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a b s t r a c t

Silica-based aerogels have been successfully reinforced by means of reticulated polymeric polyurethane
(PU) foams with different cell sizes. The resultant silica aerogel-PU foam composites (Sil-PU composites)
were fully characterized (density, shrinkage, aerogel percentage, and porous structure), and the me-
chanical properties and thermal conductivities were analyzed. Moreover, the effect of the application of a
surface modification was assessed. A clear influence of the foam pore size on the final properties was
found, and the mechanical properties of the aerogels have been notably improved reaching higher elastic
modulus (from 130 to 307 kPa), excellent recovery ratios (above 95%), and significant deformations
(more than 70%) without breaking. Therefore, the synthesized composites showed a great elasticity (high
recovery ratios), tenacity, resilience, and stiffness in comparison with the non-reinforced aerogels. The
obtained samples also showed excellent insulating capacities, reaching values between 14.0 and 12.3
mW/(m$K) for the surface-modified composites that were dried under supercritical conditions. Thus,
using reticulated PU foams as a skeleton for aerogels is a promising strategy for a broad spectrum of
applications in which silica aerogels are suitable candidates.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Silica aerogels are open-porous materials generally synthesized
through a sol-gel process. Their unusual properties point to them as
suitable candidates for a wide range of scientific and industrial
applications. Among their interesting properties are their high
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porosity (above 90%) and surface areas (~1000 m2/g), really low
densities (reaching values as low as 0.03 g/cm3) and thermal con-
ductivities (~15 mW/(m$K)), and high optical transmission
(~ 80e90% in the visible region) [1e3]. Some of the applications in
which silica aerogels can be employed are based on thermal
superinsulation [4,5], catalysis [6], Cherenkov detectors [7], heavy
metals, and oil adsorption [8,9] and in the aerospace sector as
particle capturers, thermal insulators, cryogenic fluid containment,
and fire retardants, among others [10,11].

Nevertheless, the main drawback of silica aerogels lies on their
fragility, brittleness, and sensitivity at relatively low stresses [12].
For this reason, many works have focused their efforts on
improving the mechanical properties of silica aerogels by different
reinforcing techniques [13] such as polymer cross-linking [14,15],
fiber incorporation [16e19], or the addition of carbon nanotubes
[20e22], among others. One of the main drawbacks of these rein-
forcing strategies is the difficulty to disperse fillers homogeneously
along the aerogel structure. For this reason, another interesting
strategy is based on filling with aerogel a porous material that acts
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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as mechanical support. Schwan et al. [23] embedded aramid hon-
eycombs into silica aerogels with the aim of improving their me-
chanical strength while keeping their low density and thermal
conductivity. The selection of the used honeycomb material allows
tailoring the final characteristics of the composites for their po-
tential employment in new applications in which the aerogel
fragility is the limiting factor. More recently, Liu et al. [24] prepared
silica aerogel composites reinforced with an ultralight carbon foam
(CF). The mechanical properties of the aerogels were significantly
improved, and the thermal conductivity decreased in comparison
with the initial foams (from 35 mW/(m$K) to 24 mW/(m$K)) since
their cells were filled with a nanoporous material. Ye et al. [25]
synthesized similar composites with a SiC coating through chem-
ical vapor deposition over the CF, which promotes the aerogel
introduction into the foam pores. Thus, a higher compressive
response was reached as well as a better adiabatic insulation
reducing the thermal conductivity of the initial foam up to 83% at
700 �C.

In this paper, we present a new composite material combining
different formulations of silica aerogels based on tetraethoxysilane
(TEOS) and several reticulated polyurethane (PU) foams. The use of
PU foams provides several advantages over other materials. These
foams are known for their cost-effectiveness, light weight, excellent
mechanical properties, and thermal insulating capacity, being
employed in a wide range of applications. Additionally, the poly-
meric skeleton acts as a homogeneous support for the silica aerogel
matrix avoiding tedious dispersion procedures that usually lead to
heterogeneous reinforcements. Finally, there is a wide variety of
flexible foams with different densities and cell sizes; therefore, the
PU foam can be selected according to the final requirements. The
effect of the cell size on the final properties was assessed. The
objective of this work is to provide an effective reinforcement
through a proper selection of the polymeric skeleton that enhances
the silica mechanical properties while maintaining their excellent
insulating performance.
2. Materials and methods

2.1. Materials

Reticulated PU foams were provided by Recticel Ib�erica, S.L.
(Spain). Reticulated foams are characterized by having an open
structure based on a continuous network of struts that forms the
polyhedral pores and hold the skeletal structure [26]. The main
characteristics of the PU foams used in this work are gathered in
Table 1.

