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ABSTRACT: We prepared cycloolefin copolymer (COC)/
fumed silica nanocomposites by melt compounding to study
the effect of the filler dimensions (filler surface area) on
the physical properties, with particular attention to their
thermal, mechanical, and optical behaviors. Thermogravi-
metric analysis revealed a positive contribution of silica
nanoparticles to the thermal degradation resistance of COC,
as the decomposition temperature of the nanofilled samples
increased by 40�C with respect to that of the unfilled matrix.
Dynamic mechanical thermal analysis and quasi-static ten-
sile tests of the nanocomposites evidenced a slight stiffening
effect, proportional to the nanofiller surface area, without

any reduction in the fracture toughness. Creep resistance of
the nanocomposites was increased by the addition of silica
nanoparticles, especially when high-surface-area nano-
particles were used. The positive effect of the nanoparticles
on the viscoelastic and fracture behavior was related to the uni-
form dispersion of silica aggregates in the matrix. Ultraviolet–
visible spectrometry measurements evidenced that the original
transparency of neat COC was practically maintained after the
addition of silica nanoparticles. VC 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 119: 3393–3402, 2011
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INTRODUCTION

Polymer matrix nanocomposites have increasingly
been studied in recent years as novel materials
because the incorporation of inorganic nanoparticles
into a polymer matrix can significantly improve its
physical properties, such as the stiffness,1–5 stress at
break (rb),

3,4,6,7 dimensional stability,8–10 thermal
degradation, and chemical resistance,1,5,6,11 whereas
the gas or solvent permeability can be reduced.11–13

Because significant improvements in the material
properties can be achieved at very low filler contents
(�5–10 wt %), the typical drawbacks (embrittlement,
loss of transparency, loss of lightness) associated
with the addition of traditional inorganic fillers can
be avoided.14,15

Thermoplastic polymers recently synthesized by
means of metallocene-based catalysts have attracted
the attention of many researchers and producers.16–24

Particular interest has been focused on the synthesis and
characterization of cycloolefin copolymers (COCs),14,25–36

which are amorphous thermoplastics obtained by
copolymerization of norbornene and ethylene. COCs
show remarkable properties, such as stiffness, high
chemical resistance, good moisture barrier proper-

ties, low moisture absorption, and low density.
Because of this unique combination of properties,
COCs are suitable for the production of transparent
moldings (optical data storage, lenses, and sensors),
packaging of drugs, medical and diagnostic devices,
food containers, and so on. As the glass-transition
temperature (Tg) of COCs can be adjusted by the
percentage of norbornene,37–39 various COC grades
suitable for specific applications are available on the
market.40 The polyolefin/COC blends rank among
new interesting materials, for example, polypropyl-
ene/COC blends41 with fibrous phase structure and
high-density polyethylene/COC blends42 showing
improved dimensional stability.
To our knowledge, only a few articles have been

published on the preparation and characterization
of COC-based nanocomposites. For example, COC/
layered silicate nanocomposites prepared by the
intercalation of organically modified layered silicate
through a solution mixing process displayed signifi-
cant improvements in the storage modulus (E0) and
water permeability with respect to neat COC.43

COC/silica nanocomposites prepared by solution
blending showed certain increases in Tg and the
decomposition temperature (Td) with the silica con-
tent and maintained the transparency of the neat
matrix.14,15 Recently, we conducted a detailed analy-
sis of the physical properties of COC/polyhedral oli-
gomeric silsesquioxane nanocomposites and found
substantial decreases in the thermal decomposition
temperature, the transparency, and the mechanical
performance at higher filler contents because of the
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presence of a crystalline phase due to polyhedral oli-
gomeric silsesquioxane agglomerates and the forma-
tion of a soft interphase at the nanoparticle/polymer
boundary.44 We found no articles in the literature to
date dealing with the characterization of COC/fumed
silica nanocomposites. It has recently been demon-
strated that the addition of small quantities of fumed
silica nanoparticles can notably improve the mechani-
cal properties of polyolefin matrices. For instance,
fumed silica nanoparticles can substantially enhance
the stiffness and fracture toughness of linear low-den-
sity polyethylene (LLDPE).45 Similar results illustrat-
ing the role of the surface area of the nanofillers have
been reported for poly(methylpentene)/fumed silica
nanocomposites.46

The objective of this article is to investigate the
effect of the incorporation of silica nanoparticles
having different specific surface area on the thermal,
mechanical, and optical properties of the COC/silica
nanocomposites. Particular attention is paid to their
thermal degradation resistance, fracture toughness,
and creep resistance.

