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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 temperat@é899 Elsevier Science Ltd. All rights reserved.
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1. Introduction physical properties and structures have been studied by
different experimental methods. From these investigations
Extensive investigations have been performed in the last[40—-42] it is known that usually IPNs do not interpenetrate
decades to get a better understanding of the cure behavioubn a monomer scale, but have a microheterogeneous
of one phase thermosetting systems. Some of the measuremorphology with regions enriched by one of the
ment techniques used for this purpose are calorimetry components. The final morphology of IPNs is a result of a
[1-15], dielectric relaxation spectroscopy [13,15-24], competitive process between phase separation and its frus-
mechanical analysis [22,25-29], ultrasound [7,30—34] and tration due to network formation or vitrification of one of
light scattering [32,35]. These investigations were extended the components and can be controlled by changing the
in the last years to multi-component thermosets, particularly reaction parameters like the curing temperature or the
to interpenetrating polymer networks (IPNs) [36—39]. Due composition [36,37,42]. In contrast to polymer blends
to the possibility of combining the properties of different the phase morphology is fixed by the network.
components, the class of IPNs have attracted the interest of In this paper we present differential scanning calorimetric
many researchers [40,41]. One can distinguish between the(DSC) and temperature modulated DSC (TMDSC)
full and semi-IPNs. In the former, the two components are measurements performed during isothermal curing of
chemically cross-linked without mutual covalent bonds semi-IPNs consisting of diglycidylether of bisphenol A
whereas in the latter only one component is cross-linked (DGEBA) cross-linked with diaminodiphenyl methane
and the second component is linear. In the last decades §DDM) and polysulfone (PSn) or polyethersulfone (PES)
wide variety of IPNs have been synthesized and their as the linear polymer component. For comparison, identical
measurements were performed on the corresponding pure
* Corresponding author. networks without a linear component. The measurements
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are compared with recent dielectric relaxation studies on therelatively slow, inaccuracies arising from the finite heat
same systems [39]. The systems have been characterisedonductivity were neglected.
before by de Graaf [36,37] using transmission electron To measure the time evolution of the glass transition
microscopy and mechanical measurements. From thesetemperaturesT, the isothermal reaction was interrupted
investigations it is well established that the systems phaseafter defined curing times by quenching the samples to
separate during reaction and form a two phase (a DGEBA/ 213 K. The quenched samples were then reheated with
DDM-rich and a PSn- or PES-rich phase) structure which is 10 K/min to estimate the glass transition temperatures
frozen in by the topology of the epoxy network or by the which were taken from the points of inflection of the steps
glass transition of one of the components. Although the in the heat flow (i.e. the steps in the heat capacity). In these
phase morphologies of our systems correspond rather toexperiments for every curing interval a new sample was
blends which are “pinned” in the process of demixing used.
than to networks which are interpenetrated by linear chains In addition to the conventional DSC measurements, the
on a molecular scale, the term “semi-IPN” will be used in TMDSC measurements were performed under similar
the following as a synonym for the partially phase separated conditions with a DSC 7 with DDSC mode. In a TMDSC
high-T, thermoplast modified epoxy resii(is the glass measurement the usual temperature program is superim-
transition temperature). posed with a periodical temperature perturbation [45]:

The aim of this paper is to study the influence of a high . .
Tythermoplastic linear polymer component on the reaction T =To + Bot + Ta Sin(wo), @)
kinetics by comparing the isothermal DSC experiments to whereTy is the initial temperature ang, is the underlying
the predictions of different models. Furthermore, we applied heating rate (isothermal experimenigs = 0). T, is the
the MDSC experiments to resolve the phase separationamplitude andvy(wy = 2wfy, fo: frequency) is the angular
during reaction. By combining the conventional DSC and frequency of the sinusoidal temperature perturbation. The
TMDSC the evolution of the glass transitions prior and after heat flow into the sample can be calculated after some cali-

phase separation could be determined. brations from the measured signal by [46,47]:
@ = cgmBy + P, COLwpt — @), @
2. Experimental where®, is the amplitude of the oscillating part of the heat