The synthesized silica aerogels are based on TEOS (Si(OC2H5)4,
98%) supplied by Acros Organics. The acid and basic catalysts are
oxalic acid (C2H2O4, 99%) and ammonium hydroxide (NH4OH, 25%
NH3 in H2O), respectively, purchased from Fluka Analytical. Hex-
amethyldisilazane (HMDZ, (CH3)3SiNHSi(CH3)3, >98%), used as a
silylating agent, was obtained from Alfa Aesar. For preparing the
catalyst solutions (0.01 M of oxalic acid and 1 M of ammonium
hydroxide), high-purity water was employed. Ethanol (EtOH, ab-
solute, C2H5OH) was supplied by Fluka Analytical.
Table 1
Reticulated PU foam characteristics.

Foam Density (Kg/m3) Cell size (mm) Thermal conductivity (mW/(m$K))

S 29.39 435 38.25
M 29.17 1357 43.09
L 28.45 4291 47.40
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2.2. Preparation of silica monoliths and Sil-PU composites

The TEOS-based monolithic aerogels were prepared in a two-
step acid-base catalyzed sol-gel process. The silica precursor was
dissolved in ethanol, and the solution was stirred at 300 rpm for
30 min after the addition of oxalic acid (0.01 M). Once the hydro-
lysis step is performed, the obtained solution is placed in an oven at
27 �C for 24 h. After this time, condensation was promoted by the
addition of the basic catalyst (1 M), and the mixture was stirred at
300 rpm for 45 s. For the silica composites synthesis, the sol was
poured into a glass beaker containing the reticulated PU foam until
getting completely covered. After reaching the gelation time, the
obtained silica monoliths and composites were placed into an oven
at 27 �C for seven days, as described by previous procedures [18].
Finally, samples were demolded and washed twice with ethanol
(2 � 12 h at 50 �C). For the samples in which the surface modifi-
cation is performed, gels were covered with a mixture of 30% vol. of
HMDZ in ethanol as solvent at 50 �C for 24 h. Then, gels were dried
by supercritical drying (SCD) with CO2 at 100 bar and 50 �C.

Composites with different dimensions were manufactured
depending on the characterization technique that will be carried
out: cylindrical composites with 12e16 mm of diameter and a
height of around 10 mm for the mechanical experiments and
30e45 mm of cylindrical diameter and a height of 20e22 mm for
the thermal insulation measurements.

2.3. Characterization techniques

2.3.1. Density, shrinkage, and aerogel mass
Density rwasmeasured by dividing themass of the samples (an

AT261 MettlerToledo balance) by the geometric volume (with a
caliper of 0.01 mm resolution) as described in ASTM (American
Society for Testing andMaterials) D1622/D1622M� 14 for apparent
density of cellular plastics [27].

The aerogel's porosity (P) was calculated by the Equation (1):

P¼ð1� rrÞ*100 (1)

where rr is the relative density calculated by dividing the bulk
density by the corresponding solid density (2.2 g/cm3 [28]).

The linear (Sl) and volumetric (Sv) shrinkages were calculated to
estimate the dimensional differences through the diameters or
volumes, respectively, between the initial PU foam and the ob-
tained final compositesdEquations (2) and (3), respectively:

Slð%Þ¼
�
1� d

d0

�
$100 (2)

Svð%Þ¼
�
1� V

V0

�
$100 (3)

The aerogel mass percentage contained in the Sil-PU composites
was assessed by equation (4):

aerogel mass ð%Þ¼
�
mcomposite �mfoam

�
mcomposite

*100 (4)

where mcomposite and mfoam are the mass of the composite and
initial foam, respectively.

2.3.2. Nitrogen adsorptionedesorption
The specific surface areas (SBET) of the synthesized silica aerogels

were determined by the nitrogen sorption technique through the
use of the BrunauereEmmeteTeller model. Measurements were
carried out with a Micromeritics ASAP 2020 instrument at the
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University of Malaga (Spain). Prior to the experiment, samples were
degassed at 50 �C in a vacuum for 24 h to remove impurities. The
pore size was calculated by the BarretteJoynereHalenda [29]
method through the adsorption branch of the isotherms [29].

