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ABSTRACT: Recently we reported the critical content threshold of epoxidized polybutadiene (PBep) units
to induce total miscibility between poly(styrene-b-butadiene) (SB) block copolymers (BC) and uncured epoxy
resin.? In this work we investigate the different mechanisms involved through morphology development,
depending on the content of epoxidized polybutadiene (PBep) in the initial mixture. PBep contents higher
than, close below, or far below the critical threshold lead to long-range order nanostructures through
reaction-induced microphase separation (RIMS) of PS block, a combination of both self-assembly and RIMS
leading to vesicles or long wormlike micelles with a bilayered structure, or macroscopic phase separation,
respectively. Nanoindentation was employed to identify the microphase-separated domains. Epoxy matrix
can be significantly toughened for high BC contents in both prior to or through curing microphase-separated
mixtures. Phase-separated domain size but also extent of interactions between them and their shape seem to

be the factors contributing to toughness enhancement.

1. Introduction

The modification of epoxy resins with block copolymers has
been in the past years a great research source due to the capability
of block copolymers (BC) to act as templates for the synthesis of
long-range order nanostructured thermosetting matrices. For
this purpose, two mechanisms of morphology formation during
curing have been proposed. The first way reported for creating
nanostructures in epoxy networks arises via self-assembly where
the epoxy resin can act as selective solvent for one of the BC
blocks.!~® In this mechanism the block immiscible with the epoxy
precursor segregates before curing to produce an initial micro-
phase-separated mixture. Then, the microphase-separated mor-
phology can be fixed in the matrix through curing. On the other
hand, the second mechanism is through reaction-induced micro-
phase separation.””'* In this case, both blocks in the copolymer
must be initially miscible with the epoxy resin. Through curing
only one block is demixed to generate microphase-separated
domains.

In order to promote the compatibilization of one of the blocks
with the epoxy resin, block copolymers can be chemically
modified. Indeed, poly(styrene-b-butadiene) (SB) block copoly-
mers can be randomly epoxidized with hydro gen peroxide in the
presence of a catalyst in a biphasic system. ~ This method of
functionalization is a feasible approach to promote the compa-
tibilization of PB block with the epoxy resin.'® Polystyrene (PS)
homopolymer was found m1sc1ble with the epoxy resin at
temperatures higher than 90 °C.* Previous work of our group
reported the process for obtaining a new family of nanostruc-
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tured epoxy matrices with long-range order in the bulk due
to reaction-induced microphase separation of PS block.'”~%°
Additionally, previous studies about the reactivity of epoxidized
PB block in these epoxy systems showed that the oxirane groups
present in this block are able to react with the thermosetting
formulation. However, it was found that the reactivity of epox-
idized PB units with the hardener was notably lower than that
corresponding to the epoxy groups of DGEBA monomer."” The
preparation of nanostructured materials by modification with
block copolymers can further optimize the fracture toughness
properties of brittle e epoxy matrix maintaining the transparency
of neat materials.”'*° Different mechanisms like debonding,
cavitation, and crack deflection have been proposed to account
for the toughening of the epoxy matrix. For example, Sue and
co-workers reported the nanoscale cavitation of spherical
micelles as toughening mechanisms in block copolymer-modified
epoxy systems.“f33

The goal of this work was to study the different mechanisms
involved in the morphology development in thermosetting epoxy
matrices (EP) modified with linear poly(styrene-b-butadiene)
diblock copolymers epoxidized at several degrees. Varying the
compatibilization degree of PB block, the microstructures of the
mixtures develop either by an initial microphase separation of
one block or by reaction-induced microphase separation. The
morphologies changed from macroscopic phase-separated do-
mains to no-large-range order nanostructured domains and to
long-range order microphase-separated domains for low epox-
idation degree, near to or higher than the critical epoxidation
threshold of butadiene blocks, respectively. Fracture toughness
of these systems seems to be closely related to their morphology
but also to the extent on interactions between phases.
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2. Experimental Section