flow and ¢ the corresponding phase shift in respect to the

DGEBA was supplied by Shell Chemical Company input signal @ (t)/dt. Since in our experiments, the periodic
(Epikote 828, degree of polymerisation=0.14) and  temperature perturbation has the form of a triangle, the last
DDM by Aldrich. The linear polymers PSn (molecular terms in the right sides of Egs. (1) and (2) represent the first
weight: M,, = 46 000 g/mol, M,/M,=1.32) and PES  harmonics of the temperature perturbation and the heat flow
(M, =42 000 g/mol, M./M,=2.05) are commercial answer, respectivelynis the sample massg is the under-
substances from BASF (Ultrason S3010 and E3010, respeciying (total) specific heat capacity which can be evaluated
tively). Details of the reaction mechanism [1,4,8,43,44] and from the underlying (total) heat flow. The latter is the heat
the phase morphology [36,37,39] have been describedflow averaged over one period and corresponds to the
before. For the semi-IPNs, mixtures of PSn or PES in conventional DSC signal. The real patand the imaginary
DGEBA were prepared in such a composition that the part ¢” of the complex specific heat capacity(wg) =
weight fraction of PSn or PES was 10 and 20% in the ¢'(wy) —ic”(wy) are related to the quantities in Egs. (1)

final samples. and (2) by [45,48-50]:
DGEBA (for pure networks), DGEBA/PSn mixtures or | .
DGEBA/PES mixtures (for semi-IPNs) and the DDM were € (@0) = Ic’| cose, ©)

heated separately to 393 K, poured together into a preheated

glass container and stirred at 393 K for 30 s to get a homo- €' (@) = || sin ¢,

geneous mixture. The DGEBA and DDM were used in with

stoichiometric amounts. Then several DSC aluminium

pans were filled with the reaction mixture and brought to I’ = /(c’)z +(C")2 = P, .

a refrigerator at-30°C where no significant reaction took Mwg T,

place over periods of several months as confirmed by a

constant DSC glass transition temperature. The pans

containing identical mixtures were then taken successively 3. Results and discussion

for the DSC measurements. The reaction mixtures were

cured isothermally at different curing temperatures in a 3.1. Heat of reaction and conversion

DSC 7 from Perkin—Elmer under a nitrogen atmosphere.

In these experiments the heat of reaction was recorded as To determine the total heat of reaction, a pure DGEBA/
a function of the curing time. As the reactions were DDM network was heated from 203 to 573 K with a rate of
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epoxy—amine reaction. This yields a value of 99.8 kJ/mol

80 epoxy groups and is in agreement with the literature values
[1,4,5,8,51].
75 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 1g 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-
200 300 400 500 acceleration in the rate-reaction. It has been suggested that
Temperature (K) this arises from autocatalysis of the amine—epoxy reaction
by hydroxyl groups formed during the amine reaction
Fig. 1. Temperature dependence of the heat flow for a DGEBA/DDM [1,4,8'44]. It can be clearly seen that for the semi-IPNs
network_ (sample weight: 31.8 mg, heating rate: 3 K/min) measured by this minimum is shifted to longer curing times, i.e. the
conventional DSC. higher the PSn or PES content the more the minimum is
shifted. In addition, the width of the minima increases with
3 K/min as shown in Fig. 1. The step in the heat flow at increasing content of PSn or PES. Such a broadening was
257 K indicates the glass transition of the unreacted also observed by Lin and Lee [38] for non-isothermal curing
mixture. The reaction starts at about 320 K as seen by theof full and semi-IPNs. This broadening reflects a slower
onset of a minimum in the endothermic heat flow (this mini- reaction rate which can be explained by a decrease of the
mum in the graphic representation corresponds to maximalnumber of reacting groups per volume and/or by a decrease
heat flow due to the exothermic epoxy—amine reaction). By of the diffusion coefficient by the higfiy polymers (PSn or
integration of the area between this minimum and a straight PES).
line connecting the curve before and after the minimum  From the temperature dependence of the times related to
(dashed line in Fig. 1) a heat of reaction of 405 J/g could the minima in the endothermic heat flow (Fig. 2) an activa-
be determined which was taken to be the total iabf the tion energy of about (45 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/