2.3.3. Scanning electron microscopy
Silica aerogels were cut and metalized through an iridium

sputter coater (EMITECH K575X Sputter Coater) in order to avoid
altering themicrostructures [30]. For obtaining themicrographs, an
Environmental scanning electronmicroscopy (ESEM) (QUANTA 200
FEG, Hillsboro, OR, USA) was employed.

In the case of the silica/PU composites, they were covered
through a golden sputter coater, and the micrographs were ob-
tained using a SEM (FlexSEM 1000, Hitachi), and for some of the
micrographs, a backscattered electron detector was needed to
improve the contrast resolution between both matrixes. The
reticulated PU foamswere visualized following the same procedure
as for the composites, and their pore sizes were measured by
software based on Image J/FIJI [31].

2.3.4. Mechanical properties
Uniaxial compressionedecompression tests were performed

with an Inspect mini-series (Hegewald & Peschke) at a strain
rate of 1 mm/min. First, five cycles at a strain of 10% were per-
formed by using a load cell of 50 N. An initial preload of 0.1 N was
applied for all the experiments. Then, an additional com-
pressionedecompression cycle was carried out under the same
conditions but reaching a strain of 25% to evaluate the elastic
modulus. The recovery ratio (%) was measured by the initial
height of the sample and the one reached after being compressed
at 25%, for all the samples under study (Equation (5)).

25% Recovery ratio¼ hF
h0

$100 (5)

being hf and h0 the final and initial heights, respectively.
Moreover, the energy loss coefficient (ELC) [32] was also

calculated by means of the Equation (6):

ELC ð%Þ¼A0 � AF

A0
$100 (6)

where A0 and AF are the area under the loading and unloading
curve, respectively. The dimensions of the cylindrical composites
were 12e16 mm of diameter and a height of ~10 mm.

After the compressionedecompression tests, additional
compression tests up to high strains were carried out with a heavier
load cell (3 kN) until reaching a maximum load of 2.8 kN.

2.3.5. Thermal conductivity
The steady-state method has been used for measuring the

thermal conductivity of the manufactured composites by a thermal
heat flow meter FOX 314 (TA Instruments/LaserComp, Inc.) ac-
cording to the normative ASTM C518 [33] and ISO 8301 [34]. To
overcome the dimensional requirements that the thermal con-
ductivimeter presents (a heat flux transducer of 100 � 100 mm2),
an external heat flux sensor gSKIN® XM 27 9C (greenTEG AG)
(4.4 � 4.4 mm2) in combination with a data logger gSKIN® DLOG-
4219 (greenTEG AG) were coupled [35]. Two thermocouples were
placed on both surfaces of the sample for monitoring the temper-
ature during the heat transfer. The average temperature during the
measurements was 10 �C, meaning that the hot plate was set at
20 �C, and the cold one at 0 �C. Both, silica aerogels and Sil-PU
composites were measured by this method. The dimensions of
the composites employed for these measurements were
3

30e45 mm in cylindrical diameter and a height of 20e22 mm. The
silica aerogels were measured in powder form (using a mold)
owing to the fragility and complexity of measuring them in the
monolithic form without damage.

Since the PU foams presented a size larger than the transducer
of the thermal heat flow meter FOX 314 (TA Instruments/Laser-
Comp, Inc.), these samples were measured without any setup
modification.

3. Results and discussion

In the following sections, the characterization of the initial PU
foams and silica aerogels is presented. Then, the manufactured Sil-
PU composites are studied in detail in terms of their density, linear
and volumetric shrinkage, aerogel mass, and porous structure.
Finally, the mechanical properties and thermal conductivities have
been studied.

3.1. Polyurethane foams and silica aerogels characterization

In this study, reticulated PU foams have been used as support of
different formulations of silica aerogels. Three PU formulations
having different pore sizes have been employed (Fig. 1 a). Their
porous structures have been visualized by scanning electron mi-
crographs, as shown in Fig. 1 b, and their pore sizes have been
measured obtaining 435 ± 62, 1357 ± 311, and 4291 ± 898 mm as
average pore size values for the foams labeled as S (small), M
(medium), and L (large), respectively.

