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a b s t r a c t

Polymer nanocomposites have continually attracted increasing interest over the last
decade, due to significant improvements they can offer compared to neat polymer
matrices. However, the final morphology of a nanocomposite, determined by several
variables, can significantly influence the macroscopic properties of the final product.
Therefore, it is important to study the interactions between processing, morphology,
structure and rheological properties, and the suitability of existing models in order to
predict the system's behaviour with change of the main processing variables.
In this work, the applicability of a predictive theory based on the Wu model was formu-
lated and proposed in order to predict the morphology of nanocomposite systems. This
theory allows description of a polymer matrix - lamellar filler system, provided that the
interactions between the two components and the processing are known. In particular, a
lamellar filler has been considered as a deformable second component of a blend, with its
behaviour depending on the processing and on the interactions with the polymer matrix.
This allowed analyzing different behaviour for the systems, due to the different polarity of
the matrix, which may lead to a classification of polymer nanocomposites in two or more
families, according to their different matrix polarities.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites have attracted great interest
over the last decade [1,2]. It is known [2e4] that the use of
nanometric fillers dispersed in polymer matrices can result
in significant improvements in comparison with the neat
polymer matrices, such as the enhancement of elastic
modulus and tensile strength, as well as thermal, electrical
and barrier properties of the systems. All these improve-
ments can be achieved even with filler amounts as low as
5 wt% [3,4]. In addition, polymer nanocomposites, are
ffaro).
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attracting increasing interest beyond the academic and
scientific field in industry [2,4].

The final morphology of a nanocomposite (determined
by several variables such as the processing parameters, the
matrix and nanofiller used, their mutual interactions, etc.)
significantly influences the macroscopic properties of the
final product [5e7]. In particular, it becomes central to
learn about the interactions between processing,
morphology, structure and rheological properties, and the
suitability of existing models in order to predict the sys-
tem's behaviour with change of variables such as the
polymer used, filler content and processing speed.

Among the various nanometric fillers which have been
used in combinationwith thermoplastic matrices, the most
widely investigated are clays [6,7]. Thermoplastic-clay
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polymer nanocomposites can show different mechanical,
rheological and morphological properties depending on
the matrix used, filler content, their mutual interactions
and processing techniques, as well as reprocessing [8e10].

A possible way of understanding the relative in-
teractions between those variables is to apply the Wu
model [11], usually adopted to describe the behaviour of
polymer blends.

The aim of this work is, therefore, to investigate the
applicability of the Wu model in order to predict the
morphology of the nanocomposite. In particular, the
possible applicability and limits of this existing model by
changing some conditions such as polymer matrix type,
filler content and processing conditions was assessed. The
Wu model, usually applied to polymer blends, was here
used for the prediction of the morphology of thermoplastic
based nanocomposites considering the clay as a deform-
able phase [12].

In particular, different combinations between an
organically modified clay and polymer matrices with
different polarity have been investigated.
2. Theoretical background

Studies on polymer blend models are usually based on
determining some parameters of the investigated systems
such as, for instance, the viscosity of the dispersed phase. In
the present work, according to previous findings, it was
assumed that the clay, dispersed in the matrix, is a
deformable phase [12,13]. For this nanofiller, it is very
difficult to determine the rheological behaviour since it is
not possible to measure an actual viscosity, but rather a
parameter that takes into account its plasticity/deform-
ability under flow. In particular, this parameter should be
able to give quantitative information regarding the capa-
bility of the tactoid platelets to mutually slide when sub-
jected to a shear stress up to separation and, eventually,
dispersal in the matrix, in the same way as a second poly-
mer component in a blend would do. Since it is clearly
impossible to obtain such measurements experimentally,
the Wu model [11], which is valid for polymer blends, was
used: the clay was thus considered as the second deform-
able component of a polymer blend.

Therefore, after preparing the nanocomposites, the pa-
rameters for the Wu equation were determined. The Wu
model is described by Eqn. 1:

D ¼
�
4s,l0:84

hm _g

�
(1)

Or, equivalently,

l ¼ ð _ghmD=4sÞ1=0:84 (2)

where D is the average equivalent diameter of the
dispersed phase, s is the clay-polymer interface tension, hm
is the polymer matrix viscosity, _g is the shear rate, l is the
ratio between viscosity of the dispersed phase, hd, and the
viscosity of the matrix, hm: l ¼ hd/hm.

As regards the determination of the equivalent diam-
eter, the following procedure was performed.
First, the length and width (major and minor axes of
each particle, considered as an ellipse) of at least one
hundred particles was measured on several SEM micro-
graphs and their areas, Ai, were calculated.

