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Abstract. Functional triblock copolymers (BCPs), i.e., poly(glycidyl methacrylate/methyl methacrylate)-b-poly(lauryl
methacrylate)-b-poly(glycidyl methacrylate/methyl methacrylate) triblock copolymers [(P(GMA/MMA)-b-PLMA-b-
P(GMA/MMA)], were investigated as toughening modifiers for all-methacrylate polymer blends. Methyl methacrylate
(MMA) was copolymerized with methacrylic acid (MAA) in the presence of the BCPs. Without MAA in the polymethacrylate
matrices, the BCP blends formed micron-scale phase structures by polymerization-induced phase separation. In matrices
copolymerized with MAA, self-assembled nanostructures, such as curved lamellae, worm-like cylindrical micelles, or spher-
ical micelles were formed. The BCP blends with worm-like cylindrical nano-micelles achieved much higher fracture tough-
ness than those with spherical nano-micelles. The toughening mechanisms were elucidated by transmission electron mi-
croscopy. Cavitation was initiated in worm-like cylindrical nano-micelles, and the aligned cavitation formed craze-like
deformation with increased loads. This relieves hydrostatic tensile stress in front of the crack tip, forming a large shear yield

zone within the craze-like deformation region, contributing to high toughness.
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1. Introduction

Poly(methyl methacrylate) (PMMA) has high trans-
parency and a high modulus of elasticity and is there-
fore used in a variety of applications, such as interior
materials. Methacrylate copolymers can also be pro-
duced with a range of functional monomers, allow-
ing the mechanical and thermal properties of the
polymeric materials to be easily controlled [1-3].
PMMA, however, is a relatively brittle polymer and
numerous attempts have been made to increase its
toughness by incorporating rubbery components
[4-8], with the aim of using it in more structural ap-
plications. In addition, second-generation acrylic ad-
hesives (SGAs) are important applications for
methacrylate polymers due to their advantageous
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properties, such as balanced shear/peel adhesive
strength and efficient curing productivity at room
temperature via redox reaction [9—11]. Current SGAs
are composed of acrylic monomers and elastomers,
and form micron-scale phase structures through
polymerization-induced phase separation [11].

The addition of core-shell rubber (CSR) particles is
the typical toughening technique for PMMA. The
shell components of the CSRs have been designed
to achieve good dispersion in the PMMA during the
mixing process. Cho and coworkers [7, 8] reported
that the toughening mechanism of the CSR-blended
PMMA in Charpy impact tests was shear yielding
induced by cavitation of the rubber particles, where-
as in single-edge notched bending (SENB) tests,
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multiple crazing was the predominant factor. Crazes
in brittle polymers, including rubber particles, con-
sist of voids and fibrils (i.e., stretched polymer chains)
and occur mainly in regions of stress concentration
around the equators of the rubbery spherical particles
[12—16]. The toughening mechanisms have also been
found to be controlled by the strain rate. When CSR
particles are used as the toughening modifiers, the
shape of the rubbery phases is typically spherical.

Amphiphilic block copolymers (BCPs) have attracted
attention as toughening modifiers for epoxy polymer
blends [17-29]. Many BCPs have been synthesized
to modify epoxy cured blends, and the nanostructures
and mechanical properties of the blends have been
studied extensively by the Bates group [17-19]. Dean
et al. [19] reported methylene dianiline cured
DGEBA/poly(ethylene oxide)-b-poly(butadiene)
(PEO-b-PB). A phase change was observed 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 [20, 21] studied epoxy/ polystyrene-
b-polybutadiene-b-poly(methyl methacrylate) tri-
block polymer (PS-b-PB-6-PMMA) blends. Rasp-
berry-like nanostructures were observed in the epoxy
blends cured with 4,4’-methylene-bis-(3-chloro 2,6-
diethylaniline) (MCDEA). Kishi and coworkers [22,
23, 25-27] investigated phenol-novolac cured epoxy/
poly(methyl methacrylate)-b-poly(n-butyl acrylate)-
b-poly(methyl methacrylate) (PMMA-b-PnBA-b-
PMMA) triblock copolymer blends. The miscibility
of the PMMA end blocks of the BCPs into the cured
epoxy matrix was a key factor for the formation of
nano-micelles [22]. Different nanostructures, such
as spherical micelles, cylindrical micelles, and curved
lamellae were formed in the cured epoxy blends. The
shapes of the immiscible rubbery nano-micelles
were controlled by varying the molecular weight of
the immiscible PnBA block chain, the ratio of PnBA
in the total blends, and the miscibility of the PMMA
block chains in the epoxy polymers [23, 26, 27].
Small angle X-ray scattering analyses indicated that
the seeds of the differently shaped nano-micelles
were formed by a self-assembly mechanism [23, 24].
They also clarified that the shape of the nano-mi-
celles had an important effect on the fracture tough-
ness and the modulus of elasticity of the epoxy/BCP
blends [25-27]. Liu and coworkers [28, 30] and
Thomson ef al. [29] discussed the differences in the
toughening mechanisms with respect to the shape of

