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Abstract. Nanostructures of diglycidyl ether of bisphenol-A epoxy/poly(methyl methacrylate)-b-poly(n-butyl acrylate)-bpoly(methyl methacrylate) (PMMA-b-PnBA-b-PMMA) triblock copolymer (BCP) blends were studied in relation to their
mechanical properties. Three types of self-assembled nanostructures, such as spheres, random cylinders, and curved lamella,
were controlled in phenol novolac-cured epoxy blends with a wide range of BCP content. Three types of nanostructures were
observed using two-dimensional and three-dimensional transmission electron microscopy (TEM). The 3D-TEM, dynamic
viscoelastic analyses, and theoretical model on the elastic modulus clarified that the spheres and the random cylinders, consisted of epoxy-immiscible PnBA phases, were discontinuously dispersed in the epoxy matrix. In contrast, the curved lamella
formed co-continuous nanostructure, in which both the PnBA and epoxy phases formed continuous channels. The fracture
toughness (critical strain energy release rate, GIC) and the flexural moduli of elasticity (E) of the cured blends were evaluated
for various amounts of BCP content. The highest GIC was obtained from the random cylindrical nanostructured blends in the
three types of nanostructures with the same PnBA content. The lowest E was obtained for the curved lamella with co-continuous nanostructures. The details of deformation and fracture events were observed using optical and electron microscopy,
and the mechanical properties are discussed in relation to the nanostructures.
Keywords: polymer blends, nanostructure, epoxy, block copolymer, mechanical properties

1. Introduction

synthesized to study the nanostructures and the mechanical properties of the cured blends. Dean et al.
[21] reported that methylenedianiline-cured DGEBA/
poly(ethylene oxide)-b-poly(butadiene) (PEO-b-PB)
block copolymer blends showed a phase transition
from spherical micelles to branched cylindrical micelles and finally to vesicles, as the volume fraction
of the epoxy-miscible PEO block decreased.
Ritzenthaler and coworkers [23, 24] studied epoxy/
ABC triblock copolymer blends. Raspberry-like
nanostructures were identified in polystyrene-bpolybutadiene-b-poly(methyl methacrylate) triblock
polymer (PS-b-PB-b-PMMA)/DGEBA blends cured

Epoxy thermosets are applied as structural materials
and adhesives in many industries, such as aerospace,
automotive, and electronics, due to their excellent mechanical properties and heat/solvent resistance. In the
applications, polymer blends have been studied to
toughen the epoxy thermosets [1–14]. Among various
toughening modifiers, block copolymers (BCPs) consisting of chemically distinct block chains have attracted attention in order to give nanostructured epoxy
blends [15–40].
After the finding of the nanostructured epoxy blends
with amphiphilic BCPs [15, 16], many BCPs were
*
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In our previous publications [37–39], poly(methyl
methacrylate)-b-poly(n-butyl acrylate)-b-poly(methyl
methacrylate) (PMMA-b-PnBA-b-PMMA) triblock
copolymers (acrylic BCPs) were blended with
DGEBA using a wide range of curing agents. Among
several cured blends, phenol novolac (PN)-cured
DGEBA/acrylic BCP blends gave nanostructures.
The miscibility between the PMMA blocks of the
BCPs and the PN-cured DGEBA was a key factor in
the formation of nanostructures in these blends [37,
39]. Several nanostructures, such as spheres, cylinders (hexagonally-packed or randomly-dispersed),
and curved lamellae were formed in the cured blends
[37, 38], which were controlled according to the molecular weight of the immiscible PnBA-block chain
and the ratio of PnBA in the blends [38, 39]. Small
angle X-ray scattering analyses indicated that the
seeds of the nanostructures were formed via a selfassembly mechanism rather than via reaction-induced phase separation [38]. The GIC for a PN-cured
DGEBA/20 wt% PMMA-b-PnBA-b-PMMA blend
having random cylindrical nanostructure was
2530 J/m2, which was more than twenty times that
for the unmodified epoxy thermoset [37].
Thompson et al. [41] controlled the nanostructures
of DGEBA/5 wt% PEO-b-PEP blends by changing
both the PEO-b-PEP composition and the molecular
weight between cross-links (Mc) of the epoxy matrices [41]. The fracture toughness increased as the Mc
of the DGEBA/PEO-b-PEP blends increased. At an
epoxy Mc value of 2900 g/mol, the GIC reached
2700 J/m2. When Mc was changed, the plastic deformation ability of the matrix was simultaneously
changed; therefore, it was difficult to simply extract
the relationship between the phase structures and the
mechanical properties.
Liu et al. [42] discussed toughening mechanisms for
DGEBA/PEO-b-PEP blends with self-assembled
wormlike micelles in comparison with spherical micelles. DGEBA/5 wt% PEO-b-PEP blends were prepared with various weight fractions of the PEO block
in the BCP to control the nanostructures of the
blends, while Mc for the epoxy matrices was maintained at 600 g/mol. Elongated cylindrical wormlike
micelles resulted in an improvement of toughness of
over 100% that of the pure epoxy. The toughening
mechanisms were concluded to be a combination of
crack tip blunting, cavitation, particle debonding, limited shear yielding, and crack bridging [42].

