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ABSTRACT:

Here we report the effect of multi-walled carbon nanotubes (MWCNTS) and
thermally reduced graphene (TRG) on the miscibility, morphology and final properties
of nanostructured epoxy resin with an amphiphilic poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer. The addition of
nanoparticles did not have any influence on the miscibility of PEO-PPO-PEO
copolymer in the resin. However, MWCNTs and TRG reduced the degree of
crystallinity of the PEO-rich microphases in the blends above 10 wt. % of copolymer
while they did not change the phase morphology at the nanoscale, where PPO spherical
domains of 20-30 nm were found in all the samples studied. A synergic effect between
the self-assembled nanostructure and the nanoparticles on the toughness of the cured
resin was observed. In addition, the nanoparticles minimized the negative effect of the

copolymer on the elastic modulus and glass transition temperature in the resin.
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1. INTRODUCTION:

Epoxies are found in a wide range of applications in different sectors including
building, electronics, aircrafts, automobile and so on[1-4]. Cured epoxy resins often
possess high performance properties, however due to their highly crosslinked structure
they present high brittleness limiting their final application in many cases. Hence,
enormous research efforts have been taken in an attempt to improve the toughness of
thermosetting polymers. One of the most successful routes is to incorporate soft
polymer modifiers like elastomers[5], thermoplastics[6], hyperbranched polymers[7] or
rigid fillers[8]. In all cases, the finer and smaller the morphology of the second phase,

the greater the enhancement in the toughness of brittle polymers is[9].

In this context, the use of nanostructured systems seems to be one of the most
appropriate strategies to modify the final properties of polymers. For this reason,
nanostructures generated by the addition of amphiphilic block copolymers to the epoxy
formulation have attracted great attention in recent years. Since the first work reported
by Hilmyer et al.[10] describing self-assembled structures in thermosetting polymers,
two key types of block copolymers (BC) have been used as toughening agents. The first
type are reactive BCs whose epoxy miscible group is reactive towards the epoxy
monomer or hardener and the developed nanostructure can be fixed before macrophase
separation occurs. A reactive BC can be produced by the epoxidation of one of its
groups[11] or by synthesizing the full BC through complex reactions[12]. The second
type are non-reactive BCs which are the most widely studied, and includes a range a
variants such as, poly(styrene)-poly(2-vinylpyridine), polystyrene-block-poly(ethylene
oxide) or poly(epsilon-caprolactone)-block-polybutadiene-block-poly(epsilon-
caprolactone), among others. A detailed review of BCs used in epoxy toughening can be

found elsewhere[13]. Poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene



glycol), (PEO-PPO-PEQ), represents one of the most important BCs employed to
nanostructure epoxy resins. The popularity of PEO-PPO-PEOQ is due to its commercial
availability, including different ratios of each block as well as the simplicity of the
experimental procedure and the absence of any chemical synthesis or reaction with the
epoxy system. For PEO-PPO-PEO epoxy blends, the formation of the self-assembled
nanostructure depends on the curing conditions and the inner characteristics of the
BC[14-16]. A common problem with adding BCs to epoxy resins is that poor
miscibility between the two materials can result in a microphase separation of one block
of the BC, which minimizes the toughening effect of the BC. In addition, the BCs can

have a negative effect on the Young’s modulus and glass transition of the cured resin.

In addition to BCs, nanoparticles like carbon nanotubes and graphene have also
been used to enhance the mechanical properties of epoxy resins and in particular the
toughness[8, 17, 18].

In the present work, we have analyzed the possible synergic effect between the
self-assembled nanostructure of the BC and the nanoparticles on the toughness of the
cured resin. The idea is that the addition of PEO-PPO-PEO should induce a
nanostructure within the epoxy matrix that would enable a better dispersion of the
nanofillers. Meanwhile, the carbon nanotubes and graphene sheets minimize the
negative effect of the BC on the elastic modulus and glass transition temperature of the

resin.

2. EXPERIMENTAL
2.1 Materials and preparation of samples:

The epoxy resin (ER) used in this study was diglycidyl ether of bisphenol A

(DGEBA) and 4,4-Methylenedianiline (MDA) was used as curing agent and mixed in a



stoichiometric ratio. The block copolymer (BC) employed was poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (PEO-PPO-PEO), with
average molecular weight, Mw= 8400 and 80 wt. % ethylene glycol. The BC possesses
a melting point of 57 °C, crystallization temperature of ~36 °C and a glass transition
temperature at -56 °C. All the chemicals were purchased from Sigma-Aldrich.

