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A new flexible thermal insulation sheet, a composite of silica aerogel with polypropylene
(PP) foam, has been developed. Even though a large volume ratio of silica aerogel (97%)
was included, the composite showed high flexibility. Thermal conductivity of the composite
was 0.016W/(m·K) at 298 K, which is as low as silica aerogel monolith. Silica aerogel
flaking, which has been a problem in practical applications, is very low in this composite
due to skin layers of the polymer-foam composite. A supercritical drying process for rolled
sheets of the material for large-scale production is also described. Simulations of
extraction of 2-propanol from a silica alcogel revealed that rolled composite sheets
with small spaces between the sheet composite are able to dry in a reasonable
extraction time. These findings led to effective on production of this material on a pilot
industrial scale.
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INTRODUCTION

Over the past several years, there has been significant interest in discovering new thermal
insulating materials for a variety of applications. For example, energy conservation in the
heating and air conditioning of residences and offices has been an important issue, and
recently, thermal management of information and communication devices, vehicles (Haas and
Walter, 2019), and electric appliances has become more important. Due to the limited amount of
space for thermal insulation and the complex shapes required, flexible and thin high performance
materials are needed. Vacuum insulation panels (VIP) provide the best insulation performance,
but are not suitable for many applications due to a lack of flexibility and no workability. A flexible,
high-performance, thermal insulating sheet which can easily be cut, drilled or pasted would be
quite useful.

Silica aerogels have been identified as excellent candidates for high-performance insulators
(Aegerter et al., 2011). Due to their ultra-low density and the “Knudsen effect” in mesoporous
structures (Forest et al., 2015) (Jelle et al., 2019), silica aerogels demonstrate very low thermal
conductivity (0.01–0.02 W/(m·K) at room temperature). The thermal insulating performance does
not deteriorate over time, because the low thermal conductivity depends on the structure of the
material, not on the presence of a vacuum or a gas with low thermal conductivity. This is of great
advantage in small/thin thermal insulation materials. However, the fragility of silica aerogels has thus
far proven a critical barrier for their use in flexible insulating materials.
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A variety of silica aerogel composites have been investigated to
overcome this barrier. A combination of silica aerogel and fibers
has been shown to be effective in enhancing mechanical strength
and improve handling. Inorganic (glass, silica, alumina and other
oxides, carbon) and organic (natural and artificial polymers)
fibers have been employed as reinforcement materials
(Linhares et al., 2019). Composites with nanofibers such as
cellulose (Cai et al., 2012) and polyvinylidene fluoride (Wu
et al., 2013) demonstrated very high flexibility. Combination
of silica aerogels and nonwoven sheets or fiber felts has been
successfully marketed as industrial products from Aspen Aerogels,
Cabot Corporation and other suppliers (Miros et al., 2017) and
have been applied as thermal insulation for pipelines, buildings,
residences and in protective clothing. When the fibric compound
content is low, the thermal conductivity of these materials is close
to that of silica aerogels (∼0.02W/(m·K). However, silica aerogel
flaking from the composite is essentially unavoidable and
conspicuous, since silica aerogel structure is so fragile. These
materials must therefore be avoided in applications where dust is
unacceptable.

Different types of silica aerogel-polymer composites, in which
silica aerogels were used as fillers in polymer matrix, have been
investigated (Guzel Kaya and Deveci, 2020). Epoxy resin (Kim
et al., 2015), polyurethane (Cho et al., 2019), polyethylene
(Zulkipli and Romli, 2018) and polyimide (Kim et al., 2014)
have also been investigated. Silica aerogel-thermosetting polymer
composites produced via chemical reaction and phase separation
have been produced for high temperature use. For example, a
polymimide-silica aerogel composite was developed with thermal
conductivity of 0.022W/(m·K) (Fan et al., 2019) and Yu et al.
produced phenol-formaldehyde resin composite with a thermal
conductivity of 0.028 W/(m·K) (Yu et al., 2018). All of these
composites have better mechanical properties and workability
than simple silica aerogels, and are likely to show little flaking.
However, the silica aerogel content in these composites is not
high, probably because there are many technical difficulties in
mixing low density silica aerogels with polymers. Furthermore,
the thermal conductivity of these materials is ∼0.03 W/(m·K) at
the lowest, which is comparable to conventional, cheap thermal
insulators. Thus, there is little advantage in applying these silica
aerogel composites as commercial insulating materials.