The bulk density was similar for all the formulations being
around 29 kg/m3. Nevertheless, as said before, the difference be-
tween the average pore size is significant, covering a wide range of
micrometeremillimeter scales to analyze the effect on the com-
posite formation. Finally, their thermal conductivities have been
measured showing values in agreement with their cell size. Since
the density does not significantly change between samples, when
the pore size is larger, the thermal conductivity increases owing to
the higher radiation contribution since a lower amount of infrared
radiation will be scattered. Additionally, convection mechanisms
can take place owing to the large cell size of these foams. Thus, the
obtained thermal conductivities are compressed between 38 and
47 mW/(m$K). These PU foams have been used as aerogel re-
inforcements by the formation of a gel (Fig. 1 c) that will be sub-
sequently dried.

The silica-based aerogel monoliths were synthesized, and their
bulk density and textural properties were analyzed. Additionally,
the thermal insulating capacity of the pristine aerogels was also
measured in powder form. These results can be found in Table 2.

There is a clear influence of the surface modification on the final
density of the silica aerogels. The lowest density corresponds to the
aerogel in which the surface modification with HMDZ has been
applied (Sil-SCD-M) reaching a value of 79.2 kg/m3. However, when
the surface modification is not performed, density increases to
96.5 kg/m3.

Regarding the textural properties, the surface areas obtained by
nitrogen sorption are huge, with values from 700 to 781 m2/g. The
BarretteJoynereHalenda method was applied for measuring the
pore size reaching pore sizes of 22 and 25 nm (modified and un-
modified one, respectively). As depicted in Fig. 1 d, the silica aer-
ogels were obtained asmonoliths when the SCD is applied, whereas
when the aerogels were dried under ambient pressure conditions,
they broke immediately (not included in this work).

Finally, the thermal conductivity was measured. As expected,
the non-modified sample presents a higher value of 20.95 mW/
(m$K) since the solid contribution is slightly increased by the
density rise. However, the modified aerogel showed a good



Fig. 1. (a) Reticulated polyurethane foams, (b) cellular structure micrographs of the polyurethane foams, (c) Sil-PU gels before the drying step, and (d) silica aerogels dried by
supercritical drying with (modified) or without (non-modified) surface modification during the synthesis step.

Table 2
Silica aerogel characterization.

Properties Sil-SCD-M Sil-SCD

Bulk density (kg/m3) 79.2 ± 2.7 96.5 ± 7.8
BET surface area (m2/g) 700.0 781.3
BJH pore width (nm) 22 25
l (mW/(m$K)) 17.3 ± 1.4 21.0 ± 2.4
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insulating value of 17.29 mW/(m$K). The aerogel modification has a
strong impact on the final properties since the HMDZ acts as a
silylating agent that increases the aerogel hydrophobicity and
avoids shrinkage [18].

3.2. Composite characterization

The obtained composites were characterized in detail to assess
the influence of the silica formulation as well as the effect of the
foam pore size.

Fig. 2 displays the different composites synthesized for this
work by using two different silica formulations (modified and non-
modified) and three PU foams as support having different pore
sizes (S, M, and L). Furthermore, these composites were synthe-
sized at two sizes. Fig. 2 a shows the composites for the mechanical
tests having dimensions of 12e16 mm of diameter and a height of
around 10 mm, whereas Fig. 2 b shows the composites employed
for the rest of properties (density, shrinkage, and thermal con-
ductivity), which have larger dimensions.

In the following sections, the properties of the manufactured
composites are analyzed.

3.2.1. Density, shrinkage, and aerogel mass
The bulk density of the produced composites, ranging between

98 and 134 kg/m3, together with the shrinkages andmass of aerogel
are summarized in Table 3. First, the difference between the
modified and unmodified composites will be discussed hereafter.

� As previously seen for the silica aerogels, samples that were
modified present a slightly lower density than the non-modified
aerogels. Therefore, when comparing densities for the
4

composites without modification (C-SCD) and the modified
samples (C-SCD-M), the effect is clear: the surface modification
promotes a reduction on the final bulk density of the compos-
ites. Consequently, linear and volumetric shrinkages are notably
reduced reaching a decrease of 20% in some samples. The
modified composites show a negative shrinkage meaning that
the PU foams experiment an initial swelling of the silica sol;
therefore, its size is larger (see Fig. 2 c). In this way, the
shrinkage produced during the drying step is lower than the
swelling mechanism, owing to the protection of the silanol
groups that the hexamethyldisilazane (HMZD) produces.
Nevertheless, when the aerogels are not modified, the hydroxyl
groups on the aerogel surface may condense with each other
resulting in a significant shrinkage.