MWCNTSs and thermally reduced graphene (TRG) were synthetized in our
laboratories respectively, by CVD and exfoliation from graphite oxide, according to the
procedure described elsewhere[19]. MWCNTSs possess an aspect ratio of 3000, a length
of 160 um, outer diameter of 45 nm and a specific surface area of 50 m?/g.

To prepare the cured samples, the block copolymer was added into the epoxy
resin at 100 °C under continuous stirring at three different concentrations: 10 wt. %
(10BC), 20 wt. % (20BC) and 40 wt. % (40BC) with respect to the epoxy resin. When a
homogenous mixture was obtained, 0.25 wt. % (respect to the whole formulation) of
carbon nanoparticles (MWCNT or TRG) was added and mechanically stirred at 100 °C
and 2400 rpm for 2 h. In previous publications, we demonstrated that this filler content
does not cause large increases on the viscosity of the resin facilitating the casting of the
samples.[20] Then, the mixture was degassed at 70 °C for 1 h in a vacuum chamber to
remove the air bubbles trapped in the system. Finally, the curing agent was added to the
mixture at 100 °C with continuous stirring until the hardener was completely dissolved.
MDA was used as a curing agent in a stoichiometric epoxide/amine ratio. The final
mixture was then poured into preheated (80° C) aluminum pans and teflon molds,
degassed again at 90 °C, cured at 80° C for 8 h, and then post-cured successively at 150
°C for 2 hand 175 °C for 1 h. The curing conditions were selected based on previous

results reported by Guo et al.[15]. Sample codes indicate first the amount of added BC



followed by the type pf nanoparticle, for instance: 10BC-TRG indicates that the sample
contains 10 wt.% of BC and TRG.
2.2 Characterization techniques:

Calorimetric measurements (DSC) were made on a TA Q200 differential
scanning calorimeter in a dry nitrogen atmosphere (50 ml/min). Indium and tin
standards were used for calibration purposes. Samples of 7-10 mg were placed in an
aluminum DSC pan. All samples were first heated to 100 °C from -60 °C at 20 °C/min
and kept at 100 °C for 2 min to remove the thermal history. Subsequently, they were
cooled at a rate of 20 °C/min to -60 °C. Finally, a second heating scan to 250 °C at the
same heating rate was carried out. The crystallization temperature (T¢) was assumed
equal to the maximum of the exothermic peak, whereas the melting temperature (Tm)
was the minimum of the endothermic peak.

Dynamic mechanical tests (DMA) were performed on a TA Q800 dynamic
mechanical analyzer in a single cantilever tension mode. The specimen dimensions were
30-5-2 mm. The storage modulus (£°) and loss factor (tan 6) were measured from room
temperature to 250 °C at a heating rate of 3 °C/min and at a frequency of 1 Hz. The
glass transition temperature (Tq) was taken at the maximum of the zan ¢ curve. Three
measurements were carried out for each sample with a standard error of less than 3 %.

Transmission electron microscopy (TEM) images were taken using a TEM Leo
910 microscope at an acceleration voltage of 80 kV.The cured samples were cryo-
ultramicrotomed at -140 °C with a Leica EM UCG6. The ultra-thin films obtained were
placed on copper grids and stained with vapor of an aqueous solution of RuOa.

Small angle X-ray scattering (SAXS) experiments were conducted at the
Australian Synchrotron on small/wide angle X-ray scattering beam-line utilizing an

undulated source that allowed measurement at a very high flux to moderate scattering



angles and a good flux at the minimum q limit (0.012 nm™). The intensity profiles were
interpreted as the plot of scattering intensity versus scattering vector, q = (4/4) sin (6/2)
(6 = scattering angle).

Atomic force microscopy (AFM) was carried out in a Bruker MultiMode 8 SPM
instrument in PeakForce QNM mode on a flat trimmed surface generated by
ultramicrotomy. AFM images correspond to the adhesion map.

Scanning electron microscopy (SEM) was carried out on a Philips XL30 ESEM
at 25 kV to study the morphology and dispersion states of the cryo-fractured samples,
which were previously metallized with a 5 nm coating of gold/palladium.

