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a b s t r a c t

We investigate the gradual changes of the microstructure of two blends of high-density polyethylene
(HDPE) and polyamide 6 (PA6) at opposite composition filled with increasing amounts of an organo-
modified clay. The filler locates preferentially inside the polyamide phase, bringing about radical alter-
ations in the micron-scale arrangement of the polymer phases. When the host polyamide represents the
major constituent, a sudden reduction of the average sizes of the polyethylene droplets was observed
upon addition of even low amounts of organoclay. A morphology refinement was also noticed at low
filler contents when the particles distributes inside the minor phase. In this case, however, keep
increasing the organoclay content eventually results in a high degree of PA6 phase continuity. Rheo-
logical analyses reveal that the filler loading at which the polyamide assembles in a continuous network
corresponds to the critical threshold for its rheological transition from a liquid- to a gel-like behaviour,
which is indicative of the structuring of the filler inside the host PA6. On the basis of this finding,
a schematic mechanism is proposed in which the role of the filler in driving the space arrangement of the
polymer phases is discussed. Finally, we show that the synergism between the reinforcing action of the
filler and its ability to affect the blend microstructure can be exploited in order to enhance relevant
technological properties of the materials, such as their high temperature structural integrity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

A considerable portion of the market of plastic materials is
dominated by a limited number of commodity polymers. Never-
theless, the increasing demand of materials for advanced applica-
tions or characterized by specific combination of properties cannot
be satisfied by simple homopolymers. This explains the consider-
able scientific and industrial interest in modifying or mixing these
commodity polymers, aimed at achieving performances currently
exhibited solely by expensive engineering resins or non-polymeric
materials [1]. Blending different polymers and yet conserving their
individual properties in the final mixture is an attractive and
inexpensive way of obtaining new polymeric materials [2]. The
entropy of mixing of polymers is usually very low, so polymer
mixtures tend to phase separate. As a consequence, besides the
properties of the single constituents, themicron-scale arrangement
of the phases plays a major role in determining the final properties
þ390817682404.
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of a polymer blend. In binary mixtures immiscibility usually results
in globular morphologies, where spheroidal droplets of the minor
phase are suspended in a matrix constituted by the major constit-
uent. Generally, the properties of such systems range between
those of the neat constituents, but in some case they can be gov-
erned by one of them. For example, the mechanical strength of
droplets-matrix blends is essentially controlled by the matrix, and
its fracture toughness can result drastically worsened if a poor
interfacial adhesion exists between the constituents. A particular
arrangement of the phases known as co-continuity can be achieved
within a narrow range of compositions and using appropriate
expedients during themixing process. The distinguishing feature of
co-continuous morphologies is the mutual interpenetration of the
phases, which is often desirable as it may result in a remarkable
combination of functional and structural properties of the blend
constituents [3e5]. In addition, co-continuous morphologies allow
the removal of one phase, which results in porous, high-surface-
area structures that can be used in a wide range of applications,
including separations, catalysis, and templating [6].

Co-continuity can be achieved through the quenching of non-
equilibrium morphologies produced during intense mechanical
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Table 1
Designation and composition of the blends.

Sample HDPE/PA6 wt/wt Clay [phr] Clay/PA6 ratio

PA25 75/25 e e

PA25 þ lClay 75/25 0.25 0.01
PA25 þ 2.5Clay 75/25 0.625 0.025
PA25 þ 5Clay 75/25 1.25 0.05
PA25 þ 20Clay 75/25 5 0.2

PA75 25/75 e e

PA75 þ lClay 25/75 0.75 0.01
PA75 þ 2.5Clay 25/75 1.875 0.025
PA75 þ 5Clay 25/75 3.75 0.05
PA75 þ 20Clay 25/75 15 0.2

