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ABSTRACT: Interpenetrating polymer networks (IPNs) composed of poly(ethyl acrylate) 
(PEA) and poly(methyl methacrylate) (PMMA) were prepared by two different methods of 
composition control: control of the swelling ratio of the first PEA network with a MMA second 
monomer mixture subsequently allowed to polymerize and become crosslinked upto the point of 
completion (SW-series), and control of the conversion of MMA absorbed in the PEA network (CV
series). The dynamic mechanical properties and stress-strain behavior of these IPNs were examined. 
In the process of lPN formation, it is likely that the MMA first forms microgels in the PEA 
network, and these microgels eventually interconnect to form a fully interpenetrating network 
having microheterogeneous nodular domains. The glassy PMMA microdomains impart a filler 
effect (similar to that found in filled elastomers). Semi- and full-IPNs of 75 wt% PMMA content in 
which PMMA was uncrosslinked and crosslinked, respectively, were also prepared and the 
mechanical properties were examined. Viscoelastic behavior of both semi- and full-IPNs is linear 
with small deformation, but nonlinear when subjected to large and/or high speed deformation. The 
full-IPN was stronger and stiffer than the semi-IPN. 
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Since 1960 when interpenetrating polymer net
works (IPNs) were first prepared by Millar, 1 a 
number of studies have been reported on various 
IPNs.2 - 13 Interest in regard to these studies has 
been directed primarily toward the fact that an IPN 
is a kind of polymer blend for obtaining a com
patible material from polymers mutually immisci
ble. In the literature, several different methods for 
preparing IPNs have been reported. One of these 
is to prepare what are usually called sequential 
interpenetrating polymer networks (SIPNs). For 
preparing these SIPNs, a crosslinked polymer (I) 
is swollen with a second monomer (II) containing 
a crosslinking agent and an initiator, and the 

second monomer mixture is allowed to polymerize 
and crosslink in situ. Among SIPNs, an IPN 
consisting of fully crosslinked first and second 
components is designated as a full-IPN, while 
an IPN consisting of one crosslinked and one un
crosslinked component each is designated as either 
a semi-IPN or a quasi-IPN.4 

The structural features of SIPNs reported so far 
are summarized as follows. 3 - 6 (i) The two polymer 
components are fairly well mixed with each other, 
but are usually phase-separated to some ex
tent.10 - 13 (ii) The two components usually form 
two mutually continuous phases, but the phase of 
the first network is predominant.10 - 13 (iii) The 
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domain size is controlled primarily by the crosslink
ing density of the first network. The greater the 
degree of crosslinking, the finer is the domain size of 
the second network.12·13 Therefore, it is quite likely 
that the structure and properties of an SIPN depend 
largely on the synthetic method rather than on the 
mutual immiscibility of the parent polymers. We 
have carried out a study to elucidate the synthesis
morphology-property relationships in greater de
tail, using SIPNs consisting of a lesser compatible 
pair, a semicompatible pair, and a highly com
patible, complex-forming pair as the constituent 
polymers. This article is concerned with an SIPN 
composed of a semicompatible pair of poly(ethyl 
acrylate) and poly(methyl methacrylate) as the first 
(I) and the second (II) components, respectively. 

Some data are already available on the blends 
and SIPNs of the PEA/PMMA system. The heat of 
mixing of PEA and PMMA was reported to be 
nearly zero.14 A blend of PEA/PMMA (79: 21 by 
weight) was reported to exhibit a single very broad 
glass-to-rubber transition region; this behavior was 
attributed to partial miscibility of the two com
ponents.15 However, when such a blended specimen 
was annealed at a temperature above the glass 
transition temperature, Tg, ofPMMA, partial phase 
separation occurred and the specimen became 
opaque.16 These results indicate that the PEA/ 
PMMA system is partly miscible or semicom
patible, and may undergo a lower-critical-solution
temperature (LCST) type phase separation. 
Sperling et a/.7- 11 prepared SIPNs of PEA/ 
PMMA by a photopolymerization method7 -w 
and observed a very broad continuous transition 
and significant phase separation still present. 10 - 11 