Combining a polymer foam with silica aerogels is an
alternative approach to achieve both high silica aerogel
content and to avoid flaking. Inoue et al. reported the
development of a silica aerogel-polyurethane foam composite
(Inoue and Yamanobe, 2013). In their work, a silica sol was
introduced into highly porous polyurethane foam (0.014 g/cm3),
and a silica alcogel was formed inside of the cellular structure.
Then, the composite was dried in supercritical carbon dioxide
(CO2). Thermal conductivity of the composite is around 0.02W/
(m·K). They reported that the aerogel composite did not fracture
during compression testing, but did not mention the flexibility of
the material. Zhao et al. produced a silica aerogel-
polyisocyanurate rigid foam composite via reactive foaming
with a granular silica aerogel (Zhao et al., 2014). The
composite shows a minimum thermal conductivity of
0.0233W/(m·K). The compressive strength was better than

that of polyisocyanurate rigid foam without the silica aerogel.
Ease of handling and workability may be the same as
polyisocyanurate; however, flexibility and aerogel flaking were
not mentioned in their work.

We have developed a new, highly flexible, high performance
thermal insulation material with a low degree of silica aerogel
flaking. Our strategy is similar to that of Inoue’s work,
i.e., combining a soft polymer foam having open pores with a
silica aerogel prepared inside of the foam, followed by
supercritical drying. We previously reported the development
of combinations of silica aerogels and various polymer foams
including polyurethane, melamine, and polypropylene (PP).
These compounds show thermal conductivity as low as silica
aerogel monolith (Yoda and Furuya, 2012). Herein, we follow up
on the development of our PP foam composite and present its
path to commercial production. Thermal conductivity data as
well as the mechanical properties of the composite have been
added. Since the silica alcogel and polypropylene composite is
flexible, the supercritical drying process for the rolled composite
is also presented, which is effective strategy for decreasing the
production cost of the material on a commercial scale.

EXPERIMENTAL

Preparation of Polymer Foam-Silica Aerogel
Composites
Open pore-type polymer foams were employed as the matrices.
Table 1 summarizes the polymer foams used in this work.
Figure 1 is a scanning electron micrograph (SEM) image of
PP foam with skin layers. It was difficult to maintain uniformity
in the thickness of the foams. All of the polymer foams were
confirmed to resist swelling in supercritical CO2 under the drying
conditions employed.

Tetramethoxysilane (TMOS, Tokyo Kasei Co., Ltd. and
Shinetsu Kagaku Co,. Ltd.), methanol (Wako, 99.9%),
ammonia water (Wako), and CO2 (Showa Tansan, 99.9%)
were used without further purification. Silica sols were
prepared by mixing TMOS, water, methanol, and ammonia.
The typical molar ratio was 1:4:7.2:0.001, respectively, based
on our previous optimization of silica aerogel with a density
of 0.16 g/cm3. The sol was introduced into the polymer foams and
left there until gelation occurred. These sol-gel processes were
conducted at room temperature. After aging at 333 K for 2 days
and solvent exchange with methanol at room temperature,
hydrophobization of surface silanols using 1,1,1,3,3,3-
hexamethyldisilazane (HMDS, Wako, 96%) as a silane
coupling agent was conducted. The silica wet gel was soaked
in 10 wt% of methnolic HMDS and refluxed at 333 K. The
amount of HMDS was calculated to be an excess for the
estimated number of surface silanol groups in the silica wet
gel. Then, the polymer foam and silica alcogel composite was
placed in an autoclave with a small amount of methanol or 2-
propanol and dried in supercritical CO2 at 20 MPa and 353 K.
The details of the preparation are similar to those described in our
previous paper (Yoda et al., 2004). For evaluation of mechanical
properties, polymer foams were cut into prescribed size (70 × 20
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and 20 × 20 mm) and placed in stacks of a few sheets of
approximately the same thickness (10 and 5 mm), and the sol-
gel process was conducted after they were immersed in the
silica sol.

Evaluation
Thermal conductivity was evaluated via the heat flow meter
method (ASTM C518). Analyses were conducted with a heat
flux meter (Eko Instruments, HC-074) at 298 K, with the lower
heat plate at 288 K and the upper heat plate at 308 K. For thin
samples, the sample was located between two base sheets (silicone
sponge), of which thickness and thermal conductivity were
known. Sample thermal conductivity λs was calculated from
measured thermal conductivity λs+2b and that of base sheet λb
with the following equation:

λs � ts
ts + 2tb

· λs+2b · λb
λb − ( 2tb

ts+2tb) · λs+2b
(1)

where ts and tb are the thicknesses of sample and sponge sheet,
respectively, (Yoda, 2021).

