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Hybrid foams based on polyurethane and polysiloxane-domains were designed in terms of chemical
structure and hierarchical morphology to improve the thermal insulation capability of conventional
polyurethane foams. Polysiloxane-domains by solegel approach reacted with polyols to produce a
polysiloxane-reactive-adduct, which completed its formation into polysiloxane aerogel-like structure
during the polyurethane foaming process. Hybrids with 5wt% of the polysiloxane-domains exhibited a
22% reduction in thermal conductivity in comparison with pristine PUR. The chemical structure and the
hierarchical morphology were studied by means of SAXS/WAXS and 29Si and 13C NMR. In particular the
hybrid structure consisted of coarse polysiloxane-fractal-aggregates composed of silica nanoparticles
embedded in the polyurethane matrix. Morphological analysis revealed a decrease of the cell size with
the increase of the siloxane content ascribed to the nucleation effect of polysiloxane-domains during the
foaming. The cell size reduction and the formation of hybrid-aerogel-like structures within the cell-walls
are considered the key factors to reduce the thermal conductivity of hybrid foams.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
OrganiceInorganic hybrid materials by solegel approach
represent a growing and attractive area of nano-engineered materials because of their promise to provide speciﬁc peculiarity and
multifunctional alternatives to conventional-ﬁlled plastics [1,2].
Hybrid materials includes a wide range of materials, rom singlephase polymer networks, where the hybrid composition refers to
the presence of functional groups of different nature with respect
to the main component [3], to self-assembling or host-guest superstructures, characterized by co-continuous organic and inorganic phases [4]. Several epoxy and polyimides hybrids materials
have been produced by using different routes based on the solegel
approach exhibiting improved hardness and solvent resistance,
thermo-mechanical stability as well as mechanical properties [5,6].
In this context the preparation of polyurethane-silica hybrid foams
represents a viable route to improve many properties of conventional polyurethane foams, particularly thermo-mechanical
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stability [7]. However, the key property of the polyurethane foams
(PUR) is the thermal conductivity which needs to be signiﬁcantly
reduced in order to both expand and make sustainable the application ﬁelds of PUR foams. In particular, the improvement of
insulation properties of PUR is mainly addressed to the necessity of
a more effective insulation of buildings or devices like refrigerators
to save energy and reduce CO2 emissions. The thermal conductivity
of polymeric foams is modeled as the sum of several contributions
[8e10]: a) conduction through the solid phase; b) conduction
through the gas-ﬁlled interior; c) convention within the cells; d)
radiation through the cell walls. The conduction through the solid
phase contribution to the overall thermal conductivity is generally
in the range of 10% for PUR because of polymeric phase has
intrinsically low thermal conductivity (i.e for the polyurethane it is
approximately 0.25 W/(m$K)) [9e11], and it occupies only a small
fraction of the total volume of the foam. The convection contribution is negligible for cell size smaller than 4 mm, as conﬁrmed
by the Skochdopole experiment [11e13]. The radiation contribution is a signiﬁcant part of the thermal conductivity of the foam (i.e
it accounts for approximately 30% of the measured effective conductivity at room temperature) as indicated by Hyliard et al. [14]
and Glicksman et al. [15]. The main contribution to the overall
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conductivity of the foam is actually the conduction in the cell by
the gas mixture. Gases with low thermal conductivity such as
chloroﬂuorocarbons (CFC), might reduce this contribution, but
were banned for their environmental effects. Furthermore, concentration gradient driven ﬂows tend to bring air in the cells, in the
place of the blowing agent, thereby inducing a progressive increase
of the conductivity during the operation life of the foamed
products.
Silica aerogels are highly insulating materials alternative to
polymeric foams. This is an ultra-lightweight, open-celled, mesoporous material consisting of cross-linked silica nanoparticles with
a huge volume of pores [16]. Silica aerogels have an overall thermal
conductivity of 0.017 W/(m K) at ambient pressure, which is
signiﬁcantly lower than the thermal conductivity of the best performing polyurethane foams (i.e. thermal conductivity approximately equal to 0.026 W/(m K)). The low thermal conductivity of
aerogels results from the combination of low solid skeleton conductivity, low gaseous conductivity and low radiated infrared
transmission contribution [17]. In particular, in the aerogel material, the gaseous phase, which consists of air and occupies up to 90%
of the volume, is compartmentalized in domains having sizes
smaller than the diffusion mean free path of air. This contributes to
severely reducing the thermal conductivity [18].
However, the inherent fragility and the environmental sensitivity (e.g., hygroscopicity) of silica aerogels, have restricted their
use to extreme applications such as space applications. In order to
overcome these limitations and to promote the application of silica
aerogel in the thermal insulating of buildings and refrigerators,
several attempts have been made to produce aerogels crosslinked
to the organic polymers (i.e. X-aerogels). In particular, the mesoporous inorganic structure is crosslinking through organic moieties
