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Abstract

Thermal properties of materials formed during reaction-induced phase separation (RIPS) of modified epoxy–amines can be obtained from

the derivative of the heat capacity signal ðdCp=dTÞ in non-isothermal conditions following a certain cure schedule. A method is proposed in

which the dCp=dT signal is deconvoluted, resulting in values of Tg and DCp at Tg; which can be used as probes for the composition and

fraction of each phase, respectively. The following modified epoxy–amine systems, showing LCST-type demixing behavior, are presented:

(i) the linearly polymerizing system diglycidyl ether of bisphenol A (DGEBA) þ aniline; (ii) the network-forming system

DGEBA þ methylenedianiline (MDA) both modified with the high-Tg thermoplastic poly(ether sulphone) (PES: Tg ¼ 223 8CÞ and

(iii) DGEBA þ MDA modified with the low-Tg copolymer poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)

(triblock: Tg ¼ 270 8C). The onset of RIPS can be detected before the cloud point for systems (i) and (ii), indicating that the dCp=dT signal is

sensitive to phases in the sub-micron scale. Evolutions of the composition and fraction as a function of conversion during RIPS in isothermal

conditions contribute to the understanding of the relation between the cure schedule and the morphological development. For the network-

forming systems (ii) and (iii), overlapping peaks in the dCp=dT signal reveal complex phase structures with interphases arising in certain

cure conditions. The network structure in combination with limited interdiffusion rates results in fixation of the morphology in the former

system. On the contrary, higher interdiffusion rates gives rise to a better segregation between the PES-rich and epoxy–amine-rich phases in

system (i).

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Reaction-induced phase separation (RIPS) of a modified,

homogeneous epoxy–amine mixture takes place as a result

of the increase in molecular weight of the reactive species

during cure. This thermodynamic driving force for phase

separation has to be considered together with the kinetics of

interdiffusion between the initiated coexisting phases to

understand the morphology development [1–3]. The inter-

play between the rate of phase separation and the reaction

rate has to be understood as a function of processing

parameters such as the cure temperature ðTcureÞ and time

(or conversion) in order to design these high performance

resins [4]. To tune these events, selection of the epoxy–

amine chemistry in view of reactivity, full cure glass

transition ðTgfullÞ and final cross-link density ðXcÞ has to be

done in conjunction with the modifier selection. The

modifier has to be compatible with the unreacted epoxy–

amine, while phase separation has to occur in the course of

cure. Its molecular weight and glass transition will also

determine the diffusion rates and thus the kinetics of phase

separation. Moreover, the conversion at gelation ðxgelÞ for a

certain epoxy resin should be compared to the conversion at

the onset of phase separation ðxpsÞ at Tcure [1,5,6].

Vitrification of either or both the coexisting phases will

interfere with the development of phase separation and

freeze in a thermodynamically unstable morphology.

Knowledge of the glass transition of the epoxy–amine-

rich and modifier-rich phase with respect to Tcure is therefore
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crucial. The glass transitions of these constituents are

directly linked to the composition of both coexisting phases.

A technique capable of detecting changes in composition

and fraction of these phases as a function of conversion

during RIPS is very valuable in view of processing

optimization. Moreover, the reaction rate of the modified

epoxy resin also depends on the concentration of the

functional groups in each phase [7–9].

Ex situ microscopic techniques like SEM and TEM have

been widely used to monitor morphological changes at

discrete times during cure or after reaction completion

[10–12]. While the ‘structure’ and fraction of both phases

can be determined in this way, at least semi-quantitatively,

no direct information about their composition can be

obtained. Recent studies obtained compositional changes

by using energy dispersive spectroscopy at the interphase

between an epoxy–amine and poly(vinylpyrrolidone)

[13,14]. Micro-Raman spectroscopy can also be used to

detect changes in thermoplastic content locally [15].

In situ morphological development has usually been

investigated with light scattering techniques, providing

information on the onset of phase separation (cloud point),

the phase separation mechanism (nucleation and growth or

spinodal decomposition) and the evolution of the periodic

distance during cure [16,17]. While the amount of scattering

is determined by the composition of both phases and its

constituents, the composition cannot be easily obtained, and

complications arise when the refractive indexes of the

coexisting phases are similar or evolve to similar values

during cure [18,19]. In situ dielectric spectroscopy can

provide the onset of phase separation using the interfacial

polarization between both phases, while vitrification of

these phases during cure can also be detected [20–22].

Dynamic rheometry can detect these chemorheological

changes in situ on the basis of changes in the (complex)

viscosity during RIPS. Whether the epoxy or the thermo-

plastic constitutes the matrix can be determined from the

change in viscosity at the cloud point [23]. Dynamic

mechanical thermal analysis has also been shown to be

mostly influenced by phase continuity [24]. A particulate or

inverted morphology could be distinguished from the ratio

of the heights of tan delta peaks [25].

Modulated temperature DSC can detect the reaction rate

in the non-reversing heat flow signal and chemorheological

changes like vitrification in the heat capacity and heat flow

phase signal simultaneously and in situ during RIPS [26,27].

The effect of phase separation in modified epoxy–amine

systems is measured in an indirect and postponed way as

vitrification of a high-Tg poly(ether sulphone) (PES) phase

[27] or as an increase in reaction rate due to concentration of

reactive groups [9]. An excess contribution in the heat

capacity signal, corresponding to heat effects associated

with phase separation, provides a direct way to detect RIPS

in the low-Tg (triblock) copolymer poly(ethylene oxide)-

block-poly(propylene oxide)-block-poly(ethylene oxide)

[9]. Thermal properties of heterogeneous epoxy systems

as developed in isothermal or non-isothermal cure schedules

can be obtained in post-cure experiments from the heat

capacity signal, and, especially, its derivative to temperature

ðdCp=dTÞ [9,28]. Moreover, possible residual reaction

exothermicity and enthalpic relaxation effects are found in

the non-reversing heat flow signal.

A peak resolution technique based on Gaussian functions

has been developed for the dCp=dT signal to obtain phase

weight fractions for interpenetrating polymer networks

[24,29]. This strategy will be explored in this work to

obtain quantitative information about the fraction of the

epoxy–amine-rich and thermoplastic-rich phases from

dCp=dT : Moreover, evolutions in compositions can be

calculated from the Tg of both phases and possible

interphases present. Both the high-Tg (amorphous) PES-

modified and the low-Tg (semi-crystalline) triblock copoly-

mer will be used to study the effect of changing

interdiffusion rates on the morphological evolution. Apart

from the network-forming system diglycidyl ether of

bisphenol A (DGEBA) þ methylenedianiline (MDA), the

high-Tg modifier will also be used together with the

DGEBA þ aniline system, forming a linear macromolecule.

