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Towards microphase separation in epoxy

systems containing PEO/PPO/PEO block

copolymers by controlling cure conditions

and molar ratios between blocks. Part 2.

Structural characterization

Abstract The influence of addition
of poly(ethylene oxide)-block-poly
(propylene oxide)-block-poly(ethyl-
ene oxide) (PEO–PPO–PEO) copoly-
mers on final morphologies of
modified epoxy matrices has been
investigated as a function of PEO:PPO
molar ratio and cure conditions by
comparison with the cured epoxy
blends only containing poly(ethylene
oxide) (PEO) or poly(propylene
oxide) (PPO) homopolymers. Atomic
force microscopy (AFM) has been
used to characterize structural features
of blends. Whilst diglycidyl ether of
bisphenol-A (DGEBA)/4,4’-diamino-
diphenylmethane (DDM)/PPO
system macrophase separates, the
interactions between PEO and cured
epoxy are responsible for miscibility
of DGEBA/DDM/PEO system.
Depending on PEO:PPO molar ratio,
micro- or macrophase separated
morphologies have been obtained

for block copolymer modified epoxy
matrices. Moreover, the influence of
both copolymer content and cure
temperature on final morphologies
has also been investigated by both
experimental and theoretical analysis.

Keywords Epoxy . Triblock
copolymers . Homopolymers .
Microphase separation .
Thermodynamics

Introduction

The modification of epoxy resins with block copolymers
has been investigated by several authors in recent years [1–
10; Larrañaga et al., submitted for publication; 11–13].
Block copolymers are the focus of a great deal of research
activity because their intrinsic ability to self-assemble into
different structures ordered at nanoscale. One feasible
pathway for generating microphase separated thermoset-
ting matrices is the use of amphiphilic block copolymers
with one of the blocks miscible with the epoxy resin.
Understanding the principles that underlie the development
of such morphologies can allow the design of novel nano-
materials in a controlled way.

Recent studies carried out by Ritzenthaler et al. [2, 3] for
ABC triblock copolymer/epoxy-diamine blends show that
the way to avoid macrophase separation and to obtain
microstructured thermoset matrices is to use block co-
polymers containing a block miscible with the growing
matrix during the whole cure reaction process. As reported
before [4], though cure conditions are important to obtain
micro- or macrophase separated systems, the generation of
microphase separated structures is not only a function of
block constituents, but also of block ratio.

In the first part of this work (Larrañaga et al., submitted
for publication), the influence of PEO:PPO block ratio on
cure kinetics of PEO–PPO–PEO modified epoxy systems
has been investigated. Different delay on cure kinetics was
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observed for systems modified with copolymers having
different block ratios. Besides, the cure process was shifted
to longer times as block copolymer content or PEO content
in the block copolymer increased. Kinetics, together with
thermodynamics, is a key factor for controlling the phase
separation process. In this second part of the work, we
analyse the microstructural features of DGEBA/DDM
epoxy matrices modified with three PEO–PPO–PEO block
copolymers having different block ratios and molecular
weights. The influence of PEO:PPO ratio on final mor-
phologies has been investigated at different cure tempera-
tures and copolymer contents. Systems modified with PEO
and PPO homopolymers have also been analysed for better
understanding of the influence of PEO:PPO ratio. Ther-
modynamic analysis has been developed to complete the
study. A Flory–Huggins lattice model has been employed
to provide a qualitative frame for the discussion.

Experimental

The characteristics of epoxy matrix components, hydroxyl-
terminated PEO–PPO–PEO block copolymers, and the
corresponding PEO and PPO homopolymers used are
shown in Table 1.

Likewise, PEO–PPO–PEO and homopolymers modified
epoxy blends were prepared as described previously [4;

Larrañaga et al., submitted for publication]. They were
cured in a preheated mould at two different temperatures,
80 °C for 6 h or 140 °C for 3 h, degassing with vacuum
during the early stage of cure and then postcured at 190 °C
for 2 h, thereafter, allowing them to gradually cool to room
temperature.

Fourier transform infrared (FTIR) spectroscopic analysis
was performed in a Perkin-Elmer 1,600 PC spectrometer.
The solid analyte was mixed with KBr. Spectra were taken
with 2 cm−1 resolution and 20 scans were carried out from
4,000 to 400 cm−1.