The microstructure of the materials was observed via scanning
electron microscopy (SEM, Hitachi S-4800) after coating with Pt-
Pd by ion spattering. Compression tests for test pieces (20 × 20 ×
10 mm) were performed on an Autograph AG5000A with a
displacement speed of 1 mm/min. The compression tests were
repeated three times for each type of samples. Compressive stress
σc and compressive strain εc were calculated with the following
equations:

σc � Fc
A

(2)

εc � d − d0
d0

(3)

where Fc is load applied, A is area of test piece, d0 and d were
thickness of test piece before and after compression, respectively.

Three-point bending tests using test pieces (70 × 20 × 10 mm)
were performed on a Strograph R3 (Toyo Seiki Co., Ltd.) with a
displacement speed of 1 mm/min. Since PP foam was thinner
than other polymer foams, the PP foam-silica aerogel
measurements were conducted using samples prepared using
five PP foam sheets as described in 2.1. Bending stress σb and
bending strain εb were calculated with the following equations:

σb � 3FbL
2bd

(4)

εb � 6Dd
L2

(5)

where Fb is load at a given point, L is support span, D is deflection
of the center of the test piece, b and d were width and thickness of
test piece, respectively.

Weight loss by removal of silica after continuous bending and
rubbing tests (1,200 times/10 min) was evaluated using a dusting
Scott flex abrasion tester (Toyo Seiki Co., Ltd.).

Simulation of Supercritical Drying Process
Extraction of 2-propanol from the silica alcogel during the
supercritical drying process was simulated for optimization of
temperature, pressure, and extraction time. In the experiment, the
PP foam-silica alcogel composite rolled sheet was set in a high-
pressure vessel and dried in supercritical CO2. According to the
experimental settings, the 2-dimensional model of the silica
aerogel was assumed to be as shown in Figure 2.

In the simulation, the effect of the PP foam matrix is assumed
to be negligible for simplicity, since the PP content is less than
5 vol%. The silica aerogel was considered as a packed bed with
95% of porosity and 50 nm of pore diameter, which was modeled
by permeability α and inertial loss coefficient C2:

α � D2
p

150
ε3

(1 − ε)2 (6)

C2 � 3.5
Dp

(1 − ε)
ε3

(7)

TABLE 1 | List of polymer foams in this work.

Sample name Supplier/Product
name

Density
(kg/m3)

Pore size
(μm)

Porosity
(%)

Thickness
(mm)

Polypropylene (PP) foam with skin layers Inoac/Folec® 60 150–200 93 1.8
Polypropylene (PP) foamwithout skin layers Inoac/Folec® 60 150–200 93 1
Polyurethane foam (ester type) BridgeStone/Everlight®

HR-50
39 500–1,000 97 5

Melamine foam Strider co. Ltd 9.5 500- 94 5

FIGURE 1 | SEM image of PP foam with skin layers.
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These equations have been evaluated from the Ergun equation
and Blake-Kozeny equations. Here, ε is porosity and Dp is
Average particle diameter (Bortolin et al., 2015).

The simulated operating conditions and physical properties of
substances are listed in Table 2. These values were found in the
fluid database (JMSE, 1983) or predicted by correlation. The
concentration distribution of 2-propanol in the model silica gel
was calculated for each extracting condition by ANSYS/Fluent
v18.0, based on the Navier–Stokes equation and the diffusion
equation for both CO2 and 2-propanol.

RESULTS AND DISCUSSION

Properties and Microstructures of Polymer
Foam-Silica Aerogel Composite
Table 3 summarizes the properties of the polymer foam-silica
aerogel composites. None of the composites were fragile, and
some composites were flexible. The density of the products was
almost the same as that of the same silica aerogels prepared without
polymer foam. The thermal conductivity of the Polymer foam-silica

aerogel was 0.016–0.022W/(m·K) at 298 K under atmospheric
pressure, which is as low as that of the parent silica aerogel.
Thermal conductivity measurements of the PP foam-silica aerogel
composite using a large size sample by the guarded hot plate method
at the Japanese Testing Center for Construction Materials (JTCCM)
provided the same thermal conductivity result.

The PP-foam silica aerogel can almost be folded and shows
resiliency when bent, as shown in Figure 3. The PP-foam had
good workability, and is able to be easily cut with scissors or a
knife. Polyurethane foam-silica aerogels show similar workability,
but poor resiliency when bent.

