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ABSTRACT:

Novel simultaneous interpenetrating polymer networks (SINs) of poly(allyl

diglycol carbonate) (ADC) and a rigid high modulus polyurethane based on the
Conathane UC-33 prepolymer system (UC) were synthesized. The completion of each
component reaction was verified by means of Fourier transform IR spectroscopy. The
effects of the composition on the morphology, mechanical properties, and thermal
transition behavior of the SINs were studied. At 10% composition, transmission elec-
tron microscopy revealed complete phase miscibility. This was also supported by the
high optical transparency of the sample. As the UC content increased to 20% a
two-phase morphology was observed in which the UC phase domains were dispersed in
the matrix of the ADC phase. At higher UC content the ADC continuous phase was
replaced by the UC phase, implying the occurrence of phase inversion. This variation of
morphology allowed the SINs to have a property range from the UC-toughened plastics
to the ADC-reinforced polyurethane. The SINs containing 50% UC showed synergism
in the mechanical properties as the elongation was significantly increased to 4 times
that of the unmodified UC and ADC homopolymers. © 2001 John Wiley & Sons, Inc. J Appl

Polym Sci 81: 3361-3370, 2001
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INTRODUCTION

Interpenetrating polymer networks (IPNs) are
one on the fastest growing fields in multicompo-
nent polymer materials. They are defined as a
combination of two or more polymers in a network
form in which at least one of them is synthesized
and/or crosslinked in the immediate presence of
the other.' Among the different methods of for-
mation of IPNs, simultaneous IPNs (SINs) have
received more attention because of their ease of
synthesis and the ability to control their morphol-
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ogy with several factors.*® Because the morphol-
ogy of multiphase materials significantly affects
their properties, the formation of SINs is a new
approach for combining the polymer components
to achieve the desired properties.

The degree of intermixing of SINs is mainly
affected by the thermodynamic miscibility of the
components,®” the relative rate of network forma-
tion,571% the composition,’''? the degree of
crosslinking, and the mobility of the polymer
chains at the time of phase separation.'!!314
However, complete miscibility is not essential to
achieve complete phase mixing, because the per-
manent entanglements and crosslinking associ-
ated with simultaneous polymerization restricts
phase separation.!®® Maximum restriction of
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Table I Materials Used in Preparation of IPNs

Materials Description Source
Conathane UC-33
Part A (prepolymer) Based on dicyclohexylmethane-4,4'-diisocyanate Conap, Inc.
Part B (prepolymer) Based on phenylmercuric oleate and ethohexadiol Conap, Inc.
Allylic monomer Allyl diglycol carbonate SOLA, Inc.
Initiator Benzoyl peroxide Interox

phase separation should result when the polymer
begins to gel near or before phase separation of
the two components. If phase separation precedes
gelation, the domains are relatively large and the
crosslinking stabilizes the phase-separated mor-
phology.'®

Most IPNs involve heterogeneous systems that
have one elastomeric phase and one glassy phase.
This combination of elastomeric and glassy net-
works often allows IPNs to range in properties
from filler-reinforced elastomers to rubber-tough-
ened plastics, depending on which component be-
comes the continuous phase.® Some attempts
have been made to improve the fracture tough-
ness of glassy polymers through formation of a
variety of IPNs.'%117-20 However, increasing the
fracture toughness of the glassy network is usu-
ally accompanied by a significant reduction in the
modulus and tensile strength values of the IPN
system. Increasing the modulus of the elasto-
meric component improves the tensile strength
and modulus values of the IPNs.'''7 In the
present work we introduce novel SINs based on
poly(allyl diglycol carbonate) (ADC) and a rigid,
high glass-transition temperature (7,) polyure-
thane based on the Conathane UC-33 prepolymer
system (UC). The effects of the SIN composition
on the morphology and mechanical properties of
the ADC/UC SINs were investigated by transmis-
sion electron microscopy (TEM), dynamic me-
chanical analysis (DMA), scanning electron mi-
croscopy (SEM), conventional tensile testing, and
single edge notch tension fracture toughness
methods. The toughening mechanisms of the
SINs were also discussed.

EXPERIMENTAL

Materials

The raw materials used for the ADC/UC SINs and
their descriptions are listed in Table I. They were
used without further purification.

Synthesis
Casting of ADC Homopolymer

Dried benzoyl peroxide powder as the radical ini-
tiator (3% w/w) was dissolved in ADC monomer
with vigorous stirring at 50°C. The solution was
degassed and then poured into a glass mold and
polymerized as flat 3 mm thick sheets in a tem-
perature-programmed oven. The temperature
was slowly increased from 50 to 85°C over a pe-
riod of 22 h. The ADC samples were then removed
from the mold and postcured at 105°C for 2 h.

