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Polycarbonate/silica nanocomposites with different silica quantities were prepared by a melt compound-
ing method. The effect of silica amount, in the range 1–5 wt.%, on the morphology, mechanical properties
and thermal degradation kinetics of polycarbonate (PC) was investigated. Clusters of silica nanoparticles
were well dispersed in the polycarbonate whose structure remained amorphous. NMR results showed
intermolecular interactions involving the carbonyl groups of different polymeric chains which did not
affect the intramolecular rotational motions. The presence of the lowest silica content showed a decrease
in the storage and loss moduli below the glass transition temperature, probably due to a plasticization
effect. However, an increase in the amount of silica increased the moduli. The presence of silica in PC
slightly increased the thermal stability, except for the highest silica content which showed a decrease.
The activation energies of thermal degradation for the nanocomposites depended on the amount of silica
and on the degree of conversion.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polycarbonate (PC) nanocomposites are a very attractive mate-
rial for a range of industrial applications due to the unique proper-
ties that can be observed when compared to conventional
composites. The incorporation of small amounts of metal oxide
nanoparticles into the polymer matrices was found to remarkably
improve dimensional stability, and the mechanical, thermal, opti-
cal, electrical, and gas barrier properties, as well as to decrease
the flammability [1–6]. PC–silica nanocomposites, prepared by
various methods, attracted the attention of many institutions due
to their improved transparency and mechanical properties [7,8].

The preparation of the nanocomposites by a simple one-step
injection molding process showed the presence of primary silica
nanopowders, together with some small nanocluster aggregates,
well dispersed in the polymer matrix [7,8]. The dispersion was re-
lated to a possible chemical bonding between the organic and inor-
ganic phases. The glass transition temperature (Tg) of the PC was
found to increase with the addition of 5 wt.% silica nanopowder.
The results also showed that the incorporation of silica nanopow-
ders enhanced the thermal stability of the polymer where the
chain segment motion was restricted by the interfacial–particle
interactions between the surface functionalized–silica nanopow-
ders and the polymer molecules [7].
ll rights reserved.
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Other studies indicated that the increase in silica content in a PC
matrix prepared by sol–gel led to a decrease in both the glass tran-
sition temperature and the thermal stability. The observation was
related to the presence of a steric hindrance on the formation of a
silica network [9,10]. Well dispersed aggregates were observed and
the size of the SiO2 domains increased with increasing amount of
TEOS in sol–gel prepared nanocomposites [9,10].

The PC–silica nanocomposites at lower loading of modified
silica prepared by melt mixing showed an enhancement in thermal
stability, an increase in storage modulus, scratch resistance, and
hardness compared to pristine PC. This was related to the reduced
particle–particle interactions dominated by hydrogen bonding en-
sued from the hydroxide groups on the silica surface and the car-
bonyl groups in the PC [8,11].

A similar reason was given for the increased storage modulus of
the nanocomposites prepared by solution mixing [12]. However,
the storage modulus values showed no significant difference be-
tween the samples containing unmodified and modified silica. This
observation was also related to hydrogen bonding. The volumetric
strain was also investigated at the cross-section where the necking
dominates. The results showed that the filler brought significant
differences in the onset and propagation of necking and those
where related to a disrupted molecular structure of the polymer
by the filler.

The aim of this work was to investigate the thermal, mechanical
and degradation behavior of PC–silica nanocomposites as function
of silica loading. PC–SiO2 nanocomposites were prepared through a
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melt compounding method by using chemically modified SiO2

nanoparticles. Both nanoparticles and composites were character-
ized using transmission electron microscopy (TEM), X-ray
diffractometry (XRD), dynamic mechanical analysis (DMA), ther-
mogravimetric analyses (TGA), and 13C cross-polarization magic-
angle spinning nuclear magnetic resonance (13C{1H} CP–MAS
NMR).
2. Experimental

2.1. Materials

AEROSIL� R972 (R972, 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 m2 g�1 and an average primary particle size of 16 nm. The sil-
ica was dried at 120 �C under static vacuum for a minimum of 16 h
before further use. Commercial grade bisphenol-A polycarbonate
(PC, Makrolon� 2407 produced by Bayer Material Science,
Germany and having a melt flow rate at 300 �C/1.2 kg of 20 g/
10 min) was used in pellet form. The polymer was dried at
120 �C overnight under static vacuum before processing.

2.2. Composites preparation

PC was thoroughly mixed with 1, 2 and 5 wt.% silica for 10 min
at 240 �C and 30 rpm in the 50 mL internal mixer of a Brabender
Plastograph from Duisburg, Germany. The mixed samples were
melt-pressed into 1 mm thick sheets at 200 �C for 5 min.