with 4,4′-methylene-bis-(3-chloro 2,6-diethyl-aniline) (MCDEA). Serrano et al. [29] prepared nanostructured epoxy blends with polystyrene-b-polybutadiene (PS-b-PB) diblock copolymers. The
MCDEA-cured DGEBA/PS-b-PB diblock copolymer
blends showed worm-like micelles and hexagonally-packed cylindrical micelles, which were dependent
on the amount of BCPs and the degree of epoxidation
in the polybutadiene block.
Meng and coworkers [30, 31] and Yu and coworkers
[32, 33] showed that nanostructures of BCP with
poly(ε-caprolactone) block/epoxy blends were generated via reaction-induced phase separation. The
formation of nanostructures is due to phase separation of the thermoset-phobic blocks of the BCPs
from the matrix during the curing process [33].
Blanco et al. [34] clarified that DGEBA/polystyreneb-poly(methyl methacrylate) (PS-b-PMMA) blends
showed self-assembled nanostructures with PS micelles. Romeo et al. [35] reported that the cure cycle
determined the types of nanostructures for a DGEBA/
PS-b-PMMA blend in which the nanostructures were
also generated via reaction-induced phase separation. Cano et al. [36] studied the quantitative nanomechanical properties of MCDEA-cured DGEBA/
PS-b-PMMA blends using atomic force microscopy.
In terms of the toughening effect, Dean et al. [21]
studied aromatic amine-cured DGEBA/poly(ethylene
oxide)-b-poly(ethylene-alt-propylene) (PEO-b-PEP)
diblock copolymer blends. The blends showed spherical micelles, wormlike micelles, and vesicles, depending on the ratio of PEO block in the BCP. In the
report, the blends with vesicles showed the highest
fracture toughness (critical strain energy release rate,
GIC: 540 J/m2) of the three types of nanostructures.
On the other hand, Wu et al. [22] reported that PNcured DGEBA/poly(n-butylene oxide)-b-poly(ethylene oxide) (PBO-b-PEO) diblock copolymer
blends with various nanostructures by changing the
composition of the BCPs. The GIC of the blend with
wormlike nanostructures reached 1560 J/m2, which
was higher than the GIC of the blends with spherical
micelles (748 J/m2), vesicles (587 J/m2), and the neat
epoxy (83 J/m2).
Serrano et al. [29] reported the GIC for MCDEAcured DGEBA/PS-b-PB diblock copolymer blends
with hexagonally-packed cylinders to be approximately 500 J/m2, which was double that for the corresponding unmodified epoxy resin.
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Overall, various nanostructures have been reported
using many types of epoxy/BCP blends. In these studies, different types of nanostructures were formed by
changing the basic chemical structures of the BCPs,
the molecular weight of the block chains in the
BCPs, the composition of the BCPs, and the BCP
content in the polymer blends. Therefore, it has been
difficult to make precise comparisons and discuss
the relation between the several phase structures and
the mechanical properties as a direct effect of the
nanostructures. To the best of our knowledge, no report was published in the literature that discusses the
mechanical properties in relation to the nanostructures, while maintaining consistent chemical structures and the contents of the BCP, and Mc values of
the epoxy matrices in the epoxy/BCP blends. This
issue remains important with respect to both scientific and industrial viewpoints. In our previous publication, several nanostructured epoxy/BCP blends
were formulated, and the same nanostructure could
be controlled within a relatively wide range of BCP
content [38]. Although the nanostructures were altered by changing the BCP composition as an actual
procedure, each nanostructure type (spherical-micelle, random cylindrical-micelle, and curved lamellar micelle) could be fixed within a wide range of the
BCP amount. Therefore, the effect of the nanostructures on the mechanical properties of the blends can

