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Abstract A linear low density polyethylene matrix was
melt compounded with a given amount (2 vol.%) of both
untreated (hydrophilic) and surface treated (hydrophobic)
fumed silica nanoparticles with the aim to investigate the
influence of the time under processing conditions on the
microstructure and thermo-mechanical properties of the
resulting materials. Crosslinking reactions induced by thermal processing caused a remarkable increase of the melt
viscosity, as revealed by the melt flow index values of both
neat matrix and nanocomposites. Thermal oxidation of the
matrix was slightly reduced by the introduction of fumed
silica nanoparticles, especially for long compounding times.
Differential scanning calorimetry evidenced how silica
nanoparticles had a nucleating effect on the matrix, while
both the melting temperature and the relative crystallinity
were decreased by the compounding process. Nanosilica
addition promoted a general improvement of the tensile
properties, that progressively decreased with the processing
time.
Keywords Polyethylene . Silica . Nanocomposites .
Thermal stability . Mechanical properties

Introduction
In the last decades it has been widely proven that the
addition of inorganic nanoparticles (such as silica, titania,
carbon nanotubes, layered silicates etc.) in polymeric matrices can profoundly modify their properties [1]. Important
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beneficial effects, such as higher dimensional stability
[2], improved moisture and gas barrier properties [3],
enhanced mechanical resistance [4–7], and flame retardancy [8] can be obtained even at low filler amounts
(< 5 wt.%). The first industrial application of nylon–clay
nanocomposites was developed about 20 years ago [9],
and since then many efforts were made to develop innovative nanocomposite systems, combining various polymeric matrices and nanofillers [10].
Polyethylene (PE) is one of the most widely used thermoplastic polymers because of its peculiar combination of
low cost, high chemical resistance and relatively good mechanical properties. In particular, linear low-density polyethylene (LLDPE) is widely applied in film production for
the packaging industry, because of its high tear and impact
strength. LLDPE is a copolymer of ethylene and an α-olefin
or diene, such as butene, hexene or octene [11]. Therefore,
LLDPE is constituted by a linear hydrocarbon backbone
with short chain branching. Its relatively poor stiffness and
creep resistance, accompanied by a relatively low thermal
stability, may limit its application in several fields. The
introduction of relatively small amounts of nanoparticles
has been proven to play a beneficial role in improving its
creep stability [12]. For as the thermal stability and flame
resistance are concerned, noticeable improvements were
obtained through the introduction of organoclays in PE.
The improved flammability resistance induced by layered
silicates are generally ascribed to the formation of a clayenriched protective char during combustion [13, 14]. For
instance, Costantino et al. [15, 16] investigated the thermal
properties of polyethylene-based nanocomposites containing organically modified hydrotalcites, finding noticeable
results in terms of both thermo-oxidative stability and
improvements in the combustion behaviour. The morphological behaviour and flammability properties of γ-ray
crosslinked maleated polyethylene/clay nanocomposites

