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ABSTRACT: The viscoelastic and mechanical properties and the morphology of polyure-
thane (PUR)/polystyrene (PS) interpenetrating polymer networks (IPNs) containing
ionic groups have been investigated. Dynamic mechanical thermal analysis (DMTA)
revealed a pronounced change in the viscoelastic properties upon the introduction of
ionic groups. For the 70 : 30 and 60 : 40 PUR/PS IPN compositions, the DMTA data
changed from a dominant PUR to a dominant PS loss factor peak. Higher intertransition
loss factor values indicated a significant improvement of IPN component mixing with
increasing ionic content. The stress at break values increased only moderately, whereas
sharp rises in Young’s modulus and hardness values were found at 2 wt % ionic groups.
At the same time, the strain at break values decreased by half. Scanning and transmis-
sion electron microscopy (TEM) indicated a grossly phase-separated morphology for
the 70 : 30 PUR/PS IPN without ionic groups. With increasing methacrylic acid (MAA)
content, the PS phase domain sizes decreased. At 2 wt % of ionic groups, a TEM
micrograph showed interconnected PS phase domains resembling a network structure.
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INTRODUCTION

Interpenetrating polymer networks (IPNs) exhib-
iting various degrees of phase separation were
prepared.'”® In addition to the reaction kinetics,
the miscibility of the constituent polymers is of
crucial importance in determining the IPN mor-
phology. With highly immiscible polymer pairs,
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the thermodynamic driving forces are so powerful
that phase separation occurs before the kinetic
ramifications can prevent it. Polyurethane (PUR)
and polystyrene (PS) are one such highly immis-
cible polymer pair because of the polar nature of
the PUR compared with the essentially nonpolar
PS and the pronounced difference in their solubil-
ity parameters (8),* 20.5 (J/cm?®)¥? for the PUR
and 18.5 (J/cm?®)¥? for the PS. A lesser degree
of phase separation in PUR/PS IPNs has been
achieved by conducting the synthesis at low tem-
perature®~® and high pressure,® ! and by synthe-
sis in a common solvent.'? Also, the introduction
of internetwork grafting'®~'% through the incorpo-
ration of difunctional monomers such as hydroxy-
ethyl methacrylate, the introduction of urethane
acrylate-type compatibilizers*!® into one net-
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work, and the presence of oppositely charged
groups, '~'® were successful in bringing about a
more miscible morphology.

A great number of studies'*~2! have been de-
voted to ionomers based on sulfonated PS, poly
(phenylene oxide) and segmented PURs. Fewer
studies'® have been reported in the literature
with regard to the improvement in miscibility in
polymer blends? and IPNs *~'® by introducing op-
positely charged groups into the polymer back-
bone. The most commonly used?® anionic species
contain either carboxylate or sulphonate groups.
The former are typically prepared by copolymer-
ization of acrylic or methacrylic acid (MAA) with
some comonomer by free radical polymerization, '
whereas the latter are more commonly prepared
by functionalization of a preformed polymer.?* Be-
cause of the simultaneous one-shot polymeriza-
tion route for the PUR/PS IPNs, only the incorpo-
ration of potentially charged groups by copolymer-
ization was practical in this study. The ionomer
properties are influenced ?* by various factors, no-
tably ion content, type and position of ionic group,
type of polymer backbone, and type of counter ion.
Most commonly inorganic cations such as alkali
and transition metals are used as counter ions.
In this study, an organic molecule, a tertiary
amine that incorporated into the PUR network,
was selected for neutralization of the MAA. The
aims of this study were to investigate the visco-
elastic and morphological changes that took place
when introducing ionic groups into the PUR/PS
IPN. Furthermore, we attempted to use ionic in-
teractions to control IPN miscibility in order to
obtain a semi-miscible morphology that resulted
in a material with high damping characteristics
over a wide temperature range. The morphology
was determined by a combination of transmission
and scanning electron microscopy (TEM and
SEM, respectively). Dynamic mechanical thermal
analysis (DMTA) was used to determine the mis-
cibility and the damping characteristics, while
tensile testing and hardness measurements de-
termined the mechanical properties.

