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ABSTRACT: The structure and properties of copolymerized sequential-interpenetrating
networks (SeqIPNs) synthesized from amine-cured epoxies and free-radical polymer-
ized dimethacrylates were examined. Materials were synthesized with and without the
incorporation of an epoxy-terminated butadiene–nitrile reactive elastomer. Synthesis
proceeded through full thermal cure of the epoxy–amine network, followed by polymer-
ization of the methacrylate network. The methacrylate reactions were free-radically
induced using thermal (peroxide-initiated) or photochemical [electron-beam (e-beam)]
techniques. Fourier transform infrared spectroscopy was used to monitor epoxy–amine
step-growth polymerization in situ and to measure final cure conversion of methacry-
lates. Structural examination of the IPNs using atomic force microscopy and scanning
electron microscopy revealed microphase separation in the neat–SeqIPN materials and
macroscopic phase separation of rubber-rich domains for elastomer-modified networks.
Dynamic mechanical analysis of the SeqIPN determined that the properties of the
network are strongly dependent on the cure conditions. Furthermore, the viscoelastic
behavior of the e-beam–cured SeqIPN could be adequately described by the Williams–
Landel–Ferry and Kohrausch–Willams–Watts equations, presumably because of a
strong coupling between the epoxy–amine and methacrylate networks. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 81: 530–545, 2001
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INTRODUCTION

Interpenetrating networks (IPNs) represent a
broad category of polymeric materials that offer the
ability to control thermal and mechanical proper-
ties through materials selection and reaction condi-
tions. IPNs are synthesized by the network poly-
merization of one or more monomers in the pres-
ence of another network.1 The two networks can be

polymerized simultaneously (SimIPN) or sequen-
tially (SeqIPN) to produce desired structures. Net-
works in IPNs are frequently observed to phase- or
microphase-separate during the course of the chem-
ical reactions.2 The order of the reactions, rate, and
the miscibility of the two networks with each other
can produce a number of interesting multiphase
morphologies and properties.

The ability to select systems and control the
polymerization reactions can lead to tailored
structures and properties. Independent reaction
pathways are often desirable and offer the great-
est degree of control in the final IPN. Numerous
strategies can be envisioned to provide indepen-
dent polymerization reactions. In this study, we
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investigate SeqIPNs formed when epoxy–amine
(EA) networks are reacted in the presence of
dimethacrylate monomers. During the formation
of the epoxy–amine system, the methacrylates
remain inert and behave as a diluent. The
methacrylates are subsequently polymerized fol-
lowing the preliminary epoxy–amine reactions.
The methacrylate polymerization can occur ther-
mally using peroxide initiators, or alternatively,
athermally using photochemical methods includ-
ing ultraviolet or electron-beam (e-beam) irradia-
tion techniques. The selection of the molecular
weight, functionality, and reactivity of the start-
ing monomers has been shown to profoundly af-
fect thermomechanical properties in these sys-
tems.3

Internetwork chemical bonds can be incorpo-
rated into the molecular architecture to co-
valently link the individual interpenetrating net-
works. This additional network design parameter
can significantly alter the thermal and mechani-
cal properties of the final material. This approach
has been used to control the properties of epoxy–
acrylate and urethane–acrylate IPN systems.4 It
was previously shown that the cure shrinkage,
glass-transition temperature (Tg), and viscoelas-
tic properties of epoxy–acrylate coreacted SeqIPN
systems are strongly dependent on the degree of
coupling between the two networks.5 Many of
these systems also possessed improved modulus
and strength. These epoxy–acrylate IPNs have
very attractive structural properties and have
been used as liquid-molding resins for glass and
carbon-reinforced polymer matrix composite
(PMC) materials and structural adhesives. De-
spite these improvements, these resins do not
exhibit the necessary toughness that is required
in certain PMC and adhesive applications.

Both traditional epoxy and methacrylate net-
works can be quite brittle, so the improvement in
mechanical performance resulting from IPN for-
mation may be insufficient to meet the specific
performance requirements for potential adhesive
and composite applications. The lack of toughness
in traditional epoxy networks has been addressed
through the incorporation of reactive liquid rub-
bers [e.g., epoxy-terminated butadiene nitrile
(ETBN)], which phase-separate during cure to
yield increased toughness.6 The enhanced tough-
ness is obtained with minimal negative effects on
critical structural properties including modulus
and glass-transition temperature. It was demon-
strated for epoxy materials that the most effective
toughening occurs when phase separation of the

rubber domains is nearly complete, such that
minimal elastomer remains dissolved in the ma-
trix phase.7 Macrostructural features, such as the
volume fraction, particle size, and interparticle
spacing of the rubber-rich domains, strongly af-
fect the ultimate properties of the modified ther-
moset network.8

The incorporation of reactive elastomers into
epoxy–methacrylate IPNs may be a suitable
method to modify the macrostructure and proper-
ties of these materials and was been examined.9

However, because of the rapid cure rates for e-
beam processing, the phase separation of the rub-
ber domains must be achieved during the compar-
atively slow polymerization of the epoxy–amine
network. Additionally, the amount of elastomer
that remains in solution should be minimized, to
maintain a relatively high Tg upon final cure. The
unreacted methacrylate monomers may act as ef-
fective ETBN solvents and could hinder phase
separation from the growing epoxy–amine net-
work. The composition and reaction conditions
that produce desired macrostructures must be
studied. In this work, the composition and cure
conditions producing two-phase rubber-tough-
ened SeqIPN materials are examined. The poly-
merization rate for formation of the epoxy–amine
network, the macrostructural features, and the
thermomechanical properties of the full IPNs are
also characterized.

