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Abstract: The microstructure of melt-processed, immiscible poly(2,6-dimethyl-1,4-
phenylene ether)/poly(styrene-co-acrylonitrile) blends (PPE/SAN) was controlled
by systematically adjusting the viscosity ratio between both phases. For this pur-
pose, low-viscous polystyrene (PS) was added as a third component, as it shows
selective miscibility with PPE and thus allows the varying of the shear viscosity of
PPE over a broad range. In order to theoretically predict the phase morphology, a
model following Utracki was applied taking into account the viscosity ratio and the
respective volume contents of each phase. Detailed transmission electron micro-
scopic investigations of the blend morphologies demonstrated excellent agreement
with theory. Moreover, quantitative evaluation of the observed microstructures al-
lowed further description of the degree of blend co-continuity. Thus, desirable
compositions of the ternary blend systems could be identified which potentially
show enhanced properties such as a high heat deflection temperature, an elevated
strength, stiffness, and ease of processing. Finally, a optimum (PPE/PS)/SAN
blend system that has been optimised regarding the aforementioned properties
was compatibilized by polystyrene-b-poly(1,4-butadiene)-b-poly(methyl methacry-
late) triblock terpolymers. Due to the interfacial enrichment of the block copolymer,
nanostructured blend morphologies were observed. In the view of these results,
pathways to control both the micro- and the nanostructure of PPE/SAN blends are
derived, potentially useful to enhance the mechanical as well as thermo-
mechanical property profile.

Introduction

Blending of polymers provides an efficient route to develop new materials with tai-
lored properties [1, 2]. Using an already existing range of base polymers, a large va-
riety of new high-performance polymer blends is readily and economically available.
In particular, immiscible blends of poly(2,6-dimethyl-1,4-phenylene ether) (PPE) and
poly(styrene-co-acrylonitrile) (PPE/SAN) are expected to provide various advantages
by combining the toughness, the flame-retardant behaviour, and the high heat distor-



tion temperature of PPE with the chemical resistance, the high stiffness, the resis-
tance to stress cracking and the low material costs of SAN.

Recently, the phase morphology and the property profile of melt-processed PPE/SAN
blends were extensively investigated by Ruckdaschel et al. [3, 4]. As PPE and SAN
show immiscibility over the complete composition range, the studies were focused on
the compatibilization step by various polystyrene-b-poly(1,4-butadiene)-b-poly(methyl
methacrylate) triblock terpolymers (SBM). As could be shown, such SBM triblock
terpolymers locate at the interface when appropriately composed. Furthermore, the
compatibilization leads to the development of a specific nanostructure, also referred
to as “raspberry morphology” [3-5]. This peculiar phase morphology was identified as
a key factor for significantly enhancing the blend toughness, while keeping the
strength as well as the modulus at a rather high level [4].

For achieving enhanced macroscopic properties such as impact toughness and ele-
vated heat deflection temperatures, not only the nanostructure but also the micro-
structure of the blend needs to be controlled. For the present blend system, a high
degree of continuity of both PPE and SAN appears desirable, in order to benefit the
property profile of both phases. However, up to PPE contents of 60 wt%, melt-
processed PPE/SAN blends show a more continuous SAN phase so far, while the
PPE appears to be rather dispersed. Thus, the blend reveals rather poor thermo-
mechanical properties. In order to overcome this limitation, the formation of co-
continuous structures appears desirable. These co-continuous blends are expected
to offer a synergistic property profile compared to the individual blend partners, there-
fore numerous investigations were focused on their formation [6-18, 31] and their
properties [19-23].

As the phase morphology development of immiscible polymer blends during twin-
screw-extrusion is influenced by the processing conditions and by numerous physical
properties of the blend system, the prediction of the final microstructure is rather
complex. Due to the deformation, break-up and coalescence of all phases in pres-
ence of shear and elongational flow, various, rather complex shapes are typically ob-
served. As a result, a general as well as reliable simulation and thus precise predic-
tion of the final blend phase morphology following twin-screw extrusion therefore still
remains a challenge [24]. However, the superior importance of viscosity ratio and the
blend composition on phase morphology development has been reported in numer-
ous publications [7, 25-27].