EXPERIMENTAL

Materials

The PUR component hard segment was composed
of 1,1,3,3-tetramethylxylene diisocyanate (TMXDI,
kindly donated by Cytec, UK) and the crosslinker
trimethylol propane (TMP, Aldrich, UK). The soft

segment was made up of polyoxypropylene glycol
units of 1025 molar mass (PPG1025, BDH, UK).
Stannous octoate (SnOc, Aldrich, UK) was used
as the PUR catalyst. Styrene monomer (S, Ald-
rich, UK) was crosslinked with divinylbenzene
(DVB, Aldrich, UK) and initiated with azoisobu-
tyronitrile (AIBN, BDH, UK). N-methyldiethano-
lamine (MDEA, Aldrich, UK) and MAA (Aldrich,
UK) were incorporated into the PUR and the PS,
respectively, as the potentially oppositely charged
ionic sites.

IPN Preparation

The IPN preparation was described in an earlier
publication.?” In brief, the TMP was dissolved in
the PPG1025 at 60°C; and at room temperature,
the polymer component mixture including the S,
DVB, and dissolved AIBN was added. Upon addi-
tion of the SnOc and the TMXDI, the components
were stirred under nitrogen for 5 min. After de-
gassing for 1 min at high vacuum, the mixture
was cast in stainless-steel spring-loaded O-ring
molds, which had been pretreated with CIL Re-
lease 1711 E release agent. The curing cycle con-
sisted of three stages: 24 h at 60°C, 24 h at 80°C,
and 24 h at 90°C.

For the IPNs with ionic groups, the same prep-
aration method was used. The MDEA was added
to the TMP and PPG1025, whereas the MAA was
combined with the S, DVB, and AIBN. Incorpora-
tion of the agents was conducted at 0.5, 1, 2, 2.5,
and 3 MAA wt % levels. The MAA weight percent-
ages were taken with respect to the total compo-
nent weight and the equivalent moles of MDEA
added to result in a ratio of potentially oppositely
charged groups of 1 : 1. All samples were stored
in a vacuum oven at room temperature for at least
2 wk prior to use.

IPN Characterization

DMTA measurements were performed with a
Polymer Laboratories MK II Dynamic Mechanical
Thermal Analyzer. The samples were measured
in the bending mode (single cantilever) at a fixed
frequency of 10 Hz from —60 to 200°C using a
heating ramp of 3°C/min. The 3-mm-thick test
specimens were cut to a rectangular shape with
50 X 10 mm dimensions. The applied strain set-
ting was x4.

Stress—strain analyses were conducted at a
crosshead speed of 50 mm/min using a JdJ Lloyd
1 2000R tensometer equipped with a 500 N load
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Figure 1 Interaction of tertiary amine (MDEA) and
pendent carboxylic acid groups (MAA).

cell. Small dumbbells with a gauge length of 30
mm were used. Tests were conducted at 23 + 1°C
and the values quoted are an average of four or
five samples.

Shore A hardness was determined using a
Zwick model 3114 instrument, whereas Shore
hardness D was measured using a Jamaica In-
struments gauge. The testing was conducted at
room temperature (23 = 1°C). Hardness values
quoted are an average of eight readings taken at
random over the entire specimen surface.

TEM was conducted for a morphological inves-
tigation of the IPNs. The elastomeric samples
were embedded into Spurr’s epoxy resin?® and ul-
tramicrotomed with an LKA Bromma 8800 Ultro-
tome III. Osmium tetroxide-stained and un-
stained samples were investigated. Staining of
the 100-nm-thick sections was conducted in a 2%
osmium tetroxide solution for 48 h, following the
method of Kato.?” The electron micrographs were
taken with a Jeol Jem 100 CX instrument using
an accelerating voltage of 60 kV.

SEM was conducted with a Leica Cambridge
Stereoscan S360 instrument. The fracture sur-
faces were obtained from the broken tensile test
specimens. These surfaces were sputtered with
gold to avoid electrostatic charge and to improve
image resolution.