be discussed with respect to the same corresponding
rubber content within the experimental range.
The objective of the current study is to examine the
nanostructures of epoxy/BCP blends both two dimensionally and three dimensionally using electron
microscopy, and discuss the relation with the mechanical properties, especially the fracture toughness
and modulus of elasticity.

2. Experimental procedure
2.1. Materials
The epoxy thermoset used in this study was DGEBA
(jER828, Mitsubishi Chemical Co. Ltd., Japan, epoxy
equivalent weight: 189 g/eq.). PN; (hydroxyl group
equivalent weight: 105 g/eq., Sumitomo Bakelite Co.,
Ltd., Japan) was utilized as the curing agent. Triphenylphosphine (TPP; Tokyo Chemical Industry Co.
Ltd., Japan) was applied as a catalyst with the PN.
Three types of PMMA-b-PnBA-b-PMMA triblock
copolymers (acrylic BCPs) were applied as modifiers for the epoxy blends. The chemical structure of
the acrylic BCPs is shown in Figure 1. The molecular weight of the acrylic BCPs and the composition
(ratio of PnBA in the acrylic BCPs) were systematically controlled, as shown in Table 1. The PnBA
block chain is immiscible and the PMMA block
chain is miscible with the TPP catalyzed PN-cured
DGEBA matrix polymer [37–39].

Figure 1. Chemical structure of epoxy thermoset, curing agent, and PMMA-b-PnBA-b-PMMA triblock copolymer (BCP)
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Table 1. Weight-average molecular mass (Mw), PnBA content and polydispersity of PMMA-b-PnBA-b-PMMA
triblock copolymers (BCP)
No. of BCP

Molecular weight
Mw

PnBA in BCP
[wt%]

Mw/Mn

BCP50-6
BCP68-6
BCP77-7

64 000
60 000
72 000

50
68
77

1.19
1.25
1.19

on brass stubs and coated with a thin layer of gold
using an ion sputter coater (JFC-1100E, Jeol, Japan).
2.4.3. Optical microscopy (OM)
Plastic deformation of the specimens after the fracture toughness evaluation was examined using a petrographic sectioning technique and an optical microscope. The mid-planes in the thickness direction of
the fractured specimens were cut using a low-speed
diamond saw (Minitom, Marumoto-Struers, Japan).
One half of the specimen was mounted onto an optical microscope slide. The mounted specimens were
polished petrographically into 100 μm thick crosssections. The shear deformation bands in the thin sections were observed under cross-polarized transmitted light using an optical microscope (Eclipse E600W,
Nikon, Japan).