PA þ 1Clay 0/100 1 0.01
PA þ 2.5Clay 0/100 2.5 0.025
PA þ 5Clay 0/100 5 0.05
PA þ 20Clay 0/100 20 0.2
HDPE þ 5Clay 100/0 5 e
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mixing [7,8]. However, preserving the finely interpenetrated
structure attained during the processing stage is difficult, and
the material quickly moves toward equilibrium loosing its
co-continuity. One solution is the using of compatibilizing agents
such as copolymers, either deliberately added or formed in situ,
which help to control coalescence phenomena and improve the
adhesion between the two-phases. Copolymers need to be chem-
ically tailored to a specific polymer pair, thus restricting their use to
a relatively small number of systems. As a consequence, a remark-
able scientific and technological interest exists aimed at identifying
more general routes for the morphological stabilization of co-
continuous polymer blends. In the last years it has been proposed
to substitute the traditional compatibilizing agents with small
amounts of nanometric particles [9]. More generally, the using of
nanoparticles has revealed as a viable route for manipulating the
nano- and microstructure of multiphase polymeric materials,
imparting them novel properties. Typically, one of the polymer
preferentially adsorb onto the particles. Hence, the motion of the
particles influences the behavior of the polymeric fluids, and
the structural evolution of the latter in turn affects the dispersion of
the particles. As a consequence, it has been widely reported in the
literature that small amounts of nanoparticles radically affect
the microstructure of immiscible polymer blends, either causing
a drastic size reduction of the minor phase [10e15] or shifting the
composition at which co-continuity occurs [16e21]. As for low
viscosity fluid emulsions, the knowledge of the polymer/polymer
and polymer/filler interfacial tensions should be sufficient to
predict the distribution of the filler in a polymer blend. Mere
wettability considerations, however, allow predicting the localiza-
tion of the filler only provided that thermodynamic equilibrium is
attained. This condition is generally not verified in polymer blends
during mixing because of the high viscosity of the polymer melts,
and processing parameters such as the temperature, intensity and
duration of mixing, as well as the sequence of addition of the
constituents, become additional factors affecting the uneven
distribution of nanoparticles in polymer blends [22]. In spite of the
high complexity of the physical mechanisms behind the irregular
distribution of the filler, it is widely recognized that adding nano-
particles to polymer systems with an existing phase-separated
morphology represents an elegant way to promote new properties
and optimized behaviors, which are otherwise absent in the
unfilled matrices [23].

In a recent paper we investigated the effect of an organo-
modified montmorillonite on the morphology and properties of
a blend of high-density polyethylene (HDPE) and polyamide 6 (PA6)
at a weight ratio HDPE/PA6 75/25 [24]. Polyethylene is used in
a large field of applications ranging from packaging to adhesives
and wire coatings, but its employ in the automotive and
construction industries is limited by the low melting temperature
and poor heat resistance. As a consequence, polyethylene is often
blended with a high-melting-temperature polymer such as poly-
amide [25]. However, since such blends tend to phase separate on
the macroscopic scale, a substantial improvement of thermal and
mechanical properties can be achieved only when the polyamide
phase is continuous. Therefore, a challenging task is promoting
a co-continuous microstructure, where the polyamide may form
a stress bearing framework able to resist above the polyethylene
softening temperature while keeping the polyolefin as the major
constituent. By combining different experimental techniques such
as wide-angle X-ray diffractometry, differential scanning calorim-
etry, selective extraction experiments, thermogravimetrical anal-
yses and rheological measurements, in our previous paper we
found that Cloisite� 15 A tends enriching the polyamide phase of
HDPE/PA6 blends [24]. The uneven distribution of the filler brings
about drastic changes in the microstructure of the blends,
promoting a fine co-continuous morphology in spite of the low
amount of polyamide. In this paper we try to gain further insight on
the nature of this unexpected phenomenon by studying the gradual
changes of the morphology of two HDPE-PA6 blends at opposite
composition with varying the organoclay content. Possible rela-
tionships between microstructural changes and rheological
behavior of the phases are investigated, and a schematic mecha-
nism is proposed in which the role of the filler in driving the space
arrangement of the polymer phases is discussed. Finally, the
dynamic-mechanical behavior of the blends is studied, focusing on
the impact of microstructural changes on the high temperature
performances of the materials.
2. Experimental

2.1. Materials and blend preparation

The polymeric constituents of the samples are a high-density
polyethylene (HDPE, Eraclene� MP94 from Polimeri Europa, Italy),
with density r¼ 0.96 g/cm3 at 23 �C andMFI190 �C/2.16 kg of 7.0 g/100,
and a polyamide 6 (PA6, Radilon� S from Radici Group, Italy), with
r ¼ 1.13 g/cm3 and intrinsic viscosity of 1.5 dL/g measured at 30 �C
in 80 vol-% formic acid. The filler used is an organomodified
clay supplied by Southern Clay Products with trade name of
Cloisite� 15A, that is a montmorillonite modified by dime-
thyledihydrogenated tallow-quaternary ammonium cation with
concentration of the organomodifier of 125 meq/100 g clay and
density r ¼ 1.66 g/cm3.