The fracture toughness of the cured samples was evaluated by means of the
plane strain critical stress intensity factor (Kic). Three point bending tests were carried
out with an Instron mechanical tester according to ASTM D5045 standard. Three point
bend single notch specimens (SEN-3PB) were prepared by casting and tapping with a
fresh blade in order to initiate a pre-crack. For the given configuration where the
loading span is 4 times the depth of the sample, Kic can be calculated from equations 1

and 2.
Kie = g1 () @

{GX%[1.99—x(1—x)(2.15—3.93x+2.97x2)]}

F(5)=
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Where P is the critical load for crack propagation, B the specimen thickness, W

the specimen width, a the initial crack length (crack prenotch plus razor tapping notch).



3. RESULTS AND DISCUSSION
3.1 Miscibility and crystallization:

The uncured blends and the cured samples in all the range of composition used
in this study are transparent at room temperature suggesting that macrophase separation
before and during the curing process does not happen (Figure 1). This indicates the
miscibility of both components in these compositions.

FIGURE 1

In figure 2, DSC thermograms of the second heating scan are depicted. The Tq of
the cured resin gradually decreases with the BC content in the blend, indicating the
miscibility or at least partial miscibility of the two components. This reduction in Tg can
result from the plasticization effect of the PEO chains that results in a reduction of the
crosslinking density of the epoxy resin network. The effect of the nanofillers on the Ty
will be analyzed by DMTA measurements.

On the other hand, both 20BC and 40 BC unfilled samples present a small
endothermic peak in the proximity of the melting point of PEO. Hence, it appears these
samples have just enough PEO to start the crystallization of small crystallites of PEO in
the resin but not sufficient to cloud the sample. The disappearance of this peak in the
loaded samples could be ascribed to three main causes: the first one is the local
perturbation of the PEO crystalline order produced by the presence of nanoparticles[21];
the second cause is the lower mobility of polymer chains and higher viscosity of epoxy
resin in the presence of MWCNT and TRGJ[20]. Thirdly, it has been reported that
carbon nanoparticles accelerate the curing reaction of epoxy resins[22], therefore PEO

chains have less time to crystalize in systems with quick curing reactions.



FIGURE 2
3.2 Dynamic mechanical properties:

Figure 3 shows the dynamic mechanical response of all the samples. As already
mentioned, the addition of BC significantly decreases the T4 due to the lower
crosslinking degree of the PEO rich areas and the highly mobile microphases of PPO.
However, in all cases the T4 of the nanoparticle filled mixtures is higher compared to
the unfilled system (see values in table 1). Graphene sheets produced by the thermal
reduction of graphite oxide present different type of oxidative species attached on their
surface like: epoxy, hydroxyl and carbonyl groups [23] making TRG the most effective
filler achieving increments higher than 20 °C with only a 0.25 wt. % of TRG in the
formulation. These changes in the Tq are attributed to a strong filler-matrix interface,
thus nanofillers with functional groups on their surface, like the TRG, produce a larger
increment on the Tyg.

It is also important to point out how the storage modulus of the materials with
nanoparticles is higher in the glassy and rubbery region balancing the negative effect of
the BC on this property.

In the case of the 40BC samples, the levels of BC result in an important
plasticizing effect, as can be observed in the Tg values of the table 1 for the unloaded
systems. In this system, the stiffening effect of graphene is significantly more evident
due to the higher possible van der Waals interactions between the functional groups on
the surface of the filler and the higher number of PEO chains as well as the more stable

filler dispersion in the presence of high contents of BCs.

FIGURE 3 AND TABLE 1



Gonzalez-Dominguez et al. [24] observed a similar thermal behavior of an
epoxy resin containing SWNTs wrapped with a commercial pluronic block copolymer
based on PEO-PPO-PEQ. They observed a reduction of the Ty of 20 °C on a sample
with a similar BC content as the present study. The subsequent inclusion of oxidized

SWNTSs considerably improved this negative effect on the Ty.

3.3 Morphology:

The morphology of the cured epoxy resin containing different amounts of BC
was examined by TEM. Figure 4 shows the TEM micrographs for the 10BC, 20BC and
40BC. The sample with the smallest amount of BC displays the most homogeneous
morphology, while the blends with BC content above 10 wt. % show a more
heterogeneous morphology at the nanoscale. The tiny black spots are the PPO
nanodomains, rendered black by the preferential staining with RuO4 compared to the
cured ER matrix[25]. The 40BC sample (figure 4c) shows a hierarchical nanostructure
formed by the PPO spherical domains with diameters of about 20-30 nm dispersed
within the continuous ER matrix. The dark grey areas are the epoxy resin rich in PEO
and the grey areas the epoxy resin rich phase. This hierarchical nanostructure was
previously described by Guo et al.[15].

