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In this, the second of two papers on a series of simultaneous polyurethane (PUR)/polystyrene (PS) interpenetrating
polymer networks (IPNs), theTg behaviour, mechanical properties and modulus–composition relations have been
studied. A gross phase morphology over the full IPN composition range was indicated by two separate loss factor
peaks from dynamic mechanical thermal analysis (DMTA). Both DMTA and modulated-temperature differential
scanning calorimetry (MT-d.s.c.) measurements revealed that theTg of the PS transition increased with decreasing
PS content in the IPN. This was explained by an increase in interactions between the PUR hard segments and the
p-electrons of the PS phenyl rings. Despite the phase-separated morphology, materials with good mechanical
properties were obtained. The tensile properties and the Shore hardness results were comparable to similar semi-
miscible PUR/PEMA IPNs. The Budiansky modulus–composition relation resulted in the best fit with the
experimental data, indicating phase inversion at mid-range compositions. Modulus–composition studies,
indicating that phase inversion occurred at the 30:70 PUR/PS IPN composition, corroborated the electron
microscopy findings from the first paper in this series.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Polyurethane (PUR)/polystyrene (PS) interpenetrating poly-
mer networks (IPNs) have been the subject of a considerable
amount of research1. Yet, despite this level of interest, few
detailed studies2,3 have been conducted to investigate the
changes in morphology and properties over the full PUR/PS
IPN composition range. In this study, the entire composition
range was studied using 10% weight increments. While
most research on PUR/PS IPNs has been conducted using
diphenylmethane diisocyanate or toluene diisocyanate in
the PUR hard segment, in this study a tertiary aliphatic
tetramethylxylene diisocyanate (TMXDI) was used. In the
first paper1 of this series, the reaction kinetics, investigated
using FT-i.r., and the morphology, as observed by scanning
(SEM) and transmission (TEM) electron microscopy, were
discussed. In addition, the thermal properties were studied
by thermogravimetric analysis.

The aims of this study were to investigate the behaviour
of the glass transition temperature (Tg) and the mechanical
properties of the full PUR/PS IPN composition series. The
composition where phase inversion occurred was deter-
mined using modulus composition models, and the IPN
morphology, as seen from electron microscopy1, was related
to the dynamic mechanical and mechanical properties.
Furthermore, this immiscible PUR/PS IPN composition
series was compared to a semi-miscible PUR/PEMA

composition series4. The characterization techniques
employed included dynamic mechanical thermal analysis,
modulated-temperature differential scanning calorimetry,
stress–strain and hardness measurements.

EXPERIMENTAL

Materials and IPN preparation
The materials and syntheses of the IPNs were given in

the first paper1 and in an earlier publication5. In brief, the
crosslinker trimethylol propane (TMP, Aldrich) was
dissolved in the poly(oxypropylene) glycol of 1025 molar
mass (PPG1025, BDH) at 608C. Azo-isobutyronitrile
(AIBN, BDH) was dissolved in a mixture of styrene (S,
Aldrich) and divinylbenzene (DVB, Aldrich) and subse-
quently added to the first mixture. After the addition of the
stannous octoate (SnOc, Aldrich) and the 1,1,3,3-tetra-
methylxylene diisocyanate (TMXDI, kindly donated by
Cytec), the components were stirred under nitrogen for
5 min. After degassing for 1 min at high vacuum, the
mixture was cast in stainless steel spring-loaded O-ring
moulds, which had been pre-treated with CIL Release 1711
E release agent. The curing cycle consisted of three stages:
24 h at 608C, 24 h at 808C and 24 h at 908C.

IPN characterization
Dynamic mechanical thermal analysis (DMTA) measure-

ments 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
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frequency of 10 Hz from¹60 to 2008C using a heating ramp
of 38C/min. The 3 mm thick test specimens were cut to a
rectangular shape with 503 10 mm dimensions. The
applied strain setting was34.

Modulated-temperature differential scanning calorimetry
(MT-d.s.c.)6 is a new extension of conventional d.s.c..
Among the advantages of MT-d.s.c. over conventional d.s.c.
are enhanced sensitivity and improved resolution7. Apply-
ing a sinusoidally varying heating programme to the
polymer sample makes it possible to distinguish between
reversible and irreversible phenomena and disentangle
overlapping events. The glass transition temperatures were
determined using a TA Instruments DSC 2910 Analyzer
fitted with a MDSCy module. Measurements under
nitrogen were conducted from¹70 to 1508C at a heating
rate of 38C/min. The oscillation amplitude was61.58C and
the period 60 s.