EXPERIMENTAL

Materials and sample preparation

A COC supplied by Ticona (Kelsterbach, Germany),
known under the trade name Topas 8007, consist-
ing of 65 wt % ethylene and 35 wt % norbornene
(melt flow index at 190�C and 2.16 kg ¼ 1.7 g/100,
density ¼ 1.02 g/cm3, Tg ¼ 78�C), was used as poly-
mer matrix. Figure 1 reports the chemical structure
of the COC used in this study.

Three different kinds of hydrophilic fumed silica
nanoparticles, supplied by Degussa (Hanau, Germany),
were used as nanofillers: Aerosil 90, Aerosil 200, and
Aerosil 380 (A90, A200, and A380, respectively).
Their physical properties are summarized in Table I.
The density values were measured by a Micromeritics
Accupyc 1330 helium pycnometer (Norcross, GA).

The specific surface areas were determined with an
ASAP 2010 accelerated surface area and porosimetry
instrument with the Brunauer–Emett–Teller proce-
dure.47 From these data, it was possible to calculate
the mean diameter (d) of the fumed silica primary
nanoparticles according to eq. (1):

d ¼ 6000

q� SSA
(1)

where q is the nanofiller density (g/cm3) and SSA is
the specific surface area value (m2/g). Although the
nanofillers presented similar densities, the differen-
ces in the reaction conditions during the manufac-
turing process led to different specific surface area
values and primary nanoparticles sizes.
Both polymeric chips and nanofillers were used as

received. The silica nanoparticles were melt-mixed
with COC in a Thermo Haake Rheomix 600 internal
mixer (Karlsruhe, Germany) at 190�C for 15 min with
a rotor speed of 90 rpm. Square sheets (width ¼ 200
mm and thickness ¼ 0.7 mm or width ¼ 100 mm and
thickness ¼ 4 mm) were obtained by the pressing of
the material in proper molds in a Carver laboratory
press (Wabash, IN, USA) at 190�C and 0.2 kPa. A fil-
ler content of 2 vol % in the composites was chosen
on the basis of our previous work on the fracture
behavior of LLDPE nanocomposites, which showed
maximum ultimate properties at this volume fraction
of fumed silica.48 In this article, the unfilled matrix is
denoted as COC, whereas for the nanocomposites, the
kind of nanosilica and its content are also reported.
For example COC–A200-2 indicates a nanocomposite
with 2 vol % A200.

Experimental techniques

Transmission electron microscopy (TEM) observations
were performed on thin sections of the investigated
nanocomposites ultramicrotomed at �130�C, stained
with RuO4 vapors, and observed at different magnifi-
cations with a Vega TS 5130 instrument (Brno, Czech
Republic). The mean size of the silica aggregates was
evaluated with a public domain, Java-based image
processing software (Bethesda, MD), and at least 50
measurements were conducted on the aggregates con-
tained in the TEM images.

Figure 1 General scheme of the COC repeating units.

TABLE I
Selected Physical Properties of Aerosil-Fumed Silica Nanofillers

Trade
name

Nanofiller
code

Density
(g/cm3)

Specific surface
area (m2/g)

Estimated primary
nanoparticle
size (nm)

Aerosil90 A90 2.50 6 0.01 99.5 6 0.7 24.1
Aerosil200 A200 2.27 6 0.02 196.6 6 1.7 13.4
Aerosil380 A380 2.41 6 0.02 320.8 6 3.4 7.8
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Thermogravimetric analysis (TGA) was conducted
in a Mettler TG50 thermobalance (Schwerzenbach,
Switzerland) in the temperature range from 30 to
600�C at a heating rate of 10 K/min. Various atmos-
pheres were considered (nitrogen, air, and oxygen)
with a constant flow of 150 mL/min. Dynamic me-
chanical thermal analysis (DMTA) tests were carried
out under a tensile configuration with a MkII Poly-
mer Laboratories analyzer (Loughborough, UK) in
the temperature range from 20 to 95�C at a heating
rate of 3 K/min on rectangular samples (30 � 5 � 0.7
mm3). A sinusoidal displacement with a peak-to-peak
amplitude of 64 lm and a frequency of 1 Hz was
imposed on the samples.

