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Synopsis 

A series of polyurethane-polymethylacrylate sequential interpenetrating polymer networks 
containing 40% by weight of polyurethane were prepared in which the levels of crosslinking 
in the second formed network-polymethylacrylate-was systematically altered over a wide 
range. The polymethylacrylate networks and the interpenetrating polymer networks were 
investigated using dynamic mechanical analysis, sonic velocity measurements, and tensile 
testing. In addition, the interpenetrating polymer networks were studied using transmission 
electron microscopy. The interpenetrating polymer networks showed high values of the Oberst 
damping factor. It was concluded that tightening the second formed network does not produce 
the dramatic effects associated with decreasing the average molecular weight between cross- 
links of the first formed network. 

INTRODUCTION 

Sperling and Friedman has defined an interpenetrating polymer net- 
work (IPN) as a polymer blend of two networks in which at least one of 
the networks has been synthesized and/or crosslinked in the intimate pres- 
ence of the other. IPNs are subdivided into type2 according to method of 
synthesis. Many such systems have now been synthesized and their prop- 
erties investigated. For reviews of IPN synthesis, characterization, and prop- 
erties, see Refs. 2 and 3. If only one polymer is crosslinked, the material is 
referred to as a semi-IPN. Earlier papers in the have dealt with 
certain aspects of such systems. 

Hourston and McCluskey have reportedlo on the effect of decreasing the 
average molecular weight between crosslinks of the first formed network 
M,, for a similar polyurethane (PU)- polymethylacrylate (PMA) IPN system 
to the one which is the subject of this paper. It was found that as zc 
decreased the extent of mixing increased. 

In this paper, the influence of increasing the level of crosslinking of the 
second formed network, PMA, is investigated. 
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EXPERIMENTAL 

IPN Synthesis 

The required amounts of the carefully dried PU precursors, Adiprene 
L-100 [Du Pont (U.K.) Ltd.] and trimethylol propane (Aldrich) were dissolved 
in the requisite amount of dry, destabilized methylacrylate (BDH Chemicals) 
containing 0.2% by weight of AIBN to initiate the vinyl polymerization and 
divinylbenzene (Cambrian Chemicals) which acts as crosslinker for the PMA 
network. The Adiprene L-100 prepolymer l1 had a number average molec- 
ular weight of 1900 g/mol. The mixture was thoroughly blended. Di-n-butyl 
tin dilaurate (BDH Chemicals) was then added at 2% w/w of PU to promote 
PU formation. The mixture was then carefully degassed and poured into 
a metal mold.4 The PU synthesis was allowed to proceed at room temper- 
ature for 24 h. Previously, lo the PMA network was then formed by heating 
to 65°C for 18 h and then to 90°C for a further 6 h. However, a modification 
of the method was necessary for systems containing more than 5% DVB. 
After the normal 24 h gelation period, the PMA network was formed by 
heating at 85°C for 12 h. On heating at 65°C for 18 h, c ~ p ~ p ~ ~ r n ”  
polymerization12 occurred. The samples heated for 12 h at 85°C were uni- 
form and transparent. 

Homonetwork Synthesis 

To synthesize the PU sheet, the same procedure was used, but the PU 
precursors were dissolved in inhibited methylacrylate which was allowed 
to evaporate once the PU sheet had formed. The final stages of this process 
occurred in a vacuum oven. 

Sheets of crosslinked PMA were prepared by placing a mixture of the 
monomer, the initiator, and the crosslinking agent directly into the mold. 
The polymerization was carried out at 85°C for 8 h. All resulting sheets 
were placed in a vacuum oven (30°C) for a minimum of one week to remove 
any residual monomer. 

Characterization Properties 

The zc values of the various PMA networks were determined as previ- 
ously reported. lo (see Table I). Transmission electron micrographs were 
obtained with a Hitachi electron microscope (model HU-11 B). The samples 
were first stained using osmium tetroxide. 