Dynamic mechanical behaviour was studied in a
Metravib viscoanalyser from 30 to 250 °C at 3 °C/min
and 10 Hz using 60×12×5 mm3 samples with a bending
device. Constant amplitude of 0.1 V was employed. An
initial displacement of 80 μmwas applied to ensure contact
between sample and geometry.

The morphological features of the blends were investi-
gated by atomic force microscopy (AFM) using a scanning
probe microscope (SPM) (Nanoscope IIIa, Multimode
from Digital Instruments) operating in tapping mode (TM-
AFM) under ambient conditions. Etched silicon probes
with a cantilever configuration of single beam and 125 μm
of length and a tip with a nominal radius of curvature of 5–
10 nm were used.

Transmission Optical Microscopy (TOM) measurements
were made using an Olympus BH-2 optical microscope

Table 1 Characteristics and chemical structures of materials used

Material Chemical structure and supplier Molar mass
(g/mol)

Density PEO:
PPO
Molar
ratio

DGEBA
C

CH3

CH3

OO CH2 CH

OH

CH2CH2CHCH2 C

CH3

CH3

OO CH2 CH CH2

O O

l

Dow Chemical

350 1.16

DDM
CH2NH2 NH2Ciba

198 1.09

PEO
CH2HO CH2 O H

p

Sigma-Aldrich
Mw=8,000 1.027

PPO
CH2HO CH

CH3

O H

q

Sigma-Aldrich

Mw=2,000 1.005

PEO–PPO–PEO
(EP-0.33:1) CH2 CH

CH3

O CH2 CH2 OCH2CH2HO O

s s

H

v

PolySciences

Mw=3,400 1.03 0.33:1

PEO–PPO–PEO
(EP-0.8:1)

Mw=2,900 1.05 0.8:1

PEO–PPO–PEO
(EP-3:1)

Mw=13,300 1.05 3:1
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equipped with a Mettler EP2HF heating stage. Samples
were placed between two glass slides. Cloud point times,
tcp, were determined as the time at which a decrease in the
transmitted light intensity was recorded.

Results and discussion

EPOXY blends modified with homopolymers

Firstly, analysis of the mixtures containing PEO and PPO
homopolymers has been carried out to understand the
morphological evolution in epoxy matrices modified with
different PEO-PPO-PEO block copolymers. Samples
modified with different PEO contents and cured at different
temperatures remained transparent and not phase separa-
tion was detected by AFM (not shown here), thus,
suggesting miscibility in these systems.

Figure 1 shows FTIR spectra for DGEBA/DDM blends
containing different PEO contents cured at 80 °C and
postcured at 190 °C. The broad band centred at 3,527 cm−1

is attributed to associated hydroxyl groups and the band
centred around 3,559 cm−1 is assigned to free hydroxyl
groups. The associated hydroxyl group band shifts to lower
frequencies as PEO content increases. Moreover, the in-
tensity ratio between associated and free hydroxyl bands
increase as the PEO content does. This fact suggests that
the OH groups developed through cure reactions interact
by hydrogen-bonding with the block copolymer –O–
bonds. So, hydrogen-bonding interactions between the
components of these mixtures lead to a miscible system
[14, 15].

These blends have also been examined using dynamic
mechanical analysis to get more information about the
state of miscibility of DGEBA/DDM/PEO cured blends.

Figure 2 shows storage modulus (E′) and tan δ variation
with temperature for different PEO contents of samples
cured at 80 °C and postcured at 190 °C. A single sharp tan δ
peak that moved to lower temperatures as PEO content
increased suggests that the mixtures are miscible [16].

On the contrary, macrophase separation induced by
chemical reactions of the initially miscible system occurred
in epoxy systems modified with different PPO contents as
the samples were opaque. The morphologies of PPO
modified systems at different cure temperatures and PPO
contents are shown in Fig. 3a–c. As can be seen, all
mixtures exhibited two different phases. Big particles of
PPO dispersed in an epoxy-rich phase can be observed,
their size being dependent on the cure temperature and
PPO content.

FTIR spectra for these systems (Fig. 4) show that neither
the associated hydroxyl group band nor the band assigned
to free hydroxyl groups change with PPO content. This
fact suggests that interactions between OH groups devel-
oped through cure reactions and PPO homopolymer are
negligible. Dynamic mechanical analysis (DMA) carried
out on samples cured at 80 °C and postcured at 190 °C is
shown in Fig. 5. The macrophase separated structure is
confirmed by the presence of the α relaxation of epoxy-rich
phase close to that corresponding to the neat matrix.

