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Four semi-interpenetrating polymer network materials based on a methy! acrylate modified crosslinked
polyester and a polyurethane were synthesized and their dynamic mechanical and stress—strain proper-
ties were investigated. The tan 8-temperature dispersion of the semi-interpenetrating polymer network
containing 70% polyurethane showed two maxima, while at 60% polyurethane a distinct shoulder is
again to be seen at around the polyurethane glass transition temperature. At 30% and 50% by weight
of polyurethane single, but rather broad, transitions occurred, despite the fact that at 30% and 60%
polyurethane electron micrographs indicated a two-phase morphology. The stress at break was found
1o decrease approximately linearly with rubber content up to about 70% by weight.

INTRODUCTION

There are a variety of reasons why polymeric composites
such as blends! %, grafts™®, and semi- and fully interpene-
trating systems'®~'6 are currently much studied. They
include the desire to obtain better properties in the compo-
site than are possessed by either of the constituents and the
need to gain a better understanding of how phase separated
polymeric materials behave mechanically. The latter objec-
tive is the one which is paramount in this case.

An interpenetrating polymer network is obtained when a
second 3-D network is synthesized from a monomer which
was dispersed in an already established network. There are
a variety of methods of synthesis'”. For a semi-
interpenetrating polymer network (semi-IPN) only one of
the two constitutents is crosslinked. If the polymer synthe-
sized first is crosslinked, the material is a semi-IPN of the first
kind. A semi-IPN of the second kind (semi-2-IPN) is ob-
tained when only the second polymer to be polymerized is
crosslinked.

The materials in this study are believed to be best classi-
fied as semi-2-IPN’s. They were prepared in a one shot, two
stage process in which a diisocyanate prepolymer (Adiprene
1-100) and butane-1,4-diol, the polyurethane precursors,
were mixed with both an unsaturated polyester liquid resin
(Crystic 191) and with methyl acrylate. The unsaturated
polyester resin, which has a significant number of hydroxyl
ends, contained 35% by weight of styrene as crosslinking
agent. It is thought that the linear polyurethane which was
formed at room temperature contains some polyester units
and that the network component which is established at
higher temperatures is a polyester crosslinked by both styrene
and methyl acrylate. The latter serves to give a more flexible
network.

EXPERIMENTAL

Materials

(i) Polyurethane. Adiprene 1-100'%, kindly donated
by Du Pont Ltd., an isocyanate-ended polyurethane precur-
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Table 1T Characterization data
Adiprene Crystic
L-100 191
M2 1990 650
M, Mpb 2.0 1.46
Acid number (mg KOH/g) — 31
Hydroxy| number {(mg KOH/g) - 165

a8 By vapour pressure osmometry
b By get permeation chromatography

sor based on toluene diisocyanate, and butane-1,4-diol
(BDH) Ltd.) were used in the polyurethane synthesis which
was catalysed by di-n-butyl tin dilaurate (2% by weight of
polyurethane). See Table I for characterization data. 2,4-
dihydroxybenzophenone at 1% by weight of polyurethane
was added as a stabilizer.

(ii) Polyester. A commercially available unsaturated poly-
ester resin (Crystic 191) was kindly donated by the Scott
Bader Company Ltd. This liquid resin, which is based on
orthophthalic and maleic acids, contains 35% by weight of
styrene as crosslinking agent. See Table I for characteriza-
tion data.

(iii} Methyl acrylate. Methyl acrylate (BDH Ltd.) was
freed from inhibitor and distilled prior to use. In the prepa-
ration of the semi-IPN’s the methy! acrylate to unsaturated
polyester ratio was always 1 to 3 by weight. 2,2"-azobis-(2-
methylpropionitrile), present at a level of 0.1% by weight of
the methyl acrylate/unsaturated polyester resin component,
was used as initiator.

All materials were carefully dried prior to use.

