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ABSTRACT: Polyethylene nanocomposites containing
silica nanospheres, synthesized by the sol-gel method, were
produced via in situ polymerization. The silica nanospheres
were added together with the catalytic system [metallocene
catalyst and methylaluminoxane (MAO) as cocatalyst]
directly to the reactor and used for the polymerization of
ethylene. The polymerization activity increased slightly in
the presence of 1 wt % silica nanospheres in comparison to
the homogeneous polymerization sans filler. The Young's

modulus of the nanocomposites increased 19-25% without a
significant decrease in the elongation at break with respect
to the neat polyethylene. The polymer particle morphology
was also significantly improved with the incorporation of
silica nanospheres. © 2010 Wiley Periodicals, Inc. ] Appl Polym
Sci 119: 1771-1780, 2011
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INTRODUCTION

Mixing polymers with inorganic materials having at
least one dimension in the nanometer range is a use-
ful method to produce new materials called polymer
nanocomposites."> Compared to neat polymers and
micro-particulate composites, nanocomposite materi-
als have markedly improved properties, including
elastic modulus, mechanical strength, barrier per-
formance, optical transparency, and solvent and heat
resistance.>* Furthermore, these improvements are
achieved at low loadings of the inorganic component
(1-10 wt %) in contrast to conventionally-filled poly-
mers which generally require higher loadings of 25—
40 wt % to achieve similar properties. As they require
much less inorganic material, nanocomposites retain
the low density of the matrix and are more easily
processed than conventional composites.””

The properties of nanocomposites are not only influ-
enced by the kind of filler,® but also by the microstruc-
ture of the polyolefins and the preparation process.’
There are three main methods used to produce polymer
nanocomposites: (i) melt compounding, (i) solution
blending, and (iii) in situ polymerization.'”''In situ po-
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lymerization is perhaps considered the most promising
technique to produce polymer nanocomposites as
the direct synthesis via polymerization in the presence
of the filler enhances the dispersity of the inorganic
particles in the polymer matrix and improves the
compatibility between the inorganic particles and the
polymer.'

Metallocenes are an important class of catalysts for
ethylene and propylene polymerization due, in part,
to the possibility of tailoring the molecular structure
of the polymers. Metallocene catalysts activated by
methylaluminoxane (MAO) produce polyethylene
(PE) with narrow molecular weight distributions and
high activities.'** The main disadvantages of meta-
llocene-based polymerizations are the lack of control
with respect to polymer particle morphology and re-
actor fouling when these catalysts are used in homo-
geneous processes. As the addition of silica particles
to polymerization reactions has previously been
shown to produce particle replication, the in situ pro-
duction of polyethylene nanocomposites using meta-
llocene catalysts also serves to improve the polymer-
ization behavior and morphology of the final product.
Nanoscale, synthetic inorganic materials such as SiO,,
ALO;, ZrO,, TiO,, and natural layered clays have
attracted much attention as filler materials for the
preparation of nanocomposites.'”'**7 One impor-
tant material is nanosilica which can be obtained by
the sol-gel method. This method allows for the prepa-
ration of silica particles in the nanometer range with
morphology control and well-defined pore size
distribution.'®
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In the literature micrometer range silica particles
are generally used to support metallocene catalysts
for ethylene polymerization.lg_21 However, the pre-
paration of nanocomposites by in situ polymeriza-
tion using silica nanoparticles both as a support for
the metallocene catalyst and as filler has only been
discussed in a few research articles.

Linear low-density polyethylene (LLDPE) has
been produced using zirconocene/MAO as catalyst
with MAO impregnated nano-SiO, and nano-ZrO,
as the support/filler.'" The same authors,'’ studied
the effect of nanoscale SiO, particle size on the cata-
lytic activity, polymer morphology, and nano-5iO,
dispersion in the polymer matrix. They found that
larger particles (nanometer range) had higher activ-
ity. However, no change in the molecular structure
of LLDPE was observed. TEM analysis of the com-
posites showed that the nanoscale filler was poorly
dispersed due to particle agglomeration. No evalua-
tion of the mechanicals properties of the nanocom-
posites was reported.