which constitute the necks between silica particle able to absorb
deformation energy [19,21]. Typically, the structure of X-aerogels is
obtained from a solegel process by using several silanol source
(TMOS, TEOS, GOTMS etc) and base catalysts, followed after gelling
by supercritical ﬂuid extraction (CO2) for fast extraction of the
solvent [20e22]. Solvent exchange, where the polymer cross-linked
silica aerogel monoliths is dried under ambient pressure by using
solvent such as acetone, THF, pentane, is an alternative to supercritical ﬂuid extraction [23].
To enhance the thermal insulating capability of PUR, then, it is
possible to form the highly insulating aerogel-like materials
directly during the polyurethane foaming process. In fact, the formation of organic-inorganic hybrids in the cell wall and struts introduces a large fraction of empty volume, which contributes to
lower the heat transfer within the cell wall with respect to the pure
material. In addition, it interrupts solid conductivity through the
cell walls [24]. Similar approach realized through the use of particulate silica, especially silica aerogel, formed before polyurethane
foam expansion, was proposed in 1994 by BASF Corporation [25].
In this work, the polyurethane-silica aerogel-like foams is produced through a preliminary preparation of polysiloxane domains
by solegel approach in the presence of conventional polyols and
subsequently through the foaming process during the reaction of
the polyisocyanate with the obtained adducts of polysiloxane
domains-modiﬁed polyols. Foams were obtained by changing the
polysiloxane content, reported in the formulations as SiO2 amount,
in the range from 1.5wt% to 7wt%. The hybrid foams were characterized in terms of both chemical interactions established between
polysiloxane and PUR and morphology by NMR, SAXS and SEM
analysis. The results conﬁrm that the thermal conductivity of
hybrid foams decreases with the increase of the polysiloxane
content as a consequence of both the decrease of foam cell size and
the formation of a highly insulating organic-inorganic polyurethane aerogel-like material.
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2. Experimental
2.1. Materials
Polyether polyol, with catalysts and silicone surfactants, was
kindly provided by Huntsman (Daltofoam© TA 34300,
h ¼ 4590 mPa*s @ 25  C; r ¼ 1.093 g/cm3 @ 25  C). Suprasec© 5025
isocyanate (MDI) was also kindly provided by Huntsman (Italy). For
the preparation of the polysiloxane domains, TEOS (tetraethylorthosilicate), HCl (chloridric acid) and distilled water were used. npentane, supplied by Aldrich (Italy), was used as the physical
blowing agent. Silicone surfactant (L-6164) as cells stabilizer,
ammine 1,3,5-Tris[3-(dymethylamino)propyl]-s-hexahydrotriazine
(C41) and CH3COOK as catalysts of both blowing and polymerization reactions were kindly supplied by Momentive (Germany).
2.2. Methods
2.2.1. Hybrid foams preparation
The stages of the hybrid foams preparation are as follows (see
Scheme 1 where a schematic representation of the several stages
for the production of hybrid foams is reported). For the preparation
of polysiloxane domains (A in Fig. 1) we followed the procedure
proposed by K. Zou et al. [26]. A mixture of TEOS 48.6%, ethanol
43.0%, water 8.4% by weight and 9.73$104 mL of HCl per solution
gram were mechanically mixed at room temperature for 24 h.
During this stage, the TEOS hydrolyzes in silanols, which condense
to siloxane adducts according to the well-established reactions of
hydrolysis and condensation [27]. Afterwards, the hydro-alcoholic
solvents were partially removed, using a rotary evaporator, at
60  C, under vacuum at 50 rpm. The obtained hydroalcoholic polysiloxane liquor, equals to approximately 1/7 by weight of the
TEOS-ethanol-water mixture, is characterized by a hydroalcoholic
content of less than 15% by weight. Addition of this liquor to the
polyol (in the amount to obtain 1.5, 3, 5 and 7% of SiO2 by weight of
the whole polyurethane formulation) with some additives (i.e.
CH3COOK and L6164, each of them 1% by weight of the polyol) and
n-pentane (13% by weight of the polyol) (B in Fig. 1). Addition of the
C41 surfactant (i.e 2% by weight of the polyol) to the isocyanate
precursor (C in Fig. 1). Finally, both the polyol modiﬁed with polysiloxane domains and the isocyanate precursor were mixed by
hand and poured into the mold for foaming (D in Fig. 1). The
expansion
was
conducted
into
a
rectangular
mold,
360  200  40 mm, which was closed right after the start of the
expansion. It was found that the higher the reactive polysiloxane
amount, the slower was the foaming of hybrid polyurethane. After
polymerization and foaming, the panels were removed from the
mold. A panel of pristine polyurethane foam was also produced for
proper comparison.
In Table 1, the formulations of pristine PUR and hybrid foams
were reported.
2.3. Characterization
2.3.1. Nuclear Magnetic Resonance spectroscopy (NMR)
To investigate the chemical interactions between the polysiloxane and the polyurethane matrix NMR characterization was
performed. NMR spectra were collected by using a 600 Avance
Bruker spectrometer under magic angle spinning (MAS) conditions.
29
Si spectra where acquired by a 45 excitation pulse, 3280 scans, a
spinning rate of 6 KHz and a recycle time of 80 s. The top of sample
rotor was ﬁlled with a small amount of 2,2-dimethyl-2silapentane-5-sulfonic acid, DSS for frequency calibration. 13C single pulse experiments where performed spinning the samples at
11 KHz, to reduce spinning sideband (SSB) superposition with
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Scheme 1. Schematic representation of the several steps for the preparation of hybrid foams.