� The amount of aerogel that is incorporated in the final com-
posites slightly increases when the modification is performed.
The HMDZ silylation promotes a better interaction with the PU
matrix, and since there is a small amount of residual silanol
groups, the structure resists structural rearrangements being
more attached to the PU skeleton.

Finally, the influence of the cell size of the foams was assessed
and analyzes as follows:

� As expected, the composite bulk density is lower when the size
of the pores in which the aerogel is embedded is larger which
means the S composites present the highest densities (117 and
134 kg/m3 for the modified and non-modified composites,
respectively), then, the M composites have intermediate den-
sities (102 and 120 kg/m3), and the largest pores, L composites,
lead to composites with the lowest densities (98 and 112 kg/
m3). The main reason of this effect is related to the amount of
silica aerogel that is able to fit inside the porous PU network.
Therefore, when pores are smaller, the silica aerogel is more
entrapped in the polymeric skeleton, whereas larger pores
contribute to a more disconnected aerogel, which can be lost to
some extent. The shrinkage trend is in agreement with the
previous explanation: a higher shrinkage in the S composites is
due to the more effective attachment to the PU struts, which
are also shrunken (see Fig. 2), while the L composites have a



Fig. 2. Sil-PU composites for (a) mechanical properties, (b) thermal conductivity, and (c) picture showing the S foam and the corresponding modified composite.

B. Merillas, A. Lamy-Mendes, F. Villafa~ne et al. Materials Today Chemistry 26 (2022) 101257
larger amount of voids, avoiding the shrinkage when the aer-
ogel does.

� According to the observation of the density and shrinkage trend,
the amount of aerogel decreases as the pore size of the PU foam
increases. For instance, for the modified composites, the per-
centage of aerogel goes from 82% for an S size, 77% for M size,
and 74% for the largest pores L. In this work, the data show that,
in general, the volumetric shrinkage are higher than the lineal
one, indicating certain anisotropy for the materials under study.
These differences are higher for the C-SCD-M samples.
3.2.2. Porous structure
The porous structure of the synthesized composites was

analyzed by means of SEM.
Since the composite with the lowest density and shrinkage

was found to be the sample in which the surface modification had
been performed (C-SCD-M), the SEM micrographs of this com-
posite have been obtained for all the pore sizes (the rest of sample
images can be found in Fig. S1). The obtained pictures can be
found in Fig. 3.
Table 3
Density, shrinkage, and the aerogel mass for the synthesized Sil-PU composites.

Sample Properties C-SCD-M C-SCD

S Density (kg/m3) 117.7 134.1
Linear shrinkage (%) �8.4 7.0
Volumetric shrinkage (%) �30.8 12.5
Aerogel mass (%) 82.1 76.0

M Density (kg/m3) 102.1 120.4
Linear shrinkage (%) �4.7 6.5
Volumetric shrinkage (%) �23.5 7.0
Aerogel mass (%) 77.4 75.3

L Density (kg/m3) 98.5 112.6
Linear shrinkage (%) �2.1 7.2
Volumetric shrinkage (%) �15.5 9.0
Aerogel mass (%) 74.8 72.8

5

A noticeable effect of the pore size can be observed for the foam
with the smallest pore size (S), the silica aerogel forms a continuous
solid network, and it is completely entrapped into the reticulated
polymeric skeleton. For the medium pore size (M), some air voids
are found as a result of small disconnections between the aerogel
and the struts causing a slight loss of aerogel as it was assessed in
the previous section; when the pore size is further increased, L,
these voids are more remarkable giving account for the cracks that
the aerogel experiments and a larger amount of aerogel is lost.
3.2.3. Mechanical properties
First, uniaxial compression experiments using a load cell of 3 kN

were performed for the reference PU foams, the pure silica aerogels,
and the Sil-PU composites. The obtained composites do not break;
they only experiment a densification process (Fig. 4 a) in which the
silica nanoparticles are forced to reduce the air voids between
them. Regarding the different silica formulations, the composite
with the HMDZ modification shows the greatest deformations
reaching values near 100%. Nevertheless, the unmodified compos-
ites are able to support a lower strain of around 70%, and the stress
needed for reaching these deformations is higher. Fig. 4b shows the
strainestress curves for the reticulated PU foams. Three different
regions can be differentiated along these curves: an initial region in
which the elastic deformation takes place until around 10%, then, a
plateau region appears covering a wide range of strains (from 10 to
60%), and finally, a strong densification occurs from 70% on. The cell
size seems not having a significant effect on the deformation ca-
pacity of these composites.

