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such an approach remains largely untapped. One of the reasons is the lack of fundamental
understanding of the mechanisms that determine the nanoparticle-induced morphology
alterations. This feature article addresses this topic, reviewing the recent literature and
providing the authors’ perspective on the future trends. The first part of the work is dedi-

Ilf?l/;vrzzst‘;len q cated to the analysis of the effects of nanoparticles on the size, shape and stability over
Nanoparticle time of the polymer phases. Specifically, nanoparticle-induced phenomena such as mor-
Morphology phology refinement, coarsening, formation of irregularly shaped domains, promotion of
Structure-property relationship co-continuity, and morphology stabilization are critically discussed. In the second part,
the perspectives of a clever employ of nanoparticles in polymer blends of technological
interest are illustrated. Particular attention is paid to the strategies for valorizing biopoly-
mers and recycled plastics, whose inherently scarce performances might greatly benefit

from the approaches revised in this paper.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers are typically immiscible because of unfavorably low mixing entropy. As a result, when two polymers are
blended, they usually acquire a small-scale arrangement of the phases which is referred as “microstructure” [1]. From a phe-
nomenological point of view, the morphology of immiscible polymer blend is the outcome of a typical sequence of events
occurring during the melt mixing step [2-5]: (i) the shear and elongational stresses peel off the softened polymer from
the surface of the pellets forming ribbons and sheets; (ii) these sheets get thinner under strain until a critical thickness is
reached, and then capillary wave instabilities lead to the formation of holes; (iii) the second component coalesces through
these holes; (iv) during further mixing, the pierced sheets become unstable and break into irregularly-shaped domains,
whose further evolution determines the final blend morphology. Normally, the deformed volumes retract back to spherical
shapes or break up driven by Rayleigh-type instabilities. As a result, drop-matrix morphologies commonly form. In principle,
the toughness and impact resistance of such blends can result improved, but settling for such a result is definitely constrain-
ing. Actually, the spectrum of properties that could benefit from morphologies based on non-spherical domains is much
wider. To give some examples: the barrier properties significantly improve in case of lamellar morphologies; the processabil-
ity enhances in case of fiber-matrix microstructures, which also ensure low thermal expansion coefficient; the thermo-
mechanical resistance and electrical conductivity greatly increase if the blend exhibits a co-continuous microstructure
[6]. Therefore, if one aims at a clever manipulation of the blend morphology, one of the challenges is promoting and preserv-
ing non-spherical domains in the melt state. The approaches traditionally adopted for this purpose can be divided in two
categories: (i) those based on the control of the kinetics of the mixing process; (ii) those aiming at the improvement of
the affinity between the polymers. The former strategy basically consists in quenching non-equilibrium morphologies, which
can be promoted through the use of specific dies [7-10] or via chaotic mixing [11-14]. Alternatively, one can exploit the
changes in the rheology of the polymer phases during processing so as to preserve the transient morphologies which form
at certain stages of the melt mixing. Such an approach has been especially studied to promote co-continuous morphologies
[15] and refs. therein]. Consider now the second category. The inherent propensity of deformed domains to retract back to
spherical shapes can be mitigated by adding a compatibilizing agent. The latter are macromolecular species usually based on
a blocky structure, which can be either pre-made (physical compatibilization) or generated in-situ during the blending pro-
cess (reactive compatibilization). The constitutive blocks of the compatibilizer are selectively miscible with the blend com-
ponents. As a result, compatibilizers accumulate at the polymer-polymer interface and lower the interfacial tension [16]. In
addition, provided that each block penetrates the parent phase deeply enough to be entangled with the constitutive chains,
compatibilizers also enhance the interfacial adhesion; this aspect is crucial for an effective manipulation of the blend mor-
phology through viscous stresses [17].

Although effective, the previous strategies suffer for scarce versatility, which can make them unaffordable in modern
industrial contexts. After all, both approaches envisage the modification of the rheological and/or interfacial properties. Since
the latter are both radically altered in the presence of nano-sized fillers, a clever use of nanoparticles offers an elegant way to
manipulate the space arrangement of the polymer phase at the micron-scale without the need for substantial modifications
of the mixing processes and/or investments in new chemistry. Such an approach has received a great deal of interest in
recent years. As shown in Fig. 1, the number of publications addressing the morphology in nanocomposite polymer blends
has steadily increased in the last decade; in contrast, the research on nanoparticle-free polymer blends has significantly slo-
wed down in the same period.

Nevertheless, the mechanisms underlying the effects of nanoparticles on the microstructure of immiscible polymer
blends still remain controversial. The present feature article systematically addresses this topic, reviewing the recent liter-
ature and providing the authors’ perspective on the future trends. The paper is structured as follows: the effects of nanopar-
ticles on the size and shape and stability of the polymer domains are widely discussed in Section 2; per each topic, the
different modes of action of nanoparticles accumulated in either of the polymer phases or at the polymer-polymer interface
are highlighted separately. Finally, the technological implications are discussed in Section 3, in which notable cases of prof-
itable employ of nanoparticles to improve the performances of immiscible polymer blends are collected. Particular attention
is devoted to the valorization of low-environmental impact plastics, such as biopolymers and recycled plastics. In our opin-
ion, this is the field in which the benefits stemming from nanoparticle-induced morphology alterations are already at the
fingertips.
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Fig. 1. Evolution of the number of publications in the last decade concerning the morphology of unfilled (left axis) and nanoparticle-filled (right axis)
polymer blends. Source: www.scopus.com (accessed on January 2016).

2. Nanoparticle-induced effects on the morphology of immiscible polymer blends
2.1. Controlling the size of the phases

2.1.1. Morphology refinement

Morphology refinement is probably the most renowned consequence of adding nanoparticles to immiscible polymer
blends. In recent years the literature on this topic has significantly increased, but most of the times the conclusions which
have been drawn were ambiguous and/or system-specific. When morphology refinement is the goal, many questions must
be addressed: which kind of nanoparticles is the most effective? Is interfacial-localization to be preferred, or should one aim
at promoting nanoparticle assembly inside either of the phases? And, in the latter case, is it better that the filler resides in the
matrix or in the droplets? Aim of this section is reviewing the main mechanisms of morphology refinement, possibly iden-
tifying the ones that allow to minimize the amount of nanoparticles required to promote refinement. Let us start our analysis
by considering the case in which the filler enriches either of the bulk polymers.

Nanoparticles in the bulk phases. Morphology refinement has been observed when the filler locates whether in the continu-
ous or in the dispersed phase. In such cases, the refinement can be explained by invoking rheological arguments: changes in
the viscosity ratio can alter the breakup/coalescence equilibrium in favor of the former. More precisely, since coalescence
involves flows in both the drops and the matrix, an increased viscosity of either of the phases delays the merging process
necessary for coalescence. The situation is particularly critical when the particles assemble in three-dimensional filler net-
works, as such structures drastically slow down the relaxation processes of the host phase. Nevertheless, many authors
neglect the role of bulk rheology in the process of morphology refinement, proposing alternative physical mechanisms.
Among others, the most common one is coalescence suppression: the nanoparticles dispersed in the matrix interpose them-
selves between colliding droplets preventing them from coalescing. Although invoked also in case of spherical fillers [18],
simple geometrical arguments suggest that such a shielding mechanism could be particularly effective when plate-like
nanoparticles are considered [19-22]. The effect can result accentuated if the filler is assembled in three-dimensional net-
works that trap the droplets of the minor phase [23]. It is important to observe that the effect of the filler embedded in either
of bulk phase may be difficult to distinguish from that of particles gathered in the proximity of the drop-matrix interface.
Ambiguities emerge especially when dealing with high aspect ratio nanoparticles, such as carbon nanotubes (CNTs). For
example, Bose et al. invoked coalescence suppression in the presence of CNTs dispersed in the matrix phase of their blends,
but transmission electron microscopy (TEM) reveals that portions of nanotube accumulated in the proximity of the interface
protrude also inside the droplets [24]. Guo et al. ascribed the morphology refinement to the increased viscosity of the dro-
plets containing CNTs, but the TEM pictures reveal that the particles exceed the contours of the drops [25]. In similar cases,
ascribing the refinement to bulk or interfacial effects is difficult. Recently, Chen et al. ingeniously exploited both mechanisms
by using a mixture of hydrophilic and hydrophobic nanoparticles: the former locate in the matrix phase causing an increase
in its viscosity; the latter accumulate at the drop-matrix interface providing the drops with a shell against coalescence [26].

Nanoparticles at the polymer-polymer interface. Nanoparticles accumulated at the polymer-polymer interface are particularly
effective in refining the microstructure of immiscible polymer blends. The underlying mechanisms are still controversial, but
two main arguments are most commonly invoked: compatibilizing action and effects on the interfacial rheology.
Nanoparticles have been often proposed as a viable alternative to traditional copolymer compatibilizers [27-29]. The lat-
ter play a threefold role: (i) lower the interfacial tension between the polymers, y; (emulsifying action); (ii) improve the
interfacial adhesion; (iii) suppress coalescence. Janus nanoparticles apart, whose amphiphilic nature make them similar
to chemical compatibilizers [30], common nano-sized fillers gathered at the polymer-polymer interface are proposed to play
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one or more of the previous roles. The filler-induced lowering of the interfacial tension is often conjectured from the effects
that a reduction of the interfacial tension would imply, e.g. a refinement of the average size of the dispersed polymer phase
[21,31] or the merging of the two T,s of the two polymers into one [32]. Actually, direct or indirect measurements proving an
effective reduction of y; in the presence of interfacially-adsorbed nanoparticles are seldom provided [18,33-35], and recent
results question the emulsifying ability of the filler [36-38]. The issue is not trivial, and the concept of interfacial tension
itself has to be redefined in the presence of a third particulate phase. Since interfacially-adsorbed particles reduce the actual
liquid-liquid interface, Levine and Bowen theoretically derived an effective interfacial tension lower than the one measurable
in the absence of particles [39]. In contrast, Vignati et al. experimentally proved that the interfacial tension in Newtonian
emulsions is not affected by interfacial adsorption of particles [40]. To sum up, the actual emulsifying ability of nanoparticles
in polymer blends remains an open issue, and contrasting opinion still exist even in the simpler case of Newtonian liquids.

Another action that “compatibilizing nanoparticles” should ensure is the improvement of the interfacial adhesion.
Excluding the case in which the filler catalyzes interfacial chemical reactions, stronger interfacial interactions establish in
case of simultaneous adsorption of the two polymers on the nanoparticles surface. The inherently amphiphilic feature of gra-
phene oxide or properly functionalized multiwalled CNTs promotes polymer adsorption [41,42]. However, simultaneous
chemical adsorption seems not strictly necessary in the case of organo-clays, which may exhibit coupling ability even if
one or both of the polymers exhibit scarce affinity with the particles [43]. The idea is that intercalation of the polymer(s)
in the inter-layer galleries of interfacially-located clay stacks plays the same role as a strong adsorption on the platelet sur-
face. The non-specificity of such a coupling mechanism was emphasized by Rafailovich and co-workers, who proposed the
employ of organo-clays for compatibilizing recycled blends with uncertain composition [28,44].

The third action expected from interfacially-adsorbed nanoparticles with actual compatibilizing efficiency is that of coa-
lescence suppressor. Compared to the other two, such an ability is commonly recognized in many different systems, being
generally ascribed to steric hindrance effects: the nanoparticles act as a physical barrier that prevents the direct contact
between drops of the minor phase [45-48]. High steric hindrance ability is expected in case of interfacial saturation, which
could be easier to achieve with flexible, plate-like nanoparticles [44]. However, suppressed coalescence has been reported
also in the case of partial coverage with nanotubes [37]. Another phenomenon that stabilizes against coalescence is “drop
clustering”, i.e. the formation of stable bunches of droplets bridged together via shared layers of particles [49,50]. Such a
mechanism, which occurs when the drop surface is not fully covered, will be discussed in more detail in Section 2.3.

As an alternative to compatibilization arguments, several authors ascribe the morphology refinement in the presence of
nanoparticles to alterations in the interfacial rheology. In principle, a filler-induced reduction of the mobility of the interface
slows down the drainage process of the film of continuous phase between pairs of droplets, thus hindering coalescence. The
literature on the rheology and dynamics of particle-laden interfaces has been recently reviewed by Mendoza et al. [51].
Among others, it is worth mentioning the studies by Vermant, Moldenaers and co-workers, who investigated the relation-
ships between the interfacial structures of particle monolayers and the rheological response [52]. The stabilization mecha-
nism against coalescence in polymer blends is ascribed to the modification of the rheological properties of the interface by a
mechanism similar to that occurring in Pickering emulsions, i.e. Newtonian emulsions stabilized by interfacially-adsorbed
particles [53]. In this sense, nanoparticles act in a different way from block copolymers, which mainly reduce the interfacial
tension. Essentially the same conclusions were drawn by Lebaume et al., who focused on the marked viscous connotation
and long relaxation time of clay-armored polymer-polymer interfaces [54], and by Moghimi et al., who assigned to a
nanoparticle-induced drop clustering phenomenon a key-role in suppressing coalescence [49].

Before moving to the next Sections, the refinement ability of different kinds of filler is compared. For this purpose we
introduce an efficacy parameter R, defined as the percentage reduction of the number average drop size normalized over
the amount of nanoparticles (in wt%) responsible for the refinement. The values of R estimated for the cited papers in which
the number average drop radius was available are shown in Fig. 2; the data are classified in terms of shape of the nanopar-
ticles and preferential localization within the blend.

Although the limited number of data concerning nano-tubes and nano-spheres makes it difficult to draw unambiguous
conclusions, the comparison reveals that plate like nanoparticles are generally more effective in promoting refinement.
Interestingly, the bulk or interfacial localization of the filler seems not to be a critical aspect. Therefore, one can conjecture
that compatibilizing effects, which are specific for interfacially-adsorbed particles, play a minor role compared to rheological
aspects and shielding mechanisms, which instead prescind from filler localization. Systematic studies on this subject are nec-
essary to support such a conclusion.

2.1.1.1. Refinement of co-continuous microstructures. To conclude this survey of the recent literature on nanoparticle-induced
morphology refinement, it is interesting to observe that the phenomenon takes place also in blends with co-continuous mor-
phology. An example is given in Fig. 3, where the effect of 0.5 wt% of graphene nanoplatelets (GNPs) on the characteristic size
of the phases of a co-continuous blend of polystyrene (PS) and poly(ethylene oxide) (PEO) is shown.