In view of the discussed PPE/SAN 60/40 blend system, the significantly higher vis-
cosity of PPE, compared to SAN, strongly hinders the formation of co-continuous
phase morphologies. In order to overcome this disadvantage and to develop co-
continuous blends, three promising approaches can be deduced from literature: (i)
increasing the PPE content beyond 60 wt%, (ii) increasing the viscosity of the SAN
phase and (iii) reducing the viscosity of the PPE phase.

With regard to the first two approaches, significantly increased melt temperatures,
typically in the range of 300 °C, are needed to process the material. In turn, severe
thermal degradation of PPE and SAN would result. Moreover, the thermal stability of
SBM triblock terpolymers, which are foreseen to compatibilise the blend systems,
would severely degrade and decompose under such temperatures [3]. Therefore,
both the use of elevated PPE contents as well as the selection of higher-viscous SAN
grades is limited. It therefore appears more advantageous to reduce the viscosity of
PPE.



The selection of lower molecular weight PPE could help to reduce the viscosity; how-
ever, a significant reduction of the chain length of PPE also detrimentally affects the
materials performance, particularly regarding the toughness and the chemical resis-
tance. Tailoring of the viscosity ratio by the addition of a third, low-viscous compo-
nent which shows miscibility with PPE, but immiscibility with SAN therefore appears
to be more promising.

For this purpose, polystyrene (PS) can be regarded as material of choice, as it shows
miscibility with PPE over the complete compositional and temperature range. In addi-
tion, synergisms in tensile strength, tensile modulus and physical behaviour have
been reported for blends of PPE and PS [29, 30].

The potential of selective blending of immiscible blends composed of PPE and an-
other polymer with PS has been reported for other blend systems [26, 27]. In these
studies, the homogeneous miscibility of PPE/PS was exploited to systematically vary
the viscosity ratio of (PPE/PS)/PP [26], and (PPE/PS)/PA6 blends [27]. Thus, the
phase morphology of such systems could be controlled via the viscosity ratio, while
only minor changes of the interfacial tension are observed [31].

The aim of the present study is to systematically control the phase morphology de-
velopment of immiscible PPE/SAN blends via selective blending with PS, in order to
finally achieve co-continuous blend systems. The morphology development, as in-
vestigated by transmission electron microscopy, is compared to theoretical models
predicting the phase inversion as a function of viscosity and blend composition. In
this context, shear rheological measurements are performed in order to investigate
the correlation between theoretical predictions and the blend morphologies. Finally,
ternary blends compatibilized by triblock terpolymers are developed, aiming at con-
trolling both the micro- and the nanostructure for further enhancing the property pro-
file of the blend system, particularly regarding the toughness.

In should be noted that the current study only aims at providing a basic understand-
ing of the phase morphology development, while its correlation with the overall prop-
erty profile of the blends will be presented in an upcoming publication. There, we will
particularly focus on the effect of adding PS to PPE/SAN blends, at first view deterio-
ration of the blend performance due to the embrittlement and reduction in glass tran-
sition temperature of the PPE phase. Nevertheless, we will demonstrate that syner-
gisms in blend behaviour are observed when carefully controlling both the micro- and
the nanostructure.

Results

Blending strategy

In a first step, the blending strategy as well as the subsequent selection of the re-
spective compositions will be described. As aforementioned, recent results on
PPE/SAN 60/40 (wt/wt) blends revealed a SAN matrix, as a result of the extrusion
process. The viscosity of the high-viscous PPE phase, as one of the main factors
controlling the blend morphology, should therefore be systematically reduced, while
the SAN content was fixed at 40 wt%. Such behaviour should be adjusted by an in-
creasing content of low-viscous PS and the subsequent reduction of the PPE con-
tent. The resulting blend compositions are shown in Fig. 1 (full symbols).

In order to allow the direct comparison of the viscosity ratio between PPE/PS and
SAN with different theoretical models, describing the morphology development in
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two-phase (PPE/PS)/SAN blends, the rheological properties of the three different bi-
nary PPE/PS blends (Fig. 1, open symbols) as well as SAN were investigated.
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Fig. 1. Blending strategy to control the microstructure of PPE/SAN blends. Composi-
tions of the investigated binary PPE/PS (open symbols) and ternary (PPE/PS)/SAN
blend systems (full symbol). Numbers indicate the composition in wt% and the num-
ber of the blend system, respectively (see also Table 1).