RESULTS AND DISCUSSION

The success of improving IPN miscibility through
ionic interactions depended on the transfer of the
carboxylic acid proton to an amine base to result
in the formation of an ion pair. The schematic
interaction between MAA and MDEA is shown in
Figure 1. Values for the acidity constant (K, or
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pK,) were not readily available for MDEA and
MAA. Also, these pK, values are determined? in
water and it is known?' that aqueous pK, values
could have been at best indicative, since acidities
determined in aqueous media cannot be extrapo-
lated with certainty to organic media. Thus a pre-
liminary experimental study was undertaken in
order to ascertain that this neutralization reac-
tion occurred. Equimolar amounts of MDEA and
MAA were weighed into a glass bottle and inti-
mately mixed at room temperature. An immediate
strong exothermic reaction indicated that proton
transfer was achieved; 5 min after the initial mix-
ing the glass bottle had cooled to room tempera-
ture, indicating that the neutralization reaction
was complete. Thus it was decided that no change
to the standard preparation procedure was neces-
sary for the IPNs with ionic groups.

Viscoelastic Properties

DMTA studies of polymer blends and ionomers
can be used to characterize indirectly their micro-
structure, to establish structure—property rela-
tionships, and to determine their damping charac-
teristics. The formation of an ionomer results® in
three important changes in the viscoelastic prop-
erties of a polymeric material. First, the glass
transition temperature (7,) generally increases
with increasing ionization as a result of the re-
duced polymer backbone mobility due to the for-
mation of ionic crosslinks. Second, an extended
rubbery plateau modulus above T, is observed,
again because of the ionic network. Third, a high-
temperature mechanical loss peak is observed
above T,, which is due to motion in the ion-rich
phase. Thus miscibility and damping characteris-
tics of the ionic IPNs were investigated by DMTA.

The PUR component was selected to predomi-
nate in this series of IPNs, since the overall objec-
tive of this research was to develop materials ex-
hibiting high damping characteristics over a
broad temperature range. See Hourston and
Schifer'* for details of the dynamic properties of
the pure PUR. Therefore, the 70 : 30 and the 60 :
40 PUR/PS IPN compositions were studied. At 3
wt % in the 70 : 30 PUR/PS IPN composition, the
highest MAA incorporation corresponded to 12
mol % MAA in the P(S-MAA) network. The loss-
factor-versus-temperature data for the 60 : 40
PUR/PS IPN composition at various MAA weight
percentages and MDEA equivalents are shown in
Figure 2. With increasing ionic group content, a
number of significant changes in the loss factor
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Figure 2 Loss factor versus temperature data for the 60 : 40 PUR/PS IPN at various
levels of MAA weight percentages and MDEA equivalents: (a) 0% ionic groups, (b)

0.5%, (c) 1%, (d) 2%, and (e) 3%.

profile were observed. The loss-factor data for 0
and 0.5 wt % ionic groups were very similar [Fig.
2(a,b)]. At 1% incorporation [ Fig. 2(¢)], the PUR
transition shifted to a slightly higher temperature
(11°C) and increased in height, whereas the PS
transition decreased slightly in height. At 2% in-
corporation of ionic groups [Fig. 2(d)], a dramatic
change in the loss factor profile took place. The
PUR transition, while still being roughly at the
same temperature (6°C), decreased by a factor of
4 to a loss factor of 0.19, compared with 0.80 for
the IPN with 1% ionic groups. The PS transition,
on the other hand, shifted to a lower temperature
(120°C) and increased considerably in size (0.68).
At a level of 3% ionic groups [ Fig. 2(e)], the PUR
transition remained at the same temperature
(6°C) and decreased slightly in size to 0.13. No
longer were two transition peaks observed, but
the PUR transition figured as a shoulder to the
PS transition. The latter decreased further in size
to 0.50 and shifted lower to 89°C. The fact that a
pronounced PUR shoulder was still present at a
3% incorporation of ionic groups could be ex-
plained by the site of the ionic interactions in the
PUR. The tertiary amine group was incorporated
into the PUR hard segment. Thus the interactions
that were introduced by the MAA mainly in-
creased the miscibility of the P(S-MAA) with the
PUR hard segment. This could explain why part
of the PUR soft segment transition still remained

at a low temperature while a strong shift of the
entire PS transition to lower temperatures was
observed.

