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a b s t r a c t

Hybrid ternary blends comprising two polymers and one mineral (nano)filler are increas-ingly studied because they are starting to be 
widely used to respond to industrial issues. The objective of this review is to gather information on these particular systems. Concern-
ing first thermodynamic effects of fillers on the phase separation of an immiscible polymer blend, Flory–Huggins theory demonstrate 
stabilization. This theory was particularly taken up and developed for the case of two polymers and one filler by Lipatov and Nesterov 
in the 90s. More recently, Ginzburg generalized this theory to the case of unfavorable enthalpic interactions between a particle and 
the two polymers. They showed that the amount of particles had to attain a certain threshold to stabilize the system and the lower the 
particle radius, the higher the stable zone area. Generally speaking, all the phenomena regarding the morphology of polymer blends 
are governed by thermodynamics and/or kinetic effects, as well as the localization of nanoparticles. The main discussed 
thermodynamically con-trolling parameter of the localization is the wetting parameter ωAB. However, because of the viscosity of the 
system, the equilibrium dictated by ωAB may never be reached. Hence, concerning the kinetic effects, the final localization of fillers in a 
polymer pair is guided by the sequence of mixing of the components, the viscosity ratio, the composition, the temper-ature, the shear 
rate and the time of mixing. When the particles are placed at the interface between two polymers, coalescence can be suppressed or/
and interfacial tension can be reduced. In that case, particles are known to play the role of a compatibilizer. In a ternary system, (i) the 
shape of the particle (spheres, rods or “onions-shape”), (ii) the particle radius (Rp) versus the radius of gyration of the polymers (Rg) 
and (iii) the surface chemistry of the particles affect the final localization of the particles (thus, the compatibilizing effect) and the 
final properties of the material, such as mechanical, conductive, magnetic and ther-mal properties. This review details recent works 
for which those four above mentioned properties are improved by incorporating different kind of fillers in polymer blends.
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. Introduction

The incompatibility between polymers in polymer
lends has led the researchers and the industry to develop
trategies to improve the adhesion between the phases. The
rst patent mentioning the improvement of compatibil-

ty between two polymers dates from the 50s. Ten years
fter, the scientific community started to take an interest
n improving the compatibility of targeted systems of two
olymers (PVC/polyolefin and PVC/elastomer from Mon-
anto Chemical [1,2], PVC/polybutadiene [3], PVDF/PMMA
4], PS/PVME [5] and PE/PP). The first reviews on the inter-
ace and compatibility in polymer blends dated from the
5s with the works of Yu [6], Gaylord [7], Lipatov [8] and
aul [9,10].

Nowadays there are many books, articles and reviews
ealing with the compatibilization of polymer blends. The
ey routes are (i) addition of tailored block or graft copoly-
er, (ii) addition of reactive polymers [11], (iii) addition

f multi-functionnal copolymer as impact modifier, (iv)
ddition of co-solvent [12], (v) by ionic interaction [12],
nd (vi) by �-irradiation or electron beam (combined with
r without a co-agent) [13]. However, most recently, a
ew approach has attracted interest: compatibilization by
ddition of targeted fillers. The adsorption of polymeric
omponents on the solid surface was shown to change the
hermodynamic state of the blends [14]. In the past ten
ears, the number of publications on fillers as compatibiliz-
rs for polymer blends raised dramatically. Most of them
ointed out the necessary conditions on fillers to be effi-
ient as compatibilizers. One necessary but not sufficient
ondition is their size: the particle radius (Rp) must be of
he same order of magnitude as the gyration radius (Rg) of
he polymer. Indeed, the stabilizing energy gain is particu-
arly efficient when the inorganic phase has a larger surface

rea per unit weight. Nanoparticles (NPs) have been used
s modifiers to polymeric materials for many years, espe-
ially to improve elastic, barrier, thermal and fire properties
15–18]. Achieving a good NPs dispersion or exfoliation (for
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1557

clays) in the polymer matrix was shown to be a key factor to
obtain convenient ultimate performances. Nowadays, the
issues of the NPs dispersion as well as the properties of the
resulting composite are fairly well understood.

Very recently, an interesting book chapter [19]
describes recent developments on theoretical and model-
ing approaches to predict the equilibrium phase behavior
and morphologies of polymer/NPs systems. Especially,
interesting aspects on the theory of thermodynamics of
polymer grafted NPs in polymer matrix and NPs in polymer
blends were investigated.

However, there is a lack of clear information on the
influence of important factors, such as for instance: the
nature of the NPs, the parameter of process on the effect of
the NPs (structuring, compatibilizing) in polymer blends.
Hence, to overcome this lack of information the objec-
tive of the present article is to collect information to see
if the localization and the compatibilization role of NPs
can be predicted by investigating different aspects (ther-
modynamic, wettability, dynamic processes and nature of
the NPs) of ternary systems. For the rest of the article,
“ternary systems” will consist in two polymers in blends
with one filler. Moreover, it is necessary to define what
is meant by “compatibilization by nanoparticles”. A def-
inition was supplied by Utracki in 2002: NPs can act as
compatibilizers if they ensure a strong interfacial adhe-
sion between two incompatible polymers [20]. Section 2
deals with the thermodynamic theory on phase separation
for ternary systems. The works summarize in this section
is derived from Lipatov’s and more recently Ginzburg’s
research teams. These works based on Flory–Huggins the-
ory permitted to predict the influence of the addition
of fillers on the phase diagram of binary blends. Section
3 points out the role of wettability in the prediction of
particle localization, whereas Section 4 deals with the influ-

ence of the dynamic parameters (during the process) on
the morphological predictions (where will be located the
particle when considering the processing conditions?). In
Section 5, the compatibilizing effect of fillers in polymer



Nomenclature

ABS acrylonitrile butadiene styrene
a-PA amorphous polyamide
APP ammonium polyphosphate
ATH aluminum trihydroxide
CB carbon black
CTBN carboxyl-terminated (butadiene-co-

acrylonitrile)
dPMMA deuterated poly(methyl methacrylate)
EAA ethylene-co-acrylic acid copolymer
EBuAMA ethylene-butyl acrylate-maleic anhydride
EGMA ethylene-co-glycidyl methacrylate copoly-

mer
EMA ethylene methacrylate copolymer
EMG terpolymer a compatibilizer based on ethy-

lene/methyl acrylate
EnBACO-MAH ethylene-n butyl acrylate-carbon

monoxide-maleic anhydride
ENR epoxidized natural rubber
EOR ethylene-1-octene copolymer elastomer
EPDM ethylene–propylene–diene terpolymer
EPR poly(ethylene-ran-propylene)
EVA ethylene vinyl acetate copolymer
FMWCNTs functionalized multi-walled carbon

nanotubes
FPS terminal maleic anhydride functionalized

PS
FR fire retardant
HDAA HDPE-g-acrylic acid
HDPE high density polyethylene
HNBR hydrogenated acrylonitrile butadiene rub-

ber
HRR heat release rate
LCST lower critical solubility transition
LDH layered double hydroxide
LDPE low density polyethylene
LLDPE linear low density polyethylene
MA maleic anhydride
MH magnesium oxide
MMT montmorillonite
N6 Nylon6
NPs nanoparticles
NR natural rubber
O-MMT organo-modified montmorillonite
PA12 polyamide12
PB polybutadiene
PBO 2,2′-(1,3-phenylene)-bis(2-oxazoline)
PBT poly(butylene terephthalate)
PC polycarbonate
PDMS poly(dimethylsiloxane)
PE polyethylene
PEG polyethylene glycol
PEMA poly(ethyl methacrylate)
PEO poly(ethylene oxide)
PET poly(ethylene terephtalate)

PIB poly(isobytylene)
PLLA poly(l-lactic acid)
PLS plasticized starch
PMMA poly(methyl methacrylate)
POEs ethylene-�-olefin copolymer-based poly-

olefin elastomers
PP polypropylene
PPB propylene block copolymer
PPE poly(2,6-dimethyl-1,4-phenylene ether)
PPR propylene random copolymer
PS polystyrene
PTPA polytriphenylamine
PTT poly(trimethyl terephthalate)
PVA poly(vinyl acetate)
PVC poly(vinyl chloride)
PVDF poly(vinylidene fluoride)
PVME poly(vinyl methyl ether)
Rg gyration radius
Rp particle radius
SAN poly(styrene-co-acrylonitrile)
SBM polystyrene-block-polybutadiene-block-

poly(methyl methacrylate) triblock
terpolymer

SBS styrene–butadiene–styrene
SEBS poly(styrene-b-ethylene butylene-b-

styrene)
SEM Scanning Electron Microscope
TEM Transmission Electron Microscope
TPS thermoplastic starch (plasticized from glyc-

erol and water)

Organic modifier of commonly used montmorillonite
Cloisite®30B (C30B) methyl, tallow, bis-2-

hydroxyethyl quaternary ammonium
Cloisite®20A (C20A) dimethyl, ditallow quaternary

ammonium
Cloisite®25A(C25A) dimethyl, tallow, 2-ethylhexyl

quaternary ammonium
Cloisite®15A (C15A) dimethyl, ditallow quaternary

ammonium
Cloisite®6A (C6A) dimethyl, ditallow quaternary

ammonium
Cloisite®93A (C93A) methyl ditallow quaternary

ammonium
Nanofil 15A distearyl, dimethyl quaternary ammo-

nium
Nanofil 919 stearyl, benzyl, dimethyl ammonium
Nanofil 2 stearyl, benzyl, dimethyl ammonium
Nanomer® I.44 dimethyl, dialkyl quaternary ammo-

nium
Nanomer® I.44PA dimethyl, dialkyl quaternary

ammonium
Nanomer® I.30TC octadecyl, trimethyl quaternay

ammonium
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Fig. 1. Parameter of thermodynamic interaction � versus the concentra-
tion in polymer B for a binary mixture polymer A + polymer B in dotted
lines (�AB) and for a ternary system polymer A + polymer B + filler surface
S in solid lines (�A+B+S) at various �AB: (a) −0.2, (b) −0.1, (c) −0.05, (d) 0,
lends is highlighted. A large part of this section is devoted
o the effect of the nature of the filler (shape, size and
urface chemistry) on its localization and its compatibi-
izing ability in polymer blends. Finally, the main ultimate
roperties and applications are emphasized (Section 6) and
specially how do structuration and morphology of ternary
ystems determine the macroscopic properties of the final
aterial?

. Fillers in polymer blends: the thermodynamic
heories on phase separation

The effect of fillers on the phase behavior of polymer
airs has been studied until the 90s by Lipatov and Nes-
erov, well before the first investigation on the behavior
thermal, mechanical, rheological) of such materials was
erformed.

.1. Lipatov and Nesterov thermodynamic theory on
hase separation

Lipatov and Nesterov [21] were the first to really uti-
ize the Flory–Huggins thermodynamic theory of mixing to
xplain the phase separation behavior of ternary systems
omprising two immiscible homopolymers A and B and one
nmodified inorganic solid filler S. As for Flory–Huggins
heory for polymer blends, the Gibbs free energy change of
he system including the 3 components was described by
esterov as:

Gmix = RTV(�ABϕAϕB + �ASϕAϕS + �BSϕBϕS)

= RTV�A+B+S =�GAB +�GAS +�GBS (1)

here V is the mixture volume,�ij is the interaction param-
ter between components i and j and ϕi is the volume
raction of component i.

The equation giving the free energy of mixing, postu-
ates that for polymer mixtures, the combinatorial entropy
ontribution may be neglected because of the high molecu-
ar weight of the polymers. Hence, their miscibility is driven
y enthalpic forces.

Nesterov et al. considered a negative change of enthalpy
y adsorption of a polymer onto solid. Hence, if both poly-
er components of the blend are strongly adsorbed onto

he filler surface we may accept that the interaction param-
ters of polymers A and B with the functional groups
n surface S are negative (�AS and �BS < 0). For immisci-
le polymers, �AB > 0 and the introduction of a filler will
ecrease the value of �A+B+S and improve the thermody-
amic stability of the system. The sign of �A+B+S and then
hat of�Gmix is given by:

|�GSA +�GSB| <�GAB ⇒�Gmix > 0
|�GSA +�GSB| >�GAB ⇒�Gmix < 0 and the blend is more
thermodynamically stable

In their article [21], they simulated the variation in

A+B+S when keeping �AS and �BS constant (and nega-

ive) and changing �AB from negative to positive values
Fig. 1). Fig. 1 shows that even for incompatible polymer
airs, the introduction of a filler may lead to improve the
(e) +0.05, (f) 0.1, (g) 0.2, and (h) 0.3.�A+B+S was calculated using�AS = −0.6,
�BS = −0.3, ϕs = 0.1.
[21], Copyright 1999. Reproduced with permission from Elsevier Ltd.

compatibility of the system. They concluded that the filler
can then play the role of a compatibilizer for binary poly-
mer mixture, and increasing filler content would enhance
the compatibilizing effect.

This result was limited by hypothesis postulated implic-
itly, i.e. the ideal system comprises a mineral filler with:

- spherical shape
- radius much higher than polymer radius of gyration Rg

(i.e. Rp � 50 nm)
- no aggregates formation
- an equivalent affinity with either A or B polymer: both

polymeric components of the blend are strongly adsorbed
- no particle–particle interactions

Nesterov et al. based their theory on previous observa-
tions on phase separation diagram from the introduction
of a fumed silica within two polymers: poly(methyl
methacrylate) (PMMA) and poly(vinyl acetate) (PVA)
[22,23]. PMMA and PVA have close chemical nature and
the same adsorption propensity at the surface of the filler.
They observed changes in temperature of the phase separa-
tion and shape of the cloud point curve. But, they observed
either a decrease or an increase of the phase separation
temperature with the filler content at component ratio

30/70 or 20/80 (PVA/PMMA), respectively. To explain these
variations, they postulated a selective adsorption of one of
the components at the filler interface. Hence, the selective
adsorption of one component at the interface changes the



Fig. 2. Curves of cloud points for unfilled (�), filled with 10% (�) and filled

compared to the pure polymer blend [27]. In their expres-
with 5% (�) fumed silica.
[25], Copyright 2002. Reproduced with permission from Elsevier Ltd.

ratio of this component both in the border layer and in the
matrix bulk, and this would change the thermodynamic
compatibility.

Later, a further study on the same system
(PMMA/PVA/fumed silica) [24] confirmed the com-
patibilizing effect of the filler. Indeed, they used the glass
transition temperatures values to calculate the component
ratios of PVA-enriched phase and PMMA-enriched phase
and further calculated (�AB)filled and (�AB)unfilled .They
clearly established that (�AB)filled < (�AB)unfilled and then
proved the compatibilizing effect of the filler.

Finally, to describe a more realistic system, Lipatov and
Nesterov [25] investigated a ternary system in which the
polymers have different chemical natures and therefore
different affinities to the solid surface of a fumed sil-
ica (chlorinated polyethylene and ethylene-vinyl acetate
copolymer). Hence, �AS and �BS are different. Carbonyl
groups of vinyl acetate can form hydrogen bonds with the
silanol of fumed silica whereas other hydrogen bonds can
be formed between chlorinated polyethylene and carbonyl
groups of vinyl acetate. This system presents a lower criti-
cal solubility transition (LCST) and the introduction of the
fumed silica (at 5 and 10%) dramatically changes the tem-
perature of phase separation and the shape of the cloud
point curve (Fig. 2). They noted that the thermodynamic
stability of the filled blend may increase or decrease with
10 or 5% of filler, respectively. According to the authors,
these variations may be ascribed to a border layer formed
at the surface of the filler in which the composition differs
from the initial one (as already mentioned previously in
[23]). Changing the interaction of the macromolecules at
the interface with the filler would change the parameter
of thermodynamic interaction between the two polymers
(�AB) [14]. Hence, for 10% of fumed silica, the thickness of
the layer between two particles is low enough that both
components transit into the state of border layer and both
polymer chains are fully under the influence of the surface

field forces. In that case, the variation of shape and position
of the binodal curve of the phase diagram, when introduc-
ing the filler, is only due to the variation of free energy
of the ternary system and the filler has a compatibiliz-
ing effect. Hence, the phase separation temperature would
increase. For 5% of filler, the ternary system must be divided
into two sections: one for the border layer and the other
for the bulk, both with proper compositions. Considering
the border layer, as the polymers used are very polydis-
persed, a fraction of lower molecular mass polymer chains
are preferentially adsorbed at the surface and the volume
fraction of the blend will be enriched with macromolecules
comprising higher molecular masses. Hence, the phase sep-
aration temperature will decrease. The phase separation
temperature of the bulk was not observed experimentally.

More recently, Nesterov and Lipatov [24,26] proposed a
new expression of the thermodynamic interaction param-
eter between the two polymeric components. In that new
expression (2), they considered independently the contri-
bution of the interaction between polymers A and B near
the surface filler and in the bulk:

(�AB)exp = �AB(1 − fi) + (�AB)ifi (2)

where (�AB)exp is the experimental value of the interac-
tion parameter for the filled mixture, �AB is the interaction
parameter for the matrix, fi represents the volume fraction
of interphase layer and (�AB)i is the interaction parameter
for the interphase layer.