FIGURE 4

The hierarchical nanostructure can be considered as a nanophase separated
system driven by a reaction-induced microphase separation (RIMS) during the curing
process due to the immiscibility of the PPO and the weaker miscibility of PEO in the
cross-linked thermosetting resin[26]. At the beginning of the curing reaction the BC is

miscible with the resin, as the reaction continues, the PPO central blocks start to



nucleate in self-assembled nanodomains. Eventually, in the fully cured resin, PEO is
located in the proximity of the PPO domains forming an interphase of partially cured
epoxy resin rich in PEO acting as a bridge between the PPO nano-separated phase and
the fully cured epoxy resin matrix[27]. As the miscibility of PEO in the fully cured resin
is not as good as in the pre-cured resin, high amounts of the BC could lead to the
orientation of some PEO chains in the right direction to partially crystallize.

SAXS experiments were also performed to further characterize the morphology
of the BC loaded resin. Their profiles are depicted in figure 5. For the plain epoxy resin
and the 10BC samples no scattering peaks are observed. A broad scattering peak can be
seen for the 20BC and 40BC samples indicating the presence of phase separated
structures at the nanometer scale. These peaks are centered at the scattering vector q for
a long spacing of 23 nm, corresponding to the average distance between neighboring
spherical domains.

FIGURE 5

The effect of the addition of carbon nanoparticles on the morphology of the
system was analyzed by AFM on an ultramicrotomed surface. Figure 6 shows the
morphology obtained by tapping mode AFM for the samples without nanoparticles. As
already observed in the TEM analysis, the 10BC sample presents a very homogeneous
morphology at both micro and nanoscale. While, 20BC only shows the nanoseparated
PPO domains at the nanoscale, seen in the 1x1 pum image. Finally, the 40BC sample
presents a separated phase, with size domains around 0.6 to 1 um, which corresponds to
the PEO-rich microphases, seen in the 5x5 um image, and the PPO nanodomains 1x1
pum image (PEO-rich microphases were intentionally avoided at the 1x1 pum scale

image).
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FIGURE 6

Figure 7 shows the effect of the nanoparticles on the morphology of the
nanostructured epoxy resin containing 40 wt. % of BC. The addition of carbon
nanoparticles inhibits the microphase separation of PEO-rich microphases as evidenced
by the 5x5 um scale images, resulting in a more homogeneous morphology[24]. On the
other hand, the morphology of the samples at a nanoscale (1x1 pm frames) is not
affected by the local perturbation of the nanoparticles and the spherical nanodomains of
PPO are found in the samples examined. In all cases the size of the spheres is around
20-30 nm as also observed in the figure 6 (1x1 um image) of the 40 BC sample.

FIGURE 7

On the other hand, PEO-PPO-PEO BCs have also been employed to disentangle
CNTs through non-covalent interactions between the blocks and the CNTSs. This non-
covalent functionalization is aimed to increase the stability of individual CNTs in
organic solvents followed by evaporation and curing of the epoxy resin. [28] A second
approach to increase the dispersibility of CNTs using PEO-PPO-PEOQ is through
wrapping processes. [24] However, the quantities of BC employed in these studies is
not enough to generate a fully nanostructured system. In this work we employ larger
quantities of BC which lead to the nanostructuration of the matrix and to the increase of

the dispersibility of the nanoparticles.

3.4 Toughness:
The dispersion state of the nanoparticle was analyzed by SEM on cryofractured

surfaces. The micrographs in figure 8 clearly show the different fracture mechanisms of
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the samples. For the neat epoxy resin, with neither BC nor nanofiller (figure 8a), we can
observe the classical brittle fracture with a flat surface and steps between cleavages on
parallel planes. The addition of 40 wt. % of BC (figure 8b) makes the fracture surface
much rougher but it is still possible to observe some parallel planes. Finally, the fracture
for the 40 BC-TRG and 40BC-MWCNT samples (figure 8c and d) show a ductile
behavior without the previous evidences of brittle fractures. In both samples, TRG and
MWCNTSs are well dispersed and spread out through the epoxy matrix without forming
agglomerates. In particular, the TRG can be found in stacks of a few graphene layers
with a wrinkled geometry.