Nano-sized silica particles were used as support
for a metallocence/MAO catalyst in ethylene and
propylene polymerizations.'*** The nanoscale cata-
lyst system showed enhanced ethylene and poly-
propylene polymerization activities compared to
catalyst systems supported on micro-scale filler
under identical reaction conditions. As determined
by X-ray diffraction (XRD) and density measure-
ments, the crystalline structure of the polymers
did not change in the presence of nano-sized
silica.

Polyethylene and polypropylene nanocomposites
were prepared using nanoparticles such as silica
balls (monospheres), calcium carbonate, multi-
walled carbon nanotubes (MWCNT), and carbon
fibers (CF) pretreated with MAO.”*® The presence of
the filler materials in these reactions did not
significantly change the polymerization activities.
The incorporation of MWCNT, carbon fibers,
and silica monospheres into the PP led to an
increase in the crystallization temperature. It
was found that the yield strength and strain-to-fail-
ure of syndiotatic polypropylene (sPP) containing
0.6 wt % of MWCNT was higher than that of the
neat sPP.

The preparation of nanoparticle supported meta-
llocene catalysts is an extensive one, and requires a
great deal of time. In addition, the catalytic activity
in heterogeneous polymerizations using micro silica
decreases compared to comparable homogeneous
systems. This can be due to the silica surface imped-
ing monomer access to the active center, reducing
the activity.*** It was thought that an alternative to
the heterogeneous system would be to add the silica
particles and the catalytic system to the reaction at
the same time. In this study, a facile route for the
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in situ preparation of polyethylene nanocomposites
using untreated silica nanospheres, synthesized by
the sol-gel method, as filler was developed. In this
approach the nanospheres are placed in contact with
the cocatalyst (MAQO) and the metallocene catalyst
directly in the reactor. The effect of the silica nano-
sphere loading on the catalytic activity of the system
and on the properties of the resulting polymer nano-
composites was studied. These properties include;
molecular weight, thermal properties, mechanical
response using uniaxial tensile stress—strain, micro-
hardness measurements, and viscoelastic behavior
by means of dynamic-mechanical thermal analysis
(DMTA).

EXPERIMENTAL
Materials

The metallocene catalyst, bis(n-butylcyclopentadienyl)
zirconium dichloride ((nBuCp),ZrCl,) (Aldrich) was
used as the ethylene polymerization catalyst, and
MAO (Witco) as cocatalyst. Ethylene was deoxyge-
nated and dried by passage through columns of
Cu catalyst (BASF) and activated molecular sieves
(13x), respectively. Toluene was purified by
refluxing over Na/benzophenone and distilling under
nitrogen. All manipulations were carried out in an
inert nitrogen atmosphere using standard Schlenk
techniques.

Silica nanospheres were synthesized using the sol-
gel method as previously reported.'® The reagents
used in the synthesis of the nanoparticles were tetra-
ethyl orthosilicate (TEOS), (Si(OC;Hs)s), (98%,
Aldrich), distilled ethanol (96%), aqueous ammonia
(NH4OH, 28%, Merck), and distilled water.

Preparation of spherical nanoparticles (SN)

Monodisperse spherical SiO, nanoparticles were pre-
pared by hydrolysis of TEOS using a two-stage
mixed semibatch method.'® In the first stage, two
solutions were prepared. Solution 1 was prepared
by dissolving 0.5M TEOS in 22 mL of ethanol. In So-
lution 2, aqueous ammonia solution (0.2M) was
added to 23 mL ethanol and 2 mL of distilled water.
Solution 2 was then added dropwise to Solution 1.
The resulting mixture was allowed to react for 60
min at 40°C under N, atmosphere. The second stage
of the procedure consisted of preparing Solutions 1
and 2 again and adding them to the reactor contain-
ing the solution and particles prepared in the first
stage. The solutions were mixed for 60 min at 40°C.
The SiO, particles were separated by centrifugation
(10,000 rpm, 20 min) and washed three times with
ethanol. The nanoparticles were then calcined for 4
h at 450°C.
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Homogeneous polymerization (neat polyethylene)

