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ABSTRACT: The mechanical properties of two chemically distinct
and complementary thermoset polymers were manipulated through
development of thermoset blends. The thermoset blend system was
composed of an anhydride-cured diglycidyl ether of bisphenol A
(DGEBA)-based epoxy resin, contributing high tensile strength and
modulus, and polydicyclopentadiene (PDCPD), which has a higher
toughness and impact strength as compared to other thermoset
polymers. Ultra-small-angle and small-angle X-ray scattering analysis
explored the morphology of concurrently cured thermoset blends,
revealing a macroscopically phase separated system with a surface
fractal structure across blended systems of varying composition. The epoxy resin rich and PDCPD rich phases exhibited distinct
glass transitions (Tg’s): the Tg observed at higher temperature was associated with the epoxy resin rich phase and was largely
unaffected by the presence of PDCPD, whereas the PDCPD rich phase Tg systematically decreased with increasing epoxy resin
content due to inhibition of dicyclopentadiene ring-opening metathesis polymerization. The mechanical properties of these
phase-separated blends were in reasonable agreement with predictions by the rule of mixtures for the blend tensile strength,
modulus, and fracture toughness. Scanning electron microscopy analysis of the tensile and fracture specimen fracture surfaces
showed an increase in energy dissipation mechanisms, such as crazing, shear banding, and surface roughness, as the fraction of
the more ductile component, PDPCD, increased. These results present a facile method to tune the mechanical properties of a
toughened thermoset network, in which the high modulus and tensile strength of the epoxy resin can be largely retained at high
epoxy resin content in the blend, while increasing the fracture toughness.

1. INTRODUCTION

Progression into a more environmentally conscious society has
led to a strong desire to pursue energy production from
renewable and sustainable sources. Offshore wind is a largely
underutilized energy source that is becoming increasing popular
due to high wind strength and potential for placement of large
scale wind farms away from communities.1,2 The blades of wind
turbines are massive structures composed in large part of fiber
reinforced epoxy resins, which find use in applications where
high strength and low weight are desirable. However, epoxy
resins are well established to suffer from brittle failure: the
material undergoes catastrophic failure once sufficient stress has
been reached to propagate a crack due to the inability to
dissipate energy away from crack growth.3−5 The composites
used to construct wind turbine blades are typically composed of
around 50 wt % epoxy resin, and improvements to the
mechanical properties of the epoxy resin manifest themselves in
the ability to build larger structures that can capture more wind
energy, operate in stronger wind patterns, and produce more
power output per given area.1,2

Techniques for toughening epoxy resins often employ
additives which promote energy dissipation away from crack
growth through processes such as crazing, shear banding,
particle bonding, cavitation, crack pinning, and crack
diversion.6−19 Toughening additives include, but are not
limited to, rubber particles, carbon black, core−shell particles,
and block copolymers.6−19 While these methods have found

success, there are typically decreases in thermal and mechanical
properties (such as in the case of rubber toughening) or
difficulties in achieving proper dispersion within the epoxy
matrix (such as in the case of (nano)particle addition).8,20,21

Challenges preventing sufficient dispersion are further com-
pounded within the composite as the particulates are unable to
transverse regions between the glass fibers to achieve
homogeneous concentration throughout the length of the
composite due to kinetic or processing limitations.22

Polymer blending is an effective strategy to develop new
materials which possess beneficial properties, combining
desirable attributes of two or more polymers. Blending is
often used in industrial applications of polymeric materials as it
provides a facile route to tuning properties (mechanical,
thermal, etc.) through varying blend composition and does not
require the costly synthesis of new polymers to achieve desired
physical behavior.23,24 Blending strategies have traditionally
been employed for tuning the properties of thermoplastics, with
blend morphology often manipulated through the addition of
compatibilizers which reduce the interfacial tension and
improve interfacial adhesion.23−26 By contrast, there are few
reports in the literature on the development of thermoset
blends in which two thermoset polymers are cured either
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sequentially or simultaneously. The majority of efforts in
producing thermoset blends have emphasized the preparation
of interpenetrating polymer networks (IPNs). While true IPNs
are homogeneously mixed at the molecular level, disparate
curing kinetics and unfavorable interactions between the blend
components often give rise to phase-separated systems.27−31

Lacking in the literature are detailed investigations of
controlling such phase-separated thermoset blend morpholo-
gies, providing alternative routes to thermosets with tunable
properties.
Here, we explore the preparation of thermoset blends

containing an anhydride-cured epoxy resin and polydiclopenta-
diene (PDCPD) cured via ring-opening metathesis polymer-
ization (ROMP). In these thermoset blends, PDCPD
contributes toughness, and the epoxy resin contributes high
tensile strength and modulus. This work is a departure from
prior literature studies in which dicyclopentadiene monomer
was encapsulated within an epoxy resin matrix to promote self-
healing.32 In this work, we develop cured thermoset blends of
PDCPD and the epoxy resin. We have previously reported the
curing kinetics in this thermoset blend system, in which each
network is highly influenced by the presence of the other.33 In
this article, we explore structural behavior of epoxy resin/
PDCPD blends and their resultant glass transitions and tensile
and fracture behavior. Despite the presence of phase-separated
microstructures, the facile preparation of these blends provides
convenient access to tunability of the thermal and mechanical
properties.