2.2. Size exclusion chromatography
The molecular weight distributions of the BCPs were
determined using size exclusion chromatography
(SEC; PU-2080 HPLC system, Jasco, with JascoBorwin-GPC software), which was equipped with
two connected Shodex LF-804 columns. Tetrahydrofuran (THF) was used as the solvent. The average
molecular weights were calibrated using mono-dispersed polystyrene standards.
2.3. Preparation of cured thermosets
The DGEBA/acrylic BCP systems were cured using
the following procedure. First, the BCP was mixed
with DGEBA at room temperature. The mixture was
heated in an oil bath at 200 °C for 30 min with stirring to dissolve the BCP in the DGEBA. After the
mixture was cooled to below 100 °C, stoichiometric
quantities of PN and a small amount [0.5 parts per
hundred parts of resin (DGEBA +PN): phr] of TPP
were added to the mixture and degassed. The mixture
was cast into a pre-treated mold with a release agent.
The mixture was cured at 120 °C for 2 h, followed
by a post-cure at 150 °C for 2 h. After this procedure,
the oven was switched off and the cured polymers
were allowed to cool slowly to room temperature.
2.4. Microscopy observation
2.4.1. Transmission electron microscopy (TEM)
Thin sections of the cured polymers were cryomicrotomed at –80°C. The setting thickness was 40–
50 nm. Microtomed thin sections of the cured polymers were stained with RuO4 vapor and observed
using transmission electron microscopy (TEM;
H-7650, Hitachi, Japan) operated at an acceleration
voltage of 100 kV. Three-dimensional (3D) images
were constructed using IMOD 3.11.5 software (Mercury Computer Systems, Amira).

2.5. Fracture toughness of cured thermosets
Fracture toughness (critical stress intensity factor: KIC)
of the cured epoxy resins was measured by the single
edge notched three-point bending (SEN-3PB) method
according to ASTM D 5045. The dimensions of the
specimens were 55 mm long × 12 mm wide × 6 mm
thick. The span length for the bending test was
48 mm. The initial crack length was within the range
of 6.1±0.5 mm to satisfy the geometric requirement.
The three-point bending tests were performed with
a testing rate of 10 mm/min at 23 °C using a universal
testing machine (Autograph AGS-J 10 kN, Shimadzu,
Japan). The critical strain energy release rate (GIC)
was then calculated from the KIC, modulus of elasticity and Poisson’s ratio for the specimen. The detail of
the test can be referred in the previous publication [37].
2.6. Flexural modulus of elasticity (E) of
cured thermosets
Three-point bending tests were conducted for specimens with a size of 50×10×2 mm3 using a universal
testing machine (Autograph AGS-J 10 kN, Shimadzu,
Japan). The span was 24 mm and the crosshead speed
was 5 mm/min.
2.7. Dynamic viscoelastic analysis (DMA) of
the cured thermosets
The temperature dependencies of the viscoelastic
properties (storage modulus: E′ and loss tangent: tanδ)
of the cured resins were evaluated by dynamic mechanical analysis in tensile mode (DMA: DMS6100,
Seiko Instruments, Inc., Japan). The dynamic

2.4.2. Scanning electron microscopy (SEM)
The fracture surfaces of the cured resins were observed
using scanning electron microscopy (SEM; VE9800, Keyence, Japan). The samples were mounted
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the 10 and 20 wt% BCP blends. The cured DGEBA/
BCP77-7 blends had curved lamella structures in
both the 10 and 20 wt% BCP blends. Thus, in the experimental range of the blend compositions, the same
type of nanostructure was maintained in each epoxy/
BCP combination.
The continuity of the cylindrical micelle and the
curved lamella nanostructures required clarification.
Therefore, 3D TEM was applied to observe these two
nanostructure types. Figure 4 shows a 3D image of
the 20 wt% BCP68-6/epoxy blend. The white cylindrical micelles were dispersed randomly in any direction. Many ends of the cylinders were found within the observation area (890 nm×890 nm×183 nm)
of the microtomed sample. The 3D image clearly
clarifies that the cylindrical micelles are dispersed
discontinuously in the epoxy matrix. Figure 5 shows
a 3D image of the 20 wt% BCP77-7/epoxy blend.
Here, the observation area (2900 nm × 2900 nm ×
230 nm) was wider than the blend with cylindrical micelles. The curved lamellae (white phase in Figure 5)
were continuous throughout the entire 3D observation area. In addition, the epoxy matrix (black phase)
in Figure 5 were also continuous in 3 dimensionally.