Polymerization reactions were carried out in a 600 mL
glass reactor (Parr) with mechanical stirrer and tem-
perature controller. Toluene, MAO, and metallocene
catalyst solution in toluene were added to the reactor,
followed by the addition of ethylene. In each experi-
ment 3 x 10~° mol of metallocene catalyst and 2.6 mL
of MAO ([Al]/[Zr] = 1400) were used. The final vol-
ume of the solution in the reactor was 240 mL. The
polymerization reaction was carried out at 60°C and 2
bar ethylene for 30 min, while stirring at 1000 rpm.
The polymerization was terminated by the addition of
acidified methanol (10% HCI, 20 mL). The polyethyl-
ene product was recovered by filtration, washed with
ethanol, distilled water, acetone, and then dried over-
night at room temperature. Catalytic activity was
expressed as the mass of PE produced per unit time
per mol of Zr and per unit pressure (kg mol ' bar '
h™!). All polymerization reactions were repeated twice
to verify reproducibility.

Polymerization in the presence of silica
nanospheres

The polymerization in the presence of silica nano-
spheres was carried out using the same reaction con-
ditions as those used in the homogeneous polymeriza-
tion (neat). The polymerization was carried out by
first adding toluene, 2.6 mL of MAO solution and
then the silica nanospheres (dispersed in toluene) into
the reactor and mixing for 2 min. The silica nano-
spheres were precontacted with MAO in the reactor
to decrease the population of catalyst-deactivating OH
groups on the silica surface. The catalyst solution was
then added and mixed for 2 min and finally saturated
with ethylene. Two different loadings of nanospheres
were used (1 and 5 wt % with respect to the weight
of the neat polymerization product) to study the effect
of the silica loading on catalytic activity as well as on
the properties of the polymer obtained.

Characterization

The characteristic bands of the silica structure were
analyzed by diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) on a Bruker Vector
22 instrument, in the 4000-400 cm ' range with a re-
solution of 4 cm ™! at room temperature.

Molecular weight distributions of the polyethylene
products were determined using a Waters Alliance
GPC 2000 equipped with three Styragel HT-type col-
umns (HT3, HT5, and HT6E). The 1,2,4-trichloroben-
zene was used as solvent, at a flow rate of 1 cm®
min~' and a temperature of 135°C. The columns
were calibrated with polystyrene standards.

The melting temperature and enthalpy of fusion
of the neat and nanocomposite PE samples were
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measured by differential scanning calorimetry (DSC)
on a TA Instruments DSC 2920. The samples were
heated from 25 to 180°C and cooled to 25°C at a rate
of 10°C min~}; the values were taken from the sec-
ond heating curve to eliminate any thermal history.
Percent crystallinity was calculated using the en-
thalpy of fusion of an ideal polyethylene having 100%
crystallinity (289 J g ') as reference.”® Percent crystal-
linity was calculated using the following equation:®

AH,

— %100
(1—¢)-AHy

x(%) =

Where: AH, is the melting enthalpy (J gfl) of the
polymer nanocomposite, AHj is the value of the en-
thalpy corresponding to the melting of a 100% crys-
talline sample (289 ] gfl), and ¢ is the weight frac-
tion of the filler in the nanocomposite.

The XRD patterns of the silica nanospheres, neat
PE, and PE/SN nanocomposites were analyzed by
X-ray diffraction (XRD) on a Siemens D5000 diffrac-
tometer. Ni-filtered Cu Ko radiation was used (A =
0.154 nm).