sample resonances, and under proton decoupling co-adding 12K
spectra with a recycle time of 5 s. 13C CPMAS spectra where acquired by using a ramp crosspolarization pulse with a contact time
of 2 ms, 12 scans, a recycle time of 4 s, and a spinning rate of 6 KHz.
All the spectra were acquired at the temperature of 25  C.

sealed tube generator source (40 kV, 50 mA) and slit collimated.
Spectra of pristine PUR and hybrid PUR (HPUR-1.5, HPUR-3, HPUR5, HPUR-7) were collected for 10 min. All scattering data were dark
current and background subtracted, and normalized for the primary beam intensity [26,28,29].

2.3.2. Wide and Small Angle X-ray Scattering (WAXS/SAXS)
Structural characterization of PUR and hybrid materials was
performed through simultaneous Wide (WAXS) and Small Angle Xray Scattering SAXS analyses by using an Anton Paar SAXSess
camera equipped with a 2D imaging plate detector. 1.5418 Å
wavelengths CuKa X-Rays were generated by a Philips PW3830

2.3.3. Morphological investigations
Scanning electron microscopy (SEM, type Leica S440) was used
to observe the morphology of the hybrid foams. The sample to be
investigated was cut with a sharp blade, to prevent cell walls
twisting. A thin layer of gold was sputtered on the fracture surface
of specimens, prior to SEM investigation. The average cell radius
and the cell strut thickness were measured for each of the hybrid
foams.
2.3.4. Thermal conductivity and content of closed cells
Thermal conductivity, l was measured according to EN12667
(thermoﬂuximeter method). The instrument was Lasercomp Fox
314. The DT between the two surfaces was 10  C (in details, the
upper surface was at 10.02  C and the bottom surface was at
20.01  C). The calibration material consisted of a glass ﬁber panel.
The room temperature was 22 ± 3  C and the relative humidity was
50 ± 10% HR. The content of closed cells was measured according
to ASTM D2856.

Fig. 1.

29

Si NMR spectrum of HPUR7 sample. Two Gaussian curves are also reported.