2.1. Epoxidation and Characterization of Epoxidized SB Block
Copolymers. Anionic polymerization synthesized linear poly-
(styrene-b-butadiene) diblock copolymers, SB50 and SB6S5, were
used. These BC were kindly supplied by Repsol-YPF. The
number-average molecular weight for SB65 is 40 000 and poly-
dispersity 1.12. Two SB50 with different number-average mole-
cular weights were used: SB50(1) and SB50(2) with 40 000 and
80000 g/mol and polydispersities 1.16 and 1.24, respectively.
SB50(1) was also used to achieving high epoxidation degree, as it
was hard to obtain with SB50(2). The fraction of PB block was
50 wt % (46 wt % 1,2-PB) for both SB50 and 65 wt % (47 wt %
1,2-PB) for SB65. SB block copolymers epoxidized at several
degrees, SB-(50 or 65)epl, epl being the epoxidation mol % with
respect to PB double bonds, were obtained by epoxidation of
polybutadiene block (PBep). The epoxidation reaction was
carried out using hydrogen peroxide in the presence of an in
situ prepared catalyst system in a water/dichloroethane biphasic
system. The details of the reaction are described elsewhere.'>'¢
The characteristics of these copolymers are listed in Table 1. 'H
nuclear magnetic resonance (‘"H NMR) spectra recorded in
deuterated chloroform solution with a Bruker 300 MHz spectro-
meter at 25 °C were used to determine the epoxidation degree.

2.2. Block Copolymer/Epoxy Mixtures. Thermoset Precur-
sors. The epoxy resin used, diglycidyl ether of bisphenol A
(DGEBA), DER 332, was gently supplied by Dow Chemical.
It has an epoxy equivalent around 175 and an average number of
hydroxyl groups per two epoxy groups # = 0.03. The hardener
used was an aromatic diamine, 4,4’-methylenebis(3-chloro-2,6-
diethylaniline) (MCDEA), a gift from Lonza. An amino-hydro-
gen-to-epoxy stoichiometric ratio equal to 1 was used for all
systems, the glass transition temperature (7,) of epoxy resin
before curing being —12 °C, as measured by differential scan-
ning calorimetry.

Blending Protocol. Copolymer/epoxy systems were cured in
the following way: first, the copolymer and the DGEBA resin
were dissolved in toluene. The resultant solution was heated at
80 °C in an oil bath and then under vacuum up to complete
solvent removal. Then MCDEA was added to the initial mix-
ture, the temperature raised up to 140 °C, and mixed for 5 min.
The samples were degassed under vacuum and cured in paralle-
lepipedic molds at 140 °C for 24 h and postcured at 165 °C for
2 h. It has to be emphasized that, even for the maximum degree
of epoxidation in SBep block copolymers, the epoxy/amine
stoichiometric ratio was not significantly modified.

2.3. Characterization. Morphological Analysis. The mor-
phology of the mixtures was studied by atomic force microscopy
(AFM). Transmission electron microscopy (TEM) was used to
analyze the morphology at higher magnifications. AFM images
were obtained with a Nanoscope IIla scanning probe micro-
scope (Multimode, Digital Instruments). Tapping mode (TM)
in air was employed using an integrated tip/cantilever (125 um in
length with ca. 300 kHz resonant frequency). Typical scan rates
during recording were 0.7—1 line s using a scan head with a
maximum range of 16 x 16 um. Samples of cured mixtures were
prepared using a ultramicrotome (Leica Ultracut R) equipped
with a diamond knife. For TEM studies, thin sections were
microtomed at room temperature using an ultramicrotome
Leica EMFCS instrument equipped with a diamond knife. In
order to reach contrast between PS, PB, and epoxy phases, the
samples were stained with a 0.5 wt % aqueous solution of RuOy,
for 4—10 min. RuQO, preferentially stains PS microdomains for
the system examined (appearing black in the micrographs). The
staining time of samples was carefully chosen to avoid the
possibility of staining all the phases in the investigated systems.
A Philips Tecnai 20 transmission electron miscroscope operated
at 200 kV with 2.5 A resolution was used.