The purpose of this study has been primarily (i) to 
find how a mutually continuous two phase structure 
develops, (ii) to examine the two phase structure in 
terms of dynamic viscoelastic properties, and finally 
(iii) to examine how the morphology, especially 
that of the second PMMA network effects the 
tensile properties of the SIPNs. Thus, we prepared 
full-SIPNs of PEA (I) and PMMA (II) by two 
different methods. In one method, the ratio of PEA/ 
PMMA was controlled by adjusting the swelling 
ratio of the (I) network by the (II) monomer 
subsequently allowed to polymerize and crosslink to 
completion. In the other method, the ratio of PEA/ 
PMMA was controlled by adjusting the monomer
to-polymer conversion of the (II) monomer fully 
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absorbed in advance by the (I) network. The former 
SIPNs were designated as the SW-series and the 
latter the CV-series. For comparison, we prepared a 
semi-lPN from a fully swollen PEA network with a 
MMA monomer containing only an initiator and 
allowed to completely polymerize. Conclusions 
drawn from such a study may apply to other SIPNs 
composed of semicompatible polymer pairs. 

EXPERIMENTAL 

Materials 
An uncrosslinked PEA prepolymer was prepared 

by the solution polymerization method.17 The mo
lecular weight Mw and MwfMn were 46 x 104 and 
2.4, respectively, as determined by gel permeation 
chromatography (GPC; Toyo Soda Ltd. Model 
HLC-801A) with a built-in refractometer. The 
carrier was chloroform. Commercially available 
polystyrenes (Toyo Soda Ltd., TSK PSs) were 
used as elution standards. GPC was carried out 
with a flow-rate of 1.0 ml min - 1 at 40°C. The 
polymer concentration was 0.03% (wjv). 

The PEA prepolymer was crosslinked by the 
following procedure. The polymer was mixed with 
2 wt% benzoyl peroxide (BPO) in benzene. The 
benzene solution was cast on glass to obtain films of 
0.3 mm thick. The films were cured at l20°C under a 
pressure of 3.5 MPa for 90min in a laboratory hot 
press. Remaining uncrosslinked PEA fractions were 
extracted by refiuxing with benzene for 6 h. The 
crosslinked PEA films had an effective network 
chain density of 26 mol m-3, when evaluated by 
Young's modulus Eat l8°C which was 0.19 MPa. 
These films were used as the (I) network for sub
sequent preparation of IPNs. 

For the lPN preparation, a MMA monomer was 
mixed with 0.1 mol% ethylene dimethacrylate 
(EDMA) as the crosslinking agent and 1 wt% 2,2'
azobisisobutylonitrile (AIBN) as the initiator. The 
final PEA/PMMA content was adjusted by the two 
methods described in INTRODUCTION. Thus, for 
SW-series IPNs, crosslinked PEA films were im
mersed in the MMA mixture for various periods 
of time to adjust the swelling ratio. It took only 
5 min at l6°C for the PEA network to reach a 
swelling-equilibrium of about 75 wt% MMA 
content or a maximum swelling ratio of 3. Each 
swollen film was placed in an air-tight polymeriza
tion cell. The film was allowed to stand at room 
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Table I. Characteristics of PEAjPMMA IPN specimens•·b 

Swelling ratio controlled IPN' Conversion controlled IPNd 

Reactant Product 
Polymerization 

Product 
Conversion 

Code MMA PMMA Code 
time 

PMMA 
content content Optical 

min wt% content Optical 
clarity clarity 

wt% wt% wt% 

SW-18 
SW-27 
SW-42 
SW-54 
SW-75 

18.2 17.8 Clear CV-10 20 3.8 9.6 Opaque 
26.7 26.5 Clear CV-27 30 14.2 27.1 Opaque 
42.5 42.5 Clear CV-36 40 23.6 36.6 Opaque 
54.5 54.2 Clear CV-67 60 76.6 67.3 Clear 
75.0 74.3 Clear 