frequency was 1 Hz and the amplitude was 10 μm.
The samples were tested over a temperature range
between –100 and 250 °C in the heating rate of
2 °C/minute. The detail of the test can be referred in
the previous publication [37].

3. Results and discussion
3.1. 3D nanostructures of cured
epoxy/PMMA-b-PnBA-b-PMMA triblock
copolymers
The cured epoxy/BCP blends were the same materials as those in our previous publication [38]. Figure 2
(10 wt% BCP in the blends) and Figure 3 (20 wt%
BCP in the blends) show the two-dimensional nanostructures of the cured blends, observed using TEM.
The relatively dark phases consisted of PnBA stained
with RuO4, and the bright matrix consisted mainly
of the epoxy thermoset, as confirmed in our previous
publications [37–39].
The cured DGEBA/BCP50-6 blends showed spherical micelles in both the 10 and 20 wt% BCP blends.
The spherical PnBA micelles were dispersed in the
epoxy matrices. The cured DGEBA/BCP68-6 blends
showed randomly directed cylindrical micelles in both

Figure 2. Effect of PnBA content in the acrylic BCPs on the phase structures of PN-cured DGEBA/10 wt% acrylic BCP
blends [38]: (a) DGEBA/BCP50-6 (PnBA content in the BCP: 50 wt%), (b) DGEBA/BCP68-6 (PnBA content in
the BCP: 68 wt%), (c) DGEBA/BCP77-7 (PnBA content in the BCP: 77 wt%)

Figure 3. Effect of PnBA content in the acrylic BCPs on the phase structures of PN-cured DGEBA/20 wt% acrylic BCP
blends [38]: (a) DGEBA/BCP50-6 (PnBA content in the BCP: 50 wt%), (b) DGEBA/BCP68-6 (PnBA content in
the BCP: 68 wt%), (c) DGEBA/BCP77-7 (PnBA content in the BCP: 77 wt%)
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Therefore, the curved lamellae morphology can be
defined as ‘co-continuous’ nanostructure.

3.2. Mechanical properties of cured
epoxy/PMMA-b-PnBA-b-PMMA triblock
copolymers and relation to the
nanostructures
The temperature dependencies of dynamic viscoelastic properties of the three types of epoxy/
20 wt% BCP blends were shown in Figure 6. All
three blends indicated two glass transition temperatures (Tg) with the change of the storage modulus
(E′) and the peaks of loss tangent (tanδ). The first Tg
was around –45 °C corresponding to the Tg of PnBA
phase. Especially, prominent decrease of E′ was seen
at this temperature in case of epoxy/20 wt% BCP77-7
blend, compared to both 20 wt% BCP50-6 blend and
20 wt% BCP68-6 blend. This also suggests the difference of the continuity of the PnBA phase in the
three blends, that is, the epoxy/BCP77-7 blend has
continuous PnBA phases. The second Tgs were
around 130 °C corresponding to the Tg of PN-cured
DGEBA in all three types of epoxy/BCP blends. Almost the same second Tgs suggest the stoichiometric
reaction occurred in these epoxy/BCP blends, irrespective of the difference of the nanostructures.
Then, the mechanical properties, specifically the GIC
and E, of the epoxy/BCP blends were evaluated to
find the relation with the three nanostructure types.
Figure 7 shows the relation of GIC with respect to the
nanostructures of the blends. Figure 7a shows GIC
for the blends as a function of the BCP content. The
toughness increased with the BCP content for all of
the nanostructures. Here, each BCP had a different

Figure 4. 3D structure of PN-cured DGEBA/20 wt%
BCP68-6 blend. Note the random cylindrical micelles were discontinuous in the epoxy matrix.