92, Page 2 of 10

were investigated by Lu et al. [17]. Cone calorimetry tests
showed that the increase in heat release rate (HRR) for
irradiated materials was suppressed by the nanodispersion
of clay layers, especially at elevated irradiation doses.
Quite surprisingly, less attention was devoted in the open
literature to polyethylene-based nanocomposite systems
filled with isodimensional nanofillers, such as fumed silica
nanoparticles. Fumed silica nanoparticles are industrially
available in a wide range of specific surface area (ranging
from 50 to 400 m2 g−1) and with a variety of surface
treatments from hydrophilic to hydrophobic. Due to the
elevated specific surface area, this nanofiller is able to
self-aggregate when dispersed in polymer matrices, forming an interconnected network of interacting particles
[18]. It has been recently demonstrated that the mechanical properties of PE and other thermoplastic matrices can
be substantially improved by the introduction of this kind
of nanoparticles [4, 12, 18–20].
The thermal stability of polyethylene/silica nanocomposites have also been widely investigated. For instance,
Chrissafis et al. [21] studied the thermal degradation mechanism of high density polyethylene (HDPE) containing various amounts of untreated fumed silica nanoparticles. The
dispersion of the nanoparticles at the nanoscale produced a
remarkable enhancement of the thermal stability, as
evidenced by thermogravimetric analysis under non isothermal conditions. Barus et al. [22] synthesized HDPE nanocomposites by dispersing nanosilica particles with and
without surface modifiers. Depending on the kind of surfactant employed, thermogravimetric analysis highlighted stabilization phenomena similar to that reported in literature for
nanocomposites based on clays, especially in oxidant atmosphere. In a recent wok of our group [23], HDPE based
nanocomposites were prepared through a melt compounding
process by using various amounts of surface functionalized
fumed silica nanoparticles, in order to investigate their capability to improve both mechanical properties and resistance to thermal degradation. The selected nanoparticles
resulted to be extremely effective in increasing the decomposition temperature and in decreasing the mass loss rate,
even at relatively low filler loadings. Noticeable improvements of the limiting oxygen index (LOI) were detected,
especially at elevated silica loadings. Cone calorimeter tests
revealed the efficacy of functionalized nanoparticles in
delaying the time to ignition (TTI) and in decreasing the
heat release rate (HRR) values.
Little is known about the effects of thermal re-processing
on the properties of nanofilled thermoplastics [24–29], even
if this aspect is surely relevant to establish the possibility to
recycle thermoplastic nanocomposites. Thompson and
Yeung [24] undertake a multiple-extrusion study on the
recyclability of a layered silicate-thermoplastic olefin elastomer nanocomposite. They observed that, despite the
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occurrence of degradation in the nanocomposite during
recycling, its rheological and mechanical properties
remained significantly higher than those of the unfilled
resin. Chow et al. [25] investigated the effect of a second
extrusion on the mechanical behaviour of poly(butyleneterephtalate) composites filled with an organomodified
montmorillonite (MMT). It was demonstrated how reprocessing on the nanofilled samples marginally affected
the original stiffness and the crystallization behaviour of
the material. Goitisolo et al. [26] investigated the influence
of repeated injection moulding cycles on the mechanical
behaviour of polyamide-6/MMT nanocomposites. Even
in this case, the introduction of organoclay marginally
influenced the dispersion of the filler within the matrix
and interfacial adhesion conditions. Also Karahaliou et al.
[27] in a study on the thermal re-processing of extruded
acrilonitrile-butadiene-styrene/MMT nanocomposites showed
how nanofiller introduction played only a marginal role on
the rheological and mechanical properties of re-processed
samples. Touati et al. [28] investigated the effects of
reprocessing cycles on the structure and properties of polypropylene/MMT nanocomposites. They observed that the
better dispersion of nanoclay in the nanocomposite induced
by repeated extrusion cycles does not necessarily increase
the performance of the functional properties such as the
thermal and mechanical properties due to the negative
effect of polymer degradation. The recyclability of polystyrene/MMT nanocomposites has been investigated by
Kaci et al. [29]. They showed that during reprocessing
the complementary processes of intercalation improvement
and chain scission can balance and yield a stabilization of
the mechanical performances of the polystyrene nanocomposites over 8 reprocessing cycles.
To the best of our knowledge, no papers can be found in
the open literature on the effects of thermal processing on
particulate and/or polyethylene-based nanocomposites.
Therefore, in this research project neat LLDPE and nanocomposite samples filled with 2 vol.% of both hydrophilic
and hydrophobic fumed silica nanoparticles were prepared
through a melt compounding process. The effect of the
thermal reprocessing was simulated considering different
compounding times and the materials were characterized
by rheological tests, scanning electron microscopy, infrared
spectroscopy, thermal and mechanical analyses.

