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Abstract. A high density polyethylene (HDPE) matrix was melt compounded with 2 vol% of dimethyldichlorosilane
treated fumed silica nanoparticles. Nanocomposite fibers were prepared by melt spinning through a co-rotating twin screw
extruder and drawing at 125°C in air. Thermo-mechanical and morphological properties of the resulting fibers were then
investigated. The introduction of nanosilica improved the drawability of the fibers, allowing the achievement of higher
draw ratios with respect to the neat matrix. The elastic modulus and creep stability of the fibers were remarkably improved
upon nanofiller addition, with a retention of the pristine tensile properties at break. Transmission electronic microscope
(TEM) images evidenced that the original morphology of the silica aggregates was disrupted by the applied drawing.
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1. Introduction

In the last two decades it has been widely proven
that the mechanical properties (such as elastic modulus, strength, fracture toughness, creep stability
and fatigue resistance) of various polymeric matrices can be remarkably improved through the addition of very small amounts (less than 5 wt%) of
nanostructured fillers [1]. In particular, a substantial
improvement of the thermo-mechanical properties
of polymer matrices has been reached by the introduction of high aspect ratio fillers, such as carbon
nanotubes [2–4] and layered silicates [5–10]. Compared to the extended literature concerning these
kinds of nanofillers, relatively few attention has
been devoted to nanocomposites filled with metal
oxide nanoparticles, such as fumed titania [11, 12]
and fumed silica [13–15]. For instance, Chaichana
et al. [16] developed a novel route to synthesize linear low density polyethylene (LLDPE)/nanosilica
systems via in situ polymerization with a zirconocene/methyl alumoxane (MAO) catalyst, in
order to study the effect of particle size on the cat-

alytic properties of the resulting materials. The
effect of silica and zirconia nanoparticles on the
microstructure of LLDPE nanocomposites synthesized via in situ polymerization with zirconocene
was investigated by Jongsomjit et al. [17], while
Wang et al. [18] analyzed the dispersion behaviour
of titania (TiO2) nanoparticles in polyolefin nanocomposites.
In recent years an extended investigation was carried out by this research group on the viscoelastic
and the fracture behavior of polyolefin based nanocomposites [19–23]. It was found that the addition
of small quantities of fumed silica nanoparticles
could substantially improve both the failure properties and the creep stability of the investigated matrices. High-density polyethylene (HDPE) is a widely
applied thermoplastic polymer, characterized by
good tensile properties, flexibility, low cost and
chemical resistance. For this combination of properties it is used in several industrial applications, such
as piping systems, bags, bottles, ropes and fibers.
The production of high stiffness and high strength
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polyethylene fibers has been one of the challenges
for polymer scientist and engineers for a very long
time [24, 25]. One possible way to obtain high performance polyethylene fibers is through melt spinning and subsequent drawing. However, the applications of such fibers have been often limited by
their relatively poor creep resistance and low shear
modulus and strength. Even if theoretical stress at
break values of polyethylene fibers are very high
(close to 25 GPa) [26], the strength of highly drawn
PE is generally limited to around 1.0–1.3 GPa [27,
28]. Very recently, Toyobo company developed an
innovative high strength melt spinning polyethylene
fiber (Tsunooga®) with superior lightness and cut
resistance, with tenacity of 14 cN/tex and specific
gravity of 0.97 g/cm3, corresponding to a tensile
strength of 1.36 GPa. Moreover, it was recently
found that the introduction of small amounts of layered silicates in polyethylene matrices may lead to
substantial improvements of the mechanical performances of the resulting fibers, in terms of elastic
modulus and tensile properties at break [29]. Many
efforts were devoted by La Mantia and his group in
the investigation of the influence of the elongational
flow on the morphology of PE/clay nanocomposite
drawn fibers [30]. It was demonstrated how an
increase of the elastic modulus and of tensile strength
with respect to the neat matrix could be obtained
when elevated draw ratios are reached. The observed
increase of the mechanical properties was related to
the exfoliation and orientation of nanoplatelets
induced by the applied flow. Mezghani et al. studied
the effect of carbon nanotubes (CNT) added to linear low-density polyethylene nanocomposite fibers,
prepared by melt extrusion and subsequent cold
drawing [31]. The observed improvements of the
tensile strength and fiber ductility were attributed to
the alignment and distribution of CNT in the organic
matrix. Ruan et al. [32] reported the use of multiwalled carbon nanotubes (MWCNT) to reinforce
and toughen gel-spun ultra high molecular weight
polyethylene (UHMWPE) fibers, evidencing some
beneficial effects on the tensile strength and strain
at break values. The authors explained how nanofiller
alignment along the tensile draw direction induced
a stronger interfacial load transfer at the interface,
enhancing therefore the stiffness and tensile strength
of the composite fibers.