The stress-strain measurements (200C) were made with a Howden ten- 
someter at a strain rate of 2.5 cm/min. Standard dumbbell specimens were 
pressed from the sheet. Strain was defined as change in length divided by 
original length. The dynamic mechanical analysis was conducted using a 
Rheovibron dynamic mechanical viscoelastometer (Model DDV-II-B) at a 
heating rate of approximately l W m i n .  V,, the longitudinal sonic velocity, 
was measured at 20°C with a Model PPMdRl3 Morgan pulse propagation 
meter. 
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TABLE I 
Average Molecular Weight Between Crosslinks in the PMA Networks 

- 
Divinylbenzene M ,  

(wt %) ( g/mol) 

1 
5 
10 
20 
30 

7300 
3800 
1800 
500 
300 

RESULTS AND DISCUSSION 

The PMA Networks 

Initial work involved varying the crosslink density of the PMA networks 
and investigating the effect of this on their mechanical properties. Then 
the crosslink densities of the PMA networks were changed in the IPN 
situation. PMA networks were prepared with divinylbenzene contents of 1, 
5, 10, 20, and 30% (w/w). At high levels of divinylbenzene, some polydivi- 
nylbenzene will be formed. The 20% and 30% divinylbenzene samples 
showed increased opacity. 

Figure 1 shows the stress-strain curves of the PMA networks. Table I1 
summarizes the essential details. It is clear that with increasing crosslinking 
there is a decrease in the elongation to break, but the initial modulus 
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Fig. 1. Stress-strain curves (20°C) of the PMA networks with zc values of 3800 (l), 1800 
(2), 500 (3), and 300 (4) g/mol, respectively. 
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TABLE I1 
Stress-Strain Data (20°C) of the PMA Networks 

Elongation 
Divinylbenzene Tensile strength 100% modulus at break 

(wt %) (MN/m2) (MN/m2) (%) 

10 13.1 12.1 120 
20 21.8 20 
30 19.8 3 

5 13.0 2.7 276 

increases. The network containing 30% divinylbenzene shows a decrease 
in tensile strength. 
V, for the PMA networks as a function of divinylbenzene content is shown 

in Figure 2. An increase in V, is observed with increasing crosslinking 
levels, but at relatively high levels of crosslinker the rate of change de- 
creases. Tan &temperature plots of the PMA networks are shown in Figure 
3 with further details presented in Table 111. There is a considerable shift 
in the position of the tan 6 maximum to higher temperatures with increas- 
ing crosslinking levels, accompanied by a considerable broadening of the 
transitions. Both are expected l4 for a series of networks of increasing tight- 
ness. 

Nielsen l5 proposed the following approximate empirical equation for re- 
lating T,  to the degree of crosslinking in networks: 

3.9 x 104 
a, T, - Ti- 

0 10 20 30 
DIVINYLBENZENE (wt. %) 

Fig. 2. VL-divinylbenzene curves (20°C) of the PMA networks (0) and of the IPNs (0): (0) 
curve calculated using eq. (3). The arrow indicates the value (0.117 km/s) for the PU network. 
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Fig. 3. Tan 8-temperature plots (11 Hz) of the PMA networks with gc values of 38OO (O), 

1800 (O), 500 (e), and 300 (0) g/mol, respectively. 

T: is the Tg of the uncrosslinked polymer. At divinylbenzene concentrations 
of 5 and 10% the predicted values are close to these experimentally deter- 
mined (Table IV), but at 1 and 20% the values differ considerably. 

Figures 4 and 5 show the dynamic storage modulus E’ and the dynamic 
loss modulus E” vs. temperature of selected PMA networks. Below the glass 
transition temperatures the dynamic storage moduli values are relatively 
insensitive to the crosslinking level, being of the order of 2.0 x lo9 N/m2. 
The corresponding E” - temperature curves show considerable broadening 
as crosslinking increases. Crosslinking reduces the intensity of damping of 
a polymer but may greatly extend the temperature range over which ef- 
fective damping is still possible. 