The blends were prepared by melt compounding the constitu-
ents using a co-rotating intermeshing twin-screw extruder (OMC,
Italy) equipped with a cylindrical capillary die (diameter 1.5 mm,
length 15 mm). The polymers and the filler were added simulta-
neously in the extruder. The PA6 and the clay were dried under
vacuum for 16 h at 90 �C before the extrusions. The thermal profile
was 140 �Ce200 �Ce240 �Ce240 �Ce240 �Ce220 �C, and the screw
speed was set to w60 rpm, corresponding to residence times of
order of w150 s. The extruded pellets, cooled in water at the die
exit, were compression-molded into w1.2 mm thick plates from
which we cut the samples for the subsequent analyses. A Carver
laboratory press was used for this purpose, applying a pressure of
w150 bar for 2 min at a temperature of 255 �C. The neat polymers
used as reference materials were prepared under the same
conditions.

The designations and compositions of the samples are reported
in Table 1. As the filler enriches preferentially the polyamide phase



Fig. 1. TEM micrographs of the samples PA25 þ 20Clay (a, c) and PA75 þ 5Clay (b, d).
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of filled systems, PA6-based nanocomposites were also prepared
using the same PA6/Clay ratios of the nanocomposite blends.

2.2. Characterization methods

The morphology of the filled samples on nanoscale was
inspected through transmission electron microscopy (TEM) using
a Philips EM 208 TEM with 100 keV accelerating voltage. The
specimens were in the form of thin slices (thickness w150 nm)
microtomed at room temperature using a diamond knife.

Wide-angle X-ray analyses (WAXD) were performed at room
temperature in the reflection mode on a Siemens D-500 X-ray
diffractometer with Cu Ka radiation of wavelength of 1.54 Å, using
a scanning rate of 10� min�1. The interlayer spacing between the
silicate layers of the organoclay, d001, was computed by applying the
Bragg’s condition to the low-angle peak (2�<2q < 4�) of the scat-
tering intensities.

The microstructure of the blends was examined through scan-
ning electron microscopy (SEM) using a SEM Leica 420. The
inspected cryo-fractured surfaces of the samples were coated with
a thin layer of gold. In some cases, the samples were etched with
selective solvents in order to emphasize the contrast between the
phases. Specifically, formic acid was used to remove the minor
polyamide phase from the HDPE-based blends, while the poly-
ethylene was etched from the surface of the blends with PA6 as the
major constituent through Soxhlet extraction with boiling toluene.
The selectivity of these solvents was ascertained by verifying that
the neat polymers were not swelled by the respective non-
solvents.

Image analysis of the SEM micrographs was performed using
a public domain Java image processing program (ImageJ 1.42q).
Once manually traced the phase boundaries, an equivalent size for
each inclusion of the minor phase was estimated as di ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ai=p

p
,

where Ai is the area of the i-th drop. Then, the average size of the
minor phase was evaluated as Dv ¼ PN

i¼1 nid
4
i =nid

3
i , where ni is

the number of drops with size di. Moreover, in order to quantify
the irregularity of the shape of the minor phase, an average
circularity parameter was estimated as C ¼ 4p=N

PN
i¼1 Ai=p2i ,

where pi is the perimeter of the i-th drop. Each blend micrograph
contained an number N of inclusions of the minor phase of several
hundreds.

Quantitative extraction experiments were performed in order to
estimate the degree of phase continuity of the minor constituent of
the blends. Three disks (diameter 25 mm, thickness 1.2 mm) for
each composition, previously weighed, were immersed into the
selective solvent for the minor polymeric constituent of the blend.
Once dried, the samples were weighed again and the weight loss
was recorded. The procedure was repeated until a constant mass
was attained. Hence, the extent of phase continuity of the soluble
polymer i, 4i, was evaluated as 4i ¼ (mi0 � mif)/mi0, where mi0 and
mif represent the nominal masses of the extractable polymer phase
in the blend before and after the extraction experiments, respec-
tively [26]. All the samples remained self-supporting at the end of
the extractions. The estimates of 4i were computed by assuming
that all the filler locates inside the polyamide phase of the blends.
However, the amount of organoclay effectively removed during the
experiments is actually unknown, and a fraction of particles could
either remains trapped inside the sample, or it could be dragged off
during the tests. Although this brings about some uncertainty on
the estimates of 4i, we ascertained that the main conclusions we
drawn from the quantitative extraction experiments were not
invalidated because of the relatively small amount of filler present
in the studied samples.

A stress-controlled rotational rheometer was used for rheolog-
ical experiments (mod. ARG2 by TA Instruments) in parallel plates
geometry (plate diameter 25 mm). The measurements were per-
formed at T ¼ 240 �C in dry nitrogen atmosphere to prevent
thermo-oxidative degradation. Oscillatory experiments were
carried out using a strain amplitude g ¼ 1%, which ensures to be in
the linear regime as verified through preliminary linearity check
tests. Steady-state shear tests were performed from _g ¼ 0:1s�1 up
to w30 s�1, higher shear rates being not probed due to the occur-
rence of melt fracture phenomena.

