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Abstract The phase separation processes of various ther-

moplastics-modified thermosetting systems which show

upper critical solution temperature (UCST) or lower crit-

ical solution temperature (LCST) were studied with

emphasis on the temperature dependency of the phase

separation times. It was found that the phase separation

time-temperature relationship follows the Arrhenius

equation. The cure-induced phase separation activation

energy Ea (ps) generated from the equation is independent

of the method used to measure phase separation time. In

our experimental ranges it is found that Ea (ps) is inde-

pendent of the thermoplastic (TP) content,TP molecular

weight and curing rate but it varies with the cure reaction

kinetics and the chemical environments of the systems.

Keywords polymerization induced phase separation,

thermosetting, thermoplastic, time and temperature

dependence, Arrhenius equation

1 Introduction

The earlier approaches used in the synthesis of rubber-

modified thermosetting resins to improve fracture tough-

ness invariably result in significant drops in stiffness and

glass transition temperature of the product. After the con-

cept of cure-induced phase separation (CIPS) was pro-

posed by Inoue et al. [1,2] in the 1980s, many

experimental and theoretical investigations have been car-

ried out on toughening highly crosslinked thermosets with

high performance engineering thermoplastics such as

polyethersulfone (PES) [3] polysulfone (PSF) [4], poly

(ether–ether ketone) (PEEK) [5] and polyether imide

(PEI) [6]. Since the mechanical properties of the tough-

ened materials are closely related to their final morphol-

ogies, the studies have focused on phase separation

mechanisms [1,2,7] and morphology control [8–12].

To explain various morphologies generated during

cure, thermodynamic analysis of the Flory-Huggins-

Staverman (F-H-S) theory was employed. It describes

the spinodal and bimodal decomposition lines [3,14–17]

but it hardly relates the structural parameters and the time

dependency. The solubility parameters and group contri-

bution approaches constitute the first level of the relation

for miscibility but not for reaction-induced phase separa-

tion yet. The cure processes of thermosetting systems are

carried out in a certain time-temperature window and the

morphology generated during cure also greatly depends

on the cure path [18]. The morphology evolution may be

analyzed qualitatively using the time dependent Ginzberg-

Landau equation (TDGL) of phase separation dynamics

[19] but it provides no clues about the temperature

dependence of phase separation time. It is important to

make experimental studies systematically on the phase

separation time-temperature dependence during curing

considering the variations of the material parameters in

a broad time-temperature space [20].

The CIPS process can be observed in situ by different

techniques – rheology [21–23], small angle light scattering

(SALS) and turbidity [7]. Rheology observes certain

abrupt mechanical changes upon phase separation while

SALS and turbidity trace the change of the optical mis-

match between TP and TS rich domains during phase

separation. SALS is most widely used to characterize the

evolvement of domain size quantitatively in TP and TS

blends [6,7,24].The application of SALS is limited by the

degree of optical mismatch between blend components

and it is not adequate to trace the early stage of the phase

separation process [20,25].

In this work, we observed the early stage of CIPS in

some TP/TS systems with a modified optical microscope

system [26] and compared the microscope method with
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the rheology and SALS approaches for the whole CIPS

process. Our study focused on the common features of

phase separation time-temperature dependence by consid-

ering the effects of TP molecular weight, TP content, cure

rate, cure agent content and the cure reaction mechanism.

2 Experiments

2.1 Materials

The epoxy monomer was based on commercial grade

DGEBA (diglycidyl ether of bisphenol A) with average

epoxide equivalent of 185 (Wuxi Synthetic Resin Co.,

Jiangsu, China). The cyclic anhydride cure agent was

methyl tetrahydrophthalic anhydride (MTHPA; HY

918, Ciba-Geigy) and the anhydride initiator was benzyl-

dimethyl amine (BDMA, Sigma, USA). The aromatic

cure agent 4, 49-methylenedianiline (DDM) and 4, 49 -

diaminodiphenyl sulfone (DDS) were provided by

Shanghai Reagent Co. (Shanghai, China). The 4, 49-bis-
maleimidodiphenyl methane (BMI) was provided by

Beijing Aeronautical Manufacturing Technology

Research Institute and the chain extension agent o,o9-dia-
llylbisphenol A (DBA) was provided by Sichuan Jiangyou

Insulating Material Co. The thermoplastic hydroxyl ter-

minated polyethersulfones (PES) with [g]5 0.36, 0.43 and

0.53 dL/g were all supplied by Jilin University (China).

