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Abstract

Mechanical properties of polymer blends with co-continuous morphologies were measured and compared to the properties of blends of the
same polymers with a droplet/matrix morphology. For this purpose, poly(ether—ester)/PS and SEBS/PP blends were prepared with both
morphologies, which was facilitated by the rheological properties of the block copolymers. The elastic moduli of co-continuous blends were
significantly higher than the moduli of the dispersed blends, but no significant difference in tensile or impact strength was found when co-
continuous blends were compared to blends with a droplet/matrix morphology. A model was proposed depicting the basic element of co-
continuous structures as three orthogonal bars of one component embedded in a unit cube where the remaining volume was occupied by the
other component. This model was shown to predict the moduli of polymer blends with co-continuous morphologies over the complete
composition range© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction despite the interesting feature that both components, in all
directions, can fully contribute to the properties of the blend.
An elegant method to obtain new materials is blending of It was long believed that co-continuous morphologies are
thermoplastic polymers. The properties of these polymer mainly formed around the point of phase inversion. We have
blends are to a large extent determined by the morphology, shown that co-continuous morphologies are not formed at a
i.e. the size, shape and distribution of the components [1]. single volume fraction, such as a point of phase inversion,
Factors governing the morphology are composition, inter- but rather over a range of volume fractions [8—12]. This
facial tension, processing conditions and rheological prop- range of volume fractions strongly depends on the proces-
erties of the components. In general, polymer blend sing conditions and the rheological properties of the compo-
morphologies can be divided into three classes, i.e. nents [8,11,12]. In particular, in blends with thermoplastic
dispersed, stratified and co-continuous morphologies. elastomers (TPEs) co-continuous morphologies can be
Dispersions of droplets of the minor phase in a matrix of obtained over a wide composition range [9-12]. In an
the major phase are most common. These types of blendsearlier paper [11], the formation of such a wide composition
are often used in rubber modification of brittle polymers range was related to the specific rheological properties of
[1-4]. The minor phase can also be dispersed as fibers, TPEs. TPEs are block copolymers where the blocks are
for example in self-reinforcing polymer blends [5-7]. In phase separated into micro-domains. These phase-separated
these kinds of blends the properties are mainly improved in domains, also called physical crosslinks, are responsible for
the direction of the fibers. In literature many papers are the unique (rheological) properties of TPEs. A detailed
dedicated to the mechanical properties of polymer blendsknowledge of the rheological and thermal properties of
with dispersed morphologies. Much less is known about the TPEs, related to their specific microstructure, enables us
mechanical properties of co-continuous morphologies to control the formation [11,12] and stability [13] of co-
continuous morphologies. A proper choice of processing
*Corresponding author. Tel+31-15-2781828; fax: 31-15-2787415. conditions results in a composition range of co-continuous
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Table 1

Blend components, temperature of processifyy &nd resulting range of
co-continuity for all systems after processing and compression moulding
System Components T, (°C) Range of co-continuity

la PS/poly(ether—ester) 230 50-60 vol.% PS

Ib PS/poly(ether—ester) 200 30-60 vol.% PS

lla PP/SEBS 250 50-60 vol.% PP

Ib PP/SEBS 190 40-80 vol.% PP

morphologies that is either wide or small. Therefore, at a
single volume fraction, co-continuous as well as dispersed
morphologies can be obtained. This gives us the opportunity
to compare the mechanical properties of polymer blends
with a dispersed morphology to the mechanical properties
of the same blend with a co-continuous morphology.

The literature that is available about the mechanical
properties of co-continuous polymer blends, experimental
[14-23] as well as modelling [21,24,25], is scarce. There
are a few reports [14,15] showing an increase in impact
strength in the case of co-continuity, but some other reports
show no effect of co-continuity [16]. Other authors [17-19]
compared measured elastic moduli to the Davies model
[24], which is mostly used for co-continuous morphologies.
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65% triblock and 35% diblock. Arnitel EM400 is a poly-
(ether—ester) multiblock copolymer, consisting of 40 wt.%
hard, crystalline poly(tetra methylene terephthalate)
segments and 60 wt.% soft, amorphous poly(tetra methy-
lene oxyde) segments. The melting and crystallization char-
acteristics of this polymer as well as the rheological
properties are described in Ref. [26]. Blends are prepared
in the composition range 10—90 vol.% and will be divided
into four different systems. Systems la and |b are blends of
PS and poly(ether—ester), and systems lla and Ilb are blends
of PP and SEBS. A proper choice of the processing condi-
tions will result in a small (la and lla) or wide (Ib and 1b)
composition range of co-continuous morphologies [11-13]
(Table 1).