Regarding the use of silica nanoparticles to reinforce polyethylene fibers, only Zhang et al. [33]
recently reported on the morphological, adhesive
and mechanical properties of UHMWPE/silica nanocomposite fibers. Nano-silica was able to promote
lower crystal sizes and higher crystallinity with
respect to the neat fibers, with a remarkable enhancement of their mechanical properties and beneficial
effects on the interfacial adhesion with an epoxy
matrix. In a preliminary work of this group [23], a
high density polyethylene matrix was melt compounded with various untreated (hydrophilic) and
surface treated (hydrophobic) fumed silica nanoparticles, having different surface areas. The homogeneous distribution of fumed silica aggregates at low
filler contents led to remarkable improvements of
the thermal stability and of the ultimate tensile
mechanical properties, both under quasi-static and
impact conditions. On the basis of these preliminary indications, in the present paper organo-treated
fumed silica nanoparticles (Aerosil® R974) were
added at a given filler amount (2 vol%) to a HDPE
matrix to prepare highly drawn nanocomposite fibers.
The influence of fumed silica nanoparticles on the
thermo–mechanical behavior of the resulting fibers,
with particular attention to their quasi-static tensile
and creep behaviour, was investigated.

2. Experimental section
2.1. Materials

High density polyethylene Eltex® A4009 (melt flow
rate at 190°C and 2.16 kg = 0.8 dg·min–1, density at
23°C = 0.96 g·cm–3) was supplied in the form of fine
powder by BP Solvay (Bruxelles, Belgium). According to the producer’s datasheet, the supplied powder
has a granulometric distribution comprised between
30 and 1500 !m. Fumed silica nanoparticles Aerosil®
R974 were kindly supplied by Evonik (Essen, Germany). Aerosil® R974 is an hydrophobic silica (surface treated with dimethyldichlorosilane) with a
specific surface area of 170 m2·g–1 and a bulk density of 1.99 g·cm–3 at 23°C. According to the producer’s information, this nanofiller is composed by
equiaxic nanoparticles with a mean size of 12 nm
fused together during the manufacturing operations,
forming aggregates of completely amorphous nanoparticles having a mean diameter between 50 and
100 nm. The aggregates are organized in physical
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agglomerates that can be partially destroyed during
the mixing operations.
Fumed silica nanoparticles were mechanically
mixed with HDPE powder at a constant concentration of 2 vol% through a Dispermat F1 mixer, operating at 500 rpm for 5 minutes. The mixture was
then melt-compounded in a Thermo-Haake Polylab
Rheomix PTW 16p co-rotating intermeshing twinscrew extruder (screw diameter = 16 mm, L/D ratio =
25, rod die diameter = 1.65 mm). A constant screws
speed of 3 rpm was set, while the temperature profile, from hopper to rod die, was as follows: 130, 200,
210, 220 and 220°C. The spun fibers were cooled in
water at room temperature and collected on a glass
drum (40 mm diameter) rotating at 67 rpm. This
speed was kept as low as possible, in order to reduce
orientation and drawing of the fibers immediately
after the extrusion. In this way filaments having a
mean diameter of about 500 µm were produced and
were subsequently drawn in air at 125°C at various
collecting rate. The differently drawn fibers were distinguished in dependence on the draw ratio (DR),
that is defined as the ratio between the initial (Ai)
and the final cross sectional area (Af) of the fibers,
according to Equation (1):
DR 5

Ai
Di 2
5 a b
Af
Df

(1)

where Di and Df indicate the equivalent diameter of
the fibers before and after the drawing process,
respectively. Neat HDPE fibers were drawn in a
stable way up to DR values of 45 (diameter =
75 !m), while nanofilled fibers showed an
improved drawability, and draw ratios up to 54
(diameter = 68 !m) were reached in a stable manner. The diameter of each fiber was measured by
using an optical microscope connected to an image
processing software (ImageJ®). Moreover, a draw
ratio up to 100 was reached on short segments of
nanocomposite fibers in an unstable condition.

