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Fabrication of flexible silica aerogel composite blankets from an aqueous

fumed silica-based slurry

Shunyao Zhang, Lukai Wang, Junzong Feng’, Yonggang Jiang, Liangjun Li, Yijie Hu and Jian Feng

ABSTRACT Silica aerogels exhibit considerable potential for
thermal insulation applications owing to their low thermal
conductivity. However, they generally possess poor mechan-
ical properties and need to be mechanically enhanced while
maintaining their low thermal conductivity. In this study,
commercial fumed silica and methyltrimethoxysilane were
used as the silica sources and water and ethanol were used as
solvents to form a slurry. Consequently, silica aerogel mono-
liths (SAMs) were prepared through ambient drying without
additional surface modification or solvent replacement. The
resulting SAM maintained a typical nanopore structure and
exhibited low density (0.24 gcm™), shrinkage (4%), and
thermal conductivity (0.046 W m™' K™). The slurry was im-
pregnated with fiber blankets via roller pressing, and silica
aerogel blankets (SABs) were prepared through thermal soli-
dification of the slurry and ambient drying. The prepared
SABs exhibited good flexibility and mechanical properties,
facilitating their installation and application for thermal in-
sulation and considerably reducing production cycles and
costs. In addition, controlling the particle size and mass
fraction of opacifiers decreased the high-temperature thermal
conductivities of SABs owing to the nanopore structure and
low shrinkage of SAMs, and the thermal conductivity of the
optimized SAB at 800°C was as low as 0.054 W m™' K™'.

Keywords: silica aerogel, flexible blanket, ambient drying, ther-
mal insulation

INTRODUCTION

Silica aerogels have demonstrated exceptional performance in
various applications owing to their network structure at the
nanoscale, high specific surface area (500-1200 m* g™*) [1], and
high porosity (85%-99.8%) [2] as well as low density
(0.03-0.35 g cm ™), thermal conductivity (0.01-0.03 W m™' K™!)
[3], refractive index (1.00-1.08) [4], and dielectric constant (1.0-
2.0) [5]. These unique properties have led to their use in various
applications, such as thermal and acoustic insulation [6-10] and
gas adsorption [11], and purposes, such as ensuring building
energy efficiency [12,13] and the aerospace industry [14-17].
However, they cannot be directly applied as thermal insulation
materials because of their brittleness and poor mechanical
properties. Currently, fibers with high mechanical strength are
being used to reinforce silica aerogels to form composites and to
improve their mechanical properties [18-20].

Two methods have been mainly used for preparing silica
aerogel-fiber composites. The first method is to directly press
the silica aerogel powder, short fibers, and binder together using
mechanical pressure [21,22], thereby obtaining their fiber-rein-
forced composites. The second method is to impregnate fiber
blankets or preforms with a silica sol and performs a series of
gelation, aging, and drying processes to obtain the composite
materials [23,24]. Although the first method is relatively simple,
the low strength of the composites prepared using simple
mechanical forces as well as their installation performance and
vibration resistance are poor owing to the short fiber size. The
second method offers reinforcement via fiber blankets or pre-
forms, which can improve the mechanical properties of the
prepared composites, as well as their installation and applic-
ability. However, this method usually requires the use of
supercritical drying technology performed in a high-tempera-
ture and high-pressure environment using specialized equip-
ment, resulting in a more complex preparation process and high
production costs. Thus, there is still a need to develop a new
process to prepare low-cost silica aerogel composites without
compromising their low thermal conductivity and maintaining
their satisfactory mechanical properties.

The slurry molding method involves the preparation of a silica
slurry by mixing prefabricated nanosilica powder (e.g., fumed
silica powder and silica aerogel powder) and a solvent and
impregnating the slurry into a fiber blanket. Subsequently, the
solvent is removed from the blanket to form a silica aerogel
composite. This method directly uses nanosilica powder as the
silica source, which is more economical than the traditional sol-
gel method involving ambient drying [25-27]. For example, Lee
et al. [28] formed a stabilized slurry of silica aerogel powder in a
mixed ethanol-water solution containing a polyvinyl alcohol
binder and then prepared low-density silica aerogel composite
blankets with thermal conductivities as low as 0.019 W m™ K™!
via impregnation. However, due to the use of a polyethylene
blanket, the composites were not temperature-resistant.

