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Abstract

Polystyrene-b-polybutadiene-b-poly (methyl methacrylate) block copolymer (SBM) was incorporated into epoxy
resin to access the nanostructures in epoxy thermosets, knowing the different miscibility of polymeric blocks on epoxy
matrix during the curing treatment. The morphology of modified SBM/epoxy resins was examined by Transmission
and Field Emission Gun Scanning Electron Microscopy (TEM and FEG-SEM), reveling a nanostructured epoxy
matrix with a dispersed micro-scale phase. The modified resins presented enhanced flexural properties, which were
dependent on the composition of blend. The resin reinforced with low SBM contents (2.5 and 5 wt%) presented
high values of flexural modulus and strength, while the blend reinforced with higher SBM load (10 wt%) showed
higher elongation ability. This different behavior was explained by SEM analysis of fracture surfaces, which showed
different toughening mechanisms. The adhesive strength and toughness were determined using carbon fiber/epoxy
laminates with peel ply surface treatment as adherends. The results showed a dramatic enhancement of both
properties for modified SBM/epoxy adhesives. The highest increases measured were 50 and 70% for lap shear
strength and mode-| adhesive fracture energy, respectively.
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Introduction

Epoxy resins are one of the most important structural adhesives
due to their good adhesive properties and high thermal and chemical
strength. These adhesives show good wettability on carbon fibre/epoxy
laminates due to the high compatibility with epoxy matrix. For this
reason, they are being actually investigated in order to replace the
mechanical joints. The adhesive joint of epoxy laminates is especially
interesting for automotive and aerospace industry, which need large
and complex structures combined with a low weight.

The main limitation of epoxy adhesives is their low fracture
toughness. In the last two decades, numerous works has been
undertaken in an attempt to enhance their toughness. The main
approaches are based on the incorporation of a second phase, such
as rubber or thermoplastic particles and mineral fillers [1-3]. It is
well known that relative low corsslinked epoxy thermoset can be
toughened by incorporation of elastomeric micro-phases but high
crosslinked resins are difficult to toughen by this procedure [4,5]. Also,
the addition of elastomeric polymers generally tends to decrease both
the elastic modulus and heat resistance. Therefore, new engineering
thermoplastic polymers and copolymers are being researched to achieve
high toughness and thermal strength. Block copolymers have attracted
attention as modifiers for toughening of epoxy resins [6,7]. These tend
to form nano-phase structures (1-100 nm). In general, the efficiency of
fillers is inversely proportional to size and directly proportional to the
filler surface area and volume ratio [6].

The enhancement in toughness depended on the phase-separated
morphology of modified resins. The thermosetting blends are usually
prepared from homogeneous solution composed of epoxy precursors
and thermosetting modifier. The phase separation occurs due to the
change of free energy in the mixture elevated by the increase in the
molecular weight during epoxy curing reaction (Reaction-induced
phase separation, RIPS) [2]. The size of separated phases is in the order

of sub-micrometers or nanometers [8-10]. When the thermoplastic
modifiers are homopolymers or random copolymers, the reaction-
induced phase separation occurs on microscopic scale. The use of block
copolymer with miscible block allows obtaining nano-scale inclusions
or even nano-structures.

Ritzenthaler et al. [11-14] studied the addition of ABC triblock
copolymers to epoxy resins. The used thermoplastic modifier was
polystyrene-b-polybutadiene-b-poly (methyl methacrylate) (PS-PB-
PMMA, SBM). The morphology of blends markedly depended on
the characteristic of thermoplastic copolymer and even the nature of
hardener. For example, the increase of PB content made “onion like”
multilayer morphology. It was determined that PS and PB blocks are
immiscible while PMMA is completely miscible. The addition of low
amount of SBM can induce an important enhancement of toughness
of epoxy resin. The major toughening mechanism implied is shear
yielding although other mechanism can be implied such as particle
bridging mechanism, crack-pinning or microcracking.