Stress–strain analyses were conducted using a J.J. Lloyd
1 2000R Tensometer equipped with a 500 N load cell and a
crosshead speed of 50 mm/min. Small dumb-bells with a
gauge length of 30 mm were used in this study. Tests were

conducted at 236 18C and the values quoted are an average
of four or five samples.

Shore A hardness was determined using a Zwick model
3114 instrument, whilst Shore hardness D was measured
using a Jamaica Instruments gauge. The testing was
conducted at room temperature (236 18C). Hardness
values quoted are an average of eight readings taken at
random over the entire specimen surface.

RESULTS AND DISCUSSION

Dynamic mechanical thermal analysis
The morphology and miscibility of two polymer

components greatly influences8,9 the mechanical properties
of a polymer blend and can be assessed10 from DMTA data.
Two separate loss factor peaks indicate11 an immiscible
system, whereas one peak indicates a high degree of
miscibility, although the latter only applies to polymers
with Tg values that are more than 10–208C apart. An
intermediate degree of miscibility results in a broad
almost rectangular transition. This microheterogeneous
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Figure 1 Loss factor (tand) versustemperature data for PUR/PS IPN compositions. (a) Pure PUR; (b) 90:10, (c) 80:20, (d) 70:30, (e) 60:40 and (f ) 50:50
PUR/PS

Figure 2 Loss factor (tand) versustemperature data for PUR/PS IPN compositions. (a) 40:60 PUR/PS; (b) 30:70, (c) 20:80, (d) 10:90 and (e) PS



morphology is often used to develop good damping
materials4. The parameters of interest in this study were
the respective loss factor peak heights, the values for the
loss factor at the inter-transition region and the loss factor
peak locations (to assess the IPN miscibility and phase
continuity). The loss factorversustemperature data for the
PUR/PS IPN composition series crosslinked with a
PPG1025/TMP ratio of 3:1 and 5 mol.% DVB are shown
in Figures 1and2. The DMTA data are given inTable 1. As
expected for an immiscible polymer pair, two well-
separated loss factor transitions were observed, with low
values in the inter-transition region. Compared to the two
homopolymer networks, a shift of the loss factor location,
i.e. of the glass transition temperatures, took place in the
composition series.Figure 3 shows theTg valuesversus
IPN composition of the materials, as obtained from the peak
of the loss factor (10 Hz). Comparing the IPNs to the
homopolymer networks, aTg shift with changing composi-
tion was observed for both polymers. The PUR transition
shifted to slightly higher temperatures, from¹5 to 28C, as
the PUR weight fraction decreased from 100:0 to 40:60
PUR/PS (Table 1). From the 30:70 PUR/PS composition on,
it fell considerably to aTg of ¹228C for the PUR in the

10:90 PUR/PS composition. The PS transition consistently
shifted to lower temperatures with increasing PS weight
fraction. The decrease was significant, with a difference of
more than 208C between the PS transition in the 90:10
PUR/PS IPN (1508C) and the PS homonetwork (1288C).
Similar results showing higherTg values for the PS
transition have been observed in other PUR/PS IPN
composition series with lower crosslink densities12, with
an isophorone diisocyanate (IPDI)-based PUR/PS IPN13

and with a linear diphenylmethane diisocyanate-based
PUR/linear PS mechanical blend14. The increase in the PS
transition at higher PUR contents indicated that PS
segments were less free to move in the IPNs than in the
pure PS network. Reasons for this could be an increase in
crosslink density through grafting or some other specific
intermolecular interactions15 between the PS and PUR
polymer chains. A PSTg shift to higher temperatures has
also been observed in high-impact polystyrene16. It was
proposed16 that the area of contact between the PS and the
polybutadiene influenced the PSTg. An increase in crosslink
density of the matrix because of grafting also shifted the PS
Tg to higher temperatures16. In a study on mechanical blends
of linear PUR and PS, Theocaris and Kefalas14 proposed
that interactions of thep-electrons of the aromatic ring-
containing PUR hard segments, with the PS phenyl side
groups, were responsible for the increase in PSTg in the
polymer blends. The rigid hard segments were believed14 to
have had aTg in the order of 1608C. Chugthai13 suggested
that some kind of anti-plasticization effect and essentially
pure PS phases were the causes of the PSTg shift in IPDI-
based PUR/PS IPNs. However, none of these explanations
were directly applicable to the PUR/PS IPNs of this
study. No unsaturation was present in the PUR component
of the PUR/PS IPN and the syntheses were conducted
under comparatively mild conditions, so that no significant
grafting would have occurred. Cowie15 pointed out that not
only interactions betweenp-electrons of phenyl rings have
been observed, but that thep-electrons of a phenyl ring can
interact with lone pair electrons, as observed17 in PS/
polyvinylmethylether blends. In the present study, inter-
action of the PSp-electrons with the lone pair electrons of
the ether oxygen in the PUR soft segment or the lone pair
electrons of the nitrogen atoms in the hard segments would
have been possible. However, because of the much higher
ether oxygen content compared to nitrogen, a PSTg shift to
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Table 1 DMTA (10 Hz) and MT-d.s.c. data for the PUR/PS IPNs and the homonetworks as a function of composition