2.3. Analysis methods

TEM micrographs were acquired using a JEM-2100 (JEOL, Japan)
electron microscope operating at 200 kV accelerating voltage. The
obtained nanocomposites were cut into slices (thickness about
100 nm) using a Leica EM UC6 ultra-microtome. Slices were put
and analyzed in a 3 mm Cu grid ‘‘lacey carbon’’.

XRD patterns were recorded in the 2–70� 2h range at steps of
0.05� and a counting time of 5 s/step on a Philips PW 1050 diffrac-
tometer, equipped with a Cu tube and a scintillation detector
beam.

The dynamic mechanical properties of the composites were
investigated from 40 to 180 �C in the bending mode at a heating
rate of 5 �C min�1 and a frequency of 1 Hz using a Perkin Elmer
Diamond DMA from Waltham, Massachusetts, U.S.A. The glass
transition temperatures were determined from the peak maxima
in the tan d curves.

Thermogravimetric analysis (TGA) was performed in a Perkin
Elmer TGA7 from Waltham, Massachusetts, U.S.A under flowing
nitrogen at a constant flow rate of 20 mL min�1. Samples (5–
10 mg) were heated from 25 to 600 �C at different heating rates.
The degradation kinetic analysis was performed using the Flynn–
Wall-Ozawa (FWO) and Kissinger–Akahira-Sunose (KAS) methods,
described elsewhere [13]. The% mass loss, or mass loss fraction,
was used as the degree of conversion in our calculations.

The TGA-FTIR analyses were performed using a Perkin Elmer
STA6000 simultaneous thermal analyzer from Waltham, Massa-
chusetts, USA, under flowing nitrogen at a constant flow rate of
20 mL min�1. Samples (20–25 mg) were heated from 30 to 600 �C
at 10 �C min�1 and held for 4 min at 600 �C. The furnace was linked
to a FTIR (Perkin Elmer Spectrum 100, Massachusetts, USA.) with a
gas transfer line. The volatiles were scanned over a 400–4000 cm�1

wavenumber range at a resolution of 4 cm�1. The FTIR spectra
were recorded in the transmittance mode at different tempera-
tures during the thermal degradation process.
13C {1H} CP–MAS NMR spectra were obtained at room tempera-
ture through a Bruker Avance II 400 MHz (9.4 T) spectrometer
operating at 100.63 MHz for the 13C nucleus with a MAS rate of
8 kHz, 500 scans, a contact time of 1.5 ms and a repetition delay
of 2 s. The optimization of the Hartmann–Hahn condition [14]
was obtained using an adamantine sample. Each sample was
placed in a 4 mm zirconia rotor with KEL-F caps using silica as filler
to avoid inhomogeneities inside the rotor. The proton spin–lattice
relaxation time in the rotating frame T1q(H) was indirectly deter-
mined, with the variable spin lock (VSL) pulse sequence, by the car-
bon nucleus observation using a 90�–s–spin-lock pulse sequence
prior to cross-polarization [15]. The data acquisition was per-
formed by 1H decoupling with a delay time, s, ranging from 0.1
to 7.5 ms and a contact time of 1.5 ms. The proton spin–lattice
relaxation time in the laboratory frame T1(H) was determined,
using the saturation recovery pulse sequence [16], by a carbon nu-
cleus observation using a 90�–s–90� pulse sequence prior to cross
polarization with a delay time s ranging from 0.01 to 3 s. The 13C
spin–lattice relaxation time in the rotating frame T1q(C) was deter-
mined, with the variable spin lock (VSL) pulse sequence, applying
the spin-lock pulse after the cross-polarization on the carbon chan-
nel [15]. The data acquisition was performed by 1H decoupling
with a spin lock pulse length, s, ranging from 0.4 to 30 ms and a
contact time of 1.5 ms. The cross polarization time TCH values for
all the carbon signals of PC were obtained through variable contact
time (VCT) experiments [17]. The contact times used in the VCT
experiments were 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5,
2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 ms.
3. Results and discussion

TEM micrographs of the SiO2 powder were reported in a previ-
ous paper [13]. Silica powder shows aggregates (sizes between 1
and 3 lm) constituted of a large number of nanoparticles of
�20 nm. The TEM micrographs of the PC–silica nanocomposite
having 5 wt.% of SiO2 are shown in Fig. 1. Agglomerated silica par-
ticles, similar in size and shape to those observed in the powder
sample, are observed. Each cluster, with dimensions between 50
and 300 nm, and with a number of small nanoparticles, is well dis-
persed in the polymeric matrix.