Lipatov not only considered the effect of filler on the
shape of the phase diagram but also on the kinetics of
phase separation [26]. Arising from the consideration of
two main regions in the polymer volume (bulk and sur-
face layer), he explained that in all filled systems the filler
exerted a retarding action on all kinetic processes, leading
to a non-equilibrium state. Indeed, as molecular chains are
adsorbed at the interface, it restricts both their mobility
in the surface layer, and their number of conformational
rearrangements. Hence, if the interactions with the sur-
face are symmetric (�SA =�SB), the phase separation is not
simultaneous in the whole system (slower at the surface
layer than in the bulk) and heterogeneity of structure in
the phase-separated system will be observed. If the inter-
actions are asymmetric, phase separation is initiated by the
filler surface but is retarded.

Lipatov and Nesterov’s theory has limitations because
the assumptions on which it rests are no longer valid if
either the particle radius (Rp) is small, and particularly if
Rp is smaller than the polymer radius of gyration Rg, or if
the particle has a better affinity for one of the two polymers.
This theory was largely taken up by Ginzburg et al.

2.2. Ginzburg thermodynamic theory

In the same way, Ginzburg formulated a more com-
plete theory to predict how nanoparticles can influence
the phase separation behavior of blends. He expressed the
free energy per unit volume of a binary mixture of two
homopolymers A and B with spherical nanoparticles (P) of
radius Rp (coated by A-type ligands) and described how the
addition of particles influenced the location of the spinodal
sion of the free energy of the ternary system, they took
into account polymer, particle and polymer–particle inter-
actions, taking as hypothesis that �AB =�BP and �AP = 0. By



Fig. 3. Schematic summary of the work simulation performed by Ginzburg in [27]. In the top left box, hypothesis of the model are recalled; in the top right
box, a scheme draws the evolution of the spinodal curve in phase diagram to account for the evolution of the miscibility; the three bottom boxes show the
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volution of the spinodal curve when input parameters of the model are
n the miscibility of the system.

lotting spinodal curves for various systems (�N versus �),
hey evidenced that very small particles (Rp < Rg) act as
ompatibilizers, whereas with larger particles, the spin-
dal is determined by the polymer–nanoparticle phase
eparation. Their different simulations of calculations are
chematically summarized in Fig. 3. They explained that
f Rp is similar to Rg (typically 15 nm), the particles begin
o influence the configurational entropy of the chains. As
article radius is increased, the role of entropic surface ten-
ion become stronger finally when Rp is much higher than
g, the particle-rich phase would segregate from the poly-
er at very low particle concentrations regardless of the

olymer composition. Hence, for very large Rp, the main
ode for the phase separation would be the segregation

etween particle-rich and polymer-rich regions, typical for
olloid–polymer mixtures.

For example, Ginzburg calculated that for a binary
lend with a critical temperature of 400 K, the addition
f 10 vol% of nanoparticles can reduce this critical tem-
erature up to 40 K if Rp = 15 nm (considering ro(monomer
adius) = 0.5 nm and N(polymer degree of polymeriza-

ion) = 1000). Moreover, Ginzburg predictions were in good
greement with Lipatov experimental results concerning
PVA/PMMA blends filled with fumed silica [23] that are

xposed in Section 2.1. Particularly with the experimental
d. In gray we highlight the modification that generates an improvement

results showing that at low PMMA content, the parti-
cles would decrease the phase separation temperature
and hence decrease the compatibility, whereas at high
PMMA content, they can compatibilize the two polymers
by increasing the phase separation temperature.

In a more recent article, He et al. [28] conducted the
same works on theoretical predictions, but considering a
most general case where all three enthalpic interaction
parameters (�AB, �AP and �BP) are independent variables.
However, they choose to depict the particular case where
particles could have an enthalpic unfavorable interaction
with the respective A and B homopolymers (�AP and
�BP ≥ 0). Hence, they were able to establish the influence of
the chemical nature of the particle on the stability region
in the particle–polymer interaction space of the system by
plotting the curves which function is given in Eq. (3):

�AP − �BP

2
= f (��AP + (1 − �)�BP), (3)

where the ordinate represents a measure of the relative
affinity between the particles and the different homopoly-

mers (y < 0, the particles prefer the A phase, whereas, y > 0,
the particles prefer phase B). The abscissa represents a mea-
sure of the average enthalpic field acting on the particles,
due to the homopolymers. All the predictions concerning



Fig. 4. Size (area) of the stable region in the first quadrant (�AP,�BP) plane as a function of �AB (a),  (b), � (c) and Rp/ro (d). For (a): Rp/ro = 10,  = 0.18,
N = 100 and the blue and red curves correspond to� = 0.5 and 0.35, respectively. For (b): Rp/ro = 10, N = 100,� = 0.5 and blue, red and green curves correspond
to �AB = 0.01, 0.02 and 0.0205, respectively. For (c): Rp/ro = 10,  = 0.18, N = 100, and blue, red and green curves correspond to �AB = 0.01, 0.0244 and 0.025,
respectively. For (d):�AB = 0.02, = 0.18, N = 100 and blue and green curves correspond to� = 0.5 and 0.35, respectively. (For interpretation of the references

the artic
ons.
to color in this figure legend, the reader is referred to the web version of
[28], Copyright 2006. Reproduced with permission from John Wiley and S

the increase or decrease of the stability region of the sys-
tem, when varying successively �AB (enthalpic interaction
parameter),  (volume fraction of nanoparticle), � (blend
composition), Rp (particle radius) and N (chain length) are
exposed in Fig. 4. Concerning the influence of the amount
of nanoparticles,  must be above a minimum amount to
stabilize the system. Concerning the blend composition,
there is a difficulty of creating stable systems with sym-
metric mixtures of homopolymers (� = 0.5). Concerning the
size of the particles, decreasing Rp helps in broadening the
stability region for a given set of �AB parameters.

Here again, and even if Ginzburg’s model presented
above is a very general one, it has some limitations and
particularly concerning the coating of the nanoparticles.

The model presented above does not take into account the
chain-like characteristics of a polymer coating. Hence, if the
grafted chains are relatively short, the model is correct but
if they are relatively long, configurational entropy of these
le.)

chains must be taken into account in the total free energy
expression of the system.

2.3. Phase separation in PMMA/SAN and PS/PVME blends
filled with NPs

The phase separation from an homogeneous to an het-
erogeneous system was particularly studied in the case
of two partially immiscible polymer blends characterized
by a LCST: poly(methyl methacrylate)/poly(styrene-co-
acrylonitrile) (PMMA/SAN) and polystyrene/poly(vinyl
methyl ether) (PS/PVME) blends filled with spherical (sil-
ica) and non spherical (clay) nanoparticles. In most cases,
the phase transition temperatures were compared using

rheological methods, optical microscopy and thermody-
namic theories.

Huang et al. [29] filled poly(methyl methacrylate)/poly
(styrene-co-acrylonitrile) (70/30) blends with silica and



Fig. 5. Determination of the phase separation temperature by rheological
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31], Copyright 2010. Reproduced with permission from Springer.

howed by dynamic shear rheology that the phase sepa-
ation temperature was increased and the thermodynamic
nteraction parameter decreased when introducing silica.
he selective absorption of PMMA on the surface of SiO2
esults in the difference between the composition of sur-
ace layer and that of polymer matrix, especially for 30/70
MMA/SAN filled with 5 wt% SiO2 [30]. Hence, the effect of
iO2 on the phase separation behavior of PMMA/SAN blend
bviously depends on the composition of the blend matrix.
ore recently, Shumsky et al. [31] investigated the vis-

oelastic characteristics of the blends of PMMA/SAN blends
t various temperatures below, near, and above the phase
eparation temperature. The presence of non spherical
anofillers (natural montmorillonite Cloisite®Na+ (ClNa),
ontmorillonite Cloisite®30B (C30B) modified with triple

mmonium salt) in the blend results in the change of the
nteractions between the components at the interphase
hat promote the change of the free mixing energy. As a
esult, the phase separation occurs at a higher temperature
�T = 6 ◦C), as shown in Fig. 5. At the isothermal condi-
ions, the phase separation begins earlier and proceeds
ith a higher rate as compared with the same blend with-

ut filler. This result was lately confirmed by Gao et al. [32]
sing spherical fillers. These authors studied the determi-
ation of the phase separation temperature of PMMA/SAN
lends with or without the silica nanoparticles. They found
hat the incorporation of silica nanoparticles significantly
hift the PMMA/SAN blend’s phase diagram, increasing the
hase separation temperature especially for blends with
MMA as minor phase. Actually, note that the authors
eveloped a new original method called gel-like method.
his method was successfully introduced to obtain the

inodal temperature of PMMA/SAN blends’ critical com-
onents. Very recently, authors also investigated the phase
eparation of PMMA/SAN blends with controlled distribu-
ion of silica [33]. This is the case of Huang et al. [34]
and Chung et al. [35]. As the silica used was modified by
polystyrene and poly(methyl methacrylate) chains at the
surface, respectively, these articles are detailed in Section
5.3.4.

NPs filled polystyrene (PS)/poly(vinyl methyl ether)
(PVME) blends were studied until the 2000s. Krish-
namoorti’s team [36,37] were the first to investigate the
influence of layered silicates on the phase-separated mor-
phology of near-critical PS/PVME blends.

The influence of hydrophilic SiO2 nanoparticles on the
morphology of polystyrene (PS)/poly(vinyl methyl ether)
(PVME) blends in an unstable region has been investigated
by Gharachorlou and Goharpey [38] for 80/20, 60/40, 40/60
and 20/80 compositions and more recently by Xia et al.
[39] for 10/90 compositions. The addition of hydrophilic
SiO2 nanoparticles leads to an unexpected morphological
transition in near-critical PS/PVME (10/90) blends, from
a typical network structure to a droplet structure. This
behavior was ascribed to the selective affinity of SiO2
nanoparticles for PVME phase.

Finally, the final properties of nanocomposites are
widely determined by the localization of the particles in
one of the two polymer phase or at the interface. This local-
ization is established during the step of mixing and more
generally during the processing. To estimate the localiza-
tion of a particle in an immiscible polymer blend, authors
first tried to calculate the wettability parameter (Section
3). However, this was shown to be largely insufficient to
predict the final morphology because the thermodynam-
ics of wetting determined the localization of particles only
when thermodynamic equilibrium is attained. Hence pro-
cessing conditions and kinetics effects must be emphasized
(Section 4).

3. The role of wetting parameters on particle
localization

The localization of nanoparticles in polymer blends was
predicted by estimating the interactions between all three
components (two polymers and one filler). The balance of
interaction energies can be predicted by calculating the
wetting parameter ωAB presented in Fig. 6, where � rep-
resents the contact angle, and �S–B, �S–A and �AB represent
the interfacial tension between the particle and polymer B,
the particle and polymer A and the two polymers A and B,
respectively.

As described by Sumita et al. [40] and afterwards by
Fenouillot et al. [41], if ωAB > 1, the particles are present
only in polymer A; ifωAB < −1, the particles are present only
in polymer B and if −1 <ωAB < 1, the particles are situated
at the interface between the two polymers. The interfa-
cial tensions between polymers are relatively easy to get
by using different equations: Wu [42,43], Owens–Wendt
[44], and Girifalco–Good [45,46]. Those equations (not pre-
sented here) are based on the measurement of surface
tension of each component that could also be deter-
mined by different techniques [47]. Those techniques were

summarized by Bousmina et al. [48]. They determined
interfacial tension for a PS/PA6 blend using the break-
ing thread method (BTM), the imbedded fiber retraction
method (IFRM), the retraction of deformed drop method



, polym
Fig. 6. Schematic representation of the interface between polymer A

(DDPM), the pendant drop method (PDM) and a rheolog-
ical method based on linear viscoelastic measurements
(RM). A 20% difference between the values of interfacial
tension was obtained, that is acceptable. Moreover, even
if each method has its advantages and limitations, the
experimental error increased in the following order: equi-
librium method < dynamic method < rheological method.
However, things get more complicated when determin-
ing the surface tension of filler and the interfacial tension
between polymer and filler. Contact angle between liq-
uids or molten polymers subsequently cooled on different
carbon fibers (graphite fibers, nanofibrils and multi-
walled carbon nanotubes) can be measured by electron
microscopy [49] or by coupling AFM tip and Wilhelmy bal-
ance [50]. However, as mentioned by Fenouillot et al. [41],
it is difficult to obtain reliable values of interfacial ten-
sions between polymer and filler because measurements
are disturbed by the filler surface structure. Kamal et al.
[47] studied the surface roughness of clay tablets because
surface roughness has a considerable influence on the mea-
surement of contact angles of liquid drop when it is larger
than 0.5 �m [51]. Whereas it was shown that contact angles
are independent of surface roughness when average rough-
ness is lower than 0.15–0.1 �m [52,53].

Moreover, almost all interfacial tensions between poly-
mer and filler are measured at room temperature and in
the solid state while the establishing of the morphology
due to interfacial tension is performed in the molten state.
There are few articles measuring the interfacial tension at
the processing temperature. For instance, Elias et al. [54]
present a corrected value of the interfacial tension between
PP, PS and both hydrophilic and hydrophobic silica at 200 ◦C
using Guggenheim’s equation. Indeed, in the case where
the liquids are organic solvent, it is possible to theoretically
calculate the surface tension at any temperature using Eqs.
(4) and (5) [55–57]:

−d�
dT

= 11
9
�0

Tc

(
1 − T

Tc

)2/9
(4)

� = �0

(
1 − T

Tc

)11/9
(5)

where �0 is the surface tension at 0 K, Tc is the critical
temperature and T is the temperature of the polymer.

Dharaiya and Jana [58] proved that the surface free
energy and surface polarity of organically modified

montmorillonite clay change when exposed to elevated
temperatures. For example, the surface polarity (�p/�)
decreased from 0.36 for the as received organoclay
to 0.070 after 7 min at 220 ◦C followed by 17 min at
er B and solid filler and equation giving the wetting parameter ωAB.

250 ◦C. The surface polarity of the organoclay is there-
fore closer – at high temperature – to the polarity of
PP (0) than to the polarity of PA6 (0.373). Hence, expo-
sure to heat at the mixing temperature increased the
value of interfacial tension between clay and PA6, while
that between clay and PP decreased substantially, ren-
dering the dispersion of clay platelets in the PP phase
possible.

Kamal et al. [47] evaluated the surface tension of organ-
oclays and the interfacial tension between organoclays and
PS or PE. They took into account the thermal stability of
resins and organoclays, the calculation of surface tension
of resins in the melt state, the study of surface roughness
of organoclays and the measurement of contact angles at
high temperatures of sessile drops of the polymer melts on
the organoclay surface. It must be noticed that organically
modified nanofillers, and especially those with interca-
lated molecules such as organoclays are more sensitive to a
temperature increase than covalently modified or pristine
nanofillers.

Nevertheless, in many articles, the prediction of local-
ization of the filler by the interfacial tension measurement
coincides with real morphology observed by microscope
[59].

Table 1 lists the surface energies of common polymers
and fillers of some blends. A large dispersion in surface
energy values can be noted, especially for fillers. This is
mainly due to the different surface chemistries. For same
filler, surface chemistry can be varied by adopting different
chemical treatment.

Hence, to realize the selective distribution of filler in
a polymer blend, interfacial tension can be varied by
applying an appropriate surface modification. For exam-
ple, Chen et al. [72] modified pristine CNTs (leading to
FMWCNTs) to achieve a selective distribution of the nano-
tubes at the interface of a polymer blends. They were
acidified by strong acid and grafted by maleic anhydride
for PLLA/EVA blends [73], whereas they were only acid-
ified for HDPE/PA6 blends [72]. Du et al. [68] varied the
localization of MWCNTs in a SAN/PPE blend by function-
alizing the nanotubes with random copolymers of methyl
methacrylate and styrene (P(MMA-co-S)). The P(MMA-co-
S) copolymers were grafted onto MWCNT via atom transfer
radical polymerization (ATRP).

Finally, it is clear that the estimation of the wettability
of the components of the system is very restrictive to eval-

uate the final morphology because in the molten state, the
thermodynamic equilibrium may be difficult to attain and
hence the processing conditions and kinetics effects must
be taken into account.



Table 1
Surface energies, dispersive and polar components of some common polymers and fillers.

Trade name � �d (mN/m) �p (mN/m) Ref.

