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Maleated polyethylene (MAPE) was used in this study as amodel matrix for hosting hydrophobic nanoclay (C15A) and hydrophilic
nanoclay (C30B), to investigate the effect of nanoclay loading on the bulk properties of the composites. Composites were prepared
by melt-blending technique, with varying the loading from 0 to 9 wt.%. Tensile, oxidative TGA, and FE-SEM tests were employed
for both C15A-filled polymer and C30B-filled polymer, which confirmed that C15A had better dispersion and was much superior
to C30B for enhancing the mechanical properties and thermal stability of MAPE. Consequently, XRD and melt rheology tests
were performed for C15A-filled polymer only. XRD confirmed the formation of nanocomposite structure, which could be the main
reason for the significant increase in the thermal stability and viscosity. For example, compared to the neat polymer, the degradation
temperature at the 20% mass loss was increased by 72∘C after the addition of 5 wt.% C15A. Based on rheological analysis, the
percolation threshold was around 3 wt.% loading of C15A. Fitting the viscosity data to the Cross model suggested that increasing
C15A loading had a strong effect for increasing the shear thinning index and relaxation time of the nanocomposites.

1. Introduction

Polymer nanocomposites arematerials where a small amount
of nanofillers is added to a polymer matrix [1]. Owing to
the high surface area of the nanofillers, the expectation
is that this addition would cause a dramatic improvement
in the bulk properties of the composites prepared. How-
ever, this improvement is highly dependent on the level
of dispersion of the nanofillers inside the host matrix and
on the nanofillers/matrix adhesion [2, 3]. Therefore, more
systematic works are needed to study the structure-property
relationships of these exciting advanced materials.

Nanoclay is plate-like material with thickness in the
nanoscale. The wet chemistry is now well established to
modify the surface of nanoclays with several types of organic
modifiers [4]. Nanoclays are now available commercially in
cheap values, making them a promising filler candidate in
the polymer composite industry for diverse end-uses [5, 6].
The property enhancement in polymers by adding nanoclays
had been confirmed by several studies, such as mechanical
property improvement for nylon 6 [7], fire resistance property

enhancement for polystyrene [8], and oxygen-barrier prop-
erty enlargement for poly(ethylene terephthalate) [9].

Polyethylene is the most commodity thermoplastic avail-
able commercially and used worldwide for wide applications
[10]. Pure “unfunctionalized” polyethylene as the only host
matrix for nanoclays without the addition of external com-
patibilizers had been the subject of extensive research [11–13].
Due to the fact that polyethylene is highly nonpolar in nature,
melt-blending of polyethylene with unmodified hydrophilic
nanoclays would result in rather microcomposite formation.
However, even though if nanoclays were modified with long
nonpolar alkyl chains similar in structure to polyethylene
chains, previous results showed that nanocomposite forma-
tion was difficult and the mechanical properties obtained
were low compared to the neat polymer [13]. This could be
due to the absence of special attractive interactions such as
hydrogen bonding between the filler and the polymer.

In order to increase the attractive interactions between
organically modified nanoclays and polyethylene, function-
alized polyethylene with a polar functional group was usually
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added to the system as a compatibilizing agent. One example
of functionalized polyethylene was maleated polyethylene,
which was polyethylene grafted with maleic anhydride func-
tional group. Maleated polyethylene had been widely studied
in research as a compatibilizing agent for improving the
dispersion of different microfillers and nanofillers such as
fly ash [14], carbon nanotubes [15], and nanoclays [16]
in polyethylene matrix. The above studies confirmed the
importance of havingMAPE as compatibilizer for improving
the dispersion and properties of polyethylene composites.

However, a few studies [17–22] were published for exam-
ining the case of using maleated polyethylene as the only
host matrix for the nanoclays used without adding unfunc-
tionalized polyethylene to the mixture. In our previous study
[11], a binary system made of very low loading of nanoclays
(less than 0.1 wt.%) and unfunctionalized polyethylene as the
matrix was considered for the purpose of studying the effect
of nanoclay on the enhancement of extrusion of polyethylene.
In another study [16], we reported the thermal and dynamic
mechanical properties of a ternary system made of nanoclay
as the filler (maximum loadingwas 5wt.%), unfunctionalized
polyethylene as the main matrix, and maleated polyethylene
as a compatibilizer.