the nano-micelles in the epoxy/ poly(ethylene oxide)-
b-poly(ethylene-alt-propylene) (PEO-b-PEP) BCP
blends. The worm-like cylindrical micelles resulted
in an improvement in toughness of over 100% com-
pared to 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 [30]. However, it should
be noted that these epoxy polymer matrices were
highly cross-linked.

In this study, we investigated BCPs consisting of
chemically distinct methacrylate block chains as the
toughening modifiers for room temperature poly-
merized lightly cross-linked methacrylate polymer
blends. The phase structures of redox-polymerized
methacrylate monomer/amphiphilic methacrylate
BCP, i.e., poly(glycidyl methacrylate/methyl
methacrylate)-b-poly(lauryl methacrylate)-b-poly
(glycidyl methacrylate/methyl methacrylate) triblock
copolymer [(P(GMA/MMA)-b-PLMA-b-P(GMA/
MMA)] blends were investigated using microscopy
techniques, with respect to the degree of functional-
ity of both the hard blocks of the BCPs and the poly-
methacrylate matrices. The objectives of the present
study were to investigate the relationships between
the phase structures and the fracture toughness of the
polymerized methacrylate/BCP blends and to clarify
the toughening mechanisms.

2. Experimental

2.1. Materials

MMA monomer (Tokyo Chemical Industry Co., Ltd.)
was used as the main component. A small amount of
methacrylic acid (MAA) monomer (Tokyo Chemical
Industry Co., Ltd.) was copolymerized with the MMA
to prepare the polymethacrylate matrices. These
monomers were polymerized by redox reaction at
room temperature. For the redox reaction initiator,
trimethyl thiourea was used as the reducing agent
and cumene hydroxy peroxide was used as an oxi-
dizing agent.
P(GMA/MMA)-6-PLMA-5-P(GMA/MMA ) triblock
copolymers (methacrylate BCPs) were used as
toughening modifiers for the polymethacrylate blends.
Three types of methacrylate BCPs, differing in the
GMA copolymerization ratio in the hard blocks,
were synthesized by Otsuka Chemical Co., Ltd.,
using living radical polymerization and were used as
received. The chemical structure of the methacrylate
BCPs is shown in Figure 1. The molecular weight of
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Figure 1. Chemical structure of [poly(glycidyl methacry-
late/methyl methacrylate)-b-poly(lauryl methacry-
late)-b-poly(glycidyl methacrylate/methyl methacry-
late)], [P(GMA/MMA)-b-PLMA-b-P(GMA/
MMA)], triblock copolymer (BCP).

Table 1. Weight-average molecular mass (M,,), GMA/MMA
copolymerization ratio in the hard block chains, and
polydispersity (My/M,) of P(GMA/MMA)-b-
PLMA-b-P(GMA/MMA) triblock copolymers

(BCP).
BPC Hard blocks Soft block | Polydispersity
P(GMA/MMA) PLMA (M/M,)
G64M36bL | (12500/5000)%2 | 30000 1.45
G43MS57bhL (9500/8500)%2 | 30000 1.63
G22M78bL | (5000/12500)%2 | 30000 1.40

the methacrylate BCPs and the composition (GMA/
MMA copolymerization ratio in the hard block
chains of the methacrylate BCPs) were systematical-
ly controlled, as shown in Table 1. For example,
‘G64M36bL° means that the copolymerized GMA/
MMA molar ratio in the hard block was 64:36. The
PLMA middle block chain is immiscible with the
MMA/MAA copolymerized matrix polymer, while
the P(GMA/MMA) hard block chains are miscible.

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 Jasco-
Borwin-GPC software, which was equipped with two
connected columns, Shodex LF-804 and KF-806L).
Tetrahydrofuran (THF) was used as the solvent. The
average molecular weights were calibrated using
mono-dispersed polystyrene standards.