Experimental part
Materials
A butene copolymer linear low density polyethylene (LLDPE)
Flexirene® CL10 was kindly supplied by Polimeri Europa
(Mantova, Italy). This LLDPE resin is characterized by a melt
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flow index (at 190 °C, 2.16 kg) equal to 2.6 g (10 min)−1, a
number average molecular weight of 27,000 Da, a density of
0.918 g cm−3 and a melting point of 121 °C. Two different
kinds of Aerosil® fumed silica were kindly supplied by
Degussa (Hanau, Germany). Aerosil® 200 (A200) is an hydrophilic fumed silica, having a density of 2.28 g cm−3 and a
surface area of 200 m2 g−1. Aerosil® R974 (R974) silica nanoparticles are surface treated with dimethyldyclorosilane and
have a density of 1.99 g cm −3 and a surface area of
170 m2 g−1. For both nanoparticles the SiO2 content is higher
than 99.8 %. Both LLDPE chips and fumed silica were utilized
as received.
Preparation of the samples
A melt compounding process followed by hot pressing was
adopted for sample preparation. A Thermo Haake® internal
mixer was used for compounding 2 vol.% of both A200 and
R974 silica nanoparticles in LLDPE at 170 °C and 90 rpm.
Different compounding times, ranging from 15 min to
360 min (virtually corresponding to 24 cycles of 15 min),
were used to simulate the thermal re-processing of the
material. The obtained composites were then hot pressed
in a Carver® press at 170 °C for 15 min at a pressure of 0.2
kPa, to produce square sheets of 200 200 mm2 with a
thickness of about 0.8 mm. The choice of the filler amount
was performed with the aim to maximize the tensile strength
of the nanocomposites, according to the indications of a
previous work on PE/silica nanocomposites [30, 31]. The
samples were designated as LLDPE followed by the silica
type and the compounding time in minutes. As an example,
LLDPE-A200-360 indicates a nanocomposite sample filled
with 2 vol.% of Aerosil® 200 fumed silica and processed for
a time of 360 min.
Measurements
Melt flow index (MFI) measurements were performed by a
Dynisco 4003DE melt indexer, according to ASTM D1238
standard. Compounded materials were then pelletized and
heated at 190 °C, and MFI was measured under an applied
weight of 2.16 kg. At least ten measurements were made for
each sample.
Field emission scanning electron microscope (FESEM)
observations were performed through a Zeiss Supra 40
microscope, operating at an acceleration voltage of 10 kV.
Samples were cryofractured in liquid nitrogen and observed
at different magnifications after metallization. Fourier transform infrared spectroscopy (FT-IR) tests were conducted by
using a Perkin Elmer Spectrum One FT-IR-ATR analyser in
a scanning interval between 650 and 4,000 cm−1.
Differential scanning calorimetry (DSC) tests were performed by using a Mettler® DSC30 apparatus on specimens
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having a mass of about 30 mg. A first heating scan
from 0 °C to 200 °C was followed by a cooling scan from
200 °C to 0 °C and a second heating scan from 0 °C to
200 °C. All scans were performed at a rate of 10 °C min−1
under a nitrogen flow of 100 ml min−1. The crystallinity
content was evaluated normalizing the melting enthalpy over
the standard enthalpy of a fully crystalline polyethylene, taken
as 293 J g−1 [32].
Quasi-static tensile tests were performed by an Instron®
4502 tensile testing machine equipped with a load cell of
1 kN, on ISO 527 1BA dogbone specimens 5 mm wide and
0.8 mm thick. Elastic modulus was evaluated at a crosshead
speed of 0.25 mm min−1, and the strain was recorded by an
Instron 2620–601 extensometer with a gage length of
12.5 mm. According to ISO 527 standard, the elastic modulus (E) was determined as a secant value between deformation levels of 0.05 % and 0.25 %. Ultimate tensile
properties such as stress at break (σb) and strain at break
(εb) were determined at a crosshead speed of 50 mm min−1
without the extensometer. The deformation was estimated
by normalizing the crosshead displacement over the gage
length of the samples. At least five specimens were tested
for each sample.

Results and discussion
It is well known that the flow behaviour of thermoplastics is
strongly affected by the molecular weight and/or by the polydispersity degree and that prolonged thermal treatments could
noticeably influence the molecular architecture [33]. Therefore, melt flow index can provide information on the effects of
the thermo-mechanical degradative action promoted by melt
compounding and the molecular weight of the investigated
materials. MFI values of neat LLDPE and of the relative
nanocomposites as a function of the processing time are
reported in Fig. 1. It can be noticed that MFI values of neat
LLDPE strongly decrease with the compounding time, passing from 3.25 g min−1 after a compounding interval of 15 min
to 0.15 g min−1 after a thermal processing of 175 min. According to the literature references [34–39], the observed decrease
of the MFI can be associated to crosslinking phenomena due
to the thermo-oxidative action of the compounding. It is
worthwhile to note that for very long processing times a slight
increase of the MFI values can be observed, probably due to
chain scission reactions. It is often reported in literature that
degradative action of a thermo-oxidative treatment promotes
the formation of alchilic radicals (R*) through the rupture of
covalent bonds, followed by the reaction with oxygen to form
hydroperoxides (ROOH) through a chain reaction, as described in the following scheme :
RH ! R ! RO2  ! ROOH ! Oxygenated products