Unless rare exceptions [55,56], the refinement of co-continuous morphology is often merely noticed, the attention being
focused on other effects related to the presence of nanoparticles. To give some examples, clear morphology refinements can
be noticed in [57,58], but the authors address the possibility of reducing the percolation threshold of conductive fillers via
selective interfacial localization; a drastic refinement was shown also in [59], but in this case the focus is on the shift in the
onset of phase co-continuity. Actually, the refinement of co-continuous morphologies can have a relevant impact on the
mechanical and transport properties of the blends, and the potential offered by a focused employ of nanoparticles should
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Fig. 2. Refinement efficacy parameter estimated for the papers cited in Section 2.1.1 in which the number average drop radius was available. Empty
symbols refer to interfacially-adsorbed nanoparticles, while filled ones are for nanoparticles residing in the bulk phases. The references are reported in
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Fig. 3. Scanning electron microscopy pictures of PS/PEO (50/50 wt/wt) unfilled (a) and filled with 0.5 wt% of GNPs (b), and normalized distribution of the
characteristic size of the polymer domains (c). Unpublished results.

deserve greater attention. The authors of the present paper have recently explored the possible advantages of such a strat-
egy. In particular, nanoparticle-assisted morphology refinement was exploited in [60] for improving the dispersion of hydro-
philic nanoparticles (ZnO) in a hydrophobic matrix through a template-based strategy. In another paper, positive deviations
from the expectations of mechanical models were linked to a better stress transfer between the refined polymer phases of
the co-continuous blend [61].

2.1.2. Morphology coarsening

Compared to the vast literature on refinement, experimental studies reporting nanoparticle-induced coarsening of
microstructure are definitely less abundant. In addition, the increase of the average size of the dispersed phase is often
noticed without being explained. Nevertheless, the phenomenon is well documented, and it cannot be neglected if one aims
at a focused design of nanoparticle-containing polymer blends. Here we mainly focus on those papers in which a physical
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interpretation of the coarsening is provided. We highlight that the study of the coarsening processes over time is not
addressed here but in Section 2.4, where the stabilization ability of nanoparticles is analyzed.

Nanoparticles in the bulk phases. As for morphology refinement, coarsening was reported in case of nanoparticles either
located in the bulk phases or accumulated at the interface. The first category is richer, and rheological arguments are gener-
ically invoked to explain the phenomenon. Opposite effects on the size of the dispersed phase were sometimes noticed
depending on whether the particles accumulate in the matrix or drop phase. Coarsening is more frequently observed when
the filler enriches the drops, being usually ascribed to the increase in the viscosity of the dispersed phase [47,62-65]. Among
others, Kong et al. also noted that the reduced deformability of filled droplets may bring about a higher efficiency of the col-
lisions at the origin of coalescence [66], whereas Guo et al. highlighted the role of the aspect ratio of the nanoparticles,
observing that the domain size gets larger to accommodate long nanoparticles such as CNTs [25]. The interpretation is rather
vague when coarsening takes place with the particles accumulated in the matrix phase [67,68]. Tong et al. proposed that
clusters of nanoparticles form in the matrix film trapped between approaching droplets due to confinement effects; when
such aggregates migrate towards the matrix driven by thermodynamics, the drainage of the film between the droplets is
favored and, hence, coalescence is favored [50].

Nanoparticles at the polymer-polymer interface. Let us consider now the case of nanoparticles accumulated at the polymer-
polymer interface. Xiu et al. reported an unexpected increase of the size of drops in the presence of high amounts (15
phr) of TiO, nanoparticles [69]. The authors ascribed this finding to the strong self-networking ability of the nanoparticles,
referring to future works for further investigations. More targeted studies on systems with a selective interfacial localization
of the filler were performed by Velankar and co-workers. Two mechanisms were conjectured depending on which phase
preferentially wets the (spherical) particles: (i) when the particles have better affinity with the drop phase, coarsening is
due to a bridging-dewetting mechanism reminiscent of particle-induced coalescence of bubbles in foams [70]; (ii) when
the affinity with the matrix prevails, and the particles do not entirely cover the drop surface, coalescence may take place
under flow conditions because the drops are held in close proximity via particle bridging [71]. Concerning the latter mech-
anism, some coalescence can be inferred from Fig. 8 in [49] for samples sheared under relatively high stresses, but the
authors do not discuss this finding.

2.1.2.1. Coarsening of co-continuous microstructures. As far as co-continuous blends are concerned, to the best of our knowl-
edge only Lee et al. reported some nanoparticle-induced coarsening in as-prepared samples [72], but the authors did not
comment on this experimental evidence. Such a lack in the literature is likely due to the fact that most of the studies focus
on the use of nanoparticles for the stabilization of co-continuous morphologies, notoriously inclined to quickly coarsen over
time. This topic is specifically addressed in Section 2.4.

2.2. Manipulating the shape of the phases

The morphology of unfilled blends under quiescent conditions is dictated by the minimization of the interfacial tension.
As a result, deformed domains retract back to the spherical shape in a characteristic time that basically depends on the ratio
between the blend viscosity and interfacial tension [73,74]. Since nanoparticles affect both these parameters, a divergence of
the shape relaxation times can be in principle induced upon filling. In other words, stable non-spherical shapes can be in
promoted by simply adding nanoparticles. Actually, the spectrum of possibilities is wider: polymer drops can be glued, form
non-coalescing clusters, chains, or they can stably assume grotesque shapes by means of simply addition of small amounts of
nanoparticles. The possibility of controlling the shape of liquid drops is highly attractive, and the degree of control of the
morphology has reached noticeable levels in the field of low-viscosity emulsions [75] and refs. therein]. The current state
of the art for immiscible polymer blends is presented below.

Nanoparticles in the bulk phases

An effective way to make the polymer domains unable to relax consists in filling them with nanoparticles, so as to impart
them an appreciable yield stress. The potentialities of such an approach were shown for low-viscosity emulsions by Pawar
et al., who were able to fabricate anisotropic structures of partially crystalline shapes by arrested coalescence of three or
more droplets with internal microstructure [75]. Frostad et al. found that the mechanism of drop adhesion is based on
the formation of capillary bridges, and the adhesive force was measured to be on the order of few tens of UN [76]. As far
as high viscosity polymer blends are concerned, Kong and co-workers recently showed the striking shape stability over time
of polymer domains containing inside even low amounts of nanosilica [66]. The authors investigated low and high capillary
numbers, so as to favor coalescence and break up, respectively.

The nice micrographs of the resulting irregularly-shaped big domains and fibrils prove that the shape remains essentially
unaltered up to one hour after the flow was stopped (see Fig. 4). Liu et al. stressed the role of nanoparticle networking for the
stabilization of the host domains, whose shape relaxation is hindered because of the reduced mobility of the polymer chains
[77]. A different mechanism was conjectured by Xiu et al.: the strong networking ability of nanosilica particles protruding
from the host domains causes the filled drops to partially coalesce, giving rise to “network-like structures” based on discrete
and yet irregularly-shaped domains [78]. The same authors benefited from the branched feature of the network-like
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Fig. 4. Optical micrographs showing irregularly-shaped silica-filled polyamide 6 domains in a PS matrix. Left column: initial morphology. Center column:
after shearing at low (upper row) and high (bottom row) shear rate for 4000 s. Right column: after quiescent relaxation for 3600 s. The arrows indicate the
flow direction. Readapted from [66].

structure to lower the electrical percolation threshold of conductive carbon black particles [79]. Finally, Lee et al. noticed
irregular domains of the minor phase in the presence of nanoparticles located in the matrix phase [20]. The authors ascribed
the elongated shape of the drops to their confinement between clay platelets aligned in the matrix because of the flow field
experienced in the course of processing.

Nanoparticles at the polymer-polymer interface

The shape of polymer domains can be manipulated by coating them with nanoparticles. The latter profoundly alter the
interactions among the drops of dispersed phase, which may either stick together or partially coalesce giving rise to
irregularly-shaped domains. The possibility of “gluing” liquid drops by means of interfacially-adsorbed particles can be
exploited to stabilize low-viscosity emulsions [80,81]. Vermant et al. [45] and Thareja and Velankar [82] noticed a similar
phenomenology in immiscible polymer blends. In both cases the filler consisted of silica nanoparticles, which are roughly
spherical in shape and accumulate at the interface, protruding towards the matrix due to a higher affinity with it. Under
such circumstances, a monolayer of particles that bridges a pair of drops allows to satisfy the equilibrium contact angle
condition at two polymer-polymer interfaces simultaneously (see Fig. 5a). The stability of such a configuration results in

a | matrix matrix| b
9% N
7
drop drop

Fig. 5. Schematic of the clustering mechanisms when the particles are preferentially wetted by (a) the matrix and (b) the drop phase. Readapted from [85].
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Fig. 6. Cluster of clay-coated PMMA drops (d) in a PS matrix (m). The clustering mechanisms proposed in [86] is depicted in the cartoon: the attractive
interaction between clay-coated drops (red connectors) is estimated to be 2 orders of magnitude higher than that between bare drops (green connectors).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

non-coalescing clusters/chains of polymer droplets, which provide the blend with a weak gel-like behavior [83,84]. The
effect of the particle content was investigated by Velankar and co-workers: at low filler loadings the particles preferentially
accumulate in the bridge region; at high particle loadings the entire surface is nearly covered, the drops appear faceted, and
the morphology resembles a foam structure [71].

The strongly-hand opinion that drop clustering can occur only when the particles prefer the matrix phase has been
recently called into question by Zou et al. [85]. Together with usual drop bridging, the authors unexpectedly noticed drop
clustering also when the interfacially-adsorbed nanoparticles are preferentially wetted by the dispersed phases. Such a find-
ing was explained by invoking the noticeable propensity to flocculation of nano-silica, which promote the bridging of com-
pletely covered drops subjected to a slow shear flow without the needing of shared monolayers of nanoparticles (see Fig. 5b).

Interestingly, Filippone and Acierno came to the same conclusions by dealing with a completely different system, i.e. a
blend of PS and poly(methyl methacrylate) (PMMA) filled with small amounts of organo-clay selectively located at the
drop-matrix interface [86]. The phenomenon clearly emerges from the TEM micrographs, in which non-coalescing clay-
covered droplets are easily recognizable (see Fig. 6).

The authors estimated that the attractive force between coated drops is two orders of magnitude higher than in the
absence of nanoparticles. As a result, coated droplets which come into contact during slow shear flows tend to stick together
forming clusters. In addition, the clustered drops appear evidently distorted even after long time in the melt state in quies-
cent conditions. It is important to observe that clay-induced irregularly shaped domains do not necessarily reflect interfacial
saturation, which is instead required with spherical nanoparticles. The mechanism generally invoked in such cases is known
as “arrested coalescence”: the drops remain frozen in an intermediate shape because particle jamming offsets the Laplace
pressure driving force for coalescence (Fig. 7a) [87]. Differently, the inherent bending stiffness of clay platelets lying on
the drop surface locally frustrates shape relaxation even in case of partial coverage (Fig. 7b). Macosko and coworkers recently
invoked a similar mechanism also for co-continuous blends [56].

Surprisingly, the intriguing opportunity of manipulating the blend morphology irrespective of interface saturation by
means of plate-like nanoparticles has received scarce attention. One possible explanation is that the literature on
interfacially-adsorbed particles is dominated by Pickering emulsions, which are mainly based on spherical particles. The
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Fig. 7. Examples of irregularly-shaped drops: (a) oil drop in water stabilized by interfacial jamming of spherical silica particles; (b) PMMA drop in PS
stabilized because of the bending stiffness of clay platelets partially coating the drop surface. The optical micrograph in (a) is Readapted from [87].

morphology of such systems is mainly dictated by contact angle considerations, which are hard to be invoked in case of
plate-like nanoparticles. Nonetheless, if the goal is manipulating the shape of the polymer domains, simple geometrical con-
siderations suggest not to neglect the possibilities offered by this kind of fillers, which better adapt to the inherent two-
dimensional feature of the interface. Note that interface-located mono-dimensional nanoparticles seem not to guarantee
the same effect: very recent results indicate that CNTs do not preserve irregular shapes of the polymer phases unless saturate
the interface [88].

2.3. Alteration of the co-continuity interval

The exceptional stability of non-spherical polymeric domains can result in their merging in the contact points, thus favor-
ing the formation of co-continuous morphologies. This kind of microstructure has attracted a great deal of interest in the
recent past as the interpenetration of the phases can result in a synergistic combination of the properties [15]. Regarding
co-continuous blends containing nanoparticles, the first studies mainly concerned electrically conductive fillers, whose per-
colation threshold can be significantly reduced by promoting their confinement in either of the phases or at the polymer-
polymer interface [89-92]. Such an opportunity captured most of the attention of the researchers, who rarely focused on
the effect of the filler on the blend morphology. Gubbels et al. and Steinmann et al. were among the first to notice that
the range of full co-continuity gets broader in presence of nanoparticles [93,94]. It was immediately clear that simple rhe-
ological models uniquely based on the viscosity ratio [95-97] were not able to predict the co-continuity range in the pres-
ence of nanoparticles. However, the reasons for such inadequacy remain unclear [98,99], and many authors keep referring
even now to such models to account for nanoparticle-induced alterations of the co-continuity interval [ 100-104]. The matter
is actually complex, and Pawar and Bose recently discussed the main mechanisms through which nanoparticles promote
“peculiar morphologies” in immiscible blends [105]. The authors focus on the roles of reduced interfacial tension and
retarded relaxation in the morphological alterations. Concerning the former aspect, although frequently invoked to explain
morphology refinement of drop-matrix morphologies (see Section 2.1), it is seldom used to explain the ability of nanopar-
ticles of promoting co-continuity [106]. Rheological arguments are generally preferred, and one of the authors of this paper
carried out a series of systematic studies. In [23,107] the unexpected appearance of co-continuity in blends with unbalanced
composition (75/25 wt/wt) was ascribed to the slowed relaxation dynamics of the nanoparticle-rich polymer phase, which
preserve the co-continuous morphology attained during melt mixing. The kinetic factors controlling the uneven distribution
of nanoparticles in highly viscous polymer blends were exploited in [108], where the possibility of promoting co-continuity
by acting on the melt-compounding procedure was investigated. The selective localization of the nanoparticles in either of
the bulk polymers is not strictly necessary, and also interfacially-localized fillers were proved to be effective [59]. In partic-
ular, it was found that plate-like nanoparticles affect the blend morphology much more than spherical ones, which suggested
that interfacial rheology may play a major role in the phenomenon of nanoparticle-induced co-continuity. The previous stud-
ies paved the way for a systematic investigation of the interplay among bulk rheology, interfacial tension, and stiffness of the
nanoparticles, which were identified as the more relevant parameters responsible for morphological alterations in nanofilled
blends. In detail, the interfacial tension y; drives the domain to retract back to a spherical shape; the relaxation process can-
not take place unless exceeding either the yield stress of the filler network inside the polymer domain, t,, or the critical
buckling load of the nanoparticles constituting the network, P.. Such parameters were combined in a single dimensionless
group o, which expresses the ability of a certain kind of nanoparticles to keep a host polymer domain deformed, eventually
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Fig. 8. Schematic of the mechanisms through which a stretched domain containing nanoparticles can lose its elongated shape. Readapted from [109].

promoting co-continuity (see Fig. 8) [109]. The idea was corroborated through comparative analyses carried out on blends
containing different kinds of nanoparticles, but further experimental validations on different systems would be particularly
appreciated.