2.3.5. Thermo-gravimetric analysis (TGA)
Thermo-gravimetric analysis (TGA) was carried out in nitrogen
ﬂow (ﬂow rate ¼ 40 ml/min) using a TGAQ500, TA Instruments at
heating rate of 10  C/min in the temperature range from 30 to
900  C. Samples mass was approximately 10 mg.
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Table 1
Pristine and hybrid polyurethane foams formulations.
Chemical

Samples
Pure-PUR [g] HPUR-1.5 [g] HPUR-3 [g] HPUR-5 [g] HPUR-7 [g]

Polyol
MDI
n-pentane
H2O
C41
L6164
CH3COOK
Polysiloxane
liquora
a

100
156
15
1
e
e
e
e

66.2
63.4
53
107.7
107.7
116.5
10.3
10.3
8.1
Carried by the reactive silica source
1.32
1.27
1.05
0.66
0.63
0.53
0.66
0.63
0.53
6
12
20

57
108.4
8.5
1.14
0.57
0.57
28

Liquor of polysiloxane precursors after solvent removal.

2.3.6. Mechanical properties, compression tests
The mechanical properties of the specimens were investigated
by ASTM D1621 protocol [30]. The tests were carried out by using a,
Shenzhen Sans (China), model CMT 4304, dynamometer equipped
with a 1 kN load cell. Tests were performed at room temperature,
by using specimens size 51  51  30 mm  mm  mm and at
crosshead velocity equal to 3.61 mm/min.
Mechanical properties (elastic modulus, yield stress, yield
strain, compressive strength, plateau stress, densiﬁcation strain)
were reported as average values of ﬁve tests for each material.
Apparent densities were measured as the ratio between the foams
weight (as measured with analytical balance) and the geometrical
volume (as measured by a high-resolution caliper). Six specimens
were tested for each composition.
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Structures of the type Si(O)3R, indicated as T [31], are not
detected in the 29Si spectrum. However, by ﬁtting the largest noise
peaks it is possible to estimate that the T structures are less than 5%
of the total polysiloxane content.
The linkage between polysiloxane domains and polyurethane
chains can be actually analyzed by 13C NMR. In Fig. 2, the single
pulse, proton decoupled 13C MAS spectra of pristine PUR and HPUR7 samples are reported, together with a deconvolution in Lorentzian components.
The MDI ring and urethane carbons are well identiﬁed in both
samples between 100 and 150 ppm.
In the pristine polyurethane, the eOCH2e band presents three
signals, while the aliphatic methylene band needs at least ﬁve
Lorentzians to be correctly deconvoluted. This implies the presence
of a quite complex CH2 chemical environment. In the presence of
polysiloxane, both eOCH2e and allylic eCH2e bands become more
complex with an increased number of resonances. This could be
due either to a shift of CH2 resonances or to the addition of oligomers of polysiloxane to the eOH groups of polyols according to the
following reaction scheme:
The integration of the resonance bands, by summing the areas of
appropriate Lorentzian components, is reported in Table 2. The

3. Results and discussion
3.1. Chemical characterization: NMR analysis
The structure of polysiloxane domains into the hybrid PUR can
be investigated by 29Si MAS NMR. Despite the low sensitivity of 29Si
nuclei and the low percentage of polysiloxane in the hybrid samples, a quantitative spectrum can be obtained. The 29Si single pulse
spectrum of HPUR-7 sample is shown in Fig. 1 with the Gaussian
deconvolution of the sample resonances. Only two signals are
observed and attributed to Q4 and Q3 silicate structures [31,32]. The
relative amount of the two silicate structures is estimated in 60% for
Q4 and 40% for Q3.

13

Fig. 2. C single pulse proton decoupled spectra of neat PU and HPUR7 samples. The
spectra are deconvoluted by Lorentzian curves. Line assignment is also reported with
associated spinning sidebands.

results conﬁrm that the reaction between polyol and polysiloxane
domains, which likely takes place before the addition of MDI, induces a change of the chemical environment of eCH2e groups with
a signiﬁcant modiﬁcation of the resonances bands. The 13C NMR
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Table 2
Integral of polyurethane bands. The MDI-NCOO integral are arbitrarily posed to 14
which correspond to the number of carbons in these groups in each polyurethane
monomer.
MDI þ NCOO