EXPERIMENTAL

Materials

The SeqIPNs synthesized in this work are illus-
trated schematically in Figure 1. The initial net-
work consists of a thermally cured epoxy–amine
network polymerized in the presence of nonreacting
dimethacrylate monomers. Additionally, a bifunc-
tional epoxy–methacrylate coupling monomer is
reacted into the EA network during the epoxy–
amine reaction. The bifunctional coupling monomer
(BDGEBA) was synthesized in our laboratory fol-
lowing the procedure outlined by Doyle et al.10 for
reacting diepoxides with methacrylic acid. Based on
our earlier results, one-quarter (25%) of the active
amine reaction sites are bonded to BDGEBA in the
final EA network, providing internetwork molecu-
lar crosslink sites. The EA network is fully reacted
by thermal processing, producing a swollen gel
structure. Next, the methacrylate free-radical poly-
merization is initiated, either thermally with the
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addition of an organic peroxide (e.g., t-butyl perox-
ide) or photochemically with e-beam irradiation.
The dimethacrylates produce a highly crosslinked
glassy polymer upon methacrylate curing. In gen-
eral, the selection of methacrylates and epoxides is
variable. For this research, we selected monomers
that are suitable for structural applications, such as
composite resins and adhesives.

Table I shows the molecular structure and mo-
lecular weights of the monomers used to create
the SeqIPNs in this study. We selected diglycidyl
ether of bisphenol A (DGEBA) epoxides and a
cycloaliphatic primary diamine curing agent,

bis(p-aminocyclohexyl) methane (PACM). The
free-radical methacrylate network is composed of
two difunctional methacrylates: methacrylated-
DGEBA (MDGEBA) and 1,6-hexanediol dimeth-
acrylate (HDDMA). HDDMA was used to control
viscosity, add flexibility, and increase tackiness.
In all SeqIPNs, the fraction of HDDMA was held
constant at 10 wt %. Some SeqIPNs were modified
by the addition of an epoxy-terminated buta-
diene–nitrile rubber (ETBN).

Initially, several compositions were synthe-
sized using the starting materials shown in Table
I. Blends of these monomers were thermally

Figure 1 Schematic synthesis of SeqIPN structures.

Table I Monomer Structures in SeqIPN Formulations

Identification Structure MW

DGEBA 370–384

MDGEBA 542–554

BDGEBA 456–470

HDDMA 254

ETBN 3600–4000 (y 5 18%)

PACM 210
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cured to form a swollen gel and subsequently
characterized by Tg and turbidity measurements.
Rubber-toughened formulations exhibited strong
phase separation over a broad range of network
compositions. Figure 2 shows the ternary phase
diagram for ETBN-modified SeqIPNs determined
from turbidity measurements. The phase enve-
lope in the diagram reveals that in high concen-
trations, the dimethacrylates (.60 wt %) act as a
solvent for the ETBN and suppress formation of
rubber-rich domains. Although some specimens
are optically transparent, a microheterogeneous
morphology may still be present. However, this
was not verified because phase separation pro-
ducing 0.1- to 10.0-mm domains was desired to
achieve improved toughness.11 Additionally, sol-
ubilized rubber would diminish the performance
expectation for toughened systems, particularly
with respect to Tg.

Based on the results of these preliminary for-
mulations, SeqIPN compositions were selected
where the two networks are mixed in approxi-
mately equal weight fractions (e.g., 50/50), while

keeping the concentration of HDDMA at 10 wt %.
Two compositions (with and without ETBN) and
two cure methods (e-beam and thermal) were cho-
sen to provide insight into the role of cure condi-
tion and elastomer modification on the structure
and properties of the SeqIPNs. Additionally, the
cure behavior and properties of the SeqIPNs are
compared to model networks consisting of both
ETBN-modified and unmodified epoxy–amine
thermosets. These model systems are formulated
without diluents and are traditional thermoset
epoxy networks. The compositions of the systems
described here are listed by weight percentage in
Table II.

Characterization Methods

Fourier transform infrared spectroscopy (FTIR)
was used to follow polymerization kinetics in situ.
The FTIR spectra were collected using a Nicolet
Magna IR-5DBX spectrophotometer (Nicolet In-
struments, Madison, WI) with a KBr beam split-
ter. Spectra were collected with a resolution of 4

Figure 2 Optical cloud-point determinations for rubber-phase separation in SeqIPN
blends.

Table II Chemical Compositions of Experimental Resins (wt %)

System
Cure
Type Amine DGEBA ETBN MDGEBA HDDMA BDGEBA

I00E E-beam 9.2 32.9 0 38.8 10 9.1
I01E E-beam 8.5 30.4 9.7 32.1 10 7.7
I00T Thermal 9.2 32.9 0 38.8 10 9.1
I01T Thermal 8.5 30.4 9.7 32.1 10 7.7
E00T Thermal 22.7 77.3 0 0 0 0
E01T Thermal 20 70 10 0 0 0
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cm21 over 32 scans for the frequency range from
4000 to 400 cm21. Spectral data were collected
every 2 min and evaluations of the characteristic
vibrational bands were performed using peak–
height and peak–area measurement techniques.
The infrared vibrational modes of interest for ki-
netics include the epoxide ring stretch (916 cm21),
the methacrylate CAC symmetric stretch (1637
cm21), and the methacrylate CH out-of-plane
stretch (945 cm21). Additionally, the para-substi-
tuted benzene breathing mode (1510 cm21) was
used as the internal standard.