Quasi-static uniaxial tensile tests were performed
with an Instron 4502 testing machine (Norwood,
MA, USA) equipped with a 1-kN load cell. ISO 527-
1BA samples, with a gage length of 30 mm and a
width of 5 mm, obtained from the pressed sheets,
were tested at a crosshead speed of 1 mm/min. At
least five specimens for each sample were tested.
The strain was monitored by an Instron 2620-601
clip-on resistance extensometer, with a gage length
of 12.5 mm. According to ISO 527 standard, the elas-
tic modulus (E) was determined as a secant value
between the strain levels of 0.05 and of 0.25%, that is

E ¼ r0:25 � r0:05

e0:25 � e0:05
(2)

where r0.05 ¼ stress corresponding to a strain level
of 0.05%; r0.25 ¼ stress corresponding to a strain
level of 0.25%; e0.05 ¼ strain level 0.05%; e0.25 ¼
strain level of 0.25%.

Specific tensile energy to break (TEB) values under
quasi-static tensile conditions were calculated from
the integration of the load–displacement curves with
the energy to normalized the samples cross section.
Tensile impact tests were conducted on ISO 527-1BA
specimens with a CEAST instrumented impact
machine (Turin, Italy) with a striker mass of 3.65 kg
and an impact speed of 1.25 m/s. Five specimens
were tested for each sample.

Three-point flexure tests for the determination of
the critical stress intensity factor (KIC) and critical
strain energy release rate (GIC) were performed with
an Instron 4502 tensile testing machine at a cross-
head speed of 10 mm/min. According to ASTM D
5054, single-edge notched samples, 44 mm long,
10 mm wide, and 4 mm thick, were used, with a
5-mm sharp machined notch. At least five specimens
for each sample were tested.

Isothermal creep tests were carried out at 30�C
with an Instron 4502 testing machine. Rectangular
samples, 100 mm long, 5 mm wide, and 0.7 mm
thick, with a gage length of 60 mm, were tested at a
constant tensile stress (r0) equal to 45% rb of COC

determined from the quasi-static tensile tests. The total
duration of a test was 1 h. A tensile creep compliance
[D(t)] was computed dividing the time-dependent
strain [e(t)] by r0. To obtain better comprehension of
the creep behavior of the material, the Burgers model
was used to interpret the creep data. This model,
depicted in Figure 2, consists of a series combination
of the Maxwell and Kelvin elements,49,50 and its con-
stitutive equation under creep condition reads

D tð Þ ¼ 1

EM
þ 1

EK
1� e

�EKt

gK

� �
þ t

gM

(3)

where t is the creep time; EK and gK are the elastic
and the viscous components in the Kelvin submodel,
and EM and gM are the analogous parameters for the
Maxwell submodel, respectively. The first term of eq.
(3) describes the instantaneous elastic compliance
(related to the response of the Maxwell submodel),
whereas the second term represents the delayed
viscoelasticity (accounted by the Kelvin submodel).
The third term describes the irreversible viscous flow
(if any) in the course of creep.51

The transparency of the samples was evaluated
with a Jasco V570 spectrometer (Easton, MD). These
tests were performed on square samples 0.7 mm
thick in a wavelength interval between 200 and 900
nm at a scanning rate of 200 nm/min. The relative
transmittance (T%) of neat COC and related nano-
composites was then evaluated over the considered
wavelength range, whereas the absorption coefficient
of the composites (eC) at a certain wavelength (k) was
determined on the basis of Lambert–Beer’s law52:

A ¼ � logðTÞ ¼ eCcl (4)

where A and T are the absorbance and transmit-
tance, respectively, of the sample at a given
wavelength; c is the solute concentration (in our case
c ¼ 1); and l is the sample thickness (ca. 0.7 mm).
The apparent absorption coefficients of the silica
nanoparticles (e*S) were determined as follows:

Figure 2 Schematic representation of the Burgers model.
r ¼ applied creep stress; ee ¼ elastic component of the
creep strain; eve ¼ viscoelastic component of the creep
strain; ep ¼ plastic component of the creep strain; e ¼
creep strain.
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e�S ¼ ACOMPOSITE � ACOC

cl
(5)

where ACOMPOSITE and ACOC are the absorbance values
of the nanocomposites and neat COC, respectively.