Among these nanosilica powders, in recent years, fumed silica
has been used for preparing silica aerogels and their composites
owing to its unique three-dimensional (3D) network structure,
nanopore size distribution, and low cost [29]. For instance, Xia
et al. [30] proposed a new method combining interfacial mod-
ification and ultralow-concentration sol impregnation to adjust
the pore structure of fumed silica compacts and reduce their
thermal conductivity. Their results showed that the pore size
and volume fraction of the macropores of the treated fumed
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silica compacts were considerably reduced and the thermal
conductivity decreased from 0.027 to 0.022 Wm™' K. Our
group [31] demonstrated a thermal solidification-based 3D-
printing strategy to produce a silica aerogel with a complex
structure by directly writing a silica ink. The ink used for
printing comprised fumed silica powder and hydrosol. The
optimized 3D-printed specimen exhibited a high specific surface
area of 272m’*g™ and low thermal conductivity of
0.032 W m™ K™1. Pure fumed silica had a high infrared radia-
tion transmittance at high temperatures; therefore, the thermal
conductivity of fumed silica increased dramatically as the tem-
perature increased. Doped opacifiers (such as SiC, ZrO,, and
TiO,) can effectively inhibit radiative heat transfer and improve
the high-temperature thermal insulation performance of fumed
silica-based insulation materials [32,33]. Du et al. [34] prepared
a zirconia fiber-glass fiber and fumed silica-based thermal
insulation material using a dry pressing method. The zirconia
fibers enhanced the mechanical properties and suppressed the
radiative heat transfer of the composites, thereby reducing the
high-temperature thermal conductivity of the composites.

Herein, we present a low-cost and rapid ambient drying
method for preparing silica aerogel composite blankets (SABs).
Commercial fumed silica and methyltrimethoxysilane (MTMS)
were used as the silica sources, and glass fiber-needled blankets
were used for reinforcement. The formulation of fumed silica
and MTMS into a slurry and then compounding it with fiber
blankets helped the ambient drying preparation and cost
reduction of SABs. Fumed silica acted as a template orientation
agent for the induced growth of nanoparticle networks origi-
nating from MTMS, imparting ambient-dried silica aerogel
monoliths (SAMs) with a remarkable nanopore feature [35].
Owing to the hydrophobicity of fumed silica and the methyl
group in MTMS, the ambient-dried SAMs exhibited low density
and shrinkage, resulting in SABs with low thermal conductivity.
In addition, to reduce the high-temperature thermal con-
ductivity, we doped SiC opacifiers with different particle sizes
and mass fractions and investigated the effects of the opacifiers
on the high-temperature thermal insulation properties of the
composites. The optimized SAB showed low thermal con-
ductivity at both low and high temperatures as well as excellent
flexibility and mechanical properties, which can facilitate its use
and installation in a variety of scenarios, making it an ideal
thermal insulation material for diverse applications.

EXPERIMENTAL SECTION

Materials

Hexamethyldisilazane (HMDS) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). Fumed silica
(hydrophilic, with a specific surface area of ~200 m? g™'), MTMS
(98%), urea (99%), and anhydrous ethanol were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. (China). A
glass fiber-needled blanket with a thickness of 3 mm was pur-
chased from Langfang Ke’an Sealing Materials Co., Ltd. (China).
Deionized water with a resistivity of 18.2 MQ cm was used.

Hydrophobic modification of fumed silica

The hydrophilic fumed silica powder and excess HMDS (more
than 20 wt% of fumed silica) were placed in a closed container
and heated in an oven for hydrophobic modification at 80°C for
12 h, where HMDS reacted with the surface hydroxyl groups of
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fumed silica, increasing the hydrophobicity of fumed silica upon
the formation of a large number of methyl groups on its surface.
This process was followed by heat treatment at 80°C for 12 h to
remove the residual HMDS from the surface of fumed silica and
obtain the hydrophobic fumed silica powder.