Nanoindentation. Nanomechanical characterization of micro-
phase-separated domains in the mixtures was carried out by
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Table 1. Characteristics of the Diblock Copolymers Used

block copolymer epoxidation degree” T,(PBep)” (°C)

SB50 0
SB50(2)epl 5 15 34
SB50(2)ep22 2 27
SB50(1)ep35 35 ~17
SB65 0
SB65ep28 28 -21

“Defined as mol % of epoxidized polybutadiene units, as determined
by '"H NMR analysis. ® The T, of PS block (as measured by DSC)
appears around 90 °C for SB50(2) and 80 °C for SB50(1) and SB65 block
copolymers.

AFM in tapping mode at room temperature using a Dimension
3100 microscope and Nanoscope IV controller, from Veeco,
Digital Instruments. A rectangular stainless steel cantilever
with a diamond tip type DNISP, Veeco, was used to per-
form indentations. The cantilever spring constant was about
217 N/m, resonant frequency 58 kHz, contact sensitivity
225 nm/V, and a rotation angle of 12°. Calibration was per-
formed on sapphire surface, where any deflection of the canti-
lever is due to the vertical movement of the piezo without
penetration. Force indentation (F) values were determined by
Hooke’s law, F = k,d, where kj, is the spring constant in N/m
and d is the deflection of the cantilever. Indentation depth (/)
was derived from the difference between the total piezo-scanner
displacement and the deflection of the cantilever. Thus, it was
possible to represent F vs h. Analysis of force—indentation
curves was made following Oliver and Pharr’s work,>* which
assigned the slope of the unloading curve at the point of
maximum load (P,.y) With stiffness (.S).

The determination of the nanomechanical properties of the
sample requires a well-characterized tip (i.e., spring constant
and radius of curvature). Since the tip parameters were not well-
known, we limited our experiments to relative measurements of
the variation of stiffness of the different phases deduced from
the slope of the unloading curve.

Differential Scanning Calorimetry (DSC). Glass transition
temperatures were determined by using a differential scanning
calorimeter Mettler Toledo DSC-822, under a nitrogen flow of
20 mL min~ ', working with 5—7 mg samples in aluminum pans.
Dynamic scans were performed from —60 to 220 °C at heating
rates of 20 °C min~'. The values of T, o were determined at the
end-set point of the change in heat capacity.

Dynamic Mechanical Analysis (DM A). DMA was carried out
on cured mixtures with a Perkin-Elmer DMA7 in three-point
bending mode in order to obtain storage modulus, £, and loss
factor, tan d. The temperature associated with the a relaxation is
defined as T,,. Scans were carried out at a frequency of 1 Hzand
a heating rate of 5°C min~', using a span of 5 mm. The samples
used were parallelepipedic bars (24 x 3 x 1 mm?). During the
scans the samples were subjected to a static force of 110 mN and
a dynamic force of 100 mN. Arbitrary units were used for
plotting E' results taking as unity reference the neat epoxy
matrix.

Flexural Tests. The mechanical behavior of the cured mix-
tures was determined in a universal testing machine Instron
4206. Three-point flexural tests were performed. The samples
were parallelepipedic bars of 26 x 6 x 1.5 mm?®. The crosshead
rate was 0.5 mmmin_'. Flexural modulus was determined as the
slope of the load—displacement curve in the zone of linear
elasticity.

Fracture Toughness Tests. The fracture toughness of these
mixtures was evaluated in terms of stress-intensity factor (Ki.)
and strain energy release rate (Gy.). An approximate estimation
of the critical stress intensity factor, Kj., values was obtained
from three-point bending test performed on single edge notched
specimens (SENB) and following the procedure proposed by
Williams and Cawood.* The tests were performed at a cross-
head rate of 10 mm min~'. At least five measurements were
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Figure 1. TM-AFM phase images for (a) SB50(1) and (b) SB65, annealed at 110 °C in vacuum for 13 h.

carried out per sample. The samples were parallelepipedic bars
of 26 x 6 x 1.5 mm~, being the notch of around 2.7 mm and the
microcracked zone around 0.6 mm. The critical strain energy
release rate (Gy.) was calculated from Kj..