Therefore, the purpose of this current study was to exam-
ine the structure and properties of a model binary system
which consisted only of maleic anhydride-grafted high den-
sity polyethylene (MAPE) as the only matrix and nanoclays
as the filler (loading up to 9wt.%) without the addition of
any third component. Two types of organicallymodified nan-
oclays were selected, one with the most hydrophobic nature
(C15A) and one with the most hydrophilic nature (C30B), in
order to examine the effect of the nanoclay loading and type
on the bulk properties of the nanocomposites prepared. First,
tensile mechanical test, oxidative thermal stability test, and
Field Emission Scanning ElectronMicroscopy (FE-SEM) test
were performed for both types of nanoclays. Subsequently, X-
Ray Diffraction (XRD) and rheological tests were performed
only for the nanoclay type with superior mechanical and
thermal stability behavior.

The expected findings of this study could be useful
for identifying which formulations (C15A-filled MAPE or
C30B-filled MAPE) need to be used as a masterbatch to
be mixed later in the future with conventional polyethylene
in order to obtain materials with superior mechanical and
thermal properties.Moreover, themelt rheological properties
reported here for the masterbatch could be utilized in the
future for modeling and optimizing the melt-processing
conditions of nanoclay-filled polyethylene composites.

2. Materials and Methods

2.1. Materials. Maleated polyethylene used was a commercial
grade (Polybond 3009) obtained from Chemtura. It was a
maleic anhydride-grafted high density polyethylene (MAPE),
with MA level of 1 wt.%, melt flow rate of 5 g/10min at
190∘C, and a density of 0.95 g/cm3 at room temperature. Two
distinct types of nanoclays were used: Cloisite 15A (C15A)
and Cloisite 30B (C30B); both were obtained from Southern
Clay Products, Inc., USA. C15A had its surface organically

modified by a hydrophobic group (dimethyl dehydrogenated
tallow ammonium), whereas C30B had its surface organi-
cally modified by a hydrophilic OH group (methyl tallow
dihydroxyethyl quaternary ammonium). The concentration
of the organic modifier for C15A and C30B was 125 and
90meq/100 g clay, respectively.The density of C15A andC30B
was 1.66 g/cm3 and 1.98 g/cm3, respectively.

2.2. Composites Preparation. All batches were prepared by
melt-blending technique using HAAKE PolyDrive machine
with a capacity of 40 g per batch. The melt-blending tem-
perature, time, and rotational speeds were 170∘C, 10min,
and 60 rpm, respectively. First, controlmaleated polyethylene
(MAPE) sample without nanofillers was prepared. Second,
MAPE samples filled with 1, 3, 5, 7, and 9wt.% loadings of
C15A nanoclay were prepared. Third, MAPE samples filled
with 1, 3, 5, 7, and 9wt.% loadings of C30B nanoclay were also
prepared.

2.3. Mechanical Testing. Tensile mechanical testing was
applied for control unfilled MAPE polymer and its compos-
ites filled with nanoclays of both types (C15A and C30B).
Carver Hydraulic Press machine was used to prepare spec-
imens for mechanical testing according to ASTM D638 by
melting the samples at 170∘C and applying a pressure range
of 0–5 tons and using a total pressing duration of 7min. The
specimens were then allowed to cool for 5min. The dog-
shape specimens were then subjected to tensile testing by the
Instron 5567machine at a crosshead speed of 10mm/min and
at room temperature.The data reported for each composition
was the average of 5 specimens.

2.4. TGA Testing. The oxidative thermal stability of the
C15A/MAPE and C30B/MAPE samples was examined by
Thermogravimetric Analysis (TGA) under air environment
using TA Instrument (model: SDT Q600). Around 8mg of
the samples were scanned in the temperature range of 25∘C
to 700∘C, with a heating rate of 10∘C/min and a flow rate of
air of 100 cm3/min.

