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Abstract The morphology of a qua-
ternary blend containing a diglycidyl
ether of bisphenol-A (DGEBA),

a thermoplastic modifier (PMMA),
a phase-separating curing agent
(diaminodiphenylmethane, DDM),
and a non-phase-separating curing
agent (methylenebis(3-chloro-2,6-
diethylaniline, MCDEA) was stud-
ied as a function of volume fraction
of the thermoplastic modifier and
fractional concentration of the cur-
ing agents in their mixture. It was
found that using mixtures of curing
agents a co-continuous morphology
could be obtained at PMMA con-

are present between PMMA and
individual amine curing agents. On
the other hand, there was no
detectable specific interaction be-
tween PMMA and DGEBA. By
analyzing the micro-indentation
hardness data of the cryo-fractured
samples and putting forward the
“intrinsic hardness” concept, it was
proposed that the co-continuous
morphology is inherently more
effective than the other morpholog-
ies in changing the mechanical
properties of the above-mentioned
multi-component blends.
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Introduction

Blending of existing polymers brings more opportunities
for developing new useful materials. Among polymer
blends, mixtures of thermosets and thermoplastics have
been the focus of attention especially in the field of
engineering and high-performance polymers [1, 2].
Morphology is the main controlling factor of the final
properties, which can be manipulated by adjusting the
enthalpic and entropic conditions of the mixture. In a
reactive blend containing a thermoplastic polymer dis-
solved in a thermoset precursor the enthalpy and en-
tropy of the system change continuously; this can cause
a phase-separation phenomenon known as ‘“‘polymeri-
zation-induced phase separation” (PIPS). The main
feature of this type of phase separation is the depen-

centrations as low as 2.5 volume
percent. Using FTIR spectroscopy it
was proved that specific interactions
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dence of the miscibility of the components on the con-
version in addition to temperature.

Polysulfone (PSu) [3, 4, 5], poly(ether sulfone)
(PES) [6, 7], polyetherimide (PEI) [8, 9, 10], poly(ether
ether ketone) (PEEK) [11, 12, 13], and poly(methyl
methacrylate) (PMMA) [14, 15] are the most studied
thermoplastic modifiers. Rizenthaler et al. [15] did not
find any specific interactions between DGEBA and
PMMA. They also did not mention anything about the
presence of such interactions in binary mixtures of
PMMA and individual amine curing agents. Further-
more, they reported that MCDEA makes a PMMA-
solubilizing network [15], whereas DDM and DDS
(diamino diphenyl sulfone) formed networks containing
depleted PMMA domains, 200 nm in diameter [15]. On
the other hand, Rastegar et al. [14], studied inter-com-
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ponent interactions in a DGEBA-DDM-PMMA blend
and found specific interactions between PMMA and
DDM. Furthermore, they couldn’t detect any specific
interactions or chemical reaction between PMMA and
DGEBA even after heating the blend for several hours.

In most morphology development studies, especially
in thermoplastic-modified thermosets a single curing
agent (normally phase-separating) has been used [3, 4, 5,
6,7,8,9, 10, 11, 12, 13]. In addition, the effect of the
thermoplastic volume fraction has been studied exten-
sively [3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13]. Notably, the
thermoplastic concentration has usually been so high
that the mixture processing at room temperature has
been difficult or impossible.

In this research work a curing agent mixture (CAM)
containing one which forms PMMA-solubilizing net-
work and another which forms PMMA non-solubilizing
network was used. Therefore, by changing the fractional
volume of the curing agents in the CAM, specific com-
position corresponding to the formation of co-continu-
ous morphology for various volume fractions of PMMA
could be determined. Furthermore, the results of micro-
indentation on blend samples were extrapolated to an
infinitely low concentration of PMMA. Consequently,
a new explanation for the efficacy of the co-continuous
morphology in changing the mechanical properties of
polymer blends was deduced.

Experimental
Materials

The epoxy resin was a liquid, solvent-free DGEBA with
an epoxide equivalent weight of 175 and an average
degree of polymerization of 0.15 (Epikote 828, Shell
Co.). Poly(methyl methacrylate) was an injection-
molding grade with a viscosity-average molecular weight
of 60,000 Daltons. The curing agents were 4,4’-diam-
inodiphenylmethane (DDM) and methylenebis(3-
chloro-2,6-diethylaniline) (MCDEA), both analytical
grade from Aldrich. Tetrahydrofuran (THF) and butyl
acetate were both analytical grade and supplied by
Merck. All the reagents were used without further
purification.

