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Abstract Nanocomposites of polycarbonate (PC) reinforced with nanosized silica
particles were prepared by a melt mixing technique in an internal mixer. Two kinds
of commercial hydrophilic fumed silicas differing in their specific surface area were
added in amounts up to 5% by volume, and their reinforcing action was compared to
that of organically modified silica, loaded in the same amounts. Particle-matrix
interactions were investigated by means of rheological and dynamic-mechanical
thermal analysis, demonstrating the important role played by the organic modifi-
cation in the interactions with the polymer matrix, and showing an optimal nano-
particle loading around 2 vol%. The scratch resistance of the nanocomposites
obtained from hydrophilic silicas was investigated, and a remarkable enhancement
in the indenter’s penetration resistance was observed for all the compositions with
respect to pristine PC. The same behaviour was observed for the Shore D hardness
and for the impact resistance of the nanocomposites that also significantly improved
with the maximum load shifting from a minimum value of 521 N for pristine PC up
to values grater than 1330 N for the nanocomposites, demonstrating the activation
of effective mechanisms of energy dissipation due to the presence of the nanofillers.
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Introduction

Polycarbonate (PC) is amongst the most important thermoplastics for a wide variety
of applications, especially in cases where optical clarity is important and
conspicuous mechanical properties are required. Several approaches have been
presented for the modification of this polymer, aimed at extending and widening its
application within the engineering field without affecting its transparency. In recent
years, the vast majority of the scientific efforts have been dedicated to the
preparation and characterization of the relative nanocomposites obtained by
inclusion of nano-objects of different nature, due to the fact that the addition of
well-dispersed nanofillers to transparent polymer matrices could preserve their
optical clarity with the additional improvement of stiffness, impact resistance and
scratch resistance. All these have been compelling reasons for investigating
PC-based nanocomposites. Several manufacturing approaches have been described
for their preparation that can be classified into three main categories: in situ
polymerization of the monomers in the presence of the inorganic nanoparticles, in
situ particles generation in the presence of the polymer or polymer precursors, and
melt compounding.

In the context of industrial applications, the third method certainly represents the
preferred and most convenient method for nanocomposites preparation; it has been
successfully applied to the preparation of PC clay nanocomposites [1-5]; thermally
and electrically conductive PC [6-9] composites containing carbon nanotubes;
functional nanocomposites with metal-based nanoparticles (Al,O3, ZnO, ZnS, PbS)
[10, 11] or with polyhedral oligomeric silsesquioxane POSS [12].

Amongst the wide set of nano-fillers used for PC modification, particular interest
has been drawn by nano-silicas (SiO,), thanks to the commercial availability of
several fumed products characterized by different surface area and porosity, or the
ease of production of spherical nanoparticles through sol-gel techniques or
hydrothermal reactions. Nanoscopic SiO, has been used particularly for the
improvement of thermal and chemical stabilities of PC [13] and PMMA, and the
effect of organic surface functionalization to avoid aggregation when particles are
integrated in the hydrophobic matrix has been widely discussed and reviewed, also
in a recent paper [14].

There is only limited information in the literature concerning the possibility to
further enhance the mechanical properties of transparent polymer matrices such as
PC or PMMA by direct incorporation of unmodified hydrophilic nano-SiO, through
melt compounding, even though this approach could be particularly convenient for
very demanding applications where optical transparency and outstanding impact
properties and scratch resistance are required. Therefore, the main objective of this
study is to explore the effect of small amounts of nanosized SiO, particles on the
impact properties, scratch resistance and dynamic mechanical properties of a
transparent PC matrix; this article demonstrates that impressive enhancements can
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be obtained even by direct compounding of SiO, nanofillers within the polymer
melt by melt mixing, without the need of organic surface functionalization of the
inorganic nanoparticles.

Experimental details
Materials

Commercial grade bisphenol-A polycarbonate (PC, Makrolon® 2407 produced by
Bayer MaterialScience, Germany, and having a melt flow rate at 300 °C/1.2 kg of
20 g/10 min) was used in pellet form. Before processing the resin was dried at
120 °C overnight under static vacuum.

