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ABSTRACT: The underlying mechanisms responsible for the toughening of block
copolymer modified thermoset epoxies are not completely understood. A current theory
targets cavitation of the rubbery cores in dispersed micelles as the key event that triggers
shear yielding, resulting in enhanced toughness. To evaluate this hypothesis, we prepared
spherical micelle forming block copolymers with rubbery cores (prone to cavitation) and
glassy cores (unable to cavitate). Surprisingly, both systems enhance fracture toughness,
although the rubbery core micelles outperform the glassy core counterparts. This finding
challenges previous deductions regarding the toughening mechanism. We propose that the
mechanical integrity of the region immediately surrounding the micelle core is
compromised by the presence of the corona blocks, facilitating local deformation of the
matrix. We speculate that the compliant nature of the rubber amplifies this effect.

mproving the fracture resistance of epoxy resins without

sacrificing desirable properties such as modulus and glass
transition temperature has been a major challenge over the last
40 years. One of the latest toughening strategies involves the
use of block copolymers as epoxy modifiers. When properly
designed, block copolymers can self-assemble into a variety of
structures in the uncured epoxy.' "’ Disordered, micellar
structures are formed when the block copolymer is present in
low concentrations in the mixture.”” Furthermore, these structures
survive cure of the epoxy into a dense network, providing a robust
approach for controlling the size, shape, and dispersion of the
particles in the cross-linked matrix. While the effectiveness of this
toughening approach has been well documented,"*™>* complete
understanding of the underlying toughening mechanisms is still
lacking. The purpose of this communication is to present new
experimental evidence that challenges the current rationalization
of toughening in block copolymer modified epoxies. This work
highlights the role of the epoxy/block copolymer interface, or
mixing region, and its contribution to the toughening mechanism.
We suggest that the block copolymer effectively disrupts the local
properties of the epoxy network allowing energy absorbing
processes such as shear yielding to take place.

Recently, Liu et al. proposed that epoxies modified with
spherical micelle forming diblock copolymers with a rubbery
poly(ethylene-alt-propylene) core and poly(ethylene oxide) corona
toughen through the same mechanism as traditional rubber
modifiers."”” This mechanism invokes matrix shear yielding as the
primary energy absorbing process, triggered by cavitation of the
nanoscale rubber domains. The sequence of events in the proposed
toughening mechanism is based on the hypothesis that rubber
cavitation relieves the triaxial constraint of the network allowing
plastic deformation to occur (ie., shear yielding occurs after the
local stress state of the matrix changes from plane strain to plane
stress). To evaluate this hypothesis we prepared a spherical micelle
forming block copolymer with a rigid core to inhibit cavitation.
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The structure of the epoxy systems and block copolymers
used in this study are presented in Chart 1. Two epoxy systems
were evaluated in this work, providing access to networks with
varying properties (e.g., cross-link density and backbone
flexibility). The main difference between these systems is the
type of reactive groups in the hardener; phenols for CET and
primary amines for Epon-JA. Poly(ethylene oxide) (PEO) was
used as the “epoxy-miscible” block for both types of block
copolymer, while the “epoxy-immiscible” block was varied to
obtain different core properties. Poly(ethylene-alt-propylene)
(PEP) produces a rubbery, compliant core, while polystyrene
(PS) results in a glassy, rigid core.

Representative TEM images of block copolymer modified
epoxies after full cure are presented in Figure 1. The block
copolymers self-assemble into well dispersed spherical micelles
as clearly observed in the micrographs. In both images PS-PEO
was used as the modifier, producing narrowly distributed spheres
with diameters of 20 nm.**

Figure 2a summarizes the G,  values obtained for the CET
epoxy system, including previously reported results for PEP-
PEO”' and new data for PS-PEO. The molecular weight
between cross-links (M,) of the network was varied by changing
the ratio of bisphenol A to THPE (Chart 1) in the formulation.
A constant block copolymer loading of 5 wt % was used for all
formulations. Clearly, the magnitude of improvement in G,
depends on the cross-link density for both the rubbery*' and
glassy core micelles. Although PS-PEO is less effective
than PEP-PEO, the rigid, glassy core additive still imparts
considerable toughness improvement, especially at higher M..