The purpose of this work is to investigate the viability of using
toughened epoxy resins, formed by thermoset matrix with different
content of SBM, as adhesives for joining carbon fiber/epoxy laminates.
The objective is to increase the toughness of joints through the presence
of new micromechanical mechanisms associated to the presence of
different thermoplastic nano- and micro-scale phases that contribute
to increase the energy consumption during fracture.
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Experimental
Materials

The unidirectional carbon fibre/epoxy laminates used as adherends
are designed for use in primary aerospace structures. They were
manufactured by INTA (Madrid, Spain), from unidirectional prepregs
(Hexply 8552/34%/UD134/AS4-12K), supplied by Hexcel (Stamford,
USA) laid up and then cured in an autoclave at 180°C for 2 h at a
pressure of 6 bar. The nominal fibre volume is 57%. A dry polyester
peelply (Release Ply C, Airtech (Differdange, Luxembourg) was placed
over the last prepreg. This ply was removed just before bonding, to
generate a rough surface free of contamination. The composite surface
has been characterized by measurements of roughness and surface free
energy in a previous work.

The epoxy adhesive is constituted by diglycidyl ether of bisphenol
A (DGEBA), with 178 g/epoxy equivalent, and 4,4-diamino diphenyl
methane (DDM) as curing agent. Both components were supplied by
Sigma-Aldrich. The SBM triblock copolymer was manufactured by
Nanostrength from Arkema (France) with the commercial name E41
[15]. It is formed by polystyrene, 1,4-polybutadiene and syndiotactic
poly (methyl methacrylate) and self-organizes on a nanometer scale
induced by the strong repulsions between the side and middle blocks.
The own manufacturer indicates that the addition of 5 - 15 wt% SBM
to epoxy resin (DGEBA/DDM) induces an increase of toughness from
0.74 to 1.08 MPa.m*’ in K|_and from 258 to 418 J/m’ in G_[15].

The addition of SBM to epoxy resin was carried out following the
recommendations of manufacturer. Different contents of SBM (0,
2.5, 5, 10 wt%) were mixed with epoxy monomer at 120°C during 30
min using high-shear mixer (Dispermat) at 2500 rpm to dissolve the
triblock copolymer in epoxy resin. Then, the curing agent was added in
stoichiometric ratio and the mixture was degassed. The curing process
was performed in two steps: 3 h at 150°C and then 1 h at 180°C.

Characterization

The morphology of modified SBM/epoxy resins was studied by
Field Emission Gun Scanning Electron Microscopy (FEG-SEM) and
Transmission Electron Microscopy (TEM). The samples surfaces were
coated in thin films (40 - 50 nm) by cryo-microtomy and stained by
vapor of RuO, for their observation by TEM (Phillips Tecnai 200 kV).
On the other hand, the surfaces of the samples were sputter coated by
a thin layer (5-10 nm) of Au (Pd) for their study by FEG-SEM (Nova
NanoSEM FEI 230).

The mechanical characterization was carried out by flexural test
(Instron 4465), following the ASTM D-790 at a crosshead speed of 0.8
mm/min. The fracture surfaces were also covered with Au (Pd) and
observed by and FEG-SEM.

The viability of using these modified epoxy resins as adhesives for
joining carbon fiber/epoxy laminates was studied analyzing the joint
strength and toughness. The adhesive strength was determined by
single lap shear test in accordance with the description given in ASTM
D5868. The adherends were 100 mm long, 25 mm wide and 2.5 mm
thick. The overlap area of the bonding region was 25 x 25 mm? with
constant thickness of 0.7 mm. Five specimens were tested for each
adhesive composition. Double Cantilever Beam (DCB) tests were
performed to determine the mode-I adhesive fracture energy of the
adhesive joints, following the protocol “Determination of the Mode-I
Adhesive Fracture Energy, G,, of Structural Adhesives using the
Double Cantilever Beam (DCB) and Tapered Double Cantilever Beam

(TDCB)” [16]. For this test, the adherends were 150 mm long, 25 mm
wide and 3.3 mm thick. A 75 mm thick Polyethylene Terephthalate
(PTFE) film was inserted at one end of the specimen to act as a crack
initiator. To perform the test, a pre-crack was generated from the non-
adhesive insert, and then the DCB test was performed. The thickness of
the adhesive was 0.4 mm. To facilitate the detection of crack growth, one
edge of the sample was coated with a thin layer of typewriter correction
fluid. In the DCB testing, the load was applied to the specimens at a
constant cross-head rate of 1 mm/min. The measured displacement, d,
was corrected with the system compliance [17,18]. Five samples were
tested for each adhesive composition. There are several methods to
calculate the mode-TI strain energy release rate, G,_[18]: I) Corrected
Beam Theory (CBT); IT) Experimental Compliance Method (ECM) and
III) Area method. We analyzed the results obtained with each one in a
previous work and we have selected the Area method for its simplicity
and quality of results in this new research [19]. The procedure of
analysis is explained in detail in the published work [18].