2.2. Experimental techniques
Differential scanning calorimetry (DSC) tests were
performed by a Mettler DSC30 calorimeter (Schwerzenbach, Switzerland). Samples of about 15 mg
were sealed in aluminum pan of 160 microliter and
were heated from 0°C up to 200°C at 10°C·min–1
flushing nitrogen at 100 mL·min–1 and then cooled
to 0°C at the same rate. A second heating stage up to

200°C was then carried out. Melting temperature
(Tm) and crystalline content (Xc) of the fibers were
evaluated. As previously shown in the representative DSC thermograms of compounded HDPE plates
and reported in a preliminary work on these nanocomposite systems [23], the melting temperature
(Tm) was taken as the peak temperature of the
endothermic signal in the DSC plots. Crystallinity
(Xc) values were computed by integrating the melting endothermic peaks ("H) and considering a reference value of 293 J·g–1 for the fully crystalline
polyethylene ("H0) [26], i.e. (Equation (2)):
Xc 5

DH
100
DH0~WHDPE ~

(2)

where WHDPE is the weight fraction of HDPE in the
composites. A single specimen of fiber at selected
equivalent draw ratio of both virgin and nanofilled
HDPE was tested.
Dynamical mechanical thermal analysis (DMTA)
tests were conducted by a Polymer Laboratories
MKII machine in tensile configuration. The tested
fibers were folded in an aluminum foil in the grip
zone, in order to prevent the slippage of the specimens during the application of the dynamic displacement, and a gage length of 15 mm was set for
all the specimens. Mono-frequency tests were performed from –135 to 60°C at a heating rate of
3°C·min–1 and a frequency of 5 Hz. A peak to peak
displacement of 64 µm was imposed to all the tested
specimens, and a pre-stress ranging between 1 and
40 MPa was applied proportionally to the DR.
Moreover, on neat and nanofilled fibers drawn at a
ratio of 45 multi-frequency tests were conducted at
0.3, 1, 3, 5, 10 Hz, in a temperature range from –40
to 60°C at a heating rate of 0.5°C·min–1. A prestress of 40 MPa and a peak to peak displacement
of 32 µm was applied. According to a frequencytemperature superposition principle [34], storage
modulus master curves at the reference temperature
of 30°C were generated.
Quasi-static tensile mechanical properties of the
fibers were performed by an Instron 4502 tensile
testing machine, equipped with a 100 N load cell.
According to ASTM C1557 standard, single filaments were cut from the bobbin and glued on paper
mounting tabs, with a gage length of 30 mm. Before
testing, each specimen was preliminary observed
with an Ortholux II POL-BK optical microscope at
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different magnifications, in order to determine its
diameter. At least five specimens were tested for
each sample at a cross-head speed of 50 mm#min–1.
Creep response of the fibers at room temperature
was tested through the same tensile testing machine,
equipped with a load cell of 10 N. Both pure and
nanofilled fibers were tested at a constant stress
equal to 10% of their quasi-static tensile stress at
break. The creep compliance D(t) was computed as
the ratio between the deformation and the constant
applied stress, and it was monitored over a time interval of 3600 s. Fibers drawn at a draw ratio of 45
were also tested under various creep stresses ranging from 5 to 25% of their tensile stress at break.
In order to have some insight on the microstructural
behaviour of the prepared materials, ultramicrotomed cross sections of nanocomposite fibers
undrawn (DR = 1) and at the maximum draw ratio
(DR = 100) were observed by a Tecnai G2 transmission electron microscope (TEM), supplied by FEI

Company (Hillsboro, Oregon, USA), operating at
cryogenic temperature (lower than –70°C).