This last system simulates the behavior of a polymer blend

in which the molecular weight of one of the components is

changed. While fixation of the heterogeneous structure by

the epoxy cross-links is expected for the network-forming

system, this can be excluded for the DGEBA þ aniline

system.

2. Experimental

2.1. Materials

A bifunctional epoxy, diglycidyl ether of bisphenol A

(DGEBA, Epon825 from Shell) with an epoxy equivalent

weight (EEW) of 180 g equiv.21 was used in combination

with an appropriate amount of a bifunctional amine (aniline

from Fluka) or a tetrafunctional amine hardener (methyle-

nedianiline, MDA from Janssen Chimica) with amine

equivalent weights of 46.5 g equiv.21 and 49.5 g equiv.21,

respectively. Different mixtures of these pure systems were

prepared with 20 wt% of poly(ethersulphone) (PES from

Aldrich: Mw ¼ 20; 000 g mol21; Tg ¼ 223 8C) and with

50 wt% of the triblock copolymer poly(ethylene oxide)-

block-poly(propylene oxide)-block-poly(ethylene oxide)

(from Aldrich: Mn ¼ 4400 g mol21 with 30 wt% ethylene

oxide; Tg ¼ 270 8C [9]). To obtain a homogeneous mixture

of the high-Tg modified DGEBA þ aniline, PES was first

dissolved in the epoxy using CH2Cl2, which was evaporated

at about 120 8C under extensive stirring followed by

vacuum evaporation at 100 8C. Aniline was mixed after-

wards for about 5 min at 80 8C. For the network system, the

appropriate quantities of all components (DGEBA þ MDA/

PES) were dissolved in CH2Cl2/CH3OH (99/1), followed by

solvent evaporation at 40 and 80 8C under vacuum for 1 h
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and 5 min, respectively. The DGEBA þ MDA/triblock

system was mixed at 80 8C for 5 min. All these preparation

methods reduce the amount of preliminary reaction to a

minimum.

2.2. Techniques

Cure experiments on the PES-modified systems were

performed on a TA Instruments 2920 DSC with MDSCe

option and a refrigerated cooling system (RCS, lowest

initial temperature: 265 8C). Helium was used as a purge

gas (25 ml min21). Indium and cyclohexane were used for

temperature calibration. The former was also used for

enthalpy calibration. Heat capacity calibration was per-

formed with a PMMA standard (supplied by Acros) using

the heat capacity difference between two temperatures, one

above and one below the glass transition temperature of

PMMA [30], to make sure that heat capacity changes were

adequately measured. For quantitative heat capacity

measurements at temperatures below 250 8C, a tempera-

ture-dependent Cp calibration was used. This consists of

measuring the heat capacity evolution of a reference

material over the whole temperature range of interest and

calculating a heat capacity calibration factor as a function of

temperature [31]. Cure was performed in hermetic alumi-

num pans (TA Instruments) with sample weights between 5

and 10 mg. Modulation conditions were: amplitude of 1 8C

and a 60 s period. Cloud points were detected by measuring

the light transmitted through thin samples (held between

glass slides) in a Mettler Toledo FP82HT hot stage equipped

with a photodetector. A Spectratech optical microscope was

used (magnification of 4).

A TA Instruments Q1000 with an RCS cooling unit was

used in the case of the triblock modifier since the new cell

and cooler design allow for the lower initial temperatures

needed to study this system (minimum: 290 8C). The

Q1000 DSC cell uses Tzeroe technology. Nitrogen was

used as a purge gas (25 ml min21), and hermetic crucibles

were used with sample weights ranging from 5 to 10 mg.

3. Results and discussion

3.1. Composition and fraction of coexisting phases as

obtained from the dCp=dT signal

The glass transition ðTgÞ of a homogeneous blend of two

components can be predicted with the Couchman equation

when the Tg and the heat capacity change at Tg ðDCpðTgÞÞ of

both constituents are known together with their composition

in the blend [32]. This is shown for homogeneous mixtures

of DGEBA þ PES in Fig. 1. No phase separation or reaction

was detected in the range of temperatures used to determine

the Tgs of these systems. Indeed, the LCST for DGEBA þ

PES was found to be 241 8C [33]. Since a close

correspondence is seen with the simulation (compare line

with (X) in Fig. 1), the Couchman equation can be used as a

tool to determine the composition in an unknown homo-

geneous mixture. Moreover, the glass transition of

unreacted mixtures of DGEBA þ aniline with PES can

also be predicted by assuming a binary mixture of the

epoxy–amine species with PES ((W) in Fig. 1).

This concept was used in the present work to determine

the composition of the coexisting phases during RIPS. For

this purpose, the modified epoxy–amine system is con-

sidered to be a binary mixture of the modifier and the

epoxy–amine species. This means that differential segre-

gation of the epoxy and amine in both phases is a priori

excluded.

To confirm this assumption, three modified epoxy–

amine systems were investigated at appropriate isothermal

cure temperatures: (i) DGEBA þ aniline/20 wt% PES at

100 8C, (ii) DGEBA þ MDA/20 wt% PES at 80 8C and (iii)

DGEBA þ MDA/50 wt% triblock copolymer at 90 8C. In

these conditions, the conversion at which phase separation

initiates, xps; is 67 and 37% as determined by optical

microscopy measurements for systems (i) and (iii),

respectively [9]. No cloud point could be detected in this

way for system (ii), a finding probably related to the

proximity of the refractive indexes of both phases [19].

Vitrification of the PES-rich phase for system (ii) has been

measured [27], however, and occurs at 51%. By using a

mechanistic model for the reaction kinetics [34,35], the

residual concentrations of aniline and MDA ðA1Þ can be

estimated to be about one-fifth of the initial concentration at

67 and 37%, respectively. Thus, the majority of amine

functionalities are already attached to the epoxy (A2 and A3)

at xps and will diffuse as one species. Further confirmation

for the fact that differential segregation is unlikely in

these systems can be obtained by comparing the reaction

enthalpy ðDrHÞ of modified with unmodified systems,

normalized per mole epoxy and by assuming stoichiometric

compositions. DrH measured in both isothermal and non-

isothermal conditions for systems (i), (ii) and (iii) is

(2107 ^ 6) kJ mol21, (2104 ^ 4) kJ mol21 and

(2105 ^ 6) kJ mol21, respectively. Note that systems (i)

and (ii) were previously analyzed in isothermal conditions,

for which comparable reaction enthalpies were found [27].