Polymer particle morphology was observed by
SEM on a LEO Gemini 1530 microscope. The mor-
phology of the silica nanospheres and their disper-
sion in the composites was analyzed by TEM on a
JOEL JEM-1200EXII microscope operating at 200 kv.
The silica nanospheres specimens were prepared
analysis by dispersing them in ethanol, sonicating
them for 10 min, then depositing a small drop of the
dispersion on a copper grid. Ultra-thin polyethylene
nanocomposite specimens with a thickness of ~ 80
nm were cut with glass and diamond blades in an
ultra-microtome (Sorvall MT 5000) at —40°C.

The tensile properties of the polymer and compo-
sites were determined using an HP model D-500 dy-
namometer. The materials were molded for 5 min in a
HP industrial instruments hydraulic press at 50 bar
pressure and 170°C and cooled under pressure with
water circulation. Films of about 0.07 mm thickness
were obtained. Dumbbell-shaped samples with an
effective length of 30 mm and a width of 5 mm were
cut from the compression-molded sheets. The samples
were tested at a rate of 50 mm min~' at 20°C. Each
set of measurements was repeated at least four times.

A Vickers indentor attached to a Leitz microhard-
ness tester was used for microindentation measure-
ments. The microhardness values were calculated
according to the relation:

2sen 68°P

p2
Where P is the contact load (in N) and d is the
length of the diagonal of the indentation surface (in

mm). All measurements were carried out at 25°C
using a load of 0.981N.

MH =
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Figure 1 TEM image of SN obtained by the sol-gel
method.

Dynamic mechanical relaxations were measured
with a Polymer Laboratories MK II Dynamic me-
chanical thermal analyzer working in the tensile
mode. The storage modulus (E’), loss modulus (E”),
and loss tangent (tan ) of each sample were
obtained as functions of temperature over the range
from —140 to 120°C at four frequencies: 1, 3, 10, and
30 Hz, and at a heating rate of 1.5°C min~". Strips of
~ 2.2-mm wide and 15-mm long were cut from the
sheets. The apparent activation energy values were
calculated from an Arrhenius-type equation, using
an accuracy of 1°C in the temperature assignment of
loss modulus maxima.

RESULTS AND DISCUSSION
Characterization of silica nanospheres (SN)

It can be observed from the TEM micrographs in
Figure 1 that the SiO, particles prepared are spheri-
cal, with diameters of about 80-100 nm.

The typical DRIFT signals for silica particles syn-
thesized by the sol-gel method are shown in Figure
2.7 Bands characteristic of SiO, are observed: Si—OH
at 3745 cm ', attributed to isolated surface OH
groups, with a broad band at 3372 cm ™', which co-
rresponds to OH groups disturbed by hydrogen
bonding due to the presence of adsorbed water.'
The band at 1632 cm ™! is also attributed to presence
of the OH groups of water. The bands at 1300 and
1000 cm ™" correspond to the intense peaks of Si—O
stretching™ and to the characteristic Si—OH bending
peaks of the vibration of the silica structure,
respectively.”®

Journal of Applied Polymer Science DOI 10.1002/app
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Catalytic activity of ethylene polymerization in the
presence of silica nanospheres

The polymerization results and polymer properties
(molecular weight, melting temperature, and crystal-
linity) of the synthesized polyethylenes with and
without silica nanospheres are shown in Table I. In
general, reactions which used silica nanospheres
behaved similarly to the homogeneous reaction.
When 1 wt % of silica nanospheres was used a slight
increase in catalytic activity was obtained in compar-
ison to the polymerizations and nanospheres.
Increasing the loading to 5 wt % of silica nano-
spheres, however, produced a slight decrease in cat-
alytic activity compared to the polymerization with
1 wt % of nanospheres. After thermal treatment
(450°C) the silica nanoparticles mainly present iso-
lated single and to a lesser extent geminal hydroxyl
groups. The presence of these hydroxyl groups is
known to deactivate metallocene catalysts.”” The OH
groups on the silica surface can interact with the
metallocene catalyst and eliminate chlorine groups
from the metallocene producing an inactive spe-
cies.”® Mixing the silica spheres in the reactor with
MAO prior to polymerization reduces the surface
concentration of these OH groups, and generates
sites at which the catalyst can interact. As the OH
groups are isolated on the surface, the 450°C pre-
treatment condenses any adjacent hydroxyls, the
resulting MAO capped sites will isolated as well.
This creates a minimum amount of spacing between
catalysts on the silica surface, and is termed the
“spacer effect.” This spacing prevents catalyst—cata-
lyst interactions, and as such reduces or even elimi-
nates bimolecular deactivation. At lower filler con-
tent (1 wt % of nanospheres), the spacer effect of the
spheres seems to favor the catalytic activity.** How-
ever, when the loading of silica is increased to 5 wt
%, the corresponding increase in OH groups (the
MAO concentration was maintained constant in the