2.5. Morphology Testing. The morphology of the C15A-filled
polymer samples of all loadings was inspected by X-Ray
Diffraction (XRD) at room temperature using a reflection
mode. XRD was also applied for control C15A powder
for comparison. XRD patterns were generated using Cu
K𝛼 radiation (𝜆 = 0.154 nm; voltage = 40.0 kV; current =
30.0mA). The scan range for 2𝜃 was varied from 3∘ to 10∘,
with an interval of 0.02∘ and scan rate of 0.5∘/min.

In addition to XRD testing, the morphology of all
filled samples of both types of nanoclays (C15A and C30B)
was further examined by Field Emission Scanning Electron
Microscopy (FE-SEM) (model: MIRA 3 LMU, from TES-
CAN), with an applied accelerating electron voltage of 15 kV.
Prior to FE-SEM examination, the samples were subjected to
cryogenic fracture using liquid nitrogen followed by coating
the fractured surfaces with a thin 5 nm layer of platinum to
avoid charging effect during the imaging.
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2.6. Rheology Testing. The melt rheological behavior of the
C15A-filled polymer samples of all loadings was examined by
AdvancedRheometric Expansion System (ARES) equipment.
Ring-shape specimens with diameter of 20mm and thickness
of around 1mm were obtained from the prepared batches
and subjected to ARES testing. All runs were done at a
temperature of 170∘Cand cone-and-plate geometry. Dynamic
testing mode in the linear viscoelastic region was applied at
shear strain amplitude (𝛾

𝑜
) of 10%. The angular frequency

(𝜔) was varied from 0.01 to 100 s−1. All runs were performed
under nitrogen gas environment. More details for the ARSE
equipment and procedures and the theoretical background
for the material functions measured were described else-
where [23].

3. Results and Discussion

3.1. Mechanical Properties. The effects of nanoclay loading
and nanoclay type on the elastic modulus of the composites
were shown in Figure 1. For the case of C15A nanoclay, the
elastic modulus gradually increased as the loading of C15A
increased up to 9wt.% loading. However, for the case of
C30B, the elastic modulus slightly increased as the loading
of C30B increased up to 5wt.% loading, and then there was a
slight decrease at 7 wt.% loading. Moreover, at any particular
loading, the hydrophobic C15A nanoclay was more effective
for increasing the modulus of the composites compared to
the hydrophilic C30B nanoclay. For example, relative to the
unfilled sample, the % enhancement in the elastic modulus of
7 wt.% C15A/MAPE systems was 72% enhancement, whereas
it was only 25% enhancement for the 7wt.% C30B/MAPE
system.This was an indication that C15A nanoclay had better
dispersion in the host matrix compared to C30B nanoclay,
and consequently better stress transfer could be proposed for
the C15A/MAPE system.

The organic modifier for C15A had two sides of long
alkyl chains, where the number of carbon was between 16
and 18. This would help enlarge the spacing between sheets
of the nanoclays which helped the polyethylene chains to
penetrate easier during the melt-blending process. In addi-
tion, mechanical interlocking would be expected between the
polyethylene chains and the long alkyl chains of the C15A
modifier which would assist in improving the dispersion. On
the other hand, the organic modifier for C30B contains two
sides of short hydroxyethyl chains, where these short chains
would not help a lot in increasing the spacing of nanoclays
sheets and would not help in mechanical interlocking with
the polyethylene chains.

Even though C15A nanoclay had its surface organically
modified with long C18 alkyl chains, several studies con-
firmed that direct melt-blending of C15A with unfunction-
alized polyethylene without the addition of compatibilizers
(such as MAPE) did not result in nanocomposite formation
[24]. One explanation was that hydrogen bonding between
oxygen on the surface of nanoclays and the polar MA group
of MAPE was possible which would assist the favorable
interactions, whereas it was not possible between the unfunc-
tionalized polyethylene and the surface of nanoclays.
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Figure 1: Effect of nanoclays loading and surface modification
on the elastic modulus of MAPE matrix. The line was theoretical
prediction according to Takayanagi model.