ð1Þ
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Fig. 1 Melt flow index (MFI) values as a function of the processing
time for neat LLDPE-t (◊), LLDPE-A200-t (□) and LLDPE-R974-t (○)
samples (t=15–360 min)

The oxygenated reaction products can be alcohols,
aldehydes, ketones, acids and esters. Therefore, crosslinking and chain scission reactions are competitive mechanisms in this system, and the decrease of the molecular
weight due to thermo-oxidation may prevail only at
prolonged thermal exposure.
The addition of hydrophilic fumed silica nanoparticles
(A200) determines a noticeable decrease of the MFI values
with respect to the unfilled matrix even after a compounding
time of 15 min. The increase of the melt viscosity due to
nanoparticles introduction is a well known phenomenon
[18, 40], and it is generally ascribed to the formation of a
percolative network between silica aggregates. MFI values
Fig. 2 FESEM images of the
fracture surfaces of a
LLDPE-15, b LLDPE-360,
c LLDPE-A200-15, d
LLDPE-A200-360,
e LLDPE-R974-15 and f
LLDPE-R974-360 samples
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of A200 filled sample are systematically lower than those of
the neat LLDPE over the whole range of the investigated
compounding times. Interestingly, a prolonged thermal
treatment in nanofilled samples does not produce an increase of MFI values. It could be therefore hypothesized
that chain scission reactions due to thermal degradation are
partially hindered by the presence of silica nanoparticles.
Quite similar behaviour can be observed when nanocomposites filled with functionalized nanoparticles (R974) are
considered. The stronger decrease of the melt viscosity
experienced at low compounding times can be probably
attributed to a better dispersion of silica aggregates within
the matrix due to the surface modification (as confirmed by
FESEM images).
In Fig. 2(a–f) FESEM images of the fracture surfaces
of neat LLDPE and of the nanofilled samples with a
compounding time of 15 and 360 min are reported. The
surface corrugation of fracture surfaces can be attributed
to the extremely high ductility of LLDPE [31], and the
consequent difficulty to obtain brittle fracture even under
cryogenic conditions. The micrographs of LLDPE-A200-15
nanocomposites (Fig. 2c) indicate that fumed silica nanoparticles are uniformly dispersed within the matrix, forming isodimensional clusters of aggregated primary nanoparticles
having a mean size of about 200 nm. As reported in our
previous papers [18, 23, 40], this aggregated morphology is
characteristic of fumed silica, and can be attributed to the
strong interaction between the surface hydroxyl groups of
the nanoparticles. When a compounding time of 360 min
is considered a certain disgregation of the silica aggregates
can be observed (Fig. 2d). As expected, a better dispersion
with a reduction of the aggregates average dimension can
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be observed when surface functionalized nanoparticles are
used. In fact, on Fig. 2e, f it can be observed that the
mean dimension of silica aggregates is reduced to 150 nm,
regardless to the compounding duration. Even in this case,
a reduction of the silica aggregates can be observed when
the processing time increases. It is often reported in the
open literature that the surface treatment of inorganic
fillers with organic surfactants or coupling agents could
lead to a decrease of their surface free energy and thus of
their wettability [41]. In these conditions, interparticle
interactions are reduced and the nanofiller dispersion within the matrix improved.
As mentioned before, the presence of oxygenated functional groups in the material could be an indication of the thermal
oxidation reaction induced by a prolonged thermal processing.
FT-IR spectroscopy could be therefore a very sensitive technique to evaluate the effect of the thermo-oxidative degradation process. Fig. 3 reports FT-IR spectra of neat matrix
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(Fig. 3a) and of the nanofilled samples (Fig. 3b, c) as a
function of the compounding time. IR spectra of neat LLDPE
samples are characterized by the presence of two characteristic
absorbance peaks at 2,920 cm−1 and 720 cm−1, associated to
the asymmetric and symmetric stretching of the C-H bonds,
respectively. The absorbance signals at 1,460 cm−1 and at
720 cm−1 are respectively attributable to the bending and the
rocking of CH2 groups [42]. Interestingly, as the compounding time increases a peak located at 1,720 cm−1 appears. This
peak can be attributed to the stretching of carbonyl groups
(C=O). The intensity of this peak rises with the compounding
time. According to the literature data, the presence of carbonyls in polyolefins is generally ascribed to thermal oxidation
phenomena promoted by prolonged thermal processing
[43]. The presence of these functionalities is generally
explained considering chain extension reactions under oxygen atmosphere at elevated temperature and the recombination of alchilic radicals [44, 45]. On the FT-IR