• The effective network chain density of the PEA (I) network was 0.26 x 102 mol m - 3; the MMA mixture contained 
0.1 mol% EGDMA and I wt% AIBN, and was polymerized at 60°C. 

b The number in the sample code represents the approximate PMMA content (wt%) in the product. 
' The polymerization time was about 450 min. 
d PEA rubber was immersed in the MMA mixture for I 0 min at l6°C. The MMA content of the swollen films was 

about 75 wt%. 

temperature for 30 min to equilibrate the distri
bution of MMA monomer in the film. Then, the 
cell was heated at 60°C for 450 min to complete 
the PMMA network formation. For comparison, 
a crosslinked PMMA film was prepared from the 
same monomer mixture. For preparing semi-IPN 
of about 75 wt% PMMA content, the same 
procedure used for the full-IPN preparation was 
employed, except that the MMA monomer mix
ture contained only I wt% AIBN and no EDMA. 

For preparing CV-series IPNs, several films of a 
fully swollen PEA network of about 75 wt% MMA 
content were employed. The SW-75 lPN is the same 
as CV-75. The MMA mixture was allowed to 
polymerize by keeping the swollen film at 60°C in 
the air-tight cell for various periods of time from 
20 to 60 min. It required about 450 min for the 
polymerization to be completed. The reaction 
was terminated by immersing the cell in water 
at about ooc. In order to remove the unreacted 
MMA monomer mixture, the IPNs were dried first 
in vacuo at room temperature for 2 days, and sub
sequently at 60°C for 7 days. Table I summarizes 
the characteristics of all the SIPN samples. 

Methods 
Dynamic mechanical measurements were made 

on a Rheovibron DDV-11 (Toyo Baldwin Co., 
Tokyo) at a frequency of II Hz and a heating rate of 
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1 K min - 1 over a temperature range from 150 to 
490K. 

Static mechanical properties (tensile stress-strain 
behavior, tensile stress-relaxation, and tensile creep) 
were measured by a tensile tester (Iwamoto Sei
sakusho, Kyoto) equipped with a cryostatic sam
ple chamber. The stress-strain tests were made 
over the strain rate of 10-2 to 500% s - 1 . In the tests 
with strain rates higher than 100% s -1, the stress 
and strain were monitored using two transient mem
ories (model TM-1410, Kawasaki Electronica Co.) 
with a clock rate of 2 ms per word over a range 
of 850 words. The tensile stress-relaxation tests 
were made over temperatures ranging from 343 to 
413 K. The strains were 0.015 at low temperatures 
and 0.04 in the rubbery region. The initial strain 
rate was 390% s - 1 . Creep tests were made over a 
stress range from 0.3 to 5.0 MPa at 368 and 
413 K. The stress was regulated to within 0.02 MPa. 
The strain was monitored for 1<f s. 

RESULTS 

Properties of SW- and CV-Series Full IPNs 
First, the kinetics of the second network for

mation in the fully swollen first network at 60°C 
were examined for the CV-series IPNs. The MMA
to-crosslinked PMMA conversion versus time 
curve had a sigmoidal shape. The conversion rate 
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Figure 1. Storage (£'), loss (£") moduli and loss tangents (tan b) plotted against temperature for (a) 
SW- and (b) CV-series full-IPNs, determined at II Hz with heating rate of I K min- 1 . Curves for 
homopolymer networks are also shown for comparison. 

reached a maximum after about 30 min or at 
15% conversion and became nearly zero after 
about 100 min or at 90% conversion. 

Figure 1 compares the temperature dependence 
of tensile storage moduli E', loss moduli E", and 
loss tangents tan c:5 for the SW- and CV -series full 
IPNs. Figure la shows that all SW-IPNs exhibit 
only one peak in the E" and tan c:5 curves, and a 
one-step decrease in the E' curve. With increas
ing PMMA content, the loss maximum tempera
ture T max shifts to higher temperature, and the 
peak becomes broader. Finally, the peak becomes 
very broad covering a temperature range between 
the Ts's of the constituent polymers. Correspond
ingly, the decrease in E' becomes gradual over 
the same range of temperature. The tan c:5 peak 
also gradually shifts to higher temperature, and 
a tail appears on the lower temperature side of 
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the peak for PMMA content higher than 40 wt%. 
On the other hand, Figure lb shows that the CV