Casting of SINs

The isocyanate terminated polyurethane prepoly-
mer (part A) and its curing agent (part B) in
appropriate proportions were mixed with ADC
monomer containing 3% (w/w) initiator and
stirred thoroughly to form a clear solution. The
mixture was then degassed to remove dissolved
gas, and then it was introduced into the glass
mold and polymerized using the same method as
the ADC homopolymer. The SINs were postcured
at 105°C for 2 h. The completion of each compo-
nent reaction was verified by the disappearance of
the absorbance of the NCO peak at 2270 cm !
and the allyl peak at 3092 cm ™! using a Perkin—
Elmer 2000 Fourier transform IR (FTIR) spec-
trometer. A typical FTIR spectrum of the
ADC/UC SINs is shown in Figure 1.

Casting of Polyurethane

The isocyanate terminated polyurethane prepoly-
mer (part A) was mixed with the curing agent
(part B) in appropriate proportions and thor-
oughly stirred. The mixture was degassed for
about 10 min to remove the entrapped air caused
by mixing and immediately poured into the mold.
The sample was cured for 24 h at 65°C and then
postcured at 105°C for 2 h.

Stress—Strain

The stress—strain properties were determined on
an Instron testing machine (model 1115). The
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Figure 1 FTIR spectra of the ADC80/UC20 SIN before and after polymerization.

specimens had dimensions of 120 X 12 X 3 mm.
The test procedure was carried out at a crosshead
speed of 1 mm/min at 22°C using flat-faced grips
at an intergrip distance of 60 mm.

Single Edge Notched Tension

Molded sheets of samples were cut into specimens
with dimensions of 120 X 15 X 3.4 mm. The
fracture toughness or stress intensity at the onset
of crack propagation (K;.) was measured at a
crosshead speed of 1 mm/min at 22°C according to
the following equation®!:

Y = K, BW/Pa'? = 1.99 — 0.41(a/W)

+ 18.70(a/W)? — 38.48(a/W)3 + 53.85(a/W)*
where a is the crack length, W is the width of the
specimen, B is the thickness of the specimen, and
P is the applied load.

Thermal Transition

The thermal transition behaviors of the SINs and
homopolymers were determined using a DuPont
dynamic mechanical analyzer (model 983) in res-

onance mode. The loss modulus maximum was
taken as the glass-transition temperature.

TEM Observation

A small piece of each SIN sample was stained in
2% aqueous osmium tetroxide vapors for 1 week.
The samples were trimmed and then thin sec-
tioned (80 nm) with a Reichert—Jung Ultra Cut E
ultramicrotome. The electron micrographs were
observed in a Hitachi electron microscope
(H-7000). The polyurethane phase was stained
with osmium tetroxide and appeared as the
darker area in the TEM micrographs.

Image Analysis

The image analysis was performed using selected
TEM micrographs with a Quantimet 500 image
analyzer (Leica Cambridge Ltd.) that provided
the particle size analysis.

SEM Study

The fracture surfaces of the samples were studied
by SEM using a Cambridge Stereoscan 360. Small
pieces of the fractured samples were cut and
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Figure 2 A TEM micrograph of the ADC90/UC10
SIN (original magnification X100,0000).

mounted on aluminum stubs with silver paint
adhesives. The samples were coated with gold by
a Polaron SEM sputter coater with a magnetron
head and then observed on a SEM 360.

RESULTS AND DISCUSSION

Morphology

The TEM micrographs of the ADC90/UC10 SIN
showed no apparent phase domains, even at a
magnification of 100,000 (Fig. 2), indicating com-
plete phase mixing. The single phase morphology
of the ADC90/UC10 SIN was also supported by
the high optical transparency of the sample. A
two-phase morphology was obtained by increas-
ing the UC content to 20% in which the UC phase
domains were dispersed in the matrix of the ADC
resin as shown in Figure 3. The dispersed phase
domain sizes ranged from 1.2 to 10 um as mea-
sured by the image analysis technique. The UC
domains contained very small occlusions of the
ADC phase. It seemed that the ADC subdomains
captured within the UC domains were the poly-
merization products of the ADC monomer, which
could not diffuse out of the UC phase because of
the high viscosity of the medium. In fact the
faster gel formation of the polyurethane at a UC
content of 20% (compared to 10%) produced poly-
urethane microgels that were swollen with ADC
monomer. Then the trapped ADC in the polyure-
thane microgels formed a separate phase after
polymerization that was due to their thermody-
namic immiscibility.

Figure 3 A TEM micrograph of the ADC80/UC20
SIN (original magnification X2500).