In an attempt to explain the tensile modulus data, they
were fitted according to the Takayanagi model, which stated
that [25]

𝐸
𝑐
=

𝐸
𝑝

[(1 − 𝛽) + 𝛽/ ((1 − 𝛽) + 𝛽𝐸
𝑓
/𝐸
𝑝
)]

, (1)

where 𝐸
𝑐
, 𝐸
𝑝
, and 𝐸

𝑓
were the elastic modulus of the

composite, the pure polymer, and the filler, respectively. As
suggested in literature [25], the elastic modulus of nanoclays
(𝐸
𝑓
) was fixed at 178GPa. The parameter 𝛽 was the square

root of the volume fraction of the filler (𝜙
𝑓
), which was

calculated as follows:
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where 𝑤
𝑓
and 𝑤

𝑝
were the mass fraction of the filler and

the pure polymer, respectively; 𝜌
𝑓
and 𝜌

𝑝
were the density

of the filler and the pure polymer, respectively. Takayanagi
model was derived based on the assumption that there was
poor adhesion between the filler surface and the polymer
matrix. As seen in Figure 1, there was a perfect fit between
the model prediction and the C30B data, which proposed
that there was poor adhesion between the C30B nanoclay
and the MAPE polymer matrix. On the other hand, a good
adhesion between the C15A nanoclay and the MAPE matrix
was expected, which could explain the deviation between the
model prediction and the C15A data.

The yield strength is another importantmechanical prop-
erty of polymer composites, which was often considered in
literature to be more sensitive than the elastic modulus for
quantifying the effect of filler-polymer interactions and the
role of adhesion between the filler and the polymer [26]. As
shown in Figure 2, the yield strength increased as the loading
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Figure 2: Effect of nanoclays loading and surface modification
on the yield strength of MAPE matrix. The lines were theoretical
predictions according to Pukanszky model.

of nanoclays increased, but the effect was more pronounced
for the C15A type compared to the C30B type. For example,
there was 32% enhancement for the yield strength of the
7wt.% C15A/MAPE composite relative to the neat polymer,
whereas there was was only 10% enhancement for the 7wt.%
C30B/MAPE composite. Again, the adhesion between the
filler and the polymer could be the reason for this difference
betweenC15A andC30Bnanoclays.This could be understood
more by fitting the data to the Pukanszkymodel, which stated
that [25]

𝜎
𝑐
= 𝜎
𝑝
[

(1 − 𝜙
𝑓
)

(1 + 2.5𝜙
𝑓
)

] exp (𝐵𝜙
𝑓
) , (3)

where 𝜎
𝑐
and 𝜎
𝑝
were the yield strength of the composite and

the pure polymer, respectively. According to the Pukanszky
model, the parameter 𝐵 was an empirical parameter lumping
together all kinds of interfacial interactions between the
filler surface and the polymer. Therefore, as the value of
𝐵 increased, the interfacial interactions and the adhesion
strength between the filler and the matrix increased. As can
be seen in Figure 2, the model fitting with the C30B data
was adequate if 𝐵 was assigned a value of 6, whereas the
model prediction was in agreement with the C15A data if
𝐵 had a value of 10. A higher value of 𝐵 indicated better
adhesion between the C15A surface and the host polymer
matrix compared to the C30B surface, as expected.

The tensile strength data followed the same trend, as
shown in Figure 3. ForC15A-filled system, the tensile strength
steadily increased as the loading of C15A increased up to
7wt.% loading and then remained unchanged at 9wt.% C15A
loading. However, for C30B-filled system, the tensile strength
slightly increased as the loading of C30B increased up to
5wt.% loading, and then there was a slight decrease at 7 wt.%
loading. Moreover, at any particular loading, C15A nanoclay
was more effective for the enhancement compared to C30B
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Figure 3: Effect of nanoclays loading and surface modification on
the tensile strength of MAPE matrix.

nanoclay. For instance, relative to the unfilled sample, the %
enhancement in the tensile strength of 7wt.% C15A/MAPE
systems was 25%, whereas it was only 10% enhancement for
the 7wt.% C30B/MAPE system. This was attributed to the
better dispersion and adhesion for C15A type compared to
C30B, as discussed before.