Rather than on rheology, many authors focus their attention on the self-networking ability of the nanoparticles. Actually,
the two aspects are strictly interrelated, and studying them separately is challenging. While not denying the relevance of
rheology, Xiu et al. recently ascribed to nanoparticle self-networking the key-role in driving the blend morphology
[78,110]. Wu and co-workers pushed this concept even farther, proposing that the nanoparticles drag the domains of the
wetting polymer while self-assembling, thus causing their welding in a co-continuous structure [111]. To support this idea,
in [112] the same group observed that the nanoparticles that tend to form separated clusters instead of three-dimensional
networks have the opposite effect of breaking down the continuity of the host polymer phase. In our opinion, the previous
physical picture suffers from several weak points. First of all, even supposing that the nanoparticle self-assembly is the only
responsible for the space arrangement of the polymer phases, we argue that the typically high viscosities of polymer melts
and relatively low thermal energy of flocculating nanoparticles make questionable the assumption of dragging of micromet-
ric polymer domains. More realistically, the fine filler distribution ensured by intense mixing, coupled with the preferential
wetting of one of the polymers, refines the space arrangement of the minor phase, whose merging in the contact points even-
tually results in fine co-continuous morphologies. Two arguments support this picture: first, a bad nanoparticle dispersion
may result in the loss of co-continuity even in the presence of filler networks [113,114]; second, single-step mixing proce-
dures, which promote uniform distribution of the filler, have been found to be more effective than two-step ones, in which
the particles are often confined in only one of the polymer phases [78,108]. Furthermore, assigning to nanoparticles dynam-
ics the key-role in driving the blend morphology means totally neglecting the other side of the coin: the filler is in turn sub-
jected to the anchoring/dragging forces exerted by the polymer phases in the course of their natural morphological
evolutions. Fu and co-workers were among the few to account for the interplay between polymer phase-separation and pref-
erential adsorption of one of the polymers on the nanoparticle network [115].

The main effects of nanoparticles on the co-continuity of polymer blends are summarized in Table 1 for the papers cited
in this Section. The data are classified in terms of shape of the nanoparticles and observed phenomenon.

Finally, we would like to mention other two mechanisms through which nanoparticles may induce alteration of the co-
continuity interval. The first one, specific for CNTs, was proposed by Pdtschke and co-workers: because of their large size, the
nanotubes may bridge the polymer phases, thus stabilizing the co-continuous structures that transiently form during melt
mixing [116]. The second mechanism is based on the phenomenon of nanoparticle-induced drop clustering described in Sec-
tion 2.2. As shown in Fig. 9, the interconnection of the domains of the minor phase can eventually result in co-continuity.
Compared to a bridging-dewetting mechanism [70], which simply causes drop coalescence, here the domains remain elon-
gated due to the pinning exerted by the clay particles at the drop surface. Preliminary analyses suggest a certain relevance of
such a phenomenon, which is currently the subject of investigation by our group.

2.4. Morphology stabilization over time

The morphology of immiscible polymer blends produced through melt mixing is usually in a non-equilibrium state. As a
consequence, the frozen-in phase morphology quickly evolves when the blend is melted again. This happens quite frequently
in industrial contexts, in which the materials can experience multiple melt processing steps. Since the microstructural
changes proceed in an uncontrolled way, they are generally unwanted. Again, nanoparticles represent a feasible solution
for stabilizing the blend morphology either during flow or in quiescent conditions.

2.4.1. Stabilization during flow

Small amounts of nanoparticles are known to substantially reduce the sensitivity of the blend microstructure to shear
flows [24,45,117]. Such stabilizing action depends on the localization of the filler, which is particularly effective in case of
interfacial positioning. Vermant et al. observed that interfacially-adsorbed silica nanoparticles stabilize drop-matrix mor-
phology of 30% poly(isobutylene) (PIB) in 70% poly(dimethylsiloxane) (PDMS) or vice versa. The effect was not symmetric,
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Table 1
Effects of nanoparticles on the co-continuity of immiscible blends.
Filler Anticipation and/or broadening of the onset Unexpected formation of co-continuous
of co-continuity morphology
Shape Type Refs. Extent of anticipation (wt%) Refs. Blend composition (wt/wt)
Spheres Carbon black [93] 15 [106] 40/60
[93] 25 [110] 85/15
[111] 60/40
[111] 70/30
[111] 80/20
Glass spheres [94] - - -
SiO, nanoparticle [101] 10 - -
TiO, nanoparticles [112] 10 [112] 80/20
Plates Clay [59] 15 [23] 75/25
[108] 5 [99] 50/50
[108] 10 [103] 40/60
[104] 40/60
[107] 75/25
[109] 70/30
[115] 60/40
Tubes MWCNT - - [99] 30/70
[100] 50/50
[102] 50/50
[109] 70/30
[113] 50/50
[114] 60/40
Sepiolite - - [109] 70/30

Fig. 9. Drop clustering promoted by interfacially-adsorbed clay particles in a PS/PMMA blend (70/30 wt/wt) results in drop interconnection, thus favoring
co-continuity. Note that the particles inside the PMMA bright domains mainly derive from the clustering of clay-coated drops. Unpublished results.

being more pronounced when PDMS is the matrix phase [45]. Such a finding was interpreted in the light of experiments per-
formed by Stancik et al. on low-viscosity emulsions [118]: a water-in-oil emulsion is better stabilized by slightly hydropho-
bic particles, which protrude from the water drops and prevent coalescence during flow through a steric hindrance
mechanism. Similarly, the silica particles in the Vermant’s systems are more effective when the PIB represents the drop
phase as they slightly prefer PDMS. Essentially the same mechanism was invoked by Tong et al., who additionally identified
a second stabilizing phenomenon when low amounts of particles reside inside the matrix phase: non-coalescing clusters of
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droplets form during shear flows as a consequence of nanoparticle-induced drop bridging [50]. On the other hand, Vermant
et al. proved that coalescence can be completely suppressed even if almost no bridged droplets can be observed via scanning
electron microscopy (SEM) images [84]. Contextually, the authors found that, besides the coalescence, also the breakup pat-
tern is affected by the filler. Finally, it is important to observe that nanoparticles can also have the opposite effect of reducing
the blend stability, promoting morphological changes under flow. Among others, Kong et al. [66] and Filippone and Acierno
[86] noticed nanoparticle-promoted drop coalescence and drop clustering during slow shear flows.

2.4.2. Stabilization in quiescent conditions

When a blend is subjected to quiescent post-treatments at temperatures above the softening/melting point of the poly-
meric constituents, its morphology evolves over time towards phase coarsening [119,120]. The phenomenon is especially
evident in case of co-continuous blends, which are particularly unstable because of their high specific interface. Such a
propensity to coarsening of co-continuous blends can be ingeniously exploited to obtain porous and/or gradient microstruc-
tures [121,122]. However, generally the goal is preserving fine morphologies. Gubbels et al. first reported that co-continuity
in a blend of polyethylene (PE) and PS is stabilized during thermal annealing by carbon black selectively distributed in the PE
phase [93]. Since an interface-active filler is expected to accumulate at the interface, the authors excluded that stabilization
was due to a reduction of the interfacial tension. They instead ascribed coarsening inhibition to the increased viscosity of the
host phase, which slows down the coalescence step. Similar conclusions were drawn for co-continuous blends containing
other kinds of nanoparticles [88,101]. Yang and co-workers systematically addressed the effect of silica nanoparticles in a
series of very recent papers [55,123,124]. Whether the nanoparticles preferentially reside at the polymer-polymer interface
or they enrich one of the phases, the coarsening process slows down with increasing the filler content, being completely sup-
pressed at high loadings. Two coarsening patterns characterize the morphological evolution of co-continuous unfilled blend:
retraction of elongated domains and coalescence of the latter. Exploiting real-time microscopy observations, the authors
found that the coalescence step is the one that is mainly affected by the presence of nanoparticles (Fig. 10).

When silica is segregated in one of the phases, the formation of a filler network also significantly contributes to inhibit the
relaxation of elongated domains [123]. However, the latter mechanism is not itself essential for coarsening inhibition.
Indeed, nanoparticles adsorbed at the interface of a blend having drop-matrix morphology suppress the coalescence process
even though the filler does not form a percolating structure [124]. Macosko and co-workers focused on the stabilizing effect
of interfacially-adsorbed clay nanoparticles on the morphology of co-continuous blends [56]. The authors found that coars-
ening takes place until the entire interface is covered by the filler. This suggests that interfacial jamming is the main mech-
anism responsible for the arrest of coarsening. Morphology stabilization is much less pronounced when the plate-like
nanoparticles enrich the bulk phases. In this case the effect simply reflects the increased viscosity of the host phase, which
slows down the coarsening rate.

Although less studied, coarsening during quiescent thermal annealing takes place also in case of distributed morpholo-
gies. Parpaite et al. investigated the stability of a drop-matrix blend filled with different kinds of silica nanoparticles
[125]. Irrespective of its localization within the blend, the filler was found to inhibit coalescence during quiescent thermal
annealing. Differently, the stabilizing efficacy of plate-like nanoparticles seems to be strongly dependent on their localiza-
tion. Noticeable stabilization effects were observed when the filler enriches the continuous phase [19,126]. The effect was
mainly ascribed to the barrier effect against coalescence provided by the lamellae. On the other hand, the stabilizing action
was not confirmed when the filler accumulates in the dispersed phase [19,127].

Fig. 10. Morphology evolution of neat (top row) and filled (bottom row) blends observed by an optical microscope during quiescent thermal annealing. The
presence of about 4 wt% of nanoparticles completely suppresses the phase coarsening. Readapted from [123].
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Fig. 11. Simultaneous enhancement of toughness and stiffness due to nanoparticle-induced formation of an elastomeric framework inside the matrix. The
scheme on the top highlights the nanoparticle-induced alteration of the blend morphology. The acronym AC8 refers to a poly(acrylonitrile-styrene-acrylic)/
chlorinated polyethylene blend with 8 wt% of minor phase; the AC8Si5 one refers to the same blend in which 5 wt% of silica nanoparticles are added.
Readapted from [133].

3. Properties and applications

The possibility of using nanoparticles to finely tune the microstructure of the polymeric domains paves the way for the
production of materials having prescribed properties. The aim of this section is collecting some meaningful examples of
polymer blends whose morphology was judiciously tailored through the addition of nanoparticles in order to obtain the
desired set of macroscopic properties.

3.1. Optimizing the mechanical and electrical properties

The mechanical and electrical behavior of nano-filled polymer blends has been largely studied in the past from both
experimental and theoretical point of view. The literature in this field is abundant, and it has been recently reviewed else-
where [27,128]. Here we limit ourselves to provide a brief overview of some notable papers in which nanoparticle-induced
alterations of the blend morphology have been deliberately exploited to realize materials with a prescribed set of macro-
scopic properties.

A judicious control of the blend morphology can help in remedying the typical low toughness of nanocomposite polymer
blends [21,129-131]. Among others, it is worth mentioning the studies by Zhang et al., who obtained a simultaneous
improvement of stiffness and toughness thanks to the presence of an elastomeric framework induced by nanoparticles
[132,133] (see Fig. 11).

Nanoparticle-induced co-continuity can also be exploited to improve the mechanical resistance at high temperature. The
idea is using the filler to promote the space continuity of the phase having higher melting/glass transition temperature, so as
to preserve the structural integrity of the blend even in case of melting of the second component. Following this strategy,
Filippone et al. were able to prevent the softening of a sample at 75 wt% of high density PE (HDPE) at a temperature well
above the melting temperature of that phase thanks to the presence of a continuous framework of clay-filled polyamide
6 (PA6) [23]. Yang et al. succeeded in the simultaneous improvement of the impact strength and electrical conductivity
by manipulating the blend morphology through conductive fillers [134]. The formation of a space-spanning network of
nanoparticles is the basic principle for the production of electrically conductive polymeric materials. The well-known mech-
anism of “double percolation” allows reducing the amount of filler necessary for percolation by promoting its confinement at
the polymer-polymer interface. A clever upgrade of this concept was recently proposed by Cohen et al.: rather than trying to
distribute the conductive filler at the polymer-polymer interface of a binary co-continuous blend, the authors promoted its
confinement into an inter-phase of a minor third polymeric component, which was continuous throughout the blend [135].



M. Salzano de Luna, G. Filippone / European Polymer Journal 79 (2016) 198-218 211
3.2. Tuning the blend microstructure for templating purposes

The inherent phase segregation of polymer blends can be exploited as passive template for a wide variety of applications.
The underlying idea is that one of the polymeric domains represents a sacrificial phase, whose removal allows producing a
scaffold based on the second component with controlled porosity. In this context, nanoparticles can be profitably used to
tune the blend morphology. As an example, Salzano de Luna et al. exploited a template-based approach to efficiently dis-
perse hydrophilic nanoparticles within a hydrophobic polymer matrix [60]. The procedure envisages the permeation of a
well-dispersed nanoparticle suspension inside a micro-porous HDPE matrix, which was obtained through the selective
extraction of a sacrificial PEO phase from a finely co-continuous HDPE/PEO blend. In order to optimize the process, the HDPE
scaffold should contain a thick network of tiny channels, i.e. the starting blend should exhibit a microstructure as fine as
possible. Such a refinement was promoted by adding small amounts of organo-clay. Other examples of profitable employ
of nanoparticles can be found in the field of polymer scaffolds for tissue engineering applications [136,137]. Among others,
Baklavaridis et al. proved that the proper selection of the clay loading allows the fine tuning of degree of porosity and pore
average diameter [137]. Similarly, Bose and co-workers produced antibacterial PE membranes for water purification from a
PE/PEO blend filled with graphene oxide nanoplatelets, whose surface chemistry was properly modified to optimize the dis-
persion of PEO drops in the PE matrix [138,139].

3.3. Valorizing low-environmental impact plastics

Scientific breakthroughs and innovative solutions are continuously sought in the field of recycling, re-use, substitution of
environmental impacting materials, and smarter design of biodegradable materials. In this context, we argue that
nanoparticle-assisted morphology manipulation in blends partially or totally based on sustainable polymers might represent
a viable route for enlarging the fields of application of such eco-friendly (and yet low-performance) materials. The recent
advances achieved by means of such an approach in the field of (i) recycled petroleum-derived plastics and (ii) bio-
plastics are discussed below.