Figure 5. 3D structure of PN-cured DGEBA/20 wt%
BCP77-7 blend. Note the curved lamellae morphology was three-dimensionally co-continuous nanostructure.

Figure 6. Dynamic mechanical analyses of PN-cured
DGEBA/20 wt% BCP blends and the pure PNcured DGEBA
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Figure 7. Effect of nanostructure on the fracture toughness of PN-cured DGEBA/acrylic BCP blends: (a) dependence of GIC
on BCP content in the cured blends, (b) dependence of GIC on PnBA content in the cured blends

nanostructures, using optical and electron microscopy.
Macroscopically, the cured blends with both cylindrical micelles and the curved lamella structure showed
stress-whitening on the fracture surfaces after GIC
evaluation. In contrast, almost no stress-whitening
was observed on the fracture surfaces of the blends
with spherical micelles.
Figure 9 shows SEM images of the fracture surfaces
of the three types of nanostructures in the cured blends.
Although many cavities were observed on all the
fracture surfaces, the shape and sizes were different
from each other. Spherical cavities with sizes of tens
of nanometers were observed in the blends with
spherical micelles (Figure 9a), whereas elongated
cavities were observed in the complicated rough surfaces of the blends with cylindrical micelles (Figure 9b). On the other hand, large grooves were observed in the blends with the curved lamella structure,
which resulted in the largest roughness on the fracture surfaces among the three types of nanostructured
blends (Figure 9c). In addition, plastic deformation
of the epoxy matrix around the cavities and the void
growth was observed, especially in the blends with
both cylindrical micelles and the curved lamella
structure (Figure 9b, 9c).

amount of elastomeric component (PnBA) in the
composition. Therefore, considering the important
role of the elastomeric component on the toughening
mechanisms, the BCP content should be converted
into the PnBA content in the epoxy/BCP blends, as
shown in Figure 7b. Figure 7b clearly indicates that
the blends with cylindrical micelles had the highest
toughening effect among the 3 types of nanostructures.
Figure 8 shows E for the epoxy/BCP blends in relation to the nanostructures. E decreased with an increase in the BCP content (Figure 8a), or with an increase in the PnBA content in the blends (Figure 8b).
Figure 8b shows that the spherical micelles and random-cylindrical micelles gave almost the same line
of decrease of E in relation to the PnBA content. In
contrast, for the curved lamella structure, a drastic decrease in E occurred with a small addition of PnBA,
which is discussed later in section 3.4.

3.3. Toughening mechanisms for cured
epoxy/PMMA-b-PnBA-b-PMMA triblock
copolymers
The toughening mechanisms for the cured epoxy/
acrylic BCP blends were examined in relation to the

Figure 8. Effect of nanostructure on E for PN-cured DGEBA/acrylic BCP blends: (a) dependence of E on BCP content in
the cured blends, (b) dependence of E on PnBA content in the cured blends
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Figure 9. Fracture surfaces of PN-cured DGEBA/acrylic BCP blends: (a) DGEBA/20 wt% BCP50-6 blend with spherical
micelles, (b) DGEBA/20 wt% BCP68-6 blend with random-cylindrical micelles, (c) DGEBA/20 wt% BCP77-7
blend with curved lamella structure