3.2. Thermal Stability. TGA under air environment had been
a popular and valuable technique for examining the effect of
nanofillers on suppressing oxidative degradation of polymers.
The cumulative weight and the derivative weight as function
of temperature for the neat MAPE polymer and its C15A-
filled nanocomposites were shown in Figures 4(a) and 4(b),
respectively. Compared to the neat polymer, a significant
shift in the degradation temperature was observed upon the
addition ofC15Ananoclays of all loadings.Thiswas presented
more clearly in Figure 5, where the degradation temperature
was plotted as a function of nanoclays loading. For example,
compared to the neat polymer, the degradation temperature
at the 20%mass loss was increased by 72∘C after the addition
of 5 wt.% C15A. This could be attributed to the excellent
dispersion of C15A nanoclay inside the MAPE matrix, which
helped C15A nanoclay to act as a physical barrier against
degradation of the MAPE matrix.

The enhancement in thermal stability could be due to the
following reasons [27]. First, silicate layers were impermeable
to gases and therefore decreased the permeation rate of
the volatile products formed during decomposition. Second,
silicate layers could act as heat insulator to the polymer
matrix because of the formation of carbonaceous silicate
chars on the clay surface, and these silicate chars could also
act as adsorbing sites for the volatile products formed during
decomposition.

Oxidative TGA were also performed for C30B/MAPE
samples and compared with C15A/MAPE samples, as shown
in Figure 5. It was interesting to notice that, at any particular
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Figure 4: (a) TGA and (b) DGA results under air environment for pureMAPEmatrix (control) and its respective nanocomposites filled with
C15A nanoclay with different loadings.
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Figure 5: Effect of nanoclay loading and type on the oxidative
degradation temperature ofMAPEmatrix.The 20%weight loss data
were defined as temperature where 20% of the initial mass of the
sample disappeared and similarly for other curves. Filled symbols
were for C15A nanoclay type, whereas unfilled symbols were for
C30B nanoclay type.

loading, C15A nanoclay was more effective than C30B nan-
oclay for increasing the thermal stability ofMAPEmatrix. For
example, the degradation temperatures at the 20% mass loss
were 454.6∘C and 405.6∘C for the 5wt.% C15A/MAPE and
5wt.% C30B/MAPE samples, respectively.

Since both tensile mechanical properties data and oxida-
tive TGA data confirmed that C15A type was more useful
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Figure 6: XRD patterns of C15A clay powder and MAPE matrix
filled with C15A of different loadings.

than C30B type for enhancing the mechanical properties and
oxidative thermal stability of MAPE matrix, it was decided
to consider only the C15A type for subsequent XRD and
rheological characterizations.

3.3. Morphology Characterization. XRD had been a nonde-
structive test for probing the morphology of nanoclays inside
the host polymermatrix.TheXRDpatterns for all C15A-filled
MAPE samples of different loadings were shown in Figure 6
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and compared with the XRD pattern for the control C15A
powder. A clear peak was observed for the control C15A
powder at 2𝜃 of about 7.18∘, whereas no peaks were observed
for the C15A-filled MAPE samples of different loadings.
According to literature [28], the absence of a significant peak
for the filled sample was a signature for nanocomposite for-
mation.The excellent dispersion suggested by XRD for C15A
inside the MAPE matrix was believed to be the main reason
formechanical properties and thermal stability enhancement
observed for the C15A/MAPE nanocomposites.

In addition, the morphology of all MAPE-filled samples
of both types of nanoclays (C15A nanoclay and C30B nan-
oclay) was further examined by Field Emission Scanning
Electron Microscopy (FE-SEM). Figure 7 demonstrated rep-
resentative FE-SEM micrographs for 1 wt.% loading, 5 wt.%
loading, and 9wt.% loading for C15A-filled and C30B-filled
samples. As can be observed in Figure 7, C15A nanoclay
had better dispersion in MAPE matrix compared to C30B
nanoclay.