Two types of structure of ionomers have been
reported.?® Ionic aggregates termed “multiplets”
consist of small numbers of associated ion-pairs
that are dispersed in a low-polarity matrix. If the
multiplets are close enough together for these re-
gions of restricted mobility to overlap, larger re-
gions of restricted mobility are formed. When such
a region is large enough to exhibit its own T, and
behaves as a separate phase, it is termed a “clus-
ter.”?® Since the latter phenomenon is observed
at higher temperatures, one DMTA experiment
was run up to 230°C. Figure 3 shows the loss fac-
tor, storage modulus, and loss-modulus data ver-
sus temperature for the 60 : 40 PUR/PS IPN at
3% incorporation of ionic groups. The storage
moduli decreased in a two-step drop, up to a tem-
perature of 120°C. At temperatures higher than
120°C, an increase in the storage moduli was ob-
served. For the 60 : 40 PUR/PS IPNs without
ionic groups the storage moduli decreased consid-
erably at 180°C because of a softening of the dual
network system. However, for the 60 : 40 PUR/
PS IPN with 3% ionic groups, values for E’ were
still very high (13 MPa) at 180°C and continued
to increase up to a temperature of 185°C. The ex-
tended rubbery plateau modulus is generally be-
lieved ' to result from the oppositely charged ionic
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Figure 3 (a) Loss factor, (b) storage modulus, and (c¢) loss modulus versus tempera-

ture data for the 60 : 40 PUR/PS IPN at 3% MAA weight percentages and MDEA

equivalents.

groups acting as additional crosslinks. The fact
that the storage modulus not only exhibited an
extended plateau but even increased could be ex-
plained as follows. In general, a significant in-
crease in storage modulus can be caused®® by the
occurrence of a chemical reaction (i.e., crosslink-
ing) or by the formation of crystalline domains.
In this study, the increase in E’ must have been
caused by the formation of additional ionic cross-
links. At higher temperatures, a higher degree of
chain segment mobility was obtained in the IPN.
Carboxylic acid groups of the P(S-MAA) network
that had not been neutralized or linked to quater-
nized amine structures came into contact with
amine groups in the PUR network. As a result
of the formation of additional crosslinks by the
neutralization reaction, the storage modulus in-
creased. At 185°C, a slight decrease in E' was
observed which might have been associated with
the breakdown of some ionic crosslinks. Viscoelas-
tic measurements on ionomers have shown'® the
existence of a high temperature loss peak between
200 and 240°C, which has been termed the “ionic
cluster transition.” This glass transition of the
clustered material has been interpreted by most
researchers as ion hopping,?® a process by which
the ion pairs migrate from one multiplet to an-
other. The loss moduli versus temperature
showed that this high temperature loss peak was
not present up to a temperature of 230°C [Fig.

3(c)]. These PUR/PS IPNs could not be studied
at higher temperatures because of the onset of
PUR degradation which started to take place at
220°C.**

A considerable broadening and compatibilizing
effect was achieved by the incorporation of 3%
ionic groups into the 60 : 40 PUR/PS IPN. How-
ever, the transition height at the low-temperature
end had severely decreased. In order to increase
the height of the PUR soft-segment transition, the
70 : 30 PUR/PS IPN composition was chosen for
the incorporation of ionic groups. Again, a very
similar transition profile resulted from the 0 and
1% incorporation of ionic groups [Fig. 4(a,b)]. At
2% incorporation [ Fig. 4(¢)], the transition shape
changed considerably in that the PS transition
became predominant. Similarly to the 60 : 40
PUR/PS IPNs, the PUR transition decreased
from a loss factor value of 0.81 (1% ionic groups)
to 0.24 while remaining at roughly the same tem-
perature (8°C). The PS transition, on the other
hand, shifted to a lower temperature (106°C) and
increased from 0.41 (1% ionic groups) to 0.48. A
further increase in ionic groups (2.5 and 3%) pro-
voked a further increase in PS loss factor height
(0.53 and 0.55, respectively) and a shift to lower
temperatures (94 and 78°C) of the PS T,. With
increasing incorporation of ionic groups, the PUR
low-temperature transition decreased further. At
3% ionic groups, it was present only as a shoulder.
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Figure 4 Loss factor versus temperature data for the 70 : 30 PUR/PS IPN at various
levels of MAA weight percentages and MDEA equivalents: (a) 0% ionic groups, (b) 1%,
(¢) 2%, (d) 2.5%, and (e) 3%.