OCH2

CH2-MDI

Hal-CH2

Pristine PUR
HPUR7

14
14

2
3

1
1

1
2

results allow excluding the existence of any reactions between the
isocynate groups and the silanols groups that are present on the
surface polysiloxane domains.
The analysis of CPMAS spectra of all the hybrid foams, which are
reported in Fig. 3, shows the separation of samples into two groups:
samples having an amount of silicate between zero and 3% and
samples with a higher amount. This evidence conﬁrms the existence of an effect due to the amount of the polysiloxane domains on
the hierarchical structuring of the inorganic phase as following
proved by SAXS and SEM results (see following sections).
3.1.1. Morphological characterization: SAXS, WAXS and SEM
analysis
WAXD spectra of pristine PUR and hybrid materials are shown
in Fig. 4. It is noteworthy that: a) all of the systems are amorphous
and b) the polysiloxane domains affect the shape of the polyurethane amorphous band with an increase of the scattering intensity at higher q values. Since the content of polysiloxane
domains is low, i.e only a few units per cent by weight, this effect is
ascribed to a modiﬁcation of the local microstructure of the polyurethane network, which likely arises from the ability of polysiloxane domains to become involved in the building up of the
organic network through condensation reactions between eSiOH
groups and eOH groups of polyols, as conﬁrmed by NMR analysis.
Similar results were obtained for epoxy resins modiﬁed with silsesquioxane structure produced by solegel approach [33].
Additional information regarding the hierarchical structure and
particle size and distribution of polysiloxane domains within the
hybrids was obtained from SAXS measurements. The hierarchical
structure of the polysiloxane domains can be deduced by adopting
the Multiple Structural Level Model of Beaucage et al. [34] which
assumes that experimental scattering proﬁles consist of multiple
length scales (Guinier regimes) separated by power-law scaling
regimes (Porod regimes). The Guinier regimes account for the

pristine-PUR
HPUR-1.5
HPUR-3
HPUR-5
HPUR-7

Intensity (A.U.)

Samples

5

10

15

20

25

-1

q (nm )
Fig. 4. WAXD spectra of pristine PUR and hybrid foams.

several length scales which constitute the hierarchical structure of
the inorganic domain while the Porod regimes give information
about the surface or mass of the fractal object. This approach has
been widely applied to get insights into scattering data for organicinorganic hybrids containing in situ generated siloxane domains by
solegel approach [35]. From the logelog plot of SAXS spectra, it is
possible to deduce important morphological parameters such the
gyration radius, Rg which gives a measure of the mean square
distance of the scattering centers from the centre of gravity and the
fractal dimension, Dm as a measure of the compactness of the
inorganic domains [33,36].
In Fig. 5, the SAXS spectra in the form of logelog plot for the
inorganic component of hybrid samples are shown. In details, this
diffraction contribution was isolated by SAXS spectrum of hybrid
materials by subtracting the spectrum of pristine polyurethane
after normalization for the sample thickness.
All of the spectra in Fig. 5 show the simultaneous presence of a
knee diffraction feature coupled with a line diffraction region. This
can be related to the presence of polysiloxane domains with a hierarchical structure. In particular, primary polysiloxane particles
aggregate to form coarse fractal structures. The primary particle
diameter, as evaluated according to Guinier's relation [26,28,29]
from the gyration radius, Rg, is equal to 0.7e0.8 nm, slightly

Intensity (A.U.)

linear region

knee diffraction feature

HPUR-1.5
HPUR-3
PHPUR-5
HPUR-7

1
-1

q (nm )
Fig. 3. 13C CPMAS spectra of polyurethane and hybrid materials at different amounts of
silicate. The position of spinning sidebands is indicated by arrows.