The XRD patterns of the SiO2 powder and the PC–SiO2 compos-
ites are reported in Fig. 2. The diffraction pattern of the silica pow-
der shows a broad band around 2h = 21.2, typical of an amorphous
material. The diffraction pattern of pure PC does not contain any
crystalline reflection indicating that polycarbonate is also amor-
phous. Similar diffraction patterns were obtained for the PC–silica
nanocomposites indicating that neither the orientation of the PC
chains nor the amorphous structure of the silica was influenced
by the presence of the filler.

The storage modulus, loss modulus and tan d of the pure PC and
the PC–silica composites having 1, 2 and 5 wt.% of SiO2 are re-
ported in Fig. 3. Below the glass transition temperature the storage
modulus of the 1% silica containing nanocomposite is lower than
that of PC, probably because of a plasticizing effect by the small
amount of well dispersed silica nanoparticles on the PC matrix.
Further increase in silica content increased the storage modulus
over the whole temperature range. It seems as if effective immobi-
lization of the polymer chains only takes place at higher silica con-
tents. The loss modulus followed the same pattern as the storage
modulus. The glass transition temperatures for all composites are
higher than that of pure PC, indicating that effective immobiliza-
tion already starts when 1% nanoparticles are introduced into the
polymer.

The TGA curves of the pure PC and of the PC–silica composites
are reported in Fig. 4.



Fig. 1. TEM micrographs of silica–PC composite having 5 wt.% of SiO2.

Fig. 2. XRD patterns of silica powder, pure PC and the silica–PC nanocomposites.
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All the samples show single-step degradation, which very
slightly moves to higher temperatures with increasing amount of
silica, except for the 5% silica containing sample, which showed
lower thermal stability than PC. The increase in thermal stability
is not significant enough to be discussed in detail, but it could be
attributed to interactions between the organically modified silica
and the polymer, while the decrease for the 5% silica containing
sample is probably due to a catalytic effect of the silica particles
on the PC degradation, as discussed below.
From the TGA curves of PC and PC–silica (2 and 5 wt.%) at heat-
ing rates of 3, 5, 7 and 9 �C min�1 the isoconversional graphs of lnb
versus 1/T and of ln(b/T2) versus 1/T were plotted, according to
FWO and KAS methods, respectively [13]. The activation energy
values were calculated from the slopes of the isoconversional plots.
Both isoconversional methods give similar values of the activation
energies within experimental uncertainty. In Fig. 5 the relationship
between the activation energy and the degree of conversion is re-
ported. The activation energy values for the pure PC and its 2 wt.%
silica nanocomposite increase with the degree of conversion, but
those for the 5 wt.% silica nanocomposite initially increase but le-
vel off around 40% mass loss, and are lower than those of the pure
polymer. The 2 wt.% silica nanocomposite shows the highest acti-
vation energy values up to 40% mass loss, while at higher degrees
of conversion its activation energy values are between those of the
pure polymer and the 5 wt.% silica nanocomposite.

The increase in activation energy with an increase in degree of
conversion was also observed by us when investigating PMMA–
SiO2/TiO2�ZrO2 nanocomposites [13,18,19] and by several other
authors [20–22]. It was generally explained as changes in the deg-
radation mechanism with increasing degree of conversion. Dong
et al. [23] investigated PC–MgO nanocomposites, and they attrib-
uted the increase in activation energy of degradation with increas-
ing degree of conversion to the stable carbonaceous char which
protects the polymer from further degradation. They also observed
that an increase in MgO content shifted the TGA curves to lower
temperatures, and that the initial activation energy values for the
PC–MgO nanocomposites were lower than those of pristine PC.
They attributed these observations to a catalytic effect the MgO
nanoparticles have during the initial stages of PC degradation,
which was also observed during the investigation of other, but
similar, systems [19]. Their activation energy values correspond



Fig. 3. (A) Storage modulus, (B) loss modulus and (C) tand curves of PC and PC/silica nanocomposites.