Polymers
HDPE Sholex F5012M from Showa Denko 25.9a 25.9 0 [40,57]
LDPE 0020 from Bandar Imam Petrochemical 22.59b 22.59 0 [60]
LDPE 2100TN00W from SABIC 17.9c 17.9 0 [55]

PP Shoaromer MA2010 from Showa Denko 20.2a 19.8 0.4 [40,57]
PP PPH 7060 from Atofina 30.1d 30.1 0 [54]
PP 51S30V from Equistar Chemicals 28.3e 28.3 0 [58]
PP T30S from Lanzhou Petrochemical 30.1d 30.1 0 [61]
PP Moplen HP400H from LyondellBasell 15.7c 15.7 0 [62]

PS GP5250 from Taihua Plastic 40.7d 34.5 6.1 [61]
PS Lacqrene Cristal PS 1960N from Arkema 40.7d 30.5 6.1 [54]

PMMA MF from Mitsubishi Rayon 28.1a 20.2 7.9 [40,57]
PMMA VH001 from Diapolyacrylate 26.62b 19.14 7.48 [60]

PA6 Zytel®7301 NC010 from DuPont Eng. Polym. 41.7e 15.6 26.1 [58]
PA6 Durethan B40F from Bayer 37.7f 27.2 10.6 [63]
PA6/12 (copolyamide 6/12) Grilon CF6S from EMS Grivory 52.0g 34.1 17.9 [64]
PA12 Vestamid L2101F from Evonik Degussa AG 26.4f 23.2 3.2 [63]

EVA28 (28%VA) From Arkema 35.9d 33.4 2.5 [65]
EVA39 (39% VA) From Tosoh Co. Japan 25.9g 23.1 2.8 [66]
EMA (26–30% of methyl acrylate) Lotryl 28MA07 from Arkema 26.9g 25.0 1.9 [64]

PC Makrolon 2858 from Bayer 46.80d

37.2h
45.45
36.12

1.35
1.07

[67]

PBT Tecodur PB 70 NL from Eurotec 49.10d

33.5h
43.53
29.69

5.58
3.8

[67]

PET skyPET BL8050 from SK Eurochem 28.3c 22.0 6.3 [62]
PET SG04 from OCTAL 20.4c 15.9 4.5 [55]
SAN Luran®358N from BASF 29.5h 22.4 7.1 [68]

PPE PX100F from Mitsubishi Eng. Plast. Eur. 28.4h 22.2 6.2 [68]

PLA 2002D from NatureWorks 51.1d

42.1i
34.9
28.8

16.1
13.3

[69]

PLLA From Toyota Motor Co. Japan. 34.8g 17.5 17.3 [66]

TPS Wheat starch and glycerol from ADM and Labmat,
respectively

33.01d 25.4 7.61 [70]

PCL CAPA6500 from Solvay 52.3d

43.1i
42.0
34.8

10.2
8.3

[69,70]

Fillers
Carbon black NC7000 from Nanocyl 55a 51–49 4–6 [40,57]
Carbon black From Denki-kagaku Co. Japan 108.8g 108.1 0.7 [66]
Carbon black Printex XE 2B from Degussa 42b 3–5 37–39 [60]

Silica Aerosil A200 from Degussa 80d 29.4 50.6 [54]
Silica Aerosil R974 from Degussa 81.7d 72.3 9.4 [61]
Silica Aerosil R805 From Degussa 32d 30 2 [54]

Montmorillonite Cloisite®30B from Rockwood additives 48.35d

24.35h
34.6
17.42

14.75
6.92

[67]

Montmorillonite Cloisite®30B from Rockwood additives 35.0d 22.4 12.6 [69,71]
Montmorillonite Cloisite®20A from Rockwood additives 42.08d

18.08h
31.81
13.66

10.27
4.41

[67]

Montmorillonite Cloisite®15A from Rockwood additives 42.54d

18.54h
31.47
13.72

11.06
4.82

[67]

Montmorillonite D2K from Zhejiang
Fenghong Clay

45.2d 33.4 11.8 [69]

CNT NT7000 from Nanocyl 27.8c 17.6 10.2 [55,69]
(Carboxylic)CNT From Chengdu Organic Chemistry Institute 27.8d 17.6 10.2 [50,69]
MWCNT Nanocyl-7000 from Nanocyl 27.8f ,g 17.6 10.2 [63,64]
(Pristine)MWCNT From FutureCarbon GmbH 27.8h 17.6 10.2 [68]
MWCNT From Nanolab (USA) 45.3d 18.4 26.9 [49,69]
(Amine)MWCNT From FutureCarbon GmbH 45.3h 18.4 26.7 [68]
MWCNT NC3101 from Nanocyl 45.3j 18.4 26.9 [70]

a At 190 ◦C.
b At 210 ◦C.
c At 270 ◦C.
d At 25 ◦C.
e Not mentioned.
f At 240 ◦C.
g At 180 ◦C.
h At 260 ◦C.
i At 170 ◦C.
j At 145 ◦C.



4. Influence of dynamic processes on ternary
nanocomposites morphology

4.1. Influence of processing (mixing sequences)

The final localization of a filler in a polymer pair can be
directed by varying the sequence of mixing of the compo-
nents [74]. Generally speaking, it must be pointed out that
the particle diffusivity is controlled by the Brownian forces
(∼kBT, kB is the Boltzmann constant) in the suspending liq-
uid matrix (viscosity 	s), which exerts the Stokes friction
(∼6
	sR) on the particle (radius of the particle R). The diffu-
sion coefficient is expressed as D0 = kBT/6
	sR. Due to the
high viscosity of a molten polymer matrix, the diffusion
coefficient D0 of the filler in viscous media is extremely
low so that the inorganic particles movements are not
Brownian. Consequently the equilibrium dictated by the
wetting parameter may never be reached even after rea-
sonable time of mixing. Actually, for example, Elias et al.
[75] have selected different sequences of addition for a
PP/EVA/hydrophilic silica 80/20/3 system. In a first proce-
dure of compounding, the three components were loaded
simultaneously to the mixing chamber (200 ◦C, 5 min) of a
microcompounder and in the second compounding pro-
cedure, the silica was pre-compounded with PP (200 ◦C,
5 min) and then the PP/silica was blended with the EVA
during a second extrusion step. SEM and TEM micrographs
showed that in the first case (first compounding proce-
dure) the hydrophilic silica was essentially dispersed in the
EVA droplets, whereas in the second case, silica particles
appeared to be located in the EVA phase but close to the
interface.

Other authors studied the final morphology of ternary
systems by verifying the processing conditions, but also
either by considering the conditions of mixing [76] or the
affinity between the filler and the matrix [62,77]. Indeed,
Médéric et al. [76] investigated the effect of processing
procedures on the morphologies of PE/PA12/nanoclay sys-
tems. They showed that in a 80PE/20PA12/1C30B system
(1 wt% of C30B based on the amount of PA12), a sequenced
processing procedure – in which nanoclays were first
melt-mixed with PA12 and PE was further added – gave
lower PA12-nodules diameters (dn = 1.43 �m) than that
obtained with a simultaneous procedure (dn = 2.24 �m).
They explained this growth in the size of PA12 dispersed
phase by the increase of the contact time between PE and
PA12 with simultaneous procedure. A higher contact time
would increase the coalescence phenomenon between the
polymeric phases due to a weak interfacial coverage (dis-
continuous) of the interface by the nanoclay platelets. In
the same article, the authors varied the processing condi-
tions to change the morphology of the final systems. They
showed that increasing the average shear rate (and hence
the mixing energy) during the internal mixing procedure
led to a better exfoliation of the platelets. This tended to
limit the PA12-nodules break-up, leading to larger sizes.
Concerning other process parameters, it is known that

longer mixing time and higher rotation speed resulted in
better dispersion of fillers [78]. On the other hand, Li et al.
[62] prepared PET/PP/TiO2 and PET/PP/PP-g-MA/TiO2 com-
posites with different blending procedures. They studied
the influence of the mixing sequences, the interfacial ten-
sion (�TiO2-PP and �TiO2-PET) and the possible interaction of
maleic anhydride with TiO2 and with PET. In procedure
1, TiO2 was firstly melt mixed with PP, and PET (with or
without PP-g-MA) was further added; in procedure 2, all
components were added simultaneously; in procedure 3,
TiO2 was firstly added to PET, and PP (with or without
PP-g-MA) was further added; and in procedure 4, PET, PP
(with or without PP-g-Ma) were firstly melt mixed and
TiO2 was further added. The calculation of interfacial ten-
sions (at 270 ◦C) between TiO2 and both polymers showed
that �TiO2-PP > �TiO2-PET, predicting then a thermodynami-
cally preferential dispersion of TiO2 in PET dispersed phases
or at the PET/PP interface. This predicted distribution was
obtained for all PET/PP/TiO2 systems (whatever the pro-
cedure), but was only obtained for procedures 3 and 4 for
PET/PP/PP-g-MA/TiO2 systems. For procedures 1 and 2 of
these last systems, TiO2 was dispersed in the PP matrix,
because PP-g-MA macromolecules could be absorbed onto
TiO2 surface by electronic donation and then nanoparticles
were compatible with the PP phase. Finally, for PET/PP/TiO2
systems (that do not contain any maleic anhydride), the
localization of TiO2 is governed by thermodynamic forces,
whereas for PET/PP/PP-g-MA/TiO2 systems (that contain
maleic anhydride), the localization of TiO2 is also governed
by the mixing sequences. The compatibilization role of TiO2
was explained in another article [77], and is reused in Sec-
tion 5.1 of the present article.

Some authors have varied the sequence of mixing of
their polymer pairs with fillers and have seen a strong effect
of the order of addition on the final properties of the sys-
tem [79–86]. For example, Zaikin et al. [87,88] have varied
the sequence of mixing of their polymer pairs with carbon
black (CB) showing different values of electrical conductiv-
ity due to different localization of the CB particles. Gubbels
et al. [89] performed a co-continuous PE/PS 45/55 system
containing carbon black at the interface by using two dif-
ferent melt blending process. In the first process, PE and PS
were mixed and CB was added. The localization of CB at the
interface was then controlled by thermodynamics. In the
second process the CB was first added to the molten poly-
mer with which it has the lowest affinity and afterwards
the other polymer was added to the previous system. In
that last case, the kinetic control of the thermodynamically
driven transfer of the filler from the less preferred phase to
the most preferred one allows one to stop the melt blending
process when most of the CB particles have accumulated at
the interface. This implies that the melt mixing time should
be controlled to maintain the CB at the interface and opti-
mize the conductivity (minimize the resistivity) as shown
in Fig. 7. The kinetics of this transfer depends on the shear
forces involved and the rheology of each polymer phase
under the processing conditions.

More recently, some authors [79,85] studied the effect
of ternary blend morphologies on mechanical proper-
ties. Martins [85] prepared ternary nanocomposites of
PP(+PP-g-acrylic acid)/EVA/organoclay (60/40/5) by differ-

ent blending procedures. He showed different localization
of the platelets, depending on the procedure and on the
organo-modifier of the clay. Different localizations lead to
different mechanical properties. In the case of Cloisite®20A



Fig. 7. Influence of the melt mixing time on the resistivity for 45/55 PE/PS
blends loaded with 1 (�), 3 (	) and 10 (©) wt% of CB. � refers to PS loaded
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89], Copyright 1998. Reproduced with permission from the American
hemical Society.

the organic modifier is non-polar and bears two long
lkyl groups), whatever the mixing procedure, all the clay
latelets are located in the EVA dispersed phase and impact
trength is increased compared to that of neat PP/EVA
lend. Contrarily, in the case of Cloisite®30B (the organic
odifier is polar and bears one long alkyl group), clay

latelets are either located at the interface (procedure M1
nd M2) or in the EVA phase (procedure M3). Consequently,
or this system, the authors showed a disadvantageous
nfluence of the localization of platelets at the interface
n the impact strength (that decreases compared to the
eat blend). More recently, Borah et al. [79] used three
ifferent processing sequences to perform different mor-
hologies for LLDPE/EMA/organoclay (Cloisite®20A and
loisite®30B). They studied the influence of the disper-
ion of clay platelets and their localization in the binary
lend on the molecular motion and mechanical proper-
ies. Unfortunately, to our knowledge, there are only very
ew publications studying not only the influence of pro-
essing procedures and conditions on the morphology of
lled polymer blends systems, but also the influence on
he final performances of the system (mainly mechanical,
re behavior and thermal).

.2. Migration processes and evolution of morphology

As mentioned previously, Gubbels et al. [89] varied the
equence of mixing of PE, PS and CB components to localize
B particles at the interface. The kinetics of the transfer of
he CB particles from the less preferred phase to the other
an be used to allow the migration of the filler that will pass
hrough the interface during the process of mixing creat-
ng a percolation system at low amount of CB. This was

lso performed by Sumita et al. [90] and Levon et al. [91]
n order to investigate a multiple percolation system. Feng
t al. [92] and Liebscher et al. [93] clearly proved that the
heology (viscosity ratio) of the polymers is a key factor
for the determination of the final morphology. The mor-
phologies of the three different systems investigated by
Feng et al. are given in Fig. 8: CB can be dispersed in the
PMMA phases (Fig. 8a) when the viscosity of PMMA is low
(PMMA-1) or at the interface (Fig. 8b) when the viscosity of
PMMA is intermediate (PMMA-2) or in the PP matrix (Fig.
8c) when the PMMA has the highest viscosity (PMMA-3).

Elias et al. [65] also showed the influence of the
molecular weight (and hence of the zero shear viscos-
ity) of two different EVA (EVA2803 and EVA28420) on
the final morphology of 80PP/20EVA/hydrophilic silica and
80PP/20EVA/hydrophobic silica systems. The silica content
of the blends was 3 wt% of the total material. The three
components (PP, EVA and silica nanoparticles) were added
simultaneously in the microcompounder, but the EVA
melted before the PP (Tm(EVA) < Tm(PP)). The hydrophilic
silica has more affinity with EVA, and as it initially placed
in this EVA melted phase, the final morphology (given in
Fig. 9a and b) is the most thermodynamically stable one. In
the case of hydrophobic silica, it has better affinity with the
PP matrix and their migration depended on the molecular
weight of the EVA polymer (Fig. 9c and d). The migration
of silica nanoparticles was easier with low viscosity EVA
polymer (Fig. 9d).

Zhou et al. [94] studied the electrical properties of
a LLDPE/EMA/CB system. The components were melt-
mixed simultaneously and even if CB particles had higher
interaction with EMA than LLDPE, they were selectively dis-
tributed in the non-polar LLDPE phase because of its lower
viscosity compared to that of EMA. The authors concluded
that the interfacial energy of particles/polymer would be
of considerable importance just when the viscosities of the
two polymers are comparable.

Finally, Persson and Bertilsson [95] studied aluminum
borate whiskers dispersed in PE/PIB or PA/SAN poly-
mer blends. The rheological (viscosity) and morphological
(SEM) observations led them to conclude that the effects
of viscosity ratio dominated the particle distribution when
the interfacial tension between the two polymers was not
too high. Otherwise, the thermodynamic interactions were
predominant [96].

Fenouillot et al. [41] were the first to clearly identify and
evaluate the mechanisms involved in the particle move-
ment to or through the interface. They postulated that
during mixing, shear forces are so high that they can shift
the adsorption/desorption equilibrium by extracting the
particles from the interface. Actually, the particle move-
ment and localization are induced by particle migration in
the molten state and under shear rate. Indeed, the trans-
fer of nanoparticles between two phases of co-continuous
immiscible blend is provided firstly by the contact between
NPs and phase interface, and secondly by the transfer from
one phase to the other. The transport toward the inter-
face can be provided by a combination of particle diffusion
and shear induced collisions of the particles with the blend
interface. In the case of matrice/droplet morphology, same
mechanisms are found when filler is initially located in

the matrix phase. Whereas, when fillers are located in the
dispersed phase, the transfer has to be provided by other
mechanisms that Göldel et al. [56] acknowledge not to be
known at that time.
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Fig. 8. Schematic morphology obtained by Feng et al. for a PP/PMMA-i/CB s
phase with: (a) PMMA-1: the lowest viscosity (Mw = 25,000), (b) PMMA-2
(Mw = 350,000). The viscosities of PMMA-1 and PP are comparable.

Göldel et al. [56,97] investigated the kinetics of transfer
of CNT between immiscible co-continuous phases during
melt mixing. They demonstrated that if complete transfer
of MWCNTs from SAN to PC takes 5 min in a discontinuous

microcompounder, it takes only 60–90 s in a continu-
ous twin-screw extruder. The pre-mix of CNTs in one
of the two polymer phases can be a determining factor

Fig. 9. TEM micrographs of PP/EVA/silica blends. All the components were adde
hydrophilic silica. (b) PP/EVA28420 (Mw = 12,000 g/mol)/hydrophilic silica. (c) PP
[65], Copyright 2008. Reproduced with permission from John Wiley and Sons.
here 10 wt% of CB were introduced and where PMMA-i was the dispersed
ermediate viscosity (Mw = 82,720) and (c) PMMA-3: the highest viscosity

for the final dispersion of CNTs in the blend. Moreover,
the final morphology may be insconsistent with the ther-
modynamic predictions. Indeed, the first polymer that is
in contact with the CNTs is thus adsorbed in a partially

irreversible way as described by Baudouin et al. [63,64]
and this adsorption can be responsible for the final blend
morphology.

d simultaneously in the extruder. (a) PP/EVA2803 (Mw = 53,500 g/mol)/
/EVA2803/hydrophobic silica. (d) PP/EVA28420/hydrophobic silica.
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Table 2
Number and volume average diameters of the different formulations con-
taining PET, PP, PP-g-MA (MA) and TiO2 (T).