The IPNs 
What are the effects on mechanical behavior and morphology of these 

IPNs when the zc of the second formed network (PMA) is progressively 
reduced? IPNs of a constant composition (w/w) of 40 PU-60 PMA were 

TABLE I11 
Dynamic Mechanical Data (11 Hz) for the PMA Networks 

Divinylbenzene 
(wt %) 

T, Half-peak width’ 
(“C) (“C) 

1 
5 
10 
20 
30 

32 
41 
52 
62 
80 

31 
34 
54 

a Width of peak (tan 8 )  at half-height. 
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TABLE IV 
Measured and Calculated [Q (l)] Average Molecular Weights between Crosslinks 

(wt %) (g/mol) ( g/mol) 

- 
Divinylbenzene M ,  z, [es (1)l 

1 7300 19,500 
5 3800 3300 
10 1800 1700 
20 500 1100 

chosen to study this effect. Evidence suggests16 that dual phase continuity 
exists at this composition. 

Figure 6 shows the tan &temperature dispersions of the IPNs. The sam- 
ples containing 1 and 5% divinylbenzene are omitted from the figure in 
order to retain clarity. With increasing crosslinking, there is a slight shifting 
of the PMA relaxation to higher temperatures, accompanied by a marked 
broadening of the transition. On comparing the PMA relaxation of these 
IPNs with the corresponding PMA homonetwork relaxations, it is apparent 
that the PMA in the IPNs display T, values at temperatures lower than 
those of the corresponding PMA networks (see Tables I11 and V). As the 
divinylbenzene content is increased in the PMA networks, a higher T, is 
expected on the basis of increased crosslinking14 and also because of the 
copolymer effect. Polydivinylbenzene is a highly brittle material which has 
a considerably higher T, than the PMA. However, the PU network into 
which the mixture of methyl acrylate and divinylbenzene is swollen prior 
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Fig. 4. E’-temperature plots (11 Hz) of the PMA networks with ac values of 3800 (01, 

1800 (01, and 500 (0) g/mol, respectively. 
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TEMPERATURE ( C) 
Fig. 5. E"-temperature plots (11 Hz) of the PMA networks with gc values of 3800 (01, 

1800 (O), and 500 (0) g/mol, respectively. 

to polymerization may exert a significant restriction on the formation of 
the PMA network, resulting in a reduction in the crosslink density of the 
PMA component and a consequent lowering of the temperature at which 
the PMA relaxation occurs. Greater mixing between the two components 
will also favor a lowering in temperature of the PMA relaxation. 
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Fig. 6. Tan 8-temperature plots (11 Hz) of the PU-PMA IPNs (40 wt % PU) in which the 

PMA network was formed using 3% (O), 10% (O), 20% (a), and 30% (0) dinvinylbenzene, 
respectively. 
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TABLE V 
Dynamic Mechanical Data (11 Hz) for the IPNs 

Divinylbenzene T8 K [eq. (2)l 
(wt %) (“C) (“C) 

1 
3 
5 

10 
20 
30 

25 
30 
33 
34 
35 
38 

10 
11 
13 
11 
21 
10 

At 1 and 5% divinylbenzene, it is reasonable to assume that the copolymer 
effect is negligible. For these two IPNs, the PMA transition is lowered by 
around 7-8°C compared with the corresponding PMA networks. Whether 
the lower IPN PMA Ts’s are the result of some mixing or the consequence 
of a lower degree of crosslinking in the presence of the PU network is not 
possible to resolve. 