Heat flow (mW)
A =

60 |

" »N ] mol determined from gelation or vitrification times
01 B 3 measured by dielectric relaxation spectroscopy [39] on the
[ ] same substances. This value agrees well with the gelation
o 02 3 times determined by mechanical measurements [36,39].
= : ] The heat of reactio@(t..e released up to a given curing
; 03k E timet.eCan be determined by integrating the corresponding
2 F ‘ ] heat flow curved(t) (Fig. 2):
5 04fY ] toure
= Qteure) = d(t) dt. 4
g 00 o =TT 0
= T e 9K ] Then the curing time dependence of conversiogan be
g 01 :"'x\ B calculated by dividingQ(t.u.e by the total heat of reaction
z 02 F :.”'\""'—"4373K b Qrot!
] PES content (wt%): Q(teure)
03l T ﬁ) ] o(teurd) = Out )
4393K 20 ]
04 A ] The calculated(t,-curves are shown in Fig. 3. All the
N R N curves have a sigmoidal shape. The curves of the semi-IPNs
0 50 100 150 differ from those of the pure networks already in the begin-

Curing time (min) ning. For an higher PSn or PES content the curing reaction is
shifted to longer curing times and the final conversion is
Fig. 2. Curing time dependence of the heat flow during the isothermal decreased. Both can be explained by the decrease of the

epoxy—amine reaction for the DGEBA/DDM networks and for the semi- bili fth . . dlor by the d fth
IPNs containing 10 or 20 wt.% PSn or PES measured by conventional DSC. mobility of the reacting sites and/or by the decrease of the

All the curves are normalised to 1 g of network component (DGEBA and density of reacting groups.
DDM). The curing temperatures are indicated. It can be seen in Fig. 3 that the reaction does not reach
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Curing time (min)
epoxy resins—in a first step—the data in Fig. 3 are analysed
Fig. 3. Curing time dependence of conversionalculated from the data in by simplified reaction models.
Fig. 2 by Eg. (5) for the DGEBA/DDM networks and for the semi-IPNs —~The |inear polymer component in our systems yields an
containing 10 or 20 wt.% PSn or PES. The curing temperatures are indi- . . e .
cated in figure. a_ddlt_lonal param_eter_for systematic variation of the reaction
kinetics. Due to its higheT, the thermoplastic component
leads to an increase in the viscosity of the reacting mixture.
completion for the curing temperatures used. The final Furthermore, it results in a decrease of the concentration
conversions after isothermal curing at different temperaturesof reacting sites. As a first approximation the influence of
are shown in Fig. 4. It can be seen that for lower curing changes in phase morphology on the reaction kinetics of the
temperatures and higher PSn or PES content the finalepoxy component is neglected. This is justified by the
conversion decreases which corresponds to less perfecassumption that the mechanism of the epoxy—amine reac-
network structures. The small deviation from this trend for tion does not change considerably in the linear polymer rich
the highest curing temperature (393 K) is probably due to phase which has also a high amount of the epoxy compo-
uncertainties in determining the heat of reaction in the initial nent. This is supported by the large glass transition step
time interval. 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 aft+molecule reacts
The curing kinetics for epoxy systems (without phase with a B-molecule to produce an AB-molecule one can (in
separation during reaction) is discussed rather the absence of catalytic effects) assume a second-order reac-
controversially in the literature (see for example Refs. tion kinetics with a temperature dependent rate condtant
[1-6,8,10,13-15,44] and references therein). Some of the d
. . . . Ca dcg
problems under discussion [15] are: (i) the question as how — = —
to distinguish between a mass-controlled (i.e. thermochemi- dt dt
cal) and a diffusion-controlled reaction regime, (ii) the wherec, andcg denote the concentrations of A-molecules
reaction mechanism in epoxy thermosets and (iii) the rela- and B-molecules, respectively. In a stoichiometric composi-
tion between the reaction rate, sterical hindrance andtion c, = cg =c. An A-molecule reacts only with a
molecular relaxations (e.g. measured by relaxation spectro-B-molecule when they approach within a certain distance
scopy). To get a deeper insight into the curing kinetics of the (the capture radius) as a result of their random diffusion. If