Materials PET droplets

Number average
diameter (�m)

Volume average
diameter (�m)

PET/PP 5.4 7.2
PET/PP/MA 3.4 5.1
PET/PP/2T 1.4 3.6
PET/PP/4T 1.1 3.0
PET/PP/3MA/2T 2.0 4.3
PET/PP/6MA/2T 3.8 5.5
nism of (a) a diblock copolymer and (b) a clay platelet.
98], Copyright 2007. Reproduced with permission from John Wiley and
ons.

The shape dependance migration and localization of
articles in polymer blends during mixing are described

n Section 5.3.2.

. Compatibilizing effect and interfacial rheology

.1. Emulsification and coalescence in dispersed systems

When a compatibilizer is added to an immiscible poly-
er blend, it plays two major roles: (1) it lowers the

nterfacial tension, thus promoting breakup of droplets
uring processing (emulsification role) and (2) it helps
revent subsequent coalescence of the droplets, thus sta-
ilizing the blend (coalescence suppressor role). Fang [98]
ompared – in a scheme reproduced in Fig. 10 – the role
f diblock copolymer and clay platelet at the interface
etween two immiscible polymers. For a diblock copoly-
er, blocks A and B are compatible with phases A and B,

espectively. In the case of organically modified clay, both

and B polymers have strong interactions with the exfo-

iated clay surface (located at the interface) and the clay
lays the role of a coupling agent. Authors have often men-
ioned this surfactant role for nanoparticles, especially clay
[77], Copyright 2009. Reproduced with permission from John Wiley and
Sons Inc.

platelets. The objective of this paragraph is to explain the
origin and the consequence of this compatibilizing effect.

From a history point of view, Gubbels et al. [89,99] were
the first to observe the compatibilizing effect of nanofillers
in polymer blends. They evaluated the coalescence sup-
pression of a co-continuous 45/55 PE/PS filled with carbon
black by performing static annealing (200 ◦C for a few
hours). Carbon blacks are situated at the interface between
the two polymer phases, in order to minimize the inter-
facial energy of the binary blend. In these systems, the
coalescence and coarsening of both co-continuous immis-
cible phases depended on the weight fraction of CB (0, 1, 2
and 5 wt%). With only 1 wt% of CB, the stabilizing effect is
moderate in contrast to 5 wt% of CB for which the average
size of both PE and PS phase remain constant even after
24 h at 200 ◦C (Fig. 11).

As mentioned previously, Li et al. [77] compared dif-
ferent nanocomposites with PP as the matrix, PET the
dispersed phase and TiO2(T) that could play a compatibi-
lizer role. The PP and polyalcohol treated TiO2 were first
melt mixed in a twin screw extruder. PET was then added
in the presence of 0, 3 or 6 vol% of PP-g-MA (noted MA).
The micrographs obtained by TEM showed that in both
PET/PP/2T and PET/PP/4T systems, the TiO2 nanoparticles
migrated to the interface, and Table 2 shows a reduction in
the PET droplet average diameter, indicating a compatibi-
lizing effect of TiO2.

In the case of PET/PP/3MA/2T, the nanoparticles were
placed at the interface and in the PP (containing 3 vol% of
PP-g-MA) matrix. Fig. 12 explains the two links occurring
in the PP matrix (between MA and TiO2) and PET dis-
persed phase (between PET and TiO2). In the case of the
PET/PP/6MA/2T system, there was enough maleic anhy-
dride in order that all the hydroxyl groups of the treated
TiO2 reacted with the PP-g-MA and all nanoparticles were
located in the PP matrix. Table 2 clearly shows that the
most efficient compatibilizing systems are those where
TiO2 nanoparticles are present and localized at the inter-
face between PP and PET. Indeed, in those PET/PP/2T and
PET/PP/4T nanocomposites, nanoparticles at the interface
prevent the coalescence of the dispersed PET droplets, thus
yielding to a small droplet size.
Khatua [100] studied polyamide 6/poly(ethylene-ran-
propylene)/nanoclay (Cloisite®20A) systems comprising
either 80/20 or 20/80 N6/EPR with various rate of nan-
oclays. He observed that dispersed phase size can decrease



t% CB (le

emical
Fig. 11. Optical micrographs of co-continuous 45/55 PE/PS blends with 1 w
molding times at 200 ◦C are 0, 1, 10, 30, 300 and 1400 min.
[99], Copyright 1995. Reproduced with permission from the American Ch

for both systems depending on the filler content. However,
stabilization of morphologies against annealing permitted
to differentiate the Dn decreasing mainly due to matrix vis-
cosity rise (20/80 N6/EPR) or to a real compatibilizing effect
(80/20 N6/EPR).

Coalescence suppression is one of the two main reasons

for compatibilizing effect (interfacial tension reduction
being the second one) [101]. When two immiscible poly-
mers are blended, there are unfavorable interactions

Fig. 12. Schematic representation of PP/PET/TiO2 ternary s
[77], Copyright 2009. Reproduced with permission from John Wiley and Sons.
ft) and with 5 wt% CB (right). Dark phase is the PE. Successive compression

Society

between molecular segments of the components, leading
to large interfacial tension in the melt with low disper-
sion of both components in each other (giving coalescence).
Hence, the interfacial modification of the system (clas-
sically performed by the addition of a block or grafted
copolymer) would lead to morphological changing that are

related to both a decrease in interfacial tension and/or
a reduction of coalescence [11,102]. Consequently, this
interfacial modification is accompanied by a droplet size

ystem: (a) PET/PP/3MA/2T and (b) PET/PP/6MA/2T.
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ig. 13. Number average diameter as a function of Cloisite®30B weight
elative to the PA content in the blend.
103], Copyright 2009. Reproduced with permission from the Society of R

eduction and a narrowing of the droplet-size distribution
f the dispersed phase. Some authors classically plotted
he emulsification curve (i.e. the dispersed phase average
iameter versus the wt% of nanoparticle) for a polymer
/polymer B/nanoparticle blend system [100,103], as in
ig. 13. The decreasing of the dispersed phase size when
dding nanofiller (organo-modified MMT) is well known
o be a proof of the emulsifying effect [100,104]. In the
ase where dispersed particles are not spherical – such as
or instance for PP and ethylene-octene based elastomer
lled with clay – authors adjusted the calculation of the
ispersed phase diameter [105].

Actually, particle-size reduction in immiscible polymer
lends containing nanoparticles is due to a complex pro-
ess occurring during compounding (mainly extrusion and
njection molding) in which the break-up mechanisms
re opposed to coalescence [106]. Hence, different fac-
ors, especially local flow conditions (shear rate, residence
ime, and temperature) are engaged. Those processing
onditions would modify properties such as viscosity
atio, elastic properties, interfacial tension [43,107]. Hence,
ttention must be paid on the factors leading to mor-
hology changes in nanocomposite polymer blends. These
actors were summarized and discussed by Fenouillot et al.
41] and comprised (i) a reduction of the interfacial energy,
ii) the inhibition of coalescence by the presence of a solid
arrier around the minor droplet phase (iii) the viscosity
atio changing due to the presence of fillers in one of the
wo phases, (iv) the creation of a physical network of par-
icles (when percolation threshold is reached) that inhibits
he drops or matrix motion, and (v) the adsorption interac-
ion of macromolecules at the surface of the solid particles.
uitric et al. [103] performed LDPE/PA12 systems contain-

ng from 1 to 6 wt% of MMT (Cloisite®30B). Morphological

nvestigations and calculation (for example of the ratio
etween platelets situated in the matrix and at the inter-
ace) permitted to explain the origin of the reduction of
he droplet size. When PE is the matrix (80PE/20PA), all
for (�) 80/20 and (�) 20/80 LDPE/PA12 blends. The amount of C30B is

.

the MMT platelets are situated at the interface and the size
reduction results only from coalescence inhibition due to
the solid-like barrier effect of MMT. In the 20PE/80PA sys-
tem, platelets are localized both at the interface and in the
PA matrix. Hence, the size reduction is due to both break-
up mechanism and coalescence barrier effect. Indeed, the
presence of platelets in the PA matrix increases the viscos-
ity leading to break-up of PE nodules; moreover platelets
at the interface inhibit coalescence. In the same manner,
for a PBT/PE blend, Hong et al. [108,109] showed that a size
reduction is obtained by the addition of organoclay having
a specific preference for one of the two phases. Indeed, at
low content, organoclays locate at the interface, suppress-
ing the coalescence. And at higher contents, the rheological
properties are being increased (due to a change in the vis-
cosity ratio) leading also to a droplet size reduction.

Several authors tried to identify the origin of droplet
size reduction by using different techniques. For exam-
ple, Sinha Ray et al. [110] estimated the contribution of
change in viscosity ratio on the droplet size reduction in
a 30PC/70PMMA/Cloisite®20A (3 and 6%). They estimated
the final particle size (Re) by using Taylor equation:

Re = 0.5�
	m�̇

× 16p+ 16
19p+ 16

(6)

where 	m is the viscosity of matrix, p is the viscosity
ratio, �̇ is the shear rate and � is the interfacial tension.
They concluded that the important reduction in particles
size due to C20A addition cannot be explained only by
a change in viscosity ratio. Consequently, other possible
mechanisms have been investigated at low concentration
of filler, typically lower than 1 vol%. Developing Paliernes’s
model to polymer blends filled with nanofillers is another
rheological way to understand the origin of the droplet

size reduction. Palierne’s rheological model was devel-
oped for incompressible spherical viscoelastic inclusions
in an incompressible matrix [111]. The model is applied
in the linear viscoelastic domain in order that the droplet



Fig. 14. Evolution of the R/� ˛ˇ ratio as a function of time for a 70/30
PDMS/PIB blend containing different amounts of silica at 20 ◦C. Silica is
a Aerosil Rhodorsil R972, R is the volume average diameter of the PIB
droplets, �˛ˇ is the apparent interfacial tension of the system.
deformation remains small. The complex shear modulus is
expressed as a function of the interfacial tension, volume
average radius of the particles, the complex shear modu-
lus of matrix and complex shear modulus of the inclusion.
Palierne’s model was adapted to ternary blends includ-
ing immiscible polymers and mineral nanoparticles and
permitted to express the complex shear modulus G*(ω)
through certain assumptions [54,112]. It can be used to
evidence the origin of a droplet size reduction as demon-
strated in 2007 for the first time by Hong et al. [108] and
Elias et al. [54]. Hong et al. showed that for a 10/90 PBT/PE
blend, the interfacial tension was reduced from 5.76 to
0.14 cN m−1 when 1 wt% of organoclay was added. In Elias
et al. works [54], the presence of hydrophilic and hydropho-
bic silica in a 70/30 PP/PS blend can reduce 3.8 and 2.6
times the volume average diameter of the PS dispersed
phase, respectively. By regarding the localization of either
hydrophilic or hydrophobic silica in the PP/PS blend, the
authors were not able to determine if – in their case –
the reduction of the coalescence was due to a dense layer
of solid particles at the interface (forming an interphase
of almost 100 nm) or to the increase of viscosity of the
continuous phase (that would make the drainage of the
thin film separating two droplets more difficult). From the
development of Palierne model to this blend system filled
with 3 wt% of silica, they concluded that the stabilization
mechanism of PP/PS blend by hydrophilic silica is due to
the reduction in the apparent interfacial tension whereas
hydrophobic silica acts as a rigid layer preventing the coa-
lescence of PS droplets.

In another example, Vermant et al. [113] investigated
the effect of hydrophobic nanometer sized silica on the
flow-induced morphology of immiscible polymer blends
(70PDMS/30PIB). Rheological measurements were per-
formed following a particular flow protocol versus time
including pre-shear conditions. The authors described the
effect of particle concentration on the coalescence pro-
cess by plotting the ratio of the volume average droplet
radius over the interfacial tension of this polymeric emul-
sion. Fig. 14 used Palierne’s model to plot the ratio between
droplet average diameter and interfacial tension versus
time and to show that the addition of 1% of nanoparticles
completely slows down the coalescence of the dispersed
droplets.

To conclude, it seems that the displacement of the
nanoparticles in the melted polymer blends and their
localization in the final binary blend influences the com-
patibilization effect especially because it influences the
origin of the droplet size reduction. On the other hand,
the understanding of the mechanisms responsible for the
compatibilization has been improved by the last works of
Vandebril et al. [114], Kong et al. [115], Filippone et al.
[116] and Ville et al. [117]. Actually, Vandebril et al. [114]
clearly shown using a rheological method that coalescence
of the dispersed phase (30% PIB dispersed in PDMS) is
slowed down or even totally suppressed when nanoparti-
cles are present at the interface. Furthermore, the authors

showed that anisotropic particles (ellipsoidal particles with
an aspect ratio in the range of 2.5–4.0) significantly tend
to stabilize blend more efficiently compared to spherical
particles. On the other hand, Filippone et al. [116] found
[113], Copyright 2004. Reproduced with permission from Springer.

that poly(ethylene oxide) (PEO) phase droplet dispersed in
HDPE is drastically reduced when particles (Cloisite®25A)
are adsorbed at the HDPE/PEO interface and consequently
susbstantially affect the interfacial rheology. More recently,
Ville et al. [117] studied the structural and rheological
characterization of PE/PA12 blends (80/20 or 20/80) filled
with an organically modified clay having selective affin-
ity toward PA phase. From XRD experiments combined
with TEM microscopy, the authors evidenced numerous
“interphase defects” such as irregular filler localization and
stacking effect of nanofillers. Finally and from a compatibi-
lization point of view, the droplet size reduction does not
necessarily mean that nanofillers act as classical compati-
bilizers but as interfacial mobility modifiers. However, the
modification of the phase viscosity in presence of filler at
high concentration can be also in some examples at the
origin of the dispersed phase size reduction [115,118].

As discussed previously, and as found in a large num-
ber of articles, compatibilization can be identified by (i) a
decrease in interfacial tension between polymer pairs, (ii)
a suppression of coalescence of dispersed nodules leading
to a decrease of their size and (iii) an enhancement of inter-
facial adhesion between the two polymers. The first point
is described in Section 2 using the thermodynamics the-
ory and in the present section with Palierne’s model. The
second point is also largely described in the present sec-
tion, whereas the last point is hard to describe as there
is a lack of investigation in the literature because inter-
facial adhesion is difficult to evaluate directly. Mainly, an
“indirect” method, such as the evaluation of the mechan-
ical properties is used. However, interfacial adhesion can
be evaluated by measuring the peel adhesion strength
between polymer sheets. This test was performed by
Chen et al. [72] on HDPE/PA6, HDPE-g-MA/PA6 and HDPE-
g-MA + 1 wt%FMWCNTs/PA6. It consists in a tensile test
carried out to separate two samples of polymers bonded

to each other. Conclusions of on interfacial adhesion are
given in Section 6.1.
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.2. Co-continuous morphologies of filled polymer blends

In polymer blends, the concentration range within
hich co-continuity is appearing is influenced by dif-

erent parameters like blend composition, viscosity ratio
nd elastic properties of the polymers, also shear rates
uring mixing and mixing time [119]. Models were devel-
ped to predict the composition at the phase inversion
oint [120–124]. To stabilize co-continuous morphologies

n polymer blends, several types of additives have been
sed, such as block or graft copolymers or more recently,
anoparticles.

Li et al. [125] obtained percolated nanoparticles net-
ork in PVME/PS co-continuous polymer networks, at

elatively small particle volume fractions (1–2 vol% for
anorods, 2–3 vol% for nanospheres). Gubbels et al. [99]

nvestigated the electrical properties of co-continuous
E/PS/CB systems. They measured the continuity fraction
ersus the wt% of PE without and with CB (Fig. 15). They
bserved that the selective localization of 4 wt% of CB in
he PE phase was responsible for the extension of the dual
hase morphology over a remarkably broader composition
ange; and the composition at which PE starts to be con-
inuous dropped from 30 down to 5 wt% when filled with
B.

The same observation was investigated by Steinmann
t al. [126] regarding a PMMA/PS/glass spheres system.
he co-continuity of the polymer blend was obtained for
0PMMA/50PS without glass spheres, whereas in the case
f the filled system (containing 30 vol% of glass spheres)
he system remained co-continuous from 50 to 70 wt% of
MMA. Hence, the addition of fillers increased the stability
f the co-continuous morphology [127]. This was partially
xplained by the slowdown of fibril break-up.

