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a b s t r a c t

Free-rising silicone foams were made with loading fractions of up to 0.25 wt.-% function-
alized graphene sheets (FGS) and up to 1.0 wt.-% carbon nanotubes (CNTs) using hydrogen
as blowing agent. Scanning electron microscopy of the samples revealed an open cellular
structure and a homogeneous dispersion of both types of nanofillers. The incorporation
of nanofiller affected the foaming process and thus the final foam density and cellular
structure. Transmission electron microscopy revealed the formation of a CNT network
throughout the sample, while FGS presented an exfoliated and intercalated dispersion.
The thermal stability of the samples was drastically affected by the presence of both nano-
fillers. Both nanofillers showed a positive effect on the compressive response of the foams.
However, the nanocomposite foams were found to decrease the acoustic absorption with
nanofiller content probably due to the variable foam structure and improved stiffness.

� 2008 Elsevier Ltd. All rights reserved.
Introduction

The addition of carbon nanotubes (CNTs) to polymer
matrices has already been shown to improve their
mechanical, electrical and thermal properties [1,2]. How-
ever, progress has been partly limited by the availability
of high-quality nanomaterials, price and by fundamental
composite issues relating to dispersion, alignment, and
interfacial adhesion. Hence, a successful approach was to
reinforce delicate systems where conventional fibres
cannot be physically accommodated, such as films [3–8],
fibres [8–10] and foams [11–17]. Lately, the challenge
has been to exfoliate the graphite to single graphene sheets
[18–20] to use it as an inexpensive and feasible substitute
to CNTs. The predicted properties of this type of nanofillers
suggest a number of applications on mechanical, electrical
and chemical engineering processes [21]. Previous at-
. All rights reserved.

Verdejo), lmancha-
tempts to produce graphite nanolayers used expanded
graphite, which is made from the rapid thermal expansion
of sulphuric acid-intercalated graphite [22–28]. However,
none of these materials achieved the complete exfoliation
of graphite in its individual graphene sheets as evidenced
by the presence of graphite diffraction peaks in the XRD
patterns [23,26,27]. Recently, it has been suggested that
the starting material to achieve single graphene sheets is
graphite oxide (GO). The GO is made by the oxidation of
natural graphite and gives way to functionalized graphene
sheets (FGS) [19] through an adequately thermal expan-
sion, or to single graphene sheets [20] through the chemi-
cal reduction of exfoliated GO. Successful examples of
graphene-based or FGS-based nanocomposites have re-
cently been reported [29–31].

The aim of the present study was to investigate the
effects of two types of carbon-based nanofillers, in partic-
ular CNTs and FGS, on the cellular structure, morphology,
and properties of silicone foams. These carbon nanostruc-
tures, with their high mechanical properties and high as-
pect ratios, have particular potential to modify both the
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foaming processes and to enhance the physical perfor-
mance of the final cellular composite. Here, we provide a
detailed analysis of the properties of the foam products
and the effects on the foam microstructures.

Polymeric foams are important and versatile materials
due to their outstanding strength to weight ratio, their
resilience, and their electrical, thermal, and acoustic insu-
lation properties, among other characteristics. The selec-
tion of the appropriate reactants and manufacturing
technology enables the production of a particular foam to
satisfy the wide-range of applications [32].

Free-rise silicone foams are generally obtained from the
simultaneous reaction of silanols (SiOH) on hydroxyl-ter-
minated polydimethylsiloxane and silanes (SiH) on poly-
methylhydrogensilane in presence of a catalyst. This
reaction generates hydrogen which drives the foam expan-
sion. Meanwhile, the crosslinking takes place by the addi-
tion-cure reaction of vinyl endblocked groups with Si–H
groups [33].
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Experimental details

Materials and sample preparation

The vapour-grown CNTs were supplied by Bayer, Ger-
many (Baytubes� C 150 P). The as-received MWCNTs have
a mean diameter of 13.5 ± 6.4 nm and is free of carbona-
ceous contaminations. Graphite oxide was produced using
natural graphite powder (universal grade, 200-mesh,
99.9995%) according to the Brodie method [30,34].