3.2. Curing kinetics

= —KCaCg, (6)
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hindrance by diffusion can be neglected there is a high Usually a complex reaction mechanism (e.g. due to
probability that both molecules will diffuse apart again autocatalytic effects) can be considered by subdivision of
without reacting. Therefore the chemical kinetics is the the reaction constant into different components where one or
rate limiting step. In this case the rate constamipes not several are changing with concentration. As mentioned
depend on conversion and is therefore a constant whichabove, the reaction mechanism for epoxy curing is still
depends solely on the probability that an A-molecule and discussed controversially and the detailed functional depen-
a B-molecule react when they are both within the capture dence of the components is not known. Therefore we
radius. If, however, hindrance by diffusion is dominant, the alternatively assumed that the order of the reaction (and
rate constant is determined by the probability of an encoun-the corresponding kinetic equation) is almost unchanged
ter between A- and B-molecules. To consider diffusion over a limited time interval of reaction (here the beginning
effects one can incorporate in Eq. (6) thatdepends on  of the curing prior to gelation). In this concept all changes of
the diffusion coefficienD [15]. In the diffusion-controlled the components of the rate constant are “formally”

regime the following formula can be derived [15]: incorporated intok,(t). This can be denoted as “pseudo-

second-order kinetics”. The concept will also be extended
dc _ _4areD [1 + ( 1 )]CZ (7 to the later stage of curing (after gelation) by formal consid-
dt Co (wDt/r2)"? 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 constakyj(t) (pseudo-first-order kinetics):

whererq is the capture radius) an averaged diffusion
coefficient andcy 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 de

the amine hydrogen atoms with the B-molecules dt ku(DC, (12)

k,(t) describes again the reaction velocity which depends on
She chemical kinetics and the diffusion coefficient. Integrat-

viscosity increases which results in a decreasb.ofhere- ing Eq. (12) yields:

fore the rate constant (denoted lgsfor the second-order

epoxy—amine reaction) depends on conversion and, equiva-_.. e
lently, on the curing time: o(b) = Co €X 0 k(D) dt | 13
@ — —k,(t)c? ®) Co has the same meaning as in Eqg. (9). From Egs. (10) and
dt (13) one gets:
with t = t, Integrating Eq. (8) yields:

cure Cog gEq.(8)y kw(t):%(lnl 1(0). (14)

-
ct) = T , )
1+c¢ J k,(t) dt The rate constants for the secoriq)(and for the first-
0

order kinetics K,,) are calculated from the data of Fig. 3 by
where ¢, is the initial concentration of epoxy groups (at using Egs. (11) and (14), respectively. The corresponding

teure = 0). curing time dependence is shown in Figsk) @nd 6 k).
The conversiona(t) is related to the concentration of Although we assume, that in the earlier stage of curing a
epoxy groups by: second-order mechanism is dominant whereas in the final
co — C(t) stage of curing a first-order mechanism hokjsn Fig. 5 is
at)y = ——=. (10 plotted over the entire curing time range. As expected for a
Co simple second-order mechanism neglecting catalytic effects
From Egs. (9) and (10) the curing time dependenck, @j and diffusion, in the early stage of reactidq remains
can be calculated as: almost constant. This is more pronounced for lower curing
d 1 temperatures. For all curing temperatures and compositions
coky(t) = & (m) (11) the region wheré, is nearly constant is less than 10—-20%

of the gelation time, (indicated by arrows in Fig. 5 for the
As is well known [1,4,8,44] the epoxy—amine reaction DGEBA/DDM networks) which corresponds to less than
can be catalysed by impurities and by the hydroxyl groups 10% conversion (Fig. 3). However, a cancellation of the
formed, which is usually considered in more detailed hindrance by diffusion and the acceleration of the reaction
models [1]. However, in our simple considerations formally by autocatalytic effects is also possible in this time interval.
these catalytic effects can also be incorporated kyto). The sharp increase &, after this initial period can be
The latter should be commented somewhat more in detail. related to the dominance of autocatalytic effects due to the
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Fig. 5. Curing time dependencekofcalculated for a second-order reaction  Fig. 6. Curing time dependence kf, calculated for a pseudo-first-order
kinetics by Eq. (11) for the DGEBA/DDM networks and for the semi-IPNs  reaction kinetics by Eq. (14) for the DGEBA/DDM networks and for the
containing 10 or 20 wt.% PSn or PES. The curing temperatures are indi- semi-IPNs containing 10 or 20 wt.% PSn or PES. The curing temperatures
cated in the figurec, is the initial concentration of epoxy groups (at  are indicated in the figure. Dielectric gelation tings[39] of the DGEBA/