Si-0-Si

1300 N

Kubelka Munk

T - T T - T T T T T T 1
4000 3500 3000 2500 2000 1500 1000
wavenumber cm’’'

Figure 2 DRIFT spectrum of SN obtained by the sol-gel
method.
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TABLE I
Results of Ethylene Polymerizations Using Silica Nanospheres as Filler

Silica Silica nanospheres Catalytic activity M, T X%

Process nanospheres (g) content (wt %) (kgmol™ Zr'h™'bar™) (kgmol™') M,/M, (C) (%)
Metallocene Neat PE 0 0 3900 190 2.14 139 67
Metallocene + 0.11 1 4600 182 2.00 137 74
silica nanospheres 0.55 5 4100 250 1.81 137 75

PE: polyethylene; M,,: molecular weight; PDI : M,,/M,,: polydispersity, T,,: melting temperature, y: percent crystallinity.
Polymerization conditions: mol Zr: 3 x 10°% Al/Zr: 1400; polymerization temperature: 60°C. Pressure: 2 bar; reaction

time: 30 min.

polymerizations) could deactivate the catalytic sys-
tem counterbalancing the aforementioned spacer
effect.

The melting temperature of the nanocomposites
did not significantly change compared to the neat
PE, indicating the formation of linear polyethylene.
The molecular weight of the polymer increased
slightly when 5 wt % of silica nanospheres was
used. This could be due to the fact that the nanopar-
ticles do not permit bimolecular reactions between
two metallocene centers, hindering the B-hydrogen
transfer, which would result in longer growth of the
polymer chain. This may be associated with a
decrease of termination or transfer reactions during
polymerization.'” The presence of silica nanospheres
may hinder B-hydrogen transfer, resulting in greater
growth of PE (higher molecular weight). However, it
is important to mention that the increase in molecu-
lar weight could also be due to free trimethylalumi-
num in the MAO which has been reported to pre-
vent the bimolecular deactivation of metallocene
catalysts.”® The polydispersity (PDI) of ~ 2 for the
polymers obtained are typical of metallocene cata-
lysts because they are single site catalysts and have
identical active centers.>! Some authors'®?%?*32 have
reported that when metallocene catalysts are sup-
ported on silica for ethylene polymerization the cata-
lytic activity decreased in comparison with homoge-
neous systems. It has also been reported that the
polymerization activity and final properties of the
polymers (molecular weight distribution and mor-
phology) depend on the nature of support, method
and time used in anchoring the metallocene cata-
lyst.*® In addition, the molecular weight of polymers
produced in supported systems increases in compar-
ison with neat polymers because B-hydrogen transfer
is hindered in supported systems.'” This work did
not require long preparation times or troublesome
procedures to obtain the system, in addition, the cat-
alytic activity is comparable with the homogenous
polymerization and the molecular weight of polymer
increases slightly.