3. Results and discussion
3.1. DSC and DMTA results

In Figure 1a and in Figure 1b DSC thermograms of
neat and nanofilled fibers at different DRs are
respectively reported, while the most important
results obtained from these tests are summarized in
Table 1. As it commonly happens in semicrystalline
polymers stretched above their glass transition temperature [35, 36], the melting temperature (Tm)
increases with the draw ratio. Above a draw ratio of
25, Tm does not increase anymore and tends to level
off at a value of about 142°C. At the same time, the
crystallinity content increases with the draw ratio
up to values in the range of 75–80%. Accordingly
to literature [37], it can be hypothesized that the
applied drawing induces an ordering of the crystalline phase along the strain direction. Comparing

Table 1. Melting temperature and crystallinity of neat and nanocomposite HDPE fibers from DSC tests (first heating stage)
Draw ratio
1
7
25
40

HDPE
134.6
136.5
141.9
141.4

Tm [°C]
HDPE-2% AR974
131.0
138.6
142.5
142.3

HDPE
53.5
59.3
74.0
79.9

Xc [%]

HDPE-2% AR974
50.5
67.3
77.6
78.4

Figure 1. DSC thermograms of (a) neat HDPE and (b) nanocomposite fibers at different DR values (first heating stage)
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the crystallinity degree and the melting temperature
of pure and nanofilled fibers, it emerges that the
introduction of fumed silica nanoparticles plays
only a marginal effect on the crystallization behavior of the HDPE. Cooling thermograms evidenced
that crystallization temperature of molten fiber range
is between 116 and 111°C, directly proportional to
the DR of the fiber, but in the same it was found
independent on the composition. Also the DSC
thermograms collected during the second heating
stage (here omitted for the sake of brevity) evidenced an independency of both Tm and Xc from the
presence of nanosilica. Comparing these results
with the literature references, it is difficult to have a
clear picture of the effects of nanofillers on the
crystallization behaviour of polyethylene fibers. In
fact, Zhang et al. [33] found an increase of the fiber
crystallinity promoted by the addition of surface
treated nanosilica in UHMWPE. Also Ruan et al.
[32] reported that the addition of MWCNT at a concentration of 5 wt% had a nucleating effects on
polyethylene crystals, particularly in the highly
aligned fibers, but the crystallinity of the composite
fibers was slightly lower than that of the pristine
fibers. On the other hand, La Mantia et al. [30]
found that organomodified layered silicates did not
have any effect on the crystallization properties of
LLDPE fibers and hypothesized that the orientation
in both crystalline and amorphous phases were similar for filled and unfilled fibers. According to our
previous works on polyethylene based nanocomposites [20, 21, 23], we can hypothesize that the limited
influence played by fumed silica nanoparticles on
the crystallization properties of our HDPE matrix
could be probably ascribed to their dispersion state.
However, further investigations are needed to reach
a deeper comprehension on the role played by
nanosilica on the crystallization behaviour of polyethylene.
It is important to note that the maximum draw ratio
reached on nanofilled fibers during the hot stretching and continuous collecting process (DR = 54) is
significantly higher than that achievable with neat
fibers (DR = 45). This means that the presence of
fumed silica nanoparticles improves fibers drawability. Storage modulus (E$) curves of neat polyethylene and nanocomposite fibers obtained in DMTA
tests at a frequency of 5 Hz are reported in Figure 2.
As expected, the molecular orientation induced by

Figure 2. Storage modulus (E$) of neat HDPE fibers (open
symbols) and nanocomposite fibers (filled symbols) at various draw ratios as determined in
DMTA tests at a frequency of 5 Hz

stretching results in a noticeable increase of E$ values over the whole range of investigated temperatures. The presence of nanosilica produces a remarkable stiffening effect on the resulting fibers. In fact,
for any given draw ratio, nanocomposite fibers
exhibit higher storage modulus values with respect
to the neat ones. It is widely reported in literature
how the increase of the elastic properties of the
drawn fibers can be due both to the crystallinity
increase induced by the molecular orientation and
to possible changes in the crystal size/morphology
promoted by the cold drawing process [38]. Also
nanoparticles can alter crystallization behaviour of
the nanofilled fibers [30, 32, 33]. In our case, DSC
tests on the nanofilled fibers excluded any effect on
the overall crystallinity degree due to the nanofiller
introduction, but it is possible to hypothesize that
crystal size could be altered by the presence of silica aggregates within the matrix. However, it is only
an hypothesis, and only a detailed study on the crystallization properties of nanofilled fibers could provide a satisfactory answer to this point. In the future,
further efforts will be made to better understand the
crystallization behaviour of the investigated systems. In order to evaluate the dynamic behaviour
over an extended frequency range, multi-frequency
DMTA tests were also performed on high drawn
neat and nanofilled fibers (DR = 45). Figure 3 reports
the resulting master curves obtained on the basis of
a frequency-temperature superposition principle at
a reference temperature of 30°C. Over the entire frequency range, storage modulus values of nanofilled
fibers are higher than those of unfilled fibers. From
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Figure 3. Storage modulus (E$) master curves of neat
HDPE fibers (open symbols) and nanocomposite
(filled symbols) fibers at DR = 45 from DMTA
multi-frequency tests (T0 = 30°C)

the correspondent plot of the shift factors as a function of temperature (not reported for the sake of
brevity) an Arrhenius type trend can be observed
[34], characterized by an activation energy of the
viscoelastic process of 147+2 kJ·mol–1 for the neat
specimens and 167+6 kJ·mol–1 for nanofilled HDPE
fibers.