The values reported here are close to those found for

stoichiometric mixtures of DGEBA þ aniline,

(2105 ^ 2) kJ mol21, and for DGEBA þ MDA,

(2104 ^ 3) kJ mol21 [36]. Deviations from the stoichio-

metric composition during RIPS would result in a fraction

of unreacted functional groups and thus lower values of

DrH: Other studies on the effect of the (PES) modifier

content on DrH also confirm that the epoxy–amine ratio in

the coexisting phases is the same [37,38].

Thus, in the absence of differential segregation, phase i

can be considered to be a homogeneous mixture of the

epoxy–amine, having the (stoichiometric) start compo-

sition, and the modifier. A model based on thermodynamic

considerations was initially presented by Couchman to
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calculate the Tg of polymer blends [39]. This approach can

be applied here by considering a blend of the epoxy–amine

species with the modifier. Since the epoxy–amine species

changes during reaction, the thermal properties of this com-

ponent have to be introduced at the attained conversion x:

where wEPAM;i is the weight fraction of the epoxy–amine in

phase i;TgMOD andDCpMODðTgMODÞ are the thermal properties

for pure modifier (PES or triblock) (see Table 1); TgEPAMðxÞ

and DCpEPAMðTgEPAMðxÞÞ are, respectively, the Tg and heat

capacity change at Tg of the epoxy–amine calculated at the

reaction conversion x; as measured with MTDSC in Refs. [34,

35]. When Tg;i is known, Eq. (1) can be used to obtain the

composition of the epoxy–amine in phase i: x can be obtained

from partial integration of the non-reversing heat flow signal.

The above-mentioned agreement between DrHs for modified

and unmodified systems means that full cure conditions can be

reached for all modified systems. Also note that the use of the

‘global’ conversion x assumes that x is the same in all existing

phases. This will be a reasonable approximation in the early

stages of RIPS, while large differences in reaction rate and thus

conversion development are expected in the later stages of

RIPS (see later discussions). Simulation of the reaction rate in

heterogeneous conditions, based on the information gathered

in this work, will serve as a validation of the stated

assumptions [38].

The heat capacity change determined at the glass

transition of phase i ðDCp;iðTg;iðxÞÞÞ is related to the weight

fraction of that phase Fi in the mixture, as can be expressed

by making the mass balance and by assuming that heat

capacity changes are additive:

DCp;iðTg;iðxÞÞ ¼ ðwEPAM;iDCpEPAMðTg;iðxÞÞ

þ ð1 2 wEPAM;iÞDCpMODðTg;iðxÞÞÞFi

ð2Þ

Fig. 1. Glass transition as a function of wt% of PES for homogeneous mixtures of DGEBA þ PES (X) and of DGEBA þ aniline/PES (W); parameters for the

Couchman equation: TgDGEBA ¼ 216:3 8C; DCpDGEBAðTgÞ ¼ 0:54 J g21 K21; TgDGEBAþanilineðx ¼ 0Þ ¼ 241 8C; DCpDGEBAþanilineðx ¼ 0Þ ¼ 0:52 J g21 K21;

TgPES ¼ 223 8C; DCpPESðTgÞ ¼ 0:21 J g21 K21; simulation with the Couchman equation [31] (—).

Table 1

Input data for Eqs. (1) and (2) required to calculate wEPAM;i and Fi from knowledge of Tg;iðxÞ (8C) and DCp;iðTgðxÞÞ (in J g21 K21); the input for the TgEPAM 2 x

relationship and DCpEPAMðTgEPAMðxÞÞ is taken from Refs. [33,34]

TgMOD DCpMODðTgMODÞ DCpMODðTg;iðxÞÞ

PES 223 0.21 28:8 £ 1024Tg;i þ 0:40

Triblock 270 0.65 21:1 £ 1023Tg;i þ 0:58

Tg0 Tgfull DCpfull=DCp0 l DCpEPAMðTgEPAMðxÞÞ

DGEBA þ anilineðr ¼ 1Þ 241 95 0.97 0.62 26:9 £ 1022x2 þ 1:2 £ 1022x þ 0:52

DGEBA þ MDAðr ¼ 1Þ 216 175 0.58 1.00 21:8 £ 1021x2 2 1:1 £ 1021x þ 0:55

ln Tg;iðxÞ ¼
wEPAM;iDCpEPAMðTgEPAMðxÞÞln TgEPAMðxÞ þ ð1 2 wEPAM;iÞDCpMODðTgMODÞln TgMOD

wEPAM;iDCpEPAMðTgEPAMðxÞÞ þ ð1 2 wEPAM;iÞDCpMODðTgMODÞ
ð1Þ
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where DCpEPAMðTg;iðxÞÞ and DCpMODðTg;iðxÞÞ are the heat

capacity changes for the epoxy–amine and the modifier at

T ¼ Tg;iðxÞ; respectively. DCp versus composition plots

showed deviations from linearity when interactions between

both components were present [40]. However, no significant

interactions in the current systems have been reported in

literature [37,41].

Input data for Eqs. (1) and (2) are summarized in Table 1.

DCpEPAMðTg;iðxÞÞ can be obtained by extrapolating the

temperature dependence of the heat capacity in the liquid

state CplðTÞ and that in the glassy state CpgðTÞ for a pure

epoxy–amine at TgEPAMðxÞ to T ¼ Tg;iðxÞ: This rigorous

method can be simplified by realizing that CplðTÞ and CpgðTÞ

do not change considerably as a function of conversion,

especially in the conversion range of interest (xps is 37% or

higher as stated above) [34,35]. Thus, DCpEPAMðTg;iðxÞÞ can

be obtained from DCpEPAMðTgEPAMðxÞÞ where x corresponds

to TgEPAM equal to Tg;i: DCpPESðTg;iðxÞÞ has been obtained

experimentally from the heat capacity signal in MTDSC.