Despite the synthesized composites do not show any break,
having excellent deformation capacities, the silica aerogel (Sil-SCD-
M) was broken at a strain of 12% (Fig. 4c). Thus, the PU reinforce-
ment has significantly improved the silica aerogel mechanical
properties allowing to obtain a more stable structure which does
not break. When using other foams as support for producing silica
aerogel composites, as those reported by Liu et al. [24] or Ye et al.
[25], compressive forces led to cracks on the silica aerogel that are
not present in this work.



Fig. 3. Scanning electron micrographs for the modified composite (C-SCD-M) with the polyurethane foams S, M, and L. SCD, supercritical drying.
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From these curves, the corresponding values of stress at
different strains were obtained and normalized with the sample
density to remove its effect (Table 4), (Fig. S1). In general, the non-
modified composites showed higher stress for each strain (25, 50,
and 75%) than the modified ones. Regarding the cell size of the PU
foams a clear trend is noticed, the larger the pores, the higher the
stress.

Afterward, a compressionedecompression cycle was performed
until reaching a 25% of strain (Fig. 5). From these curves, the re-
covery ratio and the elastic modulus were calculated in the elastic
region (5e10%). Since themanufactured composites showed awide
range of densities, prior to the assessment of the obtained results,
the elastic modulus was normalized bymeans of the bulk density to
remove its influence. The obtained values are gathered in Table 4
(raw values without the normalization can be found in Table S2).
Fig. 4. Stressestrain curves for the (a) composites, (b) foams, and (c)

6

Regarding the recovery ratio, all the composites show recoveries
higher than 95% giving account for their excellent elasticity and
resilience.

Taking into account the normalized elastic modulus (see Sup-
porting Information Fig. S1), except for the smallest pores, the M
and L composites are the modified formulation which presents the
highest elastic modulus. When comparing the elastic modulus of
the modified composites with that of the silica monolith, there is a
significant increase for the composites. In this way, the stability and
stiffness of the reinforced aerogel are notably improved when the
surface modification is applied (enhancements of more than a 75%
were reached for the modified composites, from 130 kPa to ca.
230 kPa). This experiment could not be carried out for any of the
aerogel formulations due to the aerogels breakage, as explained
before.
silica aerogel, obtained by compression with a load cell of 3 kN.



Table 4
Mechanical parameters obtained from the compressionedecompression curve at
25% of strain (elastic modulus and recovery ratio) and from the compression tests up
to high strains (stress at different strains) normalized by the sample density.

Sample Properties PU Foam C-SCD-M C-SCD

S (25%) Recovery ratio (%) 97.9 97.9 95.7
Elastic modulus/r (kPa$m3/kg) 0.744 2.260 3.272
s25%/r (kPa$m3/kg) 0.163 0.494 0.765
s50%/r (kPa$m3/kg) 0.153 1.497 2.468
s75%/r (kPa$m3/kg) 0.367 8.841 34.212

M (25%) Recovery ratio (%) 97.7 96.0 99.3
Elastic modulus/r (kPa$m3/kg) 0.685 2.847 1.336
s25%/r (kPa$m3/kg) 0.175 0.624 0.521
s50%/r (kPa$m3/kg) 0.175 1.656 2.452
s75%/r (kPa$m3/kg) 0.394 9.841 72.513

L (25%) Recovery ratio (%) 100 99.5 97.1
Elastic modulus/r (kPa$m3/kg) 0.329 2.824 1.235
s25%/r (kPa$m3/kg) 0.105 0.614 0.331
s50%/r (kPa$m3/kg) 0.127 1.438 2.589
s75%/r (kPa$m3/kg) 0.295 8.072 120.605
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Additionally, the ELC ( %) was calculated through the area under
the stressestrain curves of Fig. 5. These values can be found in
Table 5.

The PU foams showed ELCs that vary from 59 to 54% as the pore
size is larger. This trend is practically maintained for all the com-
posites. In this way, the L composites showed the smallest hyster-
esis, and a lower amount of energy is dissipated during the
compressionedecompression experiment. Therefore, these com-
posites are more elastic than the S andM ones, which suffer a slight
plastic deformation in agreement with the previously analyzed
recovery ratios. Comparing the samples in which the surface
modification is applied with those without this step during their
synthesis, the ELCs are significantly reduced reaching values as low
as 42%. These samples dissipate the minimum energy and present a
more elastic behavior during the loadeunload cycle.