The slight increase in the percent crystallinity of
the nanocomposites compared to the neat polymer
can be attributed to the silica nanoparticles acting as

nucleating agents in the crystallization of the poly-
mer, thereby increasing the number of crystalline
regions.”** This higher crystallinity could be also
related to the increase in molecular weight as well a
smaller crystal size.®® The crystallization curves of
neat PE and PE nanocomposites obtained in the
presence of 1 and 5 wt % of silica nanospheres are
shown in Figure 3. The crystallization temperatures
were similar, ~ 118°C; however the shape of the
exothermic crystallization peak for neat PE is
broader than that of the nanocomposites. It seems
that the presence of silica nanoparticles leads to a
narrower distribution of crystal sizes.

Characterization of the nanocomposites

The XRD patterns of the silica nanospheres (SN),
neat PE, and PE/SN nanocomposites (1 and 5 wt %)
are shown in Figure 4. The XRD pattern of the SN
has the characteristic signals of amorphous silica.
The XRD pattern of PE show two characteristic
peaks at 20 = 21.8° and 24.3° corresponding to the
(110) and (200) planes of the orthorhombic

—=—PE
—a— PE/NS(1wi%)
—o— PE/NS(5wW1%)

Heat Flow (Wig)

¥ T ' T ¥ T ¥ T ¥ T ¥
100 105 110 115 120 125 130
Temperature {°C)

Figure 3 DSC crystallization curves of neat polyethylene
(PE) and nanocomposites with 1 and 5 wt % of silica
nanospheres.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 XRD patterns of (a) SN, (b) neat PE, (c) PE/SN
(I wt %) nanocomposite and (d) PE/SN (5 wt %)
nanocomposite.

crystalline form of PE.'"*** Analysis of the PE/SN
nanocomposite XRD pattern shows that incorpora-
tion of SN into the PE matrix does not change the
intensity or the width of the (110) and (200) diffrac-
tions, [Fig. 3(d)], indicating that the polymer retains
its crystalline structure.

The materials were analyzed by SEM to compare
the morphology of neat PE with that of the 1 wt %
PE/SN nanocomposite, Figure 5. The neat polymer
exhibits a compact morphology, while the particles
of the nanocomposite appear less aggregated. Visual
inspection of these polymer products shows that
neat PE consists of fiber-like particles whereas the
nanocomposites are clearly more powdery products.

Therefore, ethylene polymerization in the presence
of silica nanoparticles has a favorable effect on the
morphology of the PE product. Similar behavior has
been observed when silica nanospheres were used
as support for metallocene catalysts (work in
preparation).”’

TEM images of the PE/SN nanocomposites con-
taining 1 and 5 wt % silica nanospheres are shown

N
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in Figure 6. Although the 1 wt % PE/SN nanocom-
posite has zones where the presence of silica nano-
spheres is not observed, the particles do not appear
agglomerated. The image of the 5 wt % PE/SN
nanocomposite clearly shows the increased silica
nanospheres concentration. This nanocomposite has
a greater degree of agglomeration of the silica
nanoparticles.

Mechanical properties

The mechanical properties of the nanocomposites
are shown in Table II and Figure 7. The stress—strain
curves display a sharp force maximum at low strain,
corresponding to the yield point, which is associated
with the reorientation and destruction of the lamella
by a process of c-shear, and depends on the lamellar
thickness and crystallinity. That point represents the
transition from elastic to plastic deformation, and
the peak in the stress—strain curve is the point at
which plastic flow becomes dominant.*® Beyond this
point, there is a decrease in the force with a further
increase in elongation. In all cases the behavior of
the samples is typical of HDPE. Upon formation of
the neck, the deformed region whitens due to void
formation. Finally, a strain hardening is observed
until the breaking point is reached.*

The elastic modulus and yield stress of neat PE in
this study are higher than those produced with other
catalytic systems in the literature.”* Furthermore, an
increase of 19-25% in Young’s modulus is achieved
in the nanocomposite samples. This effect is inde-
pendent of the percentage of nanospheres used and
can be attributed to the higher rigidity caused by the
presence of silica nanospheres. The Young’s modu-
lus of the samples with 5 wt % of silica nanospheres
is slightly less than that obtained in samples with 1
wt % of silica nanospheres. This is likely due to the
aggregation of the silica nanospheres at higher con-
centrations. The polymers obtained with silica

Figure 5 SEM micrographs: (a) neat polymer and (b) PE/SN (1 wt %).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 TEM micrographs of PE/SN nanocomposite with (a) 1 wt % and (b) 5 wt % of SN.

nanospheres also have higher degrees of crystallinity
than the neat polymer which could also be associ-
ated with the increase in Young’s modulus. The
elongation at rupture on the other hand does not
decrease significantly compared to neat PE.