Results
Morphology of SBM/epoxy blends

The study of phase structure of epoxy resins modified with different
contents of SBM block copolymer confirmed the presence of two phases
in different scale. Two-phase morphology is one of the most important
criteria for enhancement of fracture toughness. Although there are
few exceptions, heterogeneous blend gave higher fracture toughness
compared with homogeneous blends [9]. Two different electron

Figure 1: Micrographs obtained by TEM (left) and FEG-SEM (right) of
epoxy resins modified with 2.5% (1a, 1b), 5% (1c, 1d) and 10% (1e, 1f) SBM
block copolymer. Micrographs 1a and 1e shows an image analysis of the
nanoinclusions interface.
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microscopies were used in order to analyze both different phases.
Figure 1 collects several micrographs captured by FEG-SEM (1b, 1d,
1f) and TEM (la, lc, le). FEG-SEM micrographs shows spherical
micrometer-size particles with an average diameter which varies with
the SBM load: 500 nm for 2.5 wt% and 1 um for SBM contents of 5
and 10 wt%. In all cases, these particles are broken, indicating a good
adhesion between epoxy matrix and dispersed phase. This together
with uniform dispersion of domains is also essential for enhancing
the fracture toughness [9]. The fracture mechanisms implied will be
studied in depth on the tested flexural specimens. In addition to this
micro-scale phase, these micrographs show a second phase smaller
homogenously distributed into epoxy matrix. In order to determine
the size of this phase and even to study their nature and interface,
the same samples, stained with ruthenium tetroxide, were observed
by TEM. The blends with 2.5 and 5 wt% SBM present a secondary
diffusive phase, whose geometry tends to cylindrical one. This nano-
scale phase seems be structured in concentric layers, commonly
named “onion like” multilayer morphology [8]. Some authors
[9,11,20,21] affirm that the dark centre of nano-inclusions mainly is
polybutadiene, which is completely immiscible in epoxy network. The
next gray layer, concentric to the PB core, could be mainly formed by
polystyrene, whose compatibility with the matrix is lightly higher than
polybutadiene. Finally, the PMMA blocks must be soluble in the epoxy
matrix. It is worthy to see that the size and shape of nano-phase varies
with the amount of SBM added. The epoxy resin modified with 2.5%
SBM shows spherical nanoparticles, whose diameter is close to 50 nm.
In contrast, the blend with 5% SBM shows a cylindrical nano-scale
phase showing multilayer morphology. Finally, the resin with highest
SBM content presents a different kind of secondary phase. Their
structure is not multilayer. The morphology of these nanoinclusions
is similar than the micro-scale ones observed by FEG-SEM. They are
spherical particles, whose average diameter is around 100 nm, showing
a clear and defined interface. So, the epoxy resins modified with 2.5
and 5.0 wt% SBM can be regarded as nanostructured epoxy matrix
with micro-inclusions dispersed. In contrast, the blend with 10% block
copolymer is formed by two kind of thermoplastic inclusions with
different size. This affirmation was confirmed by image analysis (Figure
1a, le). It is possible to observe that the nano-scale phase of micrograph
la, corresponding to epoxy resin modified with 2.5 wt% SBM does
not present a clear interface in contrast to the nano-scale phase of
micrograph le obtained for epoxy resin modified with 10 wt% SBM.

Flexural properties of SBM/epoxy blends

Figure 2 shows the mechanical properties of modified epoxy resins
as a function of the percentage of block copolymer added. The epoxy/
SBM blends present enhanced mechanical properties regarding to
neat epoxy thermosetting resin. In particular, the addition of low SBM
contents (2.5 and 5 wt%) causes an enhancement on the stiffness and
mechanical strength of resin, reaching increases of 24% and 12% for
the flexural modulus and maximum strength, respectively. The blend
reinforced with 10% SBM present different behavior. The stiffness and
strength of this blend are lightly higher than the neat material but it
shows an important increase of deformation. The different behavior
of blends as a function of SBM load must be associated to the different
morphology. In the previous section, it is probed that the phase
structure of epoxy resin modified with 10% SBM is different than the
observed one for blends with lower SBM content. In both cases, an
increase of the mechanical strength and the deformation ability can
induce an increase of toughness, which is our main goal. In order to
analyze the possible presence of toughening mechanisms, the fracture