AEROSIL® 90 (A90, produced by Degussa, Germany) is a hydrophilic fumed
silica with a specific surface area of 90 m* g~ ' and an average primary particle size
of 20 nm. AEROSIL® 380 (A380, produced by Degussa, Germany) is a hydrophilic
fumed silica with a specific surface area of 380 m”* g~ and an average primary
particle size of 7 nm. Both silicas were used as received, after drying at 120 °C
under static vacuum for a minimum of 16 h, without any further surface
modification. These nanoparticles were selected to explore the effect of very
different surface areas and average primary particle sizes on the reinforcement
effect in PC.

AEROSIL® R972 (R972, produced by Degussa, Germany) is a hydrophobic
silica having chemically surface-bonded methyl groups, based on a hydrophilic
fumed silica with a specific surface area of 130 m* g~ and an average primary
particle size of 16 nm. These nanoparticles were selected to explore the effect of
surface organophilic modification on the interactions with the polymer matrix. This
silica was also dried at 120 °C under static vacuum for a minimum of 16 h before
further use.

Melt processing

Composites were prepared by melt mixing using a PolyLab Rheomix R600 internal
mixer (Thermo Haake) equipped with roller rotors. The standard blending procedure
was as follows: Pelletized PC (about 40 g) was charged in the internal mixer
chamber and softened at a temperature of 240 °C. SiO, nanoparticles (concentration
in the range from 0 to 5% by volume) were added after torque stabilization
(typically 10 min after feeding). The rotors speed was set at 60 rpm and the mixing
time was kept equal to 30 min for all samples.

In order to verify the thermal stability of the organic surface modification of
R972 silica, differential thermal analysis and thermogravimetric analysis were
carried out on R972 both under oxygen or nitrogen atmospheres. No weight loss or
endothermic or exothermic peaks attributable to decomposition of the organic
components were observed in the temperature range from room temperature to
300 °C, confirming the required stability of R972 in the used processing conditions.
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After melt mixing, sheets having dimensions of 50 x 50 x 4 mm® were
compression moulded using a hot-plate press (Carver Inc., IN, USA) operating at
a temperature of 240 °C, and punch-cut specimens were obtained.

PC without SiO, nanoparticles was processed under the same experimental
conditions for comparison.

In the following discussion the prepared samples will be identified with the code
pristine polycarbonate (PC), or PC_type of silica nanoparticles_vol% (example:
PC_A90_1 refers to the nanocomposite containing 1 vol% of AEROSIL® 90
nanoparticles).

Nanocomposites characterization

The glass transition temperature (7), elastic modulus (E'), loss modulus (E”) and
loss factor (tand) were determined through dynamic mechanical thermal analysis
(DMTA) using a Diamond DMA (Perkin Elmer); specimens (52 x 12 x 1 mm3)
were tested in bending mode at a constant frequency of 1 Hz, while heated from 40
to 200 °C at a rate of 5 °C min~" under nitrogen gas.

Differential scanning calorimetry (DSC) was carried out in a DSC2010 (TA
Instruments) to determine 7, values in comparison with DMTA, using a heating
scan rate of 10 °C min~' from room temperature to 200 °C.

Thermogravimetric analysis (TGA) was carried out in a Simultaneous Thermal
Analyzer 429 CD/7/G (Netzsch Instruments) equipped with the Data Acquisition
System 414/4, under oxygen flow, at a heating rate of 30 °C min~' up to 600 °C.

Dynamic rheological measurements were performed using a RheoStress RS100
(Haake) rotational rheometer with a 20 mm diameter parallel plates geometry at
285 °C under nitrogen atmosphere in oscillatory shear mode, with shear stress
0400 Pa. A frequency sweep between 0.1 and 100 rad s~' was carried out at a low
stress (5 Pa) which was shown to be within the linear elastic range for these
materials.

Impact tests were carried out on an Instron Dynatup® 9250HV drop weight
tower. All samples were impacted with nominal impact energy of 4.0J
(corresponding to effective impact energy of 5.87 J, as registered by the instrument
at the moment of impact). Load versus deflection curves were recorded using an
impact striker having a polished hemispherical striking surface with a diameter of
19 £ 0.2 mm, operating with a falling weight of 5.504 kg and a falling speed of
1.21 m s™', producing an impact energy of 5.87 J.