Commercially available silicone foam reactants were
kindly supplied by Bluestar Silicones (Rhodorsil RTFoam
3240) without any commercial filler. The system was com-
posed of two reactants: a polymethylhydrogensilane
(„SiH) and a hydroxyl-terminated polydimethylsiloxane
(„SiOH) compound containing the Pt catalyst.

Both CNTs and FGS were dispersed in ethanol (10 ml)
for 5 min using an ultrasonication probe and left stirring
overnight. This mixture was subsequently dispersed under
high shear mixing in the „SiH compound, to prevent inhi-
bition of the Pt catalyst. Meanwhile, the ethanol was evap-
orated until a constant weight was achieved. Finally, the
„SiOH compound was thoroughly mixed with the CNT/
„SiH compound at a 1:1 ratio for 15s. The final mixture
was poured into a rectangular mould and foaming oc-
curred. Foams containing 0.10, 0.50 and 1.00 wt.-% CNTs
and 0.10, 0.20 and 0.25 wt.-% FGS were produced.

Sample characterisation

The porous structure was qualitatively examined using
a Philips XL30 scanning electron microscope (FEGSEM) at
15 kV, after sputter-coating with platinum-gold. Cross-sec-
tions of the foams were cryo-fractured perpendicular to
the foaming direction. Images were analysed using Image
J software (W.S. Rasband, US. National Institutes of Health,
Bethesda, MD, USA, www.rsb.info.nih.gov/ij/), taking Fe-
ret’s diameter as a measure of average cell size. Prior to
the analysis, the pores were traced manually and a grey-
scale image was obtained by scanning the outlined struc-
ture. Mean cell size was an average value obtained from
measuring three different regions with a minimum of
200 cells per foam.

TEM images were obtained with a Philips Tecnai 20
TEM apparatus using an accelerating voltage of 200 kV.
The samples were 40–50 nm thick and were prepared with
a LEICA EM UC6 ultracryomicrotome, cutting at �140 �C.

The polymer matrix density (qm) was obtained from 10
cubic samples which were cut from different areas of the
sample using helium displacement pycnometry (Microm-
eritics AccuPyc 1330) and analysed to obtain statistically
relevant data. Foam density (qf) was measured using a
hydrostatic balance (Kern Densimeter) applying the Archi-
medes’ principle:

qf ¼
w1

w1 �w2
qw þ qg

where w1 is the weight of the sample in air, w2 is its weight
immersed in water, qw is the water density and qg

(0.00129 g/cm3) is the air density at standard pressure
and temperature.

Thermo-gravimetric analysis (TGA) was carried out on
Q500 from TA instruments. The sample was placed on a
platinum holder and heated to 850 �C, at a heating rate of
10 �C min�1, under a nitrogen flow of 100 ml min�1 to pre-
vent carbon oxidation.

Creep experiments were measured using Perkin Elmer 7
at room temperature. Rectangular foam pieces, 7.6 ±
0.2 mm in height, 9.2 ± 0.1 mm width and 9.2 ± 0.1 mm
depth, were compressed at 150 mN/min loading rate until
the loading head reached its limit. The results were an
average value obtained from measuring at least three dif-
ferent foam samples.

Small scale acoustic testing was performed according to
ASTM E150 and ISO 10534-2 using a Brüel & Kj�r acoustic
test system comprising of an impedance tube, two micro-
phones and a digital frequency analyser. The absorption
coefficient (a) was calculated as the average value of two
cylindrical foam pieces, 30 mm diameter and 10 mm thick-
ness over the frequency range from 500 to 6400 Hz. Each
sample was measured twice on both sides. The normalized
absorption coefficient, also known as acoustic activity, was
calculated according to:

an ¼
R f2

f1
aðf Þdf

f2 � f1

where f1 is the lower frequency limit, 500 Hz, and f2 the
upper frequency limit, 6400 Hz.