Rheological properties and prediction of the phase inversion

The rheological properties of the neat polymers PS, PPE and SAN at 260 °C are
shown in Fig. 2a, as observed by oscillatory plate-plate rheometry. It should be noted
that the shear-rate dependent complex viscosity was calculated based on the ex-
perimental data using Eq. 1 [32]:
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where G” and G” denote the storage and the loss modulus, respectively. The storage
modulus quantifies the immediate response of a polymer towards the forced shear
deformation, and thus describes the energy stored and subsequently released within
one oscillation cycle. In contrast, the loss modulus relates to the energy lost within
the polymer melt due to friction phenomena. Returning to Fig. 2a, it can be seen that
the viscosity of PPE is significantly higher compared to SAN, while PS reveals a
much lower viscosity. Due to their miscibility, it can be anticipated that the selected
PPE/PS blends can cover the viscosity regime between the two extremes, PPE and
PS, and can show similar viscosities as SAN. Indeed, the results outlined in Fig. 2b
verify such a behaviour, in accordance to literature [2].

In order to relate the complex viscosity, observed by oscillatory shear measurements,
with the shear viscosity as a function of shear rate, the Cox-Merz rule was applied

(Eq. 2):
nw = In"(w) at 7y =o (2)



As the shear rate regime typically observed during twin-screw-extrusion ranges from
1-1,000 s [32], the presented rheological data can almost completely cover the re-
gime relevant for processing. The viscosity behaviour of SAN and of PPE and its
blends with PS will subsequently be exploited to theoretically predict the phase mor-
phology of ternary (PPE/PS)/SAN blends.

As one of the crucial factors for the morphology development, the shear rate-
dependent viscosity ratio, pesr, can be calculated as ratio between the melt viscosities

of the dispersed phase, 7,(7), and the matrix phase, 7,(7), respectively (Eq. 3):
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Fig. 2. Rheological behaviour of the investigated reference systems at 260 °C.
(a) Neat polymers. (b) Miscible PPE/PS blends.

The resulting viscosity ratio of (PPE/PS)/SAN blends at 260 °C is shown in Fig. 3. It
should be noted that PPE/PS is regarded as the dispersed blend phase for these
considerations. As can be seen, the viscosity ratio of the high viscous PPE-phase
and SAN is higher then 10, while a value well below one is observed for the blend
pair PS and SAN. In addition, the shear rate dependence of the viscosity ratio can be
clearly seen, an effect that can show strong impact on the morphology development
at different processing conditions. Interestingly, PPE/PS 50/50 blends show similar
viscosities as SAN over the complete investigated shear rate regime. Two particular
models are described in the following, correlating the viscosity ratio and the phase
inversion composition. When discussing the phase morphology development of im-
miscible blends, it appears to be obvious that the low-viscosity blend phase tends to
form matrix phase in a polymer blend. A first model to establish a link between the
viscosity ratio and the blend composition with the blend morphology was proposed by
Miles and Zureck (Eq. 4) [33]:
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Here, the parameters 11 and n; denote the viscosity of the two phases, while ¢, and
¢2 indicate the respective volume contents at phase inversion. In the present case,
SAN forms the first phase, while the second phase is composed of PPE and its
blends with PS. The simplicity of the model allows to easily estimate the phase inver-



sion of blend system; however, it is only valid for viscosity ratios close to unity and at
low shear rates, thus limiting its use.
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Fig. 3. Viscosity ratio between PPE, PS and its blends versus SAN as a function of
shear rate at 260 °C.

In order to overcome this disadvantage, an alternative model was proposed by Ut-
racki [34], which can also be applied for high viscosity ratios:

_ ¢m + (1_ m) ) p([ﬂ]th
¢2 - [ 1 j (5)
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where ¢, denotes the volume content of the second phase when phase inversion oc-
curs. The parameters ¢, and [n] indicate the maximum packing density of spheres in
vol% and the intrinsic viscosity, respectively. It should be noted that ¢n, is linked to
the percolation threshold for a dispersion of spheres (¢m= 1-¢¢). In the present case,
parameters were taken from literature to predict the phase morphology (¢»=0.16 and
[n] = 1.9) [34]. As demonstrated, the theoretical predictions by the Utracki equation
show good agreement with the observed morphologies of numerous blend systems.