Microhardness measurements were made using
the Vickers microindentation hardness test, a
method that measures the resistance of a material to
the plastic deformation produced by the impact of
an indentor. The microhardness (MH) of polymers
has been related to other mechanical properties
(yield stress and Young’s modulus in particular) by
considering the roles that the crystalline, amorphous,
and interfacial regions play in the deformation of a
semicrystalline polymer.*’ This method is also capa-
ble of testing the surface mechanical properties of
polymers as a function of processing conditions,
heat treatment, microstructure, and other physical
treatment.

The microhardness (MH) values of the different
polymer samples are shown in Table II. In semicrys-
talline polymers, MH will depend on the content of
crystalline and amorphous parts. The major contri-
bution to the total value of MH is that of the crystal-
line phase.’®*'** These MH values show an increase
with the incorporation of silica nanospheres. These
results confirm the increased Young's modulus of

the nanocomposites found through dynamometer
measurements (Table II and Fig. 7).

Microhardness measurements at different points
on the polymer matrix can be also used to monitor
the degree of dispersion of the silica nanospheres.
The variation of MH in nanocomposites with 5 wt %
silica was somewhat greater than that observed in
samples with 1 wt % silica and this can be attributed
to the lower dispersion of silica nanospheres in the 5
wt % PE/SN nanocomposite.

Dynamic-mechanical properties

The viscoelastic behavior of PE is strongly influ-
enced by variables that affect the crystalline regions,
such as crystallinity, lamellar thickness, and the
interface.*?

Plots of the storage (E), loss modulus (E”), and
loss tangent (tan J) as a function of temperature at 3
Hz for linear PE and the PE/SN nanocomposite (1
and 5 wt % SN) are shown in Figure 8, and the stor-
age modulus at room temperature and apparent
activation energy are shown in Table IIl. The tan §
and loss modulus (E”) maximums show that two
relaxations (o and y) take place in the specimens.
These are accompanied by a pronounced decrease of
the storage modulus.

TABLE II
Mechanical Parameters and Microhardess (MH) of Neat PE and its Composites, PE/SN, Analyzed at 25°C

Silica Nanosphere

Process content (%) E (MPa) G, (MPa) €preak (%) MH (MPa)
Neat PE 0 610 + 60 24 + 2 305 + 50 34 +1
PE/SN nanocomposite 1 780 + 30 27 =1 290 + 95 38 £ 09
5 730 = 50 25 £ 2 200 + 60 40 £ 1.3

Young’s modulus (E), yield stress, (c,), deformation at break (epreak), microhardness (MH).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Stress—strain curves for the PE/SN (Yield stress,
oy, versus deformation at break, ¢,).

The o-relaxation has been assigned to reorienta-
tion of molecules within the crystals.*® It has been
reported** that there is a relation between crystal
thickness and intensity of the o-relaxation, and that
this process is affected by the chain mobility of the
crystals. Therefore, chain mobility occurs at higher
temperatures as crystallite thickness increases. In
general, the position and intensity of the a-relaxation
maximum have been related to crystal thickness and
crystallinity level, respectively. In the present PE
sample, the o relaxation appears centered at 49°C
and in the PE/SN nanocomposites at 45°C (at 3 Hz
in E”). The activation energy, AH, calculated from E”
curves assuming a single process (see Table III),
takes the values of 128, 123, and 124 k] mol ' for PE
and PE/SN nanocomposites (1 and 5 wt % of SN),
respectively, all values are slightly lower than those
of other metallocene PEs. On the other hand, the
lower temperature in the nanocomposites is attrib-
uted to a narrow distribution of the crystals, and
therefore lower activation energy is needed.