Results and discussion

Adding both nanofillers into the „SiH compound
noticeably increased the viscosity of the mixture, and
reached a tar-like consistency at 0.3 wt.-% FGS and
1.2 wt.-% CNT. Due to this viscosity increase, the system
no longer foamed properly. This increase in the mixture
viscosity would have affected the foaming process, as the
evolution of the blowing agent (in this case H2) is influ-
enced by the rheological properties of the polymer and
the kinetics of the reaction [35]. Although the eventual

http://rsb.info.nih.gov/ij/
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volume of the foam was restricted, the rising time was ex-
tended in comparison with that of the control system. This
lower foaming rate would have affected the cellular struc-
ture of the foams, promoting gas diffusion from small cells
to larger ones in order to reduce both the increment in free
energy within the system and the pressure difference be-
tween the gas and the surrounding liquid [35]. The smaller
volume of the nanocomposite samples could also have
been due to the nanofillers acting as additional crosslink
points and affecting the gelation or polymerisation of the
cellular structure, thereby causing a higher density. Fur-
thermore, the gelation of the filled samples was qualita-
tively slower. The combination of these effects hence
suggested a slower reaction rate of the nanocomposite
foams than that of the control sample.

SEM imaging (Fig. 1) and image analysis (Fig. 2) con-
firmed the changes in the cellular structure of both types
of nanocomposite foams. The unfilled silicone foam had
an isotropic structure of relatively spherical cells with
interconnected pores, while the filled samples exhibited a
reduction in both cell roundness and cell connectivity,
with adjacent cells seem to have coalesced. Additionally,
filled samples exhibited thicker cell walls than those of
the control that affected the final density of the samples
(as discussed below). In contrast with previous results
reported for nanocomposite foams, which showed a reduc-
tion in cell size due to high viscosity and nucleating effects
[36,37], we observed the opposite tendency (Table 1). This
Fig. 1. Representative SEM images of nanocomposite foams at low and high load
1.0 wt.-% CNT sample showed a CNT emerging from the cell surface.
difference was attributed to the foaming process. Cell size
in reacting foams depends on the reaction rate, which
determines both the production of gas and the evolution
of the fluid rheology, coupled to the rate of gas diffusion
[38]. Everitt et al. [38] modelled bubble dynamics for reac-
ting foams and showed that, at low reaction rates, the final
bubble volume is independent of diffusivity and reaches its
equilibrium size before gelation takes place. Hence, the
current trends in cell size were more probably related to
the production of gas and the evolution of the fluid rheol-
ogy. An additional factor to be considered is a probable
reduction in the pore nucleation rate due to the given log-
arithmic proportionality between viscosity and surface
tension for many fluids [32], including polymers, and the
known influence of CNTs on viscosity [39]. In the current
study, there was no evidence of any nucleation effects
due to the presence of the nanofillers [37] which
ought to lead to smaller cell sizes even at low loading
fractions.

Numerical simulations have suggested a substantial
contribution of nanoparticle shape in the rheology of poly-
mer nanocomposites [40]. Hence, cell size distributions
(Fig. 2) were examined to reveal differences of the nanofil-
lers effect on the cellular structure. It can be observed that
the normal distribution becomes wider with the addition
of both nanofillers. However, filler shape did not seem to
affect the mean cell size distribution of the samples. Cell
size distributions of the samples with similar loading
ing fractions. Arrows indicate merged cells. The insert SEM micrograph in



Fig. 2. Cell size distributions as a function of the nanofiller content of the
silicone foams.
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fraction appeared both very similar, with a slight shift to-
wards lower cell sizes of the CNT sample.