Atomic force microscopy measurements were
performed on freeze-fractured specimens using a
Digital Instruments Dimension 3000 atomic force
microscope (Digital Instruments, Santa Barbara,
CA). Fracture surfaces were viewed in the as-
fractured condition with no additional etching
performed. Imaging was obtained using the tap-
ping mode, which minimizes sample tip interac-
tions that may damage the surface of the polymer.
Height and amplitude signals were recorded si-
multaneously. Postprocessing and analysis of the
raw images was performed using the software
provided with the instrument. Scanning electron
microscopy (SEM) was performed using second-
ary electron detection on an Amray 1830 (Amray,
Bedford, MA) with Kevex (Kevex, Valencia, CA)
digital capture. Brittle fracture surfaces of the
SeqIPN samples were studied after coating with a
7-nm gold–palladium (Au-Pd) conductive layer.
The SEM was operated using a tip voltage of 7.0
kV above the grounded target.

Dynamic mechanical analysis (DMA) was per-
formed using a TA Instruments 2980 DMA (TA
Instruments, New Castle, DE) in the dual-canti-
lever bending mode. The samples were tested us-
ing a 20-mm frame and an oscillatory displace-
ment of 7.5 mm. Typical samples were approxi-

mately 12 3 1.65 mm (width 3 thickness),
respectively. Single-frequency sweeps were
scanned at 1 Hz, from 2135 to 225°C at a heating
rate of 2.0°C/min. Multiple-frequency sweeps
were measured at 0.1, 0.3, 1, 3, 10, and 30 Hz in
3°C isothermal steps. The Tg’s were taken as the
peak maximum of the loss modulus (E0) curves
measured at 1 Hz. All DMA results reported were
taken from second-heat measurements.

Differential scanning calorimetry was done us-
ing a TA Instruments 2920 MDSC operated in the
standard mode at a heating rate of 10°C/min. All
scans reported are second-heat values. First-heat
residual heats of reaction were negligible (,5 J/g)
in all cases.

Network Formation

EA Network Formation

The reaction of epoxide with amine (Fig. 3) pro-
ceeds via a traditional ring-opening addition
mechanism to form an ether linkage and a sec-
ondary alcohol.12 In the absence of catalysts, the
rate of this reaction is primarily dependent on the
structure and the concentrations of amine and
epoxide as well as the cure temperature. As the
polymerization progresses, monomer and polymer
diffusion slow dramatically as the molecular
weight of the network advances toward vitrifica-
tion and gelation. The polymerization rate during
the early stages is least dependent on diffusional
limits and is used to calculate the intrinsic
polymerization rate. In the EA reaction of the
SeqIPNs, the presence of the methacrylate mono-
mers may affect the curing mechanisms for for-
mation of the EA network. One would predict that
the presence of reactive monomers may interfere
with the traditional cure mechanisms of EA and
either catalyze or hinder the polymerization. A

Figure 3 Generalized epoxide and methacrylate homopolymerization products.
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catalyzed polymerization would be reflected by a
reduction in the activation energy for formation.
Moreover, diluents have been observed to in-
crease cure conversion in polymer network forma-
tions,13 which is attributed to a reduction in dif-
fusional limits or, equivalently, an increase in the
vitrification temperature. This secondary impact
would be synonymous with improved cure conver-
sions in the EA network of the SeqIPN compared
to those in model EA networks, but it would not
indicate a change in macromolecular structure.

In addition to desired cure enhancement, the
epoxy–amine reaction in the presence of free-rad-
ical species may be influenced by side reactions
between primary amines and alkenes via a Mi-
chael’s addition (MiA) mechanism.14 The amine
product formed by the MiA reaction (Fig. 4) will
result in unreacted epoxy in the final network and
an uncontrollable decrease in crosslink density.
Incomplete reactions of the epoxy network will
have a deleterious effect on the resulting thermo-
mechanical properties of the SeqIPN. Thus, EA
polymerization conditions must be selected care-
fully to minimize the extent of MiA side reactions.
Previous researchers3 demonstrated that the MiA
reaction of a primary amine follows the tradi-
tional reactivity rate for unsaturated carbon
bonds where

allyl .. acryl . methacryl .. disubstituted

Dalal and Palmese15 characterized the reaction
rate (k) between a primary amine with epoxide
(EA), acrylate (AA), and methacrylate (MA) func-
tionalities and determined kEA . kAA . kMA. They
also verified that the effective rate of formation of
the MiA product is highly temperature depen-
dent. The methacrylates that we selected for this
study are less reactive than are allyl and acrylate
moieties. Nevertheless, reaction conditions for EA
polymerization are selected to minimize the po-
tential side reactions. FTIR cure studies were
performed to assess the rate of reaction and ex-

tent of conversion of epoxy–amine, as well as the
extent of MiA side reactions that occur as a func-
tion of temperature.

Methacrylate Network Formation

Once reacted, the epoxy–amine network serves as
a template for the ensuing methacrylate network
formation via free-radical polymerization. Typical
homopolymerization of methacrylates produces a
high degree of shrinkage (8–12%) on curing. One
effect of polymerizing the methacrylates on the
EA template is reduced cure shrinkage (2–4%) in
the SeqIPNs.