Fig. 5. SAXS spectra of polysiloxane aerogel-like structures present inside hybrid
foams.
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increasing with the polysiloxane content. The slope of the Porod
region is in the range 2.8e3 for all the polysiloxane structures. This
conﬁrms that the primary polysiloxane particles aggregate to form
spherical fractal aggregates.
From the spectra comparison, it can be deduced that the hierarchical polysiloxane structure does not change with the polysiloxane content in the hybrid foams. However, a slight difference is
observed for the polysiloxane structure isolated from PUR hybrids
with siloxane content lower than 3%wt. Indeed, with increasing
silica content, a slight reduction of the q value at which the linear
Porod region starts can be observed. This means that as the siloxane
content increases as the primary polysiloxane domains become
larger. This result is consistent with the results found in the literature, wherein it is reported that, in PUR materials doped with
silica, the nanoparticles aggregation occurred at concentration
higher than 3 wt% [25,37].
In conclusion, the process brings about the formation of polysiloxane nanoparticles that aggregate to form spherical, coarse
polysiloxane domains. The size of the latter is larger than 50 nm
(the maximum that could be detected with the SAXS alignment
used), consisting of very dense fractal domains. This structure is
compatible with the presence of voids entrapped in between the
primary particles and the coarse fractal polysiloxane domains.
In Fig. 6, a schematic representation of the hierarchical polysiloxane morphology generated through the solegel approach
carried out directly in the polyurethane matrix is reported. The
hybrid foams have been observed by Scanning Electronic Microscopy in order to evaluated speciﬁc parameter such as average
diameter of the cells as well as thickness of the walls between the
cells. The results of the measurements are reported in Table 3. The
normal distribution of the cell radius is shown in Fig. 7. The average
cell radius decreases with increasing amount of the polysiloxane
domains: in particular, the average cell radius of HPUR-5 is ca. 33%
smaller than the average cell radius of pristine PUR. This conﬁrms
that the polysiloxane adducts act as a nucleating agent during the
foaming process, promoting the formation of more numerous and
smaller cells. Apparently, it also brings about a reduction of the cell
strut thickness.
Selected SEM image of the cross-section and cells surface of
pristine polyurethane and HPUR-5 foams are shown in Fig. 8. The
presence of polysiloxane domains in the cross-section of cell struts
modiﬁes the rupture mechanism of the materials and the surface
appears as constituted by coarse globular grains, well distributed
throughout the wall thickness (see Fig. 8a and b). Indeed, the SEM
images of the surfaces clearly show the presence of polysiloxane
domains in the polyurethane matrix (see Fig. 8c and e). The red
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Fig. 7. Normal distributions of cell radius of the polyurethane foam and hybrid foams.

Table 3
Cell radius and cell strut thickness measured using SEM electronic microscopy,
closed cell content.
Samples

Cell radius [mm]

Pristine PUR
HPUR-1.5
HPUR-3
HPUR-5

229
172
169
152

±
±
±
±

10
5
8
5

Cell strut
thickness [mm]
47
35
30
32

±
±
±
±

3
5
2
2

Closed cells
average [%]

l [mW/m K]

72.4
74.7
82.8
70.0

30.88
29.10
28.90
24.19

*Sample HPUR-7 don't analyze because friable.

circles (in web version) evidence the polysiloxane domains homogeneously distributed in the polymer matrix, these appear as
formed by smaller domains aggregated to form coarser domains.
The SEM images conﬁrm the existence of fractal domains
embedded in the polyurethane matrix, as shown by SAXS analysis.
Preliminary TEM observations have shown the existence of polysiloxane nanoparticles in the range of 1 nm sized (data not shown
for brevity), which have been identiﬁed as the primary particles
constituting the fractal aggregates.
3.1.2. Physical characterization: thermal conductivity and thermalgravimetric analysis
The closed cell content and thermal conductivity, l for pristine
PUR and hybrid foams are reported in Table 3.
The results show that l decreased by increasing polysiloxane
content up to have a reduction of 22% for HPUR-5 with respect to

Fig. 6. Schematization of hybrid morphology with the aerogel-like structure.
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Fig. 8. SEM micrographs of pristine PUR and HPUR-5 at different magniﬁcations.

the pristine PUR foams. This result is consistent with some those
reported in the literature for foam composites ﬁlled with preformed aerogel particles. For instance, Okoroafor et al. and Biesmans et al. [25,38] found that the thermal conductivity of
composite foams was at least 10% lower than that of unﬁlled
polymer foam. Similar results have been recently obtained by
Chang et al. [7], who investigated the effects of co-precursor
method and the solvent exchange method for the preparation of
silica aerogel. According to Okoroafor et al. [25], the addition of
little amount (i.e. 0.1 wt%) of silica aerogel in presence of polysiloxane/polyoxyalkylene surfactants may signiﬁcantly improve the
insulating capability of polyurethane foams.
The decrease of the thermal conductivity with increasing polysiloxane is ascribed to both the reduction of the cell size due to
nucleating effect of polysiloxane domains and the formation of the
hybrid materials with fractal polysiloxane domains entrapping air.
Thus, it may be assimilated to aerogel systems according to the
chemical results described before.
The closed cell content reduced with the increase of polysiloxane content, apparently in contrast with the corresponding
reduction of the thermal conductivity. In fact, open cells should
contribute to the increases the thermal conductivity. However,
Gibson and Ashby veriﬁed that closed cell content inﬂuences the