2.2. Processing

All blends, except for system Ib, were prepared on a
20 mm Collin laboratory extruder equipped with a transport
screw, and a static mixer in series with the extruder contain-
ing 10 Ross ISG 15 mm diameter mixing elements. Each
element contains four channels with a radius of 0.135 cm.
The average shear rate in the channels was estimated to be
30s . The extruded strands were quenched in water.

When the fit was reasonable they concluded that the blendSYStéms Ia, lla and llb were processed at 230, 250 and

must be co-continuous. Without knowing the exact

morphology this can lead to mistakes because deviations

from the Davies model are also found [20,22]. Earlier
work in our laboratory [22] has shown that co-continuous
morphologies are characterized by high values for the
tensile modulus exceeding the theoretical predictions. It
can be concluded that the influence of co-continuity on
the mechanical properties of polymer blends requires
further investigation.

The objective of this paper is to trace the influence of co-
continuity on the mechanical properties of polymer blends.

190°C, respectively. System Ib was prepared at°200n

a two-roll mill (Schwabentahn) with roll speeds of 0.136
and 0.163ms!. The gap between the two rolls was
1.10 mm resulting in an average shear rate of 150Fhe
blends were scraped off the mill after 12 min and directly
guenched in water at room temperature.

Samples for mechanical testing were prepared by
compression moulding. Systems la and Ib were compres-
sion moulded at 21T for 7 min, system lla was prepared in
5 min at 250C, and system Ilb in 2.5 min at 19D0. Samples
of the pure components were prepared in the same way as

Therefore, a number of blends has been studied with either al"€ Plends, i.e the same processing and compression mould-

small or a wide composition range of co-continuity. The
mechanical properties of co-continuous blends will be
compared to the mechanical properties of blends with

ing procedure, in order to check if the processing procedure
had any influence on the mechanical properties of the pure
components.

dispersed morphologies. The mechanical properties as func-

tion of the composition will be related to the change in
morphology, and a model will be proposed that can describe
the moduli of co-continuous polymer blends.

2. Experimental
2.1. Materials

The polymers that were used are polystyrene (PS Hostyr-
ene N7000; Shell), polypropylene (PP Stamylan P13E10;
DSM), styrene/(ethylene—butylene) based block copolymer
(SEBS Kraton G1657; Shell) and poly(ether—ester) multi-
block copolymer (Arnitel EM400; DSM). The SEBS G1657
has a styrene to rubber ratio of 13/87 wt.%, and consists of

2.3. Morphology

The morphology was characterized by means of a Philips
XL20 scanning electron microscope (SEM) and by extrac-
tion experiments. One component of the blend was
extracted with a selective solvent, i.e. 2-butanone to extract
PS and iso-octane to extract SEBS. The combination of
extraction experiments and SEM is essential in determining
whether a blend is co-continuous or not. A blend is only
considered fully co-continuous if 100% of one of the
components can be extracted and the remaining piece is
still self-supporting.