In the same manner, Wu et al. [128] proved that the
ddition of a second PA6 polymer (40 wt%) to an ABS matrix
ermitted to decrease the percolation threshold of a CB net-
ork from 8 to 2 phr. At this amount of CB in the polymer

lend, a co-continuous network of polymers is formed. This
s the double percolation effect [129–131]. And, an increase
n CB loading (�CB) leads to a decrease in PA6 content (�PA6)
eeded to form a co-continuous network. Moreover, the
uthors showed that the product of �CB and �PA6 is equal
o a constant value noted n which is constant for a given
ystem. This relation (�CB*�PA6 = n) can be applied for all
mmiscible polymer blends containing nanoparticles and
an be used for designing and controlling co-continuous
orphologies.
The morphology of PP/EPDM blends at different propor-

ions, especially at the co-continuity of both phases was
tudied by Martin et al. [132]. More particularly, they stud-
ed the influence of both hydrophobic and hydrophilic silica
articles on the co-continuity morphology. It was observed
hat hydrophilic silica particles tend to migrate within the
lastomeric phase and form huge aggregates. On the other
and, hydrophobic particles are dispersed homogeneously
nd can be found both at the interface and within the EPDM

hase. Surprisingly enough, the final co-continuous mor-
hologies have not been altered too much as the presence
f silica do not perturb the overall morphology. How-
ver, it must be pointed out that compared with usual
thermoplastic blends, blends of ethylene–propylene–diene
terpolymer (EPDM) and polypropylene (PP) possess a low
interfacial tension of about 0.3 mN/m [133].

Lee et al. [134] showed that the addition of finely
dispersed modified silica (fumed nanosilica grade Aerosil
R805, surface modified with octylsilane, having a specific
surface of 150 m2/g) in co-continuous blends consisting
of PP and ethylene-�-olefin copolymer-based polyolefin
elastomers (POEs) resulted in a drop in the amount of
continuity and a transformation to a finer morphology,
consisting of elongated POEs domains inside the PP phase.
Actually, this morphology transformation is associated to
the presence of finely dispersed SiO2 particles that are
localized exclusively within the PP matrix. Actually, the vis-
cosity ratio is altered when nano-silica are introduced in
one phase and it is the most important factor influencing
the phase inversion [135].

Zhang et al. [136] studied the role of hydrophilic silica
to control the morphology of co-continuous polystyrene
PS/PLLA blends. The influence of nanoparticle concen-
tration on the co-continuity intervals and rheological
properties of PS/PLLA blends were then examined. Actu-
ally, the incorporation of hydrophilic SiO2 nanoparticles
expanded the co-continuity of PS/PLLA blends and refined
their pore size. The coarsening rate of co-continuous
blends was decreased and the morphological stability of
the blends under thermal annealing was improved. The
increase of the viscosity of PLLA, due to the preferential
location of the silica in the PLLA phase, was responsible
for the phenomenon observed. On the other hand and as
expected, it was observed that the suppression effect of
SiO2 nanoparticles on the coarsening rate of co-continuous
PS/PLLA blends was more significant at lower PLLA content.

Filippone et al. [116] studied the impact of different
types of nanoparticles (hydrophobic silica: Aerosil 150,
hydrophobic silica: Aerosil R202 and clays: Cloisite®25A)
on the morphology of blends of HDPE and PEO at dif-
ferent compositions. Wettability considerations supported
by TEM analyses indicate that, depending on the mutual
interactions among the phases, the filler unevenly dis-
tributes inside the blends, either selectively enriching
the more affine of the polymer phases (hydrophilic sil-
ica A150 is located inside the PEO phase) or gathering at
the polymer/polymer interface (Hydrophobic silica R202
and Cloisite®25A). Regarding co-continuity, they found
that Cloisite®25A nanoparticles may unexpectedly alter
the onset of phase co-continuity as shown in Fig. 16. Actu-
ally, such a phenomenon occurs when the filler locate at
polymer/polymer interface and appreciably slows down
the melt state relaxation dynamics of this interface.

Finally, Xiang et al. [137] investigated the effect of
functionalized multiwall carbon nanotubes (FMWCNTs)
on the phase morphology of immiscible high density
polyethylene/polyamide 6 (HDPE/PA6, 50/50) blends. The
unfilled 50/50 HDPE/PA6 blend exhibits a sea-island mor-
phology, PA6 forming the continuous phase. The authors
clearly observed, from electronic microscopy, that adding

a small amount of FMWCNTs (<2.0 wt%) does not exert
profound influence on the sea-island morphology of the
nanocomposites. However, at moderate content of FMWC-
NTs (2.0 and 5.0 wt%), a typical co-continuous morphology



Fig. 15. Dependence of PE (�) and PS (�) continuity on the PE/PS blend compos
for 10 min, (c) with 4 wt% of CB and (d) with 4 wt% of CB and compression molded
[99], Copyright 1995. Reproduced with permission from the American Chemical

Fig. 16. Degree of phase continuity of the PEO versus PEO weight fraction
in the blend: unfilled (©) and filled samples containing fumed silica A150
(♦), containing hydrophobic silica R202 (	), and containing Cloisite®25A
(�).\
[116], Copyright 2011. Reproduced with permission from John Wiley and
Sons.
ition. (a) Without CB, (b) without CB, but compression molded at 200 ◦C
at 200 ◦C for 10 min.

Society.

is developed. On the other hand, further increasing of
FMWCNTs concentration (10 wt%) induces the phase inver-
sion. The functionalization of MWCNTs with either 30%
of random methyl methacrylate and styrene copolymers
(P(MMA-co-S)) having a M̄n = 29.5 kg/mol or with 80% of
a P(MMA-co-S) having a M̄n = 74.7 kg/mol modifies the
phase inversion region of a PPE/SAN blend [68]. This is
mainly explained by a change in viscosity ratio between
the two components.

5.3. Effect of the nature of the NPs on the
compatibilization

5.3.1. Types of NPs
Several aspects of the NPs govern their localization, and

their compatibilizing role in a polymer blend. In this sec-
tion we are discussing of the influence of the type, the
shape, the size and the surface chemistry of NPs. Molecu-
lar dynamics simulation was extensively used to study the

influence of the shape, volume fraction and size of nanopar-
ticles (anisotropic for platelets and rods and isotropic for
spheres) on viscoelastic properties (such as melt shear vis-
cosity or tensile strength) [138] or phase separation of
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Fig. 17. Contribution to the complex shear modulus versus strain for
inary mixtures [19,139,140]. Allen et al. [141] showed
hat the phase behavior of anisotropic colloidal particles is
ifferent from that of spherical colloidal particles. Laradji
t al. simulated the phase separation of several systems
ontaining immiscible fluids and nanoparticles with dif-
erent shapes (rods [142] and spheres [139,140,143]) but
hich interact preferentially with one of the two fluids.
oncerning the nanorods, they showed that the morphol-
gy of the system depends strongly on the aspect ratio 
nd the volume fraction  of the nanorods. Indeed, full
hase separation occurs if 2  < 3. However, microphase
eparation occurs if 2  > 3.29 [142]. They also showed
hat contrary to nanorods, nanospheres in immiscible flu-
ds do not lead to microphase separation. Laradji and Hore
140] extended this investigation to large-scale dissipative
article dynamics in three dimensions.

As in immiscible block copolymers, in polymer blends,
everal fillers have been used as compatibilizing agent. Dif-
erent natures of fillers can induce different morphologies
nd properties. Added fillers can mainly differentiate by
heir shape, their size and their surface chemistry.

Table 3 lists the different fillers (layered double hydrox-
des (LDH), silica, layered silicate: montmorillonite (MMT),
nd organically modified MMT (noted OMMT), TiO2, CaCO3,
arbon black, and carbon nanotubes found in the literature
s mineral or organic additives in polymer systems.

.3.2. Influence of the shape
Different shapes of fillers were introduced in polymer

lends: spheres, rods and platelets. There are two main
ffects of the shape on the final properties of the sys-
em: (i) the specific surface area of the filler (and hence
ts aspect ratio) and (ii) the matrix/droplet interface satu-
ation. When polymers are adsorbed at the surface of the
norganic filler, a large surface area per unit weight would
ead to a large stabilizing energy gain [155].

Cassagnau et al. [144,156] schematically represent the
omplex shear modulus versus shear deformation for
lastomers filled with different types of fillers (silica,
rgano-clays and carbon nanotubes), at two levels of dis-
ersion (Fig. 17).

They noticed a paradox between spherical nanopar-
icles (fumed silica) and platelets (organo-clay). Indeed,
ncreasing the exfoliation in the case of organo-clays lead
o a decrease in the percolation threshold (identified by
n increase of the shear modulus) and a decrease in the
imit of viscoelastic linearity. This is due to an increase
f the frictional interactions between layers. Whereas,
ncreasing the dispersion in the case of the fumed silica by
unctionalization (surface grafting of end-tethered chains)
eads to the opposite behavior (increase in the percolation
hreshold and in the limit of viscoelastic linearity). These
chematic results on rheological behavior of elastomeric
lled systems based on different fillers’ shape points out
he importance of the shape of the nanoparticles on the

orphology of the system.
Very recently, Göldel et al. [56,97,157] reveal that the
spect ratio of solid fillers plays a major role in the trans-
er dynamics and stability at the blend interface in melt

ixed multiphase polymer blends. They proved that high
spect ratio objects were transferred faster and with more
elastomeric filled with different types of fillers (spheres = SiO2 and
platelets = MMT) at two levels of dispersion.
[156], Copyright 2010. Reproduced with permission from Elsevier Ltd.

efficiency as compared to low aspect ratio fillers. This is due
to the change of blend interface curvature during the trans-
fer process and it explains the fast and complete transfer
of CNTs from a less favorable into a more favorable wetting
blend phase. They called this difference “Slim-Fast Mecha-
nism”. They verified experimentally by comparing PC/SAN
blends filled with either MWCNTs or CB that after 5 min of
melt mixing, CNTs were mainly localized in the PC phase
whereas the amount of CB at the blend interface was not
negligible.

Zhang et al. [158] made films based on 50/50 PS/PMMA
(prepared by solution in toluene) with 5 vol% of three dif-
ferent nanoparticles: Cloisite®6A (that is an organically
modified montmorillonite), tungsten disulfide nanotubes
and tungsten disulfide multi-layered “onion” shaped par-
ticles. They showed that W2S onion shaped nanoparticles
do not affect the phase segregation morphology, whereas
the other two do. Moreover, Cloisite®6A is more efficient
in reducing the PMMA domain size. The authors explained
that since platelets have a high aspect ratio and can deform
and follow the interface, they can cover a large surface
domain whereas nanotubes and spheres cannot. Hence, to
saturate the interface between matrix and droplets of an
immiscible polymer blends, platelets are the best candi-
date. There are numerous articles dealing with immiscible
polymer blends containing platelets fillers (more often, lay-
ered silicates) and Table 4 summarizes the polymers and
layered silicate used in the literature.

To be efficient as compatibilizing agents, layered sili-
cates in polymer blend composites must be well dispersed,
i.e. intercalated or exfoliated. And the most crucial fac-
tor in controlling dispersion (and hence morphology) is
the extent of interaction between the modified platelets
and the polymer matrix [59] (see Section 5.3.4). More-

over, the well dispersed nanoclays resulted in improved
thermal, mechanical [201] and fire properties. Fang et al.
[170] showed how the interface between two polymers
may be stabilized by clay platelets depending on the



Table 3
Different NPs fillers (their shape, average particle size, specific surface area, treatment surface and the corresponding reference).

Nanoparticles Shape Average particle
size (nm)

Specific surface
area (m2/g)

Treatment surface Ref.

Fumed silica Spheres 3–250 50–400 Hydrophilic (naturally) or
hydrophobic (after
modification)

[144]

MMT and O-MMT Platelets – – Organically modified to adjust
the affinity with the polymer

cf. Table 4

LDH (magnesium aluminum) Platelets D50 < 10 �m – Modified with a RCOO−;
modified with interstitial OH−

[145]

CaCO3 Unknown 80 12 No treatment [146]
Carbon black Spheres 12; 18 1487; 180–250 No treatment [147,148,89]
Carbon nanotube (MWCNT) Rods Outer: 20–30:

inner: 5–10
Length: 10–50 �m

– Often functionalized to render
the surface more organophilic

[149,72,150]

Graphite oxide Isometric, irregular
spheroids

D90 < 5 �m
Thickness = 100 nm

26 Oxidized [151]

Graphene Platelets – – Oxidized [78,152,153]
Gold nanorods (CdSe) Rods 18*48 nm; 8*30 nm – Poly(ethylene glycol)-thiol

modified; coated with
[154,125]
TiO2 Spheres 300; 15

strength of interaction between the two polymers (Fig. 18).
Fig. 18a represents the exfoliated structure obtained when
both polymers have a strong interaction with the silicate
platelets (the case of PA6/PEAA/o-clay). Fig. 18b repre-
sents intercalated structure when there are no interactions
between polymers A and B and silicates external surface.
Finally, Fig. 18c is representative of a strong interaction
between polymer A and the silicates with no interaction
between polymer B and silicates external surface (case
of PA6/HDPE/o-clay) leading to partially exfoliated struc-
tures.

In a rapid communication, Wang et al. [192] showed that
PP and PS macromolecules of a 70PP/30PS/O-MMT system
are only partially intercalated into the galleries of O-MMT
with parts of the chains being located outside the gallery
(Fig. 19). Then, they hypothesized that the outside parts of
PP and PS chains serve as a compatibilizer just like a block
copolymer.

To achieve this exfoliated structure in which clay
platelets are independently dispersed in the polymer
blend matrix, layered silicates are often organically
modified by surfactants. Indeed, the degree of exfoli-
ation is predominantly determined by the interactions
between the polymer matrix and the surfactant at the
surface of the organoclay. Moreover, these surfactants
can play an important role to compatibilize the poly-
mer blend system. Gelfer et al. [174] added 10% of
Cloisite®6A in PS/PMMA blends. This Cloisite®6A (O-
MMT) contained 45% of a dimethyl dihydro ditallow
ammonium (DMDTA) surfactant; they considered that 15%
of the surfactant in the MMT was loosely bounded or
unbounded to the clay surface. This 1.5% (in the com-
posite) free surfactant would improve the miscibility
between PS and PMMA leading to droplet size reduc-
tion. An interesting study used online measured electrical

conductance (OMEC) to characterize morphology develop-
ment and kinetics of clay distribution in a rubber blend
during mixing process [215]. It was found that the release
of the ionic surfactant from the clay galleries during the
trioctylphosphine oxide
– – [62,77]

mixing is the main reason for the electrical conductance of
rubber organoclay composites. Hence, both NR and HNBR
molecules can intercalate the clay tactoids that act as com-
patibilizer.

Sinha Ray et al. [155] calculated the volume fraction of
clay (ϕc) needed to saturate the PS particles surface in a
20PS/80PP blend, assuming that all platelets are located at
the interface:

ϕc = 3e
R
ϕPS (7)

where e is the thickness of clay platelets, R is the PS average
droplet radius and ϕPS is the volume fraction of PS. They
showed then that the saturation concentration is very small
when clay is fully exfoliated (almost ϕc = 0.001% assuming
ϕPS = 20%, R = 8 �m and e = 1 nm).

Huitric et al. [103] also evaluated the weight fraction of
Cloisite®30B platelets present at the interphase between
LDPE and PA12 or in the PA12 phase. They prepared 80/20
and 20/80 PE/PA systems with varying amounts of O-MMT
(0–6%). Using the number average diameter of the dis-
persed phase (Dn), the average thickness of the interphase
(e), the inter-reticular distance between platelets (dir), and
the thickness of a clay particle, they determined that for the
80/20 PE/PA composition, all the clay platelets are located
at the interphase, whereas for the 20/80 PE/PA, one part of
the platelets are situated in the PA matrix, even for 1 wt%
of C30B. Obviously, the fraction of clays at the interphase
reaches a saturation amount (between 1 and 2 wt% of C30B)
and beyond 2% the clay platelets accumulated in the PA
matrix. Hence, 2% is known to be the fraction needed to
cover the nodules with a quasi-continuous interphase.

5.3.3. Influence of the size
We demonstrated previously that the addition of fillers
to a polymer blend can stabilize the morphology. This effect
is dependent on the surface area of the filler and its abil-
ity to disperse in the polymer melt. Dispersion/aggregation
of particles is a key factor for final morphologies of



Table 4
Non-exhaustive list of the publications dealing with thermoplastic polymer blends systems comprising layered silicates fillers.

Matrices Clays Remarks Ref.