Dynamic-mechanical analyses (DMA) were carried out using
a Tritec 2000 DMA (Triton technology, UK). The dynamic moduli
were measured as a function of temperature in single cantilever
bending mode at a frequency u ¼ 1 Hz and total displacement of
0.05 mm, which is small enough to be in the linear regime. The
sample bars (sizesw15 � 10 � 1.2 mm3) were heated at 2 �C min�1

from about �90 �C to either w140 �C or w200 �C depending on
their composition.
3. Results and discussions

3.1. Morphological analyses

In the case of blends where a polar polymer is blended with
a hydrophobic one, the filler generally distribute in the former due
to more favorable polymereparticle interaction [22]. This agrees
with what we reported in our previous paper, in which the pref-
erential placement of the organoclay inside the more hydrophilic
PA6 phase of the blends was demonstrated by combining several
targeted morphological analyses [24]. The TEM micrographs
showing such uneven distribution of the filler are reported in Fig. 1
for the samples PA25 þ 20Clay and PA75 þ 5Clay.
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The clay, which appears as dark features in the micrographs,
results predominantly confined inside well-defined domains rep-
resenting the minor PA6 phase of the sample PA25 þ 20Clay
(Fig. 1a). When the host polyamide is the major constituent of the
blend, the silicate layers seem gather the interfacial region delin-
eating the contours of the HDPE domains (Fig. 1b). Higher magni-
fications reveal a scarce degree of exfoliation of the organoclay in
both samples, with the presence of distorted tactoids and
agglomerated silicate stacks (Fig. 1.c, d). This is in agreement with
the results of WAXD analyses, summarized in Table 2 in terms of
interlayer spacing between the silicate layers, d001.

The samples PA25 þ 20Clay and PA75 þ 5Clay exhibit
a comparable slight increase of d001 with respect to the pristine
organoclay, meaning that a small intercalation of polymer chains in
between the silicate layers has occurred during the melt mixing.
We notice that a similar intercalated structure is observed when
the clay is mixed with the neat PA6, whereas the silicate layers
collapse when dispersed in the pure HDPE as a consequence of the
thermo-degradation of the modifying alkyl ammonium groups of
Cloisite� 15 A. This further supports the assumption of preferential
location of the filler inside the polyamide phase.

Hereinafter thefilledblendswill be approximatelydepicted as two-
phase systems constituted by an “unfilled”HDPE phasemixedwith an
organoclay-rich PA6 phase containing predominantly intercalated
organoclay stacks. The impact of such uneven distribution of the filler
on the microstructure of the blends was inspected by combining SEM
analyses and extraction experiments using selective solvents. We start
analyzing the blends in which the wetting polyamide represents the
minor phase of the blend. The SEM micrographs showing the micro-
structural evolutionswith increasing theorganoclaycontentare shown
in Fig. 2, together with a plot showing the corresponding evolutions of
the average size of the inclusions Dv, the circularity factor C and the
degree of phase continuity of the minor polyamide phase, 4PA6.

The unfilled sample exhibits globular morphology, the PA6
forming spherical droplets with average diameter of w10 mm sus-
pended in the HDPE matrix (Fig. 2a). Due to the high interfacial
tension, the spherical morphology is the most thermodynamically
favored in immiscible blends as it leads to the minimization of the
specific interfacial area. In addition,weobserve that thepoor affinity
between the two polymers results in a poor interfacial adhesion.
Adding low amounts of organoclay (up to Clay/PA6 ¼ 0.025) causes
a substantial reductionof the averagedrop size, and the circularityof
the filled polyamide inclusions decreases slightly (Fig. 2b and c). The
microstructure, however, remains globular, as indicated by the
relatively low values of 4PA6. Actually, the degree of continuity of the
minor phase of a blend with globular morphology should be negli-
gible, but the loss of dispersed particles at the surface of the samples
artificially increases the degree of continuity measured through
solventextractionexperiments. This sample size effect canbe clearly
observed in Fig. 3a, showing a detail of the edge of the sample
PA25 þ 1Clay at the end of the tests.

A surface layer of w50 mm can be noticed in which the solvent
has penetrated passing through surface pores and defects. We
Table 2
Angular location of the scattering intensity peak, 2q, and interlayer distances, d001,
for the pristine clay, the nanocomposites based on the neat polymers at 5 pphr of
clay and the nanocomposite blends PA25 þ 20Clay and PA75þ5Clay.