3. Results and Discussion

The morphological behavior of the linear SB diblock copoly-
mers used was first analyzed by microscopy. TM-AFM phase
images for the air—surface morphologies of SB thin films
prepared by solvent-casting and then annealed at 110 °C in
vacuum for 13 h are shown in Figure la,b. SB50(1) and SB65
diblock copolymers self-assembled into lamellar and cylindrical
nanodomains, respectively. Subsequently, in order to promote
compatibilization between the block copolymer modifiers and
the epoxy resin, the epoxidation of SB block copolymers was
carried out using hg/drogen peroxide in the presence of a catalyst
prepared in situ>®*" Table 1 lists the characteristics of the
obtained epoxidized block copolymers.

As shown in Figure 2, the cured thermosetting mixture con-
taining 30 wt % of unmodified SB50(2) revealed a block
copolymer macrophase separated from the epoxy system as
epoxy (EP) and BC phases were clearly discernible at micrometer
scale. Though no shown here, SB50(1) also macrophase sepa-
rated, being these both modified epoxy systems opaque before
and after curing due to the lack of interactions of the unepox-
idized polybutadiene block and epoxy matrix. SB block copoly-
mers epoxidized at several degrees, 15, 22, and 35 mol %, were
added into the epoxy system at different contents, from 10 to
30 wt %, in order to prepare a variety of nanostructured
thermosetting systems. First, a visual study about the transpar-
ency of the initial mixtures showed that the epoxy systems
modified with SB50(2)ep22 were translucent and the epoxy
systems modified with SB65ep28 and SB50(1)ep35 were trans-
parent before curing. This observation suggested that the initial
mixtures could be miscible or at least microphase separated. On
the contrary, in the case of SB50(2)epl5 the initial mixture was
opaque. In the following sections, we present a study by AFM
and TEM analyses about the mechanisms of microstructure
development when the miscibility degree between both compo-
nents was varied in the mixture. The miscibility of epoxidized

T 1
0.0 2: Phase 5.0 pm

Figure 2. TM-AFM phase image for epoxy mixture containing
30 wt % SB50(2).

block copolymers with the epoxy network was studied by thermal
analyses using DSC and DMA. In addition, nano- and macro-
mechanical properties of final mixtures were also analyzed.
Macrophase-Separated Structures in Epoxy Systems Con-
taining SB50(2)ep15 Block Copolymer. SB50(2) block co-
polymer with 15 mol % of PB block epoxidation was added
into the epoxy resin at two different contents, 10 and
30 wt %. Before curing, both mixtures were homogeneous
but opaque. AFM and TEM micrographs for these mixtures
are shown in Figure 3a,b. As can be seen, these systems
presented macrophase separation, suggesting that this epox-
idation degree was not enough to develop nanostructured
epoxy systems. In a previous work with similar thermoset-
ting mixtures containing 30 wt % of epoxidized SBS triblock
copolymer,”® the minimum threshold established of PBep
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Figure 3. TM-AFM phase (I) and TEM (II) images for epoxy mixtures containing SB50(2)ep15: (a) 10 wt % and (b) 30 wt %. PS block appears dark in

AFM images and black in TEM images. RuO, preferentially stains PS.

units in the overall mixture to ensure nanostructuring was
4.8 wt %. Consequently, taking into account that for the
mixture containing a 30 wt % of SB50(2)epl5 this value is
equal to 2.8 wt % of PBep in the overall mixture, one can
conclude that in this system macrophase separation should
be expected. Dispersed block copolymer domains with size
range of 2 um in a continuous epoxy matrix were observed in
10 wt % SB50(2)epl5 modified system (Figure 3a). More-
over, a phase-inverted morphology was obtained for 30 wt %
SB50(2)epl5 modified system, where big domains of
epoxy were dispersed in a continuous matrix formed by
interconnected rod/wormlike micelles of block copolymer
(Figure 3bLII). Similar results were reported by other
authors for an epoxy system modified with a polystyrene
(PS) homopolymer,*® showing dispersed PS domains at low
thermoplastic concentrations and a phase-inverted morphol-
ogy at high thermoplastic concentrations.