2.3. Redox polymerization of methacrylate
monomer/amphiphilic methacrylate BCP
blends

MMA/MAA monomer blends were copolymerized

by redox reaction in the presence of the BCPs ac-

cording to the following procedure. First, the MMA
was mixed with the MAA and the BCP was dis-
solved into the MMA/MAA monomer blends due

stirring at room temperature for 2 h. The MAA molar
ratio in the MMA/MAA blend was compared in the
range of 0—3 mol%. The amount of BCP added to
the blend was 5 or 10 wt%. Trimethyl thiourea as
the reducing agent was added to the solution which
was then mixed for 30 min. Cumene hydroxy perox-
ide as the oxidizing agent was then added to the so-
lution which was mixed for another minute.

The mixture was poured into a mold pre-treated with
a release agent and polymerized by redox reaction
at room temperature for 20 h and then at 60 °C for
4 h. After this procedure, the oven was switched off
and the polymerized methacrylate blends were al-
lowed to cool slowly to room temperature.

2.4. Gel content of polymerized methacrylate
blends

The gel content represents the degree of cross-link-
ing in the polymerized methacrylate blends. The poly-
merized blend sample was covered with poly(ethyl-
ene terephthalate) cloth (mesh #380) and was soaked
in THF at 22 °C for 10 days. The soluble portion of
the sample was washed out and removed by filtra-
tion. The remaining solid was then dried to a con-
stant weight. The gel fraction in the polymerized
methacrylate blends was calculated using (Equa-
tion (1)):

. W
Gel fract %] =37~ 100 1
el fraction [%] A (D
where W, and W, are the sample weights before and
after filtration, respectively.

2.5. Dynamic mechanical analysis of
polymerized methacrylate blends

The effects of temperature on the viscoelastic prop-
erties (storage modulus £’, loss modulus £” and loss
tangent tand) of the P(IMMA/MAA) and the BCP
blends were evaluated by dynamic mechanical analy-
sis (DMA) operating in the tensile mode (DMS6000,
Seiko Instruments, Inc., Japan). The dynamic fre-
quency was 1 Hz, and each specimen had a length
of 40 mm (span: 20 mm), a width of 4 mm and a
thickness of 1 mm. The samples were tested over the
temperature range from 25 to 200 °C at a heating rate
of 2°C/min. From these data, the rubbery plateau
values of the storage modulus (£Y) were determined,
and M, (average molecular weight between cross-
links) was calculated based on rubber elasticity the-
ory [31] using the equation (Equation (2)) [32]:
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where ¢ is a front factor (equivalent to the ratio of
the mean square end-to-end distance of a network
chain to that of a randomly coiled chain and assumed
to be 1.0 [33-35]), p is the density of the polymer, R
is the gas constant (8.31 J/(mol-K)), 7T is the temper-
ature to reach the rubbery plateau region, and £ is
the storage modulus in the rubbery plateau at the 7.

2.6. Fracture toughness of polymerized
methacrylate blends

The fracture toughness (critical stress intensity fac-
tor: Kjc) of the polymerized methacrylate blends was
measured using the single-edge notched three-point
bending (SEN-3PB) method according to ASTM D
5045. The specimen dimensions were 55 mm long x
12 mm wide X 6 mm thick. The span length for the
flexure test was 48 mm. The initial crack length was
within the range of 6.1£0.5 mm to meet the geomet-
ric requirement. The three-point bending tests were
performed at a test rate of 10 mm/min at 23 °C using
a universal testing machine (Autograph AGS-J
10 kN, Shimadzu, Japan). The details of the test can
be found in the previous publication [22].

2.7. Microscopy observations

2.7.1. Optical microscopy

The process zones around critically and sub-critical-
ly loaded cracks in the double-notched four-point
bending (DN-4PB) specimens were examined using
optical microscopy (OM). The DN-4PB technique is
described in detail by Sue and coworkers [36, 37, 43].
In this procedure, two nearly identical cracks are
made on the same edge of a rectangular specimen.
When the specimen is loaded in the four-point bend-
ing configuration until one of the cracks fails, the
zone in front of the surviving crack has characteris-
tics of the deformation behavior just before the fail-
ure. Thus, the critical crack is the one that causes
failure, and the sub-critical crack is the one that does
not. Since the sub-critical crack is arrested, the de-
formation events in the process zone around the crack
tip are not erased by the final fracture process. There-
fore, the DN-4PB technique is useful for examining
the sequence of multiple deformation events. Pol-
ished petrographic thin sections (100 pm thick) that
include the process zone in front of the sub-critical

crack tip were prepared from the mid-plane of the
tested specimens. The process zones and the shear
deformation bands in the thin sections were observed
using an optical microscope (Eclipse E600W, Nikon,
Japan) in transmission mode under both bright-field
and cross-polarized conditions.