Fig. 3 FT-IR spectra of a LLDPE-t, b LLDPE-A200-t and c LLDPE-R974-t samples (t=15–360 min)
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Fig. 4 Ratio between the absorbance of the carbonylic (A1720) and the
C-H groups (A2920) from FT-IR tests on (◊) LLDPE-t, (□) LLDPEA200-t and (○) LLDPE-R974-t samples (t=15–360 min)

spectra on nanofilled samples (Fig. 3b, c) the presence of
two peaks at 1,105 cm−1 and 802 cm−1, respectively attributable to the asymmetric and symmetric stretching of Si-OSi groups, can be noticed. Also for nanocomposites the
thermal processing promotes chain oxidation, as indicated
by the presence of absorbance peaks associated to carbonylic groups (1,720 cm−1).
In Fig. 4 the values of the ratio between the absorbance of
the carbonylic (A1720) and the C-H groups (A2920) derived
from FT-IR tests on neat LLDPE and on the nanofilled
samples at different compounding times are represented. It
is evident that the presence of fumed silica in these systems
determines a certain reduction of the relative intensity of
C=O groups, especially when prolonged compounding times
are considered. It is also interesting to note that the presence of
the surface functionalization promotes a further reduction of
the oxidation phenomena. Therefore, it can be concluded that
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the presence of fumed silica in these systems hinders the
oxidation of the polymer matrix. The higher efficacy of the
hydrophobic nanofiller (R974) can be probably attributed to a
better dispersion of silica aggregates when a proper surface
functionalization is present.
It is well known that thermal degradation could significantly affect thermal properties of polyolefins, and the introduction of inorganic nanofillers can influence both melting
and crystallization behaviour. The dependency of the melting temperature (Tm) of neat LLDPE and of the relative
nanocomposites from the compounding time was evaluated
through DSC tests and the results obtained from the first
heating scan are reported in Fig. 5a, while in Fig. 5b the
crystallinity content (χC) is reported. As the compounding
time increases the melting point of the crystalline phase of
neat LLDPE decreases. This behaviour can be certainly
attributed to the fact that thermo-oxidation in polyolefins
promotes the presence of crosslinking, lateral ramifications
and oxygenated functionalities on the main backbone, that
may hinder chain packing and spherulites formation during
crystallization, eventually leading to a less ordered crystalline phase [45]. A similar behaviour can be observed also for
the investigated nanocomposites. Interestingly, nanofiller
introduction determines an increase of the crystallinity degree, regardless to the presence of a surface functionalization. This probably means that, despite their amorphous
nature, fumed silica nanoparticles having higher surface area
could play some nucleating effect on the LLDPE matrix. This
point is still debated in the scientific literature, and some
controversial results can be found, especially on polyethylene
nanocomposite fibers [46–48]. In our previous works on
polyethylene based nanocomposites [12, 18], we have hypothesized that the limited influence played by fumed silica
nanoparticles on the crystallization properties of the matrix
could be ascribed to their non optimal dispersion state. In