3.3.1. Recycled petroleum-derived plastics

The use of nanoparticles to control the morphology and performances of blends of recycled plastics was first explored by
Si et al. 28], who proposed that compatibility between polymers can be enhanced by melt mixing with small amounts of
organo-modified clays. The generality of the proposed compatibilization mechanism makes such a strategy particularly
attractive in the case of plastic wastes, which are frequently not well sorted. As a result, the mechanical properties of the
resulting blends are usually unacceptably scarce. As an example, AndriCic et al. showed that tensile strength and elongation
at break of polyvinyl chloride (PVC) sheets dramatically decrease in the presence of a fraction of PVC waste contaminated
with only 3 wt% of polypropylene (PP); nonetheless, an acceptable product containing up to 30 wt% of waste material can
be obtained by simply adding small quantities of surface-modified nanoparticles of calcium carbonate [140]. Similarly, sub-
stantial improvements of the mechanical properties were reported for nano-filled blends based on recycled polyethylene
terephthalate (PET) [141,142]. An alternative strategy was proposed by Causa et al., who used nanoparticles to valorize recy-
cled PET reprocessed at low temperature. In more detail, the compounding step was carried out below the melting temper-
ature of PET, which was therefore used as “solid filler” in a co-continuous HDPE/PP blend; the addition of small amount of
nano-clay efficiently refined the blend morphology at the micron-scale, causing an improvement of the high-temperature
mechanical resistance [143]. On the other hand, Chen et al. recently showed that the simple addition of nanoparticles is
not sufficient to compatibilize the immiscible polymer phases in recycled HDPE/PET blends [144]. The authors proposed
the simultaneous use of nanoparticles and chemical compatibilizers for improving mechanical properties and blend misci-
bility. Such a strategy was already pursued with encouraging results by Fang et al. for the production of a fully recycled
polyolefin-based blend [145]. Similarly, Mural et al. optimized the mechanical performance of a blend of recycled PP and
waste high impact polystyrene by adding both a copolymer and nanoparticles [146]. Stimulated by this new recycling per-
spective, Mnif and co-workers proposed to replace the conventional fillers for the manufacturing of automobile fenders with
their nano-sized analogues, so as to facilitate the recycling of the final products by profiting from the presumed compatibi-
lizing action of the nanoparticles [147,148]. On the other hand, it is important to mention the recent paper by Kazemi et al.,
who found that the uncontrolled presence of various kinds of nanoparticles in the waste plastics may also have a detrimental
effect on the recycled products [149].

3.3.2. Bio-plastics

Nanoparticles are effective compatibilizers even in case of biopolymers. In particular, interfacially-located clay particles
were found to improve the interfacial adhesion between biodegradable polymers, such as poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), polylactic acid (PLA), thermoplastic starch (TPS) [150,151], as well as between bio-plastics and
conventional petroleum-based polymers [152-154]. Among the various bio-plastics, PLA has received special attention
because of its appreciable properties, which make it a promising candidate to replace petroleum-derived plastics. The main
weaknesses of PLA are the brittleness and narrow temperature range of applicability, which is limited superiorly by the glass
transition temperature (T, < 60 °C). Blending PLA with other bio-polymers in the presence of nanoparticles has proved to
be effective for overcoming such limitations [42,155-157]. Among others, Nuzzo et al. ingeniously addressed the poor
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Fig. 13. Effect of nanoparticle-induced morphological transitions on the mechanical performances of PLA-based materials. (a) Impact strength as a function
of the amount of silica nanoparticles in PLA/PU blends: the toughness increases due to the change from a sea-island to a network-like structure (Readapted
from [78]). Scale bars =5 pum. (b) Tensile stress-strain curves showing the increased elongation at break of PLA/PA11 blends upon addition of HNT
nanoparticles (readapted from [162]). Scale bars =1 um.

mechanical performances of PLA at high temperatures by blending it with PA11, a bio-based and yet non-biodegradable
semi-crystalline polymer with superior temperature resistance [158]. The goal was maximizing the content of the
biodegradable PLA while preserving the continuity of the heat-resistant PA11. Clay nanoparticles were exploited to manip-
ulate the blend microstructure. Specifically, the presence of organo-clay in the PA11 phase and interfacial region converted
the drop-matrix morphology of the unfilled blend into a stable co-continuous one, in which the clay-rich PA11 phase forms a
continuous framework that effectively contributes to bear stresses even well above the melting temperature of the major
PLA phase (Fig. 12).
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The authors also observed that maximizing the high-temperature creep resistance through nanoparticle addition may
bring about an excessive material embrittlement at room temperature. Actually, the simultaneous reinforcing and toughen-
ing of PLA-based materials is as much desirable as challenging. An optimized balance between strength and toughness of
PLA-based blends was obtained by tailoring the blend morphology by means of silica nanoparticles [78,159-161]. Different
interpretations were proposed depending of the filler localization. In the presence of interfacially-adsorbed nano-silica, Yu
and Huang correlated the simultaneous toughening and reinforcing of a blend of PLA and thermoplastic polyurethane to the
improved interfacial adhesion between the polymer phases [160]. Differently, Xiu et al. ascribed the improvement in the
impact toughness without detrimental effects on strength and modulus of a blend of PLA and poly(ether)urethane (PU) to
the morphological transition from sea-island to network-like structure in the presence of nano-silica accumulated in the dis-
persed phase and in the interfacial region [78] (see Fig. 13a). Similarly, a noticeable toughening without sacrificing stiffness
and strength was promoted by adding addition of halloysite nanotubes (HNT) to a PLA/PA11 blend [162]. In this case, besides
improving the interfacial adhesion, the filler also promotes the formation of a salami-like structure, in which a HNTs-rich
fibrillar PA11 phase actively contributes to the stress bearing (Fig. 13b).

Notable results were obtained also in case of plate-like nanoparticles. Among others, Ojijo et al. achieved a 29% enhance-
ment of the elongation at break over that of neat PLA matrix upon addition of only 2 wt% of organo-clay to a blend of PLA and
polybutylene succinate (PBS) [163]. Finally, an improvement of the elongation at break without losses in the tensile modulus
was reported also by Chen et al. for a PLA/PBS system in the presence of a twice-functionalized organo-clay, which induced a
considerable reduction of the size of the polymer drops [164].

4. Final remarks

The intriguing perspective of imparting new physical properties and novel behaviors to a host polymer matrix through
the simple addition of small amounts of nanoparticles is what really makes polymer nanocomposites attractive. Rather than
aiming at the mere capitalization of the filler properties, the current trend is using nanoparticles as an active tool for manip-
ulating the microstructure and, through it, the final performances of materials with phase-separated morphology, such as
immiscible polymer blends. It has been shown that nano-sized fillers can (i) induce morphology refinement or coarsening,
(ii) glue drops to form drop clusters, (iii) promote non-spherical polymer domains or (v) co-continuous microstructures, (v)
stabilize the blend morphology in both quiescent and flow conditions. The ways in which nanoparticles affect the space
arrangement of the polymer phase at micron-scale have been listed and carefully described. In particular, the recent liter-
ature has been rationalized by dividing the discussion in terms of typology of nanoparticles (spheres, plates and tubes)
and preferential positioning of the filler (inside either of the bulk phases or at the polymer-polymer interface). Although
the basic mechanisms remain often controversial, it has been possible to identify repeated patterns and general rules on
which basing a focused selection of the materials to be used for obtaining nanocomposite blends with a desired set of prop-
erties. Selective reinforcement of specific material regions, simultaneous enhancement of mechanical strength and tough-
ness, non-chemical compatibilization, low electrical percolation threshold, drastic improvement of the creep resistance,
are some of the examples of the improvements potentially achievable through the judicious employ of nanoparticles. In
our opinion, biopolymers and recycled plastics are among the materials that might readily benefit from such a simple
and yet powerful strategy.

Finally, rather than using nanoparticles to manipulate the material morphology, we observe that many researchers are
interested in the other side of the coin, viz. how to use immiscible liquids to drive the space arrangement of the nanopar-
ticles, eventually realizing advanced nanostructures. Liquid-liquid interfaces of low-viscosity systems are already largely
used as templates for guiding nanoparticle assembly [165]. The extension of such an approach to polymer systems is receiv-
ing growing attention in view of the possibility of slowing down the assembly processes by taking advantage from to the
high viscosity of polymer melts [166,167].

Acknowledgments

We are thankful to Dr. Andrea Causa for the support in the editing of the manuscript. We also thank Lucia Gioiella and
Giuliana Stabile for providing the unpublished data reported in Fig. 3.

References

[1] C.L. Tucker III, P. Moldenaers, Microstructural evolution in polymer blends, Annu. Rev. Fluid Mech. 34 (1) (2002) 177-210, http://dx.doi.org/10.1146/
annurev.fluid.34.082301.144051.

[2] C.E. Scott, C.W. Macosko, Model experiments concerning morphology development during the initial stages of polymer blending, Polym. Bull. 26 (3)
(1991) 341-348, http://dx.doi.org/10.1007/BF00587979.

[3] U. Sundararaj, C.W. Macosko, R.J. Rolando, H.T. Chan, Morphology development in polymer blends, Polym. Eng. Sci. 32 (24) (1992) 1814-1823, http://
dx.doi.org/10.1002/pen.760322404.

[4] U. Sundararaj, Y. Dori, C.W. Macosko, Sheet formation in immiscible polymer blends: model experiments on initial blend morphology, Polymer 36
(10) (1995) 1957-1968, http://dx.doi.org/10.1016/0032-3861(95)91438-D.

[5] C.E. Scott, C.W. Macosko, Morphology development during the initial stages of polymer-polymer blending, Polymer 36 (3) (1995) 461-470, http://dx.
doi.org/10.1016/0032-3861(95)91554-K.


http://dx.doi.org/10.1146/annurev.fluid.34.082301.144051
http://dx.doi.org/10.1146/annurev.fluid.34.082301.144051
http://dx.doi.org/10.1007/BF00587979
http://dx.doi.org/10.1002/pen.760322404
http://dx.doi.org/10.1002/pen.760322404
http://dx.doi.org/10.1016/0032-3861(95)91438-D
http://dx.doi.org/10.1016/0032-3861(95)91554-K
http://dx.doi.org/10.1016/0032-3861(95)91554-K

214 M. Salzano de Luna, G. Filippone/European Polymer Journal 79 (2016) 198-218

[6] C.W. Macosko, Morphology development and control in immiscible polymer blends, Macromol. Symp. 149 (1) (2000) 171-184, http://dx.doi.org/
10.1002/1521-3900(200001)149:1<171::AID-MASY171>3.0.CO;2-8.

[7] A. Monticciolo, P. Cassagnau, A. Michel, Fibrillar morphology development of PE/PBT blends: rheology and solvent permeability, Polym. Eng. Sci. 38
(11) (1998) 1882-1889, http://dx.doi.org/10.1002/pen.10358.

[8] C.Lacroix, M. Grmela, P.J. Carreau, Morphological evolution of immiscible polymer blends in simple shear and elongational flows, ]. Nonnewton. Fluid
Mech. 86 (1) (1999) 37-59, http://dx.doi.org/10.1016/S0377-0257(98)00201-8.

[9] M.F. Champagne, M.M. Dumoulin, L.A. Utracki, ].P. Szabo, Generation of fibrillar morphology in blends of block copolyetheresteramide and liquid
crystal polyester, Polym. Eng. Sci. 36 (12) (1996) 1636-1646, http://dx.doi.org/10.1002/pen.10560.

[10] N. Chapleau, B.D. Favis, Droplet/fibre transitions in immiscible polymer blends generated during melt processing, J. Mater. Sci. 30 (1) (1995) 142-150,
http://dx.doi.org/10.1007/BF00352143.

[11] O.Kwon, D.A. Zumbrunnen, Progressive morphology development to produce multilayer films and interpenetrating blends by chaotic mixing, ]. Appl.
Polym. Sci. 82 (7) (2001) 1569-1579, http://dx.doi.org/10.1002/app.1995.

[12] D.A. Zumbrunnen, S. Inamdar, Novel sub-micron highly multi-layered polymer films formed by continuous flow chaotic mixing, Chem. Eng. Sci.,
0009-2509 56 (12) (2001) 3893-3897.

[13] D.A. Zumbrunnen, C. Chhibber, Morphology development in polymer blends produced by chaotic mixing at various compositions, Polymer 43 (11)
(2002) 3267-3277, http://dx.doi.org/10.1016/S0032-3861(02)00139-8.

[14] D.A. Zumbrunnen, S. Inamdar, O. Kwon, P. Verma, Chaotic advection as a means to develop nanoscale structures in viscous melts, Nano Lett. 2 (10)
(2002) 1143-1148, http://dx.doi.org/10.1021/n10256558.

[15] Petra Pétschke, D.R. Paul, Formation of co-continuous structures in melt-mixed immiscible polymer blends, J. Macromol. Sci. Part C: Polym. Rev. 43
(1) (2003) 87-141, http://dx.doi.org/10.1081/MC-120018022.

[16] C.Koning, M. Van Duin, C. Pagnoulle, R. Jérdme, Strategies for compatibilization of polymer blends, Prog. Polym. Sci. 23 (4) (1998) 707-757, http://dx.
doi.org/10.1016/S0079-6700(97)00054-3.

[17] Leon Levitt, Christopher W. Macosko, Shearing of polymer drops with interface modification, Macromolecules 32 (19) (1999) 6270-6277, http://dx.
doi.org/10.1021/ma9814999.

[18] L. Elias, F. Fenouillot, J.C. Majesté, P. Cassagnau, Morphology and rheology of immiscible polymer blends filled with silica nanoparticles, Polymer 48
(20) (2007) 6029-6040, http://dx.doi.org/10.1016/j.polymer.2007.07.061.

[19] B.B. Khatua, D.J. Lee, H.Y. Kim, ].K. Kim, Effect of organoclay platelets on morphology of nylon-6 and poly (ethylene-r an-propylene) rubber blends,
Macromolecules 37 (7) (2004) 2454-2459, http://dx.doi.org/10.1021/ma0352072.

[20] H.S. Lee, P.D. Fasulo, W.R. Rodgers, D.R. Paul, TPO based nanocomposites. Part 1. Morphology and mechanical properties, Polymer 46 (25) (2005)
11673-11689, http://dx.doi.org/10.1016/j.polymer.2005.09.068.

[21] L.T. Vo, E.P. Giannelis, Compatibilizing poly (vinylidene fluoride)/nylon-6 blends with nanoclay, Macromolecules 40 (23) (2007) 8271-8276, http://
dx.doi.org/10.1021/ma071508q.

[22] S. Mallick, P. Kar, B.B. Khatua, Morphology and properties of nylon 6 and high density polyethylene blends in presence of nanoclay and PE-g-MA, ].
Appl. Polym. Sci. 123 (3) (2012) 1801-1811, http://dx.doi.org/10.1002/app.34648.

[23] G. Filippone, N.T. Dintcheva, F.P. La Mantia, D. Acierno, Using organoclay to promote morphology refinement and co-continuity in high-density
polyethylene/polyamide 6 blends - effect of filler content and polymer matrix composition, Polymer 51 (17) (2010) 3956-3965, http://dx.doi.org/
10.1016/j.polymer.2010.06.044.

[24] S. Bose, C. Ozdilek, J. Leys, J.W. Seo, M. Wubbenhorst, . Vermant, P. Moldenaers, Phase separation as a tool to control dispersion of multiwall carbon
nanotubes in polymeric blends, ACS Appl. Mater. Interfaces 2 (3) (2010) 800-807, http://dx.doi.org/10.1021/am9008067.