7],

It has to be stated that the present work correlates the melt-volume based theoretical
predictions and the mass-related blend compositions. This simplification was based
on the negligible density differences of the amorphous polymers PPE, PPE/PS and
SAN at room temperature. Generally PPE, PS and their binary blends show densities
between 1.04 g/cm® and 1.07 g/cm® with a maximum value at the synergistic compo-
sition of PPE7s/PSys, in comparison to a SAN-value of 1.07 g/cm?®. Therefore the cal-
culation of phase-inversion volume contents was done assuming similar melt densi-
ties in the different blend phases.

In the particular case of PPE/SAN 60/40 blends, the high viscosity ratio between the
two phases indeed can be identified as primary reason for the low continuity of the
PPE phase, independent of the model used.



In Figure 4, the theoretical prediction of the blend morphology is combined with the
rheological measurements of SAN and PPE/PS blends, for estimating the phase in-
version concentration by the Utracki model. In order to relate the compositional range
of phase inversion to the investigated blend systems, a dashed line is added for a
fixed SAN content of 40 vol%. Blend systems close to this line are predicted to show
co-continuous phase morphologies. It can be clearly seen that neat PPE/SAN blends
require minimum PPE contents of 70 vol% in order to ensure phase inversion. In con-
trast, the addition of only 15 wt% of PS significantly reduces this minimum content,
revealing 62 vol% of the PPE/PS phase to observe complete co-continuity. Thus, a
significant degree of co-continuity can be expected for a (PPE/PS)/SAN blend sys-
tem. Further increasing the PS-content is expected to lead to phase-inversion, where
SAN is finally dispersed in a PPE/PS matrix.
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Fig. 4. Utracki model: prediction of the phase-inversion concentration in blends of
(PPE/PS)/SAN for different compositions of the PPE/PS phase as a function of shear
rate. The line indicates the selected content of PPE/PS in the ternary (PPE/PS)/SAN
blends of this study.

Development and control of the microstructure

As aforementioned, the morphological structure in immiscible blends is strongly re-
lated to the rheological properties of the blend components. For PPE/SAN blends
(Fig. 5a), the high viscosity ratio (p = nepe/nsan) can be identified as the main reason
for the formation of a SAN matrix during extrusion, even for PPE contents of 60 wt%.
It is worth noting that the PPE phase appears not fully dispersed, but reveals rather
complex shapes and sub-inclusions of SAN, which indicates a certain degree of con-
tinuity. However, a PPE matrix or ideally co-continuous morphologies would be pre-
ferred.

Besides the empirical models describing the parameter needed to ensure the desired
phase inversion, Sundararaj et al. [35] proposed a descriptive model for understand-
ing the general mechanisms occurring during melt mixing and phase morphology de-
velopment. Adapting the model to the PPE/SAN blend, the lower melting temperature



of SAN (glass transition temperature of 114 °C) will lead to a continuous phase of
molten SAN with dispersed, solid PPE particles (glass transition temperature of 216
°C) during the initial phase of extrusion. After softening of the disperse PPE particles,
the blend morphology is determined by a dynamic interaction of droplet break-up and
coalescence processes [36]. Dominating coalescence of the previously dispersed
PPE phase can lead to subsequent phase inversion. Here, low viscosities and high
contents of the PPE phase would promote the phase inversion.
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Fig. 5. Phase morphology of extruded (PPE/PS)/SAN blends as observed by trans-
mission electron microscopy. (a) PPE/SAN 60/40. (b) (PPE/PS)/SAN (45/15)/40. (c)
(PPE/PS)/SAN (36/24)/40. (d) (PPE/PS)/SAN (30/30)/40. (e) (PPE/PS)/SAN
(24/36)/40. (f) (PPE/PS)/SAN (15/45)/40. The micrographs were transferred to black-
white images to allow computer-aided evaluation of the blend morphology. The black
phase indicates the PPE/PS phase, while the white phase denotes the SAN phase.

As shown in the previous section, the selective blending of PPE/SAN blends with PS
allows to reduce and to even control the viscosity ratio of the two-phase
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(PPE/PS)/SAN blend, which is expected to result in an increased continuity of the
PPE/PS phase.