The dispersion of the nanofillers was investigated by
TEM. The exfoliation process of the functionalized graph-
ene sheets has been observed to produce a defective wrin-
kle structure with large surface area 700–1500 m2/g [19].
TEM micrographs of the FGS layers [30] showed almost
transparent sheets with the wrinkle structure and the
presence of stacks of a limited number of graphene sheets
with inter-layer spacing of 0.6 nm. The FGS morphology
suggested that the nature of the dispersion would be com-
posed of both exfoliated and intercalated, which is com-
mon in nanocomposites containing layered fillers [41].
TEM observation confirmed this dual dispersion, as the
Table 1
Mean cell size and measured densities and relative density of the samples

Samples wt.-% Mean cell size (lm) Foam density (qf) (kg/m3)

0 486 ± 6 197 ± 17
0.10 FGS 488 ± 9 278 ± 11
0.20 FGS 608 ± 13 282 ± 8
0.25 FGS 578 ± 13 291 ± 9
0.10 CNT 489 ± 8 258 ± 18
0.50 CNT 677 ± 15 272 ± 10
1.00 CNT 816 ± 22 291 ± 19
FGS were distributed over the entire sample and the parti-
cles appeared to be completely embedded in the polymer
matrix indicating the intercalated structure (Fig. 3a). This
homogeneous dispersion would probably be related to
the presence of remaining oxygen-containing groups on
the graphite sheets. These groups have been associated to
isolated epoxy and hydroxyl reaction sites [19]. The pres-
ence of the hydroxyl groups can be expected to covalently
bond to the SiH-containing component of the reaction mix-
ture during curing.

The CNT/silicone samples revealed an unexpected CNT
morphology. The CNTs formed a network throughout the
sample (Fig. 3b). The probable mechanism responsible for
the dispersion of these CNTs was the presence of CH–p
interactions, as the nature of the rubber matrix would have
prevented it from forming p–p interactions with CNTs. CH-
p interactions are a type of hydrogen bond that operates
between a soft acid CH and a soft base p-system, as found
on the convex surfaces of fullerenes and nanotubes [42].
The dispersion of carbonaceous materials, such as carbon
blacks and carbon fibres, in rubber matrices has also been
linked to CH–p interactions [43].

Table 1 shows the foam and polymer densities. The den-
sity of the polymer matrix increased with nanofiller con-
tent, as expected, since the graphitic material is denser
than the matrix polymer. The increase in the foam densi-
ties was attributed to the observed changes in the cellular
structure, because it cannot be completely attributed to
the higher intrinsic density of the nanofillers.

Fig. 4 shows the evolution of the weight loss as a func-
tion of the temperature of the control matrix and low load-
ing fractions under nitrogen atmosphere. The control
sample exhibited a sharp weight loss centred at 468 �C,
which corresponds to the depolymerisation of the siloxane
chains [44]. Meanwhile, the weight loss of the filled sam-
ples was less pronounced and showed a clear shift in both
the onset temperature and the main degradation tempera-
ture (Tpeak) towards higher temperatures. Furthermore, the
filled formulations showed a significant increase in total
residue (Table 2) at 650–700 �C. Hence, both nanofillers
significantly improved the thermal stability of the samples.
This improvement in thermal stability had previously been
observed in nanotube composites based on other poly-
mers, and various mechanisms have been suggested to ex-
plain it [45]: (1) dispersed nanotubes may hinder the flux
of degradation product, delaying the onset of degradation;
(2) polymer chains near the nanotubes may degrade more
slowly, shifting Tpeak to higher temperatures; (3) higher
thermal conductivity in the nanotube/polymer composites
Polymer density (qm) (kg/m3) Relative density (%) (qf/qm)

1078 ± 2 18.3
1080 ± 5 25.7
1081 ± 1 26.1
1082 ± 3 26.9
1081 ± 2 23.8
1082 ± 3 25.2
1084 ± 4 26.9



Fig. 3. TEM images of the nanocomposite samples. (a) 0.25 wt.-% FGS, the dark lines of the image correspond to folds of the matrix, and (b) 1.0 wt.-% CNT
filled silicone foams.