Composition PUR/PS
IPN (% PS)

DMTA MT-d.s.c.,Tg (8C)

Tg (tand, 8C) tandmaximum Inter-transition
height at 678C

PUR PS

PUR PS PUR PS

0 ¹5 — 1.10 — — ¹34 —

10 ¹4 150 1.00 0.28 0.24 ¹34 —

20 ¹2 148 0.94 0.31 0.32 ¹34 113

30 ¹1 146 0.77 0.35 0.22 ¹36 112

40 ¹3 140 0.62 0.42 0.17 ¹36 113

50 1 139 0.49 0.52 0.18 ¹37 114

60 2 136 0.37 0.67 0.16 ¹36 113

70 ¹4 131 0.21 1.11 0.13 ¹37 110

80 ¹20 131 0.10 1.82 0.03 ¹38 108

90 ¹22 127 0.02 1.91 0.03 — 100

100 — 128 — 2.30 0.02 — 100

Figure 3 ComponentTg location (tand, 10 Hz)versuscomposition



lower temperatures and increased phase mixing with the
PUR soft segment would have been expected. The opposite
effect was, however, observed in this study.

A recent FT-i.r. study18 on hydrogen bonding of linear
PURs in a styrene solvent has shed new light on this
phenomenon. Feve and co-workers18 found that when
increasing the amount of styrene solvent from 0 to 90% in
the solution, an additional N–H stretching vibration
appeared. This absorption peak was found between the
free and the carbonyl group hydrogen-bonded N–H
stretching at 3447 and 3347 cm¹1, respectively. In their
opinion, the additional vibrational band that appeared at
3400 cm¹1 was due to the hydrogen-bonded N–H stretching
between the N–H and thep orbitals of the aromatic rings of
the PS. The fact that this band was located between the free
and the hydrogen-bonded N–H stretching gave an indica-
tion of its average strength. Thus, interaction of the N–H
hydrogen of the rigid PUR hard segment withp orbitals of
the PS phenyl rings could have led to an increase in PSTg.
This effect was more pronounced at higher PUR composi-
tions in the PUR/PS IPN since more urethane links were
present. More importantly, the PS domain sizes decreased
considerably from 200 nm to 2mm for the 50:50 PUR/PS
IPN composition to 50–100 nm for the 90:10 composition1.
This PS domain size decrease resulted in a greater surface
area and, hence, a larger higher contact area with the PUR.
This explained why the PSTg of the 90:10 PUR/PS IPN
was the highest at 1508C compared to 1288C for the PS
homonetwork (Table 1). The much less significant increase
of Tg for the PUR component from pure PUR to the 40:60
PUR/PS composition might be explained by increased phase
mixing with the PS. A decrease of the PUR transition was
observed from the 30:70 to the 10:90 composition. A similar
phenomenon has been attributed to plasticization effects in
polymer blends19,20. Dissolved PS chains in PUR domains
might have disrupted the interactions between urethane
links. More likely in this study, however, is that the PUR
network was incompletely formed4,19. Consequences of an
incomplete reaction are more dramatic21 in step-growth
polymerizations than in radically polymerized materials
because of a much steeper fall in molar mass at lower
conversions. Thus, a lower molar mass PUR polymer/oligomer
would lead to aTg shift towards lower temperatures.