3.4. Rheological Properties. The storage modulus (𝐺) and
the loss modulus (𝐺) of the nanocomposites as function of
frequency and C15A loading were shown in Figures 8 and
9, respectively. As shown in Figures 8 and 9, 𝐺 and 𝐺



increased as frequency decreased andC15A loading increased
for all samples. For a viscoelastic material such as filled
polymer melts, 𝐺 reflected the “solid-like” part, whereas 𝐺
reproduced the “liquid-like” part of that material [6, 28]. By
comparing Figure 8with Figure 9, it was observed that𝐺 had
a stronger C15A loading dependency than 𝐺

, especially at
low frequency range (𝜔 ≤ 0.1 s−1). Therefore, this fact had
been utilized here to estimate the percolation threshold of
C15A inside the MAPE matrix. The percolation threshold
was defined here as the minimum loading of C15A to form
an interconnected physical network inside the host polymer
matrix. It was a common practice in literature to quantify the
percolation concentration of filler by simply observing the
plateau in the elastic modulus (𝐺) at low frequency region
[29]. Empirically, it was determined here by calculating the
slope of a power law fit to 𝐺

 data in the low frequency
range (𝜔 ≤ 0.1 s−1) for a particular C15A loading, as shown
in Figure 10. Then, the slopes were plotted as function of C15
loading, as shown in Figure 11. Consequently, as shown in
Figure 11, the sharp change in the slope of the linear fitting
to the data occurred at the percolation threshold, which
was here about 3wt.% C15A. This method for estimating
the percolation threshold was suggested and implemented by
different investigators for several polymeric nanocomposites
[30].

The percolation threshold could also be deduced by
inspecting Van Gurp-Palmen plot, as suggested in literature
[31]. In this method, shown in Figure 12 for the current study,
the shift angle (𝛿) was plotted against the complex modulus
(𝐺
∗

) for the various C15A loadings, and the change in the
trend was examined. As shown in Figure 12, for the neat
MAPE polymer as well as the 1 wt.% C15A/MAPE composite,
𝛿 decreased as𝐺∗ increasedwith no formation of amaximum
point, indicating no structural change could happen and

hence no formation of a network of C15A could happen
at 1 wt.% loading. On the other hand, noticeable maximum
points were observed for the samples filled with 3wt.% C15A
and higher loadings, indicating strong structural change
occurred due to the formation of interconnected network of
C15A.

The conclusion from Van Gurp-Palmen plot (Figure 12)
was also in agreement with the plot of tan(𝛿) as a function
𝜔 (Figure 13). As shown in Figure 13 for the low frequency
range (𝜔 less than 0.1 s−1), tan(𝛿) decreased as𝜔 increased for
the neat polymer as well as the 1 wt.% C15A/MAPE sample,
with a value of tan(𝛿)much larger than 1.This was a common
feature of viscous polymer melt or a polymer melt filled
with solid fillers below the percolation threshold. However,
for higher loading samples starting form 3wt.% and above,
tan(𝛿) increased as 𝜔 increased for the low frequency range
(𝜔 less than 0.1 s−1), with a value of tan(𝛿) close to or less than
1. This was a common attribute of a “gel” like material [32],
which could be attributed to the formation of C15A networks
at 3 wt.% and above loadings.

Although nanoclays do not conduct electricity, the
methodology described above for estimating the rheological
percolation threshold could be applied also to conductive
nanofillers such as carbon nanotubes (CNT), where it was
reported in literature that the rheological percolation thresh-
old was in good agreement with the electrical percolation
threshold for several systems such as CNT-filled polycarbon-
ate system [33].

In summary, we found that the rheological percolation
threshold for the C15A-filled maleated polyethylene system
was around 3wt.% loading. This was in agreement with
Reddy et al. [22], where they found that the rheological
percolation threshold was around 3wt.% for their C15A-
filled LDPE system compatibilized by maleated polyethy-
lene. It was, however, in disagreement with the work of
Sadeghipour et al. [12], where they filled unfunctionalized
HDPE with C20A nanoclays without adding compatibilizers,
where C20A and C15A were essentially having the same
chemical structure of organic modifier. Even though they
increased the loading of C20A up to 10wt.%, they did not
observe plateau values for 𝐺 at low frequency range for all
samples, indicating that there was no network formation for
their system.