Fig. 4. Representative weight loss as a function of temperature.

Table 2
Thermogravimetric results of the samples

Samples wt.-% Tpeak (�C) T2 (�C) Weight loss (%)

0 468 – 90.6
0.10 FGS 516 734 41.8
0.20 FGS 522 746 37.6
0.25 FGS 524 744 36.1
0.10 CNT 475 721 63.8
0.50 CNT 518 725 53.8
1.00 CNT 523 728 48.0
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could ease heat dissipation within the composite. The ther-
mal degradation of filled samples showed a second step at
higher temperatures (720–740 �C), which was probably
due to an increase in the rigidity of the siloxane chains
[46]. Previous results on silicone samples filled with car-
bon black showed a change to multistage degradation
[46].

The Tpeak (Table 2) increased as a function of nanofiller
content by up to 55 �C. Graphene sheets were more effec-
tive than nanotubes to improve the thermal stability of
the silicone foams, as the same degradation temperature
was obtained at much lower filler content. Furthermore,



Table 3
Normalised Young’s modulus and normalised sound absorption coefficient
as a function of nanofiller content of the samples

Samples
wt.-%

Normalised Young’s
modulus (MPa)

Normalised sound absorption
coefficient

0 260 ± 23 0.70 ± 0.01
0.10 FGS 691 ± 28 0.56 ± 0.01
0.20 FGS 725 ± 22 0.52 ± 0.01
0.25 FGS 792 ± 27 0.45 ± 0.02
0.10 CNT 802 ± 26 0.61 ± 0.01
0.50 CNT 854 ± 28 0.47 ± 0.01
1.00 CNT 875 ± 23 0.44 ± 0.01

Fig. 6. Absorption coefficient as a function of frequency of the samples.
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at the same filler loading, FGS filled silicone foams exhib-
ited higher Tpeak than that of CNT filled samples. This dif-
ference was attributed to an increased confinement of
the polymer matrix in the intercalated structure, also ob-
served in nanoclay/polydimethylsiloxane systems [47],
and to stronger polymer/graphene interactions.

Compressive results of the nanocomposite foams are
shown in Fig. 5. The control sample exhibited the typical
compressive behaviour of foams, while both FGS and CNT
samples just exceeded the yield point or showed only the
linear region just before the loading head reached its limit.
Therefore, the nanocomposite foams showed a clear
change in their compressive behaviour with a marked in-
crease in the Young’s modulus. Foam theory states that
the compressive modulus is directly proportional to its rel-
ative density [48]. Thus, the increase of the Young’s modu-
lus should be a combination of the density change and the
reinforcement effect of the nanofiller. The Young’s modu-
lus was normalized by the relative density of the samples
to eliminate the density effect (Table 3). The normalized
modulus for 0.25 wt.-% FGS foam increased by over 200%
and by up to 235% for 1.0 wt.-% CNT compared with the
control silicone foam. In contrast, previous work on carbon
nanotube/polyurethane foams [14] showed no enhance-
ment with comparable loading fractions, and carbon nano-
fibre/polystyrene foams [11] showed an improvement of
136% of the normalized compressive modulus but at a con-
siderably larger loading fraction of 5 wt.-%. The relatively
large efficiency of the FGS may be attributed to favourable
interactions between the FGS and the polymer. Meanwhile,
the CNT case was attributed to the CNT properties and ob-
served network.