thermal conductivity to a lesser extent than cell size [11]. In our
case, the increment of open cells, detected according to the ASTM
D2856 standard, is an evidence of the formation of the hybrid
aerogel-like structure characterized by reduced thermal
conductivity.
TGA thermograms for pristine PUR and hybrid PUR are shown in
Fig. 9. In the thermogram of pristine PUR, two degradation steps
can be observed. The ﬁrst degradation step occurs in the range
200e425  C (maximum of the derivative weight loss at 310  C) with
a weight loss equal to 67 wt% and, according to literature [37], can
be ascribed to the breaking of urethane links leading to the production of CO2, alcohols, amines, aldehydes, CO. The second
degradation step occurs in the range 440e540  C (maximum of the
derivative weight loss at 475  C) with a 15% weight loss, resulting
from the chain scission of the polyol [37,39]. Hybrid foams,
conversely, show three degradation steps. The ﬁrst step weight loss
(ranging 22e15wt%) occurs in the temperature range 200e290  C
and is attributed to elimination of water molecules due to the
condensation reactions within the polysiloxane phase. The second
step and the third step of mass loss (ranging 40e48 wt% and
15e8.7 wt% respectively) take place in the range 290e360  C and
420e540  C respectively and they are attributed to the polyurethane decompositions described before [39]. As summarized in
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Fig. 10. Stress strain curves for pristine and hybrid foams.
Fig. 9. Thermograms patterns for pristine PUR and hybrid foams.

Table 4, the maximum decomposition temperatures (T2 and T3) of
the hybrid systems compared to the pristine PUR, increase with
increasing polysiloxane content. At high polysiloxane contents (i.e.
5 and 7 wt%) the weight loss detected in the second degradation
step is considerably reduced, conﬁrming that a chemical modiﬁcation of polyol structure has occurred due to interaction with
polysiloxane domains. The enhancement of thermal stability can be
ascribed to the presence of inorganic polysiloxane structure, which
reduce the amount of more-combustible organic components and
produce siliceous residues barrier layers that inhibit heat and mass
transfer. Similar results were observed by Xia and Larock in
waterbone castor oil-based polyurethane nanocomposites, where
the presence of 0.5, 1 and 3% of silicon domains induced an
increasing of onset decomposition temperatures of about 10  C
[37]. Finally, Nikje et al. [40] noted that in polyurethane foam materials doped by silica nanoparticles the temperature corresponding to 50% decomposition with increasing of nano silica shifted to
higher temperatures.

3.1.3. Mechanical characterization
The stress-strain diagrams for pristine PUR and hybrid foams
compression tests are shown in Fig. 10.
Typically, stressestrain curves of plastic foams in compression
along the foam rise direction, show three characteristic phases: an
initial linear elastic response, followed by a post-yield plateau and a
ﬁnal sharp rise. As a matter of fact we did not observe any horizontal plateau in the stress-strain curves, but the stress keeps
increasing with the strain. Since the occurrence of the plateau is
related to the cell walls/struts buckling, in our case the compressive
behavior evidences an absence of morphological uniformity (uniform struts buckle at similar stresses). Furthermore, the densiﬁcation does not bring about a sharp rise of the curve. Again, also in the
ﬁnal stage, since the morphology is not uniform, the densiﬁcation
occurs more gradually. The compressive tests results are