[25] ]. Guo, N. Briggs, S. Crossley, B.P. Grady, Morphology of polystyrene/poly(methyl methacrylate) blends: effects of carbon nanotubes aspect ratio and
surface modification, AIChE J. 61 (10) (2015) 3500-3510, http://dx.doi.org/10.1002/aic.14943.

[26] G. Chen, P. Li, Y. Huang, M. Kong, Y. Lv, Q. Yang, G. Li, Hybrid nanoparticles with different surface chemistries show higher efficiency in
compatibilizing immiscible polymer blends, Compos. Sci. Technol. 105 (2014) 37-43, http://dx.doi.org/10.1016/j.compscitech.2014.09.013.

[27] A. Taguet, P. Cassagnau, ].M. Lopez-Cuesta, Structuration, selective dispersion and compatibilizing effect of (nano) fillers in polymer blends, Prog.
Polym. Sci. 39 (8) (2014) 1526-1563, http://dx.doi.org/10.1016/j.progpolymsci.2014.04.002.

[28] M. Si, T. Araki, H. Ade, A.LD. Kilcoyne, R. Fisher, ]J.C. Sokolov, M.H. Rafailovich, Compatibilizing bulk polymer blends by using organoclays,
Macromolecules 39 (14) (2006) 4793-4801, http://dx.doi.org/10.1021/ma060125.

[29] Y. Wang, Q. Zhang, Q. Fu, Compatibilization of immiscible poly(propylene)/polystyrene blends using clay, Macromol. Rapid Commun. 24 (3) (2003)
231-235, http://dx.doi.org/10.1002/marc.200390026.

[30] A. Walther, K. Matussek, A.H. Muller, Engineering nanostructured polymer blends with controlled nanoparticle location using Janus particles, ACS
Nano 2 (6) (2008) 1167-1178, http://dx.doi.org/10.1021/nn800108y.

[31] W. Lj, . Karger-Kocsis, R. Thomann, Compatibilization effect of TiO, nanoparticles on the phase structure of PET/PP/TiO, nanocomposites, ]. Polym.
Sci., Part B: Polym. Phys. 47 (16) (2009) 1616-1624, http://dx.doi.org/10.1002/polb.21752.

[32] D. Voulgaris, D. Petridis, Emulsifying effect of dimethyldioctadecylammonium-hectorite in polystyrene/poly(ethyl methacrylate) blends, Polymer 43
(8) (2002) 2213-2218, http://dx.doi.org/10.1016/S0032-3861(02)00039-3.

[33] S.S. Ray, S. Pouliot, M. Bousmina, L.A. Utracki, Role of organically modified layered silicate as an active interfacial modifier in immiscible polystyrene/
polypropylene blends, Polymer 45 (25) (2004) 8403-8413, http://dx.doi.org/10.1016/j.polymer.2004.10.009.

[34] J.S. Hong, Y.K. Kim, K.H. Ahn, SJ. Lee, C. Kim, Interfacial tension reduction in PBT/PE/clay nanocomposite, Rheol. Acta 46 (4) (2007) 469-478, http://dx.
doi.org/10.1007/s00397-006-0123-1.

[35] L. Elias, F. Fenouillot, J.C. Majesté, P. Alcouffe, P. Cassagnau, Immiscible polymer blends stabilized with nano-silica particles: rheology and effective
interfacial tension, Polymer 49 (20) (2008) 4378-4385, http://dx.doi.org/10.1016/j.polymer.2008.07.018.

[36] L. Sangroniz, M.A. Moncerrate, V.A. De Amicis, ]J.K. Palacios, M. Ferndndez, A. Santamaria, J.J. Sdnchez, F. Laoutid, Ph. Dubois, A.J. Miiller, The
outstanding ability of nanosilica to stabilize dispersions of Nylon 6 droplets in a polypropylene matrix, J. Polym. Sci., Part B: Polym. Phys. 53 (22)
(2015) 1567-1579, http://dx.doi.org/10.1002/polb.23786.

[37] F. Tao, D. Auhl, A.C. Baudouin, F.J. Stadler, C. Bailly, Influence of multiwall carbon nanotubes trapped at the interface of an immiscible polymer blend
on interfacial tension, Macromol. Chem. Phys. 214 (3) (2013) 350-360, http://dx.doi.org/10.1002/macp.201200518.

[38] M. Yousfi, J. Soulestin, B. Vergnes, M.F. Lacrampe, P. Krawczak, Compatibilization of immiscible polymer blends by organoclay: effect of nanofiller or
organo-modifier?, Macromol Mater. Eng. 298 (7) (2013) 757-770, http://dx.doi.org/10.1002/mame.201200138.

[39] S.Levine, B.D. Bowen, Capillary interaction of spherical particles adsorbed on the surface of an oil/water droplet stabilized by the particles: 3. Effective
interfacial tension, Colloids Surf. A 70 (1) (1993) 33-45, http://dx.doi.org/10.1016/0927-7757(93)80494-Y.

[40] E. Vignati, R. Piazza, T.P. Lockhart, Pickering emulsions: interfacial tension, colloidal layer morphology, and trapped-particle motion, Langmuir 19 (17)
(2003) 6650-6656, http://dx.doi.org/10.1021/1a0342641.

[41] Y. Cao, J. Zhang, ]. Feng, P. Wu, Compatibilization of immiscible polymer blends using graphene oxide sheets, ACS Nano 5 (7) (2011) 5920-5927,
http://dx.doi.org/10.1021/nn201717a.

[42] D. Wu, Y. Zhang, M. Zhang, W. Yu, Selective localization of multiwalled carbon nanotubes in poly(¢-caprolactone)/polylactide blend,
Biomacromolecules 10 (2) (2009) 417-424, http://dx.doi.org/10.1021/bm801183f.

[43] Z. Fang, Y. Xu, L. Tong, Effect of clay on the morphology of binary blends of polyamide 6 with high density polyethylene and HDPE-graft-acrylic acid,
Polym. Eng. Sci. 47 (2007) 551-559, http://dx.doi.org/10.1002/pen.20675.


http://dx.doi.org/10.1002/1521-3900(200001)149:1&lt;171::AID-MASY171>3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3900(200001)149:1&lt;171::AID-MASY171>3.0.CO;2-8
http://dx.doi.org/10.1002/pen.10358
http://dx.doi.org/10.1016/S0377-0257(98)00201-8
http://dx.doi.org/10.1002/pen.10560
http://dx.doi.org/10.1007/BF00352143
http://dx.doi.org/10.1002/app.1995
http://refhub.elsevier.com/S0014-3057(16)30080-5/h0060
http://refhub.elsevier.com/S0014-3057(16)30080-5/h0060
http://dx.doi.org/10.1016/S0032-3861(02)00139-8
http://dx.doi.org/10.1021/nl0256558
http://dx.doi.org/10.1081/MC-120018022
http://dx.doi.org/10.1016/S0079-6700(97)00054-3
http://dx.doi.org/10.1016/S0079-6700(97)00054-3
http://dx.doi.org/10.1021/ma9814999
http://dx.doi.org/10.1021/ma9814999
http://dx.doi.org/10.1016/j.polymer.2007.07.061
http://dx.doi.org/10.1021/ma0352072
http://dx.doi.org/10.1016/j.polymer.2005.09.068
http://dx.doi.org/10.1021/ma071508q
http://dx.doi.org/10.1021/ma071508q
http://dx.doi.org/10.1002/app.34648
http://dx.doi.org/10.1016/j.polymer.2010.06.044
http://dx.doi.org/10.1016/j.polymer.2010.06.044
http://dx.doi.org/10.1021/am9008067
http://dx.doi.org/10.1002/aic.14943
http://dx.doi.org/10.1016/j.compscitech.2014.09.013
http://dx.doi.org/10.1016/j.progpolymsci.2014.04.002
http://dx.doi.org/10.1021/ma060125
http://dx.doi.org/10.1002/marc.200390026
http://dx.doi.org/10.1021/nn800108y
http://dx.doi.org/10.1002/polb.21752
http://dx.doi.org/10.1016/S0032-3861(02)00039-3
http://dx.doi.org/10.1016/j.polymer.2004.10.009
http://dx.doi.org/10.1007/s00397-006-0123-1
http://dx.doi.org/10.1007/s00397-006-0123-1
http://dx.doi.org/10.1016/j.polymer.2008.07.018
http://dx.doi.org/10.1002/polb.23786
http://dx.doi.org/10.1002/macp.201200518
http://dx.doi.org/10.1002/mame.201200138
http://dx.doi.org/10.1016/0927-7757(93)80494-Y
http://dx.doi.org/10.1021/la034264l
http://dx.doi.org/10.1021/nn201717a
http://dx.doi.org/10.1021/bm801183f
http://dx.doi.org/10.1002/pen.20675

M. Salzano de Luna, G. Filippone / European Polymer Journal 79 (2016) 198-218 215

[44] W.Zhang, M. Lin, A. Winesett, O. Dhez, A. Kilcoyne, H. Ade, M. Rubinstein, K.V.P.M. Shafi, A. Ulman, D. Gersappe, R. Tenne, M. Rafailovich, J. Sokolov, H.
L. Frisch, The use of functionalized nanoparticles as non-specific compatibilizers for polymer blends, Polym. Adv. Technol. 22 (1) (2011) 65-71, http://
dx.doi.org/10.1002/pat.1875.

[45] ]. Vermant, G. Cioccolo, K.G. Nair, P. Moldenaers, Coalescence suppression in model immiscible polymer blends by nano-sized colloidal particles,
Rheol. Acta 43 (5) (2004) 529-538, http://dx.doi.org/10.1007/s00397-004-0381-8.

[46] A.C. Baudouin, D. Auhl, F. Tao, J. Devaux, C. Bailly, Polymer blend emulsion stabilization using carbon nanotubes interfacial confinement, Polymer 52
(1) (2011) 149-156, http://dx.doi.org/10.1016/j.polymer.2010.11.004.

[47] ].S. Hong, H. Namkung, K.H. Ahn, S.J. Lee, C. Kim, The role of organically modified layered silicate in the breakup and coalescence of droplets in PBT/PE
blends, Polymer 47 (11) (2006) 3967-3975, http://dx.doi.org/10.1016/j.polymer.2006.03.077.

[48] ]. Huitric, ]. Ville, P. Médéric, M. Moan, T. Aubry, Rheological, morphological and structural properties of PE/PA/nanoclay ternary blends: effect of clay
weight fraction, ]. Rheol. (1978-present) 53 (5) (2009) 1101-1119, http://dx.doi.org/10.1122/1.3153551.

[49] E. Moghimi, F. Goharpey, R. Foudazi, Role of droplet bridging on the stability of particle-containing immiscible polymer blends, Rheol. Acta 53 (2)
(2014) 165-180, http://dx.doi.org/10.1007/s00397-013-0752-0.

[50] W. Tong, Y. Huang, C. Liu, X. Chen, Q. Yang, G. Li, The morphology of immiscible PDMS/PIB blends filled with silica nanoparticles under shear flow,
Colloid Polym. Sci. 288 (7) (2010) 753-760, http://dx.doi.org/10.1007/s00396-010-2201-2.

[51] AJ. Mendoza, E. Guzman, F. Martinez-Pedrero, H. Ritacco, R.G. Rubio, F. Ortega, V.M. Starov, R. Miller, Particle laden fluid interfaces: dynamics and
interfacial rheology, Adv. Colloid Interface Sci. 206 (2014) 303-319, http://dx.doi.org/10.1016/j.cis.2013.10.010.

[52] S. Reynaert, P. Moldenaers, ]. Vermant, Interfacial rheology of stable and weakly aggregated two-dimensional suspensions, Phys. Chem. Chem. Phys. 9
(2007) 6463-6475, http://dx.doi.org/10.1039/B710825C.

[53] S. Vandebril, . Vermant, P. Moldenaers, Efficiently suppressing coalescence in polymer blends using nanoparticles: role of interfacial rheology, Soft
Matter 6 (14) (2010) 3353-3362, http://dx.doi.org/10.1039/B927299B.

[54] 1. Labaume, P. Médéric, J. Huitric, T. Aubry, Comparative study of interphase viscoelastic properties in polyethylene/polyamide blends compatibilized
with clay nanoparticles or with a graft copolymer, J. Rheol. (1978-present) 57 (2) (2013) 377-392, http://dx.doi.org/10.1122/1.4774322.

[55] X.Q. Liy, R.H. Li, R.Y. Bao, W.R. Jiang, W. Yang, B.H. Xie, M.B. Yang, Suppression of phase coarsening in immiscible, co-continuous polymer blends
under high temperature quiescent annealing, Soft Matter 10 (20) (2014) 3587-3596, http://dx.doi.org/10.1039/C3SM53211A.

[56] M. Trifkovic, A.T. Hedegaard, M. Sheikhzadeh, S. Huang, C.W. Macosko, Stabilization of PE/PEO cocontinuous blends by interfacial nanoclays,
Macromolecules 48 (13) (2015) 4631-4644, http://dx.doi.org/10.1021/acs.macromol.5b00354.

[57] ]. Chen, Y.Y. Shi, J.H. Yang, N. Zhang, T. Huang, C. Chen, Y. Wang, ZW. Zhou, A simple strategy to achieve very low percolation threshold via the
selective distribution of carbon nanotubes at the interface of polymer blends, J. Mater. Chem. 22 (42) (2012) 22398-22404, http://dx.doi.org/10.1039/
C2JM34295B.

[58] A. Abbasi Moud, A. Javadi, H. Nazockdast, A. Fathi, V. Altstaedt, Effect of dispersion and selective localization of carbon nanotubes on rheology and
electrical conductivity of polyamide 6 (PA6), polypropylene (PP), and PA6/PP nanocomposites, J. Polym. Sci. Part B: Polym. Phys. 53 (5) (2015) 368-
378, http://dx.doi.org/10.1002/polb.23638.

[59] G. Filippone, G. Romeo, D. Acierno, Role of interface rheology in altering the onset of co-continuity in nanoparticle-filled polymer blends, Macromol.
Mater. Eng. 296 (7) (2011) 658-665, http://dx.doi.org/10.1002/mame.201000343.

[60] M. Salzano de Luna, M. Galizia, J. Wojnarowicz, R. Rosa, W. Lojkowski, C. Leonelli, D. Acierno, G. Filippone, Dispersing hydrophilic nanoparticles in
hydrophobic polymers: HDPE/ZnO nanocomposites by a novel template-based approach, Express Polym. Lett. 8 (5) (2014), http://dx.doi.org/
10.3144/expresspolymlett.2014.40.

[61] G. Filippone, N.T. Dintcheva, F.P. La Mantia, D. Acierno, Selective localization of organoclay and effects on the morphology and mechanical properties
of LDPE/PA11 blends with distributed and co-continuous morphology, J. Polym. Sci. Part B: Polym. Phys. 48 (5) (2010) 600-609, http://dx.doi.org/
10.1002/polb.21928.