A related effect is shown for the Epon-JA system in Figure 2b,
in this case with varying block copolymer concentration. Epon-JA
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Chart 1. Structure of Epoxy Precursors and Block Copolymer Modifiers
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Figure 1. Representative TEM images of (a) CET and (b) Epon-JA
modified with S and 4 wt % block copolymer, respectively. Spherical
micelle forming block copolymers with rigid (PS) core were added to
both epoxy systems. RuO,, used as contrast agent, preferentially stains
the epoxy/micelle interface. Scale bars represent 100 nm.

produces a highly cross-linked network (Chart 1), leading to
lower overall values of G|.. Here again both types of micelles
produce a toughening effect, with the PS-PEO providing
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roughly half the critical strain energy release rate above a
concentration of 1 wt % block copolymer. Interestingly, at low
block copolymer content both types of micelles toughen to
the same extent. While the toughening effect for the glassy
core micelles is independent of concentration, there appears
to be a critical block copolymer concentration at which the
rubbery core micelles outperform their rigid core counterpart.
A detailed discussion on the origins of the toughening trends
and their difference in magnitude will be the topic of a separate
publication.

With the exception of one CET formulation (M, = 1850
g/mol) the glassy spherical micelles afford roughly half the G,
obtained with the rubbery inclusions, above a critical M, and
concentration. Clearly, core cavitation alone cannot explain
these results, because glassy PS will not void like rubbery PEP.
These results indicate a critical structural parameter outside the
micelle core common to both additives. We believe the zone
around the core, formed by the PEO corona and associated
epoxy, is implicated by these experiments.

We propose that the epoxy/PEO interface, or mixing region,
represents the common denominator in rationalizing these
results. The effect of the micelle on the properties of the network
is depicted in Figure 3. Away from the micelle the epoxy network
is completely and uniformly cross-linked. However, the structure
and properties of the network in the vicinity of the core are
disrupted due to interactions between the epoxy and the PEO
corona blocks. We speculate that network disruption results from
mixing of PEO with the reacted epoxy in the vicinity of the core.

Prior to curing, the block copolymer micelles are stabilized
in the monomer solution by favorable interactions between
the PEO corona chains, leading to a random distribution of
particles. While we do not know the exact structure of the
material in the zone surrounding the micelle core in the cross-
linked product, two limiting scenarios can be advanced. In one
limit, cross-linking might completely expel the PEO blocks
leading to a core—shell structure with nearly pure PEO sur-
rounding the PS or PEP cores. We expect this process would
result in some degree of PEO crystallinity. In the opposite
extreme, the PEO chains remain mixed with the epoxy matrix,
leading to plasticization and/or network damage. Figure 3
illustrates the latter scenario.
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Figure 2. Critical strain energy release rate (G,.) for (a) CET and (b)
Epon-JA epoxy systems. For the CET epoxy system a constant 5 wt %
block copolymer loading was used and the molecular weight between
cross-links (M) was varied. For the Epon-JA epoxy system the block
copolymer (BCP) concentration effect at a single cross-link density
was evaluated. Circles identify rubbery core modifiers: O PEP-PEO-1;
® PEP-PEO-2; @ PEP-PEO-3. Filled diamonds identify glassy core
modifier: 4 PS-PEO. Data points indicate the average value of at least
five specimens and the error bars represent their standard deviation.
Limits of the neat epoxy G, are represented by the dotted lines. Neat
and rubber core data for the CET system are reproduced from
Thompson et al.”!

Models describing structures formed in epoxies with high
concentrations of PEO-containing block copolymers,”* later
verified experimentally,”® suggested partial expulsion of the
PEO block from the growing network. Formation of discrete
domains of PEO with some degree of crystallization should be
evidenced by a melting endotherm in a calorimetry experiment.
Figure 4a displays DSC traces obtained from Epon-JA modified
with PEO homopolymer (Polysciences), PEP-PEO-3, and
PS-PEO. The homopolymer is characterized by similar molec-
ular weight as the PEO in the block copolymers and all three
specimens contain approximately the same overall amount of
PEO. Roughly 5 wt % of the PEO homopolymer is present in
a crystalline form (based on an analysis of the small endotherm
at 60 °C), while no melting peak is observed in the epoxies
modified with block copolymer. The lack of crystallinity in
epoxies modified with low concentrations of block copo-
lymer argues against the formation of a discrete layer of PEO
close to the core. The DSC traces of the undiluted modifiers,
normalized by the mass of PEO, are provided in Figure 4b for
reference.
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Figure 3. Schematic representation of local network disruption and
change in properties caused by the presence of the block copolymer
micelle in modified epoxies. Different layers of material are depicted:
micelle core (blue region), PEO/epoxy interface or mixing region
(yellow region with dashed crisscross pattern), and bulk epoxy (brown
region with solid crisscross pattern). Away from the micelle (left) the
network is fully cross-linked and regular. In the volume spanned by the
corona chains two possible scenarios for network disruption are
presented: plasticized network (center) and damaged network (right).