The phase morphology of all investigated (PPE/PS)/SAN blends is shown in Fig. 5. It
should be noted that the structure was observed by transmission electron micro-
scopic investigations of the melt strands cut in perpendicular to the extrusion direc-
tion. As can be seen, the addition of only 15 wt% of PS causes a significant change
in blend morphology (Fig. 5b). The starting phase inversion leads to a blend mor-
phology containing an almost equal amount of the three relevant morphologies - par-
ticularly areas containing mainly SAN-matrix, but also those with PPE/PS-matrix and
rather complex co-continuous regions. More precisely, fine-dispersed inclusions of
SAN are observed within an elongated PPE/PS phase. All these features can be ac-
cessed in Fig. 5b: starting from the upper left corner, a transition of the neat SAN-
matrix into a complex PPE/PS matrix structure is visible and, finally, the development
towards a co-continuous structure demonstrated in the lower right corner. Such mor-
phological features clearly indicate the compositional range, where phase inversion
takes place.

In order to quantitatively describe the co-continuous characteristics, the method of
selective solvent extraction of the less continuous phase is often performed [18]. Un-
fortunately, no selective solvent systems is available for the present (PPE/PS)/SAN
blend. Therefore, the TEM micrographs were further analysed. Here, the so-called
form factor of the individual particles, F, was recently identified as a measure for the
co-continuity [38]:

F= 4n§ (6)
where A and P denote the area and the perimeter of one particle. In the case of a
fully dispersed, spherical PPE phase, the form factor approaches unity, whereas
lower values can be anticipated for irregularly shaped domains, which are associated
with an increasing continuity of the blend. In order to correctly describe the blend
morphology with a single value, a co-continuity parameter, C, calculated as an area-
averaged form factor, is introduced for the present blend systems [15]:

2 AF
C=1- IZAi (7)

For complete co-continuity, the value approaches values up to one, while lower val-
ues indicate lower continuity of the dispersed phase. For completely spherical, fully
dispersed phases in a matrix, a value of zero will be observed.

The results for (PPE/PS)/SAN blend are shown in Fig. 6, verifying the qualitative de-
scriptions of the TEM micrographs. Starting with the PPE/SAN 60/40 blend, a certain
degree of continuity of the dispersed PPE phase can be detected. Moreover, the ad-
dition of low contents of PS leads to rather co-continuous blend systems of
(PPE/PS)/SAN (45/15)/40. In such a blend, the PPE content of the PPE/PS phase is
still remarkably high (75 wt%), potentially providing high heat deflection temperatures
and toughness and furthermore corresponding with the maximum synergism in
modulus and tensile strength in the PPE/PS phase. By the further addition of PS, the
continuity of SAN is stepwise reduced, while PPE/PS forms the matrix. It should be
noted that the value of zero is not approached, still indicating some continuity of the
SAN phase. Such observations are in accordance with the general behaviour of
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blends at such high contents of the dispersed phase (as 40 wt% in the present case),
as highlighted by Utracki [2].
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Fig. 6. Co-continuity of (PPE/PS)/SAN blends at a fixed SAN content of 40 wt%. The
co-continuity factor, as calculated according to Eq. 7, allows to quantitatively access-
ing the microstructure of the blend (full symbols indicate a PPE/PS matrix, open
symbols indicate an SAN matrix; half symbols are used for co-continuous systems).
Details on the blend compositions can be found in Table 1.

For such a complex blend system as (PPE/PS)/SAN, consisting of three compo-
nents, a reliable prediction of the phase morphology over the complete compositional
range would be very valuable. For this purpose, the Utracki model was applied to
predict the phase inversion for blends at different shear rates of 1-100 s™, typically
observed during extrusion. The values are subsequently plotted in a ternary phase
diagram of PPE, PS and SAN, allowing access of the blend structure as well as its
shear rate dependence. As previously shown, an increase in PS content lead to a
reduction of the PPE/PS amount, which is predicted to be necessary for the observa-
tion of phase-inversion.

As an example, the model proposes for PPE/SAN blends a PPE content of 70.4 vol%
(100s™) and 76 vol% (1s”) for phase-inversion, highlighting its dependence on
shear rate. Here, higher shear rates promote the formation of an SAN matrix. As fur-
ther example, for (PPE/PS)/SAN-blends containing a PPE/PS phase composed of
25 wt% PPE and 75 wt% PS, phase-inversion can be expected for 44 vol% of
(PPE/PS) at a shear rate of 100 s™', while slightly lower contents of 40 vol% are
needed at reduced shear rates of 1 s™. Such a shear rate dependence of the phase-
inversion concentration is the result of the different shear-thinning behaviour of the
PPE/PS blends and SAN (see also Fig. 2). Besides the extrusion process, the struc-
ture formation during injection-moulding, employing even higher shear rates in the
range of 1,000-10,000 s™' will be discussed in following publications.