The trend of the loss factor peak height of the components
clearly followed composition (Table 1). At these cross-
linking levels, the PS loss factor values were generally
higher than those of the PUR of equal content in the IPN.
The PUR loss factor decreased almost linearly with
decreasing PUR content from 1.10 for the pure PUR to
0.02 for the 10:90 PUR/PS IPN. For the PS loss factor
values a different trend was observed. A slow increase up to
the 40:60 PUR/PS composition (tand ¼ 0.67) was followed
by a higher loss factor (1.10) for the 30:70 and very high
values of 1.80 and 1.90 for the 20:80 and 10:90 IPNs,
respectively. The loss factor peak height usually gives an
indication of phase continuity in a polymer blend, the
material exhibiting the higher peak representing the more
continuous phase, whereas two transition peaks of the same
height may be an indication of dual phase continuity22.
From the data inTable 1, it can be concluded that phase
inversion took place between the 60:40 and the 50:50 PUR/
PS IPN compositions. However, it could also be argued that,
due to the large differences in loss factor of the pure
polymers, 1.10 for PUR and 2.30 for PS, that the equal peak
height criteria may be misleading. The sharp increase in loss
factor at the 30:70 composition points to a phase inversion
at a higher PS content. The loss factor values of the inter-
transition region (Table 1) were taken at an intermediate
temperature (678C) between the PUR and PS homonetwork
glass transitions. Generally, the inter-transition loss factor
values were very low and decreased with decreasing PUR
content in the IPN. The low values were an indication of
very limited phase mixing and little interface area in the
IPNs.

The storage moduliversus temperature plots for the
PUR/PS IPN composition series are shown inFigure 4. The
storage moduli reflected the trend of the loss factor values.
A pronounced drop in modulus occurred at the PUR and PS
transitions. The two-step drop mechanism of the storage
moduli indicated9,22 gross phase separation in the IPNs.
With increasing volume fraction of PS, the rubbery plateau
between the PURTg and the PSTg increased to higher
moduli reflecting the change in composition. The 20:80
PUR/PS IPN exhibited a high modulus plateau between the
PUR and the PS transition. A similar finding had been
made with the comparatively high loss factor peak height
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Figure 4 Log storage moduliversustemperature. (a) PUR; (b) 90:10, (c) 80:20, (d) 70:30, (e) 60:40, (f ) 50:50, (g) 40:60, (h) 30:70, (i) 20:80, and ( j) 10:90
PUR/PS; and (k) PS
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Figure 5 Log loss moduliversustemperature for the PUR/PS compositions. (a) PUR; (b) 90:10, (c) 80:20, (d) 70:30, (e) 60:40, (f ) 50:50, (g) 40:60, (h) 30:70,
(i) 20:80, ( j) 10:90 PUR/PS; and (k) PS

Figure 6 MT-d.s.c. trace of the 50:50 PUR/PS IPN composition

Table 2 Mechanical properties of the PUR/PS IPN as a function of composition

Composition PUR/PS Tensile properties Hardness, Shore
IPN(% PS)

Stress at break (MPa) Strain at break (%) Young’s modulus (MPa) Toughness (J) A D

0 1.2 210 1.0 0.6 40 25

10 2.4 430 1.1 2.0 43 25

20 4.2 530 1.7 4.0 49 27

30 12 770 4.3 14 59 35

40 13 310 7.2 4.2 75 41

50 10 230 10 2.3 83 52

60 7 83 33 0.6 94 59

70 14 20 83 0.3 96 68

80 36 8 830 0.4 98 95

90 45 7 1000 0.5 99 96

100 47 7 1300 0.4 99 97



(Figure 2) indicating a change in the IPN morphology, i.e.
continuous phase.

The loss moduliversustemperature showed two distinct
transitions (Figure 5). Similar to the results from the loss
factor data, the PUR exhibited its highestTg in the
40:60 PUR/PS sample. The PS transition decreased with
decreasing PS content. The PUR loss modulus peak was
predominant from the 90:10 to the 30:70 compositions. The
change in the dominant peak occurred between the 30:70
and 20:80 PUR/PS composition, again indicating a change
of IPN morphology.