The complex viscosity (𝜂
∗

) of the nanocomposites as a
function of frequency and nanoclay loading was shown in
Figure 14. As the frequency increased, the complex viscosity
decreased for both unfilled samples and samples filled with
C15A nanoclay. In addition, the complex viscosity increased
significantly as the loading of C15A increased for the entire
frequency range.

In order to examine the effect of C15A loading on the
shear thinning behavior of the MAPE matrix, 𝜂∗ was fitted
according to the power law model, which stated that [23, 34]

𝜂
∗

= 𝐾 (𝜔)
−𝑛

, (4)

where 𝑛 was the shear thinning index. Ideally, 𝑛 had a value
of 0 for a perfect Newtonian fluid. The power law model
parameters were summarized in Table 1.R2 values were above
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Figure 7: FE-SEM micrographs of (a) 1 wt.% C15A-filled MAPE, (b) 1 wt.% C30B-filled MAPE, (c) 5 wt.% C15A-filled MAPE, (d) 5wt.%
C30B-filled MAPE, (e) 9 wt.% C15A-filled MAPE, and (f) 9 wt.% C30B-filled MAPE.
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Figure 8: Effect of angular frequency and C15A nanoclay loading
on the storage modulus of MAPE matrix (control).
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Figure 9: Effect of angular frequency and C15A nanoclay loading
on the loss modulus of MAPE matrix (control).

0.99, suggesting that there was an excellent fit between the
data and the model for the range of 𝜔 considered (0.1 to
10 s−1). As shown in Table 1, 𝑛was gradually increased from a
value of 0.370 for the neat polymer to a value of 0.646 for the
9wt.% C15A/MAPE composite, suggesting that the presence
of C15A had a strong effect for increasing the shear thinning
of the MAPE polymer.

Regardless of its simplicity, the power law model was not
adequate for fitting the viscosity data for the entire frequency
range and it could not give extra information other than the
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Figure 10: Low frequency dependence of the storage modulus for
MAPE matrix (control) and its nanocomposites filled with C15A of
different loadings. Discrete points were experimental data, and lines
were power law fitting, with the fitting equations shown in the right
side of the figure.
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Figure 11: Percolation threshold of MAPE nanocomposites filled
with C15A nanoclay. In 𝑦-axis, alpha was defined as the power
law slop at low frequency range (less than 0.1 1/s) of log 𝐺 versus
log𝜔 (i.e., alpha was the exponents of the fitting equations shown in
Figure 10).

shear thinning index.Therefore, 𝜂∗was fitted according to the
Cross model, which stated that [34]

𝜂
∗

= 𝜂
∞
+

(𝜂
𝑜
− 𝜂
∞
)

[1 + (𝜆𝜔)
𝑚

]

, (5)

where 𝑚 was the shear thinning index, and 𝜆 was the
relaxation time.Theparameters 𝜂

∞
and 𝜂
𝑜
were two empirical

parameters that referred to the viscosity at very high 𝜔 and
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Figure 12: VanGurp-Palmen plots forMAPEmatrix (control) filled
with C15A nanoclay of different loadings.
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Figure 13: Effect of angular frequency (𝜔) and C15A nanoclay
loading on loss tangent (tan 𝛿) of MAPE matrix (control).

very low𝜔, respectively. In the present study, 𝜂
𝑜
was estimated

by extrapolating at 𝜔 value of 0.001 s−1 according to power
fitting equation of the first four experimental data points.
Similarly, 𝜂

∞
was estimated by extrapolating at 𝜔 value of

1000 s−1 according to power fitting equation of the last four
experimental data points. By defining the relative viscosity as
the ratio of (𝜂∗ − 𝜂

∞
)/(𝜂
𝑜
− 𝜂
∞
), (5) could be rewritten in a

linear form as follows:

[(

1

relative viscosity
) − 1]

−𝑚

= 𝜆𝜔. (6)
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Figure 14: Effect of angular frequency and C15A nanoclay loading
on the complex viscosity of MAPE matrix (control).
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Figure 15: Fitting of the complex viscosity data (discrete points) to
the Cross model (solid lines) for MAPE matrix (control) filled with
C15A nanoclay of different loadings. Parameters of the Cross model
were summarized in Table 2.