To compare thermally cured samples with e-
beam–processed SeqIPNs, we sought to form the
thermal initiated methacrylate networks after
EA formation was completed. Therefore, we se-
lected a high-temperature initiator, di-tert-butyl
peroxide (1-h T1/2 5 149°C) for the free-radical
cure of methacrylates. The dimethacrylate net-
work is thermally cured at 180°C for 24 h. For the
e-beam–initiated systems, no peroxide initiator is
required because e-beam irradiation induces high
concentrations of radicals within the matrix on
exposure.16 E-beam MA cure is achieved using 10
MeV electrons applied to a total dose of 20 Mrad
(200 kGy) with a step-cure profile of 6 passes (1
Mrad, 2 3 2 Mrad, 3 3 5 Mrad), performed at
E-Beam Services (Cranbury, NJ). The initial dose
is small to prevent overheating of the specimens.
Note that e-beam cure is performed on C-staged
SeqIPNs. Figure 5 shows the FTIR intensity ver-
sus wavenumber for the unsaturated carbon-car-
bon stretching region (1700–1500 cm21). Evalua-
tion of initial versus final intensity of the peak at
1637 cm21 demonstrates that the extent of con-
version in both e-beam and thermal cured sam-
ples is equivalently high (.87%), for both the
toughened (I01E and I01T) and untoughened
(I00E and I00T) samples, with either thermal or
e-beam cure. The two cure methods appear to
produce similar molecular networks in the IPNs.

Figure 4 Michael’s addition products for reaction with primary (1°) and secondary
(2°) amine.
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Regardless of the processing method, the
methacrylate network is formed by free-radical
propagation. However, because of the difference
in the initiating conditions between thermal and
e-beam techniques, mechanical differences may
exist between the networks. In addition, the re-
activity of the internetwork crosslink sites to the
two initiation mechanisms may result in struc-
tural differences between the thermally cured
and e-beam–cured SeqIPNs.

RESULTS AND DISCUSSION

Kinetics

The characteristic vibrational bands of epoxide,
amine, and methacrylate species were monitored
at 30, 50, 65, and 80°C to determine the extent of
epoxide conversion (p) (see Table III). The extent
of MiA side-reaction contributions was also mon-
itored. The extent of conversion was determined
using

p 5

Ax~t 5 0!

Ar~t 5 0!
2

Ax~t!
Ar~t!

Ax~t 5 0!

Ar~t 5 0!

(1)

where A is absorbance, x is the characteristic
absorbance frequency, and r is the normalized
reference. Figure 6 displays FTIR intensity ver-
sus wavenumber for the amine/hydroxyl conver-
sion (4000–2500 cm21) and epoxide reduction
(1100–800 cm21) before and after reaction with
PACM. The formation of strong hydroxyl stretch-
ing modes and the reduction in the amine hydro-
gen intensity provide qualitative evidence of the
EA reaction progress. However, the epoxide

stretching is used to quantify chemical conversion
in the SeqIPNs.

The conversion of epoxide as a function of cure
time at incremental cure temperatures is shown
in Figure 7 for ETBN-modified SeqIPNs and
model systems (I01T and E01T). Differences be-
tween the cure behavior of the two systems are
apparent. The polymerization rate and degree of
conversion in the model system (E01T) show the
expected dependence on the cure temperature
(Tc) because the polymer network vitrifies prior to
complete reaction. Therefore, the cure conversion
in the model EA networks at 50 and 80°C is
incomplete. A higher degree of polymerization can
be achieved, but only by raising the temperature
above the initial isothermal Tc. Consequently, the
cure profiles for the model system represent the
extent of reaction until vitrification. In contrast,

Table III Extent of Epoxide Conversion with Time and Temperature for Epoxy–Amine Network
Formation in SeqIPN (S) and Model (M) Systems

Cure
Temperature

(°C)

Epoxide Conversion

100 min 300 min 1000 min

S M S M S M

30 36 67 92
50 64 59 85 66 95 67
65 79 95 98
80 92 68 99 70 — —

Figure 5 FTIR spectral intensity for the methacry-
late region at initial (uncured) and final cure for both
thermal (I00T and I01T) and e-beam (I00E and I01E)
processed SeqIPNs. The extent of MA conversion is
87% for both cure methods.
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the SeqIPNs cured under identical isothermal
cure conditions (50 and 80°C) achieve complete
conversion as a result of the dilution effect of the
methacrylates. The vitrification temperature for
the SeqIPNs appears to be between 30 and 50°C.
Indeed, DSC measurements indicate a broad
glass-transition temperature centered at 36°C for
the epoxy–amine matrix of the SeqIPNs.

Comparing the initial polymerization (p , 0.5)
of the model and SeqIPN networks gives insight
into the polymerization mechanisms. The intrin-
sic polymerization rate for the formation of EA is

measured using FTIR at a number of cure tem-
peratures. At low conversions (p , 0.5), a first-
order rate dependence can be assumed for both
the model and SeqIPN networks, and eq. (2) can
be used to determine the kinetic constants for
epoxide conversion versus time.

p 5 1 2 Ae2kt (2)

Equation (2) is valid for low degrees of conversion
of monomer, where the effects of increasing poly-
mer molecular weight and solution viscosity are
negligible. Flory17 presented stochastic argu-

Figure 8 First-order kinetic fits for polymerization of
epoxide with amine to p 5 0.5 for SeqIPNs at 30, 50, 65,
and 80°C.

Figure 6 FTIR spectra of SeqIPN formation for I00T before (t 5 0 min) and after (t
5 300 min) reaction at 80°C. Development of hydroxyl stretch (; 3400 cm21) and
elimination of epoxide stretch (916 cm21) is evidence for complete cure conversion.

Figure 7 Epoxide conversion versus cure time for
ETBN-modified EA in SeqIPNs and model epoxy–
amine networks at various cure temperatures.
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ments for build-up of MW and gelation in highly
crosslinked networks as a function of the mono-
mer functionality [f 5 1 2 (1/a)] and showed the-
oretically and experimentally that network vis-
cosity becomes infinite near gelation. Here a is
the branching coefficient as defined by Flory. For
the present case (f 5 4), gelation occurs theoreti-
cally at agel 5 0.33 or p 5 0.57 (p2 5 a). However,
because of the composition (25% internetwork
crosslinks), the effective branching coefficient re-
tards the onset of gelation and p 5 0.66 for the
SeqIPNs. Therefore, to avoid introducing effects
associated with diffusion and gelation, the tem-
perature-dependent polymerization rate con-
stants (k) are obtained by fitting eq. (2) to 0 , p
, 0.5. The fits for SeqIPN formation are shown in
Figure 8.