2.4. Mechanical testing

Tensile measurements were performed in accordance
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Table 2

Percentage of PS (systems la and Ib) or SEBS (systems lla and I1b) extracted from blends that were processed and compression moulded intdhensile bars.
samples indicated with (-) are no longer self-supporting after extraction

Volume System la System |b System lla System b
fraction (PS/poly(ether—ester)) (PS/poly(ether—ester)) (PP/SEBS) (PP/SEBS)
10/90 25 23 - 98
20/80 15 20 - 100
30/70 16 90 - 98
40/60 83 100 - 98
50/50 99 100 100 99
60/40 100 100 99 100
70/30 - - 87 100
80/20 - - 36 91
90/10 - - 2 11

with 1ISO R527 at room temperature on an Instron tensile used to determine the storage modulE$ @s a function of

tester with a crosshead speed of 10 mm Thirll samples temperature. The samples (23 x 1 mm®) were heated

were tested until an elongation of 200% was reached (thewith 5°C min~* and measured at a frequency of 1 Hz.

elongation was limited by the tensile tester). The Young’'s Impact tests were performed on a Zwick pendulum appa-

modulus E)) is determined from the initial slope of the ratus equipped with 1.0-5.5J hammers. All samples

stress—strain curve. (60X 10x 4 mm®) were notched on an automatic notching
A Perkin EImer DMA 7e in three point bending mode was machine (Ceast).
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Fig. 1. SEM micrographs of PS/poly(ether—ester) blends of systems la (a and b) and Ib (c and d) with 30 and 40 vol.% PS.
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Fig. 2. SEM micrographs of PP/SEBS blends of systems lla (a and b) and llb (c and d) with 60 and 70 vol.% PP.

3. Results and discussion moulding, over a small composition range (50-60 vol.%
PS) and system Ib over a broader range of compositions
3.1. Morphology (30—-60 vol.% PS). All other compositions of systems la

and Ib show droplet/matrix morphologies. The phase sizes

The results of the extraction experiments on samples of all blends are in the same order of magnitude, i.e. the
taken from tensile bars, showing the percentage PSdroplets show diameters around a micron and the phase
extracted for systems la and Ib, and the percentage SEBSsizes of the co-continuous blends are a few microns.
extracted for systems lla and IlIb are given in Table 2. The The blends of systems lla and lIb, that were processed
blends that were no longer self-supporting after one phaseand compression moulded, with 60 and 70 vol.% PP are
were extracted, and are indicated with a bar. To determinedepicted in Fig. 2. The SEM micrographs show the PP
the co-continuity a combination of extraction experiments matrix (grey sections) that is left after the SEBS phase
and SEM is essential. was extracted (dark sections). SEM analysis together with

The blends of systems la and Ib with 30 and 40 vol.% PS the extraction results clearly show that adequate processing
are depicted in Fig. 1. The SEM micrographs show the [11-13] of the PP/SEBS systems results in a small compo-
poly(ether—ester) matrix (grey sections) that is left after sition range of co-continuous morphologies (50—60 vol.%
the PS phase was extracted (dark sections). The resultP) for system lla, and a wide composition range (40—
from the extraction experiments and the SEM micrographs 80 vol.% PP) for system llb. All other compositions of
clearly show that by adequate processing [11-13], either asystem lla, as well as the 90 vol.% PP blend of system
droplet/matrix morphology (Fig. 1(a) and (b)) or a co- llb, show dispersed morphologies. Although the samples
continuous one (Fig. 1(c) and (d)), at a certain composition, of system Ilb with 10—30 vol.% PP do not fall apart upon
can be obtained. The result is that system la shows co-extraction, no clear morphology could be detected with
continuous morphologies, after processing and compressionSEM analysis because the samples collapse upon solvent
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Table 3

Impact strength (kJ/f of all systems. The samples that did not break upon testing are indicated with (n.b.). The results for co-continuous blends are in italic
Volume System la (PS/ System Ib (PS/ System lla System lib
fraction poly(ether—ester)) poly(ether—ester)) (PP/SEBS) (PP/SEBS)
0/100 n.b. n.b. n.b. n.b.
10/90 n.b. n.b. n.b. n.b.
20/80 n.b. n.b. n.b. n.b.
30/70 8.2+ 0.3 54+0.2 n.b. n.b.

40/60 42+04 53+1.3 n.b. n.b.

50/50 6.2+2.3 3.2+ 05 n.b. n.b.

60/40 42+0.7 2.9+ 0.5 n.b. n.b.

70/30 2.7+ 0.6 1.8+ 1.0 n.b. n.b.