IPNs appear to have a wider transition than do the 
corresponding SW-lPN s. The E" and tan c:5 curves 
of CV -10 exhibit double peaks at about the T max of 
PEA and PMMA. TheE' curve of the same sample 
exhibits a two-step decrease with increasing tem
perature. TheE' and E" curves of other CV-IPNs 
were substantially similar to those of the cor
responding SW-IPNs. However, as for tan .:5, there 
was a significant difference. The tan c:5 curves of CV
IPNs have two peaks or one peak and an accom
panying shoulder at low temperature. With increas
ing PMMA content, the height of the high T max 

peak increases, while the low T max peak shifts to 
high temperature eventually diminishing to a shoul
der. Sperling eta!. 7 -Jo also reported that their PEA/ 
PMMA IPNs exhibited very broad transition re-
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Figure 2. Comparison between the loss E" and tan b 
maximum temperatures (Tm.,'s) vs. composition in 
weight% of PMMA for SW- and CV-series full IPNs. 
Broken curve represents the Fox equation of T/8 

gions. However, the detailed features of their results 
are somewhat different from ours. The broad tran
sition appears to be characteristic of IPNs com
posed of high and low Tg components. 

Figure 2 summarizes the composition dependence 
of the loss and tan t5 maximum temperatures T max 

for SW- and CV-IPNs. The loss maximum tem
peratures of these IPNs exhibit a nearly identical 
dependence on PMMA content, except for CV-10 
which displays two peaks. However, there can be 
seen a significant difference in the tan t5 maximum 
temperatures. The three CV-IPNs with low PMMA 
content have two distinct Tmax· The broken curve 
represents the Fox equation18 of Tg proposed for 
random copolymers and compatible blends. Its 
discrepancy with our data is greater at lower 
PMMA content. 

In Figure 3, theE' values for SW- and CV-IPNs 
determined at 303 K are compared with two mixture 
rules. One is a three dimensional Takayanagi model 
proposed by Kraus and Rollman/ 9 and the other is 
the 1/5 power law model proposed by Davies.20 

These models may be applied to mutually
continuous two-phase systems such as the present 
IPNs. In Figure 3, the shaded zone represents the 
Kraus model with the lower bound: 
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Figure 3. Young's moduli (£') observed at 303 K vs. 
composition in volume fraction of PMMA (VPMMA) for 
SW- and CV-series full-IPNs. Shaded area indicates the 
values calculated from the isotropic model, eq I and 2, 
and solid curve Davies' 1/5 power model, eq 3. 

E=(l-afE 1 +a2 E 2 +2a(l-a)[l-a (1) 
E 1 E. 

and the upper bound: 

E-[ a + 1-a ]-! 
- a(2-a)E2 +(1-a)2E 1 a2E2 +(1-a2)E1 

(2) 

The volume fraction V2 of component 2 is related to 
the fraction a as V2 =a2(3-2a). The solid curve is 
the Davies model: 

(3) 

In all these equations, E and E; (i= 1 or 2) are 
Young's moduli of the composite and the com
ponent i, respectively. 

The Davies equation was originally derived for 
predicting the elastic modulus of semicrystalline 
polymers, which may be best modelled by amor
phous and crystalline two-phase mixtures with two 
continuous phases.20 - 23 It was found to hold very 
well for moduli differing by a factor of as much as 
one thousand.23 The Davies model has been found 
to hold also for interstitial polymers such as 
PMMA-modified polyurethane elastomers, ob-

383 



H. ADACHI and T. KOTAKA 

E:= 3"1. s-1 E:= 3"1. s_, 
349K 349K 

SW-75 
15 

0 
Q. 

x CV-67 

<0-

'0 10 
X 

J) SW-54 

lJ.. 