Then, a probability plot of Ai-s was created for each
system. This allowed determining the average area, Aeq,
from which the average equivalent diameter, Deq, was
calculated according to Equation 3:

Deq ¼ �
4Aeq

�
p
�1=2 (3)

Furthermore, the possible presence of an applicability
limit, due to phenomena not taken into account by the Wu
model (such as, for instance, coalescence), was investi-
gated. This limit might be, for instance, an upper limit of
concentration, i.e. when the filler percent is too high, the
relative hypothesis of independence of the particles of the
dispersed phase is not valid anymore due to coalescence.

3. Materials and methods

3.1. Materials

The polymers used in this work were a polyamide-6
(PA6), produced by Radicinova Spa (Italy) with the com-
mercial name “Radilon S35 NAT” (intrinsic viscosity in
sulphuric acid: 3.4 dl/g) and a high density polyethylene
(HDPE) supplied by Polimeri Europa (Italy) as “Eraclene
MP94” (density ¼ 0,96 g/cm3, melt flow index ¼ 7g/10 min
at 2.16 kg load). The lamellar nanofiller was an organo-
modified clay sample, Cloisite® 15A (Southern Clay Prod-
ucts, USA). Cloisite 15A (CL15A) is a ditallowdimethy-
lammonium modified montmorillonite, with an average
diameter of 8 mm; the organo - modifier concentration is
125 meq/100 g clay.

The polyamide was dried in a ventilated oven at 90 �C
for 10 h and then in a vacuum oven at 120 �C prior to
processing, in order to prevent hydrolytic chain scission
during processing.

3.2. Preparation

The systems were prepared by using a Brabender (Ger-
many) PLE 330 batch mixer at different speed (32, 50, 60,
100 rpm). The operating temperature was set at 190 �C for
the HDPE-based systems, whereas 240 �C was chosen for
the PA6-based ones. Filler content was chosen to be 1 wt%,
although higher percentages (up to 10wt%)were also taken
in to account for comparison purposes.

3.3. Characterization

The specimens for characterization were obtained by
compression molding using a laboratory press (Carver,
USA), operating at the same temperatures adopted for
processing.

Morphology of the samples was investigated using a FEI
(USA) Quanta 200F scanning electron microscope (SEM) on
samples broken in liquid nitrogen and covered with gold to
avoid electrostatic discharge during the measurement.
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The interface tension was determined according to the
method proposed by Lewin et al. [14]. In particular, the
clay-polymer interface tension, s1,2, can be calculated
starting from the values of the surface tension of both
polymer, s1, and clay, s2, as reported in Eqn. 4:

ðs1;2Þ1=2 ¼
�
s
1=2
1 � s

1=2
2

�2
(4)

The same method was adopted to evaluate the surface
tension of Cloisite 15A using water as dropping fluid.

The surface tension of the neat polymer was determined
by using the hanging drop method [15] and that of the clay
according to a procedure proposed by Neumann [16]. This
method allows calculating the surface tension of a solid by
using a liquid with known surface tension, and by
measuring the contact angle between this liquid and the
solid under investigation, according to Eqn. 5:

cosqL ¼ 2ðgS=gLÞ0:5 exp
h
� bðgL � gSÞ2

i
� 1 (5)

where: b ¼ 0.0001247, gS is the surface tension of the solid,
and gL is the surface tension of the liquid. As previously
stated, the chosen liquid was water, with known surface
tension (72.5 mJ/m2). Contact angle between water and
Fig. 1. aed e PA6 þ 1% cloisite 15A (a) 32 rpm
clay was then measured, and this allowed calculating the
surface tension of Cloisite 15A. Finally, by using Eqn. 4,
polymer-clay interface tension was obtained.

Contact angle measurements were carried out using a
First Ten Angstrom (USA) FTA1000C apparatus, in order to
determine surface tension of the neat, molten polymers.
This apparatus is equipped with a heated chamber, which
was set at 190 �C when analyzing the HDPE and 240 �C
when analyzing the PA6. Surface tension of the molten
polymers was thusmeasured by performing the calculation
on a single drop of molten polymer hanging from a capil-
lary inside the heated chamber and formed one hour after
introducing a polymer filament into the chamber itself.

The contact angle between clay and water was deter-
mined by using the same apparatus; this measurement
being necessary in order to calculate clay surface tension.
The measurement was performed on clay tablets obtained
by using a laboratory tableting machine. The contact angle
between the tablet and a water drop was then measured.