surfaces were observed by FEG-SEM (Figure 3). As it is expected,
the fracture surfaces of blends with 2.5 and 5.0 wt% SBM are similar
and they present differences regarding to the surface of epoxy resin
modified with 10 wt% SBM. The micrographs of neat epoxy resins
have not been included because they have been widely reported in the
bibliography since DGEBA/DDM is a common epoxy resin [22,23]. As
itis well known, the neat thermosetting resin presents a smooth surface,
showing few accentuated fine, straight and parallel river markings,
pointing to the defect responsible for the failure, characteristic of a
brittle material. In general, the fracture surfaces of blends are rougher,
increasing significantly fracture lines concentration as well as some
features protruding from the fracture surface usually named “stacked
lamellar texture”, which imply the fortuitous intersection of two planes
of fracture, stating the presence of localized plastic deformation in
the matrix. This means that the energy required for the propagation
of crack is increased [7]. On the fracture surfaces, it is possible to
observe several characteristic features of toughening mechanisms of
modified epoxy resins. First of all, an important deformation of matrix
is appreciated, appearing cavitations on dispersed thermoplastic
micro-scale phase (Figure 3a, 3¢, 3e). This toughening mechanism is
commonly named “shear yielding” and it is the most frequent on epoxy
resins reinforced with a second plastic phase. Plastic deformation blunts
the crack tip, reducing the local stress concentration and allowing the
material support higher loads before failure occurs. Other toughening
mechanism observed is the named “particle bridging”. The micro-scale
particles deform plastically in the material surrounding the crack tip
providing additional crack shielding. It is interesting to note the micro
fibrillation formed around the micro-particles (Figure 3a, 3d), named
“ductile tearing of particles”. Also, no vacant spaces were found due
to removal of domains from fracture surface. Both indicate that there
exists strong interfacial adhesion between matrix and micro-scale
phase due to the preferential solution of some polymeric blocks, such
as PMMA, regarding to the immiscibility of PB.

The main differences between fracture surfaces of different blends
are observed at high magnification (Figure 3b, 3d, 3f). The secondary
nano-scale phase of blends with low SBM content (2.5 and 5 wt%)
present cavitation and light plastic deformation. In contrast, the
nano-inclusions of epoxy resin modified with 10 wt% SBM present
some voids. The debonding process is generally considered to absorb
little energy compared to the plastic deformation of matrix. However,
debonding is essential because this reduces the constraint at the crack
tip and hence allows the matrix to deform plastically via a void growth
mechanism [24]. This is the main mechanism which justified the higher
deformation ability of this SBM/epoxy blend.
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Figure 2: Flexural properties of epoxy resins modified with different SBM load.
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Figure 3: FEG-SEM micrographs of fracture surfaces of epoxy blends modified
with 2.5 wt % (3a, 3b), 5 wt % (3c, 3d) and 10 wt % (3e, 3f).

Strength and toughness of carbon fiber/epoxy joints bonded
epoxy/SBM adhesives

In the previous section, it was confirmed that the modification
of epoxy resin with SBM induces an important increase of their
mechanical properties. Also, the fracture surfaces analysis confirmed
the appearance of different toughening mechanisms associated to the
presence of two-phase structure. Particularly, the addition of low SBM
contents induces an increase of mechanical strength and modulus of
epoxy matrix while the incorporation of 10% SBM implies an increase
of deformation ability. In this new section, we analyze how this affects
to toughen of epoxy adhesives using epoxy laminates as adherends.

Figure 4 shows the values of lap shear strength and mode-I
adhesive fracture energy for the joints bonded with modified epoxy
adhesives and unmodified one as a function of weight percentage of
SBM added in epoxy resin. The addition of SBM induces an increase
of adhesive strength. For a brittle neat epoxy thermosetting with high
cohesive strength and low flexibility, the introduction of thermoplastic
phases can damp the external stress and enhances the ability of
adhesive for resisting against crack propagation [25]. Therefore, the
lap shear strength increases. The epoxy resin modified with 10 wt%
SBM presents an enhancement of their adhesive strength of 44%
comparing with neat thermosetting resin. This implies that the increase
of deformation ability of brittle epoxy adhesive caused by the addition
of 10 wt% SBM allows enhancing the joint strength. This increase of
almost 50% more on adhesive strength is markedly interesting for

future applications. In all cases, the failure mode is adhesive but in
the joint bonded with epoxy adhesive modified with 10 wt% SBM,
there were some small areas of cohesive failure in the adherend. This
small change in the failure mechanism could indicate a change in the
toughness of the joints [18]. For this reason, the toughness of joints
was studied by the measurement of mode-I adhesive fracture energy
using DCB specimens. In this point, it is necessary to comment that the
surface treatment applied on carbon fiber/epoxy laminates is peel ply.
Peel ply is very easy to apply and provides rough surfaces, increasing
markedly the area available for bonding and therefore the dispersive
surface energy of adherend. However, in spite of the higher roughness
and improving wetting over untreated adherends, all tested joints
bonded with neat epoxy adhesive failed in adhesive mode.

