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ABSTRACT: Simultaneous small-angle X-ray scattering (SAXS) and
tensile experiments were performed on epoxies modified with
approximately 30 nm diameter rubbery and glassy core block copolymer
micelles. The in situ SAXS data, interpreted using established analytical
models, reveals efficient and coherent cavitation of the spherical rubbery
cores coincident with yielding and absence of cavitation in the glassy
nanodomains. These results are quantitatively anticipated by recent theory
that accounts for cavitation in rubber toughened plastics as a function of
particle size.

Addition of rubber particles to epoxy thermoset plastics has
been a successful approach for toughening these

inherently brittle materials.1 Despite the effectiveness of this
strategy, a complete description of the toughening mechanism,
particularly for submicrometer-sized particles, is still elusive.
Moreover, relatively high concentrations of added rubber are
required to achieve the desired toughness, which can reduce the
stiffness (elastic modulus) and use temperature (glass transition
temperature) of the product. Internal cavitation of well-bonded
rubber particles is acknowledged to occur during deformation
of rubber-modified epoxies; however, its relevance and
consequences in toughening mechanisms remain controver-
sial.2−5 Our group is particularly interested in understanding
the enhanced toughness achieved upon adding small amounts
of block copolymers6−8 to epoxy resins, a technology recently
commercialized by The Dow Chemical Company under the
trade name Fortegra.
Using an energy balance approach, critical cavitation

conditions were initially developed by Gent and co-workers
for bulk rubbers by considering the growth of preexisting
flaws.9,10 Subsequently, Lazzeri and Bucknall adapted the
cavitation criteria in addressing how rubber particles respond
to triaxial strains when embedded in a glassy matrix.3 They
showed that the critical volumetric strain required to induce
cavitation increases monotonically with decreasing particle size.
More recently, Bucknall and Paul11,12 have extended these
concepts to account for the energy released from the matrix
upon cavitation and the effect of interacting voids, both aspects
being generally applicable to rubber toughened plastics.
This letter describes small-angle X-ray scattering (SAXS)

experiments performed in situ while simultaneously stretching a
model thermoset epoxy modified with poly(styrene-b-ethylene
oxide) (PS-PEO) and poly(ethylene-alt-propylene-b-ethylene
oxide) (PEP-PEO) to give glassy and rubbery core block
copolymer micelles, respectively. The experimental results
provide insight into the local deformation processes leading

to enhanced toughness in this class of commercially important
materials. Recent work from our group demonstrated evidence
of cavitation in 15 nm diameter block copolymers micelles in
epoxies based on TEM observations of subcritical cracks.7

Owing to the restricted field of view afforded by TEM and due
to the complex nature of the process zone ahead of a
propagating crack, it was difficult to assess the extent of particle
cavitation in this region. To overcome this limitation, we
devised the experiments reported here. Our findings regarding
cavitation in relatively low concentrations of 30 nm diameter
rubbery domains (5% by weight block copolymer which
translates to about 4% by volume micelle cores) embedded in
the epoxy matrix are quantitatively anticipated by the theory of
Bucknall and Paul.11,12

SAXS patterns were recorded while simultaneously straining
specimens in tension. Similar methods have been applied to
rubber-modified thermoplastics,13−15 semicrystalline poly-
mers,16−18 and filled elastomers.19−21 Figure 1 shows the
modified tensile bar specimen used for the in situ experiments
along with representative load−displacement curves for the
neat and modified epoxies. The nontraditional geometry of the
in situ specimens does not allow for rigorous calculations of the
tensile properties of our materials. Nonetheless, the linear
elastic modulus E is proportional to the slope of the load versus
displacement curve at small displacements, which equals 700 ±
140, 710 ± 5, and 590 ± 60 N/mm for the neat epoxy and
epoxies modified with PS-PEO and PEP-PEO, respectively.
These results agree with previous measurements7,22 that show
little change in E when 5% by weight PEP-PEO is added to
various thermoset epoxies. Nominal yield stresses for the in situ
measurements, 77 ± 6, 77.7 ± 0.3 and 68.4 ± 0.6 MPa for the
neat, and PS-PEO and PEP-PEO modified specimens,
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respectively, were calculated using the initial cross-sectional
area at the narrowest point of the specimens (i.e., closest
distance between the semicircular stress concentrators).
Displacements at break were determined to be 2.0 ± 0.6 mm
(neat epoxy), 2.1 ± 0.2 mm (PS-PEO), and 1.8 ± 0.3 mm
(PEP-PEO). These property values represent the average
(±range) of three (neat and PEP-PEO) and two (PS-PEO)