The shear rate, _g, was calculated according to the model
proposed by Marquez et al. [17]. This model takes into ac-
count several factors, such as shape parameters of the
processing apparatus (in the present case the batch mixer),
as well as parameters which depend on the processed
, (b) 50 rpm, (c) 60 rpm, (d) 100 rpm.



Table 1
Average equivalent diameters.

Material Average equivalent diameter [nm]

CL 15A 3464 ± 139
PA6 þ 1% CL15A@32rpm 357 ± 14
PA6 þ 1% CL15A@50rpm 340 ± 14
PA6 þ 1% CL15A@60rpm 300 ± 12
PA6 þ 1% CL15A@100rpm 253 ± 10
HDPE þ 1% CL15A@32rpm 221 ± 9
HDPE þ 1% CL15A@50rpm 161 ± 6
HDPE þ 1% CL15A@60rpm 157 ± 6
HDPE þ 1% CL15A@100rpm 135 ± 5

Table 2
Calculated shear rates.

System Shear rate, s�1

PA6 þ 1% CL15A@32rpm 17.5
PA6 þ 1% CL15A@50rpm 27.4
PA6 þ 1% CL15A@60rpm 33.6
PA6 þ 1% CL15A@100rpm 54.5
HDPE þ 1% CL15A@32rpm 17.9
HDPE þ 1% CL15A@50rpm 27.4
HDPE þ 1% CL15A@60rpm 33
HDPE þ 1% CL15A@100rpm 54.9

Fig. 2. aed e HDPE þ 1% Cloisite 15A (a) 32 rpm, (b) 50 rpm, (c) 60 rpm, (d) 100 rpm.
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materials. In detail, the shear rate is calculated as a function
of parameters such as the angular speed of the mixer's
rotating cams, the flux index (which depends on the
measured torque) and a shape parameter which depends in
turn on the shape characteristic of the mixer's rotating
cams.

Finally, the viscosity of the polymer matrix, hm, was
determined directly from the rheological tests performed
on a Rheometric Scientific (USA) RDAII plate-plate rota-
tional rheometer.

4. Results and discussion

4.1. Determination of the viscosity ratio

The calculation of the viscosity ratio, l, depends on
determination of all of the parameters appearing in theWu
equation, as described in the Theoretical Background sec-
tion. The equivalent diameter, D, was calculated as average
diameter according to the methods described above
(Equation 3), using the data obtained from particle size
measurements performed on the SEM micrographs.

For sake of conciseness, only some representative SEM
micrographs are reported in Fig. 1 and Fig. 2.
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The results obtained for the calculation of the average
equivalent diameter of the various systems investigated are
reported in Table 1.

It can be observed that the average diameter of CL15A is
drastically reduced comparing the neat clay and the clay
dispersed in the nanocomposites. As expected [7,9,10,18],
the use of different matrices and different processing speed
induces different particle dimensions: in HDPE smaller
particles sizes are observed, if compared with PA6, while
further reduction was obtained for both systems by
increasing the rotational speed, and thus the shear stress
[13]. At these filler contents and dispersion levels, the
model is expected to be sufficiently accurate; however,
reagglomeration phenomena which may occur at higher
filler contents were not taken into account, since the Wu
model itself does not do so.

The shear rate was obtained according to the methods
described previously and the values are reported in Table 2.
As expected, it significantly increases with increasing
Fig. 3. aeb e Rheological curves of P
processing speed, while there is no significant difference
with change of the polymer matrix.

The matrix viscosity, hm, was directly calculated by
rheological measurements performed on a parallel plate
rheometer. For sake of conciseness, only some relevant
example of the rheological curves are shown in Fig. 3.
While PA6 shows a deviation from the Newtonian behav-
iour only at higher frequencies, HDPE has a clearly detect-
able non-Newtonian behaviour over the whole frequency
range (see Fig. 3).

In order to find the surface tension of the polymers, the
hanging drop method was used, as previously described:
the polymer was introduced into a capillary, which was in
turn introduced into the heated chamber; the latter was
heated up to the processing temperature of the polymer.
Fig. 4, a-d shows the modifications underwent by the
polymer with time. It is worth noting that it was necessary
to hold the system for several minutes in order to correctly
perform the measurement.
A6 (a) and HDPE (b) matrices.



Fig. 4. aed e Evolution of the polymer inside the heated chamber with time, from 1 min after the introduction into the chamber (a) up to 5 min (b), 10 min (c)
and 20 min (d).

Table 4
Calculated viscosity ratio.