Both CplðTÞ and CpgðTÞ correspond well to literature data for

this thermoplastic [42]. Since cold crystallization and

melting occur during heating of the triblock copolymer

(see also Section 3.4), CplðTÞ cannot be obtained exper-

imentally over the entire temperature range. Therefore,

calculated literature data for poly(ethylene oxide) and

poly(propylene oxide) [42] have been used in weight

fractions of 30 and 70%, respectively, corresponding to

the composition of the poly(ethylene oxide)-block-poly

(propylene oxide)-block-poly(ethylene oxide) modifier (see

also Section 2). The value of DCp;triblockðTgÞ calculated at Tg

equal to 270 8C, corresponds to the experimental value.

Tg;i; DCp;i and the width of the glass transition region of

phase i ðDTg;iÞ will be obtained from the dCp=dT signal using

a peak resolution technique based on Gaussian functions

[24,28,29]:

Gi ¼
DCp;i

DTg;iðp=2Þ
1=2

exp 2
2ðT 2 Tg;iÞ

2

ðDTg;iÞ
2

 !
ð3Þ

with Gi in J mol21 K22. Note that DTg;i obtained in this way

corresponds to the width of the Gaussian peak at half height.

This method is based on the notion that the dCp=dT versus

temperature signal of a pure polymer can be described by

one Gaussian function [43].

The result of the deconvolution approach is given for a

DGEBA þ MDA/20 wt% PES system cured at 80 8C for

100 min (Fig. 2), corresponding to the initiation of RIPS in

this system (see Section 3.3). Since the temperature

dependency of Cp in the liquid state is less steep than that

in the glassy state, a non-constant baseline was used to

correct the dCp=dT curve as elaborated upon in Ref. [44].

While two resolved glass transitions are difficult to

obtain from the heat capacity signal, dCp=dT clearly

contains two (overlapping) peaks, corresponding to a low-

Tg; epoxy–amine-rich a-phase and a high-Tg; PES-rich

b-phase. The evolution of composition and fraction of these

phases will be considered separately in Section 3.

Finally, the mass balance can be used to check the

obtained values for wEPAM;i and Fi :X
i

ðwEPAM;iFiÞ ¼ wEPAM;hom;
X

i

Fi ¼ 1 ð4Þ

with wEPAM;hom the weight fraction of epoxy–amine in the

initial, homogeneous mixture.

3.2. PES-modified linearly polymerizing DGEBA þ aniline

system

Homogeneous mixtures of DGEBA þ aniline/20 wt%

PES are cured for different times at 100 8C and subsequently

analyzed in non-isothermal post-cure experiments (Fig. 3)

to obtain the residual reaction exothermicity and the heat

capacity evolution as a function of temperature. An increase

in reaction rate is seen when the initial conversion increases

from 0 to 53%, as can be concluded from the shift to lower

temperatures of the onset and maximum ((X) in Fig. 3) in

the non-reversing heat flow signal. A higher initial

concentration of hydroxyl groups is responsible for this

effect since they catalyze the epoxy–amine reaction

[45,46]. The heat capacity and dCp=dT evolutions reflect

the transition from a homogeneous (0–53%) to a hetero-

geneous (63–87%) mixture. The reaction exothermicity

partly overlaps with the glass transition region in the higher

conversion range, illustrating the benefit of using MTDSC

for this system. Since this residual reaction occurs at the end

of the glass transition region, the evolution in the heat

capacity signal still reflects the material formed in the

preceding isothermal cure. Using this signal to study the

thermal properties formed during RIPS at 100 8C is

therefore permitted.

The result of the peak resolution analysis on the dCp=dT

evolutions (shown in Fig. 3) is given in Fig. 4 for a wide

range of conversions. A single Tg is found until x reaches

63%, indicating a homogeneous mixture. The presence of

PES (Tg ¼ 223 8C; see Table 1) increases this Tg by about

17 8C in comparison to the unmodified DGEBA þ aniline

mixture (compare (A) with line in Fig. 4). A much higher

DTg; as obtained from the deconvolution method (Eq. (3)),

is also found for the modified system (A) in comparison

to the unmodified epoxy–amine ( £ ) and pure PES

ðDTgPES ¼ 7 8CÞ: The broadness of the glass transition

region has been interpreted as an indication of miscibility.

Weak interactions in a polymer–polymer blend were found

to give rise to this borderline miscibility, indicating that

miscibility on a molecular scale is not necessarily achieved

[47]. At x ¼ 63% two glass transitions are found, marking

the onset of RIPS. Note that the cloud point as measured by

optical microscopy occurs about 5% later (dashed line in

Fig. 4), indicating that Tg is sensitive to the presence of

smaller phase sizes (order of magnitude of 10 nm [48]). The

small size of these phases implies a high fraction of
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interphase, which cannot be deduced since both Tgs

formed at x ¼ 63% are close to each other. Another

possible explanation for the higher cloud point conversion

is the small difference in refractive index between the

coexisting phases, as revealed by their small difference in

composition. The evolutions of these compositions can be

obtained from the Couchman relation (Eq. (1)) and are

shown in Fig. 5.

The Tg of the epoxy–amine-rich phase (termed a phase,

Tg;a) is close but slightly higher than the Tg of the

unmodified DGEBA þ aniline system. The a phase, there-

fore, is almost pure in the epoxy–amine species. Further

confirmation is found from the DTg of this phase, which

decreases with x from the onset of phase separation and

evolves to the trend of the unmodified system. The

difference between the Tg of the PES-rich phase (termed b

phase, Tg;b) and Tg;a increases with x; corresponding to an

enrichment of this phase in PES (see Fig. 5). Since Tg;b is

close to Tcure; especially considering DTg;b ((X) in Fig. 4),

diffusion of the epoxy–amine out of the b phase is

restricted. As evidenced by the heat capacity change,

vitrification of this phase initiates at around 80% and is

complete at 95%, where phase separation is no longer

possible. DTg decreases strongly in this conversion region,

indicating that a higher fraction of the b phase becomes

frozen in, while further reaction and thus RIPS of the

fraction that is still mobile results in a narrower glass

transition region [35]. Thus, a considerable amount

ðwEPAM;b . 0:50Þ of the epoxy–amine species remains in

the b phase, while the a phase is almost pure in this

component.

The fraction F of both phases has been calculated from

the heat capacity change at Tg of the a and b phases (DCp;a

and DCp;b; respectively) and Eq. (2) (see Fig. 5).