Preparation of SAMs and SABs

First, MTMS was hydrolyzed in an acid environment, an aqu-
eous solution of 30 wt% EtOH was added to MTMS under
magnetic stirring conditions, and 0.1 mol L™! nitric acid was
slowly added dropwise to adjust the solution pH to 3. After
continuous stirring for 30 min, 0.2 wt% urea was added to the
MTMS solution to obtain the MTMS sol. Subsequently, a certain
amount of hydrophobic fumed silica and opacifiers were added,
and the silica slurry was obtained upon planetary mixing, during
which air bubbles in the slurry were removed via centrifugation.
The solid content of the hydrophobic fumed silica in the slurry
was kept constant at 10 wt%, and the solid content of MTMS
was kept constant at 20.3 wt% to ensure that the solid content of
the silica aerogel generated using MTMS was equal to that of
fumed silica. Finally, SAMs and SABs were prepared as follows:
(1) silica slurry was heated in a water bath at 60°C, solidified and
aged through the polycondensation reaction for 24 h, placed in
an oven at 60°C, and dried at ambient pressure for 2 days to
obtain SAMs. (2) Silica slurry was impregnated with glass fiber-
needled blankets using roller pressing. First, the slurry was
poured into the mold with a roller. The fiber blanket moved
forward continuously with the rotation of the roller and was
completely immersed in the slurry. Then, the slurry was fully
immersed in the fiber blanket under the shear force of the roller.
Similarly, impregnated fiber blankets were heated in a water bath
at 60°C for 24 h, placed in an oven at 60°C, and dried at ambient
pressure for 2 days to obtain SABs.

Two series of samples were prepared by changing the particle
size and the solid content of the opacifier: 1-wt% SiC content
was used in the slurry using SiC particle sizes of 1, 2, 3, and
5 um. In addition, a fixed SiC particle size (3 um) was selected,
and the SiC content in the slurry was varied to 1%, 2%, and 3%.
The number of SAM samples was denoted as SAM-x%-y pm,
and the number of SAB samples was denoted as SAB-x%-y pm,
where x is the percentage of the SiC content in the slurry and y is
the SiC particle size.

Characterization

The vernier caliper was used to measure the diameter of the
solidified slurries, SAMs, and SABs. The samples were weighed
and calculated to obtain their linear shrinkage and apparent
density values. The room-temperature thermal conductivities of
SAMs were determined using a thermal constant analyzer (Hot
disk, TPS 2500S) with the test probe c5465. The chemical ana-
lysis of the surface elements of the samples was performed using
an X-ray photoelectron spectrometer (XPS, Thermo Fischer,
ESCALAB 250Xi). The rheology of the slurries at 25°C was
measured using a rotational rheometer (MCR302, Anton Paar)
with a 25-mm-diameter steel plate and a gap height of 0.5 mm.
A field-emission scanning electron microscope (SEM, ZEISS,
Sigma 300) was used to observe the microscopic morphology of
the samples. Nitrogen adsorption-desorption isotherms were
calculated at 77 K using a Quantachrome ASiQwin surface area
and porosimetry analyzer (Quantachrome, Autosorb-iQ2-MP).
An automatic mercury porosimeter (Quantachrome, PoreMaster
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33) was used to test the specific surface areas and pore size
distributions of the samples. The Fourier transform infrared
(FTIR) spectra of the samples were measured in the wave-
number range of 400-4000 cm™" using an infrared spectrometer
(Thermo Fisher, Nicolet 6700). The thermal gravimetric (TG)
differential scanning calorimetry (DSC) curves of the samples
were obtained using a simultaneous thermal analyzer (Perki-
nElmer, STA 8000). The water contact angle was measured using
a contact angle instrument (KRUSS, DSA100). The room-tem-
perature thermal conductivities of SABs were tested using a
thermal conductivity measuring instrument (Fox 200). The
high-temperature thermal conductivities of SABs were tested
using the water flow plate method (PBD-13-4P, China) at 200,
400, 600, and 800°C. The compressive and tensile strengths of
the samples were tested using a mechanical tester (FULE TEST).
The hot and cold side temperatures of 10-mm-thick samples at
high temperatures (600 and 800°C) were recorded using a quartz
lamp radiation heater.