5 SW-42 

SW-27 
SW-18 

cv -36 
cv -27 

0 100 200 300 400 0 100 200 300 400 500 

100 E 

Figure 4. Stress-strain curves for (a) SW- and (b) CV-series full-IPNs obtained at 349 K with strain rate 
of 3% s-t. Marks ( x) denote break points. 

tained by polymerizing MMA in a preformed 
polyurethane network.21 Therefore, the interstitial 
polymers are a kind of semi-IPNs. In contrast 
with conventional rubber-modified plastics such 
as high-impact polystyrenes, these polymers have 
two continuous phases. Davies et a/. 21 ·22 em
phasized that their model accounts for the 
particle-particle or phase-phase interactions 
through the interfacial layer. The model was 
particularly successful in predicting polyurethane 
based semi-IPNs.21 ·22 

The Kraus-Rollman model19 is an extension of 
the Takayanagi model24 to a three-dimensional 
case. Thus, this model might better apply to two
phase systems in which only one phase is con
tinuous.23 In the Takayanagi model, the phase
phase interactions have not been specifically con
sidered.21·22 It is interesting to note that the elastic 
moduli of the present IPNs appear to fall between 
the values predicted by these two models. 

Figure 4 shows stress-strain curves obtained at 
349K with a constant strain rate of 3% s- 1. With 
increasing PMMA content, a change from rubbery 
to plastic behavior is seen for both SW- and CV-
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IPNs with high PMMA content. Finally, a yielding 
phenomenon is observed for the former of 75 wt% 
PMMA, and for the latter of 67 wt% PMMA. 

Figure 5 shows the composition dependence of 
the tensile strength crb and the strain-at-break eb at 
349K with i=3% s- 1 for SW- and CV-IPNs. For 
SW-IPNs, eb possesses a maximum at about 40 wt% 
PMMA. On the other hand, for CV-IPNs, eb poss
esses a maximum at about 30wt% PMMA. The 
difference in the ultimate properties may be in
terpreted as due to the difference in micro
heterogeneity between SW- and CV-IPNs. 

These results suggest that the PEA/PMMA IPNs 
with PMMA content higher than 40 wt% have two 
mutually continuous phases and that the two com
ponents are fairly well mixed or interpenetrate with 
each other. The CV-IPNs, especially with low 
PMMA content, appear to have PMMA micro
domains dispersed in a continuous PEA network 
phase. Such glassy microdomains may act as fillers 
similar to those in filled elastomers. Thus, these CV
IPNs with low PMMA content are superior to the 
corresponding SW-IPNs with respect to modulus, 
tensile strength, and strain-at-break. 
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Figure 5. Plots of tensile strength ub and strain at 
break eb vs. composition in weight% of PMMA for SW
and CV-series full-IPNs determined at 349K with strain 
rateof3%s- 1 . 

Properties of Semi- and Full-IPNs 
Next, our attention was directed to the difference 

between semi- and full-IPNs with the same 75 wt% 
PMMA content coded, respectively, as SW-75s and 
SW-75. Figure 6 shows the temperature dependence 
of E' and E" for SW-75s and SW-75. The two 
curves are quite similar to each other. Figure 7 
shows the tensile stress-relaxation master curves for 
SW-75s and SW-75. The reference temperature T, is 
393 K for both curves. Apparently, the time
temperature superimposition holds well for these 
curves which show similar broad transitions. 
Temperature dependence of log aT for SW -75s and 
SW -75 is shown in the inserts of the figures. The 
solid curves represent the WLF equation25 with 
T,=393K. It is seen that log aT for both SW-75s 
and SW-75 falls on the WLF curve except at low 
temperatures. 

Figure 8 shows the creep compliances J(a, t) at 
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Figure 6. Storage (£'), loss (£") moduli vs. tempera
ture for semi- and full-IPNs, SW-75s and SW-75, re
spectively, determined at II Hz with heating rate of I K 
min- 1 . 