Initially, Fb is higher than Fa; while diffusion of the

epoxy–amine species towards the a phase increases its

fraction. This trend can also be obtained visually by

applying the lever rule in the composition graph in Fig. 5

(dashed line), confirming that a binary mixture arises

during RIPS with the a and b phases as the major

phases. A final value of 0.67 is found for Fa; smaller

than the theoretical value for a pure epoxy–amine phase

(0.80), a finding which can be ascribed to a combination

of vitrification of the b phase, trapping some epoxy–

amine species, and to the shape of the phase diagram.

Indeed, while the epoxy–amine-rich branch can be

expected to be near pure epoxy–amine, the PES-rich

branch will gradually evolve to purer PES as tempera-

ture and x rise [9].

Further indications for the shape of the phase diagram

can be obtained by studying the effect of Tcure on the

composition of both phases. For this purpose, mixtures

of DGEBA þ aniline/20 wt% PES were analyzed iso-

thermally at different cure temperatures until reaction

Fig. 2. Heat capacity and derivative of the heat capacity signal to temperature ðdCp=dTÞ for the 20 wt% PES-modified, stoichiometric DGEBA þ MDA system

cured for 100 min at 80 8C (W); separate Gaussian peaks (Eq. (3) (- - -) together with their sum (—); results from the deconvolution (a-phase: epoxy–amine-

rich phase, b-phase: PES-rich phase): Tg;a ¼ 41:9 8C; Tg;b ¼ 54:9 8C; DTg;a ¼ 14:2 8C; DTg;b ¼ 11:4 8C; DCp;a ¼ 0:30 J g21 K21; DCp;b ¼ 0:12 J g21 K21.
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completion was reached (from the non-reversing heat

flow signal) and until no more phase separation was

noticed (from the heat capacity signal). The conversion

attained at this point equals 88% for cure at 60 8C and

reaches 100% at 260 8C. A state diagram is shown in

Fig. 6, reflecting the composition of the a and b phases

reached by a combination of thermodynamic and kinetic

factors. Note that data points for Tcure above 130 8C

were obtained by performing a two-step cure schedule to

reduce excessive heat production.

Fig. 3. Non-reversing heat flow (second heating was used as a baseline), heat capacity and derivative of the heat capacity signal to temperature ðdCp=dTÞ for the

20 wt% PES-modified, stoichiometric DGEBA þ aniline system during heating at 2.5 8C min21 after isothermal cure for different times at 100 8C; conversions

reached after these times are indicated; the maximum in the non-reversing heat flow (X) (not shown for 0%).
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A higher Tcure clearly results in enrichment of the b phase

in PES, while the a phase is pure in the epoxy–amine

species from about 120 8C. At 260 8C, the b phase still

contains about 5% of the epoxy–amine. Note that the

phase compositions reached at this temperature can be

attained by including a final thermal treatment at 260 8C

for samples cured at any preceding isothermal cure

temperature. Thus, phase morphologies are not frozen in

irreversibly after isothermal cure for this system. Since

a linear macromolecule is formed during the DGEBA þ

aniline reaction, the fully reacted modified system

corresponds to a polymer blend. Fig. 6 also confirms

the absence of differential segregation during RIPS:

since Tg;a is close to Tgfull (95 8C) in all conditions (or

a phase is pure in the epoxy–amine species), no

deviations from the stoichiometric composition takes

place in the a phase. Indeed, small deviations from this

composition would already result in a significant drop of

Tg;a as was elaborated upon in Refs. [34,35].

3.3. PES-modified network-forming DGEBA þ MDA

system

The evolution of the composition and fraction of both

phases during RIPS was analyzed at 80 8C for the

DGEBA þ MDA/20 wt% PES system. The non-isothermal

post-cure experiments on this system after different reaction

times at 80 8C are shown in Fig. 7. As was the case in the

linear epoxy system (Fig. 3), the non-reversing heat flow

shows a reaction rate increase after the initial conversion

stages (0–45%). The heat capacity signal ðCpÞ and,

especially, dCp=dT characterizes the glass transition regions

of the homogeneous (23, 37%) and heterogeneous (from

45%) materials (below 100 8C). The residual reaction

exotherms become asymmetric from around 60% since the

Tg of the system, attained in the preceding isothermal cure

step, acts as a physical barrier: the residual reaction only

starts when the necessary mobility is regained upon going

through the glass transition region [49]. The highest x

Fig. 4. Glass transition and width of the glass transition region DTg as a function of conversion for a stoichiometric DGEBA þ aniline mixture modified with

20 wt% PES and cured at 100 8C using different cure times; the evolution of the heat capacity change with conversion during the isothermal cure at 100 8C is

also shown for comparison; Tg 2 x relationship for unmodified DGEBA þ aniline (—); Tg and DTg of cure conditions exhibiting one glass transition (A)

together with the epoxy–amine-rich (a phase, W) and the PES-rich (b phase, X) phase for heterogeneous cure conditions; DTg for the unmodified

DGEBA þ aniline mixture ( £ ); the cloud point as measured by optical microscopy (- - -, [9]).
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analyzed (75%) corresponds to a system cured for 400 min

at 80 8C, where an extended diffusion-controlled reaction

occurs in isothermal conditions (more than 200 min, not

shown). The decreased reaction rate and the slow variation

of Tg result in structural relaxation (endothermic peak in

Fig. 7, 75%) [50].

An additional shoulder, which was not present in the

linear modified epoxy system, occurs above 150 8C in the

Fig. 5. Composition (wEPAM;a and wEPAM;b) and fraction (Fa and Fb) of the a (W) and b-phases (X) as a function of conversion for the isothermal cure at

100 8C of DGEBA þ aniline/20 wt% PES as determined from Tg;a and Tg;b (with Eq. (1) and Table 1) and from DCp;a and DCp;b (with Eq. (2) and Table 1),

respectively; the mass balances were checked with Eq. (4)
P
ðwEPAM;iFiÞ ¼ 0:78 ^ 0:03 and

P
Fi ¼ 0:97 ^ 0:04:

Fig. 6. Cure temperature as a function of composition (wEPAM;a and wEPAM;b) for DGEBA þ aniline/20 wt% PES mixtures cured until no further reaction (no

more change in the non-reversing heat flow signal) or phase separation (no more change in the heat capacity signal) occurred; homogeneous system at 25 8C

(A); a phase (W) and b phase (X); the mass balances were checked with Eq. (4):
P
ðwEPAM;iFiÞ ¼ 0:77 ^ 0:05 and Fi ¼ 0:98 ^ 0:09:
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Fig. 7. Non-reversing (NR) heat flow (second heating was used as a baseline), heat capacity ðCpÞ and derivative of the heat capacity signal to temperature