3.2. Quasi-static and creep tensile properties
Elastic modulus (E) values of the tested fibers as a
function of the draw ratio are summarized in Figure 4a, while stress (%B) and strain (&B) at break values are reported in Figure 4b and Figure 4c, respectively. According to DMTA results, it is evident that
the presence of fumed silica nanoparticles produces
a significant increase of the elastic modulus, especially at elevated draw ratios. Furthermore, the possibility of reaching higher draw ratios with the
nanosilica introduction allows us to prepare fibers
possessing higher elastic moduli (about 55 GPa for
a DR of 54). Interestingly, the increase of the fibers
stiffness can be obtained without impairing their
tensile properties at break. In fact, both stress and
strain at break values do not appear to be influenced
by the presence of nanofiller. The better drawability
of nanofilled fibers offers the possibility to reach
higher stress at break values (about 1.65 GPa for a
DR of 54).
Figure 5a displays creep compliance curves for neat
and nanocomposite polyethylene fibers drawn at
various DRs and loaded at a stress level equal to
10% of their stress at break values. Even if at DR = 1
the creep compliance of the nanocomposite fibers is

Figure 4. Mechanical properties of neat HDPE fibers (open
symbols) and nanocomposite fibers (filled symbols) from quasi-static tensile tests: (a) Elastic
modulus, (b) Stress at break, (c) Strain at break

practically equal to that of the unfilled ones, an interesting improvement of the creep stability due to the
nanofiller introduction can be detected as the draw
ratio increases. This trend can be clearly evidenced
in the plot of creep compliance values at 3600 s as a
function of the draw ratio (Figure 5b).
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Figure 5. Creep tests on neat HDPE fibers (open symbols) and nanocomposite fibers (filled symbols) at %0 = 10% of %B:
(a) creep compliance curves at various draw ratios, (b) creep compliance values at 3600 s as a function of the
draw ratio

Figure 6. Creep tests on neat HDPE fibers (open symbols) and nanocomposite fibers (filled symbols) at DR = 45: (a) creep
compliance curves at various stress levels, (b) creep compliance after 3600 s as a function of the normalized stress

In order to evaluate the effect of the applied stress
on the creep behaviour of the tested fibers, creep
compliance curves of neat and nanocomposite
fibers processed at DR = 45 are reported in Figure 6a
for various stress levels. Once again, the presence
of the nanofiller produces an interesting decrease of
the creep compliance values with respect to the neat
HDPE fibers for all the investigated stress levels.
Furthermore, if creep compliance values at 3600 s
are compared for various stress levels (Figure 6b) it
emerges that, in absolute value, the stabilizing effect
provided by nanosilica introduction is not substantially influenced by the stress level.

3.3. Microstructure
Concerning the polymer microstructure in the fibers,
considering that DSC evidenced how both melting
temperature and crystallinity degree are about the
same for both materials (see Table 1), it is reason-

able to hypothesize that the orientation of HDPE
macromolecules both in crystalline and in amorphous phases is similar for neat and nanocomposite
fibers. These results are in good agreement with the
conclusions reported by La Mantia et al. [30]. Therefore, the experienced increase of the mechanical
properties due to nanosilica introduction cannot be
attributed to different chain orientation in the tested
materials. In our previous work on the fracture
behavior of LLDPE/fumed silica nanocomposites
[39], the enhancement of mechanical properties
observed for nanocomposites was explained as an
effect of the progressive alignment of nanofiller
aggregates along the strain direction. In order to support this hypothesis, TEM images of the ultramicrotomed cross sections of nanofilled fibers at DR = 1
(undrawn fibers) and at DR = 100 are respectively
reported in Figure 7a and in Figure 7b. Undrawn
fibers are characterized by the presence of fumed
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Figure 7. TEM images of ultra-microtomed cross-sections of (a) undrawn (DR = 1) and (b) highly drawn (DR = 100)
nanocomposite fibers