2.7.2. Scanning electron microscopy

The fracture surfaces and polished surfaces of the
polymerized methacrylate blends were observed
using scanning electron microscopy (SEM; VE-
9800, Keyence, Japan). The samples were mounted
on brass stubs and coated with a thin layer of gold
using an ion sputter coater (JFC-1100E, Jeol, Japan).

2.7.3. Transmission electron microscopy

Thin sections of the polymerized methacrylate blends
were cryo-microtomed at —80°C to a thickness of
40-50 nm. Microtomed thin sections of the cured
polymers were stained with RuO4 vapor and ob-
served using transmission electron microscopy
(TEM; H-7650, Hitachi, Japan) operated at an accel-
eration voltage of 100 kV.

3. Results and discussion
3.1. Degree of cross-linking of polymerized
MMA-MAA/functional BCP blends

Figure 2 shows the evidence of cross-linking forma-
tion in the methacrylate polymer/5 wt% BCP blends.
The vertical axis shows the gel fraction in the differ-
ent blends. The horizontal axis shows the GMA
copolymerization ratio in the hard block chains of the
blended BCPs. The MAA copolymerization ratio in
the methacrylate matrix polymers was also varied.
In the case of the methacrylate MM A-MAA copoly-
mer without blended BCP, almost no gel fraction

1.0
09 | X PMMA
1 A 0mol% MAA O
0.8 | M 1.5mol% MAA ® ™
07 | @ 3mol% MAA
— o
—~ 06 o
=
S [ |
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Amount of glycidyl functional units
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Figure 2. Gel fraction of polymerized MMA-MAA/S wt%
BCP blends.
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was obtained. This means that the MMA-MAA
copolymer was a linear polymer without cross-linking.
The weight average molecular mass of the MMA-
MAA copolymer without cross-linking was about
500000. On the other hand, as the amounts of func-
tional groups in both the matrix polymers and the
hard block chains of the BCPs increased, the gel
fraction increased. This means that MAA units re-
acted with the glycidyl groups of the hard blocks of
the BCPs, and the polymerized MMA-MAA/func-
tional BCP blends were lightly cross-linked.

Figure 3 shows the temperature dependence of the
storage modulus (£") for the P(IMMA97/MAA3)
copolymer and the BCP blends. At temperatures
higher than the glass transition temperatures, the
P(MMA97/MAA3) copolymer showed a significant
decrease (flow) in the storage modulus, while the
5 wt% BCP (G22M78bL) blend showed a rubbery
plateau region. This result suggests that cross-linking
has occurred due to the reaction between the glycidyl
groups of the hard block chains in the BCPs and the
MAA units (carboxy groups) in the matrix copoly-
mer. The M, for the BCP blends was 4390 g/mol,
calculated using Equation (2) at the 7=403 K in the
rubbery plateau region.

1010
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20 40 60 80 100 120 140 160 180 200

Temperature [°C]

Figure 3. Temperature dependence of storage moduli £’ for
P(MMA97/MAA3) copolymer (blue line) and
5 wt% BCP (G22M78bL) blends (red line). The
cross mark at around 130°C for the P(IMMA97/
MAA3) copolymer (blue line) indicates that the
sample flowed at this temperature, making it im-
possible to obtain viscoelastic data.