Therefore, a straight line would be expected by plotting
[(1/relative viscosity) − 1] against 𝜔 on a log-log scale, and
hence the parameters 𝑚 and 𝜆 could be obtained directly.
After linearization, the fitting of the data with the Cross
model was shown in Figure 15, and the Cross model parame-
ters were summarized in Table 2. Straight lines on the log-log
scale were observed in Figure 15 with R2 values higher than
0.99, suggesting that there was an excellent fit between the
data and the Cross model for the entire range of𝜔 considered
(0.01 to 100 s−1). As shown in Table 2, 𝑚 was gradually
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Table 1: Power law parameters of C15A/MAPE nanocomposites
calculated based on the frequency range from 0.1 to 10 s−1.

C15A loading Shear thinning
index, 𝑛 𝐾 𝑅

2 value

0 0.370 4373 0.9958
1 wt.% 0.417 5521 0.9982
3wt.% 0.491 8588 0.9998
5wt.% 0.527 10848 1.000
7wt.% 0.594 16415 1.000
9wt.% 0.646 22568 1.000

Table 2: Cross model parameters of C15A/MAPE nanocomposites
calculated based on the entire frequency range from 0.01 to 100 s−1.

C15A loading 𝜆 (s) 𝑚 𝑅
2 value 𝜂

𝑜

(Pa⋅s) 𝜂
∞

(Pa⋅s)
0 6.5622 0.4772 0.9955 30572 198
1 wt.% 15.082 0.4962 0.9966 82146 206
3wt.% 39.818 0.5556 0.9983 336832 238
5wt.% 57.933 0.5855 0.9985 625463 269
7wt.% 95.735 0.6420 0.9989 1578405 288
9wt.% 127.58 0.6872 0.9992 2919414 296

increased from a value of 0.4772 for the unfilled sample to a
value of 0.6872 for the 9wt.%C15A/MAPE sample, indicating
that the shear thinning of the MAPE matrix increased as the
loading of C15A increased. It was interesting to notice that
the shear thinning indices (𝑛 and 𝑚) predicted from both
the power lawmodel and the Cross model were in qualitative
agreement. Furthermore, as shown in Table 2, the relaxation
time (𝜆) of polymer matrix considerably increased as the
loading of C15A increased, starting from a value of 6.5622
seconds for the pure polymer to a value of 127.58 seconds for
the polymer filled with 9wt.% of C15A nanoclay.

4. Conclusion

Nanoclay fillers were added to a model polymer matrix,
maleated polyethylene (MAPE), in order to study the effect of
nanoclay loading on the bulk properties of the nanocompos-
ites prepared. The nanoclays considered were having either
hydrophobic surface (C15A) or hydrophilic surface (C30B),
and the loading of nanoclays was varied from 0 to 9wt.%.
As confirmed by FE-SEM test, tensile mechanical test, and
oxidative TGA test, C15A was much useful compared to
C30B for improving the thermal stability and mechanical
properties of the MAPE matrix. Subsequently, XRD test
and melt rheology test were done for C15A-filled MAPE
samples only. As suggested by XRD, C15A-filled samples had
formed nanocomposites structures. This could explain the
significant improvement in the oxidative thermal stability
and mechanical properties of MAPE upon the addition of
C15A.The rheological percolation threshold was determined
to be around 3wt.% loading of C15A clay in MAPE matrix.
Fitting the viscosity data to the Cross model suggested that
the shear thinning index and relaxation time of the prepared

nanocomposites increased significantly as the loading of
C15A increased.

The above findings coupled with previous literature on
development of nanoclay-filled polyethylene systems con-
firmed the two criteria necessary for obtaining nanocompos-
ites of superior mechanical and thermal properties. The first
criterion was the fact that the surface of nanoclays is required
to be modified with long alkyl chains similar in structure to
polyethylene, such as C15A nanoclay. The second criterion
was the fact that functionalized polyethylene such asMAPE is
required to be present in the system either as the mainmatrix
or as a compatibilizer.
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