly be distinguished inc0

for longer curing times whereas for shorter curing times still
only one glass transition can be resolved. For both semi-
IPNs shown in Fig. 10 the occurrence of a second glass
transition is indicating the phase separation during curing.
From Fig. 10 the conclusion can be drawn that for curing
times up to about 1 h the samples are still homogeneous or
the compositions in the two phases are not sufficiently
different to resolve the two glass transitions by the DSC.
The first step in the specific heat capacity curves of Fig. 10
at about 390 K is related to the glass transition of the
DGEBA/DDM-rich phase and is almost identical to the
findings with conventional DSC (Fig. 9). The glass transi-
tion at higher temperatures can be related to the linear
polymer (PSn or PES) rich phases. It is more distinct for
the samples with PES indicating that phase separation is

more pronounced for the PES samples than it is the case
for the PSn ones. This is consistent with the findings in Ref.
[36], where it was shown by examining the evolution of the
phase diagrams during the curing reaction that phase separa-
tion in the semi-IPNs with PES start earlier than in the
semi-IPNs with PSn. The transmission electron microscopy
[36] revealed that the final two phase morphologies of the
semi-IPNs with PES are coarser than those of the semi-IPNs
with PSn. It should be mentioned here that the intensity
(Dc0) of the glass transition steps of the linear polymer
rich phases in Fig. 10 are higher than expected for an
amount of only 10 wt.% of the thermoplastic component
indicating a high epoxy content in the linear polymer rich
phases.

Since with TMDSC the heat capacity signal can be sepa-
rated from the heat flow it is also possible to get additional
information in the isothermal curing experiments. In the
isothermal curing experiments with conventional DSC
(Fig. 2) the development of the heat capacity is masked
by the heat of reaction. This is not the case with the
TMDSC as shown in Fig. 11, where the evolution of
the specific heat capacityc0 is separated from the heat
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Fig. 10. Real part of the complex specific heat capacityc0 (TMDSC) for
heating after the indicated isothermal curing times at 373 K of the semi-
IPNs with 10 wt.% PSn or PES (b0� 2 K/min, Ta� 0.5 K, f0� 41.7 mHz,
for the semi-IPN with 10 wt.% PES after curing for 52 min:b0� 5 K/min,
Ta� 0.5 K, f0� 83.3 mHz, the meaning ofb0, Ta andf0 is explained in Eq.
(1)). The curves after 102 min are shifted upwards by 0.2 J/(gK), the curves
after 72 min by 0.4 J/(gK) and the curve after 52 min by 0.6 J/(gK). The
sample weights of the semi-IPNs with 10 wt.% PSn are: 17.65 mg (72 min),
19.51 mg (102 min) and 14.25 mg (182 min). The sample weights of the
semi-IPNs with 10 wt.% PES are: 18.91 mg (52 min), 10.03 mg (72 min),
10.82 mg (102 min) and 10.60 mg (182 min).

Fig. 11. Curing time dependence of the real part of the complex specific
heat capacityc0 and of the (total) heat flow (TMDSC) for the isothermal
cure at 373 K of the semi-IPNs with 10 wt% PSn (sample weight:
14.25 mg) or PES (sample weight: 6.6 mg).Ta� 0.5 K, f0� 41.7 mHz,
the meaning ofTa andf0 is explained in Eq. (1).



flow. The almost linear increase inc0 in Fig. 11 with time
during the initial interval of curing seems to reflect the
increase of the specific heat capacity due to an increase in
configurational and/or vibrational contributions originated
by the network growth. The sharp decrease after about 40
or 50 min represents the reduction of the degrees of freedom
of the systems due to the irreversible structure change from
a liquid to a glassy solid. In the glassy polymer network the
specific heat capacity becomes nearly constant. The inflec-
tion point of the sharp stepwise decrease inc0 is at about
54 min for the semi-IPN with 10 wt.% PSn and at about
55 min for the semi-IPN with 10 wt.% PES and corresponds
to an isothermal vitrification time (these two data points are
also plotted in Fig. 12, see below). This represents a
situation where the characteristic relaxation time of the
molecular rearrangements related to the glass transition
becomes comparable to the inverse of the angular frequency
of the temperature modulation. Only one step can be
resolved which seems to be in agreement with the findings
in Fig. 10, where the second phase is clearly represented
only for curing times longer than one hour. Therefore we

conclude that the isothermal experiments in Fig. 11 reflect
the systems prior to phase separation or at a stage where the
two phases are still very similar in composition.