3.2. Nanostructures of polymerized
MMA-MAA/functional BCP blends

The types of phase structures in the different blends
can be controlled by varying the amounts of func-
tional groups in both the methacrylate matrix poly-
mer and the BCPs. Specifically, the GMA copoly-
merization ratio in the hard block chains of the
blended BCPs and the MAA copolymerization ratio
in the methacrylate matrix polymer were varied. With-
out MAA copolymerization in the methacrylate ma-
trix polymer, the 5 wt% BCP blends showed macro-
scopic phase separation, as shown in the TEM im-
ages in Figure 4. In contrast, nanostructures were ob-
served when both the 5 wt% BCPs and the methacry-
late polymer matrices had functional groups, as
shown in Figure 5 and Figure 6. The relatively dark
domains are PLMA nanophases stained with RuOj.
With decreasing amount of functional groups in both
the matrix polymers and the hard block chains of the
BCPs, the continuity of the PLMA nanophases in-
creased from spherical micelles to worm-like cylin-
drical micelles, to long cylindrical micelles, shown
in Figure 5 for 1.5 mol% copolymerized MAA and
in Figure 6 for 3 mol% copolymerized MAA. The
same trend in the continuity of the nano-micelles
was observed in the 10 wt% BCP blends, as shown
in Figure 7. The 10 wt% ‘G22M78bL" BCP/3 mol%
MAA copolymerized methacrylate polymer blends
showed a curved lamellar nanostructure, with high
continuity and reduced interfacial curvature.

A plausible mechanism for nanostructure formation
during the polymerization process of the methacry-
late monomer/BCP blends is as follows. When the
methacrylate polymer matrices have no functional
groups, the BCPs are macroscopically phase sepa-
rated from the methacrylate polymer matrices during
the polymerization process. In fact, polymerization-
induced phase separation occurred in these cases.
When the methacrylate polymer matrices have car-
boxy functional groups, the hard block chains with
glycidyl groups of the BCPs are compatible with the
MAA copolymerized methacrylate polymer matri-
ces, and therefore the hard block chains can diffuse
into the matrix. As the amount of glycidyl groups in
the hard block chains increases, the compatibility of
the hard block chains with the polymethacrylate ma-
trices also increases. This leads to an increase in the
curvature of the interfaces between the matrix and
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G64M36bL G64M36bL

G43M57bL

G22M78bL

c)

Figure 4. TEM images of 5 wt% BCP/PMMA polymer Figure 5. TEM images of 5 wt% BCP / methacrylate poly-

blends (without MA A copolymerization) in the case mer blends with 1.5 mol% MAA copolymeriza-
of different BCPs: a) G64M36bL, b) G43M57hL, tion, in the case of different BCPs: a) G64M36bL,
¢) G22M78bL. b) G43M57bL, c) G22M78bL.
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Figure 6. TEM images of 5 wt% BCP / methacrylate poly-  Figure 7. TEM images of 10 wt% BCP / methacrylate poly-

mer blends with 3 mol% MAA copolymerization, mer blends with 3 mol% MAA copolymerization,
in the case of different BCPs: a) G64M36bhL, in the case of different BCPs: a) G64M36bhL,
b) G43M57bL, ¢) G22M78bL. b) G43MS57bL, ¢) G22M78bL.
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the immiscible PLMA domains (soft block chains of
the BCPs), thus forming spherical micelles. As the
compatibility of the hard block chains with the ma-
trix decreases, the hard block chains in the matrix
shrink and the curvature of the interface between the
matrix and the immiscible PLMA domains decreas-
es. In fact, the difference in the compatibility of the
hard block chains of the BCPs with the polymerized
matrices is the key factor in determining the interfa-
cial curvature and controlling the types of nano-mi-
celles, such as spherical, worm-like cylindrical and
curved lamellar. Several studies on epoxy polymer/
BCP blends [18, 26, 27] support the idea that ‘the
difference in compatibility between the BCP hard
block chain and the matrix polymer affects the ex-
tent to which the hard block chain spreads into the
matrix changes, which in turn changes the curvature
of the micelle interface and the micelle morpholo-
gy’. Yamada and Kishi [27] controlled the amount
of carboxyl groups generated in sifu on BCP hard
block chains by varying the temperature and time of
the mixing process and clarified the relationship be-
tween the amount of carboxyl groups and the micelle
morphology generated in the epoxy blend.

3.3. Fracture toughness of MMA-MAA
copolymerized matrix/functional BCP
blends

The toughening effect of the MMA-MAA/function-

al BCP copolymerized blends with different nanos-

tructures was evaluated. In Figure 8, the horizontal
axis is the BCP content in the blends. First, the MAA
copolymerization ratio in the matrix was kept at

3 mol%, and the GMA copolymerization ratio in the

BCP hard block chains and the BCP content were

3.5
3.0 Wormlike cylinder = 8£%Mg§gt
' A @ G64M36bL

2.5
T 20
®©
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2 15 _ A _ & ____A__ PuePmwA
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0.0

0 2.5 5 7.5 10 12.5 15
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Figure 8. Fracture toughness, Kjc, for functional BCP/MMA-
3 mol% MAA matrix copolymerized blends.

varied. The K¢ for the 5 wt% G22M78bL blends
with worm-like cylindrical nano-micelles was very
high, reaching 2.9 MPa-m!”2. The Kjc for the 5 wt%
G64M36bL blends with spherical nano-micelles was
1.4 MPa-m'?, which represented a marginal in-
crease in toughness compared to pure PMMA
(1.3 MPa-m'?). The K¢ for the 10 wt% G22M78bL
blends with curved lamellar nano-micelles was
1.3 MPa-m'”?, which meant almost no increase in
toughness compared to pure PMMA.