EPOXY blends modified with block copolymers

PEO–PPO–PEOmodified epoxy blends containing 10, 20
and 30 wt% copolymer have been first visually analysed.
Systems modified with EP-0.33:1 were opaque at all
contents and cure temperatures, thus, suggesting the
existence of a macrophase-separated structure in the
blends. On the contrary, the system modified with EP-3:1
remained transparent even after postcuring at 190 °C. This
fact could indicate the existence of a single homogeneous
phase or a microphase separated structure. In the case of
EP-0.8:1 modified system, the samples were opaque or
transparent depending on the cure temperature. Similar
results were obtained for other PEO–PPO–PEO block
copolymers by Mijovic et al. [11] and Guo et al. [12].

Morphological analysis for block copolymer modified
systems cured at 80 or 140 °C is shown in Figs. 6 and 7,
respectively. The system modified with EP-3:1 presents
microphase separated domains at both cure temperatures
80 °C, Fig. 6a.1–3, and 140 °C, Fig. 7a.1–3. On the other
hand, EP-0.8:1 modified system shows miscible, macro-
or microphase separated domains depending on cure
temperature and copolymer content, Figs. 6b.1–3 and
7b.1–3 [4]. For 10 wt% modified system, the copolymer
remained miscible or the microdomains were not dis-
cernible, Fig. 6b.1. When EP-0.8:1 content increased up to
20 wt% spherical micelles were formed, which remained
coexisting with wormlike micelles for 30 wt% modified
system (Fig. 6b.2 and b.3). Taking into account that EP-

Fig. 1 FTIR spectra for DGEBA/DDM blends containing different
PEO contents. The samples were cured at 180 °C and postcured at
190 °C
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0.8:1 copolymer has a higher content of PPO than EP-3:1,
phase separation should occur through cure. Nonetheless,
it has a lower molecular weight PPO block than that
corresponding to EP-3:1, which could make possible that
for the system with 10 wt% copolymer cured at 80 °C, the
mixture remained miscible without phase separation or
perhaps forming very small micelles. For 140 °C cured
samples, however, AFM images shown in Fig. 7b.1–3
evidence the macrophase separation at all contents. As
discussed previously [4], DGEBA:DDM/EP-0.8:1 system
shows low critical solution temperature (LCST) behaviour.

On the other hand, according to the opacity of the
samples, AFM and OM images for EP-0.33:1 modified
systems reveal macrophase separated domains for both

Fig. 2 Storage modulus (E′)
and loss factor (tan δ) variation
upon temperature for (■) neat
DGEBA/DDM system and its
blends modified with different
PEO contents: (○) 10 wt%,
(▲) 20 wt%, and (◊) 30 wt%,
cured at 80 °C and postcured
at 190 °C

Fig. 3 Optical microscopy images of DGEBA/DDM blends modi-
fied with different PPO contents: a 10 wt% and cured at 80 °C,
b 20 wt% and cured at 80 °C, and c 20 wt% and cured at 140 °C. All
samples were postcured at 190 °C

Fig. 4 FTIR spectra for DGEBA/DDM blends containing different
PPO contents. The samples were cured at 80 °C and postcured at
190 °C
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Fig. 5 Storage modulus (E′)
and loss factor (tan δ) variation
upon temperature for (■) neat
DGEBA/DDM system and its
blends modified with different
PPO contents: (○) 10 wt% and
(▲) 20 wt%, cured at 80 °C and
postcured at 190 °C

Fig. 6 Phase TM-AFM images
of DGEBA/DDM blends con-
taining: a EP-3:1, b EP-8:1, and
c EP-0.33:1 with different con-
tents: 1 10 wt%, 2 10 wt% and 3
30 wt%. Samples were cured at
80 °C and postcured at 190 °C
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80 °C and 140 °C cure temperatures, as shown in
Figs. 6c.1–3 and 7c.1–3, respectively. Despite of the fact
that PEO block is miscible with the thermoset matrix, the
high content of PPO block, which is not miscible, led to
macrophase separation because the interactions between
PEO and epoxy matrix were not strong enough to stabilize
the micelles at any cure temperature and copolymer content
analysed. For blends containing 10 wt% EP-0.33:1 spher-
ical domains, the size of which increased from around 350
and 550 nm up to around 550 and 1,100 nm with cure
temperature (Figs. 6c.1 and 7c.1), have been observed. The
systemmodified with 20 wt% EP-0.33:1 and cured at 80 °C
shows particles at around 450, 650 and 850 nm diameter
(Fig. 6c.2), which increased up to around 450, 1,000 and
1,700 nm as cure temperature increased up to 140 °C
(Fig. 7c.2). As shown below, the system modified with
EP-0.33:1 also presents LCST behaviour, so a decrease
in cloud point conversion occurs as cure temperature
increases. In addition, as viscosity is lower at higher
temperature, its mobility is higher at the time of formation
of macrophase separated structures and, consequently,