System l

PA6 þ 1%CL15A 32 rpm 51.8 ± 2.5
PA6 þ 1%CL15A 50 rpm 51.2 ± 2.4
PA6 þ 1%CL15A 60 rpm 52.2 ± 2.5
PA6 þ 1%CL15A 100 rpm 54.7 ± 2.6
HDPE þ 1%CL15A 32 rpm 4 ± 0.2
HDPE þ 1%CL15A 50 rpm 4.4 ± 0.2
HDPE þ 1%CL15A 60 rpm 4.2 ± 0.2
HDPE þ 1%CL15A 100 rpm 5.6 ± 0.3

Table 5
Calculated flow parameter of the dispersed phase.

System hd [Pa s]

PA6 þ 1%CL15A 32 rpm 1.4 ± 0.6 � 105
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This allowed finding that the surface tension is
41.7 mJ/m2 for molten PA6 and 17.6 mJ/m2 for molten
HDPE.

As regards the surface tension of Cloisite 15A, the
measurements led to the determination of the contact
angle between clay and water, which proved to be equal to
83�. Thus, by using the Equation (5), the calculated surface
tension value of Cloisite 15Awas 33.4 mJ/m2. Subsequently,
it was possible to calculate the polymer-clay interface
tension in the nanocomposites from Eqn. (4). The results
are reported in Table 3.

Finally, after having determined all the parameters in
the Wu equation, Eqn. 1, it was possible to calculate the
viscosity ratio, l, and then, knowing hm, the flowparameter
of the dispersed phase, hd, according to Eqn. 1. The results
are shown in Tables 4 and 5.

The significantly different values found for the clay flow
parameter by changing the polymer matrix revealed that
the dispersed phase (i.e. the nanoclay) interacts in a very
different way with the specific continuous phase (polymer
matrix) where it is included.

Actually, there is a significant difference (one order of
magnitude) in hd if thematrix is HDPE or PA6. This suggests
Table 3
Calculated polymer-clay interface tension values.

Polymer-clay pair Interface tension, mJ/m2

PA6-CL15A 0.21
HDPE-CL15A 6.2
that the flow parameter of the dispersed phase, which is a
lamellar silicate, is not an intrinsic property of the phase,
but depends on the dispersed phase-matrix couple. On the
other hand, the flow parameter of the dispersed phase
seems not to depend significantly on the shear rate.
PA6 þ 1%CL15A 50 rpm 1.3 ± 0.5 � 105

PA6 þ 1%CL15A 60 rpm 1.2 ± 0.45 � 105

PA6 þ 1%CL15A 100 rpm 1.2 ± 0.4 � 105

HDPE þ 1%CL15A 32 rpm 0.31 ± 0.1 � 104

HDPE þ 1%CL15A 50 rpm 0.32 ± 0.1 � 104

HDPE þ 1%CL15A 60 rpm 0.26 ± 0.1 � 104

HDPE þ 1%CL15A 100 rpm 0.3 ± 0.1 � 104
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In order to go deeper inside this aspect, the main dif-
ferences between the matrices which might influence the
different interactions with the filler were taken into ac-
count. One of these could be the different polarity. There-
fore, in order to assess whether Cloisite15A has different
rheological behaviour depending on the polarity of the
polymer matrix, this latter property was evaluated again by
contact angle measurements. In particular, it was found
that the contact angle between 15A and PA6 is 62� and 102�

whenHDPE is used instead. Therefore, PA6 is far more polar
than HDPE, thus confirming that the clay behaves in a
different way when the matrix has different polarity. Its
flow parameter or, better, its resistance to deformation in
the bulk of the matrix, depends significantly on the polarity
of the matrix: the values (Table 5) are higher when it is
dispersed in a more polar matrix such as PA6, while they
can become even an order of magnitude lower when a less
polar matrix, such as HDPE, is used.

The difference between the PA6 and HDPE based ma-
terials remains as great as one order of magnitude but, in
this case, differently from the flow parameters, there is
some shear rate dependency, especially for the HDPE based
systems. In fact, PA6 based blends show a viscosity ratio of
about 52, with a slight monotonic increase on increasing
the shear rate up to a maximum value of 54.7. As regards
HDPE blends, the values range from 3.6 to 5.6 with a
maximum value observed when the highest shear rate is
applied. It can, therefore, be concluded that there is a
substantial invariance of this parameterwith the shear rate.

Furthermore, other important considerations can be
drawn: i) the first regards the relationship between the
matrix polarity and the viscosity ratio, where the latter is
clearly lower when the lower polarity matrix is adopted; ii)
conversely, the more hydrophilic PA6 leads to higher vis-
cosity ratios than those observed when HDPE was used.
Therefore, it is possible to hypothesize some way of clas-
sification of nanocomposite systems based on the polarity
of the matrix. This classification based on viscosity ratios
can be, as pointed out previously, of significant importance
since most of the theoretical models available in the sci-
entific literature regarding the behaviour of blends take
into account only the dimensions of the dispersed phase as
a function of the viscosity ratio.