Fig. 4. TGA curves of PC and the PC/silica nanocomposites. Fig. 5. Ea values obtained by the OFW and KAS degradation kinetics methods.
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very well with the values we reported in Fig. 5. We observed a sim-
ilar change in activation energy with increasing degree of conver-
sion for PC–silica nanocomposites [13]. Like MgO, low quantities of
silica seem to have a catalytic effect during the initial stages of the
degradation. In our case, however, the protecting effect of the car-
bonaceous char is more dominant during the later stages of degra-
dation. If one looks at the results of the 5% silica containing PC
(Fig. 5), it is clear that the catalytic effect is more dominant and
the activation energies for this nanocomposite are clearly lower
than those of the pristine PC and the 2% silica containing PC over
the whole degree of conversion range. The values for the 5% silica
containing PC also approach a constant value at higher degrees of
conversion, which shows that the protecting effect of the carbona-
ceous char is less dominant in this case, despite the fact that the
char content is the same than those of PC and PC–silica (2%)
according to the TGA curves in Fig. 4.

TGA–FTIR analyses were done to establish the nature of the
degradation product(s) of PC and the PC–silica nanocomposites.



Fig. 6. FTIR curves at different temperatures during the thermal degradation of (A) PC in a TGA; (B) PC with 5 wt.% silica in a TGA.
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The FTIR spectra of the degradation products of pure PC at different
temperatures during the degradation process are shown in Fig. 6A.
All the spectra almost perfectly match the known spectrum of the
thermal decomposition of bisphenol-A polycarbonate in which
CO2, phenol and bisphenol A are the main volatile products. The
observed peaks at 3658, 2974 and 1182 cm�1 are assigned to free
alcohols (aliphatic substituted phenol), to C–H stretching vibra-
tions, and to the carbon hydroxyl stretching band. The peaks at
1606, 1509 and 1257 cm�1 are assigned to the ring stretching, to
skeletal vibration of phenyl compounds, and to the aromatic ether
stretch. In addition, the peak observed in the range 2388–
2119 cm�1 and at 833 cm�1 are due to the symmetric stretching
and the bending modes of CO2, respectively. No new peaks or peak
shifts were observed for the nanocomposite samples, the spectra of
which are reported in Fig. 6B. The peaks at 458 �C for the PC nano-
composite are more intense than those of the PC. The intensities of
the peaks for PC seem to reach a maximum between 458 and
503 �C, while those of the nanocomposite reach a maximum at
458 �C, which is in line with the lower activation energies of deg-
radation observed for the nanocomposites.

13C{1H} CP–MAS NMR measurements were performed in order
to understand the possible changes caused by the filler in the poly-
mer and to attempt a correlation between the mechanical proper-
Fig. 7. 13C {1H} CP–MAS NMR spectra of PC and of and silica–PC nanocomposites.
Numbers on the peaks identify the carbon atoms. The ⁄ symbol indicates spinning
sidebands.
ties, the kinetics of degradation and the molecular structure of the
polymer. The 13C {1H} CP–MAS NMR spectra of the PC–SiO2 com-
posites having 2 and 5% of silica are reported in Fig. 7. Five peaks
are present in the spectra: peak 1 at 149 ppm is related to the qua-
ternary carbons of the aromatic rings and to the carbonyl carbon,
peak 2 at 127 ppm is related to the aromatic carbon in meta to
the oxygen, peak 3 at 120 ppm is related to the aromatic carbon
in ortho to the oxygen, peak 4 at 42 ppm is related to the quater-
nary carbon bonded to the methyl groups and peak 5 at 31 ppm
is related to the methyl carbons, according to literature [24]. No
modification in the chemical shift and in the band shape is ob-
served in the PC–silica nanocomposites spectra indicating that no
chemical modification occurred in the polymer. Thus, the relaxa-
tion times in the laboratory frame T1(H), in the rotating frame
T1q(H), and T1q(C) and the cross-polarization time TCH were deter-
mined through solid-state NMR measurements in order to evaluate
the dynamic modifications occurring in the polymeric chain of the
PC matrix after composite formation. The T1(H), T1q(H), T1q(C) and
TCH values obtained from each peak in the 13C spectra of all the
samples are reported in Table 1.

The presence of the filler in the PC matrix did not significantly
affect the T1(H). This indicates that the spin diffusion phenomenon
averages the dynamic behavior of the polymer and that the com-
posites are dynamically homogeneous in a range from tens to hun-
dreds of nanometers. On the contrary, the T1q(H), T1q(C) and TCH

values are affected by the presence of silica. In the PC–silica com-
posites loaded with 2% the T1q(H) values are homogenous and sim-
ilar to those of pure PC, but for the PC–silica composites loaded
with 5% the T1q(H) values are inhomogeneous indicating a pres-
ence of inhomogeneity in the composite. This is not a surprise con-
sidering the presence of particle aggregates and it is in agreement
with the observed thermal behavior.