The curing time dependence of the glass transition
temperatures determined by conventional DSC and by
TMDSC for a curing temperature of 373 K is presented in
Fig. 12 for the pure network and for the semi-IPNs with 10
or 20 wt.% PSn or PES. No significant differences between
the Tg versustcure curves (DSC and TMDSC) of the pure
network and the DGEBA/DDM-rich phases of the semi-
IPNs (lower curves) can be seen. The vitrification times at
about 54 min (10 wt.% PSn) and at about 55 min (10 wt.%
PES) extracted from the isothermal experiments (Fig. 11) fit
well to these data. From the TMDSC experiments it was
possible to extract also the development of the glass transi-
tion temperatures in the PSn- or PES-rich phases (upper
curves). As a guide for the eyes, the supposed evolutions
of the glass transition temperatures of both phases of the
semi-IPNs with 10 wt.% PSn or PES are also shown in
Fig. 12. The lines are calculated by the following empirical
equation:

Tg�tcure� �
Tg;2∞ 2 Tg;∞

1 1 exp��tcure 2 t0�=Dt� 1 Tg;∞; �18�

whereTg;2∞ is a value near theTg of the unreacted sample,
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Fig. 13. Dependence of the glass transition temperatures on conversion for
the DGEBA/DDM network and for the DGEBA/DDM-rich phases of the
semi-IPNs containing 10 or 20 wt.% PSn or PES (curing temperature:
373 K) measured by conventional DSC and by TMDSC. Also plotted is
the Tg-value of the fully cured DGEBA/DDM network (a � 1). The fit
curve to the data of the pure network with the modified DiBenedetto Eq.
(19) is also shown.

Fig. 12. Curing time dependence (curing temperature: 373 K) of the glass
transition temperatures for the DGEBA/DDM network and for the semi-
IPNs containing 10 or 20 wt% PSn or PES. The glass transition tempera-
tures were measured by conventional DSC (curves like those shown in
Fig. 9) and TMDSC (curves shown in Figs. 10 and 11). The solid lines
are the supposed evolutions of the glass transition temperatures of both
phases of the semi-IPNs with 10 wt% PSn or PES calculated by Eq. (18).



Tg;∞ � Tg�tcure� ∞�; t0 defines a characteristic time by
Tg�t0� � �Tg;∞ 1 Tg;2∞�=2 and Dt is a measure of the
width. The parameters used for the semi-IPN with 10 wt.%
PSn are: DGEBA/DDM-rich phase:Tg,2∞� 258.9 K,
Tg,∞� 393.7 K, t0� 33.4 min andDt� 10.8 min; those for
the PSn-rich phase are:Tg,2∞� 258.9 K, Tg,∞� 430 K,
t0� 33.4 min andDt� 10.8 min. The parameters used for
the semi-IPN with 10 wt.% PES are: DGEBA/DDM-rich
phase: Tg,2∞� 258.9 K, Tg,∞� 430 K, t0� 33.4 min and
Dt� 10.2 min; those for the PES-rich phase are:
Tg,2∞� 258.5 K, Tg,∞� 435.0 K, t0� 32.2 min and
Dt� 10.2 min. For calculating these curves it is assumed
that the system is homogeneous at the beginning and that
phase separation proceeds continuously.