Modulated-temperature d.s.c.
MT-d.s.c. measurements were conducted as a second

technique to investigate theTg behaviour of the PUR/PS
IPNs. While conventional d.s.c. did not prove sensitive
enough to detect bothTg values in the IPNs, theTg values
were detected over most of the IPN composition range using
MT-d.s.c.6,7. TheTg values for the homonetworks, as taken
from the peaks of the derivative of heat capacityversus
temperature plots, were¹348C for the PUR and 1008C for
the PS (Table 1). The higher transition values of¹5 and
1288C obtained from the DMTA loss factor peaks (10 Hz),
being due to the dynamic nature of the experiment. The
PUR transition decreased slightly from¹348C for the PUR
network to¹388C for the transition in the 20:80 PUR/PS
IPN (Table 1). The PS transition obtained from MT-d.s.c.
showed theTg values shifting to lower temperatures with
increasing PS content. The PS transition of the 80:20 PUR/
PS IPN was at 1138C and, thus, 138C higher than that of the
PS homonetwork (1008C). The higher peak height of the
PUR, as shown in the 50:50 PUR/PS IPN (Figure 6), was as
a result of the greater change in heat capacity22 of PUR
compared to that of PS for the transition.

Mechanical properties
The mechanical properties of the composition series were

investigated by tensile testing and Shore A and D hardness
measurements. The stress and elongation at break, Young’s
modulus, the toughness index and values for Shore A and D
hardness are given inTable 2. As expected, an important

change in the mechanical properties was observed when
combining an elastomer with a plastic. A plot of the stress
and strain at breakversusIPN composition is shown in
Figure 7. Stress at break values were low (below 5 MPa) for
the 90:10 and 80:20 PUR/PS IPNs, but they increased with
increasing PS content to 13 MPa for the 60:40 PUR/PS IPN.
After that, they fell again to a value of 7 MPa for the 40:60
composition before increasing dramatically, from the 30:70
composition onwards. This trend can be explained by
looking at phase continuity of the IPNs, as the continuous
phase is known22 to have a large influence on the
mechanical properties of IPNs. From the DMTA data, it
was believed that phase inversion took place between the
60:40 and 20:80 PUR/PS IPN compositions. The increasing
stress at break values up to the 60:40 IPN could be explained
by the reinforcing effect of the PUR by the PS. Increasing
the PS content further would lead to larger PS domains and,
as a consequence, a decreased phase continuity of the PUR
network. This weaker PUR network would lead to lower
stress at break values. It was only at the 30:70 PUR/PS
composition that the PS phases exhibited some degree of
phase continuity, which could account for the increasing
stress at break values. At the 20:80 PUR/PS IPN, PS was
shown by SEM to be the continuous phase1. This manifested
itself in a steep increase in stress at break from 14 MPa for
the 30:70 to 36 MPa for the 20:80 PUR/PS IPN composi-
tion. These assumptions were in agreement with the
previous findings1 from TEM and SEM studies. The strain
at breakversusIPN composition exhibited a different trend
(Figure 7). The strain at break values went through a
maximum of 770% at the 70:30 PUR/PS IPN composition,
but much lower values were recorded for IPNs with higher
PUR contents and even lower values for IPNs with lower
PUR contents. The increase in strain at break from pure
PUR to the 70:30 PUR/PS IPN compositions could be
explained by a decrease in the tightness of the PUR network
because of the PS domains. The PUR chains were able to
align and the resultant more loosely bound network only
broke at higher elongations. The decrease in strain at break
from the 60:40 PUR/PS IPN to the pure PS was the result of
a combination of two factors. From the 60:40 to the 30:70
PUR/PS compositions, the PUR content decreased as did the
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Figure 7 Stress and strain at breakversusPUR/PS IPN composition



extent of phase continuity of the PUR. The extremely low
values for the strain at break for compositions where PS
represented the continuous phase (from 20:80 to 10:90
PUR/PS) were as expected for PS at room temperature.

Because of the high strain at break value, the toughness
index, a function of stress and strain, also exhibited a
maximum at the 70:30 composition (Table 2). Young’s
modulus values followed a trend similar to the stress at
break, increasing with increasing PS weight percent (Table
2). A sharp increase from 83 to 830 MPa took place between
the 30:70 and 20:80 PUR/PS IPN compositions. A detailed
description of the modulus–composition behaviour is given
in a subsequent section.