(Figure 10b–2), which indicates that larger and more
diffuse plastic deformation occurred in the blends with
cylindrical micelles than in the blends with spherical
micelles. The amount of plastic deformation of the
epoxy matrix would be responsible for the energy
absorption, i.e., GIC. In the case of the blends with
curved lamella nanostructures, relatively weak birefringence was observed (Figure 10c–2), which suggests that the inner plastic deformation of the blends
was weak. In summary, the blends with randomcylindrical micelles showed the largest birefringence
among the three nanostructure types, which indicates
in which nanostructures the largest plastic deformation would be generated during the fracture process.
Figure 11 shows the side-views taken using TEM at
the crack tip region of blends with spherical micelles
(Figure 11a) and cylindrical micelles (Figure 11b).
Both cavitations of elastomeric PnBA micelles and
plastic deformation regions were observed in both
blends with spherical micelles and with cylindrical
micelles. However, it was evident that PnBA micelles
that did not undergo cavitation were also present in
the same regions. Moreover, TEM observations of
the fractured specimens were conducted from the
surface region toward the depth direction to clarify
the extent of the cavitation and deformation area. For
the epoxy/BCP blends with spherical micelles, the
depth of the area that underwent cavitation of the
spherical micelles was a maximum of approximately
7 μm, although this was dependent on the distance
from the crack-tip. On the other hand, in case of the
blends with cylindrical micelles, the depth of the area
that underwent cavitation was greater than 16 μm.
The large area of cavitation-induced plastic deformation in the epoxy matrix with cylindrical micelles
would be responsible for the large energy absorption,
and thus the high fracture toughness (GIC).

Elastomer-toughening mechanisms for epoxy blends
have been studied by many researchers [1–6]. In several of these publications, the role of the elastomer
phases was reported to relieve the constraint effect
in front of a crack tip by cavitation of the elastomer
particles. It was clarified that the cavitation altered the
stress field from tri-axial tension dominance to shear
stress dominance, which promoted plastic deformation (formation of shear bands) of the epoxy matrix
polymer [3–6].
The PnBA micelles in the present study are the elastomeric phases. The nanocavities on the fracture surfaces were originated from PnBA micelles in the
blends. As such, the observed plastic deformation
around the nanocavities resulted from yielding and
elongation of the epoxy matrix. However, the information obtained from observation of the fracture surfaces was limited, considering the internal deformation
and total fracture events of the specimens. Therefore,
side-view observations were conducted to examine
and compare the extent of plastic deformation that
would be generated at the process zone in front of a
pre-crack tip in a nanostructured epoxy blend.
Figure 10 was optical microscopy images obtained
under both bright-field (Figure 10a–1, 10b–1, 10c–1)
and cross-polarized light (Figure 10a–2, 10b–2,
10c–2). The same position in each sample was photographed under both bright-field and cross-polarized light, therefore one can judge where birefringence was from. The blends with spherical micelles
showed a birefringent zone in the crack tip region
under cross-polarized light (Figure 10a–2). However, the size of the birefringent zone, which indicates
the area of shear plastic deformation, was very small
and localized. On the other hand, in the blends with
random-cylindrical micelles, a considerable amount
of birefringent zone was spread in the crack tip region
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Figure 10. Side-views of PN-cured DGEBA/acrylic BCP blends, using optical microscopy: 1) bright-field, and 2) under
cross-polarized light; (a) DGEBA/20 wt% BCP50-6 blend with spherical micelles, (b) DGEBA/20 wt% BCP68-6
blend with random-cylindrical micelles, (c) DGEBA/20 wt% BCP77-7 blend with curved lamella structure

TEM observations at the crack-tip region of the
DGEBA/BCP blend with cylindrical micelles were
also conducted on a specimen before application of
a load. Figure 12 shows the presence of crack bridging by PnBA cylindrical micelles.
As described in the Introduction, Liu et al. [42] pointed out that the toughening mechanisms of 1,1,1-tris
(4-hydroxyphenyl) ethane-cured DGEBA/PEO-PEP
blends with wormlike (cylindrical) micelles were a
combination of crack tip blunting, cavitation, particle
773