summarized in Table 5. Because of the aforementioned difﬁculty in
evidencing the plateau stress, the compressive yield point was
obtained be means of the “tangent method”: the tangent to the
elastic part and to the post-yield part was drawn, and the abscissa
of their intersection gave the compressive yield strain and the
corresponding ordinate was the yield stress.
The elastic modulus, the compressive strength and the yield
stress decrease with increasing the ﬁller content (up to a 90%
reduction for the HPUR-7 with respect to the pristine PUR). On the
contrary, the yield strain increases with increasing the ﬁller
amount, up to more than 100% increment for HPUR-5. The reduction of the stiffness with the amount of ﬁller can again be ascribed
to the presence of hybrid structure in the strut of the cells: the
fractal aggregates consisting of nanometric particles interrupt the
polyurethane continuity and perturb the ordered sequence of the
cell layers. In the literature, it was reported that the addition of
preformed silica nanoparticles (up to 3% by weight) to polyurethane foam did not elicit such an abrupt decrease of the mechanical properties, but in some cases it even brought about an
improvement of the stiffness [11,37,41]. In our case, we ascribe the
observed reduction of the stiffness to the different way the polysiloxane domains have been obtained here, in-situ, and the corresponding observed extensive change in the chemical structure as
proven by the chemical and morphological characterization. We
can conclude that the reduction of the mechanical properties is due
to both the presence of an aerogel structure within the cell wall and
to the modiﬁcation of the molecular architecture of the polyurethane, induced by the solegel approach employed to prepare
the hybrid foams presented in this work.
4. Conclusions
This paper is focused on the preparation of hybrid PUR with
polysiloxane domains obtained by solegel approach and on the
enhanced thermal properties with respect to pristine PUR. The
polysiloxane domains reacted with polyol precursor before the
Table 5
Young's modulus, compression strength, yield stress and yield strain of the hybrid.

Table 4
Decomposition temperature and mass loss of the hybrid foams.
Samples

T1 [ C]

Weight
loss wt%

T2[ C]

Weight
loss wt%

T3[ C]

Mass
loss wt%

Pristine PUR
HYPU-1.5
HYPU-3
HYPU-5
HYPU-7

e
285
281
280
245

e
22
22
19.4
15.5

309.5
317
321
313
311

67.4
40
42
45.7
48

480
480
480
481
479

15
15.9
14.2
8.6
8.7

Samples

Young's
modulus
[MPa]

Pristine PUR
HPUR-1.5
HPUR-3
HPUR-5
HPUR-7

8.2
6.1
2.8
0.9
0.3

±
±
±
±
±

1.0
0.6
0.4
0.2
0.1

Compression
strength
[MPa]
0.34
0.26
0.14
0.07
0.03

±
±
±
±
±

0.02
0.01
0.01
0.01
0.01

Yield stress
[MPa]
0.32
0.25
0.13
0.07
0.02

±
±
±
±
±

0.02
0.01
0.01
0.01
0.01

Yield strain
[MPa]
0.05
0.05
0.06
0.11
0.10

±
±
±
±
±

0.01
0.01
0.01
0.03
0.02

Density
[kg/m3]
62
62
56
63
73

±
±
±
±
±

1
1
1
1
1
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foaming reaction. Subsequently, during the addition of isocyanate
precursor the temperature increment alongside with the presence
of pentane allow stripping the mixture of hydro-alcoholic solvents
produced by hydrolysis and condensation reactions of siloxane,
leaving a fractal structure with voids. This structure can be assimilated to an aerogel crosslinked to the polyurethane matrix.
The hybrid foams exhibit a signiﬁcant reduction of the thermal
conductivity which reduces linearly with the increment of polysiloxane domains. In order to investigate the formation of the
polyurethane hybrid structure, the hybrid foams were studied from
the chemico-physical, mechanical and functional point of view.
NMR investigations highlighted the presence of interactions between the polysiloxane domains and the polyol, precursor of
polyurethane matrix. SEM electronic microscopy revealed a
decrease of the cell size with increasing reactive ﬁller amount: this
effect contributed to enhance the insulation properties, probably
together with effect related to the formation of fractal aggregates
constituted by polysiloxane domains aggregated to form fractal
structure. Their presence was observed by means of SAXS and
WAXS scattering and was considered to be the key parameter for
the reduction of thermal conductivity. Because of the increased
crosslink density imparted by the formation of an inorganic
nanostructure bonded with polyurethane phase, hybrid foams
showed higher thermal stability than neat polyurethane as well as
a signiﬁcant decrement of mechanical properties. This work represents a ﬁrst contribution in the ﬁeld of polyurethane hybrid
foams with the presence of polysiloxane assimilated aerogel produced in-situ by solegel approach. Further developments are in
progress and mainly addressed to the obtainment of hybrid foams
with enhanced thermal insulation properties alongside with satisfatying mechanical properties.
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