For each sample, the T1q(C) values of the carbonyl and substi-
tuted aromatic carbons are lower than those for the protonated
aromatic, methyl and quaternary carbons. This finding suggests
that the fast rotational motions of the methyl group and of the phe-
nylene rings around the 1–4 axis modulate the lH–13C dipolar cou-
plings thus providing the major contribution to the T1q relaxation.
In particular, in the PC–silica composites loaded with 2% silica the
T1q(C) values for the peaks at 149 and 42 ppm are unchanged, but
increased for the peaks resonating at 127.5, 120 and 31 ppm with
respect to that of the pure PC matrix. This is evidence that the
small quantity of silica slows down only the rotational motion of
the phenylene rings. On the other hand, in the PC–silica composites
loaded with 5% silica an increase in the T1q(C) values is also ob-
served for the peaks at 149 and 42 ppm. This implies that the main
chain motions and in particular those of the carbonyl carbon are



Table 1
T1(H), T1q(H), T1q(C) and TCH values for all the carbons in the 13C spectra of PC and the PC–SiO2nanocomposites having 2 and 5 wt.% of filler.

Carbon ppm T1 (H) (s) T1q (H) (ms) T1q (C) (ms) TCH (ms)

PC PC–SiO2

(2%)
PC–SiO2

(5%)
PC PC–SiO2

(2%)
PC–SiO2

(5%)
PC PC–SiO2

(2%)
PC-SiO2

(5%)
PC PC-SiO2

(2%)
PC-SiO2

(5%)

1 149 0.39 ± 0.02 0.40 ± 0.02 0.41 ± 0.03 4.9 ± 0.2 5.9 ± 0.2 5.0 ± 0.2 41 ± 0.2 41.1 ± 0.8 53.4 ± 0.2 1328 ± 127 1009 ± 53 998 ± 50
2 127.5 0.41 ± 0.03 0.41 ± 0.02 0.40 ± 0.05 5.4 ± 0.2 5.8 ± 0.3 6.3 ± 0.3 10.9 ± 0.1 16.0 ± 0.3 11.5 ± 0.1 117 ± 28 127 ± 21 142 ± 14
3 120 0.39 ± 0.01 0.41 ± 0.03 0.39 ± 0.01 5.2 ± 0.2 5.0 ± 0.3 4.8 ± 0.2 10.2 ± 0.2 20.3 ± 0.8 15.8 ± 0.4 64 ± 12 151 ± 21 128 ± 17
4 42 0.40 ± 0.01 0.38 ± 0.03 0.38 ± 0.01 4.8 ± 0.2 5.4 ± 0.2 6.2 ± 0.3 18 ± 0.2 18.3 ± 0.4 23.5 ± 0.7 1059 ± 97 744 ± 51 737 ± 48
5 31 0.42 ± 0.01 0.38 ± 0.03 0.40 ± 0.03 4.9 ± 0.3 5.1 ± 0.3 5.3 ± 0.3 19.2 ± 0.1 23.5 ± 0.3 22.3 ± 0.2 275 ± 20 207 ± 14 231 ± 17
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hindered by the presence of silica. In this case the rotational and
vibrational motions of the phenylene rings are slightly slowed.
These observations are due to the intermolecular interactions
involving the carbonyl groups of different polymeric chains which
do not affect the intramolecular rotational motions. In addition, an
increase in the dipolar coupling TCH for the carbonyl carbons, the
quaternary and the methyl carbons is observed in the PC–silica
nanocomposites, while an opposite trend is observed for the pro-
tonated aromatic carbons. TCH values are related to the rate at
which the magnetization transfer from protons to carbons takes
place. This behavior thus corroborates the hypothesis of specific
intermolecular interactions caused by the silica in the composite,
and may be accountable for the differences in thermal degradation
and thermomechanical behavior observed between the different
samples.

4. Conclusions

PC–silica nanocomposites, prepared by melt compounding,
were systematically investigated as a function of silica quantity
from 1 to 5 wt.%. The silica nanoparticles, organized in clusters uni-
formly dispersed into the amorphous polymer. The polymer chain
immobilization, increasing with the silica amount, is due to inter-
molecular interactions between silica and the polymer in the com-
posite which do not involve the protonated aromatic carbons. The
composites show the same degradation mechanism as pure PC. The
thermal stability and the activation energy of the degradation pro-
cess also depend on the amount of silica. In fact, the nanocompos-
ites with silica loading up to 2 wt.% have a higher thermal stability
and show different degradation kinetics than the nanocomposites
with 5 wt.% silica loading.
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