A different morphology was observed at 30%
UC content where the ADC continuous phase was
replaced by the UC phase, which implied the oc-
currence of phase inversion (Fig. 4). The dis-
persed ADC particles within the UC matrix phase
in this sample were characterized by a bimodal
size distribution with large particle sizes (3-12
um) and small particle sizes (0.1-0.9 um). A typ-
ical particle size distribution for smaller ADC
particles determined by the image analysis tech-
nique is shown in Figure 5. The bimodal particle
size distribution was retained as the UC content
increased to 50% (Fig. 6), but the ADC domain
size range decreased to 0.9—4 pum for large parti-

Figure 4 A TEM micrograph of the ADC70/UC30
SIN (original magnification X2500).
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Figure 5 The equivalent spherical diameter distribu-
tion of the small particles range of the ADC70/UC30
SIN.

cles and to 0.03-0.1 um for small particles. This
decrease in the particle size of the ADC domains
with increasing UC content from 30 to 50% was
an expected result, because the UC phase at these
compositions was a matrix phase and one could
expect that the decrease in the ADC phase con-
tent would lead to the formation of smaller phase
domains. It was interesting that some of the ADC
particles in Figure 6 showed a distinct circumfer-
ential region that is clearly shown in Figure 7 at
higher magnification. This may show the interfa-
cial zone between the UC matrix phase and the
ADC dispersed phase. The fracture surface stud-
ies of this sample also confirmed the strong phase
intermixing at the phase boundaries.

Figure 6 A TEM micrograph of the ADC 50/UC50
SIN (original magnification X2500).
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Figure 7 A TEM micrograph of an ADC particle with
a circumferential region in the ADC50/UC50 SIN (orig-
inal magnification X30,000).

DMA Measurements

The temperature dependence of the loss modulus
maximum for ADC/UC SINs containing 10-50%
UC and pure UC component is shown in Figure 8.
In order to retain the clarity in Figure 8, the loss
modulus versus temperature plot of the ADC neat
resin is shown separately in Figure 9. All ADC/UC
SINs showed one broad peak whose maxima was
between the two T, values of the pure ADC and UC
components. A single glass transition obtained from
the DMA appeared to be contradictory with the
TEM micrographs of the ADC/UC SINs containing
20, 30, and 50% UC, which clearly showed a two-
phase morphology. This discrepancy between the
DMA results and TEM micrographs may have re-
sulted from the small difference between the two 7,
values of the pure components of ADC and UC,
which could not be distinguished as two distinct
maxima in the DMA thermograms. However, as
shown in Figure 8, the single maximum loss mod-
ulus peak moved toward the UC glass transition as
the UC content increased to 30%. This was consis-
tent with the TEM micrograph of the ADC70/UC30
SIN in which the UC phase appeared as a continu-
ous phase. As the UC content was increased to 50%,
the maximum loss modulus peak in the DMA plot
surprisingly approached the ADC glass transition.
This may be attributed to the dispersion of the very
fine ADC particles size (i.e., the small range of the
bimodal distribution) within the UC matrix phase
at this composition. Hence, the higher miscibility
between the UC continuous phase and the ADC
dispersed phase shifted the maximum loss modulus
peak toward the ADC glass transition.
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Figure 8 The variation of the loss modulus with temperature for ADC/UC SINs at

different compositions.

Mechanical Properties

The modulus of the SINs (Fig. 10) up to 30% UC
content remained at the level of the unmodified
ADC and UC networks. The modulus then in-
creased slightly to a higher value at a UC content
of 50%. This synergism in the modulus of the
ADC50/UC50 was most likely a result of the in-
crease in crosslink density attributable to in-
creased physical crosslinks caused by a greater
degree of entanglement between the two net-
works (particularly at the phase boundaries).
However, the tensile strength of the SINs (Fig.
11) showed a steady increase as the UC content
increased.

The variation of the elongation with the UC
content (Fig. 12) in the ADC/UC SINs showed
very interesting and unexpected behavior. A
sharp increase in elongation was observed at a
composition of 50%, which was approximately 4
times that of the unmodified UC and ADC ho-
mopolymers. This sample also showed a yield
point in the tensile mode that indicated the duc-
tile characteristic of the ADC50/UC50 SIN. The

reason for this significant ductile behavior was
probably the strong interfacial bonding between
the ADC particles and the UC matrix phase
caused by interpenetration. The fracture tough-
ness of the SINs (Fig. 13) up to 30% UC content
lay between those of the two constituent net-
works. As the UC content was raised to 50%, the
fracture toughness was moderately increased.

Fracture Surfaces

The fracture surface of the unmodified UC
showed fine crack ridges running across the frac-
ture surface (Fig. 14) while the ADC resin exhib-
ited a featureless fracture surface (Fig. 15). The
SIN with 10% UC content showed relatively duc-
tile features on the fracture surface (Fig. 16),
which was consistent with the 30% increase in K,
over the unmodified ADC resin. The fracture sur-
face of the ADC80/UC20 SIN studied by SEM
showed a two-phase morphology (Fig. 17). The
UC-phase particles appeared as a dispersed
phase in the continuous ADC phase as was re-
vealed by the TEM micrograph of this sample
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Figure 9 The variation of the loss modulus of the ADC homopolymer with tempera-

ture.