The latter indicated a pronounced increase in mis- roughly linear pattern, which indicated a high de-
cibility between the IPN components. The storage gree of component mixing in these IPNs.
moduli of these 70 : 30 PUR/PS IPNs reflected The increase in component mixing observed in

the trends of the loss factor data (Fig. 5). The these IPNs with ionic groups must have been
storage moduli of the IPNs with 2, 2.5, and 3% brought about by specific intermolecular interac-
incorporation of ionic groups decreased in a tions between the PUR and the PS networks.
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Figure 5 Storage moduli versus temperature data for the 70 : 30 PUR/PS IPN at
various levels of MAA weight percentages and MDEA equivalents: (a) 0% ionic groups,
(b) 1%, (c) 2%, (d) 2.5%, and (e) 3%.



Through the copolymerization of MAA with S, and
the incorporation of MDEA into the PUR, there
were three kinds of interactions possible between
the two network polymers. The carboxylic acid
groups of MAA could form hydrogen bonds with
the urethane link. If neutralization occurred, ionic
interactions were possible between carboxylate
anions and quaternized amine moieties in the
PUR. The introduction of internetwork grafting
might have been a third mechanism for the MAA
to improve PUR-PS phase mixing. Under certain
conditions, isocyanates react®? with carboxylic
acid groups to result in the formation of CO; and
an amide. However, the carboxyl group of the
MAA was unlikely to react with the forming PUR
because its reaction rate with the NCO is much
slower®? than that of the primary hydroxyl
groups. Also, because of the low curing tempera-
tures (maximum 90°C) and the low reactivity of
the tertiary NCO groups of the TMXDI, no amide
formation was believed to have taken place. It was
of interest to ascertain whether the increase in
miscibility was brought about by the formation of
ion pairs or whether hydrogen bonding introduced
by the MAA moieties in the PS alone was suffi-
cient to achieve compatibilization. Therefore, a
60 : 40 PUR/PS IPN with 3 wt % MAA and no
MDEA was prepared. The corresponding 60 : 40
PUR/PS IPN without MAA, but with the stoichio-
metric amount corresponding to 3 wt % MAA of
MDEA was also prepared. These latter two were
compared with the 60 : 40 PUR/PS IPN with 3%
ionic groups and to that without ionic groups, re-
spectively. The data on loss factor and storage
modulus versus temperature for these four IPNs
are shown in Figures 6 and 7. Very similar DMTA
data were observed for the 60 : 40 PUR/PS IPNs
with 3% ionic groups and for that with the 3%
MAA alone. The loss factor transition heights in
both IPNs [Fig. 6(b,c)] were virtually the same
with 0.13 and 0.52 for the PUR and the PS, respec-
tively. The T, locations of the IPN with 3% MAA
incorporation were at —4°C and 100°C for the
PUR and the PS, respectively. The 3% ionic
groups exhibited a slightly more component-
mixed morphology with transitions at 6°C and
90°C for the PUR and the PS, respectively. The
storage moduli versus temperature of both IPNs
were also very similar [Fig. 7(b,c)]. Both IPNs
had increasing moduli at temperatures higher
than 120°C. The similar DMTA data indicated
that no tertiary amine was necessary to neutral-
ize the carboxylic acid group of the MAA in order
to bring about an increase in miscibility in the
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PUR/PS IPN. These results can be explained in
two possible ways. First, no neutralization of the
carboxylic acid occurred and the increase in misci-
bility was brought about by hydrogen bonding
with the urethane link alone, as was suggested
by Xiao and coworkers>? when investigating PUR/
P(MMA-MAA) IPNs. They suggested that a de-
crease in phase separation in PUR/P(MMA-
MAA) IPNs was brought about by additional hy-
drogen bonding between the carboxyl groups and
the urethane links in the PUR.*®* A second possi-
bility was that neutralization of the carboxylic
acid group took place involving the nitrogen in
the urethane link. From the results in this study,
the latter was much more likely. The extension of
the rubbery plateau modulus to higher tempera-
tures and the increase of the latter at tempera-
tures higher than 120°C can be explained only by
strong ionic interactions. Hydrogen bonding gen-
erally becomes®* very weak at temperatures
higher than 80°C. Some studies® " have sug-
gested that urethane nitrogens in PUR chains are
capable of undergoing quaternization. In a recent
study investigating PUR/PS ionomer blends, Na-
tansohn and coworkers® found that the labile
protons of sulfonic acid groups were preferentially
transferred to allophanates, followed by urethane
nitrogens and finally by tertiary amine nitrogens.
Thus the latter explained the efficiency of 3%
MAA incorporation in bringing about an increase
in IPN miscibility. A neutralization reaction be-
tween the MAA and the nitrogen in the urethane
link must have taken place. However, when both
MAA and MDEA were present in the initial mix-
ture, as in the preparation procedure in this
study, the proton transfer was believed to have
occurred mainly with the MDEA because during
the initial mixing only very few urethane links
had formed. The efficiency of MAA in increasing
IPN miscibility might be a function of the incorpo-
ration level and, furthermore, of the degree of
MAA neutralization. The extent of proton transfer
from the MAA to the MDEA or urethane nitrogens
could be a function of its acid strength and the
basicity of the nitrogens. In this study, the extent
of proton transfer was difficult to quantify other
than from the increase in miscibility in the DMTA
data. Fan and Bazuin?' recently attempted to
make a quantitative calculation of the extent of
proton transfer. Investigating tertiary amines of
different basicity, they related the area under the
absorption band at 900-906 cm™! to the degree
of neutralization of the ionic groups.