Phenolphthalein poly (ether ether ketone) (PEK-C,

[g]5 0.43 dL/g) was developed in Xuzhou Vat Chemical

Co Ltd. Polyetherimides (PEI, Ultem 1000) was provided

by General Electric Co.

2.2 Sample preparation

The PEI modified epoxy mixtures were prepared via a

two-step process. A 10% (W/W) solution of PEI was made

by dissolving it in methylene dichloride. The resulting

solution was then mixed with the epoxy monomer at room

temperature. Most of the solvent in the mixture was

vaporized in a circulation oven at room temperature

and the residual solvent was removed in a hot vacuum

oven for 24 h at 80uC. Subsequently, the cure agent was

added at 135uC for DDS, 90uC for DDM and 60uC for

MTHPA (with different initiator BDMA contents).

For PEK-C and PES-modified epoxy systems, TP was

directly dissolved in the epoxy monomers at 140uC. The
cure agent was added in the same way as for the PEI

systems. In the TGDDM/DGEBA/DDS/PEK-C blends,

the mass ratio of TGDDM to DGEBA is 3:2.

For the preparation of BMI/DBA/PEK-C blends,

PEK-C was dissolved in DBA at 135uC. BMI was added

after the mixtures had cooled to 120uC. The mixture with

a BMI to DBA molar ratio of 1:0.87 was stirred continu-

ously until a transparent blend was obtained.

The loading level of TP to thermosetting precursors

(mixture of epoxy monomer and hardener) is counted

by phr (part per hundred resin). The loading level of the

cure agent is stoichiometrically balanced without deno-

tation.

2.3 Measurements

TOM

To observe the initial stage of phase separation, a lab-

made computerized transmission optical microscope

(TOM) system equipped with inverted optical design, long

focusing objective lens and controllable oven was

designed which allows long term observation and data

collection with a high resolution of 0.2 mm in a wide

working temperature range (RT to ,250uC). The system
can assign the onset of phase separation for systems with

low refractive index differences and small domain sizes of

as low as 1 mm. This was not succeeded by conventional

TOM and SALS [26].

The samples for TOM observation were prepared by

pressing the melt between two pieces of cover glass with

a thickness of about 0.2 mm. The moment when the

morphological structure appeared was defined as the

phase separation time tps. The value of tps at any par-

ticular temperature is the average of five tests with

observation errors of around ¡3% as measured in vari-

ous TP-modified TS systems [20,22,25]. We find that the

phase separation times detected with different resolu-

tion optical lens are the same within an accuracy of

¡3% as shown in Table 1. The fact that the tps values

are independent of the magnification of the TOM

proves that the onset of phase separation has been

observed. If the initial domains were smaller than the

resolution of the TOM system, one should see them

earlier with higher magnification. The physical reason

for limited initial domain size was explained as the nat-

ure of spinodal decomposition by Inoue [1,27]. The lim-

ited value of initial fluctuation wavelength becomes the

periodic size of phase domains in the early stage of

phase separation before domain growth driven by inter-

facial tension so that the early stage of the spinodal

decomposition can be observed at similar tps using dif-

ferent TOM magnification.