80/20 1.7+ 0.2 1.9+ 0.2 40x 2.7 40+1.4
90/10 1.5+0.2 1.4+ 0.3 24+ 15 25+ 2.1
100/0 1.3+ 0.2 1.3+ 0.2 4.1+ 0.6 4.1+ 0.6

evaporation. Most probably some transition morphology in and dispersed polymer blends, considering the relative large
between a co-continuous and a dispersed morphology waserrors associated with these kind of experiments.

formed. The phase sizes of systems lla and llb do not differ The samples of the PP/SEBS blends (systems lla and lib)
too much. Most blends show droplet diameters or co-contin- did not break at all until the amount of PP was increased to

uous strands of around 0.5 micron. Only the dimensions of 80 vol.%. Further increase of the amount of PP reduced the
the 50 and 60 vol.% PP blends of system lla are somewhatimpact strength. Also, in this case, the impact strength

larger (2—3 micron), which can be explained by a coarsen- values that were found are the same for both systems,
ing of co-continuous morphologies with time [13]. despite the differences in morphology.

. 3.3. Tensile properties
3.2. Impact properties

The Young's moduli k) for systems la and Ib, as
The results of the impact tests that were performed on aobtained from the initial slope of the stress—strain curves,
Zwick pendulum apparatus are shown in Table 3. It are plotted as a function of volume fraction PS in Fig. 3(a).
becomes clear from the results of systems la and Ib thatlt becomes clear that at low volume fractions of PS, the
increasing the amount of PS reduces the impact strengthmeasured values foE, are close to the series model
of the PS/poly(ether—ester) blends. No significant difference (E™* = ¢,/E; + ¢,/E,). The moduli show a sharp increase
was found between the impact properties of co-continuouswhen PS becomes continuous throughout the sample. At
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Fig. 3. (a) Young’'s moduli for the PS/poly(ether—ester) systemd)a(d |b @) as a function of volume fraction PS; (b) Young’'s moduli for the PP/SEBS
systems lla4) and |lb (@) as a function of volume fraction PP (when the error bars are not visible they are smaller than the marker). The experimental values
are compared with the parallel (—), series (- — —) and Davies (...... ) model.
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Table 4
Maximum tensile stresex) of all systems determined on a Instron tensile tester. The samples for which no maximum tensile stress could be determined within
the limit of 200% elongation are designated with (-). The results for co-continuous blends are in italic

Volume System la (PS/ System Ib (PS/ System lla System llb
fraction poly(ether—ester)) poly(ether—ester)) (PP/SEBS) (PP/SEBS)
0/100 - - - -

10/90 - - — -

20/80 - - - -

30/70 - 9.1 - -

40/60 11.8 10.3 - -

50/50 15.2 12.8 - -

60/40 20.0 18.8 12.3 14.6
70/30 24.3 18.2 16.2 16.6
80/20 31.8 248 20.6 20.8
90/10 35.4 31.0 24.2 26.7
100/0 42.1 41.3 28.4 28.6

high volume fractions of PS, the moduli are somewhat lower blends are again higher than those predicted by the
than those of the parallel moddt & ¢E; + ¢,E,). When Davies model.

the moduli of the co-continuous blends are compared to The predictions according to the series, parallel and
those of the dispersed morphologies (with the same volumeDavies models for the systems lla and Ilb were calculated
fractions), it becomes evident that at low volume fractions using the extrapolated values for the Young’'s modulus of
of PS the co-continuous blends show a higher value for the pure PP. This was done because addition of small amounts
modulus than the dispersed blends. Apparently, PS contri-of SEBS causes a strong reduction of the modulus, e.g.
butes more to the modulus of the blend when it is continuous adding 10% of SEBS results in a drop of the modulus to
than when it is dispersed in the poly(ether—ester) matrix halve the value of the modulus of pure PP (indicated in Fig.
which must be related to a more effective stress transfer in 3(b) by an open circle). Other authors [20,27] too have
the case of co-continuity. At higher volume fractions of PS, found a similar large reduction in modulus. This strange
the difference in modulus related to the difference in behaviour cannot be explained by mixing on a molecular
morphology diminishes. Fig. 3(a) also shows that the scale as no changes occur in melting point, melting enthalpy
Young’s moduli of co-continuous blends cannot be and glass transition temperatures [12]. Some authors [28],
described by Davies’ model [24], i.e. all experimental however, have shown that at the PP—SEBS interface some
values are higher than that predicted by the model interdiffusion occurs. Although a proper explanation for the
(EY® = ¢,EY® + ¢,EX). It was shown in an earlier paper large reduction in modulus cannot be given, it does not
by our group [22] that the Young's moduli of co-continuous influence the conclusions which can be drawn from Fig.
blends could not be predicted by the models available for 3(b), i.e. the effects of morphology on the moduli of poly-
co-continuity. mer blends.