Sample 2q [deg] d001 [nm]

Clay 2.81 3.14
PA25 þ 5Clay 2.75 3.21
PA75 þ 5Clay 2.63 3.36
HDPE þ 5Clay 3.68 2.40
PA þ 5Clay 2.57 3.43
remark, however, that the sample size effect tends vanishing when
approaching the full phase continuity of the soluble phase [27], so
that the high values of 4PA6 detected for the samples PA25 þ 5Clay
and PA25 þ 20Clay can be considered reliable, at least within the
experimental error.

The high degree of PA6 phase continuity complicates the anal-
ysis of the size and shape of the polyamide, so that neither Dv nor C
are provided in Fig. 2 for the samples PA25 þ 5Clay and
PA25 þ 20Clay. However, it is interesting to notice a coarsening of
the morphology around the onset of PA6 phase continuity, that is
when the PA6/Clay ratio is raised up from 0.025 (Fig. 2c) to 0.05
(Fig. 2d). We also remark the elongated shape of the organoclay-
rich polyamide domains in the sample PA25 þ 5Clay. This is
reminiscent of unfilled blends, in which the form factor of the
minor phase reaches a minimum at the phase inversion composi-
tion [28]. Possible analogies with our nanofilled blends, however,
merits further investigations and will be addressed in a next work.

It is important to observe that the high extent of PA6 phase
continuity detected for the samples PA25 þ 5Clay and
PA25 þ 20Clay would not be predictable by using the empiric
relations and theories generally employed for unfilled blends, in
which the phase inversion composition Fi,c, that is the composition
around which co-continuity set up, is simply related to the ratio
between the viscosities of the blend constituents, p [29e31]. This is
shown in Table 3, were the predictions of some of these relation-
ships are summarized for our systems at _gz30s�1, that is in the
typical range of shear rates attained during extrusion.

The data demonstrate the inadequacy of the models used for
unfilled blends. This is not unprecedented, and Li and Shimitzu
[17] and Ray et al. [19] similarly observed unexpected occurrence of
co-continuity promoted by organoclay. The authors concluded that
the mechanism through which nanoparticles promote co-continuity
cannot be simply explained in terms of changes in the viscosity of the
blend constituents.

The SEM micrographs of the blends with the polyamide as the
major constituent are shown in Fig. 4 with varying the organoclay
content. In the same figure the evolutions of Dv, C and 4HDPE are
reported.

The unfilled blend exhibit globular morphology, whit HDPE
droplets ofw10 mm in size suspended in the host PA6 (Fig. 4a). The
organoclay promotes a drastic reduction of the average size of the
minor phase, which falls down to w2 mm upon addition of only
1 wt-% of filler with respect to the PA6. Moreover, the presence of
elongated HDPE inclusions can be noticed, resulting in a decrease of
the average circularity factor (Fig. 4b). This trend continues with
increasing the organoclay content (Fig. 4cee), and the drastic
refinement of microstructure makes difficult the estimation of
morphological parameters for the sample PA75 þ 20Clay. However,
differently from what observed in the blends in which the filler
enriches the minor phase, we notice that the degree of HDPE phase
continuity remains low irrespective of the organoclay content.

The refinement of the morphology noticed in polymer blends
filled with organoclay is sometimes explained by invoking some
compatibilizing action of the organoclay, which contributes to the
formation of in situ grafts due to the intercalation of polymer chains
into the silicate stacks localized at the interface between the phases
[32e34]. Interfacial adhesion, however, would benefit from such
a coupling mechanism, whereas a weak interaction seems existing
between the HDPE and the filled PA6 of our systems. This is shown
in Fig. 5, where the unetched surfaces of the samples PA25 þ 5Clay
and PA75 þ 5Clay are reported.

The microvoids surrounding the minor phase inclusions, as well
as the holes due to the removal of dispersed polymer particles
during fracture, indicate a scarce adhesion between the phases
even for the sample PA75 þ 5Clay, in which the filler gathers at the



Fig. 2. SEM micrographs of the sample PA25 (a) and the blends having HDPE as the major constituent with different amount of filler: PA25 þ 1Clay (b), PA25 þ 2.5Clay
(c), PA25 þ 5Clay (d), and PA25 þ 20Clay (e). The surfaces of the filled blends were etched with formic acid in order to remove the minor PA6 phase. The average size, Dv, circularity,
C and degree of continuity, 4PA6, of the minor PA6 phase are shown in (f) as a function of filler content.

Fig. 3. SEM micrographs showing the edge of samples PA25 þ 1Clay (a) and PA25 þ 20Clay (b) at the end of the solvent extraction experiments. The surface layer in which the
solvent has penetrated removing the soluble minor phase is highlighted in (a).
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Table 3
Predictions of the volume fraction of HDPE at co-continuity computed at _g ¼ 30s�1

using the relationships by Ho et al. [29], Utracki [30] and Miles and Zurek [31].