teure = 0). Dielectric gelation timetye [39] of the DGEBA/DDM networks DDM networks are indicated by arrows (for the semi-IPNs these times are
are indicated by arrows (for the semi-IPNs these times are very similar). yery similar).

hydroxyl groups generated during reaction which is also been developed by Horie et al. [1,8]. The reactions of the

indicated by the increase of the exothermic heat flow epoxy groups with primary and secondary amines as well as

(Fig. 2). As discussed above, we expect a first-order reactioncatalytic (catalyst or impurity) and autocatalytic effects

kinetics in the time interval aftety. Therefore, this time  (hydroxyl groups generated) are explicitly taken into

interval should be discussed in termskgft; o) as shown in account. Assuming equal reactivity of all the amino hydro-

Fig. 6. As in Fig. 5, the maxima ik, versust,,. can be gens, the rate for a stoichiometric mixture of epoxy and

related to the highest reaction velocity due to the autocata-amine in this model can be expressed as:

lytic mechanism. The sharp decreaseéjft) for te,e > tyel o

can be attributed to the decrease of the diffusion coefficient — = (k; + kra)(1 — ). (15

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 k; and k, are rate constants. Eq. (15) considers only the

slower with increasing content of PSn or PES. This can be chemical kinetics whereas the influence of diffusion is not

explained by the higher viscosity and/or the lower number taken into account. To get a better representation of experi-

of reacting groups due to the PSn or PES components whichmental data the empirical reaction orderandn have been

have high glass transition temperatures and which do notintroduced (see Ref. [3] and references therein):

have reacting groups. We think that it is not possible to get

quantitative information from the curves in Figs. 5 and 6 — — (k; + k™M@ — )" (16)

since the models used are too simple for the complicated dt

systems investigated. However, such simple models maymandn can have different values. In many cases- n=1

give some qualitative insight. gives a good representation of the curing kinetics in epoxy
A more detailed description for the epoxy—amine reac- resins [6]. In this case, a plot ¢fda/dt)/(1 — a)) versusa

tion in terms of a mass-controlled autocatalytic reaction has gives a straight line. This type of plots is shown in Fig. 7 for
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Fig. 7. Dependence @fda/dt)/(1 — «)) on conversioru for the DGEBA/
DDM networks and for the semi-IPNs containing 10 or 20 wt.% PSn or Rabinowitch equation. Fits of Eg. (17) to the pure

PES. The curing temperatures are indicated in the figure. The conversionsnetwork and the networks containing PSn are shown in
corresponding to isothermal vitrificatiom,;; at a curing temperature of

373K of the semi-IPNs with 10wt.% PSn or PES determined by

TMDSC (see Fig. 11) are indicated by arrows.

Table 1

Fit parameters of Egs. (16) and (17) for the pure DGEBA/DDM networks

and for the semi-IPNs containing 10 or 20 wt.% PSn or PEQ. is the
curing temperature

Teure (K) ki (/min)  ky (I/min) o b

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

373 Pure network  0.011 0.079 0.915 (0.06)
10wt.% PSn  0.011 0.068 0.877 0.040
20wt.% PSn  0.010 0.058 0.865 0.045
10wt.% PES 0.012 0.069 0.897 0.066
20wt.% 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)
20wt.% PSn  0.025 0.144 0.869  (0.06)
10wt.% PES 0.031 0.173 0.880 -
20wt.% PES 0.034 0.135 0.775 -