We believe that network disruption caused by the corona
chains plays a pivotal role in toughening the thermoset epoxies.
While matrix shear yielding continues to be the major energy
absorbing process during fracture, the proposed network
disruption has an analogous role to that previously hypothesized
for rubber core cavitation, that is, triggering plastic deformation
of the matrix. Consequently, the enhancement in toughness
largely depends on the ability of the matrix to shear yield. The
relationship between network ductility, cross-link density, and
toughenability is well established;”” the larger the cross-link
density of the network the harder it is to enhance fracture
resistance. The trends observed in Figure 2a, where smaller M,
is related to a larger cross-link density, are consistent with this
notion. Figure 2 also shows that the rubber core clearly
outperforms the glassy core, suggesting that the presence of a
compliant core enhances the effect of the beneficial disruption
caused to the network in the corona region. In other words, a
rubbery core amplifies the effect of the triggering mech-
anism associated with the plasticized and/or damaged zone sur-
rounding both types of micelle.

The results presented here show that rubber core cavitation is
not necessary for toughness enhancement in block copolymer
modified epoxies; this does not mean that cavitation can be
ruled out entirely. An interesting scenario to consider is that
of extensive plasticization of the epoxy by the PEO corona in
the mixing region. The presence of rubbery PEO chains, as sug-
gested in Figure 4, could produce local regions with subambient
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Figure 4. DSC traces (exo down) of (a) Epon-JA modified epoxies
and (b) bulk modifiers. Epoxies were modified with 3.3, 6, and 6 wt %
of PEO homopolymer, PEP-PEO-3, and PS-PEO, respectively. The
heat flow was normalized with respect to the mass of PEO in each
sample. Solid, dashed, and dotted lines represent PS-PEO, PEP-PEO-3,
and PEO homopolymer, respectively. Arrows denote the glass transi-
tion temperature of modified epoxies. Curves were shifted vertically
for clarity.

glass transition temperature surrounding the micelle cores. In
the case of PS-PEO, this rubbery shell adjacent to the glassy
core could be prone to cavitation under the high triaxial stress
state ahead of the crack tip. Contrary to other epoxy toughening
agents, including the PEP-PEO in this work and other types
of rubber particles, our PS-PEO modifier was not designed to
contain a cavitation prone (rubbery) segment. The possibility of
plasticized shell cavitation is a direct consequence of the inter-
action between the PEO and the epoxy network and supports
our argument about the importance of the PEO/epoxy interface
unique to this toughening strategy.

Preferential staining of the mixed epoxy/PEO region, evident
in Figure 1, supports our conjecture regarding some form of
network disruption. RuO, can react with the aromatic groups in
the epoxy network and PS and with the ether groups in PEO.*®
Plasticization or damage caused by the PEO corona likely
enhances diffusion and localization of the stain in this portion
of the material.
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Finally, this new interpretation of block copolymer toughening
of epoxies may help explain previous reports of G, values for
worm-like micelles, which are often significantly greater than
those obtained with spherical micelles.">™*** High aspect ratio
cylindrical micelles will engage and modify significantly larger
volumes of the cross-linked network, which may facilitate the
hypothesized triggering process. Similar reasoning might also
account for the recently reported toughness enhancement of
epoxies modified with surface-functionalized graphene flakes.**!
In this case, even very low concentrations of well-dispersed
graphene flakes would create extensive zones of damaged network
as the planar geometry of the sheets extends in two dimensions.
Additional work is underway to further verify these concepts.