EPDM/EVA (50/50) Hexadecyl ammonium-MMT Competitive adsorption of EPDM and EVA on
the layered silicate reduces the interfacial
tension and results to a co-continuous
structure

[159]

PA6/ABS (50/50) Nanofil2 (stearylbenzyldimathyl
ammonium-MMT)

Induced solid-like behavior by incorporation of
organoclay in a co-continuous morphology

[160]

EOC-g-MA/PP (70/30)
EPR-g-MA/PP (70/30)

Nanomer® I.44 Improvement of the thermal degradation [161]

HDPE/PS + PE-g-MA MMT modified with octadecylamine
(1–7 wt%)

3% is the optimal content to achieve the best
level of intercalation; 1% of PE-g-MA gives the
best results in XRD

[162]

LDPE/POE + PE-g-MA Nanomer® I.44 Wagener and Reisinger’s method is used to
evaluate the degree of exfoliation

[163]

LLDPE/EMA (60/40) + LLDPE-g-MA Cloisite®30B et Cloisite®20A Optimum dispersion and properties are
obtained for 5 wt% of MMT

[79]

PS/ABS and HIPS/ABS (10/90; 80/20) MMT-Na+, Cloisite®20A, MMT treated
dimethyl octadecyl-(3-trimethoxysilyl
propyl) ammonium chloride

Higher tensile energy and impact strength are
obtained with simultaneous mixing

[80]

PLLA/PBS (75/25) Cloisite®25A and Twice
Functionnalized Organoclay (TFC) with
epoxy groups

Fully exfoliated TFC leads to the improvement
of tensile modulus and elongation at break

[164]

PA6/PP + SEBS-g-MA MMT-Na+ modified to
octadecyl-ammonium-MMT (O-MMT)

The formation of PA6-O-MMT clusters (when
incorporating SEBS/SEBS-g-MA) improves the
toughness/stiffness balance

[165]

PA6, 6/SEBS-g-MA (80/15 + 5%MMT) Cloisite®30B To optimize toughness and other mechanical
properties the amount of exfoliated organoclay
in the nylon 66 matrix as to be maximize

[166]

Plasticized starch (PLS)/PP-g-MA MMT-Na+ and Cloisite®30B (5%) MMT-Na+ locates in the PLS whereas C30B
locates in the PLS and at the interface

[167]

PC/PBT (60/40) Cloisite®15A, 20A, 25A and 30B There is a transesterification between PC and
PBT leading to the formation of block
copolymers

[168]

PP/PA6 (10/90) Cloisite®30B Interfacial tension between PP and PA6 is
reduced but MMT do not participate to the
compatibilization

[58]

PC/PMMA (80/20) MMT-Na+ Low M̄n PMMA are prepared by in situ
suspension polymerization

[169]

PCL/PEO (20/80 and 80/20) Cloisite®-Na+ and C30B Formation of a network structure [98]
PA6/HDPE (or HDPE-g-acrylic acid)
(70/30)

C18-bentonite (octadecyl trimethyl
ammonium)

The clay platelets play the role of coupling
species

[170]

PP/PA6 (70/30) O-MMT (dioctadecyl dimethyl
ammonium)

Blends are prepared by ribbon extrusion
process

[171]

HDPE/PA6 (75/25) Cloisite®15A The presence of O-MMT leads to a
co-continuous system

[172]

PP+PP-g-MA + SEBS-g-MA/PA6 Nanofil 15 and Nanofil 919 Adding nanoclays increases the modulus
whereas it decreases the impact strength

[173]

PMMA/PS Cloisite®6A and C20A Clays increase the compatibility between PS
and PMMA

[174]

PA6/SEBS-g-MA (0–40 wt% of
SEBS-g-MA)

Nanomer I.30TC A higher adhesion leads to a smaller critical
interparticle distance

[175]

PLA/�-PCL (95/5) Dimethyl distearyl ammonium ions �-PCL with M̄w = 10k is the best additive for
PLA/clays

[176]

PBT/PE (99/1 to 1/99) Nanofil 919 Platelets are localized at the interface, leading
to an interfacial tension reduction (coalescence
suppression)

[108,109]

LDPE/PA12 (90/10 to 10/90) Cloisite®30B (1–6%) For PA matrix with 2% of clay, the interphase
thickness is 11 nm

[103]

PP + PP-g-MA/PTT (75/25) C20A and C30B Nanoclays incorporation increases
crystallizability of polymers; compatibilizer is
remarkably more influential than nanoclays
regarding crystallization and melting
characteristics

[177]

PVDF/EVA 70/30 Cloisite®30B, Nanomer I.30T Hydrophilic organoclays in EVA with high
contents of VAc lead to toughness
enhancement whereas hydrophobic
organoclays induce high modulus with lower
content of VAc EVA

[178]

PA6/EPR Cloisite®15A, 20A, 25A, 93A and 30B Formation of “core-shell” particles that
increase the toughness

[179]



Table 4 (Continued)

Matrices Clays Remarks Ref.

PA6/EPR (80/20, 20/80, 99.5/0.5) Cloisite®20A As long as the clay becomes exfoliated in the
matrix, it effectively prevents the coalescence of
the dispersed domains

[100]

PP/EPR-g-MA 30/70 Nanomer I.44PA Coalescence is suppressed when clay are
localized into the EPR-g-MA phase exclusively

[112]

PMMA/SAN 50/50 Cloisite®25A and C15A Platelets are localized at the interface even after
three times extrusion

[180]

PP/SBS (92/5) Kaolinite clay treated with dimethyl
sulfoxide (3 wt%)

SBS rubber helps to finely disperse clay particles
in PP matrix improving the toughness

[181]

LDPE/PA6 + PE-g-MA (20/80) Cloisite®30B Rheology is sensitive to clay dispersion, its
localization and phase morphology

[182]

PP/SEBS 80/15 Cloisite®20A (5%) Clays surrounded by elastomer caused the SEBS
particles to become elongated in shape and
retarded the its coalescence

[183]

PP/EVA/PP-g-MA (55/40/5) Cloisite®30B and C20A (5%) Blending sequence effects on the morphology
and properties of the mixtures are dependent on
the organoclay used

[85]

PA6/HDPE (20/80) Nanomer I.30TC Clay enhances the crystallization of the �-form
of PA-6

[184]

PA6/ABS (80/15 to
60/35) + EnBACO-MAH

Cloisite®30B A Gramespacher and Meissner method is used to
investigate the rheological behavior

[185]

HDPE/PA6 75/25 Cloisite®15A Compatibilizer is used (EAA/PBO, HDAA/PBO and
EGMA*). A possible thermo-oxidative
degradation of the organic modifier of MMT and
the subsequent interaction between the
degradation products and the compatibilizer
leads to poor properties

[186]

PP/PS (80/20 and 50/50) Cloisite®20A and 2M2ODA Clays located at the interface reduce the
interfacial tension and the dispersed phase size
and increase in mechanical properties

[155]

PC/PMMA (30/70) Cloisite®20A, C30B, C25A and C15A Effect of the initial interlayer spacing of the
organoclay on the overall morphology and
properties

[110,187,188]

PP+PP-g-MA/PA6 (70/30/0 to
55/25/15)

O-MMT (hexadecyl trimethyl
ammonium bromide)

Crystallization is modified by the presence of
OMMT; there is a remarkably reduction of pHRR
due to a ‘ring’ structure

[189]

PVDF/PA6 30/70 Cloisite®30B, C20A PVDF crystallization modification [190]
PS/PEMA 25/75 Dimethyldioctadecyl ammonium

hectorite
Organoclays adsorb the PEMA chains and PS
chains are shaped into separate domains.
Organoclays exhibit an emulsifying effect

[104]

PP/PA6 (10/90) Nanomer I30TC, Cloisite® 20A and
C30B

Nanoclay compared to kaolin clay. Nanoclay
decreases water absorption of PA6

[191]

PP/PS (70/30) O-MMT (dioctadecyldimethyl
ammonium)

It is possible that PP or PS exhibit parts of the
chains being located outside the galleries acting
as compatibilizer

[192]

PC/ABS (57/38) + 5%O-MMT
PA6/ABS

O-MMT (hexadecyl trimethyl
ammonium)

By choosing the proper polymer,
self-organization of clays from one phase to
another could be performed

[193]

PA6/EPDM-g-MA MMT modified with dioctadecyl
dimethyl ammonium

The interparticle distance of a PA6/EPDM-g-MA
filled with O-MMT has a dramatic influence on
impact strength

[194]

PBT/ABS (65/30) + EMG terpolymer MMT modified with cetyl pyridium
chloride

Order of mixing has influence on the preferential
crystal growing direction of PBT owing to the
antagonistic effect of ABS and OMT

[195]

PA6/PS (70/30) MMT modified with non polar
ammonium salts

In situ bulk polymerization is employed to
synthesis the PS/O-MMT

[196]

PA6/LLDPE Cloisite®25A The size of the separated domains decreases
with increasing content of organoclay

[197]

a-PA/EOR Cloisite®30B, C93A, C20A, trimethyl
hydrogenated-tallow ammonium MMT

The presence of organoclay causes the elastomer
particles to become elongated and irregular in
shape

[198]

a-PA/EOR (or EOR-g-MA) (80/20) MMT Na+ modified with trimethyl
hydrogenated tallow ammonium
chloride

Clay for elastomer particle size reduction.
Beneficial balance of toughness versus stiffness
with maleated elastomer

[199]

LDPE/PET Cloisite®10A, C15A, C30B The key factor for organoclay compatibilization
efficiency (for PE/PET) is the surfactant

[200]

PS/PVME Laponite
MMT (both modified dimethyl
dioctadecylammonium)
Fluorohectorite (modified trimethyl
octadecylammonium)

Layered silicates with large disk diameters
(10 �m) do not affect the morphology of the
phase separated structure and only accelerate
the phase separation kinetics

[36]



Table 4 (Continued)

Matrices Clays Remarks Ref.

PS/PMMA (50/50) Cloisite®6A (tungsten disulfide
nanotubes and tungsten disulfide
multi-layered onion shaped particles)

The aspect ratio and bending energy play a
major role in the compatibilization process;
sample is prepared in solution

[158]

PLA/PBSA (70/30) 6% of Cloisite®-Na+, C15A, C20A, C25A
and C30B; 0–9% of C20A

Effect of different surfactants used to modify
the surface of MMT

[201–203]

Biodegradable aliphatic polyester
(APES)/TPS

Cloisite®30B Mechanical properties are evaluated [204]

PS/PMMA; PC/SAN24; PMMA/EVA
(70/30; 50/50; 30/70)

Cloisite®20A, C6A In situ grafts formation induces reduction in
domains size and localization of clay platelets
along the interfaces

[205]

PEO/PMMA (50/50) Cloisite®25A The nanocomposites are prepared via solvent
casting

[206]

PA/SAN (80/20 to 20/80) 2% of exfoliated nanoclay PA/clay nanocomposite is a commercially
available grade (obtained from Ube Inc.)

[207]

PP (PP-g-MA)/PBSA Cloisite®-NA+; C20A Organoclay acts simultaneously as nanofiller
and compatibilizer when two chemically
different polymers have strong interactions
with organoclay surface

[208]

EPDM-g-MA/PA6 (20/80) 4% of Nanomer I.30TC Having maximum percentage of OMMT
platelets in the PA6 matrix and keeping good
interfacial adhesion between PA6 and
EPDM-g-MA are beneficial to impact strength

[74]

PA6/PP (70/30) 0–10% of 1.30TC Nanomer Highest strength values are observed at an
organoclay content of 4 wt% for the blends

[209]

PP (PP-g-MA and SEBS-g-MA)/PA6 Nanofil 919; Nanofil 15 Adding nanoclays improve the modulus,
whereas the impact level was below that of the
pure polymers

[210]

PA6/ABS (SANMA as compatibilizer) Nanofil 2 OMMT refines the co-continuous structures
and leads to mechanical stiffening as indicated
by the DMA results

[59]

PA6/ABS (POE-g-MA) (80/20) 4% of nanoclay PA6/clay nanocomposite is a commercially
available grade M1030D (obtained from
Unitika Co.)

[211]

LDPE (PE-g-MA)/APES Cloisite®30B, C20A Dispersibility and properties of
nanocomposites C30B are better than those
containing C20A

[212]

PA11/PS Cloisite®30B After PS extraction, a porous PA11 material
was obtained and clays increase the volume
porosity and modified the pore size
distribution

[213]

PC/PBT (30/70; 50/50) Cloisite®30B, 15A and 20A Wetting coefficient and DMTA were used to
evaluate the location of the nanoparticles

[67]

PP/PA6 (70/30) [(C18H37)2(CH3)2N+Cl−] modified clay The presence of the organoclay leads to a
strong interaction among PP, PA6 and the
organoclay

[214]

HNBR/NR (50/50) Nanofil 9 (5%) On Line Measured Electrical Conductance
(OMEC) was used to monitor the dispersion of
nanoclay in polymer blend and the kinetics of
distribution

[215]

PPR/SEBS/SEBS-g-MA (or POE-g-MA
or PPB-g-MA) and PPR/SEBS-g-MA
(or POE-g-MA or PPB-g-MA)

Nanomer I31PS POE-g-MA facilitate the exfoliation and
toughen the nanocomposite without marked
degradation in rigidity

[216]

HDPE/PP (80/20 to 20/80) Cloisite®15A (0–5%) Nanocomposites were prepared as high
strength fibers for automotive and engineering
applications

[217]

HDPE/LLDPE/(HDPE-g-MA or
LLDPE-g-MA) (72/25)

Cloisite®20A Maleic anhydride grafted polyethylene
facilitates both, the exfoliation and/or
intercalation of the clays and its adhesion to
HDPE/LLDPE blend

[218]

Epoxy resin/CTBN Nanomer I.28E The CTBN interpenetrates into the clay
galleries leading to a domain size reduction of
phase separated CTBN

[219]

PLA/PHBV ‘85/15 and 70/30) Cloisite®30B The melt viscosity and elasticity of the
PLA/PHBV/clay nanocomposites were
significantly enhanced which was helpful for
improving the foamed structure of
microcellular injection molded components

[220]



Fig. 18. Schematic representation of the compatibilization of two immis-
cible polymers by layered silicates: (a) both polymers A and B have strong
interaction with silicate, (b) neither polymer A nor polymer B have inter-
action with silicates surface, and (c) polymer A has strong interaction with

Fig. 19. Schematic representation of the structure in PP/PS/OMMT blend
silicates while polymer B has no.
[170], Copyright 2007. Reproduced with permission from John Wiley and
Sons.

particle/polymer systems. And it is well-known that
polymer chains are depleted at the surface of a solid
because the number of possible conformations is decreased
(decreasing the configurational entropy). The particle size
influences the dispersion/aggregation phenomenon and

in systems where only entropic forces are considered, if
Rp/Rg < 1, particles disperse uniformly; whereas if Rp/Rg > 1,
particles aggregate [221]. Concerning spherical nanopar-
ticles in polymer blends, as mentioned previously and
where parts of the PP and PS molecules located outside the gallery serving
as a compatibilizer.
[192], Copyright 2003. Reproduced with permission from John Wiley and
Sons.

demonstrated by Ginzburg, the size of the particle has an
influence on the phase behavior of a blend. Hence, depend-
ing on the size (Rp) of the particle compared to the gyration
radius (Rg) of macromolecules, particle can either play the
role of a compatibilizer or not (cf. Section 2.2 and Fig. 3).
Fenouillot et al. [41] summarized the influence of the Rp/Rg

ratio on the compatibilizing effect as follows:

- If Rp/Rg < 1, then the addition of the nanoparticle reduces
the enthalpy of the system because it decreases the poly-
mer/polymer interaction. Then the system is stabilized.

- If Rp/Rg > 1, the particle-rich phase segregates from the
blend even at low concentration.

Many authors proved this compatibilizing effect by the
identification of the shift of the phase separation temper-
ature in the presence of nanoparticles with a size (Rp)
comparable to the radius of gyration (Rg) of the polymer
matrix [38,222,223].

There are few articles dealing with the influence of the
size of tactoids on the compatibilizing effect. Yurekli et al.
[36] work on the influence of the lateral dimensions of
three organically modified layered silicates on the phase
separation of polystyrene/poly(vinyl methyl ether) blend
in solution. They revealed that the presence of short lateral
platelets (30 nm and 0.5–1.0 �m) slowed the phase sepa-
ration kinetics, whereas at 5 �m lateral size, clay had no
noticeable effect.