2. EXPERIMENTAL METHODS
2.1. Materials. The diglycidyl ether of bisphenol A (DGEBA) was

supplied by Dow Chemical in the form of Dow Epoxy Resin (D.E.R.)
331 (the fraction of DGEBA molecules that are prepolymerized and
possess an extra hydroxyl-containing midgroup, n, = 0.15). Nadic
methyl anhydride (NMA, >95% purity) and dicyclopentadiene
(DCPD) with butylated hydroxytoluene as a stabilizer (>96% purity)
were purchased from Sigma-Aldrich and used as received. The second-
generation Grubbs’ catalyst (G2, used in the ring-opening metathesis
polymerization of DCPD) was purchased from Sigma-Aldrich and
stored under an ultrapure nitrogen environment. An epoxy resin
catalyst, 2,4,6-tri(dimethylaminomethyl)phenol, was supplied by Air
Products as Ancamine K54 (referred to as K54 in this article) and used
as received.
2.2. Blend Nomenclature. Blends are labeled as xxE, where xx

corresponds to the vol % of epoxy resin (consisting of DGEBA, NMA,
and K54). The remaining volume corresponds to PDCPD. For
example, blend 30E is 30 vol % epoxy resin and 70 vol % PDCPD.
2.3. Preparation and Curing of Epoxy Resin. Pure DGEBA was

cured using 95.3 phr (parts per hundred parts by weight of DGEBA
resin) of NMA and 1 phr K54. This corresponds to the following
concentration of each component: 50.9 wt % of DGEBA, 48.5 wt % of
NMA, and 0.6 wt % of K54. Components were mixed using a Cole−
Parmer Stir-Pak heavy duty mixer with an impeller blade. A large
master batch of the mixture was prepared and used throughout for
blends and neat epoxy resin curing. Neat epoxy resin was poured into
the tensile and fracture toughness molds and cured for 1 h at 30 °C, 2
h at 70 °C, 5 h at 100 °C, 4 h at 160 °C, and 2 h at 200 °C.
2.4. Preparation and Curing of Neat DCPD. Neat DCPD was

melted at 30 °C so that it was easy to work with volumetrically and
mix with G2. To make the tensile and fracture specimens, a large
volume of DCPD (∼200 mL) was placed under impeller mixing.
While the DCPD was under impeller mixing, G2 in an amount
corresponding to 5000:1 molar ratio between the DCPD and catalyst
was added as received and vigorously mixed. The DCPD and G2
solution was then quickly poured into the tensile and fracture molds
(to avoid solidification prior to transfer) and cured for 1 h at 30 °C, 2

h at 70 °C, 5 h at 100 °C, 4 h at 160 °C, and 2 h at 200 °C. Unless
otherwise noted, curing was conducted in a convection oven in air.
Section 6 of the Supporting Information discusses optimization of the
DCPD curing process, including removal of unreacted DCPD
monomer. Polymerized DCPD is referred to as PDCPD within this
article.

2.5. Preparation and Curing of Epoxy Resin and DCPD
Blends. On a 50 mL basis, blends of various volume ratios of the
epoxy resin components and DCPD were prepared and mixed using a
Cole−Parmer Stir-Pak heavy duty mixer with an impeller blade. When
the samples were ready for tensile and fracture toughness molding, G2
was added to the mixture of DCPD and epoxy resin components while
the sample was under impeller mixing. The G2 concentration was held
constant at 1.5 × 10−3 M. The blends with G2 were vigorously mixed
using the impeller mixer and then briefly placed under light vacuum
from a diaphragm pump (∼30 s) to remove bubbles induced during
mixing. The blends were then poured into the tensile and fracture
toughness molds and cured (in a convection oven in air) for 1 h at 30
°C, 2 h at 70 °C, 5 h at 100 °C, 4 h at 160 °C, and 2 h at 200 °C. For
samples used in optical microscopy, K54 was omitted from the sample.
Optical microscopy slides were prepared by taking a drop of the
reactive mixture and sandwiching it between a glass slide and a glass
coverslip. The sample was cured overnight at 30 °C to ensure that the
polymerization (ROMP) of DCPD had stagnated.

2.6. Optical Microscopy. Optical microscopy was performed on a
Leica DM2500 M microscope with a HCX PL FLUOTAR 20×/0.50
BD objective in bright field mode using a mercury lamp. Optical
microscopy images were processed using the ImageJ fast Fourier
transform (FFT) function. The average domain size (d) was taken to
be that at the peak maximum in the intensity versus wavevector (q =
2π/d) plot. Optical microscopy images were obtained on partially
cured blends; the blend preparation procedure is described in section
2.5.

2.7. Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) was performed on a TA Instruments Q2000 DSC
calibrated with an indium standard. 10−20 mg was removed from each
tensile bar and treated to a heat−cool−heat cycle from 0 to 200 °C at
10 °C/min under 50 mL/min nitrogen flow. For samples with a single
Tg, the glass transition temperature (Tg) was taken as the temperature
corresponding to 50% of the step change observed during the glass
transition from the second heating cycle. For blends 20E, 30E, and
50E, in which two glass transistions were apparent, the derivative heat
flow with respect to temperature was corrected for the baseline, and
the resulting peak was fit (Voigt profile) to determine the Tg from the
peak location (Figures S14−S17). The Tg values determined from the
two analysis methods were within 0.5 °C of one another when
performed on the single transition of blend 70E.