Finally, five additional compressionedecompression cycles
were carried out until reaching a strain of 10%. The graphs obtained
during these experiments are displayed in Fig. 6. In the first row, the
results for the three PU foams are presented (grey color). It is clearly
observed that all of them show an elastic behavior, and the stress
needed for reaching a deformation of 10% is higher when the pore
Fig. 5. Compressionedecompression cycle for the polyurethane foa
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size increases. The maximum value of stress for the S foam is
ca.4 kPa, whereas for the M and L foams this value is around 6 kPa
and 8 kPa, respectively. In the following rows, the composites
behavior is presented. In general, the stress for deforming to 10% of
strain is higher for the composites with lower cell size since the
corresponding density is higher too.

When assessing the effect of the surface modification step, the
results of this experiment are not conclusive. Nevertheless, it can be
affirmed that all the manufactured composites have an elastic
behavior when a deformation of 10% is applied.
3.2.4. Thermal conductivity
The steady-state method has been employed for measuring the

insulating capacity that the composites present [36]. First, the
initial PU foams and pristine silica aerogels were characterized in
terms of their thermal conductivity as described in Section 3.1.
Then, this property was measured for the Sil-PU composites
obtaining the following results plotted in Fig. 7 a (the numerical
values can be found in Supporting Information Table S2). There is a
clear decrease in the initial foam conductivity when the silica phase
is incorporated. The different factors affecting this property are
analyzed hereafter:

� Effect of surface modification: when comparing the thermal
conductivities of the modified samples with the non-modified
ones, a huge difference can be observed. The modified sam-
ples (blue color) show lower thermal conductivities than the
corresponding samples inwhich this modification has not taken
place (pink color), which indicates the influence of this modi-
fication in the cohesion between both matrixes.

� Effect of foam pore size: all the formulations follow the same
trend regarding the pore size of the initial PU foam. For the non-
modified composites, the thermal conductivity decreases from
30.9 mW/(m$K) for the S size to 17.0 and 21.9 mW/(m$K) for the
M and L sizes, respectively. When the modification is applied,
thermal conductivity goes from 14.0 mW/(m$K) for S foam to
13.0 mW/(m$K) for M foam and reaches the lowest value of 12.3
mW/(m$K) for the L foam.
ms and Sil-PU composites at a strain of 25%. PU, polyurethane.



Table 5
Energy loss coefficients obtained from the compressionedecompression curves at
25% of strain.

Sample Properties PU Foam C-SCD-M C-SCD

S ELC (%) 59.8 46.9 68.5
M ELC (%) 55.7 46.0 61.5
L ELC (%) 54.3 42.7 68.3
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These results agree with the previous characterization. Since the
S composites showed the highest densities, the solid contribution
to the total thermal conductivity will be increased. The thermal
conductivities reached for the M and L composites are similar.

Moreover, when comparing the values for the composites
with those of the PU foams, a clear decrease is found. Despite the
rise in the final density when the silica phase is included in the
structure, the gaseous contribution reduction is stronger. In this
way, when the macropores are filled with the silica aerogel
showing pores in the nanometric scale, the well-known Knudsen
effect [37] takes place, and the gaseous conduction is signifi-
cantly reduced.

If the initial values of the pure silica-based aerogels are
compared with those of the reinforced composites, an interesting
observation can be done. For the Sil-SCD-M aerogel, the obtained
thermal conductivity value was 17.3 mW/(m$K). When this
formulation is reinforced with the reticulated foams, the C-SCD-M
composites reached the lowest thermal conductivities: 14.0, 13.1,
and 12.3 mW/(m$K) at S, M, and L foam pore size, respectively. In
the case of the non-modified Sil-SCD aerogel (21 mW/(m$K)), the
corresponding composites achieved a similar thermal conductivity
at M and L size, while that of the S composite is higher. It has to be
taken into account that the initial silica formulation was measured
Fig. 6. Compressionedecompression cycles up to 10% of strain
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in powder form, i.e. that the voids between the silica powder are
increasing the initial thermal conductivity.