The evaluation of glass transition behavior of full reacted
mixtures by means of dynamic mechanical analyses is shown
in Figure 4. The neat epoxy showed a single T, around
190 °C. As can be seen, the mixtures containing SB50(2)ep15
revealed a new transition around 90 °C related to the T, of
phase-separated PS block, less distinguished in 15 wt %

SB50(2)ep15 mixture due to the lower amount of segregated
PS phase. The T, of epoxy-rich phase in the SB50(2)ep15
mixtures appeared around 180 °C, thereafter showing the
rubber plateau in the storage modulus. On the other hand,
the 30 wt % SB50(2)epl5 mixture clearly presented a T at
around 140 °C, which could correspond to high plasticized
epoxy-rich phase. Additionally, after the T, of epoxy rich-
phase, the mixture showed a liquidlike behavior, which
means that the mixture matrix was the block copolymer.
These results support the above shown AFM and TEM
analyses.

Microphase-Separated Structures in Epoxy Systems Con-
taining SB50(2)ep22 and SB50(1)ep35 Block Copolymers.
The mixtures containing SB50(2)ep22 were translucent after
curing, indicating that macrophase separation was absent at
this degree of epoxidation. Figure 5a—c shows the AFM (I)
and TEM (II) micrographs of thermosetting mixtures con-
taining 10, 20, and 30 wt % SB50(2)ep22 block copolymer. It
can be seen that microphase-separated morphologies were
developed in all the mixtures. For the 10 wt % SB50(2)ep22
mixture, block copolymer vesicles of several sizes possibly
encasing within them epoxy system appeared well dispersed
in a continuous epoxy matrix (Figure 5al). In addition, these
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Figure 4. DMA spectra of (a) storage modulus, £, and (b) loss factor,
tan 0, obtained at 1 Hz for neat epoxy (a) and its mixtures containing
SB50(2)epl5: 10 wt % (@) and 30 wt % ().

vesicles presented a layered structure as two phases were
discernible in each vesicle domain (Figure 5all). PS layer
appears black in TEM image because the preferential RuOy
staining. As for this epoxidation degree PS block separated
later than epoxidized butadiene block, the outer layers of
vesicle shells can be ascribed to PS layers and the inner layer
to PBep, being the core related to epoxy system. Addition-
ally, some multivesicular domains can be observed, where
many nonconcentric small (daughter) vesicles reside in a
much large (mother) one.?” As can be seen in Figure 5bI,II,
increasing the content of block copolymer to 20 wt % in the
mixture, the morphology undergoes a transition to inter-
connected long wormlike micelles. The mixture containing
30 wt % SB50(2)ep22 (Figure 5cl) revealed an entirely long
wormlike morphology, also presenting the bilayered struc-
ture inside the epoxy matrix where layers of PBep were
surrounded by PS layered domains (Figure Scll). Similar
structures have been widely regorted in block copolymer in
solution (especially in water).**** These morphologies can
be explained taking into account that SB50(2)ep22 block
copolymer presents an epoxidation degree not enough to
make compatible all the PBep block with the epoxy resin
before curing, as only a 4 wt % of PBep units does exist in the
overall 30 wt % SB50(2)ep22 mixture, being this amount
lower than the threshold established to produce nanostruc-
tured systems (4.8 wt % of PBep units in mixtures containing
30 wt % of a similar BC).?° Then, considering the initial
miscibility of PS chains and partial miscibility of PBep
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subchains with the precursors of epoxy resin before curing,
it is judged that the formation of the nanostructures in the
epoxy network occurs according to this sequence: first, the
mechanism of self-assembly of PBep block prior to curing,
followed by fixing these nanostructures via phase separation
of PS chains through curing reaction.'*