RESULTS AND DISCUSSION

Microstructure characterization

TEM images of nanocomposites are shown in Fig-
ure 3; these provided evidence that nanofillers were
uniformly dispersed in the matrix and formed

Figure 3 TEM images of the COC/fumed silica nanocomposites at different magnifications: (a–d) COC–A90-2, (b–e)
COC–A200-2, and (c–f) COC–A380-2.
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clusters with a mean size lower than 350 nm. How-
ever, it was difficult to assess whether the clusters
were constituted by aggregation of primary nano-
particles during the manufacturing process or they
were formed by physical agglomeration of aggre-
gates. The images at higher magnification showed
different sizes of the primary nanoparticles, which
were inversely proportional to the surface area of
the nanofiller. On the other hand, it was possible to
conclude that the mean dimension of the aggregates
decreased with increasing surface area of the added
silica nanoparticles. In fact, in the case of the COC–
A90-2 sample aggregates, a mean diameter of about
300 nm was observed, whereas the COC–A200-2 and
COC–A380-2 nanocomposites were characterized
by aggregates having a mean size of about 180 and
160 nm, respectively.

To explain this different microstructure, one has to
consider that the introduction of fumed silica having
different surface areas in polymeric systems generally
leads to an enhancement of the shear viscosity values,
especially at low shear rates and proportionally to the
nanofiller surface area.53,54 Under these conditions, it
is possible that the higher shear forces produced dur-
ing the melt-compounding process for A380-nano-
filled samples could lead to a more effective disrup-
tion of silica aggregates and result in a microstructure
characterized by aggregates with a lower size.

Thermal and dynamic mechanical characterization

In Figure 4(a), the mass loss as a function of temper-
ature of neat COC and related nanocomposites is
reported, whereas in Figure 4(b), the derivative of
the mass loss is represented. As shown in Fig-
ure 4(b), all of the samples showed an initial decom-
position step followed by a second degradation
stage at about 400�C, in which the maximum mass
loss rate was reached. This thermal behavior was
slightly different from that reported in the literature
for other COC systems. In fact, Ou and Hsu,15 in
their work on COC silica nanocomposites, showed
that both the neat matrix and nanofilled samples
decomposed in a single stage; this was attributed to
the decomposition of the polymer, whereas pure
silica did not present any abrupt decrease in weight.
Moreover, the same authors found similar results for
the thermogravimetric behavior of COC/silica
hybrids prepared by a sol–gel route.14 To explain
this behavior, one has to consider that the chemical
structure of the COC copolymer used by the afore-
mentioned authors was constituted by the repetition
of monomeric units formed by norbornenic and eth-
ylenic groups. As reported in Figure 1, Topas 8007 is
a statistical copolymer in which norbornenic seg-
ments are alternated to ethylenic ones. Under these
conditions, it was possible that the first mass loss

stage evidenced in the TGA tests was due to the
thermal degradation of ethylenic domains possessing
a lower thermal stability, whereas the second step
was associated with the degradation of norbornenic
domains.
In any case, the residual weight fraction of the

nanocomposites at 600�C was about 5%, that is,
very close to the effective weight percentage of the
added silica. From a general point of view, the posi-
tive effect of fumed silica on the thermal degradation
resistance of the nanocomposites resulted in an
increase in the temperatures corresponding to weight
losses of 2 and 5% and the maximum degradation
rate (T2%, T5%, and Td, respectively; Table II).
Although the improvements observed in nitrogen
and air were relatively weak, a more significant
enhancement of the thermal stability is achieved in
oxygen atmosphere, where Td is increased by 40�C in
the case of COC–A380-2 sample. Even in this case,
T2% and Td values increase with the surface area of
the filler. According to the general theories on the

Figure 4 TGA tests on the neat COC and related nano-
composites in oxygen atmosphere: (a) thermogravimetric
curves and (b) derivative of the mass loss as a function of
the temperature. ‘‘m’’ is the remaining mass during the
TGA test.
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flame resistance of polymeric nanocomposites,5,6,55–57

one can hypothesize that silica nanoparticles may act
as thermal insulators and limit the diffusion of the
oxygen in the materials at high temperatures, making
the diffusion path of the oxygen more tortuous and
retarding the underlying thermooxidative process.
For this reason, a smaller improvement in the thermal
stability could be detected for the nanofilled samples
under a nitrogen atmosphere, which was consistent
with the findings reported in a previous article on the
COC/silica nanocomposites.15 According to TEM
images reported in Figure 3, the finer dispersion of
silica aggregates observed for COC–A380-2 nanocom-
posite was responsible for the higher degradation re-
sistance of these samples.