2.8. Tensile Testing. Tensile testing was carried out at room
temperature using an Instron Model 5966 universal tester with a 2 kN
load cell at a speed of 10 mm/min. Dogbone-shaped testing bars
(following ASTM D638, bar type 5, thickness 3.2 mm) were prepared
by pouring unreacted monomer (either neat or blends) in an
aluminum mold and following the curing schedule outlined previously.
Pneumatic grips (maximum 2 kN) were used to affix the sample in the
testing frame, at a compressed air pressure of 90 psi.34 The
measurement was repeated with 20 test specimens for the neat
components and 10 test specimens for the blends.

2.9. Fracture Toughness Testing. Fracture toughness specimens
were molded following the ASTM D5045 standard and single-edge
notched bending geometry (SENB).35 For the neat epoxy resin and all
blends, a bar geometry of 1.225 cm × 0.615 cm × 5.37 cm was used
that ensured plane strain criteria was met. For neat PDCPD, a bar
geometry of 2.475 cm × 1.190 cm × 10.75 cm was used to
accommodate the higher fracture toughness and lower tensile strength
when considering plane strain criteria. A Chevron notch was created in
each sample using a metal file and then a fresh razor blade, cooled in
liquid nitrogen, was gently tapped on the sample to produce a natural
crack. Specimens were then tested in a Instron Model 5966 universal
tester in compression mode at 10 mm/min under three-point bend
geometry. The critical stress intensity factor, KIC, was calculated from
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the peak load, Pq, as described in the ASTM D5045 standard. See
Supporting Information section 5 for relevant calculations.
2.10. Scanning Electron Microscopy. The fracture surfaces of

tensile bars and SENB specimens were imaged using a Jeol JSM-
6010LA field emission scanning electron microscope at a voltage of 15
kV. The fracture surface was etched with ionized argon gas and
subsequently coated with gold using a Denton Vacuum Desk V sputter
coater. The gold thickness was approximately 10 nm.
2.11. Ultra-small-Angle X-ray Scattering and Small-Angle X-

ray Scattering. Samples for ultra-small-angle X-ray scattering
(USAXS) and small-angle X-ray scattering (SAXS) measurements
were prepared following the same mixing and curing schedule
described in sections 2.3, 2.4, and 2.5, except that samples were
centrifuged for 10 s at 4000 rpm after mixing to remove bubbles and
cured in small aluminum pans 1 mm in thickness and 8 mm in
diameter. After curing the samples were removed from the pans.
USAXS was performed at the Advance Photon Source (APS) at
Argonne National Laboratory on beamline 9ID-C, with an energy of
21 keV corresponding to an X-ray wavelength of 0.5904 Å. This
instrument employs Bonse−Hart-type double-crystal optics to extend
the scattering vector q range down to 0.0001 Å−1. The beam size was
approximately 2.0 mm × 1.0 mm. A more detailed description of the
instrument can be found in prior publications.36,37 The data were slit
smeared with a slit length of 0.033 069 Å−1. The sample thickness was
determined using a micrometer. Instrumental background scattering
was determined using an empty cell (no windows were used to
encapsulate the sample). USAXS and SAXS data were reduced using
the Indra program within Igor, and reduced data were fit using the
Guinier−Porod model within the Irena software package for Igor.38−40

3. RESULTS AND DISCUSSION

3.1. Investigation of Blend Morphology. Blends of
epoxy resin and PDCPD were prepared through a multistage
curing protocol in which the DCPD was first cured at low
temperature (in two stages at 30 and 70 °C), followed by
curing of the epoxy resin at high temperatures (in three stages
at 100, 160, and 200 °C). The blends undergo macroscopic
phase separation upon curing DCPD in the low temperature
stage. At elevated temperatures, the epoxy resin cures within
the phase-separated blend (Figure 1). The multistep curing
protocol was developed following in situ FTIR analysis
conducted during curing (neat components and blends) that
indicated large disparities in curing kinetics of the neat
components.33 A final postcuring stage of 200 °C was
implemented to ensure removal of unreacted DCPD monomer
from the specimens (whether neat DCPD or a blend) and drive
both reactions to relative completion.
Optical microscopy provides a convenient route to probe the

microstructure of the blends following DCPD curing, but prior
to curing of the epoxy resin. While the cured PDCPD and
epoxy resin exhibited similar refractive indices such that the

blend appeared transparent even when macroscopically phase
separated, the unreacted epoxy resin components and PDCPD
had sufficiently different refractive indices to provide optical
contrast for the microscopy experiments. Blends of various
volume ratios of DCPD and epoxy resin without K54 catalyst
were cured between a microscopy slide and coverslip overnight
at 30 °C to allow the PDCPD conversion to stagnate
(negligible curing of the epoxy resin occurred under these
conditions in the absence of K54 catalyst). Blends across the
entire composition range exhibited cocontinuous morpholo-
gies, even at low concentrations of DCPD (Figure 2a and
Figure S1). By contrast, previous work using a lower G2
concentration showed discrete domains of the minor phase at
asymmetric compositions.33