(Fig. 3). As shown in Figure 17, the fracture sur-
face exhibited a rougher surface than the single-
phase 10% SIN, suggesting more energy dissipa-
tion during the fracture process. It appeared that
crack pinning also occurred with the UC particles;
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Figure 10 The variation of the modulus of the
ADC/UC SINs with composition.

however, the increase in toughness was only
slightly higher than 10% SIN. Thus, the UC par-
ticles did little to induce extensive shear yielding
in the highly crosslinked ADC matrix. This result
was in agreement with the result reported by
other researchers®?~2* on highly crosslinked ther-
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Figure 11 The variation of the tensile strength of the
ADC/UC SINs with composition.
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Figure 12 The variation of the elongation of the
ADC/UC SINs with composition.

moset resins in which the discrete particles were
not effective enough to induce sufficient plastic
deformation in the thermoset matrix.

The fracture surface of the SIN with 30% UC
content also exhibited a two-phase morphology as
shown in Figure 18. In addition, comparing the
SEM micrograph of the ADC70/UC30 SIN with
its corresponding TEM micrograph (Fig. 4) re-
vealed that in this morphology the spherical ADC
particles were embedded in the continuous UC
phase. The particle-matrix interfacial bonding
appeared to be strong because there was no indi-
cation of debonding. The matrix showed ductile
features but the fracture toughness of the SIN
(k1. = 1.03) was lower than unmodified UC (%,,
= 1.54). The crack-pinning features were not
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Figure 13 The variation of the fracture toughness
(k4.) of the ADC/UC SINs with composition.
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Figure 14 The SEM fracture surface of the pure UC
network (original magnification X500).

present on the fracture surface. Thus, the rigid,
rather large ADC particles in the UC matrix did
not contribute to the fracture toughness by either
shear yielding or other less effective mechanisms
such as crack pinning.

The fracture surface of the ADC50/UC50 SIN
exhibited debonding between the matrix and the
large ADC particles as shown in Figure 19. The
voids appeared to be larger than the ADC parti-
cles residing inside (Fig. 20). Hence, the increase
in toughness of this SIN (k,, = 1.77 MPa m'?)
over the unmodified UC (k,, = 1.54 MPa m'?)
may have been related to the debonding of the
ADC particles from the UC matrix, which enabled
the growth of plastic voids in the matrix as was
suggested by Huang et al.?2 for toughened epoxy
systems. Plastic energy was dissipated during
this plastic flow process, which contributed to the

e s T o

Figure 15 The SEM fracture surface of the ADC net-
work (original magnification X5000).
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Figure 16 The SEM fracture surface of the ADC90/
UC10 SIN (original magnification X5000).

toughness of the material. The higher toughness
of this sample also suggested that the debonding
occurred at very high loading in the vicinity of the
matrix yield stress. According to Huang et al.,??
the debonding process was only effective if it oc-
curred close to the yield point of the matrix. Thus,
there should be strong interfacial bonding be-
tween the particles and matrix. Indeed, if debond-
ing occurred from the first instant of loading (i.e.,
when the material was far from local plastic de-
formation), voiding could only be damaging.

CONCLUSION

SINs of ADC and Conathane UC-33, which is a
rigid polyurethane prepolymer system, were syn-
thesized. We found that the morphology was re-

Figure 17 The SEM fracture surface of the ADC80/
UC20 SIN (original magnification X2000).

0.0 KU WD= 30

Figure 18 The SEM fracture surface of the ADC70/
UC30 SIN (original magnification X2000).

markably influenced by the composition of the
SINs. A one-phase morphology accompanied by
excellent optical transparency was obtained in
the SIN containing 10% UC while a two-phase
morphology with some loss of transparency was
observed as the UC content increased. In spite of
the two-phase morphology of the SINs containing
20, 30, and 50% UC, the loss modulus plots versus
the temperature exhibited a broad peak with a
single maximum between the glass transitions of
the two constituent components.

The mechanical properties of the SINs were
influenced by the morphology of the SINs. It was
shown that only moderate improvement of the
fracture toughness was achieved in the two-phase
SINs where the UC particles were dispersed in
the ADC matrix. As the UC network became the
matrix phase in the ADC/UC SINs, synergistic

Figure 19 The SEM fracture surface of the ADC50/
UC50 SIN (original magnification X2000).
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Figure 20 The SEM fracture surface of the ADC50/
UC50 SIN (original magnification X10,000).

mechanical properties were observed at the
midrange composition. The elongation at break
was increased 4 times that of the unmodified con-
stituent components. The fracture toughness was
considerably enhanced over the neat ADC but
only moderately over the neat UC. The modulus
and tensile strength were also moderately in-
creased.
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