Scratch tests were carried out on a CSM Micro-Combi Tester using a Rockwell C
diamond scratch indenter (tip radius R = 200 pm) and by progressively increasing
the load from 0.1 to 20 N at a load rate of 6.6 N min~"' for a scratch length of 3 mm.
This kind of scratch indenter was chosen to produce a sharp scratch on the surfaces.
A pre-scan with a very small load was carried out, during which the starting surface
profile was measured and subtracted from the loaded scratch scan profile to
determine the depth of surface penetration (penetration depth, P4). The instrument
was equipped with an integrated optical microscope and a device to measure the
tangential frictional force (in the scratch direction), giving the friction coefficient
value during scratching. Three scratches were carried out in different areas for each
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specimen and averaged values of the load at which the scratch track appears (critical
load, L.) were determined by optical methods for each analysis.

Shore D hardness was determined by means of a static tester (Affri) according to
the ISO 868 standard test method.

Results and discussion
Thermomechanical and rheological characterization

DMTA was used for detecting the mechanical properties and relaxations associated
with molecular motions in the filled nanocomposites. The values of Tpha
(temperature of the primary mechanical relaxation, as determined from the tand
peak) and E' are reported in Table 1 for the pristine polymer and for the
corresponding composites containing different amounts of nanofillers. Notwith-
standing the silica content, the 7,1, temperatures detected for the nanocomposites
were slightly lower when compared to the pristine PC for the nanocomposites
obtained from the A90 and A380 silicas, suggesting that an immobilized or rigid
interphase between the bulk polymer matrix and the nanofiller is absent or very
limited, as expected due to the hydrophilic nature of the particles’ surface and the
absence of organic functionalization. The observed small tendency to a decreased
Tiipha for the PC-nanocomposites compared to the pristine matrix has already been
described for PC/carbon nanotubes [15] and for PC/ZnO [16] nanocomposites, as
well as for other transparent polymers/Al,Oz [11] nanocomposites, and can be
attributed to the higher mobility of the PC chains due to the higher free volumes
caused by the presence of non-adhering nano-objects inside the polymer bulk. On
the contrary, thanks to the organic modification at the surface of the nanofillers, the
Tipha values for the nanocomposites obtained from the R972 silica remained almost
as high as that of pristine PC. The samples containing 5 vol% of silicas were also
tested by DSC to compare the glass transition temperature 7, with the Typh, values
obtained by DMTA; the results showed a very good agreement (£2 °C), and this

Table 1 Values of Typha,

0, v/ 0O, 0,
elastic and loss moduli as Sample Tapha (°C)  E'at 40 °C (GPa) - Tdegonser ( °C)
getermm'ed by DMTA, an<‘i PC 1503 0.83 440

egradation temperature as
determined by TGA for PC and ~PC_A90_1 146.4 1.95 470
PC-silica nanocomposites PC_A380_1 147.1 1.76 482
PC_R972_1 149.5 241 477
PC_A90_2 146.2 2.40 479
PC_A380_2 146.8 2.63 486
PC_R972_2 149.6 241 454
PC_A90_5 147.4 1.75 481
PC_A380_5 143.2 2.50 496
PC_R972_5 149.0 2.10 454
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confirms the weak interactions existing between the hydrophilic particles and PC,
leading to a limited influence on the T, and Tpn, values.

The chemical features of the surface of the nanofillers, along with their primary
surface areas, are expected to have some effect on the reinforcement of the PC,
because both particle—particle and particle-polymer interactions have been dem-
onstrated to strongly depend on the silica’s surface chemistry [17]. In the samples
investigated in our work, the DMTA shows a bigger increase in storage modulus for
the nanocomposites formed from the organically modified nanosilica R972 at the
lower loading (namely 1 vol%), while for the higher loadings (5 vol%) the effect of
the particles size overcomes that of the surface chemistry and a more rigid material
is obtained from the A380 nanoparticles. This is in agreement with the fact that the
organic modification present on R972 nanosilica would lead to a reduction of
the so-called Payne effect, based on the particle—particle interaction which is the
dominant mechanism of reinforcement for polymer-fumed nanosilica, but which in
turn is limited by the organic functionalities at the surface of organically modified
silicas [18].