FIGURE 8

Mechanical properties of the cured mixtures were evaluated measuring the
critical stress intensity factor (Kic). Figure 9 shows the positive effect of the BC and
nanoparticles in the Kic. The largest enhancement is obtained with the 40BC-TRG
sample with an increment of Kic higher than 55 % compared to the neat epoxy resin (see
values of Kc in table 1). TRG outperforms MWCNT due to the better adhesion of the
graphene to the matrix produced by their surface functionalization, their high specific
surface area and their wrinkle and planar geometry resulting in a better mechanical
interlocking with the polymer chains and a more impeded crack propagation[17, 20].
Unexpectedly, the enhancement among the samples with 20 wt. % and 40 wt. % of BC
is almost insignificant compared to the improvement achieved with the 20 wt. %. This
fact could be the result of a saturation effect of the system that requires further analysis.

FIGURE 9
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When it comes to enhancing the toughness of epoxy resins using rigid particles,
like TRG or MWCNTSs, or a soft second phase, like a BC, there are several toughening
mechanisms to take into account. Shear yielding is one of the most accepted
mechanisms in polymers modified by a second phase. It involves the plastic
deformation and cavitation of the particles and/or the matrix at the crack tip under the
application of stresses[29]. Another toughening mechanism is the crack path deflection,
in this case, the proposed role of the particles is to cause the crack to deviate from its
plane. Such deviation results in an increased surface area reducing the mode | character
of the opening of the crack[30]. The particle bridging mechanism supposes that the
particles act as bridges compressing the crack path[31]. The microcracking mechanism
supposes that the particles or the second phase generate microcracks increasing the
toughness and originating tensile yielding and larger deformations[32]. Finally, in the
crack pinning mechanism the rigid or soft particles behave as impenetrable objects that
cause the crack to bow out, consuming extra energy to the crack propagation[33]. In the
case of using nanoparticles as a toughening agent, particle pull-out should also be
considered between the possible toughening mechanisms[34].

However, none of the mechanisms explained above occur in an isolated way,
more likely a combination of all of them may take place at the same time. For this
reason, the integration of both toughening routes, the formation of a softer second phase
and the addition of nanoparticles, would involve a larger number of toughening

mechanisms.

CONCLUSIONS
Novel self-assembled nanocomposites based on blends of an epoxy resin and an

amphiphilic triblock copolymer filled with carbon nanotubes and graphene were
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successfully prepared. A hierarchical nanostructure, with spherical PPO domains of 20-
30 nm diameter homogeneously dispersed in the epoxy resin, was formed during cure
reaction. A PEO-rich microphase was originated at a microscale for the blends above 20
wt. % of BC located at the interphase of PPO domains. The presence of the carbon
nanoparticles appeared to inhibit this microphase separation, while no effect was
observed in either the size of the PPO nanodomains or their geometry. However, the
carbon nanoparticles had a strong effect on the mechanical properties of the material. A
synergic effect between the BC and the nanoparticles was observed, which gave rise to
a significant increase of the toughness of the resin. In addition, the T4 of the resin was
increased in more than 20 °C upon the addition of TRG. TRG is the most effective
property enhancer due to the better adhesion of the functionalized graphene layers with

the matrix and their wrinkled and planar geometry.
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Figure 1. Digital image at room temperature of the samples in the a) uncured and b)

cured states (2 mm thick).
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Figure 2. DSC thermograms.
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Figure 3. Dynamic mechanical curves.
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Figure 4. TEM images of a) 10BC, b) 20BC and d) 40BC.
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Figure 5. SAXS profiles of the neat epoxy resin, 10BC, 20BC and 40BC.
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Figure 6. Tapping mode AFM images at 5x5 pm and 1x1 pm scales.

25



4

== -2.5nN

0 5um 1pm

260N 29nN

-2.4nN -3.0nN

5pum 0 1um

Figure 7. Tapping mode AFM images of 40BC-TRG and 40BC-MWCNT at 5x5 um

and 1x1 pm scales.
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Figure 8. SEM images of a) neat epoxy resin, b) 40BC, ¢) 40BC-TRG and d) 40BC-

MWCNT.
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Figure 9. Kc comparison.
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Control TRG MWCNT
Ty (°C) 187 195 189
ER
Kic (MPa m1/2) 0.78 £ 0.02 0.95+0.01 0.88 £ 0.01
T4 (°C) 160 171 164
10BC
Kic (MPa m1/2) 0.88 £0.01 1.01+£0.01 0.91+0.01
T4 (°C) 133 143 135
20BC
Kic (MPa m*?) 096+0.03 114+001 1.01+0.01
T4 (°C) 81 109 84
40BC
Kic (MPa ml/2) 0.96 £0.01 1.21 £0.02 1.010.01

Table 1. T4 and Kic values.
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