debonding, limited shear yielding, and crack bridging. In the PN-cured DGEBA/acrylic BCP blends of
our present study, cavitation of the elastomer nanophase, shear yielding (plastic deformation) of the
epoxy matrix, crack tip blunting, and crack bridging
by the cylindrical micelles were also observed. However, particle debonding was not observed. The miscibility of the epoxyphilic block of BCP in the epoxy
matrix and the molecular weight of the block would
be key factors to determine the occurrence of particle
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Figure 11. Side views of PN-cured DGEBA/20 wt% BCP, using TEM: (a) DGEBA/BCP50-6 blend with spherical micelles,
(b) DGEBA/BCP68-6 blend with random-cylindrical micelles

debonding. Therefore, the contribution of each
mechanism to the toughening effect would be dependent on the individual materials. For the materials in the present work, shear yielding of the epoxy
matrix would be the major factor among the several
toughening mechanisms, although the precise contribution of each toughening mechanism has not yet
been clarified.

3.4. Modulus of elasticity and the relation to
the nanostructures of cured
epoxy/PMMA-b-PnBA-b-PMMA triblock
copolymers
Several theoretical models have been examined to
predict the elastic moduli of polymer blends since
the late 1960s [43–46]. Figure 13 shows theoretically predicted values for the modulus of elasticity,
compared with experimental results for the three
types of nanostructured blends in Figure 8b as a function of the PnBA content (vol%) in the epoxy/acrylic

Figure 12. Pre-crack tip region of PN-cured DGEBA/20 wt%
BCP68-6 blend with random-cylindrical micelles,
prior to application of a load. Note the presence of
crack bridging by PnBA cylindrical micelles.

Figure 13. Comparison of the theoretically predicted and the
experimental elastic moduli for PN-cured DGEBA/
acrylic BCP blends with the three types of nanostructures, as a function of the PnBA fraction in
the blends
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BCP blends. Classical 2D models, the so-called parallel and series models [43], are indicated as the respective upper and the lower bounds of the theoretically plausible elastic moduli in Figure 13. An isostrain precondition was assumed for the parallel
model, and an iso-stress precondition was assumed
for the series model. Okamoto and Takayanagi [43]
presented two different combinations of the parallel
and series models. The predictions from these models are also presented in Figure 13. Barentsen [46]
proposed 3D combination models of the parallel and
series models. Figure 12 also includes also the prediction from Barentsen’s parallel model of serial
linked parts for polymer blends. The Okamoto and
Takayanagi models and the Barentsen model assumed
the morphology of the dispersed domains in the matrix polymer phase. The morphology corresponds with
the 3D TEM observations discussed in section 3.1,
i.e., the discontinuous micelles consisted of PnBA
elastomer dispersed in the epoxy matrix for both the
blend with spherical micelles and that with random
cylindrical micelles. The experimental results for the
elastic moduli of the blends with spherical micelles
and random cylindrical micelles examined in this
work fell between the prediction of the Okamoto and
Takayanagi model and that of the Barentsen model.
On the other hand, the experimental data for the
blends with the curved lamella structure were close
to the line predicted from the classical series model.
In other words, the curved lamella nanostructure realized the lowest boundary in the theoretically assumable elastic moduli. This was probably because
only the curved lamella structure had continuous elastomer phase in the three types of nanostructured
blends. The mechanical properties (i.e., fracture toughness and the modulus of elasticity) of the epoxy/
acrylic BCP blends can now be precisely controlled
by control of the nanostructures of the blends.

dispersed discontinuously in the epoxy matrix. In
contrast, the curved lamella morphology formed a
co-continuous nanostructure, in which both the
PnBA phase and epoxy phase formed continuous
channels. The highest GIC was obtained from the
randomly-dispersed cylindrical nanostructure blends
of the three types of nanostructures having the same
PnBA content. The major toughening mechanism
was determined to be shear yielding (plastic deformation) of the epoxy matrix after undergoing cavitation of cylindrical micelles consisting of PnBA
elastomer. The lowest E was obtained from the curved
lamella blends (co-continuous nanostructure). E for
the blends could be explained using several theoretical models. GIC and E for the epoxy/acrylic BCP
blends can thus be designed by control of the nanostructures in the blends.
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