The E’' values are, however, not significantly different for the samples containing
the unmodified and modified silica nanoparticles. The reason for this is probably
that there is already a fairly strong hydrogen bonding interaction between hydroxide
groups on the silica and carbonyl groups in the PC. This interaction is strong enough
so that changing the wetting characteristics of the silica (as in the case of the R972
silica) does not significantly change the strength of this interaction. It is further
interesting to note that, within the series of nanocomposites obtained from one kind
of filler by varying amounts, a non-linear relationship is found between the
mechanical properties and the silica content. For every kind of silica, the highest
values of elastic modulus are observed for 2 vol% of nanofiller loading, while a
decrease is observed at the higher loading. This value is very close to the fumed
silica concentrations at the percolation threshold reported in the literature for silica-
thermoplastics nanocomposites [18-20]. The tendency to aggregation and agglom-
eration of the nanoparticles at higher loadings was found less significant for the
R972 type, as expected due to their hydrophobic and low surface energy character;
the higher tendency of R972 to give polymer-particles interaction probably allows
the formation of temporary and dynamic PC-silica networks due to the surface
modification of the silica particles that facilitate adsorption of the PC molecules on
the silica surface. Plots of elastic modulus E' and tand are, respectively, shown in
Figs. 1 and 2 for the nanocomposites containing 2 vol% of nanofiller, from which it
can be concluded that the strong particle—particle interaction is the dominant
mechanism in hydrophilic (unmodified) fumed silica nanocomposites, reflected in
higher E’ values at low temperatures, whereas the organically modified particles—PC
interaction is the dominant one when chain motions become allowed at higher
temperatures and PC-silica networks are formed.

Table 1 reports the values of the onset temperatures of thermal degradation for
the pristine polymer and its nanocomposites containing different amounts of fillers,
as obtained from TGA analyses. These results demonstrate a markedly enhanced
thermal stability for all the nanocomposites with respect to the corresponding
unmodified matrix, confirming the observations by Yang [21] in a comprehensive
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Fig. 2 Tano versus temperature of pristine PC and its nanocomposites with 2 vol% of nanofiller

study on the flammability of polymer—silica nanocomposites, where it is clearly
stated that, although PC/SiO, nanocomposites are not to be considered as flame
retardant due to the improvement in thermal stability, less flame retardant additives
are needed to achieve the same level of flame retardancy when SiO, nanocompos-
ites are used.

The incorporation of nanofillers in molten polymers usually involves a significant
change in their viscoelastic properties. Consequently, linear rheology represents a
good tool to assess the state of dispersion of fumed silica-polycarbonate
nanocomposites directly in the melt state. Due to their fractal structure and their
high specific area, coupled with the specific hydroxy functionality on their surface,
hydrophilic fumed silica fillers are subjected to a strong particle—particle
aggregation and can consequently form a network of interacting particles in the
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Fig. 3 Complex viscosity (at 285 °C) of pristine PC and its nanocomposites with 5 vol% of nanofiller

molten polymer. A recent review discussed the details of the particles’ network
development and the nature of particle-polymer interactions with an emphasis on
what types of constitutive relations are needed to describe the rheology of fluids
containing high aspect ratio nanoparticles [17].

The complex viscosities ln*| of pristine PC and its PC_A90_5 and PC_A380_5
nanocomposites prepared in this study are shown in Fig. 3. The composite materials
exhibit a strong shear thinning effect, while the pristine PC shows only a small
frequency dependence. The complex viscosity is increased by the presence of the
nanoparticles, and their effect is most pronounced at low frequencies; the relative
effect diminishes with increasing frequency due to shear thinning. It is interesting to
note that the viscosity curves for pristine PC reveal a Newtonian plateau at low
frequencies. A fast decrease in the complex viscosities with frequency was observed
for both nanofillers. This is in accordance with theoretical expectations and
experimental results previously reported for PC nanocomposites [22].