RESULTS AND DISCUSSION

Preparation of SAMs and SABs

The preparation of SAMs and SABs is shown in Fig. 1. During
the preparation process, fumed silica was used as a template for
growing a nanoporous silica network, which can induce MTMS
to generate a nanoparticle stacking network on the fumed silica
skeleton [35]. Because of the strong hydrophobicity of fumed
silica, a certain amount of ethanol was added to the solvent to
ensure uniform mixing of the raw materials in the slurry. The
slurry exhibited shear thinning, a non-Newtonian fluid behavior
(Fig. S1), and its viscosity decreased with increasing shear rate.
In addition, the energy storage modulus of the slurry was higher
than the loss modulus (G' > G"). These two properties ensured
that the slurry could be immersed into the fiber blankets after
shearing using the rollers, and the viscosity increased after the
shear force disappeared, which ensured that the slurry did not
flow out of the fiber blankets. The solidification of the slurry was
controlled via the thermal decomposition of urea at 60°C,

@ Opacifier
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4 Planetary
Stirring mixing

MTMS solution Fumed silica

e

Silica slurry

endowing the slurry with controllable properties and ensuring
that the slurry did not solidify before rolling and impregnating
the fiber blanket.

Fig. 2a shows the optical photographs of SAMs incorporating
opacifiers with different particle sizes. Despite the presence of a
few cracks on the surface of SAMs, they still have good form-
ability, and these cracks would have a minimal effect on the
performance of SABs. The XPS results showed that after
hydrophobic modification, the oxygen content on the surface of
fumed silica decreased, whereas the carbon content increased
(Table S1). The photoelectron peaks of hydrophilic and hydro-
phobic fumed silica further indicated that the hydroxyl group of
fumed silica decreased, whereas the methyl group increased
(Fig. S2). Owing to the hydrophobic modification of fumed silica
and the hydrophobic effect of the methyl groups of MTMS, the
densities of the ambient-dried SAMs were as low as 0.24 g cm™
and their linear shrinkage values were as low as 4% (Fig. 2b). The
thermal conductivities of the SAMs involving opacifiers with
different particle sizes at room temperature are shown in Fig. 2c.
The results showed that the thermal conductivities of the SAMs
obtained using opacifiers with particle sizes of 2 and 3 um were
lower, reaching the lowest value of 0.046 W m™ K.

Pore structure features

The SEM images of SAMs are shown in Fig. S3. The SiC particles
are tightly wrapped inside the silica aerogel, and almost no crack
is observed at the interface between SiC and the aerogel, indi-
cating that the silica aerogel can react and grow along the surface
of the opacifier. The results of the nitrogen adsorption-deso-
rption tests showed that the silica aerogels were dominated by a
mesoporous distribution with a few micropores and macropores
(Fig. S4). The particle size of the opacifiers exhibited almost no
effect on the specific surface area of the silica aerogel (Table S2);
however, the average pore size and pore volume increased
slightly with increasing SiC particle size. This may be because a
small SiC particle size fills part of the macropores, decreasing the
pore size and volume, whereas a large SiC particle size can only
be encapsulated inside the aerogel, increasing the pore size and
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Schematic depicting the preparation process of SAMs and SABs using the slurry molding method.
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Figure 2 (a) Photographs, (b) density and linear shrinkage, and (c) room-temperature thermal conductivity values of SAMs obtained using SiC particles with

different sizes.

volume.

The SEM images of SABs are shown in Fig. 3. The silica
aerogel is tightly bound around the glass fibers, almost filling the
space between them. The SEM image obtained at high magni-
fication shows that the interior of the silica aerogel presents a 3D
network formed by the assembly of nanoparticles and nano-
pores, with a “pearl chain” skeleton structure. Notably, under the
induction of fumed silica, the silica aerogel particles present a
uniform nanospherical structure and the particle size is con-
trolled below 50 nm. The mercury porosimetry analyses of SAM
and SAB show that SAM is primarily mesoporous, the pore size
of SAM is concentrated at ~33 nm, and the pore size distribution
of the glass fiber blanket is in the range of 2-10 um (Fig. 4a).
Compared with SAM and the glass fiber blanket, SAB contains
more macropores. Although the pore size increases in SAB, the
pore size of SAM is considerably lower than the average free
path of gas molecules, which is beneficial for suppressing gas
heat transfer.