Another interesting result was obtained when
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Figure 6 Loss factor versus temperature data for the 60 : 40 PUR/PS IPN at various
levels of MAA weight percentages and MDEA equivalents: (a) 0% ionic groups, (b) 3%
MAA and equivalent MDEA, (c¢) 3% MAA, and (d) MDEA equivalent to 3% MAA.

comparing the DMTA data of the unmodified 60 :
40 PUR/PS IPN with the respective counterpart
containing 3 wt % MAA equivalent of MDEA. The
loss-factor-versus-temperature data showed an
inward shift of the PUR and the PS transition for
the IPN containing the MDEA moieties. The PUR
transition shifted from 1°C to 19°C while the PS

T, shifted from 140°C to 122°C. More importantly,
the PUR transition was extremely broad and ex-
hibited high loss factor values up to a temperature
of 100°C. As a consequence, the intertransition
values were extremely high, with a lowest value
of 0.38 compared with a value of 0.13 for the un-
modified 60 : 40 PUR/PS IPN. The storage moduli
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Figure 7 Storage moduli versus temperature for the 60 : 40 PUR/PS IPN at various
levels of MAA weight percentages and MDEA equivalents: (a) 0% ionic groups, (b) 3%
MAA and equivalent MDEA, (¢) 3% MAA, and (d) MDEA equivalent to 3% MAA.
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Table I Mechanical Properties for 70 : 30 PUR/PS IPNs with Different Levels

of Oppositely Charged Groups

Tensile Properties

Hardness
PUR/PS IPN Stress at Strain Young’s Shore
MAA Level Break at Break Modulus Toughness
(Wt %) (MPa) (%) (MPa) [J] A D
0 12 770 4 14 59 35
1 13 330 4 7 67 44
2 14 370 85 12 92 61
2.5 14 360 82 13 93 61
3 14 330 89 10 94 61