On the other hand, the dynamic mechanical behavior of
full reacted mixtures containing 10—30 wt % SB50(2)ep22,
studied by DMA, is shown in Figure 6a,b. As can be seen, all
the mixtures presented the 7, of PS block at around 90 °C
(more clearly distinguished in 30 wt % SB50(2)ep22
mixture). The T, of the epoxy matrix appeared at about
180, 175, and 165 °C for 10, 20, and 30 wt % SB50(2)ep22,
respectively, thus indicating a plasticization increasing upon
block copolymer content. At temperatures higher than 7, of
the epoxy-rich phase, all the systems showed a rubberlike
behavior (Figure 6a), thus indicating epoxy phase remained
as the matrix of these systems. Additionally, DMA and DSC
scans of fully reacted mixtures were conducted at low-
temperature range (not show here). The thermograms re-
vealed the T, of PBep block around —30 °C, suggesting that
effectively epoxidized polybutadiene block was microphase
separated in the mixture.

Furthermore, in order to corroborate that the bilayered
vesicles encased the epoxy matrix within them, a nanoinden-
tation analysis using the AFM technique was carried out on
both inner and outer regions of a vesicle shell for the 10 wt %
SB50(2)ep22 mixture. Figure 7 shows force—indentation
curves for these regions. As can be seen, both phases
presented a similar stiffness of 190 nN (calculated as ex-
plained in experimental part), thus confirming their similar
composition based on epoxy matrix.

An AFM image of mixture containing 30 wt % SBS50-
(1)ep35 is presented in Figure 8. It is worth noting that this
mixture exhibited microphase-separated morphology, where
hexagonally packed PS cylinders oriented parallelly and
perpendicularly to the cutting surface appeared confined
with long-range order in the epoxy matrix. This fact suggests
that the resulting morphologies originated through reaction-
induced microphase separation of PS block starting from
a totally miscible mixture before curing. In this case, the
epoxidation degree was enough to make compatible the
entire PBep block with the epoxy precursor as the total
amount of PBep in the mixture was 6.2 wt %, far beyond
the minimum threshold established.?® Moreover, it is
important to emphasize that the higher miscibility of SB50-
(1)ep35 with the epoxy matrix with respect to SB50(2)ep22
can be also expected due to the differences in molecular
weight between these two block copolymers. The microphase
separation of PS block was corroborated by DMA experi-
ments (not shown here) as the curves revealed two Ty's, the
first at around 80 °C attributed to PS microdomains and the
second at 165 °C ascribed to the T, of epoxy matrix contain-
ing PBep chains. On the other hand, by using the Fox
equation and the T, values of epoxy-rich phase in the
modified epoxy systems, no big changes in the concentration
of epoxidized PB units dissolved in the epoxy-rich phase
between the SB50(2)ep22 and SB50(1)ep35-modified epoxy
systems were observed, which means the minimum threshold
for nanostructuration is found in this range of epoxidation.

Microphase-Separated Structures in Epoxy Thermoset
Containing SB65ep28 Block Copolymer. In order to corro-
borate the strong influence of epoxidation degree of PB
block in the mechanism of phase separation, a SB65 block
copolymer with higher content of PB block was also added to
the epoxy system. The mixtures containing 10 and 30 wt %
SB65ep28 were transparent after curing. Figure 9a,b shows



6220 Macromolecules, Vol. 42, No. 16, 2009

0.0 2: Phase

(al)

I
0.0 2: Phase

(bD)

0.0 2: Phase

(ch)

Ocando et al.