The blends with worm-like cylindrical nano-micelles
(5 wt% G22M78bL blend) showed characteristically
high fracture toughness, even though the BCP con-
tent was lower than that for the curved lamellar
structure (10 wt% G22M78bL blend). In fact, the
fracture toughness, KIC, for the blends depended on
the type of nanostructure rather than on the amount
of BCPs blended.

Figure 9 shows the fracture surfaces of the 5 wt%
G64M36bL/MMA-3 mol% MAA copolymerized
blend with spherical nano-micelles and the 5 wt%
G22M78bL/MMA-3 mol% MAA copolymerized
blend with worm-like cylindrical nano-micelles after
the fracture toughness evaluation. Although both
blends contained the same amount of PLMA soft
block chains with the same molecular weight, the
fracture surface roughness of the blend with worm-
like cylindrical nano-micelles (Figure 9b) was much
higher than that of the blend with spherical nano-mi-
celles (Figure 9a). The PLMA micelles in the present
study are elastomeric phases. The difference in rough-
ness is due to the different extent of cavitation of the
elastomeric phases and plastic deformation of the
polymethacrylate matrix during the fracture process.
In fact, the nanocavities on the fracture surfaces ob-
served in Figure 9b originated from the worm-like
cylindrical nano-micelles of PLMA in the blends. As
such, the observed plastic deformation around the
nanocavities results from yielding and elongation of
the polymethacrylate matrix. As is well known, how-
ever, the information obtained from fracture surface
observations is limited, considering the internal de-
formation and overall fracture events of the speci-
mens [36-39]. Therefore, side-view observations
were carried out to investigate and compare the ex-
tent of different types of deformations that would be
generated in the deformation process zone in front
of a pre-crack tip in the nanostructured blends, as de-
scribed in the next section.
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Figure 9. Fracture surfaces after Kjc evaluation of 5 wt% functional BCP/MMA-3 mol% MAA copolymerized blends ob-
served using SEM. a) 5 wt% G64M36bL/MMA-3 mol% MAA copolymerized blend with spherical nano-micelles;
b) 5 wt% G22M78bL/MMA-3 mol% MAA copolymerized blend with worm-like cylindrical nano-micelles.

3.4. Toughening mechanisms of
MMA-MAA/functional BCP
copolymerized blends

Double-notched four-point bending (DN-4PB) tests

were carried out to elucidate the toughening mecha-

nisms. Polished thin sections were taken from the
mid-plane of the test specimens, including the defor-

mation region in front of the subcritical crack tip [36,

37]. The deformation process zones were then ob-

served as side-views, perpendicular to the fracture

surface, by OM in both bright-field and cross-polar-
ized modes. Figure 10 shows the blends with worm-
like cylindrical nano-micelles with a Kjc value of

2.9 MPa-m"2. Figure 11 shows the blends with spher-

ical nano-micelles with a Kjc value of 1.4 MPa-m'2.

A large difference in the size of the deformation

Bright field w200 um

Cross-polarized

Figure 10. OM images of deformation process zones of
5 wt% G22M78bL/MMA-3 mol% MAA copoly-
merized blend with worm-like cylindrical nano-
micelles in transmission bright-field (a) and
cross-polarized (b) modes.

zones can be seen. The blends with worm-like cylin-
drical nano-micelles showed a much larger process
zone than the blends with spherical nano-micelles.
Elliptical regions of high birefringence were ob-
served in the deformation process zone of the blends
with worm-like cylindrical nano-micelles in cross-
polarized mode in Figure 10. This means that very
large plastic deformation, shear yielding, took place
in the blends with worm-like cylindrical micelles.
The maximum thickness of the shear yield zone
reached more than 300 pm. Deformation regions,
which look like fine hairs, can also be seen around
the elliptical plastic deformation region. On the
other hand, for the blends with spherical nano-mi-
celles, no region of birefringence is clearly visible
in Figure 11.