The temperature-independent activation en-
ergy (Ea) can be calculated by the Arrhenius ap-
proach, which involves a best fit of the ln(k) ver-
sus inverse temperature (Fig. 9). The intrinsic
activation energy for EA network formation is
determined to be 49.5 kJ/mol for the SeqIPNs,
whereas the model EA network is 48 kJ/mol. Pre-
viously, Sanford18 evaluated a similar DGEBA–
PACM blend and measured an activation energy
of 53.5 kJ/mol, in qualitative agreement with our
results. Consequently, the polymerization mech-
anisms for formation of EA networks in SeqIPNs
and the model systems are identical, which would
imply that the dimethacrylates behave as an inert
diluent. Varying the concentration of methacry-
lates also produced no measurable change in the
activation energies. In addition, the methacrylate
concentration measured by FTIR remains con-
stant throughout the experimental ranges evalu-

ated. We conclude that MiA side reactions are
insignificant to the network structure in the
SeqIPN materials. Therefore, the coupling be-
tween the two networks of the SeqIPNs occurs
entirely through the bifunctional monomers.

Structure

IPNs are frequently observed to phase- or mi-
crophase-separate during polymerization and the
resulting morphology of the IPN greatly influ-
ences material properties. The order of the reac-
tions, their rate, and the miscibility of the two
networks with one another lead to a number of
interesting multiphase morphologies and proper-
ties. Although the SeqIPNs are optically trans-
parent, microphase separation may still occur
and explain the thermomechanical behavior of
the SeqIPNs. The effectiveness of the elastomer
addition on toughening these SeqIPNs is expected
to be very dependent on the size, volume fraction,
and spacing of the phase-separated rubber-rich
domains in the modified SeqIPN materials. Mac-
roscopic phase separation did occur, as reported
in Figure 2, and the detailed morphology in these
elastomer-modified systems should be examined.

The dimethacrylate and epoxy–amine mono-
mers that we studied form brittle matrices when

Figure 10 Microphase structure in unmodified ep-
oxy–methacrylate SeqIPN structure as revealed by
AFM (contrast enhanced).

Figure 9 Arrhenius plot for kinetics parameters from
first-order polymerization of SeqIPNs to form EA net-
works. Ea is 49.5 kJ/mol.
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homopolymerized independently. However, when
these two polymer networks are synthesized
together as SeqIPNs, the toughness improves
even in the absence of a rubber toughener. The
SeqIPNs in this work have nearly double the
toughness observed for that of DGEBA–PACM
and MDGEBA alone.19 The increase of toughness
may be attributed to the microphase morphology
that is produced during the two-stage polymeriza-
tion of the networks. Figure 10 shows a tapping-
mode AFM image of the SeqIPN microstructure
for the thermally cured SeqIPN (I00T). The cocon-
tinuous microphase morphology is consistent
with traditional IPNs that were examined using
transmission electron microscopy (TEM).1 The
small domain sizes permit significant interactions
between the two network structures and may re-
sult in the observed increase in toughness while
concomitantly preserving the thermomechanical
properties.

The addition of elastomers to the SeqIPN ma-
terial results in macrophase separation of rubber-
rich domains from the SeqIPN matrix, as indi-
cated in the phase diagram of Figure 2. The phase
separation occurs during the formation of the EA
network, and persists after e-beam or thermal
processing to form the second network. The phase

diagram determined from turbidity measure-
ments showed that phase separation of ETBN
occurred for a range of compositions (Fig. 2). The
phase-separated morphology for these materials
was evaluated using both AFM and SEM to look
at fractured surfaces of the SeqIPNs. Figure 11
shows the tapping mode AFM image of phase-
separated rubber regions in the continuous ma-
trix for a typical SeqIPN containing 10% ETBN
(I01T). The size of the rubber domains is approx-
imately 1.5–2.0 mm, slightly larger than those
observed for the same rubber concentration in the
model systems. Some fine structure is also evi-
dent within the ETBN phase, which is not fully
characterized at this time. Additional studies are
currently under way to elucidate the source of
structure within the elastomer domains. A com-
plementary SEM micrograph of an ETBN-modi-
fied SeqIPN is shown in Figure 12. The ETBN
concentration is 5% for this image. On fracture,
the rubber particles provide stress-concentration
zones for matrix yielding and rubber cavitation.
The cavitation around each of the particles sup-
ports previously proposed mechanisms for en-
hanced toughness observed in elastomer-modified
thermosets.20 Thus, the SEM provides physical
evidence of improved energy absorption during
the fracture process, a phenomenon that is con-
sistent with our observations that elastomer-
modified SeqIPNs possess higher fracture tough-
ness.21

Thermal Analysis

Dynamic mechanical analysis of multicomponent
interpenetrating networks has been used to ex-

Figure 11 AFM image of a fracture surface for an
e-beam–cured rubber-toughened (I01E) SeqIPN with
two-phase macrostructure (contrast enhanced).