Fig. 5 Results of DSC first heating scan on (◊) LLDPE-t, (□) LLDPE-A200-t and (○) LLDPE-R974-t samples (t=15–360 min). a Melting
temperature and b crystallinity degree
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another paper on polyethylene/silica nanocomposites we have
found that silica nanoparticles at elevated surface area can
promote a slight crystallinity increase [30]. Also the data
collected during the cooling scan (reported in Fig. 6) clearly
evidence a certain nucleating ability of the silica nanoparticles,
which induce a higher crystalline fraction of the nanocomposites with respect to the neat matrix. It is also interesting to
observe that the crystallization temperature of the investigated
materials markedly decreases with the processing time, as a
clear indication that the crystallization process is hindered by
the processing-induced crosslinking of the LLDPE matrix.
Representative stress–strain curves of neat LLDPE
and of the relative nanocomposites at different processing
times, derived from quasi-static tensile tests, are collected in
Fig. 7. It is clear that as the processing time increases a
remarkable modification of the mechanical response occurs,
especially if the ultimate properties are considered. The values
of some important tensile properties are plotted in Fig. 8(a–c)
at various compounding times for both neat LLDPE and
nanocomposites. For as the elastic modulus is concerned, it
can be concluded that the stiffness of neat LLDPE is practically unaffected by the compounding time. It can be hypothesized that the stiffening effect induced by the progressive
crosslinking at elevated processing times is compensated by
the crystallinity drop evidenced by DSC analysis. The introduction of both types of silica nanofiller determines a noticeable increase of the elastic modulus with respect to the neat
matrix. For instance, elastic modulus moves from 190 MPa
for the neat LLDPE to 286 MPa and 310 MPa for LLDPEA200-15 and LLDPE-R974-15, respectively. The noticeable
increase of the elastic modulus in silica nanofilled samples is
well documented in literature, and in a recent paper a new
theoretical model was proposed by our group to model the
elastic properties of particulate nanocomposites [49, 50]. In that
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Fig. 7 Representative stress-stain curves on LLDPE-t samples
(t = 15–360 min)

work it was evidenced how nanofiller aggregation may constrain a portion of matrix, thus limiting the mobility of macromolecules. Interestingly, elastic modulus of nanocomposites
decreases with the processing time down to values quite similar
to that of the unfilled matrix (see Fig. 8a). This trend could be
attributed to a disruption of the silica aggregates provoked by
the prolonged compounding time, and the consequent reduction of the stiffening effect related to matrix constrain.
It is also worthwhile to analyze the trends of the ultimate
properties with the processing time. On Fig. 8b, c it can be
observed that both stress and strain at break of nanocomposites are slightly higher than that of neat matrix. The presence of a surface functionalization on the nanoparticles
helps to further improve both σb and εb. These results are
in agreement with what previously reported for high density
polyethylene-fumed silica nanocomposites [30]. An increase of the processing time leads to a dramatic reduction
of the ultimate properties. This strong embrittlement could

Fig. 6 Results of DSC cooling scan on (◊) LLDPE-t, (□) LLDPE-A200-t and (○) LLDPE-R974-t samples (t=15–360 min). a Melting temperature
and b crystallinity degree
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Fig. 8 a Elastic modulus, b stress at break and c deformation at break of (◊) LLDPE-t, (□) LLDPE-A200-t and (○) LLDPE-R974-t
samples (t= 15–360 min)

be related to the matrix crosslinking occurring under the
selected processing conditions. However, the ultimate properties of the nanofilled materials are systematically superior
to those of the neat matrix, especially when hydrophobic
silica are considered. This beneficial effect could be attributed to the ability of fumed silica nanoparticles to reduce the
thermal oxidation of the LLDPE matrix, as evidenced by
FTIR analysis.

evidenced that fumed silica nanoparticles partially prevented the oxidation of the polymer matrix, especially when
long processing times are considered. DSC tests revealed
that fumed silica nanoparticles play a nucleating effect on
the matrix crystallization, while both the melting and crystallization temperatures and the relative crystallinity were
progressively decreased as the processing time increases.
Quasi static tensile properties were improved by nanofiller
addition, while both the stress and the strain at break progressively decreased with the processing time.

Conclusions
Both untreated and surface treated fumed silica nanoparticles were melt compounded in a LLDPE matrix, in order
to investigate the influence of the processing duration on the
thermo-mechanical behaviour of the resulting materials.
MFI measurements evidenced how the viscosity of both
neat LLDPE and the nanofilled samples progressively increase with the processing time, due to the crosslinking
reactions induced by the thermal processing. FTIR analysis
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