measurements. Separate tensile experiments on the neat
material using a standard dog bone geometry confirmed the
magnitude (within experimental error) and discontinuous
nature of the yield point.
Representative 2D SAXS patterns obtained from the block

copolymer modified epoxies at different stages of deformation
are illustrated in Figure 2. Up to the yield point (identified as
the maximum load in the load−displacement curves in Figure
1) both the PS-PEO and PEP-PEO modified materials
produced scattering patterns with circular features consistent
with randomly dispersed spherical micelles. Clear differences
develop beyond the yield point. A dramatic increase in
intensity, accompanied by the development of distinct
anisotropy, is evident in the SAXS patterns obtained from the
rubbery core modified epoxy. In contrast, the glassy core-based
specimen produced almost no change in the scattered intensity
upon yielding. Further elongation leads to noticeably greater
anisotropy with PEP-PEO, and the evolution of an elliptical
scattering pattern with PS-PEO, followed by fracture. Here we
restrict our attention to the central portions of the 2-D SAXS
patterns, which derive from intra- and interparticle interference;
a more complete assessment of these results will be presented
elsewhere.
The small-angle scattering intensity from randomly dispersed

axisymmetric micelles can be described by the following
relationship:24

ρ= × Δ ̅ × ⟨ ⟩ × ′I q n F S qq( ) ( ) ( )p
2 2

(1)

where q = |q| = 4πλ−1 sin(θ/2) is the magnitude of the
scattering vector, np is the number of particles, Δρ is the

Figure 1. (Left) Modified bar under tension showing neck growth.
The X-ray beam passes through the narrow portion of the bar where
the plastic deformation is localized. Scale bar equals 3 mm. (Right)
Representative load vs displacement curves for (A) neat epoxy and
epoxies modified with (B) glassy and (C) rubbery core micelles.
Curves A and B were shifted vertically for clarity by 400 and 150 N,
respectively. Arrows in curves B and C denote the following stages of
deformation for which scattering patterns are provided below: just
prior to the yield point, just after the yield point, and prior to failure.
Dotted ellipses identify artifacts in the curves.23

Figure 2. 2D SAXS patterns at different stages of deformation for epoxies modified with rubbery (top row) and glassy (bottom row) core micelles.
Tensile load applied along vertical direction. First panel on top row shows 10° sectors parallel and perpendicular to the tensile direction used for
azimuthal integrations. Intensity scale in arbitrary units. Same q scale used for all patterns.
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difference in electron density (i.e., SAXS contrast), F(q) is the
amplitude of the scattered waves, S′(q) is the structure factor
for an ensemble of particles with a distribution of sizes, and ⟨...⟩
denotes an average taken with respect to the size of the
particles (see Supporting Information for details). In our
model, the PEO corona and epoxy matrix are assumed to be
contrast-matched; consequently, we only consider scattering
from the micelle cores. Figure 3 shows the experimental
intensities for rubbery and glassy core micelles integrated across
sectors along two orthogonal directions at different stages of
deformation. The associated fits to these data using eq 1,
assuming uniform arrays of elliptically shaped cores, are shown
by the solid curves. Despite its simplicity, this model describes
the data quite well, particularly in the q ranges dominated by
intraparticle correlations, the focus of this publication.25 Two
characteristic dimensions (minor and major axes of the ellipse)
are extracted from these fits from which the core volume V has
been calculated.
Figure 4 illustrates how the normalized volume (V/V0)

changes with reduced sample displacement (l/ly), where V0 and
ly are the undeformed core volume and displacement at the
yield point, respectively. The rubbery and glassy core modified
epoxies respond very differently to large strain deformation.
Prior to the yield point both types of micelles maintain a
constant volume. After the yield point, the glassy cores deform
at constant volume until failure. In sharp contrast, the volume
of the rubbery cores roughly doubles upon yielding and
continues to dilate with further extension, reaching approx-
imately five times the initial value prior to failure.
These results provide important insights regarding the