Figure 4 also shows the mode-I adhesive fracture energy values as a
function of SBM content of the adhesive. The area method provided one
G,, value for each joint. The arithmetic mean and standard deviation
were calculated for each adhesive composition using five values of G,
corresponding to the five joints tested. The load-displacement curves
obtaining during the DCB testing can present two behaviors [18]: a) the
crack progresses continuously, where the curve collected is continuous
and smooth without jumps; and b) unstable “stick-slip” crack growth
behavior, where load-displacement present numerous small peaks. The
crack progressed continuously during the test of joints bonded with neat
epoxy adhesive while that the curves collected for all joints bonded with
modified epoxy blends exhibited unstable “stick-slip” crack growth.
This could indicate that the crack growth on neat adhesive was brittle
way easy and fast. In contrast, when joints were bonded with modified
epoxy/SBM adhesives, the crack found impediments to progress,
which usually implies an increase of toughness. This conclusion is
confirmed with G_values. An important increase of mode-I fracture
energy of DCB joints is obtained for the adhesives modified with block
copolymers. This increase of adhesive toughness is close to 70%. In
spite of the important differences found in the mechanical behaviour
of the epoxy blends as a function of SBM content and even in their
adhesive strength, not great differences are observed on the fracture
energy of their joints. This fact can be associated to the selected method
for calculating G, value, which is easy and reproducible. However,
the area method could be less accurate to analyse the toughness of
joints which present “stick-slip” crack growth, such as occurs with the
modified SBM/epoxy adhesives [18].

The fracture surface of unmodified adhesive is flat whereas a mixed
failure mode (cohesive and interfacial) was observed for modified epoxy
adhesives. In all studied joints, the initiation zone seems brittle but, in
the joints bonded with modified adhesives, there were more signs of
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Figure 4: Lap Shear Strength (LSS) and mode-I| adhesive fracture energy (G, )
vs. SBM content added to epoxy adhesive.
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microfibrillation, which is a typical mechanism of energy consumption
during the fracture of epoxy adhesives.

Conclusions

The modification of epoxy resin with different contents of
polystyrene-b-polybutadiene-b-poly (methyl methacrylate) block
copolymer was studied, analyzing their morphology and mechanical
properties. Also, the viability of using these modified epoxy resins as
adhesives for carbon fiber/epoxy laminates was evaluated, measuring
the lap shear strength and mode-I adhesive fracture energy.

The studied blends exhibited a nanostructured epoxy matrix
reinforced with micro-scale thermoplastic inclusions. The size and
shape of both domains depended on the SBM content and this affected
to their mechanical properties. All studied epoxy blends presented
enhanced mechanical properties comparing with neat thermosetting
resin. At low SBM content (2.5 and 5 wt%), the blends presented
enhanced flexural modulus and strength while the addition of higher
percentage (10 wt%) implies an important increase of deformation
ability. These differences were justified by the appearance of different
toughening mechanisms associated to different morphology. In
particular, the fracture surface of the resin modified with 10 wt% SBM
present debonding on nanoscale domains. Although this mechanism
generally imply the absorption of little energy, it is essential because
this reduces the constraint at the crack tip and hence allows the matrix
to deform plastically via a void growth mechanism.

The enhancement of mechanical properties of modified epoxy
resins together with their nanostructured morphology caused a
dramatic increase of their adhesive properties. The adhesive strength
and toughness of joints with carbon fiber/epoxy laminates treated by
peel ply were measured. The lap shear adhesive strength is increased up
to 50% regarding to neat epoxy resin and the mode-I adhesive fracture
energy (G, increased up to 70%. These important enhancements are
very significant for future applications taking into account the relative
low cost of the block copolymer added and the simplicity and speed
of manufacturing process of epoxy resin modified with SBM block
copolymer.
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