Ho et al [29] Utracki [30] Miles and Zurek [31]

Constituents FHDPE.c [Vol-%]

HDPE, PA6 38 38.5 27
HDPE, PA6 þ lClay 38 38 25
HDPE, PA6 þ 2.5Clay 37.5 37 23
HDPE.PA6 þ 5Clay 36.5 35 21.5
HDPE, PA6 þ 20Clay 35.5 33.5 20
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interfacial region (see Fig. 1b). A similar conclusion was drawn in
our previous paper, where the coupling mechanism related to the
organoclay was compared to that of a chemical compatibilizer
precursor [24]. Therefore, the weak interfacial adhesion shown in
Fig. 5 suggests that the changes in the microstructure of the blends
should be mainly ascribed to the changes in the properties of the
filled polyamide, and specifically of its melt state relaxation
dynamics, the interface properties playing a minor role in deter-
mining the observed effects.
Fig. 4. SEM micrographs of the sample PA75 (a) and the blends having PA6 as the majo
PA75 þ 5Clay (d), and PA75 þ 20Clay (e). The minor HDPE phase was selectively removed fro
C and degree of continuity, 4HDPE, of the HDPE minor phase are shown in (f) as a function
3.2. Hypotheses about the filler-induced morphological changes

As discussed above, the high degree of continuity of the
organoclay-rich PA6 phase in the samples PA25 þ 5Clay and
PA25 þ 20Clay cannot be predicted by invoking rules simply based
on the ratio between the viscosities of the constituents. However,
the presence of nanoparticles inside the polyamide phase of the
blend not only affects the steady-state shear viscosity of the host
polymer, but also its viscoelastic behavior. In our previous paper we
found that the linear viscoelastic behavior of the sample
PA25 þ 20Clay is reminiscent of that of single-phase polymer-
layered silicate nanocomposites [24]. This has been interpreted as
a direct consequence of the high degree of continuity of the orga-
noclay-rich PA6 phase, which governs the low-frequency visco-
elastic response of the blend by acting in parallel with the major
HDPE phase. In order to investigate about possible relationships
between the unexpected occurrence of co-continuity and the
changes in linear viscoelastic properties of the minor phase of filled
PA6 with varying the filler content, the frequency dependence
elastic moduli, G0, and loss factors, tan d¼ G00/G0, are shown in Fig. 6
r constituent with different amount of filler: PA75 þ 1Clay (b), PA75 þ 2.5Clay (c),
m the surfaces of the filled blends using boiling toluene. The average size, Dv, circularity,
of filler content.



Fig. 5. SEM micrographs showing the unetched surfaces of the sample PA25 þ 5Clay (a) and PA75 þ 5Clay (b).
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for the neat PA6 and its nanocomposites at the same Clay/PA6 ratio
of the studied blends.

The unfilled polymer exhibits a predominantly viscous feature
(tan d > 1) in the whole range of frequency investigated,
approaching terminal behavior (G0 w u2 and tan d w u�1) at low u.
The decrease of tan d with increasing the organoclay content
indicates that the filler enhances the elastic connotation of the PA6.
The whole trend, however, remains similar to that of the unfilled
polyamide up to Clay/PA6 ratio of 0.025, while a clear rheological
transition occurs when the Clay/PA6 ratio is raised up to 0.05.
Specifically, the samples PAþ 5Clay and PAþ 20Clay exhibit a weak
power law dependences of G0 on u, and a substantial frequency-
independence of the loss factor tan d. Such a behavior is reminis-
cent of systems around the gel point. The rheological response of
a gel is determined by a space spanning network structure, either
chemical or physical in nature, which is responsible for the
broadening and slackening of relaxation dynamics [35]. In the
studied blends, the observed rheological transition could be
ascribed to the structuring of the organoclay near some critical
filler loading between 2.5 and 5 parts of clay with respect to PA6.
Similar conclusions were recently drawn by Ayyer and Leonov, who
found gel-like behavior at lower filler contents probably due to
a higher degree of exfoliation of the silicate platelets in their in situ
polymerized PA6/Clay nanocomposites [36].
Fig. 6. Elastic modulus G0 (full symbols, left axis) and loss factor tan d (open symbols,
right axis) of the neat polyamide (circles) and the PA6-based nanocomposites at
different Clay/PA6 ratio: 0.01 (squares), 0.025 (diamonds), 0.05 (triangles), and 0.20
(reverse triangles).
It is noteworthy to remark that the samples PA þ 5Clay and
PA þ 20Clay, that is the blends in which the organoclay-rich PA6
minor phase shows a gel-like behavior, exhibit a highly inter-
penetrated microstructure in spite of the relatively low content of
the minor phase. Such a correspondence, together with the
evidences emerged from morphological analyses, suggests the
simplified picture schematically depicted in Fig. 7.