microscopic events that occur during loading of block
copolymer modified epoxies. The formation of a neck in the
region outlined by the semicircular stress concentrators
generates a local state of triaxial stress, analogous to that
found in a standard tensile specimen geometry.26 Therefore,

the stress state in the material in this zone, which is illuminated
by the X-ray beam, mimics that found ahead of a propagating
crack in fracture experiments and actual applications.
Coincident with the yield point, the PEP-PEO micelles cavitate,
either within the rubbery core or through debonding at the
PEO/epoxy interface. Absence of cavitation in the PS-PEO
nanocomposites, which have the same micelle corona structure

Figure 3. 1D integrations of scattering patterns for rubbery (left) and glassy (right) core micelles in the directions parallel and perpendicular to the
tensile load as indicated by the insets. Curves correspond to different stages of deformation: (i) undeformed, (ii) just prior to the yield point, (iii)
right after the yield point, and (iv) just prior to failure. Scattering data was modeled according to eq 1. Curves were shifted vertically for clarity.

Figure 4. Change in volume as a function of deformation for rubbery
(open circles) and glassy (filled circles) core micelles. Volume
calculated assuming micelle shapes change from spherical to ellipsoidal
(prolate) as deformation proceeds. Vertical dashed line denotes the
yield point. Horizontal dashed line denotes constant volume.
Schematic representation of selected stages of deformation are
included. Error bars calculated by propagation of error analysis of
the volume calculation using the mean and standard deviation of the
core dimensions extracted from the model.
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as PEP-PEO, strongly implicates cavitation within the rubbery
cores, as depicted in the illustrations included with Figure 4.
This mode of failure also is consistent with the large jump in
overall scattering intensity that accompanies yielding. Based on
the model fits the intensity increases by approximately 15 times.
Within about 15% this intensity gain is accounted for by the
increase in contrast factor (Δρ2) that results from the creation
of a void (with scattering length density ρvoid = 0) in every
micelle, that is, consistent with the simultaneous cavitation of
all the rubbery cores; representative calculations are provided in
the Supporting Information.
Recently, Bucknall and Paul,11,12 building on earlier work by

Lazerri and Bucknall,3 extended the theoretical model
accounting for a size-dependent cavitation criterion and
included the role of particle concentration in rubber toughening
of plastics. Here we summarize the predictions of this model
based on material parameters relevant to the PEP-PEO
modified epoxy reported in this letter; see the Supporting
Information for the relevant calculations. A full assessment of
the theory will be presented in a separate publication. Three
regimes are anticipated by the theory for a 4% by volume
concentration of rubber particles: (1) no cavitation in particles
with a diameter below 23 nm; (2) cavitation coincident with
yielding in particles between 23 and 70 nm in diameter; (3)
cavitation prior to yielding in particles larger than 70 nm. Our
results are consistent with mechanism 2. For the 30 nm
diameter rubber particles described here, a critical uniaxial
tensile stress of 122 MPa is predicted to induce simultaneous
yielding and cavitation (see Supporting Information). This
prediction is roughly 80% greater than the measured yield stress
of 68 MPa. However, this calculated critical stress does not
account for static stress within the rubber particles, which
develops when the nanocomposite is cooled below the glass
transition temperature of the matrix. It is well-known that the
mismatch in thermal expansion coefficient between glassy (αg)
and rubbery (αr) polymers, αr ≅ 3αg, leads to a significant
hydrostatic tension in the rubber,27,28 which lowers the
macroscopic applied stress required to cavitate the embedded
particles. We have estimated a hydrostatic tension within the
rubbery PEP cores at room temperature of about 33 MPa due
to this effect (see Supporting Information), reducing the
predicted macroscopic applied tensile stress required for
cavitation to 89 MPa, which, within experimental error is
consistent with our result. (Note that the in situ tensile
geometry does not precisely satisfy the plain strain condition
assumed in the calculation. Also, there is some ambiguity in
assigning the effective rubber particle radius due to the role
played by the corona region; see below).
Following cavitation the voids continue to expand with

further extension of the specimen (see Figure 4) in response to
the increasing local hydrostatic tension. Assuming that the total
number of micelles remains constant during deformation and
neglecting changes in specimen thickness, cavitation and
subsequent void growth increases the volume fraction of the
rubbery micelle cores from an initial value of 0.04 to
approximately 0.24 (i.e., about 20% of the sample volume is
occupied by voids just prior to failure). Guild et al. have
estimated volume changes upon cavitation of micrometer size
rubber particles in epoxy using finite element techniques.29