silica nanoparticles uniformly dispersed in the matrix
forming isodimensional clusters of aggregated primary nanoparticles having a mean size lower than
100 nm. It is difficult to assess whether the clusters
are constituted by aggregation of primary nanoparticles fused together during the manufacturing process
or if they are formed by physical agglomeration of
aggregates. However, it is evident that agglomerates are relatively small and apparently well dispersed within the matrix. This could justify the retention of the tensile properties at break experienced in
quasi-static tests. A similar microstructure was
observed for HDPE/fumed silica composites obtained
by melt compounding and compression molding
[23]. This means that melt spinning process has a
negligible effects on the microstructural behaviour
of the prepared materials, because chain alignment
along the flow direction is not followed by a deformation and/or rupture of silica aggregates. This
could explain why at DR = 1 the tensile properties
of nanofilled fibers are very near to those of the
unfilled ones. The microstructure is very different
when an elevated draw ratio is applied to the fibers
(Figure 7b). In this case the drawing process produces the rupture of silica aggregates and, most probably, their alignment along the cold drawing direction. In the cryofractured sections it is possible to
detect the presence of individual primary nanoparticles having a mean size of about 10 nm, in good
agreement with the indication reported in the

datasheet by the producer. Unfortunately, due to the
experimental difficulties in preparing thin sections
of the fiber along their axis, no direct evidence of the
alignment phenomenon can be experimentally provided. Nevertheless, we recently reported a direct
experimental evidence of alignment of streams of
nanoparticle along the drawing direction in a similar system consisting of an LLDPE matrix filled
with fumed silica nanoparticles [39]. This means
that the agglomerates of fumed metal oxides nanoparticles, once exposed to an elongational flow in the
solid state, orient themselves along the strain direction. Unlike conventional microfillers, fumed silica
aggregates can be deformed and fractured to form
long streams of nanoparticles dispersed within the
polymer matrix. This process is very similar to the
exfoliation process induced by the flow in polymer/clay nanocomposites with a good affinity
between the two components [40]. Therefore, the
larger enhancement of the elastic modulus observed
for the nanofilled samples at elevated filler contents
cannot be attributed solely to the orientation of the
polyethylene macromolecules. The elongational
flow, unlike the shear flow, is able to break and orient the dispersed nanoparticle aggregates even if
the viscosity ratio of the two phases is very different, and the dramatic increase of the filler-matrix
interfacial area could be thus responsible of the
observed increase of the mechanical properties. As
explained in Paragraph 3.1, nanofiller introduction
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could alter the crystal size/morphology of the oriented matrix, with important consequences on the
mechanical behaviour of the resulting material.
Therefore, the stiffening effect due to silica nanoparticles experienced in this work can be probably
ascribed both to an increase of the filler-matrix interfacial area due to the aggregates elongation, and to
possible changes in the crystalline morphology of
the matrix. However, these two effects play a synergistic role in polymer processing expecially for
fiber production, where the phenomenon of crystallization-induced-orientation affects mechanical
properties, and the amorphous phase orientation is
also involved.

4. Conclusions

Surface treated fumed silica nanoparticles were
melt compounded with a high density polyethylene
matrix in order to produce nanocomposite fibers in
a double step process of extrusion and drawing.
Fibers stiffness was remarkably improved by nanofiller introduction, especially at elevated draw ratios,
without affecting tensile properties at break of the
pristine fibers. DSC tests evidenced how both the
melting temperature and the crystallinity degree of
the fibers are not substantially affected by the nanosilica introduction. Also creep tests evidenced a certain reduction of the creep compliance with respect
to the neat HDPE fibers over the whole range of
investigated draw ratios and applied stresses. TEM
images revealed how the experienced improvements of the mechanical properties could be probably related to the strong alignment of silica aggregates along the strain direction and to the consequent
increase of the filler-matrix interfacial area. Moreover, the stiffening effect of the nanofiller in drawn
fiber is also confirmed from dynamical mechanical
analysis, as evidenced from the higher storage modulus in the range of temperature (–40°C/+60°C) and
the higher master curve of storage modulus at 30°C
in the range of frequency (10–3–105 Hz).
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