Chemical composition

The energy-dispersive spectroscopy results show that the
ambient-dried silica aerogel primarily comprises three elements,
Si, O, and C, with a relatively uniform distribution (Fig. 3e-h),
indicating that the raw materials were well mixed in the slurry
system and the fumed silica powder did not settle owing to
gravity during the slurry solidification process. Fig. 4b shows the
FTIR spectra of MTMS, SAB, and fumed silica. The silane
(Si-O-C) characteristic peaks located at 1191 and 1087 cm™!
disappeared [36], and broader characteristic absorption peaks of
silicon oxide (Si-O-Si) were observed at 1105, 1032, and
781 cm™ [37], indicating that MTMS underwent sufficient
hydrolysis—condensation reactions catalyzed by nitric acid and
urea. According to the XPS results, the oxygen content of SAM
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is lower than that of the hydrophobically modified fumed silica,
indicating that the hydroxyl groups on the fumed silica skeleton
participate in the polycondensation reaction during the solidi-
fication process. In addition, the Si-CHj; absorption peak is
observed at 1268 cm™' for MTMS [38-40], fumed silica, and
SAB. Moreover, the presence of the methyl group helps to
reduce the solid-liquid interfacial force as well as avoid the
severe shrinkage of the aerogel skeleton caused by the high
capillary stress during the ambient drying process, thereby
reducing the density and shrinkage of the ambient-dried silica
aerogel. The water contact angle indicates that the prepared SAB
exhibits good hydrophobicity with a contact angle of 136°
(Fig. 4¢).

To further characterize the chemical composition of the
sample, SABs was analyzed for thermal stability, and the TG-
DSC curves measured under an air atmosphere are shown in
Fig. 4d. The weight loss process of SABs can be divided into
three stages. The first stage occurs in the range of 0-100°C,
where there is an upward heat absorption peak in the DSC curve.
The weight loss rate is ~1%, which is primarily due to the heat
absorption evaporation of the residual water inside SABs. The
second stage is located in the range of 250-550°C, and the
weight loss rate is ~2%-3%, which is mainly caused by the
endothermic decomposition of residual urea and the oxidation
of hydrocarbons. The third stage is located in the range of
550-800°C, the weight loss rate is ~2%, and there is a downward
exothermic peak in the DSC curve, which is primarily due to the
fracture of the Si-C bond and the removal of residual carbon
[31,41]. The total weight loss rate of SAB at 1000°C is only 5%-
6%, indicating that SAB possesses satisfactory thermal stability.
In addition, the line shrinkage of SAB is only 1.4% after 4 h of
heat treatment at 800°C, and SAB does not show sharp dif-
fraction peaks before and after the heat treatment at 800°C
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(Fig. S5), with one diffraction peak near 20 = 22° that corre-
sponds to amorphous silica, indicating that the composites do
not generate other crystalline structures and that SAB can be
used at temperatures of up to 800°C for extended periods.

Mechanical properties

The compressive and tensile strengths of the glass fiber blanket
and SAB are shown in Fig. 5. The compressive and tensile
strengths of SAB are considerably improved compared with
those of the glass fiber blanket. The compressive strength of SAB
is 0.088 MPa under 10% deformation, and its compressive
strength is 0.78 MPa under 60% deformation and is unchanged
after 10 compression cycles, indicating that SAB has flexibility
and good compression resilience. In addition, the maximum
tensile strength of SAB is 0.65 MPa, which is much higher than
that of the glass fiber blanket, indicating that the silica aerogel-
fiber blanket composite improves the strength of SAB while
maintaining good flexibility. Owing to these properties, SAB can
be easily installed and used in a variety of thermal insulation
scenarios (Fig. S6).