[62] G.Xu, S. Qin, ]. Yu, Y. Huang, M. Zhang, W. Ruan, Effect of migration of layered nanoparticles during melt blending on the phase morphology of poly
(ethylene terephthalate)/polyamide 6/montmorillonite ternary nanocomposites, RSC Adv. 5 (38) (2015) 29924-29930, http://dx.doi.org/10.1039/
C5RA01401H.

[63] S. Mallick, B.B. Khatua, Morphology and properties of nylon6 and high density polyethylene blends in absence and presence of nanoclay, J. Appl.
Polym. Sci. 121 (1) (2011) 359-368, http://dx.doi.org/10.1002/app.33580.

[64] M. Gahleitner, B. Kretzschmar, G. Van Vliet, J. Devaux, D. Pospiech, K. Bernreitner, E. Ingolic, Rheology/morphology interactions in polypropylene/
polyamide-6 nanocomposites, Rheol. Acta 45 (4) (2006) 322-330, http://dx.doi.org/10.1007/s00397-005-0029-3.

[65] R. Salehiyan, Y. Yoo, W.J. Choi, K. Hyun, Characterization of morphologies of compatibilized polypropylene/polystyrene blends with nanoparticles via
nonlinear rheological properties from FT-rheology, Macromolecules 47 (12) (2014) 4066-4076, http://dx.doi.org/10.1021/ma500700e.

[66] M. Kong, Y. Huang, Y. Lv, S. Wang, Q. Yang, G. Li, Flow-induced morphological instability in nanosilica-filled polyamide 6/polystyrene blends, Polymer
55 (16) (2014) 4348-4357, http://dx.doi.org/10.1016/j.polymer.2014.05.060.

[67] D. Wu, L. Wu, M. Zhang, W. Zhou, Y. Zhang, Morphology evolution of nanocomposites based on poly(phenylene sulfide)/poly(butylene terephthalate)
blend, J. Polym. Sci. Part B: Polym. Phys. 46 (12) (2008) 1265-1279, http://dx.doi.org/10.1002/polb.21461.

[68] Y.C. Ahn, D.R. Paul, Rubber toughening of nylon 6 nanocomposites, Polymer 47 (8) (2006) 2830-2838, http://dx.doi.org/10.1016/j.
polymer.2006.02.074.

[69] H. Xiu, H.W. Bai, C.M. Huang, C.L. Xu, X.Y. Li, Q. Fu, Selective localization of titanium dioxide nanoparticles at the interface and its effect on the impact
toughness of  poly(L-lactide)/poly(ether)urethane  blends, Express Polym. Lett. 7 (3) (2012) 261-271, http://dx.doi.org/
10.3144/expresspolymlett.2013.24.

[70] P.Thareja, K. Moritz, S.S. Velankar, Interfacially active particles in droplet/matrix blends of model immiscible homopolymers: particles can increase or
decrease drop size, Rheol. Acta 49 (3) (2010) 285-298, http://dx.doi.org/10.1007/s00397-009-0421-5.

[71] S.P. Nagarkar, S.S. Velankar, Morphology and rheology of ternary fluid-fluid-solid systems, Soft Matter 8 (32) (2012) 8464-8477, http://dx.doi.org/
10.1039/C2SM25758K.

[72] S.H. Lee, M. Kontopoulou, C.B. Park, Effect of nanosilica on the co-continuous morphology of polypropylene/polyolefin elastomer blends, Polymer 51
(5) (2010) 1147-1155, http://dx.doi.org/10.1016/j.polymer.2010.01.018.

[73] S. Tomotika, On the instability of a cylindrical thread of a viscous liquid surrounded by another viscous fluid, Proc. Roy. Soc. A 150 (June) (1935) 322-
337, http://dx.doi.org/10.1098/rspa.1935.0104.

[74] H. Veenstra, J. Van Dam, A.P. de Boer, On the coarsening of co-continuous morphologies in polymer blends: effect of interfacial tension, viscosity and
physical cross-links, Polymer 41 (8) (2000) 3037-3045, http://dx.doi.org/10.1016/S0032-3861(99)00455-3.

[75] A.B. Pawar, M. Caggioni, RW. Hartel, P.T. Spicer, Arrested coalescence of viscoelastic droplets with internal microstructure, Faraday Discuss. 158 (1)
(2012) 341-350, http://dx.doi.org/10.1039/C2FD20029E.

[76] J.M. Frostad, M.C. Collins, L.G. Leal, Direct measurement of the interaction of model food emulsion droplets adhering by arrested coalescence, Colloids
Surf. A 441 (2014) 459-465, http://dx.doi.org/10.1016/j.colsurfa.2013.09.028.

[77] X.Q. Liu, Z.Y. Sun, R.Y. Bao, W. Yang, B.H. Xie, M.B. Yang, Nanoparticle retarded shape relaxation of dispersed droplets in polymer blends: an
understanding from the viewpoint of molecular movement, RSC Adv. 4 (77) (2014) 41059-41068, http://dx.doi.org/10.1039/C4RA04380D.

[78] H.Xiu, C. Huang, H. Bai, J. Jiang, F. Chen, H. Deng, K. Wang, Q. Zhang, Q. Fu, Improving impact toughness of polylactide/poly(ether)urethane blends via
designing the phase morphology assisted by hydrophilic silica nanoparticles, Polymer 55 (6) (2014) 1593-1600, http://dx.doi.org/10.1016/j.
polymer.2014.01.057.


http://dx.doi.org/10.1002/pat.1875
http://dx.doi.org/10.1002/pat.1875
http://dx.doi.org/10.1007/s00397-004-0381-8
http://dx.doi.org/10.1016/j.polymer.2010.11.004
http://dx.doi.org/10.1016/j.polymer.2006.03.077
http://dx.doi.org/10.1122/1.3153551
http://dx.doi.org/10.1007/s00397-013-0752-0
http://dx.doi.org/10.1007/s00396-010-2201-2
http://dx.doi.org/10.1016/j.cis.2013.10.010
http://dx.doi.org/10.1039/B710825G
http://dx.doi.org/10.1039/B927299B
http://dx.doi.org/10.1122/1.4774322
http://dx.doi.org/10.1039/C3SM53211A
http://dx.doi.org/10.1021/acs.macromol.5b00354
http://dx.doi.org/10.1039/C2JM34295B
http://dx.doi.org/10.1039/C2JM34295B
http://dx.doi.org/10.1002/polb.23638
http://dx.doi.org/10.1002/mame.201000343
http://dx.doi.org/10.3144/expresspolymlett.2014.40
http://dx.doi.org/10.3144/expresspolymlett.2014.40
http://dx.doi.org/10.1002/polb.21928
http://dx.doi.org/10.1002/polb.21928
http://dx.doi.org/10.1039/C5RA01401H
http://dx.doi.org/10.1039/C5RA01401H
http://dx.doi.org/10.1002/app.33580
http://dx.doi.org/10.1007/s00397-005-0029-3
http://dx.doi.org/10.1021/ma500700e
http://dx.doi.org/10.1016/j.polymer.2014.05.060
http://dx.doi.org/10.1002/polb.21461
http://dx.doi.org/10.1016/j.polymer.2006.02.074
http://dx.doi.org/10.1016/j.polymer.2006.02.074
http://dx.doi.org/10.3144/expresspolymlett.2013.24
http://dx.doi.org/10.3144/expresspolymlett.2013.24
http://dx.doi.org/10.1007/s00397-009-0421-5
http://dx.doi.org/10.1039/C2SM25758K
http://dx.doi.org/10.1039/C2SM25758K
http://dx.doi.org/10.1016/j.polymer.2010.01.018
http://dx.doi.org/10.1098/rspa.1935.0104
http://dx.doi.org/10.1016/S0032-3861(99)00455-3
http://dx.doi.org/10.1039/C2FD20029E
http://dx.doi.org/10.1016/j.colsurfa.2013.09.028
http://dx.doi.org/10.1039/C4RA04380D
http://dx.doi.org/10.1016/j.polymer.2014.01.057
http://dx.doi.org/10.1016/j.polymer.2014.01.057

216 M. Salzano de Luna, G. Filippone / European Polymer Journal 79 (2016) 198-218

[79] H. Xiu, Y. Zhou, J. Dai, C. Huang, H. Bai, Q. Zhang, Q. Fu, Formation of new electric double percolation via carbon black induced co-continuous like
morphology, RSC Adv. 4 (70) (2014) 37193-37196, http://dx.doi.org/10.1039/C4RA06836].

[80] T.S. Horozov, B.P. Binks, Particle-stabilized emulsions: a bilayer or a bridging monolayer?, Angew Chem. 118 (5) (2006) 787-790, http://dx.doi.org/
10.1002/ange.200503131.

[81] D.J. French, P. Taylor, J. Fowler, P.S. Clegg, Making and breaking bridges in a Pickering emulsion, J. Colloid Interface Sci. 441 (2014) 30-38, http://dx.
doi.org/10.1016/j.jcis.2014.11.032.

[82] P.Thareja, S. Velankar, Particle-induced bridging in immiscible polymer blends, Rheol. Acta 46 (3) (2007) 405-412, http://dx.doi.org/10.1007/s00397-
006-0130-2.

[83] P. Thareja, S. Velankar, Rheology of immiscible blends with particle-induced drop clusters, Rheol. Acta 47 (2) (2008) 189-200, http://dx.doi.org/
10.1007/s00397-007-0231-6.

[84] J. Vermant, S. Vandebril, C. Dewitte, P. Moldenaers, Particle-stabilized polymer blends, Rheol. Acta 47 (7) (2008) 835-839, http://dx.doi.org/10.1007/
500397-008-0285-0.

[85] Z.M. Zou, Z.Y. Sun, L]. An, Effect of fumed silica nanoparticles on the morphology and rheology of immiscible polymer blends, Rheol. Acta 53 (1)
(2014) 43-53, http://dx.doi.org/10.1007/s00397-013-0740-4.

[86] G. Filippone, D. Acierno, Clustering of coated droplets in clay-filled polymer blends, Macromol. Mater. Eng. 297 (9) (2012) 923-928, http://dx.doi.org/
10.1002/mame.201100398.

[87] A.B. Pawar, M. Caggioni, R. Ergun, RW. Hartel, P.T. Spicer, Arrested coalescence in Pickering emulsions, Soft Matter 7 (17) (2011) 7710-7716, http://
dx.doi.org/10.1039/C1SM05457K.

[88] Y. Chen, Q. Yang, Y. Huang, X. Liao, Y. Niu, Influence of phase coarsening and filler agglomeration on electrical and rheological properties of MWNTs-
filled PP/PMMA composites under annealing, Polymer 79 (2015) 159-170, http://dx.doi.org/10.1016/j.polymer.2015.10.027.

[89] M. Sumita, K. Sakata, S. Asai, K. Miyasaka, H. Nakagawa, Dispersion of fillers and the electrical conductivity of polymer blends filled with carbon black,
Polym. Bull. 25 (2) (1991) 265-271, http://dx.doi.org/10.1007/BF00310802.

[90] M. Sumita, K. Sakata, Y. Hayakawa, S. Asai, K. Miyasaka, M. Tanemura, Double percolation effect on the electrical conductivity of conductive particles
filled polymer blends, Colloid Polym. Sci. 270 (2) (1992) 134-139, http://dx.doi.org/10.1007/BF00652179.

[91] F. Gubbels, R. Jéréme, P. Teyssie, E. Vanlathem, R. Deltour, A. Calderone, V. Parente, ].L. Brédas, Selective localization of carbon black in immiscible
polymer blends: a useful tool to design electrical conductive composites, Macromolecules 27 (7) (1994) 1972-1974, http://dx.doi.org/
10.1021/ma00085a049.

[92] F. Gubbels, R. Jérome, E. Vanlathem, R. Deltour, S. Blacher, F. Brouers, Kinetic and thermodynamic control of the selective localization of carbon black
at the interface of immiscible polymer blends, Chem. Mater. 10 (5) (1998) 1227-1235, http://dx.doi.org/10.1021/cm970594d.

[93] F. Gubbels, S. Blacher, E. Vanlathem, R. Jér6me, R. Deltour, F. Brouers, P. Teyssie, Design of electrical composites: determining the role of the
morphology on the electrical properties of carbon black filled polymer blends, Macromolecules 28 (5) (1995) 1559-1566, http://dx.doi.org/
10.1021/ma00109a030.

[94] S. Steinmann, W. Gronski, C. Friedrich, Influence of selective filling on rheological properties and phase inversion of two-phase polymer blends,
Polymer 43 (16) (2002) 4467-4477, http://dx.doi.org/10.1016/S0032-3861(02)00271-9.

[95] D.R. Paul, JW. Barlow, Polymer blends, ]J. Macromol. Sci. Rev. Macromol. Chem. 18 (1) (1980) 109-168, http://dx.doi.org/10.1080/
00222358008080917.

[96] LS. Miles, A. Zurek, Preparation, structure, and properties of two-phase co-continuous polymer blends, Polym. Eng. Sci. 28 (12) (1988) 796-805,
http://dx.doi.org/10.1002/pen.760281205.

[97] L.A. Utracki, B.D. Favis, Polymer alloys and blends, vol. 4, Marcel Dekker, New York, 1989.

[98] Y. Li, H. Shimizu, Novel morphologies of poly(phenylene oxide)(PPO)/polyamide 6 (PA6) blend nanocomposites, Polymer 45 (22) (2004) 7381-7388,
http://dx.doi.org/10.1016/j.polymer.2004.09.018.

[99] Z.Xu, Y. Zhang, Z. Wang, N. Sun, H. Li, Enhancement of electrical conductivity by changing phase morphology for composites consisting of polylactide
and poly(e-caprolactone) filled with acid-oxidized multiwalled carbon nanotubes, ACS Appl. Mater. Interfaces 3 (12) (2011) 4858-4864, http://dx.doi.
org/10.1021/am201355j.

[100] C. Gao, S. Zhang, B. Han, H. Sun, G. Wang, Z. Jiang, Multi-walled carbon nanotube induced co-continuity of poly(ether ether ketone)/polyimide blends
for high performance conductive materials, RSC Adv. 4 (79) (2014) 42175-42182, http://dx.doi.org/10.1039/C4RA07473D.

[101] M. Zhang, Y. Huang, M. Kong, H. Zhu, G. Chen, Q. Yang, Morphology and rheology of poly (1-lactide)/polystyrene blends filled with silica nanoparticles,
J. Mater. Sci. 47 (3) (2012) 1339-1347, http://dx.doi.org/10.1007/s10853-011-5908-7.

[102] Y. Li, H. Shimizu, Conductive PVDF/PA6/CNTs nanocomposites fabricated by dual formation of cocontinuous and nanodispersion structures,
Macromolecules 41 (14) (2008) 5339-5344, http://dx.doi.org/10.1021/ma8006834.

[103] Y. Li, H. Shimizu, Co-continuous polyamide 6 (PA6)/acrylonitrile-butadiene-styrene (ABS) nanocomposites, Macromol. Rapid Commun. 26 (9) (2005)
710-715, http://dx.doi.org/10.1002/marc.200400654.