Returning to Fig. 7, the lines indicating the predicted phase inversion compositions
according to the Utracki model separate the ternary phase diagram in two regimes,
where either a PPE/PS matrix or a SAN matrix is observed. As can be seen for the
investigated blend system, the line is approximately crossed by the (PPE/PS)/SAN
45/15/40 blend, in accordance with the aforementioned results.
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Fig. 7. Ternary phase diagram of the (PPE/PS)/SAN blend system showing the shear
rate dependent phase inversion compositions (coloured symbols, lines are drawn to
guide the eye) and the investigated blend systems (open circles: PPE/PS matrix; half
circles: co-continuity; full circles: SAN matrix). In addition, the blend system used for
compatibilization with SBM is shown (open square).

All investigated blend systems were composed of 40 wt% of SAN and 60 wt% of
PPE/PS so far, aiming at a suitable balance of processability and toughness. Fur-
thermore taking into account the synergism between PPE and PS in strength [29]
and modulus [30], but also in charge storage behaviour [28], blends with a PPE/PS
ratio of 75/25 appear as the most promising candidate. However, as highlighted by
Fig. 7, the particular blend system coming into question, the (PPE/PS)/SAN
(45/15)/40 blend, is rather close to phase inversion. As a continuous PPE/PS phase
needs to be ensured after extrusion as well as following an injection moulding proc-
ess, it appears reasonable to further increase the PPE/PS content of the blend to a
minor extent.

In addition, one further aspect promotes such a proceeding: The shear rate observed
during injection-moulding is typically rather high and, as can be seen in Fig. 7, in-
creasing shear rates lead to a shift of phase inversion towards elevated PPE/PS con-
tents. Therefore an optimised ternary (PPE/PS)/SAN blend was compounded (Fig. 8)
ensuring both an optimum composition within the PPE/PS phase and an increased
total PPE/PS content of 70 wt%. In contrast to two-component PPE/SAN blends,
such blends can be easily processed at relatively low contents of SAN, due to the
reduced viscosity within the PPE phase. As expected, Fig. 8 reveals a stable con-
tinuous PPE/PS phase, which is assumed to provide a high heat deflection tempera-
ture and enhanced mechanical properties of the blend. In addition, the still remarka-
bly high degree of continuity of SAN also promises to take advantage of the proper-
ties of SAN such as the enhanced chemical resistance and ease of processing. Fur-
thermore, the formation of very fine droplet-in-droplet structures is observed, a phe-
nomenon reported for several blend systems in the phase-inversion region [24, 26].
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Fig. 8. Phase morphology of an optimised ternary (PPE/PS)/SAN (52.5/17.5)/30
blend (Blend No. 10, dark phase: PPE/PS, bright phase: SAN).

Development and control of the micro- and nanostructure

Based on the successful development of (PPE/PS)/SAN blends, showing the desired
microstructure, the subsequent compatibilization by the addition of 10 wt% of polysty-
rene-b-polybutadiene-b-poly(methyl methacrylate) triblock terpolymers (SBM) was
investigated. Compatibilization is an efficient and well-accepted method to improve
the interfacial strength between the components in a two-phase blend, hence en-
hancing the mechanical properties of the blend. In addition, the interfacial tension
and the coalescence between the blend partners, that is determined by their surface
tensions and polarities [40], is decreased, effects that lead to a finer and more stable
morphology 39], which also is beneficial for the overall mechanical performance [1].

Block copolymers, in particular, are commonly used to improve the adhesion of im-
miscible blend components due to a selective miscibility of the blocks with either
blend component. The use of polystyrene-b-polybutadiene-b-poly(methyl methacry-
late) (SBM) triblock terpolymers in immiscible PPE/SAN blends can be regarded as a
particular compatibilization strategy for observing nanostructured blends, as demon-
strated in the pioneering work of Stadler et al. [5] for solvent-mediated processing
and more recently by Ruckdaschel et al. [3] for melt-processing. Each end block of
the SBM is selectively miscible with one blend component, in particular, an entan-
glement of PMMA in SAN (miscibility for AN content of 19 wt%) and of PS in PPE is
observed. The incompatibility of the elastomeric middle block with both the blend
components and the end blocks as well as the balanced chemical interaction pa-
rameters lead to a discontinuous and nanoscale distribution of PB spheres within the
interface. It is this nanostructured morphology, also referred to as ‘raspberry mor-
phology’, which allows toughening of PPE/SAN blends at a minimum decrease in
both stiffness and strength [4, 5].