Plots of Shore A and D values against IPN composition
are shown inFigure 8. Shore A hardness values exhibited a
sigmoidal curve shape. A slightly higher than expected
increase in Shore A hardness occurred between the 70:30
and 60:40 PUR/PS compositions, possibly indicating a
change in the continuous phase. The useful working
ranges23 for the Shore hardness measurements are between
10 and 90 for Shore A (between 30 and 90 for Shore D) and,
therefore, reliable results for Shore A were only obtained for
compositions up to a PS content of 50%. Shore D hardness
values showed a linear increase with increasing the PS
content from the 70:30 to the 30:70 PUR/PS composition. A
significant increase in hardness was observed between the
30:70 (Shore D 68) and the 20:80 (Shore D 95) PUR/PS
compositions. A behaviour similar to the Young’s modulus
was not surprising since hardness is directly related9 to
modulus and strength. Thus, from Shore A measurements, a
slight increase in hardness at about the 70:30 PUR/PS
composition was noted, whereas from Shore D, a large
increase was observed between the 30:70 and 20:80 PUR/
PS IPN compositions.

Modulus–composition models
The phase continuity and phase inversion in polymer

blends can be studied by relating9 the shear or tensile moduli
to modulus–composition models. Several theories24–27

have been reviewed by Nielsen28,29, Dickie30 and Hourston
and Zia31. Kerner27 derived a theory for a matrix with
spherical inclusions. The upper and lower bounds of the

modulus of this two-phase polymer material are given by
equation (1).

G
G1

¼
(1¹ f2)G1 þ (a þ f2)G2

(1þ af2)G1 þa(1¹f2)G2
(1)

Here, subscripts 1 and 2 refer to the matrix and the
inclusions, respectively.G is the shear modulus,f is the
volume fraction anda is a function of the matrix Poisson
ratio,n1, a ¼ 2(4¹ 5n1)/(7 ¹ 5n1). A model which predicts
phase inversion at mid-range compositions in two-phase
polymer systems was developed by Budiansky26. This
model assumes that the dispersed phase becomes the
continuous one at some point in the mid-composition range.

f1

1þ e
G1

G
¹ 1

� �þ
f2

1¹ e
G2

G

� �
¹ 1

¼ 1 (2)

Again,f is the volume fraction,e ¼ 2(4 ¹ 5n)/15(1¹ n), n
is the Poisson’s ratio of the composite,G is the shear
modulus and subscripts 1 and 2 represent the component
polymers. A general mixing equation which often suc-
cessfully predicts certain properties of composites with
two continuous phases has been presented by Nielsen29.

Pn ¼ f1Pn
1 þ f2Pn

2, ¹ 1 , n , 1 (3)

P is a property such as elastic modulus or thermal con-
ductivity andn is a function of the morphology of the sys-
tem. For n ¼ 1, the ordinary rule of mixtures results,
whereasn ¼ ¹1 describes the inverse rule of mixtures.
The logarithmic rule of mixtures9 arises whenn ¼ 0. The
Davies24,25 equation, which Hourston and Zia31 class as a
special solution to the Nielsen29 equation, is designed for
systems in which both components are present as continu-
ous phases. It is given by equation (4), whereG andf have
been defined previously.

G1=5 ¼ f1G1=5
1 þ f2G1=5

2 (4)

In general, conversion from the shear to the tensile modulus,
E, can be done using the equationE ¼ 2G(1 þ n). However,
this was not done since the error that is introduced by using
E in the expressions forG is small32. Poisson’s ratio for the
homopolymers was assumed to be 0.5 for the PUR and 0.35
for the PS33, and Poisson’s ratio for the various composi-
tions was calculated using the weighted average32,33of the
Poisson’s ratio of the two components.

To date, the fit of experimental data to modulus–
composition theories has been contradictory4. A number
of researchers31,34,35found the Davies equation to describe
best their experimental data. Others4,33,36found a better fit
with the Budiansky equation. Investigating simultaneous
and sequential PUR/PMMA IPNs, Akay and Rollins36

found the elastic modulus–composition plots to comply
with Budiansky’s phase inversion model for simultaneous
IPNs, and a dual-phase continuity model (Davies equation)
for sequential IPNs. The dynamic storage moduli, however,
behaved according to the Davies equation. Two factors
might account for the controversial results. In most of these
studies, the conclusions drawn were based on three and four
composition points37, which makes it difficult to make
predictions over the whole composition range. Furthermore,
Hourston and Scha¨fer4 found in a recent study that the
composition of the apparent phase inversion in logE9 versus
composition plots was dependent upon the temperature at
which the moduli were taken. It was noticed4 that when the
dynamic moduli were studied at a temperature close to the
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Figure 8 Shore A and D hardnessversusPUR/PS IPN composition



Tg of the lower Tg component, a Davies-like behaviour
resulted, whereas at the intermediate temperature, between
the Tg values of both components, a Budiansky-like
behaviour was observed.