The o relaxation does not show a clear maximum
in tan §, the data sweeping up steeply towards the
melting temperature of the polymer. These results are
similar to those in other HDPEs and LLDPEs as a
consequence of the larger crystal size present in PE.**

The y-relaxation has been associated with a single
relaxation process, predominantly of amorphous ori-

ZAPATA, QUIJADA, AND BENAVENTE

o Standard PE
a2 PE/SN (1 wt%)
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Figure 8 Variation of the storage modulus (E'), loss tan-
gent (tan J), and loss modulus (E”) with temperature for
neat PE and for PE/SN nanocomposites with 1 and 5 wt
% of SN.

gin. This relaxation is typical of the joint movements
of chains containing three or more methylene units
in the main chain.** The y relaxation appears at
—113°C for neat PE and at —110°C for the PE/SN
nanocomposites with 1 and 5 wt % of SN, in loss
modulus maxima at 3 Hz. The y-transition peak in-
tensity increases for the PE/SN nanocomposite with
1 wt % of SN. This relaxation is attributed to the
motions of the CH, units in the amorphous region.
In this sense, the apparent activation energy
increases with the SN content, as expected from the
higher crystallinity.

On the other hand, there is no evidence in these
samples of the B relaxation typical in LDPE, LLDPE,
as well as in some samples of linear polyethyl-
ene.***” Tts molecular origin is related to the motion
of chain units in the interfacial region*®*’ although
some other authors have attributed this process to
the glass transition. This relaxation process does not

TABLE III
Viscoelastic Properties of PE/SN Nanocomposites: Storage Modulus (E'), at 25°C, Temperature and Apparent
Activation Energies of the Relaxation o and vy (in E” at 3 Hz)

Silica nanosphere

Process content (%) E*C (MPa) T, (°C) T, (°C) AH,, (kK] mol™) AH,, (k] mol™")
Neat PE 0 1230 49 -113 128 = 5 98 + 5
PE/SN nanocomposite 1 1490 45 —-110 123 =5 140 = 10
5 1270 45 —111 124 =5 125 = 15
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take place in the homopolymer, nor in the nanocom-
posites, Figure 8. Its absence indicates that the inter-
facial content in all specimens is very low and not
important. In other words, that there is good interac-
tion between the matrix and the nanofiller.

The storage and loss modulus of the PE/SN nano-
composite (1 wt %) were higher than those of neat
PE. It has been suggested that the increased storage
modulus of a composite with 5iO, can be due to the
fact that the macromolecular chains at the interface
are restricted by the surface of the filler, greatly lim-
iting molecular motion.® As result of these changes,
the storage modulus of the interface is higher than
that of the free part.

In general, for polyethylene with 5 wt % of silica
nanospheres the visoelastic properties did not signif-
icantly change, which can be due to the high degree
of agglomeration of silica nanospheres. The behavior
of the storage modulus at 25°C is similar to other
mechanical properties (stress—strain deformation and
microhardness).

CONCLUSIONS

PE nanocomposites were prepared by in situ poly-
merization using silica nanospheres as filler. The po-
lymerization activity of the metallocene -catalyst
increased slightly in the presence of 1 wt % nano-
spheres. The nanocomposites obtained with a few
weight-percent of silica nanospheres (1-5 wt %) had
a significant improvement (19-25%) in Young's
modulus without significant decreases to the elonga-
tion at break with respect to neat polyethylene. Stor-
age and loss modulus for the PE/SN nanocomposite
(1 wt %) were higher than those of neat PE. The
presence of silica nanospheres also improves the tex-
tural morphology of the polyethylene product. It is
thought that the modification of the silica nano-
sphere surface would result in improved dispersion
into the polymer matrix.
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