growth and coalescence of the separated phase was
favoured, which led to an increase in average diameter
and a decrease in dispersed particles concentration. When
the EP-0.33:1 content increased up to 30 wt%, different
morphologies were developed depending on cure temper-
ature: co-continuity for 80 °C (Fig. 6c.3) and phase
inversion, where PEO–PPO–PEO-rich phase formed the
matrix and the thermoset matrix appeared as big inter-
connected spherical domains, for samples cured at 140 °C
(Fig. 7c.3).

A schematic representation of the self-assembling pro-
cess for these blends is presented in Fig. 8. At the early
state of cure the block copolymer was miscible with the
epoxy system (I). As cure advanced, PPO block, which has
enough molecular weight, self-assembled into nanoscopic
entities (II) because of unfavourable interactions of PPO
with epoxy, then leading to the formation of nanomicelles
(III) in the cured blends. PEO possibly acted as a bridge
between both separated phases. As observed by Dean
[9, 10], Mijovic [11] and Guo [5, 12] in analogue systems,
spherical domains of around 10-nm diameter were formed

Fig. 7 Phase TM-AFM or OM
images of DGEBA/DDM blends
containing: a EP-3:1, b EP-8:1,
and c EP-0.33:1 with different
contents: 1 10 wt%, 2 20 wt%
and 3 30 wt%. Samples were
cured at 140 °C and postcured
at 190 °C
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at low copolymer contents for both cure conditions.
Moreover, the amount of spherical micelles increased at
higher copolymer contents. The mixture modified with
30 wt% EP-3:1 block copolymer self-assembled into
spherical and wormlike micelles. The formation of micro-
phase separated domains is due to the fact that one block
remained miscible during the cure process, in the same way
to that reported by Ritzenthaler et al. [2, 3]. The formation
of these domains occurred through nucleation and growth
mechanism, where the interactions between PEO and the
forming epoxy network stabilized the formed nuclei.

To further investigate the morphological behaviour
of blends with different block copolymers, dynamic
mechanical analysis was carried out on the cured samples
between room temperature and 250 °C. Figure 9 shows
storage modulus and tan δ variation with temperature for
DGEBA/DMM system modified with different PEO–
PPO–PEO copolymers for different contents cured at
80 °C (Fig. 9a–b) and cured at 140 °C for 20 wt% (Fig. 9c).
For comparison, DMA curves for PEO and PPO homo-
polymer modified systems have also been included. As
shown above, PEO modified system was miscible with
epoxy resin and PPO modified system macrophase sepa-
rated. The microphase separated systems presented the α
relaxation of epoxy-rich phase at temperatures between
those for systems modified with the respective homo-
polymers. For 10 wt% block copolymer modified systems
cured at 80 °C, Fig. 9a, the α relaxation of epoxy-rich
phase appeared at different temperatures depending on
PEO:PPO molar ratio. The similar temperature of α
relaxation of epoxy-rich phase for EP-0.33:1 and PPO
modified systems suggest macrophase separation. For
EP-3:1 modified system, the α relaxation appeared to be
intermediate between the corresponding ones to PPO and
PEO modified systems, thus, indicating a higher extent of
interactions between epoxy-rich phase and PEO blocks.
For EP-0.8:1 modified system, however, the α relaxation
was very similar to that corresponding to PEO modified
system, suggesting miscibility or some microphase sepa-
ration in this blend, which can be explained taking into
account the low molecular weight of PPO block in
this copolymer. The influence of cure temperature on

20 wt% modified systems can be analysed by comparing
Fig. 9b and c.