(bID)

(clD)

Figure 5. TM-AFM phase (I) and TEM (II) images for epoxy mixtures containing several amounts of SB50(2)ep22: (a) 10 wt %, (b) 20 wt %, and
(c) 30 wt %. PS block appears dark in AFM images and black in TEM images.

AFM images (I) and TEM (II) micrographs of 10 and
30 wt % mixtures. It can be seen that long-range order
microphase-separated morphologies were developed in both
mixtures. The obtained morphologies in the range of com-
position of 10 wt % SB65ep28 were spherical micelles of

segregated PS block dispersed in an epoxy matrix containing
PBep block. The increase of SB65ep28 content up to 30 wt %
in the mixture led to more closely packed PS micelles finely
dispersed in the epoxy matrix. It is important to emphasize
that in this case the formation of resulting morphologies
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Figure 6. DMA spectra of (a) storage modulus, £, and (b) loss factor,
tan J, obtained at 1 Hz for neat epoxy (a) and its mixtures containing
SB50(2)ep22: 10 wt % (@), 20 wt %, (M) and 30 wt % (tilted A).

took place only by reaction-induced microphase separation
of PS block starting from a totally miscible mixture before
curing. In this case, the epoxidation degree was enough to
make compatible the entire PBep block with the epoxy
precursor. The amount of PBep was 6.5 wt % in the 30 wt
% SB65ep28 mixture, thus being higher than the minimum
threshold established.”® The microphase separation of PS
block was corroborated by DMA experiments (not show
here); the curves revealed two T,/s, the first at around 80 °C
attributed to PS phase and the second transition ascribed to
T, of epoxy matrix at 167 °C for 10 wt % SB65ep28 and
160 °C for 30 wt % SB65ep28. In addition, at temperatures
higher than T, of the epoxy-rich phase, all the systems
showed a rubberlike behavior, thus confirming that this
phase acted as matrix of the mixture.

Finally, schematic representations about the possible or-
ganization of blocks during the formation of nanostructures
obtained in epoxy thermosets modified with SB50(2)ep22
and SB65ep28 before and after epoxy curing reaction are
shown in Figure 10. Figure 10LII shows the morphology
development through PBep block self-assembly before cur-
ing followed by reaction-induced microphase separation
of PS block, leading to vesicles and wormlike micelles
with bilayered structure depending on the content of BC.
Figure 10II1 shows the morphology development by reac-
tion-induced microphase separation of PS block from a
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Figure 7. Force—indentation curves for 10 wt % SB50(2)ep22 mixture,
inside (1, solid line) and outside of the vesicles (2, dashed line). AFM
phase image is shown in the inset.
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Figure 8. TM-AFM phase image for epoxy mixture containing
30 wt % SB50(1)ep35. PS block appears dark in AFM images.

totally miscible mixture before curing, leading to long-range
order nanostructures after reaction. The different mecha-
nisms involved in the morphology development mainly
depend on the content of epoxidized polybutadiene in the
epoxy mixture. SB65ep28 and SB50(1)ep35 show higher
miscibility with epoxy resin than SB50(2)ep22 since the
epoxidized PB units in the overall epoxy mixture are 6.5,
6.2, and 4 wt %, respectively, being for the systems modified
with SB50(2)ep22 lower than the minimum threshold estab-
lished of PBep units in the overall mixture to ensure nano-
structuring. Thus, it is reasonable to expect that the mixture
containing a minor number of epoxidized PB units
(SB50(2)ep22) forms vesicular assemblies with a less-curved
interface with the epoxy resin (Figure 5) than does the
mixture with a larger number of epoxidized PB units
(SB65ep28), which forms spherical micelles (Figure 9).
Fracture Toughness of Thermosetting Mixtures. Table 2
summarizes the mechanical properties of the thermosetting
mixtures. It is worth to note the flexural modulus decreased
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Figure 9. TM-AFM phase (I) and TEM (1I) images for epoxy mixtures containing SB65ep28: (a) 10 wt % and (b) 30 wt %. Scale bar: 200 nm for TEM

image. PS block appears dark in AFM images and black in TEM images.