Optical micrographs were processed using a fast Fourier
transform (FFT) (Figure 2a and Figure S1) and azimuthal
averaging (in ImageJ) to produce the intensity as a function of
wavevector q, shown in Figure 2b. The average domain size
(dOM) was calculated from the q value at the peak in the 1D
intensity plot (dOM = 2π/qpeak, Table 1). The resulting domains
sizes for all blends were on the order of 2−5 μm, with broad
distributions as implied by the peak widths (Figure 2b).a

Fully cured epoxy resin/PDCPD blends were examined with
USAXS/SAXS, probing structures between 1 and 1000 nm.
The absolute scattering intensity as a function of scattering
vector q is shown in Figure 3a and Figures S2−S10 for neat
components and all blends.
Neat epoxy resin and PDCPD exhibited little scattering

intensity with large errors due to overlap with the background
(Figure S2) and were not examined further. Data obtained from
the blends were analyzed with the generalized Guinier−Porod
model with two distinct regions:39 the Porod region at high-q
and an intermediate-q Guinier region:

=
−

≤
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟I q

G
q

q R

s
q q( ) exp

3s
1

2
g1

2

1
11

(1a)

= ≥I q
D
q

q q( ) ford 1
(1b)

where I(q) is the scattering intensity, q is the scattering vector,
Rg1 is the radius of gyration for the intermediate representing
the cross-sectional size, d is the Porod exponent, s1 is the
parameter that models nonspherical objects in the intermedi-
ate-q region, and G1 and D represent scaling factors for the
intermediate-q Guinier region and high-q Porod region,
respectively. The scattering vector q1 is the crossover q value

Figure 1. Schematic of the thermoset blend phase separation process. The DCPD and epoxy monomers are miscible with one another but undergo
phase separation during the low-temperature curing of DCPD. Once the system is brought to elevated temperatures, the epoxy resin cures within the
macroscopically phase-separated blend.
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between the Porod region and the intermediate-q Guinier
region and is calculated from Rg1 by

=
− −⎡

⎣⎢
⎤
⎦⎥q

R
d s s1 ( )(3 )

21
g1

1 1
1/2

(2)

The value of the parameter s1 is indicative of the underlying
three-dimensional morphology of the material with s1 = 0, 1, 2
representing, spherical, rod, and lamellar (or platelet)
morphologies, respectively. The model fits to the data are
shown in Figure 3b. While some data sets exhibited a turnover
from the intermediate-q Guinier region to a low-q Guinier
region (blends 50E, 30E, and 20E), the low-q regions contained
too few data points to be sufficiently modeled with the Guinier
equation. Therefore, in this study only information regarding
the cross-sectional area (defined by Rg1) and underlying
morphology (quantified by s1) was extracted. The resultant
parameter values from the Guinier−Porod fitting are shown in
Table 1.

Figure 2. (a) Optical micrograph of blend 50E, cured at 30 °C without
the addition of K54 catalyst (under these conditions, PDCPD is cured
whereas the epoxy resin is not cured). The inset shows a FFT of the
image. The other blends (ranging from 20 to 95 vol % epoxy resin)
showed comparable cocontinuous morphologies (Figure S1). (b)
Intensity vs wavevector q calculated from the FFT of micrographs of
partially cured blends (a representative FFT is shown in the inset to
(a)). The domain size, dOM, was calculated from the value of q at the
peak maximum. Plots have been shifted along the intensity axis for
clarity.

Table 1. Structural and Thermal Properties of Epoxy Resin/PDCPD Blends and Pure Components

sample epoxy resin (vol %) dOM
a (μm) Rg1

b (nm) q1
b (nm−1) s1

b db Tg
c (°C)

epoxy resin 100 148.5 ± 0.5
95E 95 4.5 3.2 158 ± 2
90E 90 4.2 33.7 ± 0.2 0.017 2.5 3.8 150.1 ± 0.6
80E 80 3.7 19.3 ± 0.1 0.041 2.3 4.1 145 ± 3
70E 70 2.8 19.8 ± 0.1 0.033 2.5 4.2 134 ± 3
50E 50 3.2 22.3 ± 0.2 0.024 2.6 4.0 156 ± 6 (123 ± 6)
30E 30 3.5 63.8 ± 0.8 0.014 2.2 4.1 161 ± 3 (142 ± 3)
20E 20 3.1 50.6 ± 1.0 0.011 2.6 4.0 163.8 ± 0.4 (153 ± 2)
PDCPD 0 171 ± 2

adOM is the domain size from optical microscopy. bRg1, s1, q1, and d are parameters determined from Guinier−Porod fitting to the USAXS data,
where Rg1 is the cross-sectional length, s1 is the Guinier exponent, q1 is the q location of the transition from the Guinier to Porod regime (calculated
from Rg1), and d is the Porod exponent. Errors provided for these parameters are errors from model fitting within Irena. cTg’s determined from the
DSC second heating ramp. In the case of two distinct Tg’s, the transitions were determined using peak locations in the derivative heat flow (Figures
S14−S17). The PDCPD rich phase Tg is listed in parentheses. Errors provided for Tg represent bar to bar variation within a sample set.