Table 1 The effect of OM resolution on tps of TGDDM/DGEBA/
DDS/PEK-C 10 phr system

T/uC tps/s tps/s tps/s error/%

(1500X) (1200X) (760X)

210 228 227 220 21.3–2.2

200 328 321 320 20.9–1.5

190 469 466 464 20.4–0.6

180 610 608 602 20.8–0.5
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Dynamic rheological measurements

The rheological experiments were performed with a rota-

tional rheometer with disposable parallel plates (gap

1 mm and diameter 40 mm) (ARES of TA Instrument

Co.). The multiple frequency dynamic time sweeps were

conducted under isothermal conditions using the time-

resolved rheometric technique [28]. The rheometric mea-

surement conditions were collected at frequencies of 1, 2,

5, 10 and 20 rad/s with an initial strain of 5%. The strain
can be automatically adjusted to maintain the torque res-

ponse within the limit of the transducer.

Figure 1 shows the characteristic rheological profiles

with the corresponding morphological TOMmicrographs

of TGDDM/DGEBA/DDS/PEK-C systems along curing.

There are two critical transitions in the plots of tan d at

different frequencies. The curves cross at the time for

phase separation tps and the time for chemical gelation

tgel where loss tangent becomes independent of frequency
[29, 30]. We have discussed such critical gel behaviors

more systematically in previous work [20,22].

SALS

The phase separation time tps for some TP/TS blends with

appropriate optical mismatch was also observed in situ by

SALS using HeNe laser light (l5 632.8 nm). Samples

were mounted in a temperature controllable hot-stage.

The scattering pattern generated by the sample was visua-
lized using a white paper screen and recorded by a stand-

ard CCD video camera. The time upon which the

scattering ring appears is defined as the phase separation

time.

DSC

A differential scanning calorimetric analysis was con-

ducted using a Perkin-Elmer Pyris 1 instrument. The cal-
orimeter was calibrated with high purity indium and zinc

standards. Dry nitrogen was used as purge gas with a flow

rate of 20 mL/min. The DSC curves scanned at different

heating rates of 5, 10, 15, 20, 25uC/min allow the calcula-

tion of the activation energy of the overall curing reaction

by the Kissinger method [31]:

Ea~{R � d ln (b=T
2
p )

dT{1
p

ð1Þ

In the equation above b is the heating rate, Tp is the

peak temperature, Ea is the cure activation energy andR is

the gas constant.

3 Results and discussion

The phase separation time versus temperature data based

either on rheology, TOM or SALS can be correlated by an

equation of Arrhenius of the form [20,22,25]:

ln tps~ ln kz
Ea(ps)

RT
ð2Þ

In the equation above, tps is the phase separation time,

Ea(ps) is the phase separation activation energy, T is the

absolute temperature and R is the universal gas constant.

3.1 Effect of the phase separation detection method

The CIPS process of LCST type DGEBA/MTHPA/PES

systems was observed in situ using methods of SALS,

TOM and rheology which detected the optical mismatch,

morphological change and mechanical response of the

material along cure, respectively. Actually, the SALS

method observes heterogeneous structures with sizes

above the micron level [7] while the present TOM

approach has an optical resolution of 0. 2 mm and can

concurrently give direct morphology evolvement informa-

tion. As shown in Fig. 2, the phase separation times tps
based on different observations show an order: TOM first,

Fig. 1 The g* and tan d versus time at different frequency
cures and the corresponding morphology

Fig. 2 The effect of detectingmethod onEa(ps) for DGEBA/
MTHPA/PES system
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then rheology and finally, SALS. Ea(ps) values are similar

and are independent of observation method as seen in

Table 2. In fact, we found that the phase separation

time-temperature data in the literature also followed the

Arrhenius equation as seen in the study of Pascault based

on turbidity of castor oil modified epoxy system [32] and

in that of Inoue based on light scattering of epoxy/dicyan-

diamide/PES systems [33].

3.2 Effect of TP content on Ea(ps)

Figure 3 are the experimental data of lntps vs. 1/T based

on TOM measurements for the LCST type system

DGEBA/MTHPA/PES [3] and UCST type system

DGEBA/DDM/PEI [17] with different TP contents,

respectively. The corresponding phase separation activa-

tion energy Ea (ps) derived from the slope of the ln tps vs.