Thermal insulation properties

Owing to the low density and shrinkage of the SAMs prepared
from the silica slurry, the thermal conductivity of SABs was
considerably reduced. In addition, the prepared silica aerogel
exhibited a mesoporous pore size distribution, which could
effectively inhibit gas heat transfer and reduce the gaseous
thermal conductivity of SABs. However, the silica aerogel suf-
fered from high infrared radiation transmittance at high tem-
peratures, requiring the addition of opacifiers to inhibit radiative
heat transfer during the preparation process. The density and
room-temperature thermal conductivity values of SABs prepared
using different slurries are shown in Table S3. The change in SiC
particle size had a negligible effect on the density and room-
temperature thermal conductivity of SAB; however, as the SiC
content increased, the density and room-temperature thermal
conductivity of SAB gradually increased. The high-temperature
thermal conductivities of SABs involving opacifiers with differ-
ent particle sizes and without opacifiers are shown in Fig. 6a.
The high-temperature thermal conductivities of SABs decreased
considerably after the addition of SiC opacifiers and gradually
decreased with increasing SiC particle size at 600 and 800°C.
This phenomenon can be explained by the fact that the corre-
sponding infrared wavelength range is 2.71-6.15 um for the
temperature range of 200-800°C [42]. According to the Mie

a 1.0
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08l SABcycle 5
= —— SAB cycle 10
(=5 L
s 0.6
2
£ o4}
n
0.2}
0.0 * * .
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scattering theory, an excellent scattering effect can be obtained
for objects with similar sizes and wavelengths.

To prevent the increase in thermal conductivity induced by
the large particle size of the SiC opacifiers, a particle size of 3 pm
was selected, and the high-temperature thermal conductivity of
SABs with different SiC contents is shown in Fig. 6b. The results
show that an appropriate increase in the opacifier content is
beneficial in reducing the radiant thermal conductivity as well as
the high-temperature thermal conductivity of SABs. When
excessive opacifiers were added, the thermal conductivity of SAB
increased because of the increased solid thermal conductivity.
The optimized SAB exhibited a thermal conductivity of
0.041 Wm™ K™ at 600°C and 0.054 Wm™ K™' at 800°C.
Compared with the rigid silica aerogel composite product
(KDMSG-1) with similar density prepared by supercritical dry-
ing in our group, it has the advantages of low cost and flexibility
despite a slightly higher thermal conductivity. The thermal
insulation properties of the optimized SAB were further char-
acterized for 30 min using a quartz lamp at 600 and 800°C, and
the results are shown in Fig. 6c, d, respectively. The cold side
temperature of a 10-mm thick sample under thermal examina-
tion at 600°C rises to 139°C in 10 min and then slowly increases
to 198°C, which is much better than that of the glass fiber
blanket. The cold side temperature under thermal examination
at 800°C increases to 190°C in 10 min, followed by a slow
increase to 265°C, further indicating good thermal insulation
properties of the prepared SAB.

CONCLUSIONS

Herein, we demonstrated a low-cost, rapid, ambient drying
method for preparing SABs, wherein commercial fumed silica is
hydrophobically modified and mixed with MTMS to form a
slurry. The prepared SAMs exhibited a typical nanopore struc-
ture as well as low density (0.24 g cm™?), shrinkage (4%), and
thermal conductivity (0.046 W m™' K™!) at room temperature.
Upon compounding the slurry with glass fiber blankets, the
prepared SABs possessed both flexibility and promising
mechanical properties, with a compressive strength of 0.78 MPa
under 60% deformation and satisfactory compressive resilience,
and the maximum tensile strength was 0.65 MPa. In addition,
the optimized SAB exhibited excellent thermal insulation
properties and thermal stability, with a total weight loss of only
5%-6% at 1000°C and a shrinkage of 1.4% at 800°C. The particle
size and content of SiC remarkably affected the high-tempera-
ture thermal conductivities of SABs. When 2 wt% of 3 um SiC
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Figure 5 (a) Compressive and (b) tensile stress-strain curves of the glass fiber blanket and SAB.
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was added, SABs demonstrated a thermal conductivity of

0.041 Wm™ K™

at 600°C and 0.054 Wm™' K™ at 800°C,

making it an ideal thermal insulation material. More impor-
tantly, the slurry molding method proposed in this study can be
extended to other silica nanopowders, paving the way for pre-
paring ceramic powder-derived silica aerogel composites as
thermal insulation materials.
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