200 um

Cross-polarized

e 200 UM

Figure 11. OM images of deformation process zones of
5 wt% G64M36bL/MMA-3 mol% MAA copoly-
merized blend with spherical nano-micelles in
transmission bright-field (a) and cross-polari-
zed (b) modes.
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Figure 12. OM photograph of the deformation process zone
of the 5 wt% G22M78bL/MMA-3 mol% MAA
copolymerized blend with worm-like cylindrical
nano-micelles observed under reflected light
mode.

Figure 12 shows the same sample of the blend with
the worm-like cylindrical nano-micelles observed in
reflection mode using OM. Crack propagation of ap-
proximately 400 um in length can be seen in the el-
liptical deformation zone. In addition, a slightly
shaded area appeared around the fine hair-like de-
formation region outside the shear yielding region.
The above observation raises the question as to what
happened outside the elliptical deformation region,
in the fine hair-like deformation region, and in the
shear yielding region within the elliptical deforma-
tion region.

More detailed TEM observations were carried out on
the same areas of the two blends with the worm-like
cylindrical nano-micelles (Figures 13—17) and the
spherical nano-micelles (Figure 18 and Figure 19).
Figure 13 shows a TEM image of the area outside

the elliptical deformation zone, which is approxi-
mately 900 um from the propagating crack tip. Cav-
itated and non-cavitated worm-like cylinders are
seen to co-exist outside the elliptical deformation
zone far from the crack tip.

Figure 14 shows the hair-like deformation region ap-
proximately 300 pm from the propagating crack tip,
which is closer to the crack tip than the region in
Figure 13. Some continuity and change in orienta-
tion of the cavitated worm-like cylinders towards the
load direction due to the increased stress can be ob-
served.

Figure 15 shows the hair-like deformation region ap-
proximately 150 um from the propagating crack tip.
The continuity of the cavitated worm-like nano-
cylinder has increased and the size of the cavities has
also increased. This is described as a ‘craze-like’ de-
formation region [40—42].

Figure 16 shows the shear yielding region within the
elliptical deformation zone, approximately 70 pm
from the propagating crack tip. The size of the con-
tinuous cavitation of the worm-like cylindrical mi-
celles is increased and elongated ligaments (poly-
methacrylate matrix) are observed between the cav-
ities, corresponding to shear yielding. The aligned
cavitation region exhibits ‘craze-like’ deformation
with increasing load.

Figure 13. TEM image of deformation process zone of
5 wt% G22M78bL/MMA-3 mol% MAA copoly-
merized blend with worm-like cylindrical nano-
micelles. The area is outside the elliptical defor-
mation region, which is approximately 900 um
from the propagating crack tip.

Figure 14. TEM image of deformation process zone of
5 wt% G22M78bL/MMA-3 mol% MAA copoly-
merized blend with worm-like cylindrical nano-
micelles. The image shows the hair-like deforma-
tion region, approximately 300 um from the
propagating crack tip.
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Figure 15. TEM image of deformation process zone of
5 wt% G22M78bL/MMA-3 mol% MAA copoly-
merized blend with worm-like cylindrical nano-
micelles. The image shows the hair-like deforma-
tion region, approximately 150 um from the
propagating crack tip.

Figure 16. TEM image of deformation process zone of
5 wt% G22M78bL/MMA-3 mol% MAA copoly-
merized blend with worm-like cylindrical nano-
micelles. The image shows the hair-like deforma-
tion region, approximately 70 pm from the
propagating crack tip.

In summary, cavitation of worm-like cylindrical
nano-micelles composed of PLMA, followed by
craze-like deformation, and large shear yielding of
the polymethacrylate matrix were identified as the

Figure 17. Schematic illustration of sequence of deformation
events under loading in 5 wt% G22M78bL/
MMA-3 mol% MAA copolymerized blend with
worm-like cylindrical nano-micelles.

deformation processes that contribute to toughening
of blends with worm-like cylindrical nano-micelles.
The stress induced by the load decreased with in-
creasing distance from the crack tip. Therefore, phe-
nomena observed at locations relatively far from the
crack tip should occur when the load is small, and
the phenomena occurring as the load increases should
be observed closer to the crack tip. From this point
of view, the following toughening mechanisms are
considered: (1) Nanocavitation of the PLMA elas-
tomeric worm-like cylindrical phase first occurs in
front of the crack tip. (2) Subsequently, the cavitated
worm-like nanocylinders form craze-like deforma-
tion bands including massive cavitation. (3) The
massive cavitation in the craze-like deformation
zone can relieve the hydrostatic tensile (dilatational)
stress in front of the crack tip [43—45]. As aresult, a
large shear yielded zone is formed in the craze-like
deformation zone. The large shear yield, which ab-
sorbs a lot of strain energy, delays main crack prop-
agation, and contributes to the very high fracture
toughness [46, 47]. This sequence of deformation
events is illustrated schematically in Figure 17.