Similar to that observed for 10 wt% EP-0.33:1 modified
system, the α relaxation appeared to be nearly unaffected
with respect to the system modified with PPO homopoly-
mer at both temperatures. The system modified with EP-
3:1 showed a α relaxation intermediate between those
corresponding to systems modified with PPO and PEO
homopolymers at both temperatures, thus, indicating a
higher extent of interactions between epoxy-rich phase and
PEO blocks. Moreover, for EP-0.8:1 modified system, the
α relaxation appeared closer to that corresponding to PEO
or PPO modified systems depending if cure temperature
was 80 or 140 °C, respectively, which can be explained
taking into account both the low molecular weight of PPO
block and the LCST behaviour for this system. Therefore,
DMA analysis confirms the formation of the different
structures observed by AFM and OM analysis.

A thermodynamic approach for phase separation of
DGEBA/DDM/EP-0.33:1 system, similar to that previously
employed for EP-0.8:1 modified system [4], has been used
to analyse the obtained morphologies. The thermodynamic
model is based on the Flory–Huggins (F–H) equation [17].
For this analysis, the block copolymer has been
considered as only one entity and the polydispersities of
both PEO–PPO–PEO and thermoset component have
been considered.

F–H equation to describe the free energy of mixing of
two polydisperse polymers per mole of unit cell is given by

ΔGm

RT
¼
Xφi

Zi
lnφi þ

Xφj

Zj
lnφj þ χφ1φ2 (1)

where T is the absolute temperature (K), Zj ¼ Vj

Vr
and Zi ¼

Vi
Vr
; the number of lattice sites occupied by j-mer (co-

polymer species) and i-mer (epoxy-amine species), respec-
tively, being Vi and Vj the volume of the i-mer and j-mer,
respectively, and Vr the reference volume taken as the
volume for the smallest species (DDM in this case). The
volume fractions of reactive blend and copolymer are
φ1 ¼

P
i
φi ¼

P
m

P
n
φm;n and φ2 ¼

P
j
φj; respectively.

Fig. 8 Schematic representation
of formation of micellar type
nanoseparated structures
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a

b

c

Fig. 9 Storage modulus and
loss factor (tan δ) variation upon
temperature for neat matrix and
blends containing PPO, block
copolymers and PEO cured at
a 80 °C, 10 wt%; b 80 °C, 20 wt%
and c 140 °C, 20 wt%
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φm,n is defined by φm;n ¼ Em;n½ � mVDDM þ nVDGEBA½ �;
where m and n are the molecules of DDM and DGEBA
contained in the different species epoxy-amine formed
during reaction, Em,n, and |Em,n| is the molar concentration
of Em,n species.

The molecular weight distribution of PEO–PPO–PEO
was calculated experimentally by GPC (not shown here),
which is necessary to know the volume of j-mer. The
distribution of epoxy-amine species formed during reaction
at an overall conversion X, which is necessary to know the
volume of i-mer, is given by the Stockmayer distribution
function [18, 19]. Thus, molar concentration of Em,n can be

described as Em;n½ � ¼ A½ �0 4 3mð Þ!Xmþn�1 1�Xð Þ2mþ2

m! 3m�nþ1ð Þ! n�mþ1ð Þ! where [A]0 is
the initial molar concentration of DDM in the blend
[20–23].

By using cloud point times of the macrophase separated
blends and curing kinetic curves (Larrañaga et al.,
submitted for publication), cloud point conversions can
be obtained for each percentage of block copolymer in the
blend. These data allow knowing the molar concentration
of epoxy-amine species at the cloud point time.

As shown in the following paragraphs, through the
derivation of Gibb’s free energy per mol of each compo-
nent (n), it is now possible to calculate the χ parameter for
each temperature and composition:

Δμi ¼
@ΔGm

@ni

����
P;T ;nk 6¼i

(2)

Δμi

RT
¼ 1þ lnφi � Zi

φ1

Z1
þ φ2

Z2

� �
� χφ2

2

� �
(3)

and

Δμj

RT
¼ 1þ lnφj � Zj

φ1

Z1
þ φ2

Z2

� �
� χφ2

1

� �
(4)

where

φ1

Z1
¼
X
i

φi

Zi
(5)

and

φ2

Z2
¼
X
j

φj

Zj
(6)

At the equilibrium of the α and β phases,

Δμα
i ¼ Δμβ

i (7)

Δμα
j ¼ Δμβ

j (8)

Also, by applying Eqs. 4 and 7,

1

Zi
ln

φβ
i

φα
i

¼ φβ
2

Z2
β þ

φβ
1

Z1
β

 !
� φα

2

Z2
α þ φα

1

Z1
α

� �

þ χ φα2

2 � φβ2

2

� �
(9)

replacing Eqs. 5 and 8, we obtain

1

Zj
ln

φβ
j

φα
j

¼ φβ
2

Z2
β þ

φβ
1

Z1
β

 !
� φα

2

Z2
α þ φα

1

Z1
α

� �

þ χ φα2

1 � φβ2

1

� �
(10)