These calculations considerably underestimate the particle
expansion reported here. We suspect that the nanoscale
dimension of the block copolymer micelles is responsible for
this disagreement. Larger particles require larger scale displace-

ment of the cross-linked network than smaller ones at a
constant overall volume of expansion of the rubber, that is, the
consequences of particle dilation are not scale invariant. This
also implies that more tightly cross-linked materials (i.e.,
smaller molecular weight between cross-links) will be less
susceptible to cavitation induced toughening, which is
supported by our previous work.8,22 As the micelles dilate the
local network must plastically deform, a mechanism that both
absorbs energy by strain hardening and likely facilitates shear
yielding. Guild et al.29 also predicted that cavitation accelerates
the growth of shear bands in response to a state of triaxial
stress, which relates to the events that occur ahead of a crack
tip.
Finally, we emphasize that rubber cavitation alone does not

account for enhanced toughness in all block copolymer
modified epoxies. As demonstrated in our preliminary report,30

glassy core forming PS-PEO micelles, which do not cavitate as
shown here, produce half the toughness as the PEP-PEO
additive in the limit of high molecular weights between cross-
links. (Here we note that the area under the curves in Figure 1
should not be interpreted as a direct measure of toughness for
comparison with compact tension fracture measurements, i.e.,
G1c.

30 Cavitation leads to a porous material and the associated
tensile failure mechanisms do not reflect the events that occur
around the tip of a propagating crack.) This observation
unambiguously implicates the PEO-rich corona region
surrounding each micelle. We conclude that rubber cavitation
serves as a trigger that amplifies the effects of PEO-based
corona disruption,30 promoting massive plastic deformation of
the matrix in the form of void growth and shear bands.

■ EXPERIMENTAL SECTION
Two types of block copolymer were synthesized following well-
established protocols, poly(styrene-b-ethylene oxide) (Mn = 56.5 kg/
mol, wPEO = 0.53, Mn/Mw = 1.10) and poly(ethylene-alt-propylene-b-
ethylene oxide) (Mn = 13.6 kg/mol, wPEO = 0.36, Mn/Mw = 1.10),
where Mn and Mw are the number and weight average molecular
weights, respectively, and wPEO is the weight fraction of PEO. Both
block copolymers form relatively monodisperse spherical micelles in
cured epoxy containing glassy (PS) and rubbery (PEP) cores (see
Supporting Information). The thermoset plastic matrix, described in
detail elsewhere,8 is based on a combination of epoxy (diglycidyl ether
of bisphenol A marketed as D.E.R. 332 by The Dow Chemical
Company) and a mixture of di- and trifunctional phenolic curing
agents [bisphenol A (Dow Chemical) and 1,1,1-tris(4-hydroxyphenyl)
ethane (Aldrich)]. A theoretical molecular weight between cross-links
of 3000 g/mol was targeted for all formulations. Neat and block
copolymer modified (5 wt %) epoxy plaques were prepared as detailed
in an earlier publication.30 Fully cured plaques were machined into
modified tensile bars containing two semicircular stress concentrators
that position plastic deformation at a specific location in the specimen
(Figures 1 and S2).

In situ SAXS allowed us to follow real-time changes in the block
copolymer nanostructure upon straining the specimens. The experi-
ments were conducted at the Argonne National Laboratory using
beamline 5-ID-D with 17 keV radiation (wavelength λ = 0.729 Å) and
a sample-to-detector distance of 4.58 m. The narrow portion of the
specimen was centered along the path of the ∼18 μm diameter beam.
A dual-actuator hydraulic Instron machine (Model AW3601-1) kept
the same area of the specimen exposed to the X-ray beam at all times
until failure. All specimens were strained at room temperature with a
constant cross-head speed of 0.5 mm/min. SAXS patterns were
simultaneously collected every 5 s until failure using a Mar 165 mm
CCD detector.
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