From the data in Figs. 3 and 12 the dependence of the
glass transition temperatures on the extent of conversion,a
can be determined as shown for the epoxy-rich phase in
Fig. 13. The overall shape of the curves is similar to the
curves measured with the other pure networks [8,10,22,
26–29,53,55,56]. The data for the pure network has been
fitted with the modified DiBenedetto equation [53,57,58]:

Tg�a�2 Tg0

Tg1 2 Tg0
� la

1 2 �1 2 l�a ; �19�

where Tg0� Tg(a � 0), Tg1� Tg(a � 1) and l can be
considered as an adjustable parameter.Tg0 and Tg1 were

measured by DSC (heating rate: 10 K/min) as 261 and
434 K, respectively (also shown in Fig. 13),l was deter-
mined as 0.318. The corresponding fit curve is also plotted
in Fig. 13. The data of the mixtures containing PSn or PES
do not deviate considerably from this fitting curve. There is
only a slight trend to somewhat higherTg’s. This supports
our assumption that the reaction mechanism in the epoxy-
rich phase is not considerably influenced by the second
component and/or the phase separation.

In Fig. 14 the final glass transition temperatures after
isothermal curing measured by the conventional DSC
(only DGEBA/DDM-rich phase for the semi-IPNs) at differ-
ent temperatures are shown. The final glass transition
temperatures rise with increasing curing temperature and,
in addition, they are always higher than the curing tempera-
ture, but lower than the glass transition temperatures of fully
cured samples after post-curing at very high temperatures
(Tg ù 434 K). The reason for this is that the reaction is
stopped in the vitrified state when the mobility of the react-
ing components is frozen, so that the highest possible glass
transition temperatures and conversions (see Fig. 4) are not
reached. No significant differences between the final glass
transition temperatures of pure networks and those of the
DGEBA/DDM-rich phases of the semi-IPNs can be seen.

4. Conclusions

The isothermal curing process of phase separating semi-
interpenetrating polymer networks and the corresponding
pure networks was investigated by the TMDSC and conven-
tional DSC. The reaction kinetics was discussed using
simple models describing the chemical kinetics including
catalytic effects and the influence of diffusion. It could be
shown that the reaction becomes slower in the presence of
the linear polymer components PSn or PES. This can be
explained either by the increase of the viscosity or by the
decrease of the density of reacting groups. The phase
separation process in the semi-IPNs could clearly be
observed in the TMDSC measurements where the heat capa-
city signal can be separated from the underlying heat flow. It
was possible by the TMDSC to detect the development of
the glass transitions in the DGEBA/DDM-rich and the PSn-
or PES-rich phases with curing time. No significant
difference in the curing time dependence ofTg (DSC and
TMDSC) between the pure network and the DGEBA/DDM-
rich phases of the semi-IPNs was found. With decreasing
reaction temperature final glass transition temperatures
(DGEBA/DDM-rich phase for the semi-IPNs) decrease.
With increasing PSn- or PES-content or with decreasing
reaction temperature the final conversions were found to
decrease which corresponds to less perfect network struc-
tures. Characteristic curing times determined by calorimetry
were shown to depend on curing temperature in an
Arrhenius-like manner which is in agreement with the
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Fig. 14. Dependence of the final glass transition temperatures (only
DGEBA/DDM-rich phase for the semi-IPNs) after isothermal curing at
different temperatures on curing temperature for the DGEBA/DDM
networks and for the semi-IPNs containing 10 or 20 wt.% PSn or PES
measured by conventional DSC.



dielectric relaxation spectroscopy and mechanical measure-
ments on the same systems.

Acknowledgements

This work was supported by the Bundesminister fu¨r
Wirtschaft through the Arbeitsgemeinschaft Industrieller
Forschungsgemeinschaften (AiF) grant no 10517. The
authors wish to thank Prof H.L. Frisch for the stimulating
discussions.

References

[1] Horie K, Hiura H, Sawada M, Mita I, Kambe H. J Polym Sci (Part A-
1) 1970;8:1357.

[2] Kamal MR, Sourour S. Polym Engng Sci 1973;13:59.
[3] Kamal MR. Polym Engng Sci 1974;14:231.
[4] Sourour S, Kamal MR. Thermochim Acta 1976;14:41.
[5] Huguenin FGAE, Klein MT. Ind Engng Chem Prod Res Dev

1985;24:166.
[6] Barton JM. Adv Polym Sci 1985;72:111.
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