ðdCp=dTÞ for the 20 wt% PES-modified, stoichiometric DGEBA þ MDA system during heating at 2.5 8C min21 after isothermal cure for different times at

80 8C; conversions reached after these times are indicated; the maximum in the non-reversing heat flow (X); the minimums in the Cp signal (attributed to the

occurrence of vitrification followed by devitrification) are connected (- - -).
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non-reversing heat flow (arrow in Fig. 7). This effect was

also absent for the unmodified stoichiometric DGEBA þ

MDA system subjected to the same cure schedule

(isothermal and non-isothermal) [35]. Further reaction and

RIPS in the modified system will, however, result in a Tg

increase of the PES-rich phase, rising above the increasing

Tcure during the heating scan at 2.5 8C min21. The resulting

vitrification is seen as a step-wise decrease in Cp: When

Tcure again increases above Tg; devitrification is seen. A

comparison can be made here with the partially miscible

polymer blend poly(ethylene oxide)/PES, for which a high-

Tg PES-rich phase arises during temperature-induced phase

separation also resulting in (partial) vitrification and

subsequent devitrification effects [51,52]. The minimum in

Cp is shown in Fig. 7 (dashed line) and translates into a

downward and upward peak in the dCp=dT signal (arrow).

Thus, the shoulder in the non-reversing heat flow indicates

further reaction in diffusion-controlled conditions in the

PES-rich phase.

Note that the last step-wise increase in the heat capacity

signal has been, incorrectly, attributed to the high-Tg phase

formed during the preceding isothermal cure for DGEBA þ

MDA/poly(sulphone) [53].

The peak resolution analysis is applied to the dCp=dT

signal below 100 8C to make sure that only the morphology

formed during the preceding isothermal cure is analyzed

(Fig. 8). As in the linear system, the Tg of the homogeneous

system (conversions till 45%) is higher than that of the

unmodified system due to the presence of PES. While no

phase separation for any conversion could be detected with

optical microscopy in this system, the occurrence of two

phases can be distinguished from 45% with dCp=dT : A

study using model compounds for the epoxy–amine

species demonstrated that demixing indeed occurs in

DGEBA þ MDA modified with the similar thermoplastic

poly(sulphone) [54].

The proximity of Tcure to Tg;a and Tg;b has drastic effects

on the phase separation kinetics: interdiffusion is highly

restricted after the initial formation of the coexisting phases.

Vitrification of the PES-rich phase (b phase) occurs close to

the onset of phase separation as evidenced by the relaxation

in the heat flow phase (onset around 51%, indicated by first

dotted line in Fig. 8). This can also be concluded from the

evolution of Tg;b and DTg;b : while no vitrification is

expected at the onset of phase separation (45%:

Tg;b þ DTg;b ¼ 66 8C , Tcure), interference clearly initiates

around 50%. At this point, the b phase will be partly frozen

in. Further phase separation accompanied by diffusion of the

epoxy–amine species to the a phase will therefore be

limited. Indeed, no considerable change is noticed in the

composition and fraction of both phases after the onset of

phase separation. Thus, while further reaction takes place

in both phases (increase in Tg;a and Tg;b), phase separation

is halted.

Finally, vitrification of the a phase is initiated around

65%, as revealed by the shoulder in the relaxation peak

of the heat flow phase (second dotted line in Fig. 8) and

the sharp drop in DTg: A remarkable effect is seen at

this point: one Tg is found (( £ ) in Fig. 8) while the

system is still in the two-phase region of the phase

diagram. This can be explained by further reaction of

the a phase whereas the b phase is essentially frozen

in. At some point, Tg;a will thus rise up to Tg;b; resulting

in an ‘apparent’ homogeneous system. At this stage, the

glass transition region cannot be used anymore to study the

evolving morphology.

The difference in diffusion rates between the network-

forming, modified system and the linearly polymerizing one

can also be illustrated by performing an additional thermal

treatment at 260 8C on samples cured for different times at

80 8C (Fig. 9). A comparable combined cure schedule on the

latter system resulted in the same end material: an a phase

pure in epoxy–amine and a b phase almost pure in PES

(see Section 3.2).

dCp=dT as a function of temperature for the DGEBA þ

MDA/20 wt% PES system cured for 100 min at 80 8C and

thermally treated at 260 8C for 20 min is shown in Fig. 10.

In comparison to the situation after only the isothermal cure

(see Fig. 7), an extra phase can be distinguished. Note that

the phase richest in the epoxy–amine species and in the

modifier will be, respectively, termed a and b phases

throughout this work. The interphase g turns out to contain

about the same amount of epoxy–amine (wEPAM;g around

0.85 in Fig. 9) as the a phase in isothermal conditions

(wEPAM;a around 0.87 in Fig. 8). The a phase formed after

the thermal treatment at 260 8C is pure in the epoxy–amine

species and probably arises from the higher interdiffusion

rates at this temperature.

A large amount of epoxy–amine remains in the b phase

as the conversion, reached at 80 8C, increases (Fig. 9). After

50% of reaction at 80 8C, wEPAM;b no longer changes

considerably during the additional thermal treatment at

260 8C. Thus, the highly branched, high Mw epoxy–amine

formed at 80 8C and the high-Tg PES are unable to diffuse

between the b phase and the a or g phases. Lower

conversions at 80 8C still allow diffusion to occur at 260 8C.

Since reaction and thus formation of the final network also

takes place quickly at this temperature and would interfere

with additional diffusion, the apparent temperature depen-

dence of the diffusion rate seems to be higher than that of the

reaction rate.

The fact that the network fixes the morphology,

therefore freezing in a thermodynamically unstable

system, was illustrated for DGEBA þ MDA modified

with 50 wt% PES and for other modified thermosets [9]

and has also been concluded from morphological studies in

literature [1,10,14,33,55]. Most of these studies performed

RIPS at a Tcure much higher than 80 8C (typical range from

150 to 260 8C) resulting in phase separation on a larger scale

(typically 2–5 mm [10]).