368K for SW-75s and SW-75. We note that J 
depends on the stress a. As seen in Figure Sa, J(a, t) 
for SW -75s deviates from linearity even under stress 
as small as 0.93 MPa (or log J(a, t) below w-s 
Pa - 1). For a greater than 3 MPa, the curve becomes 
slightly sigmoidal. On the other hand, three J(a, t) 
curves for SW-75 for a below L3 MPa exhibit no 
deviation from linearity. With increasing a, the 
J(a, t) curves become distinctly sigmoidal, and more 
rapidly approach the asymptote (Joo=4.7x w-? 
Pa- 1). 

J oo is roughly the same as that of SW -75s. 
However, at 413 K, which is well above the Tg of 
PMMA, both SW-75s and SW-75 exhibit nearly the 
same linear creep behavior as crosslinked rubber. 

Figures 9, 10, and 11 shows stress-strain curves for 
semi- and full-IPNs of different temperatures at a 
fixed strain rate of 3% s -I, and those at varying 
strain rates at 368 K and 413 K, respectively. In 
obtaining these data, note of the specimen showed 
necking but were extended uniformly at all times. 
With increasing temperature, either specimen 
showed a plastic-to-rubber transition. At tempera
tures below 373 K, stress-whitening was observed 
for both specimens. 

Figure 12 shows plots of ab and yield strength aY 
against the logarithm of strain rate i for SW-75s 
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Figure 7. Tensile stress-relaxation master curves for (a) semi-IPN (SW-75s) and (b) fuli-IPN (SW-75) 
reduced to T,=393K. Data points include those obtained in the range of strain 0.015-0.04 over a 
temperature range from 343 to 423K. The initial strain rate was 390% s- 1 . Curves in the inserts represent 
the WLF equations for PMMA, PEA, and IPNs. 

and SW-75; these were derived from Figure 10. 
Apparently, SW-75 possesses a larger tensile 
strength; the breaking strength is dependent on 
the degree of crosslinking. 

On the other hand, the yield stress at low strain 
rates is almost the same for both SW-7 5s and SW-
75. However, at higher strain rates where distinct 
yield points can be observed, the value of ay for SW-
75 becomes larger than that of SW-75s. 

These tensile strength data are summarized in 
Figure 13 in the form of reduced failure envelopes 
as defined by Smith/6 where log (abT0 /vT) is plot
ted against log (lOOsb), where T0 =413K is an ar
bitrarily taken reference temperature and v is the 
network chain density determined form Young's 
modulus value (cf Table II). The shaded area in the 
figure is the region where most of the data for 
different singly-component elastomers with varying 
v and T were obtained.27 The data for homo-PEA 
networks and those for SW-75s and SW-75 at low 
strain rates also fall within this shaded region. 
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However, the data points for IPNs show that SW-75 
is the stiffest and SW -75s is next to this according to 
high speed tensile tests. 

DISCUSSION 

Structures of SW- and CV-PEA/PMMA SIPNs 
The primary relaxation of poly(alkyl 

methacrylate)s is usually obscured by the accom
panying large secondary relaxation of the side 
groups. Therefore, it is difficult to estimate the 
extent of the intermixing of the PEA and PMMA 
phases from the primary relaxation data of the 
IPNs. However, looking carefully at the viscoelastic 
properties of the IPNs, we may deduce the follow
ing conclusions. Namely, the viscoelastic properties 
of the CV- and SW-series IPNs suggest that a 
microheterogeneous structure is formed especially 
in the early stage of the (II) network formation. In 
the kinetics of the (II) network formation in the (I) 
network, an acceleration of the reaction began at 
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Figure 8. Nonlinear creep compliances J(a, t) for (a) 
semi-IPN (SW-75s) and (b) full-IPN (SW-75) obtained 
at 368 K under the various constant stresses indicated. 
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Figure 9. Stress-strain curves for (a) semi-IPN (SW-
75s) and (b) full-IPN (SW-75) obtained at the various 
temperatures indicated. Strain rate 6 was 3% s - 1 . 