5.3.4. Influence of surface chemistries
The chemistry of the filler can affect its dispersion

in the polymer blend system. Hence, different disper-
sion would lead to different final properties. Moreover,

the chemistry of organically modified clays can change
mechanical properties (stiffness) either in polymer blends
with different polarities [178] or when dispersed in the
same polymer. For example, Borah et al. [79] incorporated



Fig. 20. Size of the EPDM domains (dispersed in a 90SAN/10EPDM) with
various degrees of treated CaCO3 (0–5 assigned to 0–100% stearate cov-
erage, respectively) and with different volume fraction of added CaCO3 in
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ons.

wo different organically modified MMT (Cloisite®30B and
loisite®20A) in LLDPE/EMA (60/40) polymer blends. The
loisite®30B is modified with a polar methyl, tallow, bis-
-hydroxyethyl quaternary ammonium chloride, whereas
he Cloisite®20A is modified by an apolar dimethyl dehy-
rogenated tallow quaternary ammonium chloride. Hence
he affinity of each O-MMT with LLDPE or EMA is not the
ame. They demonstrated by performing dynamic mechan-
cal analysis on their systems that a better affinity of
loisite®20A with LLDPE matrix lead to a better disper-
ion and hence to a higher storage modulus. In the case
f Kelarakis et al. [178], they also proved that the degree
f chemical affinity between binary polymer matrices and
mbedded nanoparticles has an effect on macroscopic
roperties. They dispersed either 5% of an hydropho-
ic MMT (I.30T) or an hydrophilic MMT (Cloisite®30B)

n 70PVDF/30EVA blends with two different amounts of
inyl acetate (VAc) (15 and 32 wt%). They observed good
orrelation between rheological (viscosity), mechanical
tensile) and microscopic (SEM) results. Hydrophilic MMT
Cloisite®30B) tends to reduce the size of EVAc32 minor
hase, increase the storage modulus and improve the elon-
ation at break of the PVDF/EVAc32 blend; whereas, the
ydrophobic MMT (I.30T) has the same effect on the less
olar EVAc15 group content system. On the contrary, Paul
t al. [198] obtained slight differences in EOR dispersed
hase size and shape when varying the structure of the qua-
ernary ammonium salt of the organoclay in a MMT-filled
morphous PA/EOR blend. Hence the mechanical proper-
ies were not significantly affected.

It was shown that the surface coverage of nanoparticles
y apolar molecules (and also the polarity) has an influ-
nce on the size of the dispersed phase in a polymer matrix
nd on the final mechanical properties. Hrnjak-Murgić
t al. [146] incorporated stearate-modified nano-calcium
arbonate (precipitated CaCO3) in 90/10 SAN/EPDM. They

rst studied both the influence of stearate coverage (0,
6, 47, 78 and 100%) and CaCO3 content (0–5 vol%) on
he EPDM phase size (Fig. 20). The smallest EPDM dis-
ersed phase size was obtained for 5 vol% of fully stearate
covered CaCO3 particles. The mechanical performances of
the filled blends were consistent with their morphology; i.e.
the most satisfied mechanical properties were obtained for
the smallest EPDM phase size composite. This is probably
due to a better adhesion at the interface with fully modified
nanoparticles. However, Tong et al. [224] from studies on
the morphology of PDMS/PIB blends filled with hydropho-
bic and hydrophilic silica showed that the discrepancy in
the morphology evolution of the blend upon the addition
of silica nanoparticles is controlled not only by the surface
chemistry of particles but also by their concentration in the
blends.

Recently, MWCNTs were functionalized by ATRP with
random copolymers of methyl methacrylate and styrene
(P(MMA-co-S) copolymers) having different molecular
weights. There is an influence of the molecular weight
of grafted copolymers on the localization of the nano-
tubes in a SAN/PPE blends [68]. Low molecular weight
P(MMA-co-S) grafted CNTs are localized at the interface
whereas, by increasing the molecular weight, more MWC-
NTs are confined in the PPE phase. The surface chemistry
of nanoparticles also has an effect on the phase diagram of
polymer blends. Karim et al. [225] showed that the addition
of untreated fumed silica destabilized the upper critical
solution phase boundary of PS/PB polymer blend. Whereas
surface modified fumed silica stabilizes the system. More-
over, the molecular mass of a polymer coated or grafted on
CNTs has a dramatic influence on the migration behavior
of the nanotubes [226]. PMMA-coated and PMMA-grafted
CNTs do not migrate necessarily into the same phase of
a polymer blend when PMMA molecular weights are low.
Indeed, the grafted CNTs are guided by thermodynamic rea-
sons, whereas coated CNTs (with a low molecular weigt
PMMA) behave like pristine CNTs.

Graphene oxide (GO) with a single atomic layer thick-
ness can be viewed as an amphiphilic molecule or a
colloidal surfactant, which can be stabilized at air–water,
liquid–liquid or solid–liquid interfaces. Very recently, a few
authors demonstrated the compatibilizing effect of a GO
in PMMA/PS or PA/PPO or PA6/PVDF blends [227–229].
Moreover, Ye et al. [229] demonstrated that this effect
was affected by the processing temperature. Its effi-
ciency decreases when temperature increases because of
a thermal chemical reduction leading to an increase in
hydrophobicity of GO.

As demonstrated, the compatibilizing effect of nanopar-
ticles is mostly influenced by their localization in the
polymer blend and hence by their surface chemistry. In
all examples from the literature cited up to now, the
localization of nanoparticles at the interface is not really
accurate and the size and surface chemistry are not well-
controlled parameters. This is only very recently, that
authors started to develop new nanoparticles with highly
controlled surface properties and structure and to con-
trol their localization and dispersion in polymer blends.
It must be noted that many authors studied the con-
trol of nanoparticle dispersion in block copolymer leading

to various morphologies [230–235] but not in blends of
homopolymers, that are most commonly used in industrial
applications. In 2008, Walther [236] was the first to study
the effect of the incorporation of Janus nanoparticles on



their adsorption at the blend interface of a PS/PMMA blend.
hemical Society.

Fig. 22. Number average diameter of the PMMA droplets versus the con-
Fig. 21. Schematic representation of Janus NPs and
[236], Copyright 2008. Reproduced with permission from the American C

the morphology of a PS/PMMA blends (at compositions of
60/40 and 80/20). The whole-organic Janus NPs were com-
posed of a crosslinked polybutadiene core grafted with two
PS and PMMA half-sphere (Fig. 21).

An energy balance calculation based on the desorp-
tion energy of the particle from the interface permitted to
conclude that the biphasic nature of the Janus NPs is the
reason for a complete adsorption and a firm attachment
at the interface of the PS/PMMA system. They observed
a dramatic decrease of the droplet domain diameter (Dn)
when adding 1–20 wt% of Janus NPs (Fig. 22). For 20 wt%
of Janus NPs in 60/40 and 80/20 PS/PMMA, they measured
very interesting PMMA dispersed phase size with Dn = 140
and 80 nm, respectively. TEM images showed fully covered
PMMA droplets with Janus NPs (for 10 and 6 wt% of NPs in
60/40 blends) and a NPs center-to-NPs center distance of
30–35 nm. They compared the compatibilizing effect (Dn)
of the Janus NPs with that of a SBM triblock copolymer
(PS-b-PB-b-PMMA) both with the same Rg, and concluded
on a tremendous superior stabilization effect of the Janus
NPs compared to the triblock (Fig. 23). Moreover, as the
Dn versus compatibilizer content levels off for the block
copolymer, it continues to decrease with the percentage
of Janus NPs. Indeed, the adsorption of biphasic particles
at the interface of the blend pursues even at high loading
rate.

Kwon et al. [237] coated gold-NPs (Au NPs) of
two different sizes (5.9 and 20.7 nm) with PS-b-PSN3
(polystyrene-block-poly(4-azidostyrene)) block copoly-
mers and compared their compatibilizing effect on PS/PTPA
(polytriphenylamine) polymer blends with that of PS-b-
PTPA block copolymer. Fig. 24 reproduces the schematic
representation of the three systems. They incorporated
from 0.1 to 1.0 vol% and 0.1 to 5.0 vol% of Au NP-1 and
Au NP-2, respectively in a 80PS/20PTPA blend and mea-
sured the number average diameter (Dn) of PTPA droplets.
All Au NPs were segregated along the PS/PTPA interface,
leading to a compatibilizing effect and Dn decreases and
levels off when the volume fraction of Au NP-1 or Au NP-2
increase, as expected. Contrary to Walther, here, the level-
ing off of Dn versus volume fraction of Au NPs was observed
from 1 and around 3 vol% of Au NP-1 and -2, respectively

(Fig. 25a). This corresponds to the saturation of the inter-
face [238]. In Fig. 25a, the Dn evolution is compared with
that of PS/PTPA/PS-b-PTPA system. It is evident that Au NP-
1 is the most efficient compatibilizing agent. In Fig. 25b,
tent of Janus NPs at PS/PMMA ratios of 60/40 (a) and 80/20 (b).
[236], Copyright 2008. Reproduced with permission from the American
Chemical Society.

the interfacial area coverage (Ac) is plotted versus vol%
of compatibilizer. The hypothesis and details for the esti-
mation of Ac are given in the corresponding article. This

plot permits to evaluate the volume fraction of compatibi-
lizer (Au NPs or block copolymer) needed to fully cover
the PS/PTPA interface. The values are given in Fig. 25b:
�p = 0.98, 3.38 and 3.90 vol% for Au NP-1, Au NP-2 and



Fig. 23. (a) Number average diameter of PMMA droplets as a function of
the content of compatibilizer (being Janus NPs or SBM triblock copolymer)
for 60/40 and 80/20 PS/PMMA blends. (b) Dn,JP/Dn,SBM ratio as a function
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f the content of compatibilizer for 60/40 and 80/20 PS/PMMA blends.
236], Copyright 2008. Reproduced with permission from the American
hemical Society.

S-b-PTPA copolymer, respectively. At higher amounts of
u NP-1 (>1), nanoparticles continue to accumulate at the

nterface but forming multilayers as proved by TEM. In the
ase of larger Au NP-2, they segregate at the interface as
monolayer even at 5 vol%. The authors wisely pointed

ut the great advantage of Au-functionalized nanopar-
icles regarding to block copolymers as compatibilizing
gent as Au NPs exhibit quasi-irreversible adsorption to the
nterface, whereas block copolymers would forms micelles
nd/or free chains.

Very recently, Huang et al. [34] modified silica NPs with
olystyrene via surface-initiated atom transfer radical
olymerization and incorporated them into a PMMA/SAN
lend. They clearly identified that SiO2 grafted with low
olecular weight PS macromolecules (M ≤ 2000 g/mol)
igrated at the interface of the PMMA/SAN blend, whereas

ydrophilic SiO2 (SiO2–OH) and SiO2 modified with high
olecular weight PS chains (M = 46,000 g/mol) migrated
o the PMMA phase due to a lower interfacial tension. This
elective localization of modified silica NPs has an effect
n the phase separation of the blend. In the same man-
er, Chung et al. [35] incorporated chloride terminated
PMMA brushes modified silica NPs in deuterated poly
(methyl methacrylate)/poly(styrene-ran-acrylonitrile)
50/50 blend. They demonstrated that, as the brush
length was low (1800 g/mol) the NPs segregated to
the dPMMA/SAN interface. Whereas when the brush
length increased (from 21,000 to 160,000 g/mol), the NPs
migrated from the interface to the dPMMA phase. Contact
angles measurements showed that the material became
more hydrophilic as the PMMA brush length increased.

To our knowledge, there are only two articles deal-
ing [236,237] with the effect of the incorporation of
bi-functionalized nanoparticles on the nanostructuration
of a polymer blend system. Nevertheless, there is nothing
on blending conditions optimization and evaluation of the
final performances.

6. Properties and applications

There is a huge literature dealing with general concerns
on the influence of the nanoparticles localization on the
properties of immiscible polymer blends [74,203,209,210].
Actually, the influence of fillers on blend morphologies
and properties has been already reported far before the
nanocomposites based on organoclay. In 1992, Maiti et al.
[239] studied the distribution of carbon black and silica in
nitrile rubber/epoxidized natural rubber (ENR) blends. The
interest for the obtaining of specific morphologies is often
guided by the motivation to obtain specific properties. The
aim of this part is to explain how the particular morphology
obtained for ternary systems can impact properties.

6.1. Mechanical properties

Elastomeric components are often added to rigid poly-
mers to improve the impact strength or toughness of the
final system. Mineral fillers can also be incorporated to
those binary systems and their localization will have an
influence on the mechanical properties. This was demon-
strated by Dasari et al. [86] who incorporated organoclay
in PA66/SEBS-g-MA blends and showed that the highest
impact strength was obtained when the maximum per-
centage of exfoliated Cloisite®30B was in the PA66 matrix
rather than in the SEBS-g-MA dispersed phase. Indeed,
Cloisite dispersed in the SEBS-g-MA phase reduced the cav-
itation ability of the elastomeric particles, reducing the
toughening efficiency [166]. More recently, Borah et al. [79]
added different organically modified Cloisite (Cloisite®20A
and 30B) into LLDPE/EMA blends; when Cloisite is located
in the dispersed EMA phase, the impact strength is high
and the tension set is low, whereas Cloisite located at the
interface lead to low impact strength.

The incorporation of fillers such as clay platelets can
also affect both the size and structure of the dispersed
elastomeric phase leading to the modification of the prop-
erties. When clay is suitably organically modified in order
to localize at the interface of a PA6/EPR blend, a “core-shell”
structure of the elastomeric particle is obtained leading

to toughness enhancement [240]. This effect -leading to
favorable size and structure of the dispersed EPR phase-
combined with high PA6 matrix reinforcement obtained
by adding exfoliated clay platelets in the matrix can give



rge (20.
hemica
Fig. 24. Schematic representation of small (5.9 nm) Au NP-1, la
[237], Copyright 2011. Reproduced with permission from the American C

the best balance mechanical behavior [179]. The major
toughening mechanisms in elastomer reinforced polymer
matrix are rubber particle cavitation, crazing and shear
yielding. PP/SBS/clay systems (in which all clay platelets
are coated by SBS rubber) exhibit higher crack initiation
and propagation resistance than PP/SBS blend (measured
by J-integral tests) [181]. While no crazing is found for
these two systems, rubber cavitation occurs that promotes
shear yielding in the PP matrix. Moreover the shear plastic
deformation zone is more intense in the case of PP/SBS/clay
system.
It was demonstrated by Wu [241,242] that the interpar-
ticle distance between the elastomeric dispersed droplets
as a dramatic influence on mechanical properties. There is a
critical interparticle distance (�c) below which the behavior

Fig. 25. (a) Evolution of the number average diameter of the PTPA droplets versus
by the compatibilizer at the PS/PTPA interface versus vol% of compatibilizer. The
and AU NP-2 in blue. (For interpretation of the references to color in this figure le
[237], Copyright 2011. Reproduced with permission from the American Chemica
7 nm) Au NP-2 and PS-b-PTPA compatibilizer in PTPA/PS blend.
l Society.

of the material becomes ductile. As shown by Wang et al.
[194], the interparticle distance of a PA6/EPDM-g-MA filled
with O-MMT has a dramatic influence on impact strength
(Fig. 26). The brittle-ductile transition – identifying the
critical interparticle distance, �c – is clearly visible. The
lowest value of impact strength (when � < �c) obtained
for the 4 wt% MMT filled blend is explained by the fact
that at this relatively high amount of clay, the forma-
tion of the clay network will block the overlap of the
stress volume between elastomeric particles in a large
extent (contrarily to the 1 wt% MMT where this block-

ing effect is weak). Hence, by adding clay platelets, the
elastomer particle size and the interparticle distance can
be varied and optimized to obtain a super-toughened
nanocomposite [105,243,244]. Paul et al. [199] obtained

the volume content of compatibilizers. (b) Interfacial area coverage (Ac)
compatibilizers are PS-b-PTPA block copolymer in black, Au NP-1 in red
gend, the reader is referred to the web version of the article.)

l Society.



Fig. 26. Impact strength as a function of interparticle distance for
PA6/EPDM-g-MA blends filled with 1 and 4 wt% of organoclay. D and S rep-
resent dynamic (specimen were obtained by a unique processing method,
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alled dynamic packing injection molding (DPIM)) and static (specimens
re obtained by a traditional injection molding) specimens, respectively.
194], Copyright 2007. Reproduced with permission from Elsevier Ltd.

better balance of toughness versus stiffness for amor-
hous PA/ethylene-1-octene-g-MA blend filled with clay
han for the corresponding unmaleated elastomer based
ystem.