As demonstrated by Ruckdaschel et al. [3,4], SBM triblock terpolymers with similar
weight contents of each block and sufficiently high block lengths allow both the for-
mation of nanostructures as well as toughening of PPE/SAN blends. In this study,
two different processing approaches to compatibilize the optimized blend system
(Blend No. 10, Fig. 8) were investigated: (i) all four components were added simulta-
neously into the twin-screw extruder (Fig. 9a) and (ii) first, the ternary (PPE/PS)/SAN
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blends was prepared and, as a second step, the pellets were compatibilized by SBM
by an additional compounding step (Fig. 9b).

Comparing the one-step and the two-step processing, distinct differences in both mi-
cro- and nanostructure are observed. As can be seen from Fig. 9a, simultaneous
compounding of all four components leads to an unfavourable distribution of the SBM
triblock terpolymers, as the interphase is only partially covered and micelle formation
can be detected. However, in the case of the two-step approach, this procedure en-
sured the desired nanostructure formation by the interfacial presence of SBM
(Fig. 9b). Moreover, a continuous PPE/PS phase is formed. Here, the complexity of
the quaternary blend system demands for a pre-blending of PPE, PS and SAN.

In summary, the outlined approaches describe, how both the micro- as well as the
nanostructure of PPE/SAN blends can be controlled via aimed addition of PS and of
SBM triblock terpolymers. Regarding the toughness and the thermo-mechanical be-
haviour, an excellent property profile of such quaternary blends is expected. A de-
tailed study of the processing behaviour and the mechanical properties will be focus-
sed on in the next paper.

Fig. 9. Phase morphology of (PPE/PS)/SAN/SBM blends as a function of the proc-
essing conditions. (a) One-step processing, simultaneous compounding of all four
components. (b) Two-step processing, pre-blending of (PPE/PS)/SAN and subse-
quent compatibilization (dark phase: PPE/PS, bright phase: SAN, the polybutadiene
of the SBM triblock appears as black phase).

Conclusions

The present study demonstrates the potential of selective blending for systematically
adjusting the phase morphology of immiscible blends. Using immiscible PPE/SAN
blends as a reference system, we were able to control the microstructure via blend-
ing with PS. The selective miscibility between PS and PPE allowed to adjust the
shear viscosity of the high viscous PPE phase, as one of the most relevant factors for
the blend morphology. Moreover, a ternary phase diagram of (PPE/PS)/SAN blends
were established, highlighting the influence of blend composition and shear-rate on
the phase morphology development and co-continuity.

Finally, first steps towards compatibilization of an optimised (PPE/PS)/SAN blend by
SBM triblock terpolymers were demonstrated. Nanostructure formation at the inter-
face was observed as a result of the successful compatibilization, while the desired
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continuity of the PPE/PS phase was still ensured. It is expected that such quaternary
systems reveal excellent mechanical and thermal properties.

In the view of the results, pathways for controlling the micro- and nanostructure of
PPE/SAN blends are derived. Nevertheless, the study is not only valid for the present
blend system, but for the systematic development of complex, multiphase polymer
blends in general.

Experimental

Unmodified poly(2,6-dimethyl-1,4-phenylene ether) (PPE, grade PX100F, Mitsubishi
Engineering Plastics Europe, Dusseldorf) and commercially available poly(styrene-
co-acrylonitrile) (SAN, grade VLL 19100, BASF AG, Ludwigshafen) as well as poly-
styrene (PS, grade 145D, BASF AG, Ludwigshafen) were used for the melt-blending.
Due to the acrylonitrile content of 19 wt%, PPE and SAN show immiscibility over the
complete compositional range [37]. Symmetric polystyrene-b-polybutadiene-b-
poly(methyl methacrylate) triblock terpolymers (SBM) with a narrow molecular weight
distribution (M\/M,=1.02) were synthesized by anionic polymerization as described
previously [3]. The weight content of the respective blocks was 0.33 for PS, 0.34 for
PB, and 0.33 for PMMA, the overall number-average molecular weight of SBM was
94 kg/mol. Irganox 1010 and Irgafos 168 (Ciba AG, Basel) were used as stabilisers.