We start discussing the case of the blends in which the filler
distributes inside theminor phase (Fig. 7aec).When small amounts
of organoclay are added, that is for filler loadings below the critical
threshold for the structuring of the network, the polyamide encap-
sulates the organoclay stacks finely dispersed during the melt
mixing. This results in a general refinement of the microstructure
that, however, remains globular. In addition, since coalescence
involves flows inside the merging droplets, we observe that coars-
ening phenomena could result hindered due to the increased
viscosity of the organoclay-rich polyamide inclusions. With
increasing the filler content, the polyamide phase becomes contin-
uous in spite of its relatively low content. As previously discussed,
this finding cannot be explained in the context of bulk continuum
properties, such as altered viscosity ratios in the presence of nano-
particles. Since the sudden increase of 4PA6 is coupled to the rheo-
logical transition of the filled polyamide, we can speculate that
a double percolating network forms above a critical filler content, in
which the polyamide gets continuous as it coats a space spanning
organoclay network. According to this simplified picture, the filler
seemsguiding the space arrangementof theminor polyamide phase
in the blends. This is in agreement with computer simulations per-
formed by Peng et al. [37], who demonstrated that nanoscale rods
promotes co-continuity in binary mixtures as a result of a dynamic
interplay among preferential adsorption of theminority component
onto the mobile nanoparticles, phase-separation and anisotropic
interparticle interactions. Besides driving the structural evolutions
of the fluids, however, the authors stress that the filler is also
physically moved by osmotic effects resulting from the phase-
separation process. Although the occurrence of such a mechanism
cannot be excluded in the studied blends, the complex thermo-
mechanical history taking place during the processing makes it
difficult to separate and quantify the roles of filler, phase-separation
and mechanical mixing in assisting the formation of co-continuity.

When thefiller locates inside themajor phase, a drastic reduction
of the size of the dispersed phase occurs upon addition of even small
amounts of organoclay (Fig. 7d and f). Coalescence suppression is
often proposed as the dominant mechanism on the basis of the
morphology refinement in organoclay-filled polymer blends
[11,38,39]. Basically, coarsening is hindered because of the platelet-
like structureof thefiller,whichacts asphysical barriers thatprevent
the coalescence of colliding droplets during the melt mixing.



Fig. 7. Schematic illustration of the evolutions of the microstructure in the blends with polyamide as the minor (aec) or major (def) phase as a result of the addition of organoclay.
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The occurrence of such amechanism is compatible with the finding
that the silicate layers tend accumulating in the interfacial region
(see Fig. 1b). As schematically shown in Fig. 6, we expect that the
morphology refinement would be weakly dependent on the degree
of dispersion of the organoclay. In particular, tiny droplets of the
minor phasemay result trapped by the physical network of particles
when the concentration of solid is above the critical threshold for its
structuring. We cannot exclude, however, that other phenomena
could combine to bring about the refinement of microstructure. In
particular, we observe that the increased viscosity of the filled
matrix may hinder the flows involved in the coalescence processes.
Moreover the enhanced elasticity of the minor organoclay-rich
polyamide phase (see Fig. 6) could also contribute to reduce the
critical conditions for droplet break up [40].

3.3. Dynamic-mechanical analyses

The changes in microstructure promoted by the filler are
expected to affect remarkably the macroscopic behavior of the
blends. The results of dynamic-mechanical tests are shown in Fig. 8,
where the storage modulus E0 and the loss factor tan d ¼ E00/E0 at
1 Hz are reported as a function of temperature for the neat poly-
mers, the unfilled blends and the blends at Clay/PA6 ¼ 0.20.
As expected in the light of the microstructural analyses, the
dynamic-mechanical behavior of the unfilled blends, both having
globular morphology, is essentially governed by the matrix: the
modulus of the sample PA25 drops down at w130 �C due to the
melting of the HDPE, while the blend PA75 exhibits the same two
main transitions of the PA6, that is the b-relaxation around
�60 �C (movement of chain segments and amide groups) and the
glass transition at w60 �C. The organoclay has a marginal effect
on the glass transition temperature of the host PA6, whereas it
promotes increases of the glassy modulus of the blends of order
of 20e30% (inset of Fig. 8). It is important to notice that the
enhancement of E0 of the sample PA25 þ 20Clay, ensured by
a whole organoclay content equal to one third of that of the
sample PA75 þ 20Clay (see Table 1), stems from the combination
of the action of the filler, selectively reinforcing the minor poly-
amide phase, and the highly co-continuous microstructure, which
ensures that both phase contribute to the mechanical strength
irrespective of the efficiency of the stress transfer across the
interface [41,42]. The strengthening effect of the filler persists
even at high temperature. However, whereas the overall behavior
of the sample PA75 þ 20Clay resembles that of its unfilled
counterpart, the blend PA25 þ 20Clay exhibits a small but finite
plateau of E0 even above the melting of the major polyethylene