σ1 and σ2 are defined by

σ1 ¼ 1

Zi
ln

φβ
i

φα
i

(11)

and

σ2 ¼ 1

Zj
ln

φβ
j

φα
j

(12)

By introducing Eqs. (5, 6, 11, and 12) in Eqs. (9 and 10),
the following equations are obtained:

σ1 �
X
j

φβ
j

Zj
þ
X
i

φβ
i

Zi

 !
þ

X
j

φα
j

Zj
þ
X
i

φα
i

Zi

 !

� χ
X
j

φα
j

 !2

�
X
j

φβ
j

 !2
0
@

1
A ¼ 0

(13)
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and

σ2 �
X
j

φβ
j

Zj
þ
X
i

φβ
i

Zi

 !
þ

X
j

φα
j

Zj
þ
X
i

φα
i

Zi

 !

� χ
X
i

φα
i

 !2

�
X
i

φβ
i

 !2
0
@

1
A ¼ 0

(14)

By Eqs. (11 and 12), the following ones are obtained

φβ
i ¼ φα

i exp σ1Zið Þ (15)

and

φβ
j ¼ φα

j exp σ2Zj
� 	

(16)

At the beginning of the phase separation process, the
composition of the α phase is the initial one, φα

1 ¼ φ1;0
and φα

2 ¼ φ2;0 by the distribution of modifier, we obtain

φj ¼ wj φ2

where wj is the mass fraction of j species of 2 polymer, so

φα
j ¼ wj φ2;0

The composition of the β phase fulfils the balance,

φβ
1 þ φβ

2 � 1 ¼ 0 (17)

In this system, three unknown quantities, σ1, σ2 and χ,
exist, and three nonlinear equations, Eqs. (12, 13 and 17),
are needed. The resolution of this system is done with the
numerical method of Newton Raphson.

So that, for this model, the interaction parameter has
been calculated as a function of conversion and cure
temperature. The obtained dependences with temperature
and conversion for EP-0.33:1 and EP-0.8:1 modified
systems [4] are χ ¼ 1:04� 310þ72 X

T and χ ¼ 3:25�
1400�215X

T ; respectively.
LCST behaviour can be observed in χ, expressions, as

they are a� b
T type.

Introducing χ expression in Eqs. (13 and 14) and taking
into account Eq. (17), it is possible to know σ1, σ2 and T.
From these parameters, composition vs temperature
profiles can be obtained at different conversions. So that,
it becomes possible to represent theoretical cloud point
times (which are related with conversion by kinetic curves)
vs composition at each temperature.

Figure 10 shows the results for DGEBA/DDM/EP-
0.33:1 system at each cure temperature, where plots of
experimental values of cloud times vs volumetric fraction
of modifier are compared with those calculated by the
thermodynamic model used. Similar to that observed for
DGEBA/DDM/EP-0.8:1 system [4], the predicted cloud
point times fits quite well with the experimental data at all
compositions and cure temperatures are analysed.

The F–H model has been used to analyse the different
morphologies. Generally speaking, the final morphologies
of thermosetting systems modified with polymers are a
result of the competition between the rate of phase
separation from an initial homogeneous miscible mixture
and gelation (polymerization reaction). When macrophase
separation happens, it takes place during the period
comprised between cloud point and gelation [24–26].
The critical point at which the binodal curve shows a
minimum in temperature (critical temperature, Tc) for
LCST behaviour, is displaced to lower temperatures as
conversion increases through curing of the epoxy matrix.
Therefore, for high cure temperatures, the critical point
conversion is lower, and consequently, the mixture has
enough conversion interval up to the occurrence of gelation
to develop phase-separated morphologies. On the contrary,
at lower cure temperatures, mixtures move to the
immiscibility region of the phase diagram at higher
conversions, and thus, the conversion interval after phase
separation up to gelation becomes lower. As a conse-
quence, phase separation even cannot happen at low cure
temperatures.