Figure 12 SEM image (31100) of a fracture surface
for an e-beam–cured rubber-toughened (I01E) SeqIPN
with two-phase macrostructure (contrast enhanced).
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amine the level of compatibility between the var-
ious network constituents.22–25 Typically, highly
miscible IPNs have been shown to exhibit a single
Tg, whereas phase-separated IPNs display two
distinct glass transitions. Figure 13 illustrates
the dynamic E0 curves for both the thermally
cured and the e-beam–cured neat and rubber-
toughened SeqIPN adhesives, as well as those for
the neat and rubber-toughened model epoxy for
comparison. The addition of the rubber toughener
to the model EA network results in a slight de-
crease in Tg, from 155 to 147°C. This can also be
seen in the DSC scans illustrated in Figure 14.
The Tg was taken as the temperature of the peak
maximum for the primary a-transition. The
shape of the secondary b-relaxation for the rub-
ber-toughened epoxy is also changed in compari-
son to that of the neat model EA network. The
rubber-toughened model EA network displays a
new transition at 256°C, which is not evident in
the broad secondary b-relaxation of the neat EA
network, and is ascribed to phase-separated rub-
ber-rich domains.

The E0 spectra for the thermally cured Se-
qIPNs reveal the presence of two a-transition
peaks for both the neat and rubber-toughened
SeqIPN networks. The primary a-transition (a1
5 140°C) is attributed to the glass transition of
the EA network, whereas the secondary a-transi-
tion (a2 5 98°C) is the glass transition of the
methacrylate network. Upon the addition of the

ETBN rubber toughener, the Tg of the a2-transi-
tion remains nearly unchanged at 96°C. However,
the Tg of the a1-transition in the rubber-tough-
ened SeqIPN decreased slightly to 132°C, which
may result from the partial solubility of the elas-
tomer in the EA phase. A single broad glass tran-
sition is observed using DSC for the thermally
cured SeqIPNs, as seen in Figure 14. The slight
decrease of Tg for the EA network upon addition
of the ETBN is a good indication that the rubber
toughener is experiencing some degree of phase
separation in the cured SeqIPN network.26 How-
ever, the evidence of an additional low-tempera-
ture E0 peak is absent in the 1-Hz DMA spectra of
the rubber-toughened thermally cured SeqIPN.
In contrast to the thermally cured SeqIPNs, the
e-beam curing method produces a single E0 peak
at the a-transition. This single a-relaxation is
also confirmed in the DSC plot of Figure 14. The
Tg of the e-beam–cured SeqIPN is slightly re-
duced by the rubber toughener, from 121 to
113°C. The relative magnitude of the secondary
b-relaxation is greater for the rubber-toughened
e-beam–cured SeqIPN compared to that of the
neat counterpart, but the shape of the relaxation
peak is similar. The DMA and DSC results are
summarized in Table IV.

To probe the low-temperature damping re-
sponse of all the networks in more detail, multi-
ple-frequency sweeps were performed from 2135
to 25°C in 3°C isothermal-temperature incre-
ments. Figure 15 illustrates the 0.1-, 1-, and
10-Hz E0 curves of the secondary b-relaxation of
the neat and rubber-toughened EA networks. The
b-relaxation of the neat EA network encompasses
the entire temperature range plotted from 2100

Figure 14 DSC results for SeqIPN (I00E, I01E, I00T,
I01T) and model epoxy–amine (E00T and E01T) ther-
mosets on second heat.

Figure 13 Dynamic loss modulus curves for neat (M)
and rubber-toughened (E) EA model, neat (‚), and
rubber-toughened (ƒ) thermally cured SeqIPN resins,
and neat (L) and rubber-toughened (1) e-beam–cured
SeqIPN resins.
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to 25°C. A single relaxation peak is evident for the
neat EA network, which shifts upward in temper-
ature approximately 30°C as the frequencies of
the experiment are swept from 0.1 to 10 Hz. The
shapes of the b-relaxation E0 curves for the neat
EA network do not change as a function of fre-
quency, indicating that a single relaxation mech-
anism is responsible for this transition.27 The pri-
mary a-relaxation of the rubber-rich phase in the
EA network is seen as the additional E0 peaks
near 255°C, which occurs within the temperature
range of the b-relaxation of the EA phase. In the
glassy state the activation energy (Ea) of a molec-
ular relaxation process can be determined using
the Arrhenius relationship between frequency (f)
and temperature28:

lnS f
f0
D 5 2

Ea

R S1
T 2

1
T0
D (3)

where R is the universal gas constant, f0 is the
reference frequency, and T0 is the reference tem-
perature. The activation energy of the low-tem-
perature b-relaxation of the neat EA network can
be calculated by plotting the data taken from
Figure 15 as log f versus 1/T, where T is the
temperature of the E0 peak maximum, to yield a
result of 68 kJ/mol. This low-activation energy is
the product of the nonbackbone chain motions
typically found in a b-relaxation.27 The experi-
mental Arrhenius activation energy calculated for
the a-relaxation of the rubber-rich phase of the
toughened EA network is 212 kJ/mol, which is
significantly greater than the low value of Ea de-
termined for the EA b-relaxation.

Although a rubber peak is not present in the
1-Hz E0 spectra of the thermally cured SeqIPN, as
seen in Figure 13, this relaxation could simply be
obscured to a great extent by the b-relaxation of the
SeqIPN. If the a-relaxation of the ETBN rubber
modifier and the b-relaxation of the SeqIPN over-

Figure 16 DMA spectra of low-temperature b-tran-
sition for the neat (I00T) and rubber-toughened (I01T)
thermally cured SeqIPN resins (step isothermal mode).