The DMTA measurements reported in Figure 5
indicated that the E0 values of nanocomposites [Fig.
5(a)] were slightly higher than that of neat COC
over the whole measured temperature range, espe-
cially when fumed silicas with higher specific sur-
face areas were incorporated. The stiffening effect
provided by the nanoparticles was accompanied by
a decrease in the loss tangent (tan d) peak values
[Fig. 5(b)], which were more pronounced for high-
surface-area (A380) nanofilled samples. The tan d
peak, corresponding to Tg, indicated a slightly
higher (by about 2�C) Tg for the nanocomposites
with respect to the neat COC matrix. The literature
dealing with the viscoelastic properties of poly-
olefin-based nanocomposites58–62 maintains that the
increase in the material stiffness and Tg found for
nanocomposites can be generally attributed to the
reduction of chain mobility due to physical filler/
matrix interactions. The higher effectiveness shown
by the COC–A380-2 nanocomposite was probably
due to a better dispersion of silica clusters in the
matrix. Obviously, the presence of a higher number
(in a volume unit) of reinforcing elements with smaller
dimensions produces a more extensive immobiliza-
tion of the chains and results in a higher material
stiffness.

Tensile properties, fracture, and creep behavior

A slight increase in E brought about by the nano-
fillers, especially by the high-surface-area silicas, is

documented in Figure 6(a) and Table III. The stiffen-
ing effect induced by the nanoparticles was accom-
panied by a slight increase in both the stress and the
strain at break, which were proportional to the filler
surface area [see Fig. 6(b)].
Furthermore, because the specific TEB values

under quasi-static tensile conditions were calculated
from the integration of the stress–strain curves, we
concluded that the increase in the strength values
due to fumed silica introduction was responsible for
the enhancement of TEB values detected for the
nanofilled samples. In fact, an increase in TEB by

TABLE II
TGA Data of the Neat COC and Related Nanocomposites

Nitrogen Air Oxygen

Sample T2% (�C) T5% (�C) Td (
�C) T2% (�C) T5% (�C) Td (

�C) T2% (�C) T5% (�C) Td (
�C)

COC 409 444 474 379 408 449 354 375 390
COC–A90-2 429 446 478 408 427 460 355 375 414
COC–A200-2 430 448 478 408 432 464 363 394 410
COC–A380-2 427 446 476 378 410 458 363 380 430

Figure 5 DMTA tests of the neat COC and related nano-
composites (frequency ¼ 1 Hz): (a) E0 and (b) tan d.
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25% with respect to the neat matrix was detected
for COC–A380-2 sample. On the other hand, as
shown in Figure 7, the specific TEB absorbed under
impact conditions was impaired by the introduction
of the fumed silica nanoparticles. The different
behavior shown by the nanofilled samples under
impact conditions could be explained by the fact
that the tensile properties at break of thermoplastic
materials are very sensitive to strain rate. We inter-
preted this to mean that under impact conditions,
the reinforcing effect provided by the fumed silica
nanoparticles was negatively overcome by local

stress intensification provided by nanofiller aggre-
gates; this decreased the tensile strain at break.
Although many articles on polyolefin-based nano-

composites indicate that the stiffening effect induced
by inorganic nanoparticles is frequently accompa-
nied by an embrittlement and a reduction in the ulti-
mate tensile properties8–10; the general enhancement
of the quasi-static ultimate tensile properties induced
by fumed silica in our composites was in conformity
with the results reported for the LLDPE/fumed
silica systems45 and for polyimides filled by in situ
generated silica nanoparticles.63 It seemed likely that
the good dispersion of the fumed silica aggregates
at the nanoscale level led to relatively lower stress con-
centration and cracking nucleation phenomena at the
interface. For this reason, the COC–A380-2 nanocom-
posite, characterized by the presence of small aggre-
gates (160 nm), showed the best ultimate properties.
Quantitative assessment of the fracture toughness