SEM images of the foams and aerogel composites are shown in
Figure 4A–D and those of the silica aerogel prepared in the same
conditions are shown in Figure 4E. There were very small spaces
(∼1 μm) between the polymer foam network and the silica
aerogel, probably due to the silica wet gel crosslinking through
the pore structure upon formation, and then shrinking slightly
during aging and drying.

Figure 5A shows stress-strain curves upon a compression testing of
samples in this work. The properties of polymer foam-silica aerogels
upon compression testing were close to those of the pure silica aerogel.

FIGURE 2 | Simulation model for supercritical drying.

TABLE 2 | Operating conditions and assumed parameters for the simulation.

Operating condition CO2 2-Propanol

Pressure (MPa) Temperature (K) Density (kg/m3) Viscosity (μPa·s) Density (kg/m3) Viscosity (μPa·s)

20 313 841 78.5 791 1,590
20 353 595 46.2 757 658
14 353 388 30.0 750 634

TABLE 3 | Properties of polymer foam-silica aerogel composites.

No Sample name Bending properties Density (kg/m3) Thermal conductivity (W(m•K))
Composite Matrix foam

1 PP foam with skin layers Flexible, foldable 170 0.016 0.030
2 PP foam without skin layers Flexible, foldable 167 0.017 0.029
3a Polyurethane foam (ester type) Foldable, plastically deformed 143 0.022b 0.035
4a Melamine foam Plastically deformed 131 0.020b 0.036
5a Silica aerogel Fragile 166 0.018

aData from reference (Yoda and Furuya, 2012)
bMeasured at 293 K.
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Differences in each polymer foams may reflect the difference in
interfacial space between the silica aerogels and the polymer foam
matrices. Figure 5B shows stress-strain curves upon 3-point bending
tests of the PP foam with skin layer-silica aerogel composite, silica
aerogel and PP foam. Despite the extremely high volume content of
silica aerogel in the composite, the bending strengths were much
higher than that of the pure silica aerogel. That is, reinforcement by the
highly porous materials was effective.

Flaking of Silica Aerogel From Polymer
Foam Composites
The flaking of silica aerogels from the composites was evaluated.
Such flaking can cause a variety of problems for products
containing silica aerogel composites, and has been a barrier
for expanding their use. Table 4 shows the results of bending
and rubbing tests for silica aerogel flaking. A load was usually
employed on the sample in the initial stage of the test. Loading the
PP foam-silica aerogel produced very little weight loss. However,
both polyurethane foam andmelamine foam composite could not
physically withstand and started flaking before the test using the
same load as that for the PP foam. These two samples thus had to
be tested under zero load. Even under zero load, the melamine
foam composite was broken after a few movements.

The PP foam with skin layers and silica aerogel composite
showed high flexibility and low flaking. Due to limited choices of
open-pore-type polymer foams with extremely high porosity
(and also limited publishable information on their structural
properties form the production companies), a systematic
investigation of effect of pore size, pore size distribution and
interfacial interaction is difficult. However, the high flexibility
and low flaking of the PP foam-silica aerogel is probably due to
the high flexibility of the PP foam matrix and the relatively high
dispersion of the silica aerogels in the PP foam. As shown in
Table 1, the PP foam has the smallest pore size of the polymers in
this work (100–200 μm) and the pores are cellular in nature
(unlike the reticulate structure of the melamine foam). Silica
aerogels in the pores of a PP foam would be more independent
than that in polyurethane foam and in melamine foam. Small,
partial breaks were observed in the PP foam-silica aerogels when
bent, but the breaks were limited to a localized part of the
dispersed aerogel. In addition, the skin layers prevented
flaking of the partially broken silica aerogel. This result

indicates that providing a higher dispersion of silica aerogel in
flexible materials is a promising approach for developing highly
flexible and high-performance thermal insulating materials.

Simulation on Supercritical Drying of a
Rolled Sheet
Since the PP foam-silica alcogel composite has some flexibility,
the supercritical drying process of a rolled sheet (Figure 6) was
investigated. Extraction of alcohol is known to be diffusion-
controlled inside silica alcogels (Özbakir and Erkey, 2015). For
large-scale production with a space-saving rolled shape, the gap
between the sheets should be small. However, such setting should
require the long extraction time and understanding the effect of
extraction conditions for drying time is important for
commercialization. The extraction time of 2-propanol by
supercritical CO2 from a model strip in rolled silica alcogel
was simulated.