exhibited a two-step drop mechanism indicating
a phase-separated morphology for both IPNs [ Fig.
7(a,d)]. The storage moduli at the PUR transition
decreased more gradually and over a broader tem-
perature range for the MDEA-containing IPN.
This reflected the broader PUR loss factor transi-
tion. The pronounced difference between the two
IPNs could not be explained with certainty and
further study is needed. The fact that MDEA as
a tertiary amine is also a strong catalyst for the
PUR reaction might have played some role. Tin-
based catalysts such as SnOc used in combination
with tertiary amines are known®® to exhibit a syn-
ergistic effect. Thus the resulting increase in reac-
tion rate of the PUR network might have led to a
faster buildup of a highly viscous reaction mixture
which is known? to restrict phase separation. The
fact that tertiary amines are known?®® to favor the
reaction of isocyanates with water was not be-
lieved to have had any influence because great
care was taken to exclude humidity. The IPN with
MDEA had very high damping characteristics
with loss factor values of higher than 0.3 starting
at 0°C up to the high end of the DMTA experiment
(180°C). At 180°C, however, the mechanical prop-
erties were poor, which was manifested in a low
storage moduli of 0.3 MPa.

Stress—Strain and Hardness Measurements

Miscible and semimiscible polymer blends often
present advantages over immiscible blends.*
Thus the mechanical properties of the 70 : 30
PUR/PS IPNs with improved miscibility through
the incorporation of oppositely charged groups
were investigated by tensile testing and Shore A
and D hardness measurements. The stress and
elongation at break, Young’s modulus, the tough-
ness index, and values for Shore A and D hardness
are given in Table I. The values for the stress at

break increased with increasing content of ionic
groups; however, the increase was not very sig-
nificant. The unmodified 70 : 30 PUR/PS had a
value for the stress at break of 12 MPa, whereas
the corresponding IPN with 3% ionic groups ex-
hibited a value (14 MPa) which was higher by
17%. The values for the strain at break showed a
significant decrease with higher ionic group con-
tents. They fell by more than half from the unmod-
ified (770%) to the IPN containing 3% ionic
groups (330%). Since the values for the toughness
index are a function of the stress and the strain
at break, the former were also lower for the IPNs
containing ionic groups. The fact that the tough-
ness index values were not as low as expected for
the IPNs with 2, 2.5, and 3% ionic groups was
because the shape of the stress—strain curve had
changed. For the 70 : 30 PUR/PS IPNs with 0 and
1% ionic groups, high tensile stress values were
obtained only at high elongations. The IPNs with
2, 2.5, and 3% ionic groups had high tensile stress
values right from the start. As a consequence, rel-
atively high areas under the stress—strain curve
were obtained for the latter despite their low val-
ues for the strain at break. The important change
in IPN properties that was observed from the
DMTA data between the 1% and 2% incorporation
of ionic groups was even more pronounced in the
Young’s moduli. The latter increased from low val-
ues of 4 MPa for 0 and 1% ionic group incorpora-
tion by a factor of more than 20 to 85, 83, and 89
MPa for the IPNs with 2, 2.5, and 3% ionic groups,
respectively. The hardness values also reflected
the dramatic change in the properties of the IPNs
(Table I). This dramatic increase in modulus was
believed to have resulted from a change in IPN
morphology. The only explanation possible was
that the glassy PS network must have assumed
some degree of continuity at 2% ionic group incor-
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Figure 8 TEM micrographs for the 70 : 30 PUR/PS IPNs with different levels of
oppositely charged groups. (a,b) 0% ionic groups; (c,d) 1%; (e,f) 2%; (g,h) 3%.

poration. In order to confirm this assumption, the Morphology by TEM and SEM

morphology of these 70 : 30 PUR/PS IPNs with

different ionic group contents were investigated The findings made from DMTA and tensile testing
by TEM and SEM. for the 70 : 30 PUR/PS IPN composition with vari-
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Figure 9 SEM micrographs for the 70 : 30 PUR/PS IPNs with different levels of
oppositely charged groups. (a,b) 0% ionic groups; (c—e) 1%; (f—h) 2%.

ous levels of oppositely charged groups were con-
firmed by electron microscopy. The TEM micro-
graphs showed significant changes in the IPN
morphology (Fig. 8). The unmodified 70 : 30 PUR/
PS IPN showed white spherical and ellipsoidal
PS domains in a dark, osmium tetroxide stained,
and predominantly PUR-containing matrix [Fig.
8(a,b)]. The PS domain sizes ranged in the order
of 50 to 200 nm. The dark shell surrounding the
PS domains is believed*** to have had a higher