Scratch test

Scratch tests were carried out to investigate the effect of the presence of silica
nanoparticles on the scratch resistance of PC. Experiments were done with a load
range set from 0 to 2000 mN, and the beginning of the scratch track was taken as
representative of the scratch resistance of the material towards penetration. The
penetration depth (Py) values as a function of normal force (F},) in the range 0-2000
mN are reported in Figs. 4 and 5 for the nanocomposites of the A90 and A380
series.

An impressive improvement of penetration resistance with respect to the pristine
PC matrix was observed for all the tested compositions. The slope of the P4 versus
F, curve decreases from about 20 pm N~ for pristine PC to 5-9 pm N~' for PC
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Fig. 4 Penetration depth as a function of normal force in the range 0-2000 mN for PC (open square),
PC_A90_1 (filled circle), PC_A90_2 (filled triangle) and PC_A90_5 (open circle)
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Fig. 5 Penetration depth as a function of normal force in the range 0-2000 mN for PC (open square),
PC_A380_1 (filled circle), PC_A380_2 (filled triangle) and PC_A380_5 (open circle)

reinforced with both A90 and A380 particles, demonstrating a marked reduction in
scratchability due to the reinforcing action of the silicas. The P4 values measured at
a normal load of 2000 mN (Pd@2N) are reported in Table 2. A systematic decrease
of Pd@2N (from 15.3 to 10.4 um) was noted by increasing the volume fraction of
A90 nanoparticles. A less evident correlation between Pd@2N and silica content
was found for nanocomposites containing A380 nanoparticles (in which the lowest
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Table 2 Results of scratch test:

penetration depth at 2 N Code PA@2N (jm) L. (N)

g;ld@élj)) of load and critical PC 403 + 108 18 401
PC_A90_1 153 +22 12+02
PC_A90_2 13.0 £ 0.9 62+ 04
PC_A90_5 104 £ 0.5 11.8 £ 04
PC_A380_1 10.8 £ 0.7 5.6+ 0.1
PC_A380_2 179 £ 2.8 72+ 04
PC_A380_5 148 £ 3.2 79 +£0.2

penetration was observed for the PC_A380_1 sample). In this case, the very small
dimensions of the A380 SiO, nanoparticles (average primary particle size of 7 nm)
could lead to agglomeration, which in turn would reduce the dispersive mixing of
the particles with the polymer because the agglomerates act as if they are solid
micro-sized particles.

The scratch resistance was evaluated through the analysis of the critical load, L,
defined as the normal load at which the scratch track is clearly detectable by optical
microscopy. Typical optical micrographs taken after the scratch test are reported in
Fig. 6 for unmodified PC and PC_A90_5. The L. values are reported in Table 2.
The scratch resistance of the PC-nanocomposites follows the same trend already
discussed for penetration resistance, being strongly enhanced by the addition of
silica nanofillers with the exception of PC_A90_1, which shows an unexpected
minimum value of L. = 1.2 N. L. increases from 1.8 N for pristine PC to a
maximum of 11.8 N in the case of PC_A90_5. An interesting almost linear
correlation between the critical load L, representative of scratch resistance, and the
volume fraction of the silica nanoparticles was found. In the case of the A90-based
nanocomposites, the L. values increased progressively from 1.2 to 6.2 to 11.8 N for
PC_A90_1, PC_A90_2 and PC_A90_5. In the case of the A380-based composites,
the L. values increased progressively from 5.6 to 7.2 to 7.9 N for PC_A380_1,
PC_A380_2 and PC_A380_5.

0 250 500 750 1000 1250 1500 1750 2000 2250
Fn (mN)

Fig. 6 Optical micrographs after scratch test of PC (top) and PC_A90_5 (bottom)
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Table 3 Shore D hardness of

pristine polymers and their Code Shore D hardness

nanocomposites PC 56 £ 2
PC_A90_1 65+3
PC_A90_2 72+£2
PC_A90_5 3£l
PC_A380_1 76 £ 1
PC_A380_2 72+£1
PC_A380_5 75 £2

Hardness

The values of Shore D hardness are reported in Table 3 for all the samples. A
significant improvement of Shore D hardness with respect to pristine PC was noted
in the case of the PC-nanocomposites with both A90 and A380 silicas; the hardness
increased from 56 for the pristine matrix up to values ranging between 65 and 76 for
composites containing SiO, nanoparticles. A straightforward correlation between
the hardness and the silica dimension and volume fraction was not observed.