1/T plots is summarized in Table 3.

It can be found in Fig. 3 that for the two systems of

DGEBA/MTHPA/PES andDGEBA/DDM/PEI with dif-

ferent TP contents, tps data in a wide temperature range

can be correlated using the Arrhenius equation. The

values of Ea (ps) in Table 3 are not sensitive to the TP

content within the experimental range.

The driving force for the CIPS is the interaction change

due to the cure reaction of the thermosetting species, so it

is reasonable to correlate the cure reaction activation

energy Ea to Ea (ps). The calculated Ea values are also

listed in Table 3. It can be seen that the cure reaction

energy barrier for systems with different TP contents is

unchanged.

Table 4 are the phase separation time-temperature cor-

relation results for a complex matrix resin system of

TGDDM/DGEBA/DDS/PEK-C. Similar results can be

seen for systems of TGDDM/DGEBA/DDS/PEK-C with

different PEK-C contents. Similar Ea (ps, TOM) values

are presented with reasonable accuracy. The phase

Fig. 3 Effect of TP contents on the phase separation time/temperature dependence of DGEBA/MTHPA/PES and DGEBA/DDM/
PEI systems

Table 2 Ea(ps) values of DGEBA/MTHPA/PES system detected
by different methods

detecting means Ea(ps)/kJ?mol21 R

OM 77.8 0.997

rheology 75.8 0.999

SALS 76.7 0.999

Table 3 Ea (ps) values for DGEBA/MTHPA/PES and DGEBA/DDM/PEI systems with different TP contents

DGEBA/MTHPA/PES DGEBA/DDM/PEI

PES content/phr Ea(ps)/kJ?mol21 R Ea/kJ?mol21 PEI content/phr Ea(ps)/kJ?mol21 R Ea/kJ?mol21

16 77.8 0.999 70.7 10 50.6 0.999 51.6

20 73.0 0.999 / 15 52.4 0.999 /

25 75.0 0.999 70.4 30 49.5 0.999 52.3

Table 4 Activation Energy Values of Phase Separation and Gelation for TGDDM/DGEBA/DDS/PEK-C Systems with different PEK-C
contents

PEK-C content/phr Ea(ps, TOM)/kJ?mol21 R Ea(ps, rheology)/kJ?mol21 R Ea(gel, rheology)/kJ?mol21 R

10 59.8 0.999 62.1 0.999 67.2 0.997

15 60.0 0.999 55.8 0.999 66.4 0.999

20 57.5 0.998 61.2 0.999 67.2 0.999
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separation activation energy based on rheology, Ea (ps,

rheology), is slightly higher than that based on TOM, Ea

(ps, TOM). This is presumably due to the slight curing

during rheology data collection at higher temperatures.

It took about 2 minutes after sample loading for the plate

temperature to stabilize. As we will see later in other sys-

tems the values of Ea (ps) based on different detection

means are in good agreement.

It should be mentioned that the cure activation energy

Ea may increase for high loading level of TP as reported by

Park [34] and Francis [35] in other systems. Also, in our

experiments the morphology does change from island to

bi-continuous or phase inverted structure in the TP com-

position range of 5–30 phr, and the rheology profiles also

change correspondingly although Ea (ps) hardly changes

with the PEK-C content [20].

3.3 Effect of TP molar mass

Figure 4 is the phase separation time-temperature

Arrhenius plot of DGEBA/MTHPA/PES systems with

different PES molar mass. The corresponding Ea(ps)

values are listed in Table 5. Bucknall [3] has determined

cloud point curves of PES/DGEBA blends with PES of

different molar mass and found that the miscibility will

decrease with PES molar mass. Morphology will also

change with the TP molar mass [36] but all these factors

seem to have no effect on the values of Ea(ps).