1583

our data. The straight lines for low conversions justify the
assumption that = 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 constanks andk, 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,;; 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 te,;. Fournier et al. [13]
proposed to multiply an empirical “diffusion control func-
tion” fy(«) to Eq. (15) (here we multiply it to Eq. (16)):

d
d—‘t" = (kg + kpad™(L — @) fy(e)

, 17)
with fy(a) =

1+ expi(a — a)/b] 1

o4 is the final degree of polymerisation abhds 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

Fig. 8. Eq. (17) fits well withk; and k, 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 fofy,.= 373 K and not sufficient for
Tewre= 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 timgg. at
373 K. Then the samples were quenched to 213 K and
reheated with 10 K/min to record the glass transition
temperaturedy and the residual heats of reaction for the
different curing timegye

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. 8. Fits of the Horie equation modified by a “diffusion control function” (Eq. (17)) tatte/dt)/(1 — «)) 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.

corresponding curves for the other samples are similar, butoccur at higher temperatures than those of the DGEBA/
the glass transition steps and the minima of the residual heatbDM-rich phases because of the fairly high glass transition
flow become broader with increasing PSn- or PES-content. temperaturesly of pure PSn and PES (460 and 495K,
It should also be noticed that with increasing curing time respectively).
there is an increasing physical aging peak superimposed to To test this assumption, additional TMDSC measure-
the glass transition [8,52,54] as can be seen for example byments were performed on the semi-IPNs with 10 wt.%
the high peak in the curve measured after a curing time of PSn or PES. With the TMDSC technique the complex
200 min in Fig. 9. heat capacity can be determined in addition to the total
The minima in the heat flow curves due to the residual heat flow which corresponds to the conventional DSC
reaction (examples are shown in Fig. 9) are expected tosignal. Both heating experiments after defined curing peri-
mask the glass transition steps of the PSn- or PES-richods and isothermal curing experiments were performed.
phases of the semi-IPNs since these glass transitions should In Fig. 10 the heating curves after different times of

60
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20

TR EEEER R RN FA RN RA NS AN R RN AR AR
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250 300 350 400 450 500 550
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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 cursnatinterval
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.
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Fig. 10. Real part of the complex specific heat capacityTMDSC) for Fig. 11. Cu_ring time dependence of the real part of the complex specific
heating after the indicated isothermal curing times at 373 K of the semi- Neat capacityc’ and of the (total) heat flow (TMDSC) for the isothermal
IPNs with 10 wt.% PSn or PESB6 = 2 K/min, T,= 0.5 K, f, = 41.7 mHz, cure at 373K of the seml-IPNs with 10 wt% PSn (sample weight:
for the semi-IPN with 10 wt.% PES after curing for 52 my =5 K/min, 14.25mg) or PES (sample weight: 6.6 mg)=0.5K, fo=41.7 mHz,

T.= 0.5 K, f, = 83.3 mHz, the meaning ¢, T, andf, is explained in Eq. the meaning off; andf, is explained in Eq. (1).

(2)). 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 L
sample weights of the semi-IPNs with 10 wt.% PSn are: 17.65 mg (72 min), Mmore pronounced for the PES samples than it is the case

19.51 mg (102 min) and 14.25 mg (182 min). The sample weights of the for the PSn ones. This is consistent with the findings in Ref.
semi-IPNs with 10 wt.% PES are: 18.91 mg (52 min), 10.03 mg (72 min), [36], where it was shown by examining the evolution of the
10.82 mg (102 min) and 10.60 mg (182 min). phase diagrams during the curing reaction that phase separa-
tion in the semi-IPNs with PES start earlier than in the
isothermal cure at 373 K (in analogy to Fig. 9) are shown. semi-IPNs with PSn. The transmission electron microscopy
The two glass transitions can clearly be distinguished in  [36] revealed that the final two phase morphologies of the
for longer curing times whereas for shorter curing times still semi-IPNs with PES are coarser than those of the semi-IPNs
only one glass transition can be resolved. For both semi- with PSn. It should be mentioned here that the intensity
IPNs shown in Fig. 10 the occurrence of a second glass(Ac’) of the glass transition steps of the linear polymer
transition is indicating the phase separation during curing. rich phases in Fig. 10 are higher than expected for an
From Fig. 10 the conclusion can be drawn that for curing amount of only 10 wt.% of the thermoplastic component
times up to about 1 h the samples are still homogeneous orindicating a high epoxy content in the linear polymer rich
the compositions in the two phases are not sufficiently phases.
different to resolve the two glass transitions by the DSC.  Since with TMDSC the heat capacity signal can be sepa-
The first step in the specific heat capacity curves of Fig. 10 rated from the heat flow it is also possible to get additional
at about 390K is related to the glass transition of the information in the isothermal curing experiments. In the
DGEBA/DDM-rich phase and is almost identical to the isothermal curing experiments with conventional DSC
findings with conventional DSC (Fig. 9). The glass transi- (Fig. 2) the development of the heat capacity is masked
tion at higher temperatures can be related to the linearby the heat of reaction. This is not the case with the
polymer (PSn or PES) rich phases. It is more distinct for TMDSC as shown in Fig. 11, where the evolution of
the samples with PES indicating that phase separation isthe specific heat capacity’ is separated from the heat
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0 50 100 150 200 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 networka(= 1). The fit
curve to the data of the pure network with the modified DiBenedetto Eq.
(19) is also shown.