Procedures and instruments

Sample preparation

Samples for FTIR studies were cast from a THF solu-
tion on to a potassium bromide disk. After solvent
evaporation, the KBr-supported film was sandwiched
with another KBr disk.

Two other types of sample, thin and thick were pre-
pared for the rest of the experiments. Thin samples were
prepared by making sandwiches of predefined amounts
of mixtures of components (DGEBA along with stoi-
chiometric amount of individual amines or CAM and
2.5, 5.0, and 7.5 volume percent PMMA) between two
100-micrometer-thick cover glasses. Thick samples were
prepared by casting blends into molds made of alu-
minium foil. Both thin and thick samples were cured for
4 h at 140°C and then for another 2 h at 200°C in a
Memmert ULM 400 electrically heated oven. Thin
samples, 50 micrometers in thickness, were used for light
microscopy and turbidimetric studies, whereas thick
samples, about 3 mm thick, were examined for appear-
ance, fracture surface morphology, and micro-indenta-
tion hardness.

FTIR spectroscopy

The samples were studied by means of a Nicolet Magna
IR 550 FTIR spectrophotometer. All the samples were
scanned 32 times at a resolution of 1.0 cm™' to maximize
the signal to noise ratio.

Light microscopy and turbidimetric analysis

A Leica DMR (Leica AG) light microscope was used to
observe the blend morphology in thin samples. The light
intensity detector was used for turbidimetric analysis of
the samples.

Scanning electron microscopy

The cryo-fractured samples were gold coated in a Jeol
Fine Coat ion sputter JFC 1100 instrument and then
viewed by means of a scanning electron microscope (ISI
ABT SR-50). The electrons were shot at an energy of 20
and 25 kV.

Micro-indentation hardness

The micro-hardness tests were performed on both the
fracture and the free surfaces of the samples. The sam-
ples were indented under a load of 0.9807 N, a pene-
tration speed of 25 micrometers per second, and a dwell
time of 18 seconds at room temperature by a Knoop
indenter (Leica VMHT MOT).

Results and discussion
Inter-component interactions

The results of inter-components interactions studied by
FTIR spectroscopy [16, 17, 18, 19] are presented in
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Table 1 Shifts in the absorption bands of representative functional
groups in binary blends

Binary blends Initial Final
wavenumber wavenumber

DGEBA-PMMA

Oxirane ring 915.84 915.8 (no broadening)

Acrylate carbonyl 1734.9 1734 (no broadening)

PMMA-MCDEA

Acrylate carbonyl 1734.9 1734.9

(broadening)

Primary NH 3396 3388.65
(asymmetric)

MCDEA-DGEBA

Oxirane ring 915.84 916.03

Primary NH 3396 3395.25
(asymmetric)

PMMA-DDM

Acrylate carbonyl 1734.68 1727.83

Primary NH 3415.36 3414.39
(asymmetric)

DDM-DGEBA

Primary NH 3414.62 3413.9
(asymmetric)

Oxirane ring 915.32 916.21

Table 1. The absorption band of the carbonyl group has
either been shifted to a lower wavenumber or broadened
in PMMA/DDM and PMMA/MCDEA mixtures. Also,
the changes in the absorption band position of the
aromatic amino group confirm the existence of specific
interaction between curing agents and PMMA. On the
other hand, similar interactions between curing agents
and DGEBA could be deduced.

The main differences between the two amines are
chlorine substitution on the phenyl rings of MCDEA
and its lower reactivity [20]. Therefore the possibility of
strong acid-base interactions in the MCDEA network
may compensate for the repelling effect caused by the
entropic frustration inserted by the network formation.
Several authors [21, 22, 23, 24, 25, 26] have shown that
the conformation of free chains entrapped in a polymer
network will remain Gaussian up to a critical cross-link
density. Above the critical cross-link density, the chain
goes through a transition and takes on a localized
collapsed conformation. Therefore, a soluble linear
polymer in a network may acquire a more or less
collapsed conformation after passing a critical cross-
link density.

Turbidimetric investigations

Figure 1 shows the cloud-point curves for three DDM-
cured epoxies containing different volume fractions of
PMMA. The extent of conversion was controlled by
using sub-stoichiometric amounts of DDM. Similar
samples by MCDEA did not show any cloud point and
remained completely clear for all the conversions.