as the content of BC in the mixture was higher. This decrease
can be attributed to the plasticization effect by the incor-
poration of BC chains in the epoxy network. Moreover,
contrary to that could be expected, modulus decrease was
less for the mixtures containing SB65ep28 than for those
containing SB50(2)ep22, thus demonstrating that long-range
order microstructuration produced a synergistic effect on
this mechanical property due to a higher extent of interac-
tions between phases. In fact, for the same copolymer
content the lower modulus appeared for the macroscopically
phase-separated system being the intermediate value that for
the system nanostructured without long-range order, which
seems to be related to the different miscibility extents of these
systems.

On the other hand, the epoxy matrix was clearly tough-
ened for all block copolymer modified systems. As reported

by other authors, Gy, depends on the size and shape of the
microstructure of the system.?'?>2>2% Thus, the mixtures
containing SB65ep28 that presented nanometer-sized sphe-
rical PS micelles revealed a lower contribution to fracture
toughness improvement than the nanostructured mixtures
containing SB50(2)ep22, these values being lower for the
macroscopically phase separated mixtures with similar com-
positions. These results seem to indicate that the domain size
of phase-separated systems is not the only factor contribut-
ing to fracture toughness enhancement but the extent of
interactions at the interface between the epoxy matrix and
phase-separated domains as well as their domain shape can
also be relevant factors. More work with thermosetting
systems showing different morphologies and several extents
of miscibility between separated phases would help to know
the real contribution of both factors.
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Figure 10. Schematic representations of blocks organization for the thermosetting mixtures containing: (I) 10 wt % SB50(2)ep22, (II) 30 wt %
SB50(2)ep22, and (I1I) 10 wt % SB65ep28 block copolymers before (a) and after curing (b).

Table 2. Summary of K. and Gy Results for Epoxy Systems Modified with Epoxidized Diblock Copolymers

system weight (%) E (MPa) Ki. (MPa ml"z) Gre (J/1n2) G1e/Gic epoxy

epoxy matrix 27004 45 0.8040.02 208 4+ 10 1

SB50(2)epl5 10 2200+ 55 1.01£0.09 405+70 1.96
SB50(2)epl5 30 935440 0.77+0.05 560 +75 2.69
SB50(2)ep22 10 2150480 1.004+0.03 410430 1.97
SB50(2)ep22 20 1700 £ 80 0.90 +0.04 415440 1.99
SB50(2)ep22 30 1570 4 60 1.314+0.06 955490 4.59
SB65ep28 10 2370 +85 0.87+0.07 285450 1.36
SB65ep28 20 2170+ 110 0.96 + 0.03 370 £20 1.78
SB65ep28 30 2060 4 60 1.2540.07 670+ 80 3.22

4. Conclusions

We have found with this study two main results: (1) an
epoxidation degree of SB diblock copolymers, near the minimum
threshold established to achieve nanostructuration in this type of
thermosetting mixtures,” can produce microphase separation
through self-assembly of epoxidized polybutadiene block and
reaction-induced microphase separation of PS block, and (2) new
bilayered structures are developed by the occurrence of these two
mechanisms of morphology formation before and during curing
reaction, leading to vesicles or long wormlike micelles depending
on the concentration of block copolymer in the overall mixture.
On the other hand, when the epoxidation degree is considerable
lower than the minimum threshold, macrophase separation
occurred as expected. Nevertheless, at higher epoxidation degree,
long-range order microstructures of PS were obtained as a
consequence of reaction induced microphase separation because
the initial miscibility of both blocks with the epoxy resin before
curing.

For fracture toughness of this kind of thermosetting mixtures,
it seems that the domain size of phase-separated systems is not the
only factor contributing to toughness enhancement but the extent
of interactions between the phase separated domains and their
domain shape can also be relevant factors. More work with

thermosetting systems showing different morphologies and sev-
eral extents of miscibility between separated phases would help to
know the real contribution of both factors.
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