Impact properties

The inherently superior impact properties of PC, combined with the expected
toughening effect of the SiO, nanoparticles and the high interfacial surface areas
available to dissipate energy, suggest that the silica-PC nanocomposites should have
excellent potential as high-impact resistant materials. Data obtained by drop-weight
impact testing (maximum load, absorbed energy at maximum load and total
absorbed energy) are reported in Table 4. The impact performance of the pristine
polymer and its nanocomposites was evaluated through the values of maximum
absorbed energy (E,,), since this parameter can be considered as a direct index of
the mechanical properties modified by the presence of the reinforcing nanoparticles.
Data show that the lowest content of nanoparticles shows the greatest improvement
of the impact performance of PC, notwithstanding the particle dimensions. As their
content increases in the nanocomposites, the maximum absorbed energy decreases.

Table 4 Results of drop-weight

impact testing: maximum load Code Lmax (N) By () Eo ()

oy bt vyt o

absorbed energy (E.) PC_A90_1 706 159 3.45
PC_A90_2 1137 1.64 1.76
PC_A90_5 1329 1.30 2.23
PC_A380_1 1327 4.03 4.11
PC_A380_2 1204 3.36 3.44
PC_A380_5 1307 1.04 1.53
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Fig. 7 Impact test: force as a function of deflection for (a) PC, (b) PC_A380_1, (¢) PC_A380_2 and
(d) PC_A380_5

Another important parameter, mainly for ballistic applications, is the maximum
load (L.x) that can be tolerated by the material during impact events. L.
increased from a minimum value of 521 N for pristine PC to values greater than
1300 N for PC_A90_5, PC_A380_1 and PC_A380_5. In the case of the A90 silica a
monotonic increment of L, with the volume fraction of reinforcing nanoparticles
was noted. In the case of the A380 silica, a linear correlation between maximum
load and silica volume fraction was not evident, even though significantly high
values of L,,x were observed for all the samples.

The force—deflection curves derived from impact testing for the A380-
nanocomposites compared to the pristine PC are reported in Fig. 7. The dynamic
stiffness of the PC-nanocomposites, corresponding to the slope of the curves,
strongly increases with respect to the pristine polymer, and a direct correlation with
the silica content was found. Similar values obtained for PC_A380_2 and
PC_A380_5 suggest the approaching of a threshold beyond which dynamic
stiffness is almost blind to particle content. The increase of the dynamic stiffness
due to the nanoparticles can be attributed to the presence of an interconnected silica
network, which strengthens the material mainly through hydrogen bonding. The
ductility of the polymers decreased by increasing the nanoparticle content, and this
resulted in lower absorbed energies during impact [23].

Conclusions

Polycarbonate (PC) nanocomposites were prepared by melt mixing in an internal
mixer, using a maximum of 5 vol% of either hydrophilic silica nanoparticles with
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different primary particle sizes (namely AEROSIL® A380 and AEROSIL® A90), or
an organically modified hydrophobic silica (AEROSIL® R972) as reinforcing
agents. Notwithstanding the poor interfacial interaction between PC and the
hydrophilic silicas, as demonstrated by DMTA analysis, the TGA, scratch test and
impact test results show that significant improvements in the PC properties can be
obtained even in the absence of organic modification of the silica nanoparticles. In
fact, thermal studies revealed an enhanced thermal stability for all the compositions,
and rheological investigations showed an increased viscosity for silica nanocom-
posites with respect to the pristine matrix. A strongly enhanced scratch resistance
was found for the PC-nanocomposites (L. = 11.8 N for the best case) with respect
to the pristine PC matrix (L. = 1.8 N). Impact properties of PC were also strongly
improved by the presence of the silica nanofillers: the maximum load L, increased
from 521 N of unmodified PC up to 1329 N for PC containing 5 vol% of A90 silica.
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