Table IV Thermal Characterization Results, WLF Parameters, and KWW Parameters

System
Tg DSC

(°C)
Tg DMA

(°C) C1

C2

(K) b t* (s)

I00E 107 121 15.1 77.6 0.218 0.053
I01E 110 113 15.7 76.7 0.210 0.11
I00T 119 a1 5 140 — — — —

a2 5 98
I01T 110 a1 5 132 — — — —

a2 5 96
E00T 160 155 15.3 74.3 0.203 0.035
E01T 151 147 17.6 73.0 0.168 0.17

Figure 15 DMA spectra of low-temperature b-tran-
sition for the neat and rubber-toughened model epoxies
(step isothermal mode).
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lap, then the two relaxation peaks will shift to dif-
fering temperatures as the frequency of the DMA is
varied. This was demonstrated in the case of the
rubber-toughened EA network. The separation of
the peaks occurs as a result of the large differences
in activation energies for the b-relaxation of the
SeqIPN and a-relaxation of the ETBN elastomer
phase. The low-temperature E0 transition as a func-
tion of frequency for the neat and rubber-toughened
thermally cured SeqIPN is illustrated in Figure 16.
The main peak shifts toward lower temperatures as
the frequency decreases, whereas a shoulder begins
to separate at the high-temperature portion of the
curve in the range of 230 to 220°C. The calculated
Arrhenius activation energy for the low-tempera-
ture E0 peak is 41 kJ/mol, which compares well with
Ea equal to 56 kJ/mol for the neat thermally cured
SeqIPN. Clearly the b-relaxation of the SeqIPN net-
work is responsible for the main visible low-temper-
ature E0 peak. Therefore, the a-transition of the
ETBN rubber toughener must be responsible for
the shoulder at the high temperatures of the E0
curve. The high temperature of the a-transition of
the ETBN rubber toughener in the SeqIPN systems
could be the result of free-radical crosslinking of the
carbon–carbon double-bond sites along the back-
bone chain. Unfortunately, the resolution of the E0
spectra for the rubber-toughened thermally cured
SeqIPN was not sharp enough to calculate a value
of Ea with a 10% concentration of ETBN. However,
as the mass fraction of rubber phase increases, this
E0 peak becomes more defined, as seen in Figure 17.
Multiple frequency analysis of the e-beam–cured
SeqIPN is unsuccessful in resolving the a-transition
of the rubber-rich phase and the b-transition of the

SeqIPN, as seen in Figure 18, at a rubber concen-
tration of 10%. The values of Ea obtained for the
low-temperature transition of the neat and rubber-
toughened e-beam–cured SeqIPNs are 80 and 79
kJ/mol, respectively. However, the low-temperature
E0 plots portrayed in Figure 17 were obtained from
e-beam–cured SeqIPN samples. Therefore, the
phase separation of the ETBN rubber must also
occur in these systems.

The E0 a-transition of the neat and rubber-
toughened thermally cured SeqIPN shows two
distinct peaks that result from microphase sepa-
ration of the methacrylate and EA components of
the SeqIPN. The complete miscibility between the
individual networks of a SeqIPN is an extremely
rare occurrence.29 The e-beam–cured SeqIPN dis-
plays a single E0 peak at the a-transition. This
single E0 peak could theoretically result from a
nearly perfect overlap of the relaxation times of
the EA and methacrylate networks, although
multiple-frequency DMA sweeps of the e-beam–
cured neat and rubber-toughened SeqIPN sam-
ples revealed no peak separation or shoulders as a
function of frequency. Time–temperature super-
positioning (tTsp) was used to construct master
curves of E0 for the model EA networks and e-
beam–cured SeqIPN in the frequency domain, to
characterize the viscoelastic properties of the
glass transition of the e-beam–cured SeqIPN
more completely. Assuming a single relaxation
mechanism, the distribution of apparent relax-
ation times (t*) as a function of temperature can
be described by the empirical Williams–Landel–
Ferry (WLF) equation28

log aT 5 log
t*
t*R

5
2C1~T 2 TR!

C2 1 ~T 2 TR!
(4)

Figure 18 DMA spectra of low-temperature b-tran-
sition for the neat (I00E) and rubber-toughened (I01E)
e-beam–cured SeqIPN resins (step isothermal mode).

Figure 17 DMA spectra of low-temperature transi-
tions for the e-beam–cured SeqIPN as a function of
rubber concentration (0.1 Hz, 2°C/min).
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where aT represents the horizontal shift factors
obtained when producing the master curve, C1
and C2 are constants, and t*R is the apparent
relaxation time at a reference temperature TR.
The nonexponential nature of the distribution of
relaxation times in polymers can be described by
the Kohlrausch–Williams–Watts (KWW) correla-
tion function30

f~t! 5 expF2St
tD

bG 3 0 , b # 1 (5)

where b is the stretched exponential function.
When b 5 1 the KWW equation describes Debye
relaxation. As b decreases the breadth of the dis-
tribution of relaxation times increases.31 The b
parameter can be determined using a numerical
method to solve the transform of the KWW equa-
tion, which was developed by Weiss et al.32,33:

E~v! 2 E~`!

E~0! 2 E~`!
5 E9~v! 2 iE0~v!

5 2E
0

`

e2ivtFdfb~t!
dt G dt (6)

E0~v! 5 AzQb~z! (7)

Qb~z! 5
1
p E

0

`

e2ubcos~zu! du (8)

where u 5 t/t, z 5 vt 5 2pft, and A is the nor-
malization factor.