The different processing and compression moulding The maximum tensile stress, i.e. the yield stress for
conditions did not influence the modulus values of the samples that yielded, and the stress at break for samples that
pure components, thereby implying that the moduli of the showed a brittle fracture, of all blends are shown in Table 4.
blends as described above are related to the morphology andVhen PS is dispersed in the poly(ether—ester) matrix the
composition only. samples simply do not break within the limit of 200% elon-

The Young’s moduli for systems lla and IIb as a function gation, but when PS becomes continuous the maximum
of volume fraction PP are shown in Fig. 3(b). The same elongation is sharply reduced. No significant differences
trends are found for the PP/SEBS systems as those forare found for the maximum tensile stresses. No samples of
systems la and Ib, i.e. the modulus sharply increases whensystems lla and Ilb break within an elongation of 200%.
PP becomes continuous and the values for droplet/matrix Also, for systems lla and IlIb no significant differences in
blends are close to the series and the parallel models at lowmaximum tensile stress are found when co-continuous
and high volume fraction PP, respectively. It is also evident blends are compared to the blends with a dispersed
that the co-continuous blends show a much higher value for morphology.
the Young's modulus than the dispersed blends (at the same
volume fraction). Also, in the range of transition morphol- 3 4 Storage modulus
ogies (10-30vol.% PP, system llb), an increase in the
Young’s modulus is found when compared to the blends The storage modulH’) of systems la and Ib, determined
with a droplet/matrix morphology. The experimental atroom temperature, as a function of volume fraction of PS
values for the Young’'s moduli of the co-continuous are plotted in Fig. 4(a). It is evident that the storage moduli
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Fig. 4. (a) Storage moduli for the PS/poly(ether—ester) systema)larfd Ib @), obtained at room temperature, as a function of volume fraction PS; (b)
Storage moduli for the PP/SEBS systems i3 énd IIb (@), obtained at room temperature, as a function of volume fraction PP. The experimental values are
compared with the parallel (—), series (— — —) and Davies (...... ) model.

show the same behaviour as is found for the Young's nents are also plotted. It is evident that at all temperatures

moduli. The moduli of the co-continuous blends are again higher than the glass transition of SEBS, the modulus of the
higher than the moduli of blends with dispersed morpholo- co-continuous blend is higher than that of the blend with a
gies and a substantial increase in modulus is found when PSdispersed morphology, i.e. over a wide temperature

becomes continuous.

The storage moduli') of systems lla and lIb, deter-

range co-continuous blends are more effective in provid-
ing stiffness and strength to the material than the

mined at room temperature, as a function of volume fraction dispersed blends.
of PP are plotted in Fig. 4(b). Again the same behaviour is

found as was described above.

In Fig. 5, the storage modulus of blends with 40 vol.% PP 3.5. Modelling
is plotted as a function of temperature for systems lla and

IIb. For comparison, the storage moduli of the pure compo-

10" g
——
10°
= L
5 L
] 108 £
= E
Lo] E
=} L
= L
i)
& 107 E
8 E
2 C
10°
10°
-100 -50 0 50 100

Temperature (°C)

Figs. 3 and 4 make clear that co-continuous blends show
higher experimental values for the moduli than is predicted
by the Davies model. It was also shown in an earlier paper
by our group [22] that the Young’s moduli of co-continuous
blends could not be predicted by any model available for co-
continuity. These models cannot predict the moduli of co-
continuous blends because they do not incorporate the dual
phase interconnectivity which is typical for co-continuous
blends, except Kol#'s model. Therefore, a model is
developed that incorporates this dual phase interconnectiv-
ity to obtain a better description of co-continuous polymer
blends.