[104] D. Wu, C. Zhou, M. Zhang, Effect of clay on immiscible morphology of poly(butylene terephthalate)/polyethylene blend nanocomposites, J. Appl.
Polym. Sci. 102 (4) (2006) 3628-3633, http://dx.doi.org/10.1002/app.24088.

[105] S.P. Pawar, S. Bose, Peculiar morphological transitions induced by nanoparticles in polymeric blends: retarded relaxation or altered interfacial
tension?, Phys Chem. Chem. Phys. 17 (22) (2015) 14470-14478, http://dx.doi.org/10.1039/C5CP01644D.

[106] M.H. Al-Saleh, U. Sundararaj, An innovative method to reduce percolation threshold of carbon black filled immiscible polymer blends, Compos. A
Appl. Sci. Manuf. 39 (2) (2008) 284-293, http://dx.doi.org/10.1016/j.compositesa.2007.10.010.

[107] G. Filippone, N.T. Dintcheva, D. Acierno, F.P. La Mantia, The role of organoclay in promoting co-continuous morphology in high-density poly
(ethylene)/poly(amide) 6 blends, Polymer 49 (5) (2008) 1312-1322, http://dx.doi.org/10.1016/j.polymer.2008.01.045.

[108] G. Filippone, D. Acierno, Altering the onset of cocontinuity in nanocomposite immiscible blends by acting on the melt-compounding procedure, J.
Appl. Polym. Sci. 122 (6) (2011) 3711-3718, http://dx.doi.org/10.1002/app.34785.

[109] A. Nuzzo, E. Bilotti, T. Peijs, D. Acierno, G. Filippone, Nanoparticle-induced co-continuity in immiscible polymer blends - a comparative study on bio-
based PLA-PA11 blends filled with organoclay, sepiolite, and carbon nanotubes, Polymer 55 (19) (2014) 4908-4919, http://dx.doi.org/10.1016/].
polymer.2014.07.036.

[110] H.Xiu, Y. Zhou, C. Huang, H. Bai, Q. Zhang, Q. Fu, Deep insight into the key role of carbon black self-networking in the formation of co-continuous-like
morphology in polylactide/poly (ether) urethane blends, Polymer 82 (2016) 11-21, http://dx.doi.org/10.1016/j.polymer.2015.10.034.

[111] G. Wu, B. Li, ]. Jiang, Carbon black self-networking induced co-continuity of immiscible polymer blends, Polymer 51 (9) (2010) 2077-2083, http://dx.
doi.org/10.1016/j.polymer.2010.03.007.

[112] X. Cai, B. Li, Y. Pan, G. Wu, Morphology evolution of immiscible polymer blends as directed by nanoparticle self-agglomeration, Polymer 53 (1) (2012)
259-266, http://dx.doi.org/10.1016/j.polymer.2011.11.032.

[113] F. Xiang, Y. Shi, X. Li, T. Huang, C. Chen, Y. Peng, Y. Wang, Cocontinuous morphology of immiscible high density polyethylene/polyamide 6 blend
induced by multiwalled carbon nanotubes network, Eur. Polymer J. 48 (2) (2012) 350-361, http://dx.doi.org/10.1016/j.eurpolym;j.2011.11.013.

[114] H. Zou, K. Wang, Q. Zhang, Q. Fu, A change of phase morphology in poly(p-phenylene sulfide)/polyamide 66 blends induced by adding multi-walled
carbon nanotubes, Polymer 47 (22) (2006) 7821-7826, http://dx.doi.org/10.1016/j.polymer.2006.09.008.

[115] H. Zou, N. Ning, R. Su, Q. Zhang, Q. Fu, Manipulating the phase morphology in PPS/PA66 blends using clay, J. Appl. Polym. Sci. 106 (4) (2007) 2238-
2250, http://dx.doi.org/10.1002/app.26880.

[116] P. Potschke, A.R. Bhattacharyya, A. Janke, Morphology and electrical resistivity of melt mixed blends of polyethylene and carbon nanotube filled
polycarbonate, Polymer 44 (26) (2003) 8061-8069, http://dx.doi.org/10.1016/j.polymer.2003.10.003.


http://dx.doi.org/10.1039/C4RA06836J
http://dx.doi.org/10.1002/ange.200503131
http://dx.doi.org/10.1002/ange.200503131
http://dx.doi.org/10.1016/j.jcis.2014.11.032
http://dx.doi.org/10.1016/j.jcis.2014.11.032
http://dx.doi.org/10.1007/s00397-006-0130-2
http://dx.doi.org/10.1007/s00397-006-0130-2
http://dx.doi.org/10.1007/s00397-007-0231-6
http://dx.doi.org/10.1007/s00397-007-0231-6
http://dx.doi.org/10.1007/s00397-008-0285-0
http://dx.doi.org/10.1007/s00397-008-0285-0
http://dx.doi.org/10.1007/s00397-013-0740-4
http://dx.doi.org/10.1002/mame.201100398
http://dx.doi.org/10.1002/mame.201100398
http://dx.doi.org/10.1039/C1SM05457K
http://dx.doi.org/10.1039/C1SM05457K
http://dx.doi.org/10.1016/j.polymer.2015.10.027
http://dx.doi.org/10.1007/BF00310802
http://dx.doi.org/10.1007/BF00652179
http://dx.doi.org/10.1021/ma00085a049
http://dx.doi.org/10.1021/ma00085a049
http://dx.doi.org/10.1021/cm970594d
http://dx.doi.org/10.1021/ma00109a030
http://dx.doi.org/10.1021/ma00109a030
http://dx.doi.org/10.1016/S0032-3861(02)00271-9
http://dx.doi.org/10.1080/00222358008080917
http://dx.doi.org/10.1080/00222358008080917
http://dx.doi.org/10.1002/pen.760281205
http://refhub.elsevier.com/S0014-3057(16)30080-5/h0485
http://refhub.elsevier.com/S0014-3057(16)30080-5/h0485
http://dx.doi.org/10.1016/j.polymer.2004.09.018
http://dx.doi.org/10.1021/am201355j
http://dx.doi.org/10.1021/am201355j
http://dx.doi.org/10.1039/C4RA07473D
http://dx.doi.org/10.1007/s10853-011-5908-7
http://dx.doi.org/10.1021/ma8006834
http://dx.doi.org/10.1002/marc.200400654
http://dx.doi.org/10.1002/app.24088
http://dx.doi.org/10.1039/C5CP01644D
http://dx.doi.org/10.1016/j.compositesa.2007.10.010
http://dx.doi.org/10.1016/j.polymer.2008.01.045
http://dx.doi.org/10.1002/app.34785
http://dx.doi.org/10.1016/j.polymer.2014.07.036
http://dx.doi.org/10.1016/j.polymer.2014.07.036
http://dx.doi.org/10.1016/j.polymer.2015.10.034
http://dx.doi.org/10.1016/j.polymer.2010.03.007
http://dx.doi.org/10.1016/j.polymer.2010.03.007
http://dx.doi.org/10.1016/j.polymer.2011.11.032
http://dx.doi.org/10.1016/j.eurpolymj.2011.11.013
http://dx.doi.org/10.1016/j.polymer.2006.09.008
http://dx.doi.org/10.1002/app.26880
http://dx.doi.org/10.1016/j.polymer.2003.10.003

M. Salzano de Luna, G. Filippone / European Polymer Journal 79 (2016) 198-218 217

[117] ]J. Huang, Y. Zhu, W. Jiang, R. Cardinaels, P. Moldenaers, D. Shi, Morphology control and stabilization in immiscible polypropylene and polyamide 6
blends with organoclay, Int. Polym. Proc. 29 (4) (2014) 522-534, http://dx.doi.org/10.3139/217.2912.

[118] EJ. Stancik, M. Kouhkan, G.G. Fuller, Coalescence of particle-laden fluid interfaces, Langmuir 20 (1) (2004) 90-94, http://dx.doi.org/10.1021/
1a0356093.

[119] R.C. Willemse, E.].]. Ramaker, ]. Van Dam, A.P. De Boer, Coarsening in molten quiescent polymer blends: the role of the initial morphology, Polym. Eng.
Sci. 39 (9) (1999) 1717-1725, http://dx.doi.org/10.1002/pen.11566.

[120] C.R. Lépez-Barrén, C.W. Macosko, Rheological and morphological study of cocontinuous polymer blends during coarsening, J. Rheol. (1978-present)
56 (6) (2012) 1315-1334, http://dx.doi.org/10.1122/1.4739067.

[121] D. Yao, W. Zhang, J.G. Zhou, Controllable growth of gradient porous structures, Biomacromolecules 10 (5) (2009) 1282-1286, http://dx.doi.org/
10.1021/bm900008d.

[122] P. Sarazin, X. Roy, B.D. Favis, Controlled preparation and properties of porous poly (i-lactide) obtained from a co-continuous blend of two
biodegradable polymers, Biomaterials 25 (28) (2004) 5965-5978, http://dx.doi.org/10.1016/j.biomaterials.2004.01.065.

[123] X.Q. Liu, Q.Y. Wang, R.Y. Bao, W. Yang, B.H. Xie, M.B. Yang, Suppressing phase retraction and coalescence of co-continuous polymer blends: effect of
nanoparticles and particle network, RSC Adv. 4 (90) (2014) 49429-49441, http://dx.doi.org/10.1039/C4RA09138H.

[124] J.M. Feng, X.Q. Liu, R.Y. Bao, W. Yang, B.H. Xie, M.B. Yang, Suppressing phase coarsening in immiscible polymer blends using nano-silica particles
located at the interface, RSC Adv. 5 (91) (2015) 74295-74303, http://dx.doi.org/10.1039/C5RA13637G.

[125] T. Parpaite, B. Otazaghine, A. Taguet, R. Sonnier, A.S. Caro, J.M. Lopez-Cuesta, Incorporation of modified Stober silica nanoparticles in polystyrene/
polyamide-6 blends: coalescence inhibition and modification of the thermal degradation via controlled dispersion at the interface, Polymer 55 (11)
(2014) 2704-2715, http://dx.doi.org/10.1016/j.polymer.2014.04.016.

[126] R.R. Tiwari, D.R. Paul, Effect of organoclay on the morphology, phase stability and mechanical properties of polypropylene/polystyrene blends,
Polymer 52 (4) (2011) 1141-1154, http://dx.doi.org/10.1016/j.polymer.2011.01.019.

[127] E. Moghbelli, H.J. Sue, S. Jain, Stabilization and control of phase morphology of PA/SAN blends via incorporation of exfoliated clay, Polymer 51 (18)
(2010) 4231-4237, http://dx.doi.org/10.1016/j.polymer.2010.05.025.

[128] P.J. Brigandi, .M. Cogen, R.A. Pearson, Electrically conductive multiphase polymer blend carbon-based composites, Polym. Eng. Sci. 54 (1) (2014) 1-
16, http://dx.doi.org/10.1002/pen.23530.

[129] H.Yang, X. Zhang, C. Qu, B. Li, L. Zhang, Q. Zhang, Q. Fu, Largely improved toughness of PP/JEPDM blends by adding nano-SiO, particles, Polymer 48 (3)
(2007) 860-869, http://dx.doi.org/10.1016/j.polymer.2006.12.022.

[130] L. Liu, Y. Wang, Y. Li, J. Wu, Z. Zhou, C. Jiang, Improved fracture toughness of immiscible polypropylene/ethylene-co-vinyl acetate blends with
multiwalled carbon nanotubes, Polymer 50 (14) (2009) 3072-3078, http://dx.doi.org/10.1016/j.polymer.2009.04.067.

[131] B. Zhang, J.S.P. Wong, D. Shi, R.C.M. Yam, R.K.Y. Li, Investigation on the mechanical performances of ternary nylon 6/SEBS elastomer/nano-SiO, hybrid
composites with controlled morphology, J. Appl. Polym. Sci. 115 (1) (2010) 469-479, http://dx.doi.org/10.1002/app.30185.

[132] Z. Zhang, X. Zhao, J. Zhang, S. Chen, Effect of nano-particles-induced phase inversion on largely improved impact toughness of PVC/o-methylstyrene-
acrylonitrile copolymer (o-MSAN)/CPE-matrix composites, Compos. Sci. Technol. 86 (2013) 122-128, http://dx.doi.org/10.1016/
j.compscitech.2013.07.009.

[133] Z. Zhang, S. Wang, ]. Zhang, W. Zhu, X. Zhao, T. Tian, T. Chen, Self-formation of elastomer network assisted by nano-silicon dioxide particles: a simple
and efficient route toward polymer nanocomposites with simultaneous improved toughness and stiffness, Chem. Eng. J. 285 (2016) 439-448, http://
dx.doi.org/10.1016/j.cej.2015.09.066.

[134] H. Yang, B. Li, Q. Zhang, R. Du, Q. Fu, Simultaneous enhancement of electrical conductivity and impact strength via formation of carbon black-filler
network in PP/EPDM Blends, Polym. Adv. Technol. 22 (6) (2011) 857-862, http://dx.doi.org/10.1002/pat.1588.

[135] E. Cohen, L. Zonder, A. Ophir, S. Kenig, S. McCarthy, C. Barry, J. Mead, Hierarchical structures composed of confined carbon nanotubes in cocontinuous
ternary polymer blends, Macromolecules 46 (5) (2013) 1851-1859, http://dx.doi.org/10.1021/ma301903n.

[136] W. Zhang, D. Yao, Q. Zhang, ].G. Zhou, P.I. Lelkes, Fabrication of interconnected microporous biomaterials with high hydroxyapatite nanoparticle
loading, Biofabrication 2 (3) (2010) 035006, http://dx.doi.org/10.1088/1758-5082/2/3/035006.

[137] A. Baklavaridis, I. Zuburtikudis, C. Panayiotou, Porous composite structures derived from multiphase polymer blends, Polym. Eng. Sci. (2014), http://
dx.doi.org/10.1002/pen.24025.

[138] P.K.S. Mural, A. Banerjee, M.S. Rana, A. Shukla, B. Padmanabhan, S. Bhadra, G. Madras, S. Bose, Polyolefin based antibacterial membranes derived from
PE/PEO blends compatibilized with amine terminated graphene oxide and maleated PE, J. Mater. Chem. A 2 (41) (2014) 17635-17648, http://dx.doi.
org/10.1039/C4TA03997A.

[139] P.K.S. Mural, M. Sharma, A. Shukla, S. Bhadra, B. Padmanabhan, G. Madras, S. Bose, Porous membranes designed from bi-phasic polymeric blends
containing silver decorated reduced graphene oxide synthesized via a facile one-pot approach, RSC Adv. 5 (41) (2015) 32441-32451, http://dx.doi.
org/10.1039/C5RA01656H.

[140] B. Andrici¢, T. Kovacic, 1. Klari¢, Properties of recycled material containing poly(vinyl chloride), polypropylene, and calcium carbonate nanofiller,
Polym. Eng. Sci. 48 (3) (2008) 572-577, http://dx.doi.org/10.1002/pen.20986.