On the other hand, lower Tcures were analyzed for

the system DGEBA þ MDA/poly(sulphone) with SEM,
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showing that at 100 8C very small particles were formed

(0.2–0.3 mm), while no RIPS could be detected at 60 8C

[41]. RIPS in the present system was also investigated at

Tcure lower than 80 8C and showed that below 60 8C, phase

separation could no longer be detected in dCp=dT :

Considering that xps at 80 8C is 45% and the maximum x

reached at 60 8C is 62%, RIPS is expected to be

thermodynamically possible at 60 8C. However, lower

diffusion rates probably result in an even smaller

separation of the a and b phases as in the case of Tcure at

80 8C (Fig. 8).

The information contained in Fig. 9 is potentially

interesting for designing cure schedules aimed at PES-

modified network systems with tailor-made morphologies.

Fig. 8. Tg; DTg; wEPAM;a; wEPAM;b;Fa and Fb as a function of conversion for a stoichiometric DGEBA þ MDA mixture modified with 20 wt% PES and cured

at 80 8C using different cure times; the evolution of the heat flow phase with conversion during the isothermal cure at 80 8C is shown for comparison (see text)

together with the onset of vitrification of the a phase (epoxy–amine-rich) and the b phase (PES-rich) (dotted line); Tg 2 x relationship for unmodified

DGEBA þ MDA (—); homogeneous systems exhibiting one glass transition (A); the epoxy–amine-rich (a phase, W) and the PES-rich (b phase, X) phase for

heterogeneous systems; the ‘apparent’ homogeneous systems ( £ ); Tcure is indicated for reference (— - — -); the mass balances were checked with Eq. (4):P
ðwEPAM;iFiÞ ¼ 0:78 ^ 0:09 and

P
Fi ¼ 0:97 ^ 0:09:
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3.4. DGEBA þ MDA modified with the low-Tg triblock

copolymer

To increase the diffusion rates during phase separation,

the low-Tg triblock copolymer poly(ethylene oxide)-block-

poly(propylene oxide)-block-poly(ethylene oxide) was used

as a modifier for DGEBA þ MDA. A homogeneous

mixture of DGEBA þ MDA/50 wt% triblock was cured

for different times at 90 8C and subsequently treated non-

isothermally as shown in Fig. 11. While reaction was re-

initiated close to devitrification of the material formed

isothermally in the case of the PES-modified systems (see

Figs. 3 and 7), a larger gap is noticed for the triblock

modified system.

Only in the higher conversion range (75, 83%), the non-

reversing heat flow indicates reaction close to the high-Tg

epoxy–amine-rich phase. In this x range at 90 8C, the final

stages of RIPS are reached. At this point, the semi-

crystalline triblock copolymer will be almost pure in its

phase (see also Fig. 12).

Cold crystallization and melting therefore take place

(heating at 1 8C min21), seen as an exothermic and

endothermic peak, respectively (indicated by (K) and (S)

in the non-reversing heat flow of Fig. 11). Note that the

crystallization and melting heat, as calculated from the total

heat flow, are found to be equal (absolute values around

1 J g21), indicating that no crystallization occurs during the

fast cooling from 90 to 290 8C. This means that the glass

transition region, as measured below the onset of cold

crystallization, reflects a fully amorphous material, and

fractions calculated for the triblock-rich phases are correct.

Note, however, that melting is also present as a positive

Fig. 9. wEPAM;a (W), wEPAM;b (X) and wEPAM;g (2) as a function of conversion at 80 8C for the DGEBA þ MDA/20 wt% PES system attained after an

additional thermal treatment at 260 8C for 20 min; the mass balances were checked with Eq. (4)
P
ðwEPAM;iFiÞ ¼ 0:79 ^ 0:07 and

P
Fi ¼ 1:01 ^ 0:09:

Fig. 10. Derivative of the heat capacity signal to temperature ðdCp=dTÞ for the 20 wt% PES-modified, stoichiometric DGEBA þ MDA system cured for

100 min at 80 8C, followed by a thermal treatment at 260 8C (20 min) (W); separate Gaussian peaks Eq. (3) (- - -) and their sum (—).
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peak in the heat capacity signal and as an upward and

downward peak in the dCp=dT signal. These effects are

therefore not included in the peak resolution analysis.

The Tg of the homogeneous system increases slightly

with x in comparison to the faster increase in the unmodified

system (Fig. 12). A competition between an increase in Tg

with x of the epoxy–amine species and a decrease in

compatibility of the low-Tg triblock component probably

results in the observed trend. RIPS occurs at 38% as

concluded from the occurrence of two Tgs. This onset

corresponds to the onset of the peak (excess contribution) in

the heat capacity signal in isothermal conditions at 90 8C

and to the cloud point from optical microscopy (shown in

Fig. 12). The excess peak in the heat capacity signal was

used for the first time as a direct probe for RIPS in Ref. [9].

The fact that no difference is found between the cloud point

Fig. 11. Non-reversing (NR) heat flow (partly shown for a conversion of 42, 75 and 83%), heat capacity ðCpÞ and derivative of the heat capacity signal to

temperature ðdCp=dTÞ for the 50 wt% triblock-modified, stoichiometric DGEBA þ MDA system during heating at 1 8C min21 after isothermal cure for

different times at 90 8C; conversions reached after these times are indicated; cold crystallization (K) and melting (S) peaks are indicated on the non-reversing

heat flow.
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Fig. 12. Glass transition, DTg; wEPAM;i; and Fi as a function of conversion for a stoichiometric DGEBA þ MDA mixture modified with 50 wt% triblock, cured

at 90 8C; the onset of phase separation as detected by optical microscopy (- - -); the Tg 2 x relationship for unmodified DGEBA þ MDA (—); systems

exhibiting one glass transition (A); the definition of phases is as in Fig. 13: a phase (W), b phase (X), g phase ( ) and d phase ( p ); systems cured until 100%

conversion by a combined cure path at 90 and 220 8C (larger symbols); the mass balances were checked with Eq. (4):
P
ðwEPAM;iFiÞ ¼ 0:51 ^ 0:04 andP

Fi ¼ 1:06 ^ 0:09:
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and the onset in the occurrence of two Tgs indicates that

phases that are larger than the ones initiated in the PES-

modified systems are formed. Optical micrographs indeed

indicate phases in the order of magnitude of 10–20 mm

after the cure at 90 8C. Both higher driving forces

(thermodynamics) and higher diffusion rates (kinetics) can

be held responsible for this effect. Note that indications

were found that smaller phases develop for a lower Tcure

(60 8C) [9].