according to ASTM D 5054 implies the determina-
tion of a tentative critical stress intensity factor (KIQ)
that can be considered as a KIC value only if the
fracture process occurs under the conditions of lin-
ear elasticity. The linearity of the load–displacement
curves was within the limits imposed by the afore-
mentioned ASTM standard. A limitation on the ra-
dius of the plastic zone around the crack tip was
also recommended, as expressed by eq. (6), under
the plane strain conditions:

B; a; W � að Þ > 2:5
KIQ

ry

� �2

(6)

where B is the sample thickness, W is the sample
width, a is the notch length, and ry is the yield
stress. As evidenced in the representative force–dis-
placement curves reported in Figure 8(a), both neat
COC and nanofilled samples manifested brittle

Figure 6 Representative stress–strain curves of the neat
COC and related nanocomposites in quasi-static tensile
tests (v, crosshead speed ¼ 1 mm/min): (a) evaluation of
E and (b) evaluation of the tensile properties at break.

TABLE III
Quasi-Static Tensile Mechanical Properties of the Neat

COC and Related Nanocomposites

Sample
E

(GPa)
rb

(MPa)
eb
(%)

TEB
(mJ/mm2)

COC 2.57 6 0.15 51.3 6 1.4 2.6 6 0.2 9.9 6 1.2
COC–A90-2 2.68 6 0.07 51.3 6 3.2 2.5 6 0.2 9.4 6 1.5
COC–A200-2 2.75 6 0.20 55.2 6 0.9 2.5 6 0.3 10.5 6 1.6
COC–A380-2 2.72 6 0.15 54.4 6 3.1 2.9 6 0.4 12.4 6 2.9

eb is the tensile strain at break.

Figure 7 Specific TEB of the neat COC and related nano-
composites under the tensile impact conditions (v ¼ 1.25
m/s).
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fracture. For this reason, the maximum stress (rmax)
sustained by the samples during quasi-static tensile
testing was considered rather than ry. Under these
conditions, the limitation imposed by eq. (6) was not
respected for all of the tested samples. Nevertheless,
because plasticization phenomena around the crack
tip were very limited, KIQ and GIQ were considered
to be reliable estimates of the fracture toughness of
the tested materials. As reported in Figure 8(b,c), the

KIQ and GIQ values of the nanofilled samples were
close to that of the neat matrix, regardless of the
nanofiller surface area. We concluded that the silica
nanofillers at a volume concentration of 2 vol % did
not adversely affect the fracture toughness of the
COC matrix, whereas under the quasi-static condi-
tions, a small improvement in the ultimate proper-
ties was detected.
In Figure 9, creep compliance curves of COC and

related nanocomposites measured at 30�C under a
r0 equal to 45% rb of the unfilled COC matrix are
reported. The parameters of the fitting lines corre-
sponding to the Burgers model are given in Table
IV. In conformity with dynamic and quasi-static
tensile tests, the incorporation of fumed silica led
to a significant decrease in the creep compliance,
which was proportional to the specific surface area
of the nanofiller. Analogous effects of nanosilica on
the creep behavior of polymeric nanocomposites
observed earlier4,8,46 were attributed to a restriction
in the chain mobility due to polymer/filler physical
interactions.6,10,64,65 As shown, the Burgers model
was able to encompass the creep behavior of both
COC and related nanocomposites (Fig. 9) over the
selected timescale (the R2 values shown in Table IV

Figure 8 Flexural tests of the single-edge notched samples
for the determination of the fracture toughness of the COC
and related nanocomposites (v ¼ 10 mm/min): (a) repre-
sentative force–displacement curves, (b) apparent values of
KIQ, and (c) apparent values of GIQ. ‘‘F’’ is the force and ‘‘s’’
is the deflection of the samples registered during the flex-
ural tests.

Figure 9 Creep compliance data points for the neat COC
and related nanocomposites (temperature ¼ 30�C, r0 ¼
45% rmax). The full lines fit the experimental data by the
Burgers model.