The E0 master curves and least-squares fits to
the KWW equation for the neat and rubber-
toughened model EA networks and e-beam–cured
IPNs are illustrated in Figure 19. The experimen-
tal isotherms for each network shifted smoothly
to yield a reasonably shaped master curve. The
breadth of the rubber-toughened model EA net-
work master curve is slightly broader with re-
spect to frequency than that of the neat EA net-
work. This is reflected in the fits for the b param-
eter, which were found to be 0.168 (t*R 5 0.17 s21,
TR 5 Tg 5 419 K) and 0.203 (t*R 5 0.035 s21, TR
5 Tg 5 432 K) for the rubber-toughened and
neat-model EA networks, respectively. The
breadths of the master curves obtained for the
e-beam–cured SeqIPNs are similar for the neat
and rubber-toughened samples. The KWW b-fit-
ting parameters calculated for the e-beam–cured
IPNs were 0.210 (t*R 5 0.11 s21, TR 5 Tg 5 386 K)
and 0.218 (t*R 5 0.053 s21, TR 5 Tg 5 395 K) for
the rubber-toughened and neat samples, respec-
tively. The WLF and KWW fitting results are
summarized in Table IV.

Successful tTsp methods require that the shift-
factor plot must appear reasonable.28 The corre-
sponding shift-factor plots for the rubber-tough-
ened e-beam–cured SeqIPN master curves of
Figure 19 are illustrated in Figure 20. The exper-
imental data for the rubber-toughened e-beam–
cured SeqIPN (T . Tg) were fit to the WLF equa-

Figure 19 Loss modulus master curves and KWW
fits for the model epoxy (M, neat; E, rubber-toughened)
and e-beam–cured SeqIPN (e, neat; 1, rubber-tough-
ened).

Figure 20 Shift-factor plot and WLF fit for the rub-
ber-toughened e-beam–cured SeqIPN.
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tion and are well described by this approach (C1 5
15.7 K and C2 5 73.0 K). Similar WLF constants
were obtained for the neat e-beam–cured Se-
qIPN. These values are fairly close to the univer-
sal values of 17.4 and 51.6 K.26 The deviation of
the experimental horizontal shift-factor data from
the predicted viscoelastic behavior for tempera-
tures T , Tg is attributed to the nonequilibrium
glassy state and has been observed by other re-
searchers.34,35 The tTsp principle is valid only if
the shape of the distribution of relaxation times
remains unchanged in the frequency or time
range of the master curve. Therefore, the a-tran-
sition of the e-beam–cured SeqIPNs appears to be
the product of a singular relaxation mechanism,
which could arise as the result of a high level of
coupling between the EA and methacrylate net-
works. Alternatively, the domain size of any mi-
crophase separation between the EA and methac-
rylate networks of the e-beam–cured SeqIPN
could also be too small to be detected by DMA.

CONCLUSIONS

The cure kinetics, structure, and both thermal
and viscoelastic properties of SeqIPN networks of
epoxy–amine and dimethacrylates were studied
for thermal and e-beam processing. The epoxy–
amine network is first formed with low-tempera-
ture curing to form a swollen gel. The dimethac-
rylate network is subsequently formed by free-
radical polymerization using either thermal
initiation by peroxides or direct initiation e-beam.
We observed that both thermal and e-beam cur-
ing produced high degrees of conversion of
methacrylate (indistinguishable by spectroscopic
analysis) but that the dynamic mechanical behav-
ior of the networks was different. The thermally
cured methacrylate network produced two dis-
tinct glass-transition temperatures, whereas the
e-beam sample produced a single transition.

The cure mechanisms for forming the EA net-
work were characterized. The polymerization rate
for the EA network that formed in the presence of
e-beam monomer (diluent) was compared to that
of a traditional EA network. The intrinsic poly-
merization rate and activation energy for forma-
tion of the EA networks are identical between the
SeqIPN and the model system, implying that the
reaction mechanisms are identical and that side
reactions between the amine and methacrylate
monomers are negligible. The extent of epoxide
conversion is higher in the SeqIPN because of the

increased mobility in the network brought about
by a diluent effect that increases the temperature
for the onset of vitrifaction. The observed differ-
ence in thermomechanical performance is there-
fore not related to characteristic molecular struc-
tures in the EA network of the SeqIPNs. How-
ever, the high degree of epoxide conversion is a
key to the modulus retention observed in the
DMA.

DMA is the critical characterization technique
used to elucidate differences between the thermal
and e-beam–cured SeqIPNs. We observed that
two high-temperature a-relaxations occur for the
thermally processed SeqIPN, whereas only a sin-
gle a-relaxation occurs in the e-beam–processed
SeqIPN. Looking at the construction of the Se-
qIPNs, we associated this difference with the de-
gree of internetwork coupling. Although spectro-
scopically we were unable to observe a difference
in the e-beam network, the thermomechanical be-
havior demonstrated a high degree of internet-
work coupling, and therefore only one princi-
pal relaxation mechanism. The thermally cured
SeqIPNs do not achieve the high degree of cou-
pling, so each of the networks in the SeqIPN
retain pseudoindependent mobility, producing
two relaxations.

The materials characterized in this study are
the baseline materials for a new type of e-beam–
processible paste adhesives and low-viscosity
VARTM resins. E-beam technology has been lim-
ited by a lack of performance, particularly with
respect to toughness, in e-beam–cured resins. We
demonstrated that traditional thermoset tough-
ening could be used to improve toughness in
SeqIPN materials, resulting in toughened e-beam
resins. The DMA analysis showed that ETBN-
modified resins had only slightly reduced glass-
transition temperatures, whereas phase-sepa-
rated rubber domains could be resolved by fre-
quency-modulated DMA. The phase-separated
rubber domains are approximately 0.5–2 mm,
which is the optimum size range for improving
toughness in brittle epoxy resins. Additionally,
these phase-separated domains are observed as
macrostructures in both AFM and SEM analyses.
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