3.4 Effect of cure rate

Figure 5 are curves of lntps vs. 1/T for DGEBA/MTHPA/

PES systems with different initiator contents. The corres-

ponding phase separation activation Ea (ps) values are

given in Table 6. It can be seen that the phase separation

times decrease with initiator content while Ea(ps) in

Table 6 remains almost constant although the morpho-

logy changes with initiator content [37, 38].

We determined the cure activation energy Ea of the

matrix resins with different BDMA contents. It can be

seen in Table 6 that Ea is same for the systems with dif-

ferent BDMA contents. This is different from what

Montserrat et al. [39] reported that the cure activation

energy generally decreased with the initiator content. It

is presumably because the initiator content employed in

our present systems is high enough to catalyze the chain-

wise copolymerization of DGEBA and MTHPA during

the temperature scan. The high Ea values in Montserat’s

systems arise from the uncatalyzed copolymerization

when the initiator BDMA content is low.

When the initiator content is less than 2%, the chemical

environment of the TP/TS blend will not change much

with variation of BDMA concentration. It is interesting

that even when the cure reaction driving force and chem-

ical environment are similar, systems with different cure

rates show similar Ea (ps) values.

Fig. 4 Effect of PES molar mass on the phase separation
time-temperature dependence of DGEBA/MTHPA/PES sys-
tems

Table 5 Ea (ps) values for DGEBA/MTHPA/PES system with
different PES molar mass

[g]/dL?g21 Ea(ps)/kJ?mol21 R

0.36 77.8 0.998

0.43 72.0 0.999

0.53 73.5 0.999

Fig. 5 Effect of BDMA content on the phase separation
time/temperature dependence for DGEBA/MTHPA/PES sys-
tems

Table 6 Ea (ps) values for DGEBA/MTHPA/PES systems with
different BDMA contents

BDMA content/% DGEBA/MTHPA/PES DGEBA/MTHPA

Ea(ps)/kJ?mol21 R Ea/kJ?mol21 R

0.45 77.8 0.998 73.9 0.999

0.9 77.8 0.999 73.8 0.999

1.8 77.0 0.99 73.9 0.999
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3.5 Effect of stoichiometric ratio

The stoichiometric ratio of the system, r, is defined here as

the molar ratio of anhydride groups to epoxy groups. It is

reported that for some TP/TS blends, the morphology and

mechanical properties of the cure TP/TS composites

change substantially upon the variation of the stoichi-

ometric ratio [40,41]. Here we report the data of

DGEBA/MTHPA/PES 16phr systems with different r

values. The experimental results are summarized in

Fig. 6 and Table 7. It is understandable that the phase

separation times of the system with r5 1.5 are generally

shorter than those of the systems with r5 0.5 and r5 1.0.

However, the corresponding activation energy Ea (ps)

changes in an opposite manner with the stoichiometric

ratio r as shown in Table 6.

We first calculated the cure activation energy Ea for

systems of different r value, and the results are similar

as shown in Table 7. We know that for the CIPS process,

in addition to the effect of entropy reduction, another

important factor to the mixing free energy is the enthalpy

contribution, which can be described qualitatively by the

miscibility of the TP and TS components. It is expected

that the less miscible the TP and TS combination are, the

lower the phase separation activation energy Ea (ps). In

our present systems, the TP/TS blends with different r

values show similar cure reaction barrier. Thus, the

decrease of Ea (ps) with excess MTHPA hardener can be

attributed to the deterioration of the miscibility between

TP and TS species by the hardener.

In the UCST systems of DGEBA/DDM/PEI and

DGEBA/DDS/PEI [20] we observed similar phenomena,

that is, Ea(ps) changes with different affinities of TP/TS/

Hardeners (Fig. 7). As shown in Table 8 the phase sepa-

ration activation energy Ea(ps) values of DGEBA/DDM/

PEI and DGEBA/DDS/PEI systems change with r in dif-

ferent directions.