Figure 3. (a) USAXS data (absolute intensity, slit smeared with slit
length 0.033 069 Å−1) obtained from epoxy resin/PDCDP blends.
Additional data are shown in Figures S2−S10. Every 7th point is
shown for clarity. (b) Vertically shifted USAXS data with generalized
Guinier−Porod model (eq 1) fit to the high and intermediate q
regions, shown as the solid black curves (slit smearing is accounted for
in the model fitting). Errors on the intensity measurements are smaller
than the size of the symbol and are not shown here (see Figures S2−
S10).
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Blend 95E exhibited Porod scattering with an exponent of
3.2, consistent with a phase-separated structure with rough
interfaces. Guinier behavior was not observed in blend 95E in
the accessible q-range. As the epoxy resin content was
decreased to 20−90 vol %, a clear intermediate-q Guinier
region became visible with a slope indicative of a surface fractal
type structure beyond lamellae, accompanied by a high-q Porod
region with exponent around 4, indicating sharp and smooth
interfaces. The corresponding Rg1 values indicated a decrease in
the cross-sectional Rg from 34 nm in blend 90E to around 20
nm in blends 80E and 70E. In blends 50E, 30E, and 20E, a
subtle turnover into the low q-region was apparent,
representing a decrease in the lateral size to within the
accessible q range. Blend 30E exhibited a more pronounced
low-q Guinier region, accompanied by an increase in the cross-
sectional area (represented by Rg1) and diminished inter-
mediate-q region (with a decrease in q1). Blend 20E exhibited a
larger intermediate-q region as Rg1 decreased once again. These
results indicate a surface fractal type structure that decreased in
lateral size but increased in width as the composition shifted to
higher PDCPD content, until a maximum cross-sectional width
was observed for blend 30E, which subsequently decreased for
blend 20E.
3.2. Thermal Analysis of Fully Cured Neat Compo-

nents and Blends. Thermal properties of fully cured neat
components (epoxy resin, PDCPD) and blends, prepared for
tensile testing, were investigated by DSC. Tg as a function of
blend composition is shown in Figure 4 (and tabulated in Table

1). Neat epoxy resin and PDCPD exhibited single Tg’s at 148
and 171 °C, respectively. For blends containing 20−50 vol %
epoxy resin, two Tg’s were readily apparent. The higher
transition temperature was attributed to the epoxy resin rich
phase, and the lower transition temperature was attributed to
the PDCPD rich phase, assigned using the measured neat
component heat capacity step changes and known blend
compositions.b The Tg of the epoxy resin rich phase was
relatively constant with blend composition (indicating a lack of
plasticization) and consistent with the neat epoxy resin Tg,
whereas the Tg of the PDCPD rich phase drastically decreased
with decreasing PDCPD content in the blend. The decrease in
the Tg of the PDCPD rich phase is likely due to inhibition of
the ROMP of DCPD in the presence of the epoxy resin

components (thus decreasing conversion), which was pre-
viously observed using in situ FTIR.33

As the epoxy resin content in the blend increased to 70−95
vol %, two key behaviors are observed: only one Tg is present,
and the Tg increases as the epoxy resin vol % increases. Blend
miscibility is an unlikely explanation for the presence of a single
Tg, as USAXS and optical miscopy data indicated strongly
phase separated systems (Figures 2 and 3). We hypothesize
that low conversion of the PDCPD (based on previous FTIR
studies33) has reduced the heat capacity step change of the
PDCPD rich phase in these blends, thus preventing observation
of this transition.c The single Tg observed is therefore attributed
to the epoxy resin rich phase. Interestingly, the Tg of blend 95E
increased slightly relative to the neat epoxy resin, consistent
with an increase in conversion due to dilution of epoxy resin
with unreacted DCPD monomer33 (i.e., delaying vitrification).
We now discuss the trend of increasing Tg with increasing

epoxy resin content in blends containing 70−95 vol % epoxy
resin. A previous study employing in situ FTIR indicated an
increase in the epoxy resin conversion in the epoxy resin/
PDCPD blends relative to the neat epoxy resin, which was
relatively insensitive to the PDCPD content in the blend;33

ATR-FTIR experiments on fully cured tensile bars showed the
same behavior (section 7 of the Supporting Information). We
therefore do not attribute the depressed Tg in these blends to
lower conversion of the epoxy resin. We propose that in blends
70E and 80E drastic inhibition of ROMP of DCPD (and
resulting low conversion) may have promoted enhanced
miscibility of the PDCPD and epoxy resin rich phases at
early stages in the curing process due to the presence of the
DCPD monomer. Though structural analysis indicates highly
phase-separated blends after the curing was complete, the
epoxy resin phase may include a higher PDCPD content,
reducing the Tg. We note that there should be negligible
monomer content at the end of the curing schedule, due to the
high temperature used in the final curing stages (160 °C for 4 h
and 200 °C for 2 h, high enough to volatilize any unreacted
DCPD monomer).
The cumulative results of optical microscopy, USAXS,

thermal analysis, and FTIR (including prior studies33) indicate
that the blended system is composed of two strongly phase-
separated domains: a PDCPD rich phase whose conversion was
significantly inhibited by the presence of the epoxy resin
components (thus drastically reducing its Tg) and an epoxy
resin rich phase which maintained high overall conversion and
Tg. A diagram of the proposed morphology, consistent with the
USAXS and optical microscopy analyses, is shown in Figure 5.