B EXPERIMENTAL METHODS

The polymerization protocols followed in synthesizin% PEP-PEO and
PS-PEO block copolymers can be found elsewhere.*>* Table 1 shows

Table 1. Molecular Characterization of Block Copolymers

diblock®? M, (kg/mol) for® M,/M,
PEP-PEO-ld 63.9 0.37 1.07
PEP-PEO-2° 7.8 0.29 1.08
PEP-PEO-3 27.0 0.57 1.10
PS-PEO 56.5 0.44 1.10

“PEP = poly(ethylene-alt-propylene); PEO = poly(ethylene oxide);
PS = polystyrene. "PEO is the “epoxy-miscible” block. “Volume
fraction of PEO calculated using densities at 140 °C.>* “Identified as
OP28-36 in Thompson et al.*' “Identified as OP3—3 in Thompson et al.*!

a summary of the molecular characteristics of the block copolymers
employed in this study.

The first epoxy system (CET) consists of DER 332 (diglycidyl ether
of bisphenol A type epoxy monomer with n = 0 (100%), Dow
Chemical), bisphenol A (difunctional chain extender, Dow Chemical),
and 1,1,1-tris(4-hydroxyphenyl)ethane (trifunctional cross-linker,
Aldrich). A complete description and formulation of the CET epoxies
has been previously reported.”"** CET epoxies were prepared as
previously described,”" except for the PS-PEO modified materials.
In this case, the block copolymer was dissolved in acetone at 40 °C,
and the solution with all components was heated to 90 °C prior to
connection to a vacuum line for solvent removal.

The second epoxy system (Epon-JA) also contains a diglycidyl ether
of bisphenol A type epoxy monomer (Epon 828, Polysciences), but
with higher oligomer content (n =0 (88%); n =1 (10%); n =2 (2%)).
Jeffamine T-403 (aliphatic hexamine with x + y + z ~ 5.3, Huntsman)
was used as the curing agent. Epon-JA epoxies were prepared by melt
blending according to the following procedure. First, the block
copolymer was dissolved in the epoxy monomer at elevated tem-
peratures (7S and 110 °C for PEP-PEO and PS-PEO, respectively).
Upon full dissolution, the mixture was cooled down to 60 °C and
46 phr (parts per hundred resin) of the curing agent were added. The
solution was stirred for 30 min at 60 °C, then degassed in a vacuum
oven for 5S—10 min and poured into a preheated mold (60 °C). Curing
was effected by heating to 60 °C for 40 min followed by 1 h at 80 °C,
and finally 2 h at 120 °C after which the oven was turned off and the
specimen was allowed to slowly cool to room temperature.

Transmission electron microscopy was used to verify the morphol-
ogy of the block copolymers in epoxy. Thin sections (ca. 60—80 nm)
of cured material were microtomed at room temperature using a
Reichert Ultramicrotome S equipped with a diamond knife. Sections
were floated on water, transferred to copper §rids and stained with the
vapor from a § wt % RuO, aqueous solution.”® Imaging was performed
with either a JEOL 1210 or FEI Tecnai G2 Spirit BioTwin electron
microscope both at an accelerating voltage of 120 kV.

A linear elastic fracture mechanics approach was used to quantify
the toughness of the materials addressed by this study. ASTM standard
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D 5045 was followed to determine sample dimensions and testing
procedures. Compact tension specimens were machined from fully
cured epoxy plaques. An Instron Testing System (model 1011)
operated with a crosshead speed of 10 mm/min was used to apply the
uniaxial load. The critical stress intensity factor was calculated from the
load at break and sample geometry according to the following

equation
Brax a
2\
BW w (1

where P, is the maximum load in the load—displacement curve, B
and W are the thickness and width of the specimen, respectively, a is
the initial crack length, and fla/W)isa geometrical factor found in the
ASTM standard. The critical strain energy release rate was evaluated
from

Ky =

2 K12c
Gre=(1-v7) I3 )
where v (taken as 0.34°7) and E are the Poisson’s ratio and elastic
modulus of the material, respectively. The room temperature dynamic
elastic modulus (E’) was determined using a DMTA IV (Rheometrics)
operated with a three-point bending geometry. Samples were sub-
jected to a sinusoidal deformation with strain amplitude of 0.01%
at a frequency of 10 rad/s. G, values are based on the average and
standard deviation of at least five specimens.
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