Fig. 6 shows the experimental results for the acoustic
absorption coefficient as a function of frequency. The con-
trol sample exhibited the typical behaviour of flexible open
cell foams, i.e. an increase of the absorption coefficient that
reached a maximum close to 1 and then a steady decrease
to 0.7. This behaviour is commonly observed in open cell
polyurethane foams [49]. The acoustic absorption of the
Fig. 5. Compressive stress-strain behaviour
filled foams varied over the entire frequency range. The
absorption curves of the lowest filler loadings (0.1 wt.-%
and 0.2 wt.-% FGS and 0.1 wt.-% CNTs) had a similar ten-
dency than that of the control sample. There was, however,
a reduction in the maximum and a shift of the peak to lower
frequencies. Meanwhile, larger loading fractions had a
of the silicone foam nanocomposites.
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drastic effect in the absorption behaviour of the samples:
the absorption coefficient reached a local maximum at
around 0.5 and then increased steadily to about 0.6 plus a
clear shift of the peak to lower frequencies. The frequency
shift and reduction of the acoustic absorption had also been
observed on open cell polyolefin foams with large cell size
and tortuosity [50]. The acoustic activity (Table 3), defined
as the area under the absorption curve normalised by the
frequency range, decreased with loading fraction regardless
of the nanofiller type, with a 36% decrease for the larger
loading fractions. CNT samples exhibited slightly larger val-
ues of acoustic activity than those of the FGS samples. The
reason for this difference may be attributed to a different
nanofiller effect on the polymer matrix because both mate-
rials showed similar cellular structure.

Therefore, the nanofillers had a negative effect on the
damping properties of the foams. This result could be
attributed to both the cellular structure changes and the
improved mechanical properties of the cell walls and
edges, as discussed below. Sound in porous materials prop-
agates simultaneously as sound pressure waves through
the fluid in the pores, and as elastic stress waves through
the solid frame. Thus, sound absorption in foams is a com-
bination of several factors: its viscoelastic and elastic prop-
erties (i.e. the material’s damping and stiffness), and its
viscoacoustic and acoustic properties (i.e. fluid damping
controlled by fluid nature, geometry, topology, interfaces)
[51]. Therefore, the acoustic behaviour of foams is a com-
plex mechanism where several factors have to be consid-
ered. A common approach to improve sound absorption
in porous materials is to reduce the cell size, which is usu-
ally accompanied by an increase in the tortuosity [52]. In
our case, even though we had a reduction of the cells con-
nectivity (or an increase in the tortuosity), we observed an
opposite tendency. This trend may be related to a reduc-
tion of the dissipation of acoustic energy by vibration
damping due to larger cells sizes (there were less number
of pores for the sound to be absorbed) and improved mod-
ulus (filled samples had stiffer cell edges and faces). Fur-
thermore, the suggested strong interface of FGS and CNT
to the polymer matrix may also account for the reduced
damping properties as damping effects of CNTs within
polymers were attributed to high frictional energy dissipa-
tion due to interfacial sliding and stick-slip behaviour of
CNT surfaces [53].
Conclusions

The present work presents the physical properties of
nanocomposite silicone foams filled with two different car-
bon-based nanofillers, functionalized graphene sheets and
nanotubes. The nanofillers had a similar effect on the cellu-
lar structure, yielding larger cell size than pristine foam.
The thermal stability of the samples was drastically af-
fected by the presence of both nanofillers, with an increase
of the degradation temperature of more than 50 �C. FGS
however showed a greater improvement attributed to an
increased confinement of the polymer matrix in the inter-
calated structure and improved polymer/graphene
interactions.
Both nanofillers had a positive effect on the mechanical
properties of the nanocomposite samples. The CNT sample
outperforms the FGS with similar loading content due to
the CNT properties and the network formation. Meanwhile,
the nanofillers had a negative effect on the sound absorp-
tion capabilities. This result was attributed to two possible
mechanisms, the changes in the cellular morphology and
mechanical properties of the foams and the strong inter-
face of FGS and CNT with the polymer matrix. The strong
interface thought to be most suitable for straightforward
reinforcement [1] may be less desirable for damping
applications.

Further research is required to better understand the ef-
fect of the nanofillers on the foaming mechanism and rhe-
ology, and to minimise their effect on the cellular
structure.
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