Melt-blending of all materials was performed using a co-rotating twin-screw extruder
(Brabender DSE 20/40) with a screw diameter of 20 mm and a length-to-diameter
ratio of 29.5. Prior to melt processing, PPE, SAN, and PS were vacuum-dried at
80 °C for at least 12 hours. Subsequently, the materials were dry-blended and fed
into the extruder via volumetric feeding. Due to the particular screw setup and the
selected processing conditions (screw speed 50 rpm), the mean residence and the
melt temperature were 5 min and 260 °C. Subsequently, the melt strand was water-
quenched and chopped into pellets.

Besides ternary (PPE/PS)/SAN blends, binary PPE/PS blends and compatibilized,
quaternary blends of (PPE/PS)/SAN/SBM were processed. For (PPE/PS)/SAN
blends, the content of SAN was fixed at 40 wt%, while the ratio between PPE and PS
was varied. Furthermore, as reference systems for the theoretical calculations, mis-
cible PPE/PS blends were processed over the complete compositional range in steps
of 25 wt%. Finally, compatibilized (PPE/PS)/SAN/SBM blend systems were proc-
essed via two procedures: (i) all four components were fed in the twin-screw extruder
and melt-blended; (ii) as a first step, (PPE/PS)/SAN blends were processed to obtain
pellets and, as a second step, melt-blended with SBM. All blend compositions are
summarised in Fig. 1 and Table 1. It should be noted that 0.1 wt % stabilisers were
added in order to prevent thermal degradation (two parts Irganox 1010, one part Irga-
fos 168).

The shear rheological properties of SAN, PPE and PPE/PS blends were investigated
by oscillatory parallel-plate rheometry using a Rheometric Scientific SR 200. For the
tests, compression-moulded plates with a diameter of 25 mm and a thickness of
1 mm were used. Prior to the measurement, the specimens were dried under vac-
uum at 80 °C for at least 4 h. A nitrogen atmosphere during testing was used to pre-
vent oxidative degradation of the sample. Constant stress measurements were per-
formed at different temperature within the viscoelastic regime over a frequency range
from 0.01 to 500 rad/s. In order to evaluate the materials characteristics, the complex
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viscosity, n*, the storage modulus, G’ and the loss modulus, G”, were obtained. All
displayed measurements were performed at 260°C.

Table 1. Composition of investigated blend systems.

Blend no. Blend name wt% PPE/PS wt% PPE  wt% PS  wt% SAN PPE/PS ratio
1 Binary basic blend 1 100 75 25 0 75125
2 Binary basic blend 2 100 50 50 0 50/50
3 Binary basic blend 3 100 25 75 0 25/75
4 Original blend 60 60 0 40 100/0
5 Ternary basic blend 1 60 45 15 40 75125
6 Additional blend 1 60 36 24 40 60/40
7 Ternary basic blend 2 60 30 30 40 50/50
8 Additional blend 2 60 24 36 40 40/60
9 Ternary basic blend 3 60 15 45 40 25/75
10 Optimized ternary blend 70 52.5 17.5 30 75125

For TEM investigation, extruded pellets were cut in perpendicular to the extrusion
direction at room temperature using an ultra-microtome (Reichert-Jung Ultracut E
microtome). A Zeiss 902 TEM was used at an acceleration voltage of 80 kV to ob-
serve micrographs of the blends morphology. Ultrathin sections of 40 nm thickness
were stained using OsO,4 and RuO4 according to a procedure outlined recently [3].
Due to the particular conditions, SAN appearsed bright, while PPE and its blends
with PS form the dark phase in bright field transmission electron microscopy. In addi-
tion, for blends compatibilized by SBM, the polybutadiene of the triblock terpolymers
can be detected as black phase. Representative TEM micrographs of all blends are
shown here, and the characteristics of each blend verified by at least ten further mi-
crographs.

The blend phase morphology was quantitatively accessed by evaluation of TEM mi-
crographs via image analyzing software (ImageJ). Besides the particle size, the co-
continuity of the blend system was expressed by the so-called form factor, F, which is
based on the perimeter, P, and the area, A, of each particle (Eqg. 5). In addition, the
co-continuity of the system was evaluated based on the form factors and the area of
the individual particles (Eq. 6).
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