[141] N. Kerboua, N. Cinausero, T. Sadoun, J.M. Lopez-Cuesta, Effect of organoclay in an immiscible poly(ethylene terephtalate) waste/poly(methyl
methacrylate) blend, J. Appl. Polym. Sci. 117 (1) (2010) 129-137, http://dx.doi.org/10.1002/app.31968.

[142] G. Shi, L. He, C.Z. Chen, J.F. Liu, Q.Z. Liu, H.Y. Chen, A novel nanocomposite based on recycled poly(ethylene terephthalate)/ABS blends and nano-SiO,,
Adv. Mater. Res. 150 (2011) 857-860, http://dx.doi.org/10.4028/www.scientific.net/AMR.150-151.857.

[143] A. Causa, M.C. Mistretta, D. Acierno, G. Filippone, Effectiveness of organoclays as compatibilizers for multiphase polymer blends - a sustainable route
for the mechanical recycling of co-mingled plastics, Times of Polymers (TOP) and Composites 2014: Proceedings of the 7th International Conference
on Times of Polymers (TOP) and Composites, vol. 1599, AIP Publishing, 2014, pp. 414-417, http://dx.doi.org/10.1063/1.4876866.

[144] RS. Chen, S. Ahmad, S. Gan, A. Ghani, M. Hafizuddin, M.N. Salleh, Effects of compatibilizer, compounding method, extrusion parameters, and
nanofiller loading in clay-reinforced recycled HDPE/PET nanocomposites, J. Appl. Polym. Sci. 132 (29) (2015), http://dx.doi.org/10.1002/app.42287.

[145] C. Fang, L. Nie, S. Liu, R. Yu, N. An, S. Li, Characterization of polypropylene-polyethylene blends made of waste materials with compatibilizer and
nano-filler, Compos. Part B: Eng. 55 (2013) 498-505, http://dx.doi.org/10.1016/j.compositesb.2013.06.046.

[146] P.K. Mural, S. Mohanty, S.K. Nayak, S. Anbudayanidhi, Polypropylene/high impact polystyrene blend nanocomposites obtained from E-waste:
evaluation of mechanical, thermal and morphological properties, Int. J. Plast. Technol. 15 (1) (2011) 46-60, http://dx.doi.org/10.1007/s12588-011-
9005-1.

[147] N. Mnif, V. Massardier, T. Kallel, B. Elleuch, Study of the modification of the properties of (PP/EPR) blends with a view to preserving natural resources
when elaborating new formulation and recycling polymers, Polym. Compos. 30 (6) (2009) 805-811, http://dx.doi.org/10.1002/pc.20623.

[148] N. Mnif, V. Massardier, T. Kallel, B. Elleuch, New (PP/EPR)/nano-CaCO; based formulations in the perspective of polymer recycling. Effect of
nanoparticles properties and compatibilizers, Polym. Adv. Technol. 21 (12) (2010) 896-903, http://dx.doi.org/10.1002/pat.1520.

[149] Y. Kazemi, A. Ramezani Kakroodi, D. Rodrigue, Compatibilization efficiency in post-consumer recycled polyethylene/polypropylene blends: effect of
contamination, Polym. Eng. Sci. (2015), http://dx.doi.org/10.1002/pen.24125.

[150] N.F. Magalhdes, K. Dahmouche, G.K. Lopes, C.T. Andrade, Using an organically-modified montmorillonite to compatibilize a biodegradable blend,
Appl. Clay Sci. 72 (2013) 1-8, http://dx.doi.org/10.1016/j.clay.2012.12.008.

[151] W.H. Ferreira, M.M. Carmo, A.L.N. Silva, C.T. Andrade, Effect of structure and viscosity of the components on some properties of starch-rich hybrid
blends, Carbohydr. Polym. 117 (2015) 988-995, http://dx.doi.org/10.1016/j.carbpol.2014.10.018.

[152] W.H. Ferreira, R.R. Khalili, M.J. Figueira, C.T. Andrade, Effect of organoclay on blends of individually plasticized thermoplastic starch and
polypropylene, Ind. Crops Prod. 52 (2014) 38-45, http://dx.doi.org/10.1016/j.indcrop.2013.10.016.


http://dx.doi.org/10.3139/217.2912
http://dx.doi.org/10.1021/la0356093
http://dx.doi.org/10.1021/la0356093
http://dx.doi.org/10.1002/pen.11566
http://dx.doi.org/10.1122/1.4739067
http://dx.doi.org/10.1021/bm900008d
http://dx.doi.org/10.1021/bm900008d
http://dx.doi.org/10.1016/j.biomaterials.2004.01.065
http://dx.doi.org/10.1039/C4RA09138H
http://dx.doi.org/10.1039/C5RA13637G
http://dx.doi.org/10.1016/j.polymer.2014.04.016
http://dx.doi.org/10.1016/j.polymer.2011.01.019
http://dx.doi.org/10.1016/j.polymer.2010.05.025
http://dx.doi.org/10.1002/pen.23530
http://dx.doi.org/10.1016/j.polymer.2006.12.022
http://dx.doi.org/10.1016/j.polymer.2009.04.067
http://dx.doi.org/10.1002/app.30185
http://dx.doi.org/10.1016/j.compscitech.2013.07.009
http://dx.doi.org/10.1016/j.compscitech.2013.07.009
http://dx.doi.org/10.1016/j.cej.2015.09.066
http://dx.doi.org/10.1016/j.cej.2015.09.066
http://dx.doi.org/10.1002/pat.1588
http://dx.doi.org/10.1021/ma301903n
http://dx.doi.org/10.1088/1758-5082/2/3/035006
http://dx.doi.org/10.1002/pen.24025
http://dx.doi.org/10.1002/pen.24025
http://dx.doi.org/10.1039/C4TA03997A
http://dx.doi.org/10.1039/C4TA03997A
http://dx.doi.org/10.1039/C5RA01656H
http://dx.doi.org/10.1039/C5RA01656H
http://dx.doi.org/10.1002/pen.20986
http://dx.doi.org/10.1002/app.31968
http://dx.doi.org/10.4028/www.scientific.net/AMR.150-151.857
http://dx.doi.org/10.1063/1.4876866
http://dx.doi.org/10.1002/app.42287
http://dx.doi.org/10.1016/j.compositesb.2013.06.046
http://dx.doi.org/10.1007/s12588-011-9005-1
http://dx.doi.org/10.1007/s12588-011-9005-1
http://dx.doi.org/10.1002/pc.20623
http://dx.doi.org/10.1002/pat.1520
http://dx.doi.org/10.1002/pen.24125
http://dx.doi.org/10.1016/j.clay.2012.12.008
http://dx.doi.org/10.1016/j.carbpol.2014.10.018
http://dx.doi.org/10.1016/j.indcrop.2013.10.016

218 M. Salzano de Luna, G. Filippone / European Polymer Journal 79 (2016) 198-218

[153] M. Mondragén, E.M. Hernandez, ]J.L. Rivera-Armenta, F.J. Rodriguez-Gonzalez, Injection molded thermoplastic starch/natural rubber/clay
nanocomposites: morphology and mechanical properties, Carbohydr. Polym. 77 (2009) 80-86, http://dx.doi.org/10.1016/j.carbpol.2008.12.008.

[154] D.M. Nguyen, T.T. Vu, A.C. Grillet, H.H. Thuc, C.H. Thuc, Effect of organoclay on morphology and properties of linear low density polyethylene and
Vietnamese cassava starch biobased blend, Carbohydr. Polym. 136 (2016) 163-170, http://dx.doi.org/10.1016/j.carbpol.2015.09.020.

[155] R. Wang, S. Wang, Y. Zhang, Morphology, mechanical properties, and thermal stability of poly(i-lactic acid)/poly(butylene succinate-co-adipate)/
silicon dioxide composites, ]J. Appl. Polym. Sci. 113 (6) (2009) 3630-3637, http://dx.doi.org/10.1002/app.30353.

[156] W.H. Hoidy, E.A.J. Al-Mulla, KW. Al-Janabi, Mechanical and thermal properties of PLLA/PCL modified clay nanocomposites, ]J. Polym. Environ. 18 (4)
(2010) 608-616, http://dx.doi.org/10.1007/s10924-010-0240-x.

[157] S.C. Agwuncha, S.S. Ray, ]. Jayaramudu, C. Khoathane, R. Sadiku, Influence of boehmite nanoparticle loading on the mechanical, thermal, and
rheological properties of biodegradable polylactide/poly(€-caprolactone) blends, Macromol. Mater. Eng. 300 (1) (2015) 31-47, http://dx.doi.org/
10.1002/mame.201400212.

[158] A.Nuzzo, S. Coiai, S.C. Carroccio, N.T. Dintcheva, C. Gambarotti, G. Filippone, Heat-resistant fully bio-based nanocomposite blends based on poly(lactic
acid), Macromol. Mater. Eng. 299 (1) (2014) 31-40, http://dx.doi.org/10.1002/mame.201300051.

[159] D. Vrsaljko, D. Macut, V. Kovacevi¢, Potential role of nanofillers as compatibilizers in immiscible PLA/LDPE Blends, J. Appl. Polym. Sci. 132 (6) (2015),
http://dx.doi.org/10.1002/app.41414.

[160] F. Yu, H.X. Huang, Simultaneously toughening and reinforcing poly(lactic acid)/thermoplastic polyurethane blend via enhancing interfacial adhesion
by hydrophobic silica nanoparticles, Polym. Testing 45 (2015) 107-113, http://dx.doi.org/10.1016/j.polymertesting.2015.06.001.

[161] J. Odent, Y. Habibi, ].M. Raquez, P. Dubois, Ultra-tough polylactide-based materials synergistically designed in the presence of rubbery e-
caprolactone-based copolyester and silica nanoparticles, Compos. Sci. Technol. 84 (2013) 86-91, http://dx.doi.org/10.1016/
j.compscitech.2013.05.003.

[162] B.J. Rashmi, K. Prashantha, M.F. Lacrampe, P. Krawczak, Toughening of poly(lactic acid) without sacrificing stiffness and strength by melt-blending
with polyamide 11 and selective localization of halloysite nanotubes, Express Polym. Lett. 9 (8) (2015), http://dx.doi.org/
10.3144/expresspolymlett.2015.67.

[163] V. Qjijo, S. Sinha Ray, R. Sadiku, Effect of nanoclay loading on the thermal and mechanical properties of biodegradable polylactide/poly[(butylene
succinate)-co-adipate] blend composites, ACS Appl. Mater. Interfaces 4 (5) (2012) 2395-2405, http://dx.doi.org/10.1021/am201850m.

[164] G.X. Chen, H.S. Kim, E.S. Kim, ].S. Yoon, Compatibilization-like effect of reactive organoclay on the poly(i-lactide)/poly(butylene succinate) blends,
Polymer 46 (25) (2005) 11829-11836, http://dx.doi.org/10.1016/j.polymer.2005.10.056.

[165] A. Boker, J. He, T. Emrick, T.P. Russell, Self-assembly of nanoparticles at interfaces, Soft Matter 3 (2007) 1231-1248, http://dx.doi.org/10.1039/
B706609K.

[166] G. Filippone, A. Causa, M.S. de Luna, L. Sanguigno, D. Acierno, Assembly of plate-like nanoparticles in immiscible polymer blends-effect of the
presence of a preferred liquid-liquid interface, Soft Matter 10 (18) (2014) 3183-3191, http://dx.doi.org/10.1039/C3SM52995A.

[167] L. Bai, J.W. Fruehwirth, X. Cheng, C.W. Macosko, Dynamics and rheology of nonpolar bijels, Soft Matter 11 (26) (2015) 5282-5293, http://dx.doi.org/
10.1039/C55SM00994D.

Martina Salzano de Luna received her PhD in Materials Engineering in 2015 at the University of Naples Federico II. As PhD
candidate, in 2014 she was visiting student at the Imperial College London. Her doctoral research concerned the dynamic and
structures of nanoparticles in polymer melts. She currently is a postdoctoral fellow at the Institute of Composite and Biomedical
Materials of the National Research Council (Italy). Her current research interests include polymer nanocomposites and blends,
bio-based polymers, and polymer nanocomposite coatings for conservation of cultural heritages.

Giovanni Filippone studied Materials Engineering at University of Naples Federico II, and he received his PhD in 2004 working
on the rheology of elastomeric compounds for tire industry. In 2009 he obtained a permanent role as Assistant Professor, and
since 2015 he is Associate Professor in Polymer Technology at the University of Naples Federico II. His main research interests
concern the rheology, processing technologies, and structure-property relationships in polymer nanocomposites, polymer
blends, and bio-based polymers.



http://dx.doi.org/10.1016/j.carbpol.2008.12.008
http://dx.doi.org/10.1016/j.carbpol.2015.09.020
http://dx.doi.org/10.1002/app.30353
http://dx.doi.org/10.1007/s10924-010-0240-x
http://dx.doi.org/10.1002/mame.201400212
http://dx.doi.org/10.1002/mame.201400212
http://dx.doi.org/10.1002/mame.201300051
http://dx.doi.org/10.1002/app.41414
http://dx.doi.org/10.1016/j.polymertesting.2015.06.001
http://dx.doi.org/10.1016/j.compscitech.2013.05.003
http://dx.doi.org/10.1016/j.compscitech.2013.05.003
http://dx.doi.org/10.3144/expresspolymlett.2015.67
http://dx.doi.org/10.3144/expresspolymlett.2015.67
http://dx.doi.org/10.1021/am201850m
http://dx.doi.org/10.1016/j.polymer.2005.10.056
http://dx.doi.org/10.1039/B706609K
http://dx.doi.org/10.1039/B706609K
http://dx.doi.org/10.1039/C3SM52995A
http://dx.doi.org/10.1039/C5SM00994D
http://dx.doi.org/10.1039/C5SM00994D

	Effects of nanoparticles on the morphology of immiscible polymer blends – Challenges and opportunities
	1 Introduction
	2 Nanoparticle-induced effects on the morphology of immiscible polymer blends
	2.1 Controlling the size of the phases
	2.1.1 Morphology refinement
	Nanoparticles in the bulk phases
	Nanoparticles at the polymer-polymer interface
	2.1.1.1 Refinement of co-continuous microstructures

	2.1.2 Morphology coarsening
	Nanoparticles in the bulk phases
	Nanoparticles at the polymer-polymer interface
	2.1.2.1 Coarsening of co-continuous microstructures


	2.2 Manipulating the shape of the phases
	Nanoparticles in the bulk phases
	Nanoparticles at the polymer-polymer interface

	2.3 Alteration of the co-continuity interval
	2.4 Morphology stabilization over time
	2.4.1 Stabilization during flow
	2.4.2 Stabilization in quiescent conditions


	3 Properties and applications
	3.1 Optimizing the mechanical and electrical properties
	3.2 Tuning the blend microstructure for templating purposes
	3.3 Valorizing low-environmental impact plastics
	3.3.1 Recycled petroleum-derived plastics
	3.3.2 Bio-plastics


	4 Final remarks
	Acknowledgments
	References