A combination of parallel and series elements as
proposed by Takayanagi [29] for two-dimensional and
Barentsen [30] for three-dimensional geometries can be
used to describe droplet/matrix blends. Barentsen’s model
can either be described as a series model of parallel parts
(Fig. 6(a) and Eq. (1)) or a parallel model of serial linked
parts (Fig. 6(b) and Eq. (2)). The unit cubes, as shown in Fig.
6(a) and (b), can be used for modelling of polymer blends

Fig. 5. Storage modulus of PP (=), SEBS (-) and blends with 40 vol.% PP as With @ droplet/matrix morphology when the dispersed parti-

a function of temperature for system lla (- -) and llb (— -).

cles are evenly distributed in the matrix.
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T 1 /]——' (4) is comparable to the COS model proposed by Kklar
-1 [25], but in addition to the parallel model of serial-linked

1A A 1-A A parts we also introduce a series model of parallel-linked
- - parts for co-continuity. We, therefore, have the opportunity
m mod g to distinguish between the different influences of a weak and
m ; o a stiff component on the modulus of the blend.

’ ' ‘ First, a dispersion of the stiff component in a matrix of the
weak component will be considered. In the model as
depicted in Fig. 6(a), the dispersion will force a large part

(a) (b)

AA A of the weak matrix (perpendicular to the direction of force)
) Z[/_ to the same elongation as the stiff dispersion. However, in

¢ 1 reality, because the matrix is weak, the influence of the stiff
' ! ’ dispersion in the direction perpendicular to the force direc-

tion will be limited. Therefore, this model seems inappropri-
ate. In the model as depicted in Fig. 6(b), the stiff dispersion
forces the part of the weak matrix that is coupled in series
with it to an elongation that is much longer than the elonga-
tion of the rest of the matrix. This is in agreement with
Fig. 6. Three-dimensional models for the calculation of the moduli of reality because in real blends the weak matrix will deform
dispersed polymer blends (a and b) and co-continuous polymer blends most at the interface between the stiff droplets and the weak
(cand d). matrix (relative high strain gradients in the weak matrix do
not cost so much energy). Therefore, the model as depicted

(c)

NEq + (1 — A)E, in Fig. 6(b) is more appropriate when the weak component

Ea=En A= MA2Es + (1= 22+ D, (€3] dominates. ' o | |
In the case of a weak dispersion in a stiff matrix the model
2 given in Fig. 6(b) cannot be used. In this model, there is a
E, = (1— A)DE, + ﬂ ) difference in elongation between the stiff matrix parts that
AEm + (1= MEy are parallel-connected, but in practice the matrix will have

the same elongation throughout the whole sample (The
function of volume fraction gy = 1 — ¢, = A%), modulus strain gradient bet'we'en the parallel parts is small). The
of the dispersed phasgd and modulus of the matrixg,). mpdel as deplcted_ in Fig. 6(a) seems, therefore, more appro-
In a co-continuous morphology, the dispersed phase doed’'ate when the stiff component dominates. The same argu-
not consist of separate particles in the matrix phase, but isMeNts can be used for the parallel model of serial-linked
interconnected and forms elongated domains, which extendPats (Fig. 6(d) and Eq. (4)) and the series model of paral-
throughout the matrix. To visualize co-continuity, a model €l-linked parts (Fig. 6(c) and Eq. (3)) that were derived for

is proposed that consists of three orthogonal bars of polymer C0-continuous blends. ,