At high divinylbenzene levels, it is likely that the latter predominates, 
because the PU Tg’s (Figs. 7 and 8) are not shifted. Figure 7 shows the E’ 
data as a function of temperature for the IPNs. At low temperatures the 
crosslinking does not have a significant effect on the storage modulus. At 
higher temperatures, as expected, the degree of crosslinking does play a 
significant role. Two transitions are apparent. The one around -40°C is the 
glass transition of the predominantly PU phase. Figure 8 shows the E” vs. 
temperature curves. Again, two relaxations are evident. Increasing the 

h 
N 

E 
\ z 
u1 

t 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

-90 -50 -1 0 30 70 

TEMPERATURE ( OC) 
Fig. 7. E‘-temperature plots (11 Hz) of the PU-PMA IPNs (40 wt % PU) in which the 

PMA network was formed using 3% (01, 10% (O), 20% (01, and 30 (0) divinylbenzene, re- 
spectively. 
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Fig. 8. E"-temperature plots (11 Hz) of the PU-PMA IPNs (40 wt % PU) in which the 

PMA network was formed using 3% (O), 10% (O), 20% (a), and 30% (0) divinylbenzene, 
respectively. 

crosslinking level up to 10% DVB shifts and broadens the PMA E" tran- 
sition, but above 10% DVB, the position of the E" maximum is approxi- 
mately static, although further broadening occurs. With increased 
crosslinking of the PMA network, the PU transition is progressively sup- 
pressed. 

An approximate measure of the damping ability of a material is given 
by the Oberst l7 equation 

This defines a measure of damping, K. A T  is the width of the E" vs. tem- 
perature transition at half-peak height, E:= is the maximum value of Eft ,  
and ETc is the storage modulus at T,. The K values for these IPNs are given 
in Table V. They have K values of about 10 except for the IPN crosslinked 
with 20% divinylbenzene which has a value of 21. Most homopolymers have 
K values of around 6. 

Figure 9 shows the stress-strain curves of the IPNs. With increasing 
divinylbenzene levels, the elongation to break is reduced, but this is accom- 
panied by an increase in the tensile strength. The stress at break values 
do approximately conform to the envelope fracture pattern proposed by 
Smith and Chu.18 The 5% divinylbenzene IPN is the toughest material. 
Table VI presents the essential details of the tensile experiments. Tables 
I1 and VI show that the elongation at break is increased, but tensile strength 
is decreased if the IPN systems are compared with the respective PMA 
networks. 
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Fig. 9. Stress-strain curves (20°C) of the PU-PMA IPNs (40 wt % PU) in which the PMA 

network was formed using 5% (l), 10% (2), 20% (3), and 30% (4) dinvinylbenzene, respectively. 

Figure 2 shows V, of these IPNs as a function of divinylbenzene content. 
As the divinylbenzene is increased, there is initially a significant increase 
in V,. However, above 10% divinylbenzene there is only a gradual change. 
This figure also show that the IPN line lies significantly below that pre- 
dicted using 

V,, and V,, are the longitudinal sonic velocities of the PU network (0.117 
km/s) and those of the PMA networks, respectively. w 1  and w2 are the 
weight fractions of the PU and PMA components, respectively. This is taken 
to mean that the PU component is the more continuous at all levels of 
divinylbenzene. 

TABLE VI 
Stress-Strain Data (20°C) for the IPNs 

Elongation 
Divinylbenzene Tensile strength 100% modulus at break 

(wt %) (MN/m2) (MN/m2) (%I 

3 3.6 0.9 310 
5 5.7 1.4 300 
10 6.8 3.5 200 
20 8.9 7.6 135 

62 30 10.1 - 
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As the rise in V, of the IPNs with increasing divinylbenzene content 
could occur because of enhanced mixing and/or because of the increasing 
modulus of the PMA component, it is not possible to deduce more from 
these results than to say that it is clear that the PU component is signif- 
icantly more continuous than is the PMA network. 

From electron micrographs, it was clear that there was phase separation 
in all the IPNs reported here. The PU component was present as a contin- 
uous phase, and, as the divinylbenzene content was increased, the PMA 
domains were only marginally reduced in size. There was some evidence 
in the micrographs to suggest that the PMA component became more con- 
tinuous as the crosslinking level was increased. 
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