As one can observe, by increasing the PMMA con-
centration, the substoichiometry of DDM correspond-
ing to the cloud point decreases. On the other hand, the
application of 20/80, 25/75, 30/70 and 35/65 mole frac-
tions of DDM/MCDEA to cure a sample containing 5
volume percent PMMA did not cause any turbidity. The
phase separation could be detected only when the con-
centration of DDM in the CAM exceeded 40 percent of
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its stoichiometric value. Apparently, MCDEA acts as a
compatibilizer in DDM-cured epoxy-PMMA blends.

Light microscopic investigations

The kinetics and mechanisms of phase-separation in
curing thermoplastic-thermoset blends have been stud-
ied by several groups [4, 17, 28, 29].

In order to capture the phase-separation phenome-
non by light microscopy the blend of DGEBA and 5
volume percent PMMA was reacted with different sub-
stoichiometric amounts of DDM in butyl acetate under
reflux conditions. After solvent evaporation, the samples
were sandwiched between thin glass slides and the light
microscopic images were taken (Fig. 2).

Apparently, phase separation begins with the for-
mation of droplet morphology, which later takes on
some order (32% conversion, Fig. 2a) and becomes a
co-continuous network (36% conversion, Fig. 2b). By
conversion enhancement, the co-continuous network
breaks down and eventually a growing droplet mor-
phology appears (40% conversion, Fig. 2c).

Fig. 2 Light microscopic images of different stages of phase
separation in an epoxy-PMMA blend containing 5 vol% PMMA
and cured with sub-stoichiometric amounts of DDM in butyl
acetate reflux: (a) 32%, (b) 36%, and (c¢) 40% DDM

Light microscopic investigations of the samples cured
under solvent-free conditions showed a co-continuous
morphology at much lower conversion (20%) (Fig. 3a).
By increasing the conversion to 25% the co-continuous
paths become finer (Fig. 3b) and finally at a conversion of
32%, the system turns to droplet morphology (Fig. 3c).
The main difference of the aforementioned procedures
for sample curing is the rate of the reaction. By per-
forming the reactions in a solvent, the functional groups
are diluted which leads to the expectation of lower reac-
tion rate and phase-separation at much lower conver-
sions. A completely different situation was observed here,
however. Therefore, it seems that the higher cloud-point
conversion is due to the formation of micro-gels.

Scanning electron microscopy

Figure 4 shows the scanning electron micrographs of the
cryo-fractured surfaces of blends containing different
volume fractions of PMMA. These samples were cured
with curing agent mixtures corresponding to the co-
continuous morphology. By increasing the concentra-
tion of PMMA in quaternary blends (Figs. 4A to 4C),
the required DDM content of the CAM for observing a
co-continuous morphology decreases from 50% to 30%.
The roughest fracture surface in a series containing the
same amount of PMMA was supposed to correspond to
the co-continuity composition [30]. In addition, the

20 microns

20 microns

20 microns
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Fig. 3 Light microscopic images of different stages of phase
separation in an epoxy-PMMA blend containing 5 vol% PMMA
and cured with DDM/MCDEA mixtures: (a) 20%, (b) 25%, and
(c) 32% DDM

Fig. 4 SEM micrographs of the fracture surfaces of samples
_ containing 2.5 vol% (A), 5.0 vol% (B), and 7.5 vol% (C) of
10 microns PMMA, corresponding to the co-continuous morphologies
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domain size of the co-continuous network is an
increasing function of the PMMA concentration. The
critical DDM fraction of the CAM corresponding to the
co-continuous morphology versus PMMA volume
fraction is presented in Fig. 5. It seems that a power-law
relationship exists between the two parameters. The
power law correlation is proposed to satisfy the DDM
fraction required for the co-continuous type of phase-
separation at extremely low PMMA volume fractions.

Finally, it is well known that blends with co-contin-
uous morphology are expected to show the highest
fracture toughness [31]. Therefore, formation of the
co-continuous morphology could be detected by
mechanical tests such as micro-indentation.

Micro-indentation tests

Figure 6 shows the microscopic images of the best and
the worst indentation prints observed during the mea-
surements. For the samples with symmetrical prints
three to five tries were made but for an asymmetric print
an average of 10 to 12 measurements were reported.
To perform crack-free indentation the Knoop indenter
geometry was selected [32]. The Knoop Hardness is
calculated from Eq. (1):

145 x F

where F and / are the load and the major diagonal of the
indentation print, respectively. The hardness of the
fracture surface of the samples as a function of DDM
fraction in the CAM for three levels of thermoplastic is
presented in Fig. 7. By increasing the DDM fraction in
the CAM, the hardness of all samples decreases to a
minimum and increases again.