For DGEBA/DDM/PEI systems Ea (ps) increases with

r, and the system even shows no phase separation when

r5 1.5. For the DGEBA/DDS/PEI system, Ea (ps)

changes with r in an opposite way to that of the

DGEBA/DDM/PES system. Ea does not change with

the stoichiometric ratio r for both of the DGEBA/

DDM/PEI and DGEBA/DDS/PEI systems. This is in

accordance with the results of Yu et al. [41] for

TGDDM/DDS systems that Ea changes little with r when

r> 0.6. Therefore, the possible explanation of the change

of Ea (ps) with r is not in the cure reaction but in the

increased miscibility with PEI than DGEBA. The excess

DDM stops phase separation upon cure. When the more

polar DDS cure agent, which is less miscible with PEI than

DGEBA, is used, the corresponding Ea (ps) changes with r

in a different way.

3.6 Effect of cure reaction

Figure 8 and Table 9 are the phase separation time-tem-

perature relation in the range 120uC–200uC for system of

BMI/DBA/PEK-C10 phr together with the gel time-tem-

perature data. It can be seen that the slope of the phase

separation time-temperature Arrhenius linear relation in

the 120uC–170uC range is lower than that in the 180uC–
200uC range. The phase separation activation energy Ea

(ps) in Table 9 is smaller in the lower temperature range.

The change of temperature dependence of the phase

separation times can be attributed to the complexity of

the cure reaction between BMI and DBA. Although

numerous attempts have been made to elucidate the curing

Table 7 Values of Ea (ps) for DGEBA/MTHPA/PES with differ-
ent stoichiometric ratio R

r DGEBA/MTHPA/PES

Ea(ps)/kJ?mol21 R Ea/kJ?mol21 R

0.5 78.3 0.999 70.7 0.999

1.0 77.8 0.999 70.3 0.999

1.5 72.8 0.999 70.2 0.999

Fig. 6 Plots of lntps vs. 1/T for DGEBA/MTHPA/PES and
systems with different stoichiometric ratio r

Fig. 7 Linear correlations of lntps vs. 1/T for the DGEBA/
DDM/PEI and DGEBA/DDS/PEI systems with different r
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mechanism of BMI/DBA systems, these have been

impeded by the complexities of the reaction paths and mul-

tiple reactions taking place. The following reaction types

have been proposed to be involved in the curing process:

ENE, Diels–Alder, homopolymerization and alternating

copolymerization. Allylphenol compounds are expected

to coreact with BMI to give linear chain extension by an

ENE-type reaction in the lower temperature range of

120uC–170uC and show a lower cure activation energy bar-

rier. This is followed by a Diels–Alder reaction at the high

temperature range of 180uC–200uC [42–46] with higher

cure activation energy. It is probable that lower cure reac-

tion energy barrier results in the low Ea (ps).

4 Conclusions

The cure-induced phase separation time-temperature

dependence can be described well using the Arrhenius

equation. This has been verified in various TP modified

TS systems. The phase separation times detected by dif-

ferent observation means such as TOM, rheology, SALS

and turbidity show different values at different stages but

they all follow the Arrhenius equation with similar activa-

tion energy. Among the observation approaches, TOM is
the fastest andmost convenient means for determining the

start of phase separation.

We know that most of the cure kinetics show Arrhenius

type temperature dependence while the WLF type equa-

tion is also used for the process where macromolecular

chain diffusion dominates the kinetics [47]. For our pre-

sent cases, the cure induced phase separation also shows

an Arrhenius type temperature dependency. This presum-

ably arises from the strong asymmetric dynamic charac-
teristics of the TP and TS species. The phase separation

process mainly lies on the thermal diffusion of smaller TS

species while the long chain TP component is pushed to a

certain distribution. So Ea (ps) is not affected by the TP

content and the TP molar mass and also has no relation to

the cure rate but depends greatly on the diffusion ability of

the TS species, the miscibility between TP and TS and the

cure reaction energy barrier. More detailed analysis on the
time-temperature dependency of the cure induced phase

separation is underway [48].
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