Liu et al. [24] and Ye et al. [25] used the same strategy by syn-
thesizing CF/silica aerogel composites reaching thermal conduc-
tivities of 24 and 32 mW/mK, respectively. Therefore, the choice of
PU foams as a scaffold for silica aerogels constitutes a better alter-
native than other porous supports to keep the low thermal con-
ductivity of the silica aerogel.

In conclusion (see Fig. 7b and c), the application of a surface
modification with HMDZ promotes the best interaction between
silica and PU matrixes and contributes to the aerogel stability,
which is necessary for achieving really low thermal conductivities
while improving the mechanical properties. Moreover, a pore size
around 1300 mm (M size) would provide the best samples in terms
of properties (thermal and mechanical) and a stable and inter-
connected porous structure.

With the aim of comparing the obtained thermal conductivities
with the theoretical ones, the rule of mixture was applied as pre-
viously done for similar silica-based composites [23] but in a par-
allel model:

1
leff

¼caerogel
laerogel

$þ cPU
lPU

(7)

where l is the thermal conductivity of the silica aerogel or solid PU,
and c is the mass fraction of each component.

By assuming that the whole porosity of the PU foams (ca. 97%) is
filled with the silica aerogels, the estimated thermal conductivity
would be of 17.8 mW/(m$K) for the C-SCD-M composite and 21.5
mW/(m$K) for the unmodified one, which are the same values than
the measured for the silica aerogels (17.3 and 20.9 mW/(m$K),
respectively). This last statement explains that, in an ideal situation,
for the initial PU foams and the manufactured composites.



Fig. 7. (a) Thermal conductivities obtained for the polyurethane foams and silica-polyurethane composites, (b) Thermal conductivityddensity relationship for all the samples under
study, and (c) Thermal conductivity classified into the type of samples under study.
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heat would be transferred through the aerogel phase since the
volume fraction of the PU skeleton is really low (0.03%), and the
network which it forms is completely covered by a continuous
phase of silica aerogel. These values are slightly higher than those
obtained for the corresponding composites since the silica aerogels
were measured in powder form; thus, the conduction through the
gaseous phase between the powder particles is increasing the final
value.

4. Conclusions

Silica reinforced composites have been synthesized by using
reticulated PU foams as a strategy to improve their stability and
mechanical properties. Different factors were analyzed in order to
find the optimum conditions, formulation and reinforcement. In
this way, the silica aerogel formulation was modified through sur-
face modificationwith HMDZ and foams having different pore sizes
(S, M and L) were used.

Density changes with the different studied parameters. The
surface modification promotes a more stabilized structure, and the
density of these samples is slightly lower. Furthermore, the pore
size of the PU foams has a strong influence, diminishing the final
density of the composites when the pore size is increased. The
percentage of silica aerogel included in the final composites is really
high obtaining values from 72 to 82%.

The porous structure assessment reveals that the S foams
contribute to the formation of an effective cage for the silica aer-
ogel, which is forming a continuous solid network. When the foam
pore size increases, the silica aerogel breaks more easily, and some
voids between the PU skeleton and the silica aerogel appear.

Regarding the mechanical properties of the manufactured
composites, different compression tests were carried out. The Sil-
PU composites showed a significantly elastic behavior at de-
formations of 10 and 25%, reaching recovery ratios above 95%. The
composites present a higher elastic modulus than the corre-
sponding pure silica aerogel when the HMDZ modification was
performed. This value increases from 130 to 307 kPa (C-SCD-M at S
9

size) obtaining stiffer samples. Then, the ELCwas calculated and the
L composites were those which showed the minimum dissipated
energy during the compressionedecompression tests and thus the
more elastic composites. Finally, samples were compressed until
high values. While the pure aerogel was broken at a strain of 12%,
the Sil-PU composites reached values near 100% without breaking,
and only densification was observed. This fact gives account for the
stiffer and more elastic properties that the aerogels show when
reinforced with this polymeric matrix.

The thermal conductivities were also measured, and the
different affecting parameters were assessed. The greatest insu-
lating performance was reached for the modified composites at a
pore size of M and L, reaching 13.0 and 12.3 mW/(m$K),
respectively.

Not only do these values confirm the effectiveness of the silica
reinforcement through a reticulated PU foam improving their
stiffness, tenacity, and porous structure but they also keep really
low thermal conductivities not achieved before. Thus, reticulated
PU foams provide a reinforcement for silica aerogels that signifi-
cantly improves their pristine properties and is superior to other
alternatives previously reported.
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