Synthesis

The materials were dissolved in the methyl acrylate and
carefully degassed. The di-n-butyltin dilaurate was added
just before degassing. The mixtures were then poured into
a steel mould sealed with a teflon-coated rubber gasket. The
lid of the mould was spring-loaded to compensate for con-
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Table 2 Composition of Semi-IPN’s

Polyurethane Methy! acrylate Polyester
Code (wt %) (wt %) (wt %)
AR 100
B 70 7.5 22,5
(o 60 10 30
D 50 125 37.5
E 30 17.5 52.5
Fb 0 25 75

a  Synthesized (20° C; 24 h) from Adiprene L-100 and butane-1,4-

diol in inhibited methyl acrylate

b Synthesized at 70°C for 4 h and then 100°C for another 4 h

Figure 1
polyester resin

Electron micrograph of methy! acrylate modified crosslinked

500 nm

—

Figure 2 Electron micrograph of semi-IPN containing 30% by weight

of polyurethan

e (sample E)

traction on polymerization. It was then left at 20”C for
24 h to allow the polyurethane to form. The methyl
acrylate-modified crosslinked polyester component was
formed by raising the temperature first to 70°C for 4 h and
then to 100°C for a further 4 h.
All samples (see Table 2 for details of composition) were
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placed in a vacuum oven at 20°C for at least 10 days prior
to testing.

Techniques

(i) Electron microscopy. Transmission electron micro-
graphs were obtained using a Hitachi electron microscope
(model HU-11B). The samples were stained for several days
in osmium tetroxide vapour.

(ii) Stress—strain measurements. The stress-strain charac-
teristics of dumb-bell specimens of the materials were inves-
tigated at 20°C using a Howden tensometer. The initial
gauge length was 2 cm and an extension rate of 2.5 cm/min
was used.

(iii) Dynamic mechanical measurements. A Rheovibron
dynamic viscoelastometer (model DDV-II) was used at a fre-
quency of 11 Hz. The temperature ranges covered were
scanned at a rate of 1—2°C/min.

RESULTS AND DISCUSSION

Morphology

Figures 1-3 show the electron micrographs of the modi-
fied polyester material and the semi-IPN’s containing 30%
and 60% polyurethane. In Figure 1 it is clear that at this
resolution the second component in these semi-2-IPN’s ap-
pears quite homogeneous. This is taken as evidence, but
not proof, that both the styrene and the methyl acrylate are
involved in crosslinking the polyester resin and that relatively
little linear polymethyl acrylate is present. This proposition
is supported later by the stress-strain results.

In Figures 2 and 3 the dark domains, in which at very
much higher magnifications there is no evidence of sub-
structure, are composed of the linear polyurethane which
has some unsaturation as a result of the incorporation of
hydroxyl-ended polyester molecules. It was shown by gel
permeation chromatography that only a small quantity of
the polyester resin is incorporated in the polyurethane. In
other words, at least up to 60% by wt of polyurethane, these
semi-2-IPN’s may be viewed as rubber-modified glassy poly-
mer systems.

™
8 25
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Figure 3  Electron micrograph of semi-IPN containing 60% by weight
of polyurethane {sample C)
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Figure 4 Stress—strain curves for linear polyurethane (A) and the semi-

IPNs containing 70% (B) and 60% (C) by weight of polyurethane, res-
pectively

Stress (MN/mz)
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Figure 5 Stress—strain curves for the semi-{PN’s containing 50% (D)
and 30% (E) by weight of polyurethane and for the modified polyester
resin (F)

Table 3 Stress and elongation at break

Stress at break Elongation at

Code (MN/m?2) break (%)
A 0.4 620
B 2.4 250
c 5.5 150
D 12.9 50
E 17.8 25
F 25.0 12

Tensile behaviour

Figures 4 and 5 and Table 3 show the tensile behaviour
of the linear polyurethane, the four semi 2-IPN’s and the
modified polyester. The behaviour ranges from the rubbery
characteristics of the linear polyurethane, which in this
sample does not contain the low level of polyester residues
found in the polyurethane component of the semi-IPN’s,
through to the rather stiff modified polyester. The fact that
this latter material has an elongation at break of 12% is clear
indication of the substantial involvement of the methyl acry-
late in the crosslinking process. The elongation and stress at
break expected for a pure crosslinked polyester of this type
would be around 2% and 55 MN/m?2, respectively®.