3.3. Mechanical Properties of Fully Cured Neat
Components and Blends. Tensile properties and fracture
toughness were measured for neat components and fully cured
blends; the results are tabulated in Table 2 and shown in Figure
6. In this thermoset blend system, the epoxy resin was
employed to provide high strength and stiffness to the resulting
blends. As anticipated, the neat epoxy resin possessed high
tensile strength and modulus values (91 MPa and 2.6 GPa,
respectively), consistent with prior literature.22,41 Neat PDCPD
exhibited lower tensile strength and modulus as compared to
the epoxy resin (53 MPa and 1.61 GPa, respectively).
PDCPD was blended with the epoxy resin to provide

ductility and enhanced toughness to the thermoset blend,
relative to the neat epoxy resin. The fracture toughness of
PDCPD (2.7 MPa m1/2) was greater than that of the neat
epoxy resin (0.58 MPa m1/2) by a factor of around 4−5.

Figure 4. Tg of the neat components and blends, measured on
specimens prepared for tensile testing. The open red circles (○) are
attributed to the Tg values of the PDCPD rich phase, and the solid
squares (■) are attributed to the Tg values of the epoxy resin rich
phase. The error bars represent bar to bar variation.
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Surprisingly, the elongation at break of PDCPD (7.9%) was
only marginally greater than that of the epoxy resin (5.1%),
which is in contrast to literature studies which reported large
elongation at break values (sometimes greater than 100%
elongation).42−45 We believe this difference is due to the
removal of the unreacted DCPD monomer in our specimens,
which may have been present when varying curing protocols
were used in other studies. To provide evidence for this
hypothesis, we explored the mechanical behavior of neat
PDCPD under various curing protocols (Figure S24). When
the elevated temperature step (200 °C) was eliminated, the
resulting mechanical tests showed elongation at break values
greater than 100% (Figure S24), attributed to plasticization by
the remaining DCPD monomer. By contrast, addition of the
200 °C curing stage (for specimens cured both under vacuum
and in air) reduced to the elongation at break values to that
reported in Table 2, which are consistent with a prior literature
report by Jeong and Kessler, who also used a high postcuring
step (at 170 °C).46

Modulus and tensile strength values for the blends (Figure
6a) were consistent with or greater than the linear rule of
mixtures,d indicated by the solid and dashed lines in Figure 6.
While the improvement of mechanical properties above the rule
of mixtures is often indicative of miscible blends in which the
two components are molecularly mixed, creating a material of

higher density than the neat components,47 all other indications
as discussed above are that the epoxy resin/PDCPD blends
were strongly phase separated. The observed positive deviation
from the rule of mixtures is possibly due to ROMP inhibition in
the presence of the epoxy resin components, by which the
DCPD conversion decreased as the epoxy resin content in the
blend increased.33 The effective epoxy resin content in the
blends therefore might be higher than anticipated from the
monomer composition, providing better agreement with
predictions of the rule of mixtures.
The elongation at break and tensile toughness, however,

exhibited negative deviations away from the expected behavior
of the rule of mixtures (Figure 6b). The elongation at break of
all blends was relatively constant and consistent with that of the
neat epoxy resin, regardless of the blend composition. Neat
PDCPD exhibited a slightly larger elongation at break than the
neat epoxy resin and blends. The tensile toughness values of
the neat components were similar to one another, and hence
little impact was observed of the blend composition on the
tensile toughness (Figure 6b). A slight negative deviation away
from the rule of mixtures in the tensile toughness is observed,
as the blend tensile toughness values decreased below both neat
component values at intermediate epoxy resin vol %. The
observed negative deviation of the elongation at break and
tensile toughness from the rule of mixtures is most likely due to
the blend’s rapidly decreasing tensile strength with higher
PDCPD content and inability to undergo macroscopic
necking/plastic deformation due to rigid epoxy rich domains
that extend throughout the material.
Significant differences in the fracture toughness (KIC) values

of PDCPD and the epoxy resin led to a strong composition
dependence of the fracture toughness on the epoxy resin vol %
in the blend, which very closely followed the rule of mixtures
(Figure 6c). The radius of the crack tip plastic zone, ry, was
calculated assuming linear-elastic fracture mechanics (under
plane strain) as a function of the critical stress intensity value
(KIC) and the yield strength (σy) (the yield strength and tensile
strength were equivalent for the blends reported in Table 2):22

π σ
=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟r

K1
6y

IC

y

2

(3)

The resultant crack tip plastic zone radii are reported in Table
2. In all blends, the size of the plastic zone at the crack front
was as large as or larger than the domain size (Table 1). As the
crack front therefore interacted with a representative volume of

Figure 5. Schematic of the proposed morphology of epoxy resin/
PDCPD blends, consistent with USAXS and optical microscopy
analyses.