Arrows denote yield points and marks ( x) break points. 
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Figure 11. Stress-strain curves for (a) semi-IPN (SW-
75s) and full-IPN (SW-75) obtained at 413 K with 
various strain rates 6 as indicated. Marks ( x) denote 
break points. 
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Figure 12. Plots of yield stress rJY and tensile strength rJb vs. loge for semi-IPN (SW-75s) and full-IPN 
(SW-75) obtained at 368K. 
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Figure 13. Reduced failure envelopes, 1og(rJbT0 fvT) 
vs.log (IOOeb), for PEA (I) network, SW-75s, and SW-75. 
Shaded area indicates the region where most of 
homopolymer-elastomer data fall 27 

about a 10% conversion. During this stage PMMA 
microgels of various sizes are presumably formed 
within the (I) network. The PMMA microgels are 
eventually interconnected and develop into a fully 
interpenetrating (II) network having micro
heterogeneous nodular structure. However, if the 
reaction terminates at an early stage as was the case 
for CV-10 IPN, the PMMA (II) network may not 
have developed fully with PMMA microgels left 
dispersed in the PEA (I) network. The PMMA 
microgels might act as filler particles for the rubbery 
PEA (I) network. This model is supported by the 
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facts that CV-10, 27, and 36 IPNs are all opaque, 
that the E" and tan b curves for CV -10 possess 
distinct two peaks at the Tg's of PEA and PMMA, 
and that the CV-IPNs have larger tensile strength 
than the corresponding SW-IPNs. On the other 
hand, in all SW-IPNs the structure seems to be more 
homogeneous, since in the latter all MMA mono
mers eventually polymerize and crosslink by the 
end of the reaction. The extent of the interpene
tration of PEA and PMMA networks in the SW
IPNs is greater than the corresponding CV-IPNs. 

Comparison of Semi- and Full-IPNs 
The data given above indicate that when defor

mation is small, the properties of the semi- and full
IPNs, SW-75s and SW-75 are almost the same. The 
effective network chain densities v as determined 
from Young's moduli of PEA (I) network, PMMA 
homonetwork, SW -75s and SW -75 are compared in 
Table II. TAble II also lists the v values calculated 
by Sperling's equation28 which assumes additivity in 
v of the (I) and (II) networks. The difference 
between observed v of SW-75s and SW-75 roughly 
corresponds to that of PMMA homonetwork. 
However, the large differences between the calcu
lated and observed v for both SW-75s and SW-75 
suggest that in semi- and full-IPNs extensive en
tanglements take place between the PEA and 
PMMA chains. Small deformation viscoelastic be
havior of both IPNs is thermorheologically simple 
judging from the fact that log aT is well described by 
the WLF equation. These results imply that the 

interpenetration of the two components is fairly 
good. 

Polymer J., Vol. 14, No. 5, 1982 



Structure and Properties of PEA/PMMA SIPN 

Table II. Network chain densities of PEA network, PMMA homonetwork, 
semi- and full-IPNs both with 75 wt% PMMA 

Sample 

PEA network 
PMMA homonetwork 
Semi-IPN(SW-75s) 
Full-IPN(SW-75) 

Young's modulus• 
E/MPa (Temp) 

0.19(291K) 
0.51 (428 K) 
1.72 (413K) 
2.02 (413 K) 

• Determined from the initial slope of stress-strain curve. 
b Determined as v=E/3RT. 

Effective network chain density 
vx 10" 2 /mol m· 3 

Observedb 

0.26 
0.48 
1.67 
1.96 

Calculated' 

0.16 
0.52 

'Calculated from the following equations28 : v,mi-IPN=vPEAx VPEA113 and vruii-IPN=vpEAx VPEA1 i3 +vPMMAx VPMMA 

with Vm (m=PEA or PMMA) the volume fractions. 

Significant differences become apparent for large 
and high speed deformation behavior of semi and 
full-IPNs. In creep tests, nonlinearity becomes ap
parent in SW -75s sooner. On the other hand, in 
tensile tests, especially at high strain rates, SW -75 is 
stiffer and stronger. The larger network chain den
sity and the mutual interpenetration of the two 
networks in the full-IPN restrict the molecular 
motion and prevent plastic flow from taking place. 
The high network chain density leads to linear 
behavior when the stresses or deformation is small 
and also imparts strength to the system. 
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