Multiple failure mechanisms, including the coexis-
tence of or competition between craze and shear
yielding, have been reported for toughened bio-based
polyamide 410 blends by Samantaray et al. [48].
However, they used notched thin specimens under
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plane stress conditions. In this study, we used notched
thick specimens under plane strain conditions.
Therefore, the difference in stress state would result
in a different sequence of deformation events con-
tributing to the toughening mechanisms.

For blends with spherical nano-micelles, the bire-
fringence indicating shear yielding was very limited,
and some deformation lines can be seen in front of
the crack tip using OM as shown in Figure 11. More
detailed TEM observations were carried out on the
same areas of the blend with the spherical nano-mi-
celles. Figure 18 shows an area approximately
80 um from the crack tip. Very localized ‘craze-like’
deformation bands are observed. The size of the cav-
itation of the nanospheres in the blend was small
compared to the blends with the worm-like cylindri-
cal nano-micelles.

In Figure 19, a small number of elongated micelles
can be observed in the craze-like deformation bands
near the crack tip, although the initial nano-micelles
were spherical. This means that the methacrylate
polymer matrix was plastically deformed in a very
confined region adjacent to the craze-like deforma-
tion bands near the crack tip. In summary, the cavi-
tation and craze-like deformation bands were very
localized and confined in the case of the blends con-
taining spherical nano-micelles. As a result, shear
yielding was also limited very close to the crack tip.
Therefore, the very limited plastic deformation was
not clearly visible in Figure 11 under OM, and the
toughening effect was marginal.

The next research question is to explain the differ-
ence in cavitation resistance between the two differ-
ent types of nano-micelles. The cavitation resistance

Figure 18. TEM images of deformation process zone of
5 wt% G64M36bL/MMA-3 mol% MAA copoly-
merized blend with spherical nano-micelles. The
area is approximately 80 pm from the crack tip.
Craze-like deformation bands propagated from
left to right.

Figure 19. TEM images of deformation process zone of
5 wt% G64M36bL/MMA-3 mol% MAA copoly-
merized blend with spherical nano-micelles, in
craze-like deformation bands very close to the
crack tip.
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of the spherical nano-micelles is higher than that of
the worm-like cylindrical micelles, although both
types of micelles are composed of PLMA with the
same molecular weight. One of the factors influenc-
ing the cavitation resistance could be the difference
in the size of the micelles. Previous studies of rub-
ber-reinforced resins have shown that the larger the
particles, the lower the cavitation resistance, even
when the rubber particles are of the same material
[32, 49]. In the present study, the worm-like cylin-
drical micelles were larger than the spherical nano-
micelles. A detailed study of the factors that domi-
nate the cavitation resistance will be performed in
the future.

4. Conclusions

Lightly cross-linked nanostructured methacrylate
polymer/BCP blends were obtained by redox-type
radical polymerization of MMA and MAA in the
presence of BCPs and in situ reaction of the carboxy
groups of the matrix monomers with the glycidyl
groups in the BCP hard blocks. The curvature of the
interface between the nano-micelles and the poly-
methacrylate matrices was found to be a key factor
in controlling the types of nanostructures, such as
spherical, worm-like cylindrical and curved lamellar,
of the methacrylate polymer/BCP blends.

The fracture toughness of the blends depended on
the nanostructures. The blends with worm-like cylin-
drical nano-micelles showed the highest toughness.
Craze-like deformation occurred due to cavitation
initiated at the worm-like cylindrical PLMA nano-
micelles in the matrix of the polymethacrylate/BCP
blends. The massive cavitation in the craze-like de-
formation zone relieved the hydrostatic tensile stress
in front of the crack tip. As a result, a large shear
yielded zone was formed within the region of the
craze-like deformation, which contributed to the
very high fracture toughness.
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