PUR content than the matrix. At 1% ionic group
incorporation [Fig. 8(c)], the PS phase domain
sizes were clearly bigger (100 to 300 nm) than in
the 70 : 30 PUR/PS IPN without ionic groups.
Also, significantly fewer PS domains were noted
and their shape was more irregular [Fig. 8(c)].
At a higher magnification, it was observed that
two or three PS domains had joined to form these
bigger aggregates [Fig. 8(d)]. At 2% ionic group
incorporation, a substantial change in IPN mor-
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phology occurred. The PS phase domains became
smaller and formed an interconnected network
[Fig. 8(e,f)]. The fact that the PS network as-
sumed some degree of continuity at this incorpo-
ration level explained the findings from the
DMTA data, tensile testing, and hardness mea-
surements. At a 2% incorporation of ionic groups,
the PS loss factor transition was higher than that
of the PUR, indicating some degree of phase conti-
nuity of PS. Also, the Young’s modulus and hard-
ness values increased considerably. At 3% ionic
groups, the PS phase structure was even finer and
the network exhibited a higher degree of continu-
ity [Fig. 8(g,h)].

The SEM micrographs confirmed to some ex-
tent the findings from TEM. Again, it was ob-
served that the phase size generally decreased
with increasing ionic group content (Fig. 9). Com-
paring the unmodified [Fig. 9(a,b)] 70 : 30 PUR/
PSIPN with that containing 1% ionic groups [ Fig.
9(c,d)] revealed a similar trend to that of the
TEM micrographs. At lower magnifications of 5
k, the fracture surface of the unmodified [Fig.
9(a)] 70 : 30 PUR/PS IPN appeared rougher than
that of the 1% ionic group containing counterpart
[Fig. 9(c)]. However, the PS phase domains at
1% incorporation of ionic groups [Fig. 9(d)] were
larger than for the corresponding unmodified 70 :
30 PUR/PS IPN [Fig. 9(b)]. From Figure 9(e),
the PS phase domain size of the 70 : 30 PUR/
PS IPN with 1% ionic groups was found to have
ranged from 100 to 400 nm, corroborating the
TEM results (100—300 nm). At 2% ionic group
incorporation [ Fig. 9(f)], the fracture surface was
smoother than that of 1% ionic groups [Fig. 9(c¢)].
The PS domains also decreased in size consider-
ably [Fig. 9(g,h)]. However, even at high magni-
fications of 50 k [Fig. 9(h)] the formation of a
network structure could not be observed due to
the limitations of SEM.

CONCLUSIONS

DMTA data revealed a pronounced change in the
viscoelastic properties upon the addition of ionic
groups. For the 70 : 30 and 60 : 40 PUR/PS IPN
compositions, the loss factor data changed from a
dominant PUR to a dominant PS peak. The
change in the dominant loss factor peak took place
at a 2 wt % incorporation of ionic groups. Higher
intertransition loss factor values for the IPNs con-
taining ionic groups than for the unmodified coun-
terparts indicated a significant improvement of

IPN phase mixing. The stress-at-break values in-
creased only moderately, whereas a sharp rise in
Young’s modulus and hardness values was found
at 2 wt % ionic groups. The latter was a further
indication for some phase continuity of the glassy
P(S-MAA) network. At the same time, the strain-
at-break values decreased by half. SEM and TEM
micrographs indicated a grossly phase-separated
morphology for the 70 : 30 PUR/PS IPN without
ionic groups. With increasing MAA contents, the
PS phase domain sizes decreased considerably. At
2 wt % of ionic groups, TEM micrographs showed
interconnected PS phase domains resembling a
network structure. At 3% ionic groups a finer net-
work structure was obvious, indicating a further
increase in PUR/P(S-MAA) IPN phase mixing.
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the German Academic Exchange Service, Deutscher
Akademischer Austauschdienst, DAAD.
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