Table 2. Mechanical Properties of Blends and Neat Componentsa

sample tensile strength (MPa) elongation at break (%) modulus (GPa) tensile toughness (MPa) KIC (MPa m1/2) crack tip radiusb (μm)

epoxy resin 91 ± 8 5.1 ± 0.8 2.6 ± 0.1 2.7 ± 0.7 0.58 ± 0.09 2.2 ± 1.1
95E 92 ± 8 5.2 ± 0.3 2.57 ± 0.08 2.7 ± 0.3 0.52 ± 0.07 1.7 ± 0.9
90E 100 ± 4 5.8 ± 0.4 2.58 ± 0.05 3.4 ± 0.4 0.70 ± 0.02 2.6 ± 0.4
80E 92 ± 3 5.6 ± 0.5 2.63 ± 0.07 3.1 ± 0.5 0.89 ± 0.02 5.0 ± 0.5
70E 79 ± 2 5.1 ± 0.4 2.54 ± 0.05 2.5 ± 0.3 1.3 ± 0.1 14.4 ± 3.2
50E 75.6 ± 0.8 5.2 ± 0.2 2.26 ± 0.04 2.4 ± 0.2 1.51 ± 0.07 21.2 ± 2.6
30E 73 ± 1 5.6 ± 0.2 2.13 ± 0.03 2.5 ± 0.1 2.07 ± 0.03 42.7 ± 2.4
20E 66 ± 1 5.7 ± 0.6 1.96 ± 0.02 2.4 ± 0.4 2.29 ± 0.03 64 ± 4
PDCPD 53 ± 1 7.9 ± 0.7 1.61 ± 0.05 3.0 ± 0.3 2.7 ± 0.3 138 ± 27

aTwenty samples were tested for the neat tensile specimens, 10 samples were tested for the blended tensile specimens, and a minimum of 3 samples
(in accordance to ASTM standard 5045) were tested for all SENB specimens. Error bars represent bar to bar variation within a sample set.
bCalculated with eq 3.
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sample, containing both PDCPD rich and epoxy resin rich
domains, the resultant blend fracture toughness values followed
the rule of mixtures (Figure 6c). Notably, at high epoxy resin
content (around 70−90 vol %), the high modulus and tensile
strength of the epoxy resin were largely retained while
increasing the fracture toughness (Figure 6).
3.4. Investigation of Fracture Mechanisms. The fracture

surfaces of tensile and fracture toughness testing specimens
were examined with SEM (Figure 7 and Figures S18−S21).
The fractographs of both tensile and SENB specimens of all
blends exhibited no distinguishable domains (PDCPD or epoxy
resin), likely due to lack of mechanical contrast between the
phases, and as a result no comparisons to USAXS
morphological information could be drawn.

The neat epoxy resin and blends containing 70−95 vol %
epoxy resin exhibited behavior consistent with brittle glassy
polymers undergoing brittle overload failure.48−57 In brittle
polymers under tension, the material fails by nucleation and
cavitation at small defect sites within the bar which propagates
outward, creating a relatively smooth surface (mirror) near the
defect as the crack propagation is initially relatively slow. As the
crack moves outward the speed of the crack front increases and
occasional striation/rib structures appear (in the “mist” region)
as the secondary crack or cavitation fronts occur and intersect
with the initial crack front.58 Past the mist region the crack
rapidly progresses and creates the “hackle” region, in which the
failure is critically unstable and the crack is propagating at the
highest rate. The sizes of these respective regions and their
topologies result from complicated interplay between the yield
stress, elastic and shear modulus, and fracture toughness of the
material, the size of the defect, the load on the sample, rate of
elongation, and the geometry of the bar.59−61 The tensile bar
fracture surfaces showed a qualitative increase in the occurrence
of common energy dissipation mechanisms such crazing (fibrils
protruding from the crack front) and shear banding (striations
perpendicular to the crack edge) as the vol % of PDCPD was
increased.6,8,22,62−64

In blends containing less than 70 vol % epoxy resin, the
tensile specimens no longer failed at a defect and resembled
ductile overload failure, in which the intrinsic yield stress of the
material is reached before the Griffith criteria describing the
onset of brittle failure is satisfied.54,59 This change in failure
mechanism is attributed to the decrease in tensile strength and
increase in fracture toughness as the epoxy resin vol %
decreased (Figure 6). Tensile specimens for neat PDCPD,
shown in Figure S21, underwent shear yielding or “necking”,
indicative of a ductile material, and had a relatively smooth
fracture surface.65

In the SENB specimens, a crack was initiated across the
sample and plane strain criteria were met. The neat epoxy resin
and blend 95E exhibited SENB fracture surfaces which were
smoother than their tensile counterparts (as the crack front is
standardized in the SENB samples), showing only a few “rivers”
that run parallel to the crack front. As a result, nearly no energy
was dissipated away from crack growth as indicated by the low
fracture toughness of the neat epoxy resin and blend 95E.
Additional energy dissipation mechanisms were observed in
blends with higher PDCPD content. In blend 90E, the number
of striations in the direction of the crack front (typically
assigned to out-of-plane deformation/crack growth48,55) was
significantly increased. Fracture surfaces of blend 70E showed
the development of tortuous surfaces that became even more
prominent in blend 50E. Such tortuous surfaces allow for
greater energy dissipation through the development of new
surfaces and are common in tougher samples.54,59,66 The
observation of increased dissipation mechanisms evident in the
SEM images of SENB surfaces was in good agreement with the
increased fracture toughness of the blends. Blend 20E showed
behavior characteristic of microductility, such as fibrils
extending from conical features.48 The neat PDCPD SENB
specimen, shown in Figure S21, exhibited textbook hackle
markings associated with semibrittle materials containing out-
of-plane cracks intersecting with the initial crack front.48