Figure 6 shows that the stress at break decreases approxi-
mately linearly with rubber content up to around 70%, Some-
what above this level, it is likely that the polyurethane be-
comes the continuous phase.

Dynamic mechanical behaviour

Figure 7 shows the tan §-temperature curves for the six
materjals. All show a single major transition with the excep-
tion of sample B, which contains 70% by weight of polyure-
thane, where a second transition at around —20°C, ascribed
to polyurethane, occurs. The fact that this transition is
about 6°C above that of the pure polyurethane may result
because sample A does not contain the low level of Crystic
residues known to exist in the semi-IPN polyurethane com-
ponent. Sample C, which contains 60% by weight of poly-
urethane, shows a low temperature shoulder indicating that
the dynamic mechanical technique can distinguish a poly-
urethane phase.

The methyl acrylate modified polyester has only one glass
transition at 118°C indicating that if any linear polymethyl
acrylate is formed it is a very minor component.

The samples containing 70% and 60% by weight of poly-
urethane show very broad compound transitions. The width
of the transitions at half peak height are 132°C and 101°C,
respectively. At lower polyurethane contents the single tran-
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Figure 7 Tan & versus temperature curves for polyurethane (®), modi-

fied polyester () and the semi-1IPN’s containing 70%(®), 60% (©), 50%

{X) and 30% (&) polyurethane by weight
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Table 4 Dynamic mechanical data

Transition Half peak
Code temperature (°C)  tan &5, width (°C)
A —-26 0.85 29
B 50 (—20) 0.52 132
(o 63 0.61 101
D 93 0.50 60
E 106 0.48 50
F 118 0.47 39
1O9 E
“& 1O8 E
S~ .
Zz g
~ _
107;
6
10 -
-100 100 150

7(eC)

Figure 8 Dynamic storage modulus (E') versus temperature curves for
polyurethane (®), modified polyester {O) and the semi-IPN's containing
70% (®), 60% (©), 50% (X) and 30% (2) polyurethane by weight

sitions are dramatically narrower. Meyer and Mehrenberger?®
have also reported a broad transition for a polyurethane—
polyester IPN containing 7% by weight of polyurethane. The
half peak widths, the maximum values of tan & (tan 8,,,x)
and the glass transition temperatures are given in Table 4.

Figures 8 and 9 show the dynamic storage modulus (E")
and the dynamic loss modulus (E"') versus temperature
curves, respectively, for all samples.

Kaplan®! has made the suggestion that for phase-
separated polymer systems there is a critical domain size of
around 15 nm of the occluded phase which leads to a high
and sustained level of damping between the glass transition
temperatures of the two components themselves. From
Figure 3 it is clear in this case that the discrete phase is much
coarser than 15 nm, but nonetheless a broad loss region
(Figure 7) occurs, It is seen from Table 4 that as the rubber
content is increased the half peak width also increases. The
existence of only a single relaxation process is, of course,
conventionally taken as evidence of a certain degree of com-
patibility, but even at 30% by weight of polyurethane
(Figure 2) the system is seen to be phase separated. Exactly
how the loss transition broadens with increasing polyurethane
content is not clear, but perhaps the mechanism proposed
by Kaplan®! offers at least a partial explanation. Alternatively,
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Figure 9 Dynamic loss modulus {E’’) versus temperature curves for

polyurethane (®}, modified polyester (O) and the semi-IPN’s containing
70% {©), 60% (®), 50% {X) and 30% (&) polyurethane by weight

100 150

the broadening may be concerned with the nature and the
extent of the interfaces between phases.
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