A complex morphology seems to evolve beyond these

initial stages. The peak resolution analysis is shown in

Fig. 13 for the system cured for 135 min at 90 8C (x of 49%,

not shown in Fig. 11). Apart from the epoxy–amine-rich

phase (a phase) and the triblock-rich phase (b phase), two

interphases g and d need to be considered to obtain an

acceptable fit. As was the case in the PES-modified

DGEBA þ MDA system, the interphase constitutes a

considerable part of the material. In the triblock system,

the morphology is further complicated by the fact that the

poly(propylene oxide) block becomes incompatible with

epoxy–amines at a certain x; while the poly(ethylene oxide)

block has been stated to be compatible throughout cure

[56–58]. On the other hand, SAXS measurements showed

that the compatibility of the latter block decreases

slightly with x [59]. Indications for this compatibility

decrease were also found from an increase in crystal-

lization rate as a function of cure advancement [60].

Complex morphologies were found with large phases of

30 mm surrounded by an interphase where subinclusions

in the order of 1 mm occurred [56]. Thus, the

morphology corresponding to the situation after a

conversion of 49% (Fig. 13) could be pictured as

being composed of a phase in which PPO blocks

(constitutes 70 wt% of the triblock copolymer) have

self-assembled into large domains (b phase) surrounded

by a large interphase with the epoxy–amine (g phase)

and the epoxy–amine-rich phase (a phase) in which the

PEO blocks are interpenetrated (d phase). One has to be

cautious, however, in deciding the amount of (inter)-

phases from the deconvolution analysis. At least four

phases have to be considered in order to mathematically

fit the dCp=dT signal in Fig. 13. Complementary techniques

are needed to attain conclusive evidence about the amount

of phases, their nature and their organization in the

morphology.

In contrast to the PES-modified systems, the a and b

phases evolve quickly to pure epoxy–amine and triblock

phases, respectively, which can be ascribed to the high

interdiffusion rates caused by the low-Tg modifier. Also note

that a more symmetrical evolution is found, indicating a

symmetrical phase diagram, which could be related to the

lower molecular weight of the triblock copolymer

(4400 g mol21).

The fraction of the interphases decreases quickly (Fg and

Fd in Fig. 12), and their presence is negligible after 70% of

the reaction. RIPS is complete at this point as indicated by

the purity of the a ðwEPAM;a ¼ 0:97Þ and b ðwEPAM;b ¼ 0Þ

phases, while further reaction of the a phase still increases

Tg;a: Vitrification of this phase occurs at a conversion of

83% ðTg;a ¼ 102 8CÞ; seen as a decrease in DTg;a and as a

step-wise decrease in the (independently) obtained heat

capacity signal. A post-cure experiment till 220 8C does

not change the composition of both phases anymore. In

contrast to the PES-modified DGEBA þ MDA system, this

post-cure experiment results in the same end state

irrespective of the preceding cure schedule. This was tested

for a Tcure range from 50 until 120 8C, which indicates that a

highly phase separated material was already obtained in

isothermal conditions. Also note that fixing of the

morphology by the formed network is less probable in this

system due to the much higher diffusion rate of the low-Tg

component.

Fig. 13. dCp=dT for the DGEBA þ MDAðr ¼ 1Þ=50 wt% triblock system cured for 135 min at 90 8C (conversion of 49%) (W); separate Gaussian peaks Eq. (3)

(- - -) and their sum (—).
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4. Conclusions

A peak resolution technique applied to the dCp=dT signal

from MTDSC allows the extraction of the Tg and DCp of

overlapping transitions, corresponding to different phases.

RIPS of modified epoxy–amine systems can be analyzed in

this way by using a combined isothermal and non-

isothermal cure schedule. In order to use the dCp=dT

information from a non-isothermal post-cure experiment to

obtain information about phases formed in the preceding

isothermal cure step, additional reaction and RIPS should be

avoided in the glass transition region of the induced phases.

For the modified systems studied in this work, additional

reaction only interferes for higher preceding conversions

and around the endsets of these regions. In the case of the

network-forming system modified with PES, further reac-

tion and RIPS in non-isothermal conditions induce

vitrification of the PES-rich phase beyond this point, seen

as a step-wise decrease in Cp: The subsequent devitrification

at higher temperatures should not be mistaken with the Tg of

this phase formed in the preceding isothermal cure step. In

the case of the semi-crystalline triblock modifier, cold

crystallization followed by melting can also interfere.

Careful selection of the temperature regions used in the

peak resolution technique has to be made on the basis of

this information.

Two glass transitions arise at the initiation of phase

separation in all systems. In the case of the PES-modified

systems, two Tgs are detected at a conversion xps prior to the

cloud point conversion, while these conversions are found to

coincide in the case of the triblock modifier. This indicates

that smaller phases or phases with similar refractive

indexes, which cannot be detected optically, are formed at

xps when the high-Tg modifier is used. The large difference

in (inter)diffusion rates between both modifiers can be held

responsible for this observation. Beyond the onset of phase

separation the composition of the a phase (epoxy–amine-

rich) and the b phase (modifier-rich) evolves more quickly

to the pure constituents for the low-Tg modifier. In case of

the PES-modified systems, interdiffusion rates are highly

restricted during isothermal cure due to the proximity of

Tcure to Tg;a and Tg;b: For the DGEBA þ MDA/PES system,

the combination of the epoxy–amine network and the high-

Tg modifier even inhibits further morphology development

in an additional thermal treatment at higher temperatures.

This is evidenced by the higher amount of the epoxy–amine

species that remains trapped in the PES-rich phase for

higher initial conversions. In contrast, both in the

DGEBA þ aniline/PES and in the DGEBA þ

MDA/triblock systems, phase separation can be induced

until completion (almost pure PES and epoxy–amine

phases can be formed).

For both network-forming systems, the dCp=dT signal

indicates the presence of interphase(s) in certain cure

conditions. The inherent heterogeneous structure of the

triblock modifier results in a complex phase morphology in

the intermediate stages between the onset of phase

separation and the fully phase separated material.

The sensitivity with which the dCp=dT signal from

MTDSC can analyze phases in the micron and sub-micron

scale is useful in obtaining (morphological) information

complementary to microscopic techniques. Moreover, the

material is formed in situ in the same MTDSC experiment,

and no complex sample preparation is involved. The only

prerequisite is that the glass transitions of the pure

constituents or the coexisting phases are different to allow

for enough resolution in the dCp=dT analysis. The evolution

of the composition and fraction of coexisting phases is of

interest to predict the effect of phase separation on the

reaction kinetics.
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