Yang et al. [245,246] performed almost the same study
n PP/EPDM/SiO2 nanocomposites. They varied the amount
f elastomeric compound (10–30 wt%) and of the silica
1–5 wt%) and showed that PP/EPDM/SiO2 systems exhibit
he formation of a filler network structure that lead to

super toughened ternary composite with Izod impact
trength 2–3 times higher than PP/EPDM binary blend.
he temporary accumulation of SiO2 NPs around EPDM
articles increases the effective volume of rubber parti-
les, thus decreasing the interparticle distance �. Finally,
percolated network is formed at relatively low amounts
f EPDM (20%) and silica. By comparing Wang and Yang
esults [194,245] concerning O-MMT and SiO2, respec-
ively, we plotted figures gathered all values (Fig. 27).
oncerning Fig. 27 (up), the addition of MMT to PA6/EPDM
rstly dramatically increases the EPDM percentage at
hich the brittle to ductile transition occurs (as explained

bove); secondly decreases the impact strength. On the
ontrary, for PP/EPDM/SiO2 systems, the influence is less
ronounced and the addition of SiO2 decreases the EPDM
ercentage for which a brittle-ductile transition is observed
nd increases the impact strength. These tendencies to
ecrease or increase the impact strength when adding
MT and SiO2, respectively, are shown in Fig. 27 (down).
Lately, Bitinis et al. [247] showed that the addition of

atural rubber and clays to a PLA matrix allowed a straight-
orward production of toughened nanocomposites with
unable properties by melt blending. These results proved
hat both C15A and C30B organoclays act as compatibi-

izers for the PLA/NR blend because of their preferential
ocation at the polymer interface, acting as a solid barrier
nd preventing the coalescence of NR droplets. Further-
ore, different properties were obtained depending on
Fig. 27. Impact strength versus percentage of EPDM (up) and filler (down)
for PA6/EPDM/MMT [245] and PP/EPDM/SiO2 [194].

the used nanoclays. While C15A allowed a further increase
of the elongation at break of the PLA/NR blend, the addi-
tion of C30B produced stiffer materials. This behavior was
attributed to the different interactions of the nanoclays
with the two polymers.

Carbon nanotubes are known to act as toughened
agent in polymer blends [150,248]. More recently, inter-
facial adhesion was shown to be improved by adding
carboxyl and hydroxyl functionalized multiwalled car-
bon nanotubes (FMWCNT) in HDPE (and HDPE-g-MA)/PA6
blends [72]. Peel adhesion strength was measured by peel
adhesion tests and the effect of selectively distributed
FMWCNTs at the interface on the initiation and propaga-
tion of crack are illustrated in Fig. 28. It was suggested that
the presence of HDPE-g-MA prevented and/or delayed the
migration of FMWCNTs, leading to more FMWCNTs at the
interface of the immiscible blend during the processing.
6.2. Conductive and magnetic properties

There are different ways to render a polymer conduc-
tive and one of the most classical one is the addition of



Fig. 28. Schematic representation of the selective distribution of FMWC-

NTs at the interface between phases A and B (a) and the crack propagation
along the interface plane (b).
[72], Copyright 2013. Reproduced with permission from Elsevier Ltd.

conductive fillers in a polymer system. Carbon blacks are
often added to reach a percolation threshold and make
the polymer conductive [249]. The volume fraction of CB
added to achieve percolation depends on CB structure, dis-
persion state and thermodynamic interactions between
CB and the matrix, but also on the viscosity of the poly-
mer matrix [250]. The selective distribution of CB into
one continuous phase of a multiphase polymer material
can produce conducting material at a lower filler content
[148]. Another way to minimize the CB content to obtain
percolation is to localize preferentially CB at the inter-
face of a co-continuous multiphase material [40]. Gubbels
et al. [89,99,251] reported a dramatic decreased in per-
colation threshold with a PE/PS/CB system. They varied
the sequence of mixing during the process to pass the
conductive CB particles from the less thermodynamically
favorable phase to the more favorable and quenched the
morphology at a non-equilibrium state. An extremely small
percolation threshold was achieved when CB selectively
localized at the interface of a co-continuous PE/PS blend.
This is called double conductive percolation system [90].
As explained previously in the present article, the selective
dispersion of CB at the interface is guided by three different
factors: thermodynamics (lowest interfacial energy) [252],
kinetics (sequence of mixing) [89] and polymer viscosity
[252]. Percolation threshold can then decrease to a 2 wt%
of CB for a 45:55 PE/PS blend [99]. After annealing (260 ◦C,
40 min), percolation could be observed at a concentration
as low as 0.4 wt% CB.

More recently, research teams are interested in conduc-
tive thermoplastic polymer blends with carbon nanotubes
(CNTs) [55,93,129,130]. For example, Zonder et al. [253]
linked the rheological behavior (G′

r) of a polyamide 12/high
density polyethylene/carbon nanotubes (PA12/HDPE/CNT)
system with its electrical resistivity (�). By premixing CNT
in the PE phase, the highest reinforcement effect is achieved
together with the lowest resistivity for the different CNT

contents (0.5, 1.75 and 2 wt%). For these samples, CNT are
located at the interface.

Hwang et al. [254] confirmed this result with a
PP/PS/MWCNT system.
Concerning magnetic materials, a new way to obtain
composite magnetic microspheres is to melt-mix magnetic
nanoparticles with a binary polymer blend and then selec-
tively extract the dispersed polymer domains in which the
magnetic particles are preferentially localized. To obtained
PA6/Fe3O4 microspheres with regular shape and size, Wu
et al. [255] incorporated magnetic Fe3O4 nanoparticles in
FPS/PA6 blends where FPS stands for polystyrene with
terminal maleic anhydride groups on the PS chain. FPS
plays the role of a compatibilizer, reducing the PA6 droplet
size in the blend (as explained previously) before extrac-
tion. Moreover, to remain a maximum Fe3O4 NPs in the
PA6 phase, they were added after the complete reac-
tion of the anhydride of FPS with the terminal amine of
PA6 chains.

6.3. Thermal and fire behavior

This is well known that the addition of organo-modified
MMT in polymer can prevent heat transfer and improve
thermal stability of the system thanks to their barrier effect.
In polymer blends this effect was enhanced by replacing a
polyolefin by its corresponding maleic anhydride grafted
polymer. The use of a more polar polymer improved the
intercalated structure and hence provided a higher barrier
effect [162]. Layered silicates also reduce the flammabil-
ity of the polymer based nanocomposite [256]. This was
also explained by the barrier effect, that reduced the dif-
fusion of volatile products of thermo-oxidation to the gas
phase, and oxygen from the gas phase to the polymer
[257]. The three different formulations of Tang et al. [189]
(comprising the same amounts of PA6, PP, PP-g-MA and O-
MMT but different preparations) exhibited different cone
calorimeter curves. In formulations called PP5 and PP7, clay
platelets intercalated into the in situ formed PP-g-MA-co-
PA6 copolymer at the interface between PP matrix and
PA6 dispersed phase, leading to the formation of a “ring”.
Moreover, they demonstrated that this “ring” could lead
to lower pHRR (the maximum value of the heat release
rate (HRR), expressed as function of time) when in addi-
tion to inward labyrinth effect on volatile emission, there
may be an outward one. Hence, the localization of the
platelets in a polymer blend system can change the fire
behavior.

A fire retardant (FR) system can be added to a layered
silicate filled polymer blend system. Up to now different
synergistic systems were studied and are reported below.
The preferred localization of FR close to the platelets per-
mits the adsorption of FR onto the clay platelets. The high
aspect ratio of the platelets operates as dispersants for the
FR particles and brings a synergy that can lead to improved
thermal and fire behavior [258]. Hence the blend contain-
ing PS, PMMA, decabromodiphenylether (DB), antimony
trioxide (AO) and Cloisite®20A was able to pass the UL-
94-V0 test [258].

Other FR such as ammonium polyphosphate (APP) was

added to layered silicate filled polymer blends to improve
fire behavior. APP/clay system can play the role of a flame
retardant system, and the polymer forming the dispersed
phase, the carbonization agent. And there is an influence



Fig. 29. Heat release rate versus time (obtained by cone calorimeter) for
different formulations containing PP, intumescent flame retardant (IFR)
and PA6/EVA alloys.
[261], Copyright 2005. Reproduced with permission from John Wiley and
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[8] Lipatov YS. Interphase phenomena in polymer blends. J Polym Sci
Polym Symp 1977;61:369–88.
ons.

f the preparation of the quaternary system on the fire
roperties. For example, Bourbigot et al. showed that the
RR profile of an EVA/APP/O-MMT/PA6 system depend on

he localization on the clay platelets, either in EVA or in PA6
259]. Previously, the same authors prepared intumescent
ystems based on PP/APP/PA6 with EVA and APP/EBuAMA
ethylene-butyl acrylate-maleic anhydride) as interfacial
gents to improve the fire behavior of PP [260]. During
he combustion, the formation of a carbonaceous shield
lowed down the degradation of the formulations and
nabled the formation of stable residue. The interfacial
gent gave additional improvement, thanks to a synergis-
ic effect at 5 wt% of EBuAMA and thanks to the carboxylic
cid species formed in the case of EVA. The same type of
ntumescent behavior was obtained for PA6/EVA alloy clay
anocomposites based PP materials by Tang et al. [261].
he investigation of fire (Fig. 29) and mechanical proper-
ies of such fire retarded (FR) PP showed that the weight
atio of PA6 (in the PA6/EVA alloy) has to be between 2.5
nd 8 in order that the FR PP has better fire and mechanical
erformances.

Metal hydroxides (aluminum trihydroxide, ATH and
agnesium oxide, MH) were also incorporated by Bour-

igot et al. [262] in the presence of nanoclay in LDPE/EVA
olymer blends to increase the time to ignition (at cone
alorimeter) especially for low irradiation, decrease the
HRR.

Very recently, the importance of the localization of a
ame retardant (FR) system composed of organoclay and a
itroxyl ether compound (Flamestab-NOR 116) in a PET/PP
lend was pointed out [263]. It was shown that the FR
ffect was enhanced in the case of PET-rich system (rela-
ive to PP-rich system). Indeed, as organoclays are localized
n the PET phase or at the interface, when PET forms the

atrix, a clay network structure is formed and a subse-
uent coat-like char layer is formed during degradation

hat can improve thermal stability and flame retardancy
f the PET-rich blend.
7. Conclusions

Nanoparticles have great influence on mechanical, bar-
rier, thermal, fire properties of polymers mainly because
of their size. Indeed, the small dimensions of NPs gener-
ate high surface area and high interfacial area with the
polymer chains and the configurational entropy of the poly-
mer chains at the surface of NPs is greatly decreased. This
loss of configurational entropy increases with the particle
radius. The particle radius and all characteristics determin-
ing the nature of NPs (size, shape, surface chemistry) have
a great influence on the behavior of ternary blends (two
immiscible polymers and a filler), and especially on the
capability for the NP to compatibilize the polymer blend.
To compatibilize a polymer blends, NPs have to migrate to
the interface between matrix and droplets. And to saturate
the interface between matrix and droplets of an immisci-
ble polymer blends, platelets are the best candidate. The
aspect ratio is a key factor for the interfacial stability and
the speed of nanofiller transfer through a blend interface
during melt mixing. Moreover, to orientate the NPs at the
interface the most efficient way is to design specific NPs
with specific surface chemistry. And the literature is fairly
poor on this subject, particularly by studying the influence
of this particular structure (localization at the interface)
on the viscoelastic and mechanical properties. Graphenes
and halloysites seem to be promising fillers for polymeric
based materials as they can exhibit anisotropic surface
chemistry. Graphene can be oxidized leading to graphene
oxide amphiphilic sheets and the amphiphilic structure of
GO sheets can be used to compatibilize immiscible poly-
mer blends. Moreover graphene and its derivatives can be
used for barrier applications [264]. Halloysites have already
been used in many areas such as biotechnology, pharmacy,
medicine and energy. They are used as flame retardant,
for corrosion protection, and to improve optical and elec-
tronic properties. Halloysites exhibit different inner and
outer surface chemistries. They have recently been used
as compatibilizers [265] but their anisotropic property can
potentially be exploited for a wide variety of applications.
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J. Molecular and morphological characterization of immiscible
SAN/EPDM blends filled by nano filler. Macromol Mater Eng
2002;287:684–92.

[147] Alsaleh M, Sundararaj U. Nanostructured carbon black filled
polypropylene/polystyrene blends containing styrene–butadiene–
styrene copolymer: influence of morphology on electrical resistiv-
ity. Eur Polym J 2008;44:1931–9.

[148] Feng J, Chan QCM. Carbon black-filled immiscible blends of
poly(viny1idene fluoride) and high density polyethylene: electrical
properties and morphology. Polym Eng Sci 1998;38:1649–57.

[149] Andrews R, Weisenberger MC. Carbon nanotube polymer compos-
ites. Curr Opin Solid State Mater Sci 2004;8:31–7.

[150] Liu L, Wang Y, Li Y, Wu J, Zhou Z, Jiang C. Improved fracture
toughness of immiscible polypropylene/ethylene-co-vinyl acetate
blends with multiwalled carbon nanotubes. Polymer 2009;50:
3072–8.

[151] Fina A, Han Z, Saracco G, Gross U, Mainil M. Morphology and
conduction properties of graphite-filled immiscible PVDF/PPgMA
blends. Polym Adv Technol 2012;23:1572–9.

[152] Ma F, Yuan N, Ding J. The conductive network made up by the
reduced graphene nanosheet/polyaniline/polyvinyl chloride. J Appl
Polym Sci 2013;128:3870–5.

[153] Yan N, Xia H, Wu J, Zhan Y, Fei G, Chen C. Compatibilization of nat-
ural rubber/high density polyethylene thermoplastic vulcanizate
with graphene oxide through ultrasonically assisted latex mixing.
J Appl Polym Sci 2013;127:933–41.

[154] Deshmukh RD, Liu Y, Composto RJ. Two-dimensional confine-
ment of nanorods in block copolymer domains. Nano Lett
2007;7:3662–8.

[155] Sinha Ray S, Pouliot S, Bousmina M, Utracki LA. Role of
organically modified layered silicate as an active interfacial mod-
ifier in immiscible polystyrene/polypropylene blends. Polymer
2004;45:8403–13.

[156] Jancar J, Douglas JF, Starr FW, Kumar SK, Cassagnau P, Lesser
AJ, Sternstein SS, Buehler MJ. Current issues in research on
structure–property relationships in polymer nanocomposites.
Polymer 2010;51:3321–43.

[157] Göldel A, Marmur A, Kasaliwal GR, Pötschke P, Heinrich G. Shape-
dependent localization of carbon nanotubes and carbon black in
an immiscible polymer blend during melt mixing. Macromolecules
2011;44:6094–102.

[158] Zhang W, Lin M, Winesett A, Dhez O, Kilcoyne AL, Ade H, Rubin-
stein M, Shafi KVPM, Ulman A, Gersappe D, Tenne R, Rafailovich M,
Sokolov J, Frisch HL. The use of functionalized nanoparticles as non-
specific compatibilizers for polymer blends. Polym Adv Technol
2011;22:65–71.

[159] Acharya H, Kuila T, Srivastava SK, Bhowmick AK. Effect of layered
silicate on EPDM/EVA blend nanocomposite: dynamic mechanical,
thermal, and swelling properties. Polym Compos 2008;29:443–50.

[160] As’habi L, Jafari SH, Khonakdar HA, Baghaei B. Morphological, rhe-
ological and thermal studies in melt processed compatibilized
PA6/ABS/clay nanocomposites. J Polym Res 2010;18:197–205.

[161] Austin JR, Kontopoulou M. Effect of organoclay content on the
rheology, morphology, and physical properties of polyolefin elas-
tomers and their blends with polypropylene. Polym Eng Sci

2006;46:1491–501.

[162] Azizi S, Yunus WMZW, Ahmad M. Effect of polyethylene-grafted
maleic anhydride on properties of high-density polyethylene and
polystyrene blend/layered silicate nanocomposites. J Reinf Plast
Compos 2011;30:1649–54.

http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0570
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0575
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0580
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0585
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0590
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0595
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0600
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0605
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0610
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0615
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0620
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0625
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0630
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0635
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0640
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0645
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0650
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0655
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0660
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0665
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0670
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0675
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0680
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0685
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0690
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0695
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0700
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0705
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0710
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0715
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0720
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0725
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0730
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0735
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0740
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0745
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0750
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0755
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0760
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0765
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0770
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0775
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0780
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0785
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0790
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0795
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0800
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0805
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810
http://refhub.elsevier.com/S0079-6700(14)00040-9/sbref0810


[163] Baghaei B, Jafari SH, Khonakdar HS, Rezaeian I, As’habi L, Ahma-
dian S. Interfacially compatibilized LDPE/POE blends reinforced
with nanoclay: investigation of morphology, rheology and dynamic
mechanical properties. Polym Bull 2008;62:255–70.

[164] Chen GX, Kim HS, Kim ES, Yoon JS. Compatibilization-like effect of
reactive organoclay on the poly(l-lactide)/poly(butylene succinate)
blends. Polymer 2005;46:11829–36.

[165] Contreras V, Cafiero M, Silva SD, Rosales C, Perera R, Matos M.
Characterization and tensile properties of ternary blends with PA-6
nanocomposites. Polym Eng Sci 2006;46:1111–20.

[166] Dasari A, Yu Z, Yang M, Zhang Q, Xie X, Mai Y. Micro- and nano-
scale deformation behavior of nylon 66-based binary and ternary
nanocomposites. Compos Sci Technol 2006;66:3097–114.

[167] DeLeo C, Pinotti CA, Carmo Gonçalves M, Velankar S. Prepara-
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