TABLE IV
Parameters of the Burgers Model Fitting the Creep Data

of the Neat COC and Related Nanocomposites

Sample
EK

(GPa)
gK

(GPa�s)
EM

(GPa)
gM

(GPa�s) R2

COC 14.04 3186 1.67 50972 0.9907
COC–A90-2 12.51 1934 1.75 51012 0.9907
COC–A200-2 14.36 2717 1.77 56332 0.9856
COC–A380-2 21.37 5474 1.92 93014 0.9739
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were around 0.98 for all of the tested samples). A
slight enhancement in EM was detected for the nano-
composites with respect to neat COC, which was in
accordance with E data from the quasi-static tensile
tests. Besides, a consistent increase in the gM para-
meter with the surface area of the nanofiller was
detected. As the latter parameter controls the long
time creep behavior of the materials, we concluded
that the positive effect of the incorporated silica
nanoparticles was more pronounced at long creep
times.

Optical behavior

In Figure 10, the trends of T% as a function of the
wavelength found for the COC and related nano-
composites are represented. The eC and eS* evaluated
by eqs. (5) and (6) are summarized in Table V. The
transparency of COC was quite high over the wave-
length range in the visible region between 400 and
900 nm, whereas T% values of the nanocomposites
decreased (with decreasing wavelength) entering
into/approaching the UV region. Even if the differ-
ences between the nanofilled samples were not so

much pronounced, the COC–A380-2 nanocomposite
showed the highest T% values, probably because of
the finer size of the filler aggregates. As the T%
values of the nanocomposites in the k interval
between 500 and 700 nm were around 50% that of
COC, we concluded that the transparency of the
COC matrix was not dramatically impaired by
the addition of the nanofiller. Also, these optical
measurements were conducted on relatively thick
(0.7 mm) samples, whereas a good transparency of
the COC nanocomposites reported in previous
articles14,15 was evaluated on films 100 lm thick. As
shown in Table V, the A380 filled nanocomposite
showed the lowest apparent e�s and eC values both at
k ¼ 400 nm and at k ¼ 700 nm, which corresponded
to the smaller aggregate size and, hence, to the
better dispersion of the nanofiller. Obviously, the
retention of the optical transparency displayed by
the nanofilled samples was important for the pro-
duction of transparent plastic components with
higher thermal and mechanical stability.

CONCLUSIONS

COC-based nanocomposites were prepared through
a melt-compounding process with fumed silica
nanofillers with different specific surface areas to
evaluate their effects on the thermal, mechanical,
and optical properties of the resulting materials.
TGA demonstrated that nanosilica addition delayed
the initial degradation (T2%) of the COC matrix and
increased its Td, especially under an oxygen atmos-
phere. A slight stiffening effect, manifested by an
enhancement of both E0 and of E, was detected for
the nanofilled samples in DMTA and quasi-static
tensile tests, especially when fumed silicas with high
surface area values were used. Improved dimen-
sional stability induced by the nanoparticles was
confirmed by creep tests, in which a notable
decrease in the creep compliance was found for lon-
ger creeping times. The fracture toughness was not
impaired by the presence of the nanofiller, and a
slight increase in the properties at break was
detected in the quasi-static tensile tests. The
improvement of the mechanical response of the

Figure 10 T% as a function of the wavelength of the neat
COC and related nanocomposites.

TABLE V
Absorption Coefficients of the COC (A), Related Nanocomposites (eC), and Different

Silica Nanoparticles (e*S) [see eqs. (5) and (6)]

Sample
SiO2 content

(wt %)

k ¼ 400 nm k ¼ 700 nm

A eC (cm�1) e*S (cm�1) A eC (cm�1) e*S (cm�1)

COC 0 0.085 1.31 — 0.054 0.83 —
COC–A90-2 4.8 0.553 8.50 360 0.186 2.87 102
COC–A200-2 4.3 0.483 7.43 306 0.226 3.48 132
COC–A380-2 4.6 0.419 6.44 257 0.153 2.36 76
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nanocomposites was attributed to the good disper-
sion of silica nanoscale aggregates, especially when
high-surface-area nanosilica was used. The transpar-
ency of the original COC was not compromised by
the introduction of the nanoparticles because the T
values in the visible wavelength range only
decreased slightly for the nanofilled samples.

The authors thank Chiara Lonardi for her support of their
experimental work.
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