Table 5 summarizes the simulation conditions and simulated
drying times of silica aerogel by CO2 supercritical drying, where
the final 2-propanol mass fraction is under 3.5 × 10−6. Figure 7
represents a graphical summary of typical extraction of 2-
propanol in a CO2 system. These figures correspond to the
simulation model in Figure 2 although the aspect ratio on print
is different. The solid-line square shown in the figure
corresponds to the silica alcogel. The distance from the
center of the roll to the sheet was 87.45 mm, which was
assumed the outermost side of the roll. The red color
indicates 2-propanol, and the blue color indicates CO2. At a
condition for Figure 7A, extraction began 1,800 s after flow
initiation, and then 2-propanol in the silica gel was replaced by
CO2 gradually. All the 2-propanol was removed from the system
by 10,800 s under these conditions. High-temperature and low-
pressure conditions were effective on shortening the drying time
probably because of low viscosity and high diffusion in silica as
shown in Figure 7B,C. A large flow rate of CO2 was also
effective in shortening the drying time as shown in
Figure 7D. Due to surface 2-propanol on the silica gel is
rapidly replaced with CO2, the concentration difference in
the silica gel (i.e., the driving force of drying) becomes large.
However, it should be noted that even if the CO2 flow rate is
increased 10 times as shown in (a) and (d) of Table 5, the drying
time is only reduced by about 2/3. Since the gel size is the

FIGURE 3 | Bending demonstration of PP foam-silica aerogel composite.
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dominant factor for extraction in diffusion-controlled processes,
having a large flow rate of CO2 was less effective than other
factors. These results show that a supercritical drying process for
a large-scale roll of thin sheet material can be completed within a
practical time, so long as a small gap is kept between the layers of
the rolled sheet.

CONCLUDING REMARKS

A new, flexible, thermal-insulating sheet of PP foam-silica
aerogel composite was developed. The sheet shows good
flexibility and low thermal conductivity (0.016 W/(m·K)),
with mechanical performance superior to other polymer-

FIGURE 4 | SEM images of polymer foams (left) and their silica aerogel composites (right). (A) PP foam with skin layers, (B) PP foam without skin layers,
(C) polyurethane foam, and (D) melamine foam and (E) silica aerogel prepared in the same conditions (low mag. (left) and close up (right)).
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aerogel composites. Silica aerogel flaking from the composite, a
barrier for a variety of applications, was very low for the
composite, probably due to the skin layers of the PP foam
matrix. Since the composite is flexible, a supercritical drying
process was developed for a rolled composite sheet. Simulations

of extraction time were conducted on rolls having a small gap
(0.05 mm) between the sheet layers of the roll. The extraction
was confirmed to complete in 1–2 h, which makes a large-scale
production process practical.

These results have now been applied in a pilot-scale
production process using low cost silicate, and a rolled sheets
400 mm × 30 m have successfully been produced. The thermal
conductivity of the large-scale product was confirmed by a
guarded hot plate method, and the same thermal conductivity
(0.016W/(m·K)) was observed. We believe the material will
prove usefulness for a variety of thermal insulation
applications, and it is on track to develop a large-scale
production process.

FIGURE 5 | Stress strain curves upon (A) compression testing of samples in this work and (B) 3-point bending test for PP foam with skin layer-aerogel composite,
silica aerogel and PP foam.

TABLE 4 | Results of the bending and rubbing tests for silica aerogel flaking.

Sample (matrix) Run no Load on sample (g) Weight loss after bending/rubbing test

Weight
before test (g)

Weight
after test (g)

Weight loss (wt%)

PP-foam with skin layers 1 200 0.239 0.234 1.7
2 200 0.252 0.246 2.4

PP-foam without skin layers 1 200 0.126 0.114 9.5
2 200 0.127 0.114 9.9

Polyurethane foam 1 0 0.301 0.228 24.0
2 0 0.390 0.284 27.0

Melamine foam 1 0 Broken after a few movement

FIGURE 6 | Supercritically dried PP foam-silica aerogel composite rolled
sheet (laboratory scale).

TABLE 5 | Simulated drying time of silica aerogel by CO2 supercritical drying.

case Operating condition CO2 flow rate
(kg/h)

Drying time
(sec)Pressure (MPa) Temperature (K)

(a) 20 313 11 10,846
(b) 20 353 11 6,899
(c) 14 353 11 5,347
(d) 20 313 110 3,495
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