4. CONCLUSIONS
The morphological, thermal, and mechanical behavior of epoxy
resin/PDCPD blends and their neat components were

Figure 6. (a) Tensile strength (■) and modulus (red ○) versus blend
composition. (b) Elongation at break (■) and tensile toughness (red
○) versus blend composition. (c) Fracture toughness (■) versus
blend composition. In all plots, the lines are the linear rule of mixtures
calculated from the neat component properties (solid lines are
associated with closed data points, and dashed lines are associated with
open data points). Error bars represent bar to bar variation within a
sample set.
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explored. Optical microscopy of partially cured blends indicated
cocontinuous phase-separated structures with a common
domain size of 2−5 μm across all blend compositions.
USAXS analysis of fully cured blends revealed strongly phase-
separated systems in the Porod region. Guinier analysis
indicated a surface fractal structure for all blends, with cross-
sectional length in the range of 20−60 nm and lateral size
greater than 2 μm. Two Tg’s were observed in blends with 20−
50 vol % epoxy resin, characteristic of phase separation. The
presence of a single Tg in blends with higher epoxy resin
content was attributed to the inability to detect the step change
of the PDCPD transition in the DSC measurement (due to
lower PDCPD conversion). At low epoxy resin content (20−50
vol %), the Tg of the epoxy resin rich phase was consistent with
the neat epoxy resin, and the Tg of the PDCPD rich phase
drastically decreased with increasing epoxy resin content due to
inhibition of the ROMP reaction. At high epoxy resin content
(70−95%), the observed single Tg, associated with the epoxy
resin phase systematically increased with increasing epoxy resin
content. The depression of the Tg in blends 70E and 80E
relative to the neat epoxy resin is proposed to originate with
enhanced PDCPD content in the cured epoxy resin phase,

mediated by the presence of the DCPD monomer during the
blend curing. Neat epoxy resin exhibited a high tensile strength
and modulus and behavior typical of brittle specimens, with low
fracture toughness. Neat PDCPD exhibited a lower tensile
strength and modulus as compared to the epoxy resin; however,
the PDCPD fracture toughness was 4−5 times higher than that
of neat epoxy resin. Blended systems generally exhibited
moduli, tensile strengths, and fracture toughnesses consistent
with that predicted by the rule of mixtures. Tensile and fracture
testing bars composed of neat epoxy resin and blends
containing 70−95 vol % epoxy resin exhibited brittle overload
failure. In blends containing less than 70 vol % epoxy resin, the
tensile bars exhibited ductile failure and did not appear to fail a
defect. Energy dissipation mechanisms such as crazing, shear
banding, and surface roughness visually increased with
increasing PDCPD content in the blends. These results present
a facile method to tune the mechanical properties of a
toughened thermoset network, in which the high modulus and
tensile strength of the epoxy resin can be largely retained while
increasing the fracture toughness.

Figure 7. SEM micrographs of the fracture surfaces of tensile specimens (a) neat epoxy resin, (b) 90E, (c) 70E, and (d) 50E and SENB specimens
(e) neat epoxy resin, (f) 90E, (g) 70E, and (h) 50E. Additional micrographs of fracture surfaces are provided in Figures S18−S21.
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■ ADDITIONAL NOTES
aWe note that surface interactions with the slide and coverslip
may perturb the blend morphology observed in optical
microscopy, and those effects are neglected here.
bNeat PDPCP and epoxy resin exhibited heat capacity step
changes of 0.197 and 0.294 J/(g °C), respectively. By
comparing the sizes of the peaks in the derivative heat flow

of the blends, the Tg’s were assigned to either the PDCPD rich
phase or the epoxy rich resin phase. For example, in blend 50E
the minor peak was attributed to the PDCPD rich phase as the
neat PDCPD exhibited a smaller peak in the derivative heat
flow compared to the neat epoxy resin. Similarly, in blends 30E
and 20E, the larger peak was assigned to the PDCPD rich
phase, as PDCPD was expected to be present at higher content
[e.g., the anticipated heat capacity step change for the PDCPD
rich phase in blend 30E (0.7 × 0.197 J/(g °C)) is greater than
the anticipated heat capacity step change for the epoxy resin
rich phase (0.3 × 0.294 J/(g °C)].
cFigure 4 shows the results of the second heating ramp, in
which a lower temperature transition was not observed for
blends with 70−95 vol % epoxy resin. However, in the first
heating ramp (shown in Figure S13), lower temperature
transitions were observed around 80 and 70 °C respectively for
blends 70E and 80E.
dIn the linear rule of mixtures, a straight line is fit to the values
measured for neat epoxy resin and neat PDCPD.
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