The second aspect regards the relationships between
the viscosity ratio and the shear rate. It can be observed
from the curves that the viscosity ratio is practically un-
changed on increasing the shear rate, thus leading to an
Table 6
Comparison between theoretical equivalent diameter and experimental equivale

Material Deq [nm]
theoretical

Deq [nm],
experiment

Cloisite 15 A 3464 3464
PA6 þ cl 15A [32 rpm] 357 357
PA6 þ cl 15A [50 rpm] 340 341
PA6 þ cl 15A [60 rpm] 300 301
PA6 þ cl 15A [100 rpm] 253 252
HDPE þ cl 15A [32 rpm] 212 212
HDPE þ cl 15A [50 rpm] 197 195
HDPE þ cl 15A [60 rpm] 138 141
HDPE þ cl 15A [100 rpm] 135 124
important consideration, i.e. the viscosity ratio does not
depend on the shear rate applied.

4.2. Validation of the model

The above described model was thus validated by
comparing its predictions with the experimental results
obtained with changing the filler content. In particular, the
possible presence of an applicability limit of the model, due
to phenomena not taken into account by the Wu model
(such as, for instance, coalescence) was investigated. This
limit might be, for instance, an upper limit of concentration,
i.e. when the filler percent is too high, the relative hy-
pothesis of independence of the particles of dispersed
phase is not valid anymore, due to coalescence.

The first filler content to be taken into account was 2 %
by weight.

These systems were prepared using the same methods
as for 1% filler, and filler particle dimensions were evalu-
ated through SEM analysis as before. These were compared
with the theoretical ones estimated by using the Wu
model. The obtained experimental results match the
theoretical ones quite satisfactorily, thus it can be
concluded that the model gives a satisfactory prediction of
the real experimental data.

A further investigation was, therefore, made with 5 wt%
filler content. From Table 6, it can be easily observed that,
even in this case, the experimental values are very close to
the theoretical ones, thus confirming that the model pro-
vides a good description of the actual nanocomposites
morphology under different processing parameters.

The good agreement between the theoretical and the
experimental values of the diameter allows hypothesizing
that the proposed model, and in particular the use of the
viscosity ratio parameter where the nanofiller is considered
as a deformable, dispersed phase (such as, for instance, a
secondary component of a polymer blend), provides reli-
able information. However, when 10 wt% of filler was
added, the accordance between the model and the exper-
imental data was significantly worse, as the theoretical
values were significantly different from the actual values
both for HDPE and PA6. As suggested earlier, the model
cannot accurately predict the actual behaviour of 10% filled
systems, probably due to coalescence which is not
considered by the model, but that can occur when rela-
tively high filler percentages are present [10,18]. This can be
also seen by considering Figs. 5 and 6, where the trend of
nt diameter on increasing filler content.

al, 2%
Deq [nm],
experimental, 5%

Deq [nm],
experimental, 10%

3464 3464
373 210
340 197
305 192
253 188
212 214
198 200
139 198
124 224



Fig. 5. D as a function of the filler content, PA6 composites.

Fig. 6. D as a function of the filler content, HDPE composites.

M. Ceraulo et al. / Polymer Testing 41 (2015) 149e156156
actual D for PA6 and HDPE as a function of filler content is
shown: the deviation from the theoretical value at higher
filler concentrations is clearly observable.

In this respect, the coalescence phenomena can
reasonably occur in HDPE systems since they show lower
melt viscosities and, therefore, lower shear stress applied to
the clay particles which, as a consequence, are more ready
to agglomerate. Differently, in the PA6 systems, the higher
viscosity of the matrix leads to higher stresses which, in
turn, can reduce the dispersed phase dimensions, as typi-
cally observed inmultiphasic polymer systems [19,20]. This
would, therefore, lead to an actual Deq lower than the
theoretical, calculated one, as observed.

5. Conclusions

In this work, a predictive theory was formulated and
proposed in order to correlate process parameters,
morphology and rheological properties of nanocomposite
systems. This theory allows describing a polymer matrix -
lamellar filler system, provided that the interactions be-
tween the two components and the processing are known.
In particular, the lamella filler has been considered as a
deformable second component of a blend. This “deform-
ability” of the nanoclay depends on the processing (shear
rate) and on the interaction, at the chosen processing
temperature, between the latter and the matrix in which it
is dispersed.
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