Curing time (min)

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 conclude that the isothermal experiments in Fig. 11 reflect

are the supposed evolutions of the glass transition temperatures of boththe systems prior to phase separation or at a stage where the
phases of the semi-IPNs with 10 wt% PSn or PES calculated by Eq. (18). two phases are still very similar in composition_

The curing time dependence of the glass transition
flow. The almost linear increase @i in Fig. 11 with time temperatures determined by conventional DSC and by
during the initial interval of curing seems to reflect the TMDSC for a curing temperature of 373 K is presented in
increase of the specific heat capacity due to an increase inFig. 12 for the pure network and for the semi-IPNs with 10
configurational and/or vibrational contributions originated or 20 wt.% PSn or PES. No significant differences between
by the network growth. The sharp decrease after about 40the T, versuste curves (DSC and TMDSC) of the pure
or 50 min represents the reduction of the degrees of freedomnetwork and the DGEBA/DDM-rich phases of the semi-
of the systems due to the irreversible structure change fromIPNs (lower curves) can be seen. The vitrification times at
a liquid to a glassy solid. In the glassy polymer network the about 54 min (10 wt.% PSn) and at about 55 min (10 wt.%
specific heat capacity becomes nearly constant. The inflec-PES) extracted from the isothermal experiments (Fig. 11) fit
tion point of the sharp stepwise decrease’ins at about well to these data. From the TMDSC experiments it was
54 min for the semi-IPN with 10 wt.% PSn and at about possible to extract also the development of the glass transi-
55 min for the semi-IPN with 10 wt.% PES and corresponds tion temperatures in the PSn- or PES-rich phases (upper
to an isothermal vitrification time (these two data points are curves). As a guide for the eyes, the supposed evolutions
also plotted in Fig. 12, see below). This represents a of the glass transition temperatures of both phases of the
situation where the characteristic relaxation time of the semi-IPNs with 10 wt.% PSn or PES are also shown in
molecular rearrangements related to the glass transitionFig. 12. The lines are calculated by the following empirical
becomes comparable to the inverse of the angular frequencyequation:
of the temperature modulation. Only one step can be T o= Tuw
resolved which seems to be in agreement with the findings Ty(tcyre) = T efb[(t —g’t VAT + Tgcos (18)
in Fig. 10, where the second phase is clearly represented cure 0
only for curing times longer than one hour. Therefore we whereT, _,, is a value near th&, of the unreacted sample,
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420 measured by DSC (heating rate: 10 K/min) as 261 and
410 _ § _ 434 K, respectively (also shown in Fig. 13),was deter-
G a0 3 3 mined as 0.318. The corresponding fit curve is also plotted
= F 6 E in Fig. 13. The data of the mixtures containing PSn or PES
% 390 F - E do not deviate considerably from this fitting curve. There is
S 380 - A - only a slight trend to somewhat highgy's. This supports
& 30E o PSn content (W) 3 our assumption that the reaction mechanism in the epoxy-
g 3605_ Q ﬁ) 3 rich phase is not considerably influenced by the second
o 2N o 2 3 component and/or the phase separation.
g 350F E In Fig. 14 the final glass transition temperatures after
@ E o 3 isothermal curing measured by the conventional DSC
g 410F o (only DGEBA/DDM-rich phase for the semi-IPNs) at differ-
% 400 - & - ent temperatures are shown. The final glass transition
oo 390 F 3 temperatures rise with increasing curing temperature and,
= 2 3 in addition, they are always higher than the curing tempera-
'E 380 3 8 ) E ture, but lower than the glass transition temperatures of fully
370 B P come e cured samples after post-curing at very high temperatures
360 — o é I 3 (Tg =434 K). The reason for this is that the reaction is
350F 2 3 stopped in the vitrified state when the mobility of the react-
I E I B S S B ing components is frozen, so that the highest possible glass
330 340 350 360 370 380 390 400 transition temperatures and conversions (see Fig. 4) are not
Curing temperature (K) reached. No significant differences between the final glass