Fig. 8. Storage modulus E0 (circles, left axis) and loss factor tan d (triangles, right axis)
at 1 Hz as a function of temperature for various samples: HDPE (black), PA6 (green),
PA25 (red, open symbols), PA25 þ 20Clay (red, full symbols), PA75 (blue, open
symbols), and PA75 þ 20Clay (blue, full symbols) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 10. Storage modulus E0 (full circles, left axis) and loss factor tan d (empty circles,
right axis) at 1 Hz as a function of temperature for the samples HDPE þ 5Clay. The
picture shows the sample soon after the end of the test, that is at w150 �C.
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phase, which is due to the presence of the continuous structure
of filled polyamide.

The ability of such a tenuous network of keep bearing the stress
even after the melting of the HDPE has a noteworthy consequence
in terms of mechanical strength at high temperature. This can be
clearly appreciated in Fig. 9, where the pictures of the samples PA25
and PA25 þ 20Clay at the end of the DMA tests are shown.
Fig. 9. Pictures of the samples PA25 (a) and PA25 þ 20Clay (b) at the end of the DMA
tests. The maximum temperatures reached during experiments were w130 �C for (a)
and w200 �C for (b).
The unfilled blend softens as soon as the HDPE starts melting,
dripping between the clamps at w130 �C in spite of the rigid but
isolated droplets of PA6 embedded in the matrix. Instead, the filled
sample keeps its structural integrity up tow200 �C, that is up to the
onset of themelting of thefilled PA6 framework.We emphasize that
thefiller by itself is not able to explain the observed enhancement of
the softening temperature, which instead originates from the
synergism between the intrinsic reinforcing action of the particles
and their ability in promoting the continuity of the high-melting-
temperature PA6 phase. This is shown in Fig. 10, where the
temperature dependence of E0 and tan d are reported for a sam-
ple HDPE þ 5Clay, that is a nanocomposite based on the single
polyolefin filled with the same amount of filler as the sample
PA25 þ 20Clay.

The nanocomposite exhibits an improved glassy modulus with
respect to the neat HDPE, but its whole behavior during the
temperature scan remains essentially unaltered and the sample
collapses soon after the melting of the polymer matrix.

Our results confirm the great potentialities offered by the addi-
tion of nanoparticles to multiphase polymeric systems, in which
rather than themere capitalizationof thefiller properties to improve
the final performances of the composite, new properties and opti-
mizedbehaviors canbepromotedbymeansof themanipulation and
control of the material nano- and micro-structure.
4. Conclusions

The effect an organomodified clay on the morphology and
properties of two HDPE/PA6 blends at opposite composition was
investigated with varying the filler content. As the filler tends
enriching preferentially the more hydrophilic polyamide phase,
different effects on the microstructure of the blends were noticed
depending on whether the host PA6 represents the major or the
minor blend constituent. In the former case, an abrupt reduction of
the average size of the dispersed polyethylene inclusions was
noticed even for low filler loadings. This finding was mainly
ascribed to the inhibition of coalescence ensured by the platelet-
like structure of the organoclay stacks, which act as physical barrier
that hinder the merging of colliding droplets during the melt
mixing. When the filler is confined inside the minor constituent of
the blend, two situations have been observed: at low filler contents,
the organoclay causes a gradual refinement of the morphology,
which, however, remains globular; for filler loading higher than
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a critical threshold, the filled polyamide assembles into a highly
continuous structure finely interpenetrated with the major poly-
ethylene phase. The filler content at which such a morphological
transition occurs corresponds to that at which a rheological tran-
sition from a liquid- to gel-like behavior takes place in the filled
polyamide. This has suggested a simplifiedmechanism according to
which the filler seems play a major role in driving the spatial
arrangement of the wetting polymer. The ability of the filler of
influencing the blend microstructure can be exploited in order to
enhance relevant technological properties of the materials. In
particular, we found that the filled blends having polyamide as the
minor constituent preserve their structural integrity up to
temperature well above the melting of the major polyethylene
phase owing to the presence of the tenuous but continuous
framework of filled polyamide.
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