1 embedded in a unit cube where the remaining volume is ' NiS means that at volume fractions (050 vol.%) where
occupied by component 2. Repeating this unit cube in 3D the stiff component is the minor phase Egs. (2) and (4)
shows that component 2 has the same framework as compoMust be usoed. When the stiff component dominates
nent 2, i.e. both the components are interconnected. In a(®0—-100vol.%), Egs. (1) and (3) must be used. The
similar manner, as Barentsen did, relations for a series COMplete composition range, from 100% of the first compo-
model of parallel parts (Fig. 6(c) and Eq. (3)) and for a nent to 100% of the second component, can now be

parallel model of serial-linked parts (Fig. 6(d) and Eq. (4)) moglelled_ if the morphplogy is known. _In the intermgdiate
can be derived [31] as: regions, i.e. from distinct droplet/matrix morphologies to

full co-continuous morphologies an interpolation between

The modulus of the blende{ or E) is expressed as a

@ + 2a°b)EZ + 2(a%b + 3a%0? + ab)E,E, + (2ab® + b*)E3 the two models is used. Around 50 vol.%%%), an aver-
© (@ + a?b + 2ab?)E, + (2a2b + ak? + bd)E, age of the two co-continuous models is used and also
©) between the three co-continuity regions we used interpola-
tions. These interpolations cause some sharp transitions in
a?bE2 + (&% + 2ab + b)E,E, + akPE2 the curves of Fig. 7 where the Young’; moduli, as pr.e_dicted
Eq= bE; + ak, (€] by the models, are plotted as a function of composition.

Kolarik had to adjust the critical volume fractions, where
wherea is related to the volume fraction of component 1 by it is assumed that co-continuity starts, a posteriori to fit his
3a’ — 2a® = ¢, andb is related to the volume fraction of model to experimental data. As we have an exact knowledge
component2bp=1-a of the range of co-continuity and the morphology at all other
The model for co-continuity as shown in Fig. 6(d) and Eq. compositions, a judicial use of the models for each
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Fig. 7. (a) Young’s moduli as function of composition; experimental values for the PS/poly(ether—ester) systejrenic Ip @); (b) Young’s moduli as
function of composition; experimental values for the PP/SEBS systema)kand IIb @) and predictions (full line) using Egs. (1)—(4). The judicial use of the
equations for each composition range is given in the text.

composition range is possible. For example, for system la excisting models for co-continuity. Therefore, we compared
we used Eq. (2) from 0—30 vol.% PS (stiff droplets in a soft these earlier results to the models as proposed in Egs. (3)
matrix), an average between both the co-continuous modelsand (4). Again we used Eg. (4) in the region (35—45 vol.%)
from 50-55vol.% PS (co-continuous; neither phase where the soft phase dominates, Eq. (3) in the region
dominant), Eq. (3) from 60—65 vol.% PS (co-continuous, (50—80 vol.%) where the stiff phase dominates, and an aver-
stiff phase dominant), and Eq. (1) in the composition age between both the equations in the intermediate range
range 70—100 vol.% PS (soft droplets in stiff matrix). Linear where neither phase dominates. The linear interpolations
interpolations, between the various equations, were usedresult in a stepwise plot as was explained above. The results
in the composition ranges 30-50vol.% PS (transition can be seen in Fig. 8. The agreement between the moduli
from droplet/matrix to co-continuous), 55—-60 vol.% PS that are predicted by the models and the experimental data
(transition to stiff phase dominated co-continuity) and for the co-continuous PE/PS blends is again satisfactory.
65-70vol.% PS (transition from co-continuous to
droplet/matrix). The results for all four systems can be
seen in Fig. 7. 4. Conclusions

The agreement between the moduli that are predicted by
the models and the experimental data is excellent for all The elastic moduli of blends with co-continuous
systems. This implies that besides the moduli of droplet/ morphologies are significantly higher than the moduli of
matrix blends, the moduli of blends with co-continuous the same blends with a droplet/matrix morphology if the
morphologies at all compositions can also be described if minor phase is the component with the highest modulus,
only the values of the pure components are known. as is demonstrated for poly(ether—ester)/PS and SEBS/PP

In an earlier paper by our group [22], it was shown that blends. No significant difference in tensile stress and impact
the Young’s moduli of co-continuous blends of polyethy- properties are found when co-continuous blends are
lene (PE) and polystyrene (PS) could not be predicted by thecompared to blends with a dispersed morphology.
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A model is obtained by depicting the co-continuous
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