Figure 9 shows the Young’s moduli (obtained from
tensile testing at room temperature)versusIPN composition
together with four modulus–composition models. The
experimental data showed some scatter and did not fit
any of the models. However, some similarity with the
Budiansky model which predicts phase inversion at mid-
range compositions existed. The experimental data sug-
gested that phase inversion took place between the 30:70
and the 20:80 PUR/PS IPN compositions. In addition to
log E, a linear plot ofE versuscomposition is shown to
illustrate the pronounced increase inE between the 30:70
and the 20:80 composition. In addition to the Young’s
moduli, the dynamic (10 Hz) storage moduliE9 of the IPNs
and homonetworks were plotted against the composition in
Figure 10. The storage moduli were taken at three different
temperatures (0, 23 and 1008C). Again, the experimental

data points for the storage moduli did not fit any of the
theoretical models investigated. However, the shape of
the Budiansky equation, involving phase inversion at the
intermediate composition, gave the best approximation.
Similarly to the study on PUR/PEMA IPN compositions, a
different modulus–composition pattern was observed at
different temperatures. The storage modulus taken at 08C
seemed to have the phase inversion between the 70:30 and
the 60:40 PUR/PS IPN compositions. From the moduli
taken at 238C, it appeared that phase inversion occurred at
the 40:60 PUR/PS composition. However, the moduli taken
at 1008C resulted in the phase inversion occurring at
higher PS contents, namely, between the 30:70 and 20:80
compositions. Thus, it was confirmed that the temperature at
which the moduli were taken had an important bearing on
the shape of the modulus–composition plot. With the
moduli taken at increasingly higher temperatures, the
location where the logarithmic rule of mixing was crossed
moved to higher PS contents. An intermediate temperature
between the PUR and the PS transition might be most
appropriate to conduct modulus–composition studies. A
temperature of 678C is roughly between 238C (phase
inversion at 40:60 PUR/PS) and 1008C (phase inversion at
20:80 PUR/PS). Consequently, phase inversion at 678C
might have taken place at the 30:70 PUR/PS IPN
composition.

CONCLUSIONS

A gross phase morphology over the full PUR/PS IPN
composition range was indicated by two separate loss factor
peaks from DMTA. Both DMTA and MT-d.s.c. measure-
ments revealed that theTg of the PS transition increased
with decreasing PS content in the IPN. The PSTg increase
(208C by DMTA and 148C by MT-d.s.c.) from the PS
homonetwork to the 90:10 PUR/PS IPN was explained by
an increase in interactions between the PUR hard segment
and thep-electrons of the PS phenyl rings. The PURTg

decreased at low PUR contents because of incomplete PUR
network formation. The loss factor peak heights reflected
the respective contents of PUR and PS and were of equal
height at the 50:50 PUR/PS IPN composition. A particularly
high increase in the PS loss factor height was observed
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Figure 9 Log Young’s modulusE and linearE versuscomposition and modulus–composition curves. (a) Kerner, (b) Budiansky and (c) Davies models

Figure 10 Log dynamic storage moduliversusIPN composition taken at
0, 23 and 1008C



between the 30:70 (1.11) and the 20:80 (1.82) PUR/PS IPN
compositions.

IPNs with good mechanical properties were prepared
from the immiscible PUR/PS polymer pair. The stress at
break increased with increasing PS content. A 10-fold
increase occurred between the 30:70 (83 MPa) and 20:80
(830 MPa) PUR/PS IPN compositions. Both the strain at
break (770%) and the toughness index (14 J) went through a
maximum at the 70:30 PUR/PS IPN composition. Shore A
and D hardness values increased with increasing PS
contents. A particularly steep increase for Shore D was
observed between the 30:70 (68) and the 20:80 (95) IPN
compositions.

Modulus–composition studies revealed that the composi-
tion at which phase inversion apparently occurred depended
on the temperature at which the storage moduli were taken.
TakingE9 at an intermediate temperature between the PUR
and the PSTg values resulted in phase inversion at the 30:70
PUR/PS IPN composition. This was in accordance with
findings from the stress at break, Shore D measurements and
with an earlier electron microscopy study. Thus, in the
immiscible PUR/PS IPN composition series, phase inver-
sion occurred at a higher highTg component content (70%
PS) than in semi-miscible PUR/PEMA IPNs (30% PEMA).
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