25 5 75 10
PMMA Volume Percent

Several authors [33, 34, 35, 36, 37, 38, 39] applied
Tabor’s equation [40], originally derived for metals
(Eq. 2) to other materials and took into account the
indenter size effect (ISE):

H =~ Cay (2)

where H, ¢, and C are the sample hardness, its com-
pressive yield stress and a material-specific constant,
respectively.

The same material constant was assumed for all
samples in this research. To elucidate the exclusive role
of the blend morphology on its micro-hardness, the ratio
of the micro-hardness of the fracture surface to that of
the free surface (dimensionless hardness, DH) was
evaluated (Fig. 8).

For all the concentrations of PMMA studied, the
dimensionless hardness goes through a minimum as the
fraction of DDM in the CAM increases. The location of
the minimum for each quaternary blend depends on the
volume fraction of the thermoplastic modifier, shifting
to the higher DDM fraction by lowering the volume
percent of PMMA (Fig. 8).

As one can see, at lower PMMA volume fractions,
the dimensionless hardness at the minimum point has
the lowest value. On the other hand, as the PMMA
volume fraction decreases, the DDM fraction in the
CAM corresponding to the co-continuity increases and
finer second phase morphology is formed (Fig. 4). This
can be attributed to the higher interfacial area between
phases, which may enhance the effect of the low-hard-
ness component (PMMA).

Figure 9 depicts the specific hardness, the dimen-
sionless hardness per volume percent of PMMA, for
three morphologies: single phase (MCDEA 100), droplet
(DDM 100), and co-continuous as a function of the
thermoplastic concentration. Surprisingly, in all cases
the specific hardness values show linear variation with
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Fig. 6 The most symmetric (a)
and asymmetric (b) indenter
prints on the fracture and the
free surfaces (insets) of samples
containing 2.5 vol% (a) and 7.5
vol% (b) PMMA
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each type of morphology was achieved. In mathematical
terms:
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where [H], DH and ¢ are the intrinsic hardness, the
dimensionless hardness and the volume percent of the
thermoplastic modifier, respectively. To clarify the term
“intrinsic hardness”, its comparison with the well-
known “intrinsic viscosity’’ of polymer solutions could
be fruitful. The intrinsic viscosity is a measure of the
effective volume of a chain resisting flow. By compari-
son, the intrinsic hardness may be regarded as a measure
of the effective volume of the second phase resisting
compressive deformation. The intrinsic hardness values
corresponding to different morphologies are tabulated in
Table 2.

DDM Fraction

Krumova et al. [33] have shown that the additive law
is applicable to the indentation hardness value of the
polymer blends. Therefore, an “effective volume per-
cent” for PMMA chains in three different morphologies
can be calculated:

Hy, = Hi¢) + Hy¢, (4)

where, Hy,, H,, H>, ¢, and ¢, are the blend hardness,
hardness of components 1 and 2 and the volume fraction
of the components, respectively.
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Table 2 Intrinsic hardness associated with different morphologies

Morphology Intrinsic hardness
Single-phase 0.5138
Droplet 0.3287
Co-continuous 0.1335

The effective volume percent is a measure of the
efficacy of the specific morphology on changing the
indentation hardness of the matrix.

The effective volume percent of PMMA for the three
aforementioned morphologies were approximately 2.0
for the single-phase morphology, 2.7 for the droplet
morphology, and 3.5 for the co-continuous morphology.
In other words, a co-continuous morphology is about
80% more efficient than a single-phase morphology in

Conclusion

Development of a variety of second phase morphologies
in epoxy-PMMA blends cured by various fractions of
DDM and MCDEA in their mixtures was studied. The
results showed tuning possibilities and the need for a
higher volume fraction of DDM in blends containing
lower volume fraction of PMMA to achieve co-contin-
uous morphology. The introduction of the intrinsic
hardness concept revealed the higher efficacy of the co-
continuous morphology in changing the properties of
various blends.

Acknowledgement Extensive discussion with Dr Z. Ranjbar is
highly acknowledged.

changing the hardness of the studied epoxy matrix.
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