transition temperatures of pure networks and those of the

Fig. 14. Dependence of the final glass transition temperatures (only DGEBA/DDM-rich phases of the semi-IPNs can be seen.
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.
4. Conclusions

Ty = Tg(tewe = ), 1o defines a characteristic time by The isothermal curing process of phase separating semi-
Ty(to) = (Tgeo + Ty )/2 and At is a measure of the interpenetrating polymer networks and the corresponding
width. The parameters used for the semi-IPN with 10 wt.% pure networks was investigated by the TMDSC and conven-
PSn are: DGEBA/DDM-rich phase:T;_. = 258.9K, tional DSC. The reaction kinetics was discussed using
Ty = 393.7 K, to = 33.4 min andAt = 10.8 min; those for simple models describing the chemical kinetics including
the PSn-rich phase arely_.,=258.9K, Ty, =430K, catalytic effects and the influence of diffusion. It could be
to=33.4 min andAt=10.8 min. The parameters used for shown that the reaction becomes slower in the presence of
the semi-IPN with 10 wt.% PES are: DGEBA/DDM-rich the linear polymer components PSn or PES. This can be
phase: Ty _,, = 258.9 K, Ty, =430 K, t;=233.4min and explained either by the increase of the viscosity or by the
At=10.2min; those for the PES-rich phase are: decrease of the density of reacting groups. The phase
Tg-0=2585K, Tye=435.0K, t=32.2min and separation process in the semi-IPNs could clearly be
At=10.2 min. For calculating these curves it is assumed observed in the TMDSC measurements where the heat capa-
that the system is homogeneous at the beginning and thatity signal can be separated from the underlying heat flow. It
phase separation proceeds continuously. was possible by the TMDSC to detect the development of
From the data in Figs. 3 and 12 the dependence of thethe glass transitions in the DGEBA/DDM-rich and the PSn-
glass transition temperatures on the extent of conversion, or PES-rich phases with curing time. No significant
can be determined as shown for the epoxy-rich phase indifference in the curing time dependenceTgf(DSC and
Fig. 13. The overall shape of the curves is similar to the TMDSC) between the pure network and the DGEBA/DDM-
curves measured with the other pure networks [8,10,22,rich phases of the semi-IPNs was found. With decreasing
26-29,53,55,56]. The data for the pure network has beenreaction temperature final glass transition temperatures
fitted with the modified DiBenedetto equation [53,57,58]: (DGEBA/DDM-rich phase for the semi-IPNs) decrease.
With increasing PSn- or PES-content or with decreasing
Ty(a) — Tyo _ Aa (19 reaction temperature the final conversions were found to
Tg1 — Tgo 1-1- Mo’ decrease which corresponds to less perfect network struc-
tures. Characteristic curing times determined by calorimetry
where Tgo=Ty(a =0), Ty =Tya=1) and A can be were shown to depend on curing temperature in an
considered as an adjustable parameigg.and Ty, were Arrhenius-like manner which is in agreement with the
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dielectric relaxation spectroscopy and mechanical measure-[23] Fitz B, Andjelic S, Mijovic J. Macromolecules 1997;30:5227.

ments on the same systems.
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