By using the equations proposed by Koningsveld and
Kleintjens for polydisperse systems [27], the ratio of the
critical interaction parameter and also the critical composi-
tion upon critical conversion has been deduced. By
introducing this ratio in the above equations that relate

Fig. 10 Experimental (8) and predicted cloud point time (- - -) for
DGEBA/DDM blends modified with different EP-0.33:1 contents
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the interaction parameter with temperature, the critical
temperature can be calculated. Figure 11 presents the
variation of the conversion corresponding to the critical
point upon the critical temperature for the system modified
with EP-0.33:1, also including the conversion to gelation,
Xg, determined by Matìjka and Dušek for DGEBA/DDM
system [28]. As this conversion value is lower than Xg for
both cure temperatures used in this work, phase separation
will occur for all amounts of block copolymer in the
mixtures.

Table 2 shows theoretical critical temperatures for EP-
0.33:1 and EP-0.8:1 modified systems. The location of Tc
with respect to the cure temperature used for each initial
mixture composition [29] is the most important factor
controlling the morphologies generated. The model pre-
dicts Tc higher than 140 °C for both 10 and 20 wt% EP-
0.33:1 modified systems, which is far away from both cure
temperatures used. Indeed, those predictions indicate
particulated morphologies for both cure temperatures as
the critical point is displaced to higher conversions as
chemical reactions take place. Nonetheless, when copoly-
mer content increases up to 30 wt%, Tc decreases up to 95 °C,
which is intermediate between both cure temperatures
used. Thus, different morphologies should be presented
depending on cure conditions, co-continuous at 80 °C due
to the near Tc and phase inverted at 140 °C due to it lower
than Tc. In the case of 10 and 20 wt% EP-0.8:1 modified
systems, Tc is higher than 170 °C, which agree with the
particulated morphology observed for these systems cured
at 140 °C. Nevertheless, the system modified with 30 wt%
EP-0.8:1 shows a Tc of 145 °C suggesting co-continuous
or inverted morphologies, which do not agree with
experimental results. This can be due to the fact that
block copolymer has been considered as only one entity
and, consequently, the interactions between block copoly-

mer and epoxy resin have not been taken into account in
the thermodynamic model used.

Conclusions

Microphase separation induced by self-assembling of
thermoset systems modified with block copolymers can
be achieved by blending and curing a DGEBA/DDM
system with PEO–PPO–PEO block copolymers. Macro- or
microseparated structures can be systematically designed
depending on: molar ratio between blocks, molecular
weight of blocks, cure temperature and content of block
copolymer.

For high PEO:PPO molar ratio, microphase separated
structures have been obtained at all block copolymer
contents and cure temperatures used. It has been proved
that physical interactions between thermoset and PEO
block occur during cure process, thus, avoiding PEO phase
separation whilst PPO block tends to separate from
thermoset. Therefore, PPO block can self-assemble into
nanoscopic entities; those can be stabilized as micelles by
those physical interactions, thus, avoiding their coa-
lescence, and consequently, the macrophase separation
process. Moreover, spherical or wormlike micelles can be
obtained depending on copolymer content.

At low PEO:PPO molar ratio, physical interactions of
PEO block with the epoxy matrix are not enough
favourable due to the lower content of PEO block. Indeed,
the micelles formed initially coalesce leading to macro-
scopic phase separation, where different morphologies are
obtained depending on copolymer content and cure
temperature.

For intermediate PEO:PPO molar ratio, the structural
features of the mixtures are function of both copolymer
content and cure temperature. At high cure temperature, the
micelles cannot be stabilized due to the initial low
viscosity, and so, they coalesce forming macrophase
separated domains. Nonetheless, at low cure temperatures
the interactions between PEO and epoxy matrix are able to
stabilize micelles. Moreover, at low block copolymer
contents the systems remain miscible due to the low molar
mass of PPO block.

Thus, a rational design of thermosetting epoxy matrices
structured at nanoscale can be obtained by controlling

Fig. 11 Critical conversion as a function of temperature for EP-
0.33:1 modified system (––) and gel-point conversion of neat
DGEBA/DDM system (- - -)

Table 2 Predicted critical temperatures vs block copolymer content
for EP–0.33:1 and EP–0.8:1 modified systems

Block copolymer content (wt%) Tc (°C)

DGEBA/DDM/
EP-0.33:1

DGEBA/DDM/
EP-0.8:1

10 >170 >170
20 160 170
30 95 145
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molar ratio and molecular weight of PEO–PPO–PEO block
copolymers and also cure conditions. Potential applications
of optically transparent nanoporous materials based on
epoxy matrices could be developed through the use of these
systems.
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