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Abstract

The fragility of silica-based aerogels limits their potential use in various applications. These exceptional materials can be
immobilized on more flexible insulation materials to form materials called ‘aerogel blankets’. In situ, sol-gel deposition is
one way to synthesize aerogel material directly on the fibrous matrix. This study presents aerogel blankets’ formation and
thermophysical performance obtained by in situ deposition of a methyltrimethoxysilane (MTMS) precursor prepared with
sodium dodecyl sulphate surfactants. X-ray diffraction analysis indicates increased peak intensities, suggesting a more organ-
ized crystalline-like structure. Corresponding Raman spectroscopy and transmission electron microscopy (TEM) observations
corroborate the results, highlighting the surfactant’s role in promoting structural order within the aerogel. A distinct silica
spherical structure was also observed in the TEM analysis. The process was carried out at ambient pressure conditions; thus,
the process is scalable for large-volume production. The MTMS concentration of the sol varied in the range of 5 to 30 wt.%,
resulting in different aerogel characteristics deposited onto the ceramic fiber matrix. Samples were characterized mainly for
their thermal, mechanical, and morphological properties. Remarkably, the thermal conductivity performance of the obtained
composite blanket showed 30% lower heat conductivity than the pristine ceramic blanket.
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1 Introduction are the most widely studied group. Silica aerogels (SiO,) are
unique materials with ultra-low density and highly cross-

Aerogels were first discovered a century ago [1]; however, linked structures with high porosity, where pore sizes vary

their commercialization has started in the last two decades
[2]. They are used in applications such as aerospace systems
[3], building materials [4], catalysts [5], absorption media
[6], and composites [7-9]. They are divided into organic
and inorganic classes [10], while inorganic silica aerogels
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by a few nanometers [11, 12]. These structures constitute air
more than 90% of their total volume resulting in very low
densities ranging from 70 kg/m> to 150 kg/m> depending
on the source materials used in the production [13]. The
most common silica precursors for silica-based aerogel are
alkoxysilanes; tetramethyl orthosilicate (TMOS), tetraethyl
orthosilicate (TEOS), and water glass. They are synthesized
with sol-gel chemistry [11], while their processing can be
scaled from laboratory to industrial applications. However,
many — OH groups are present on surfaces of materials syn-
thesized from alkoxysilane derivatives causing silica aero-
gels to be highly vulnerable to moisture, thus affecting their
thermal and mechanical properties [3, 14, 15].

Recently, there has been a growing interest in methyltri-
methoxysilane (MTMS) alkoxysilane precursors. Working
with MTMS shortens the process, provides advantages in
the drying step, and does not require hydrophobization [16,
17]. The chemical structure of the aerogels formulated with
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MTMS is resistant to capillary forces that occur during dry-
ing due to the (- CHj;) functional groups forming instead of
— OH groups. The obtained material is labeled as methyl-
silsesquioxane (MSQ) aerogel at the end of the process with
the MTMS precursor, according to the literature [12]. The
hydrophobicity of MSQ aerogels is important since capillary
forces are the reason for the need for supercritical drying
which requires high pressure and high temperatures; thus,
it is conducted as a batch process. For high throughput pro-
duction of aerogels, ambient drying condition processing is
needed. Remarkably, the MTMS precursor can be a good
candidate for the large-scale production of aerogel materi-
als [18-20].

Hydrophobic MSQ-derived aerogels are not ready for
large-scale production due to their lack of desired mechani-
cal properties. As a solution to the mechanical shortcomings,
aerogels are integrated into fibrous mats to form insulation
composites called aerogel blankets [18, 21]. This approach
led to the commercialization of aerogels for the commodity
market. There are various ways for this integration/immo-
bilization process. One of the approaches synthesizes aero-
gel pieces in a conventional sol-gel approach. Afterward,
powders of aerogel are applied to the blanket material with
the help of a binder. The second approach synthesizes the
aerogel material within the fiber matrix, labeled as in situ
sol-gel deposition. A fiber mat is dipped into a sol of desired
precursors while the remaining sol on the fibers undergoes
gelation reactions. Hence, gel materials are formed directly
on the fiber surfaces. The process is followed by a drying
step conducted at supercritical or ambient conditions [22].
An in situ MSQ aerogel blanket synthesis involves directly
synthesizing the material within its intended application.
Alkoxide groups in MTMS undergo hydrolysis leading to
silanol (Si-OH) group generations. These silanol groups
subsequently experience polycondensation reactions, where
they react with each other to form Si—O-Si bonds. This
condensation process progresses, facilitating the forma-
tion of a three-dimensional network of MSQ. The resulting
MSQ material exhibits a hybrid organic-inorganic structure
comprising organic methyl groups and inorganic siloxane
(Si—O-Si) bonds [12]. MSQ can be incorporated into com-
posite blankets by in situ synthesis of the MTMS precur-
sor sol within a matrix material, such as a ceramic blanket,
through the sol-gel process. Subsequent processing steps are
followed by MSQ embedded within the matrix. Remarkably,
several scientific studies have extensively investigated and
characterized the sol-gel process and integration of MSQ
into composite blankets [23-25].

Surfactants (anions or cations) can be added to the sol-gel
process to improve dispersion while aerogel was synthesized
[26], promoting surface adhesion on fibrous matrices by
changing the geometry of the microstructure of silica. Sur-
factants also affect the shape of silica aggregates, causing an
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electrophilic addition mechanism, which leads to branched
and cross-linked forms of aggregates. Li et al. used silica
aerogel to obtain the silica precursor methyltriethoxysilane
(MTES) with the cationic surfactant cetrimonium bromide
(CTAB). A two-step sol-gel process and CO, supercritical
drying were used to prepare flexible hydrophobic aerogels.
With the CTAB used at the optimum rate, the gel skeleton
structure gradually changed from different spheroids to con-
tinuous spheroids structures [26]. Ramaswamy et al. used
CTAB to prepare an MTMS silica precursor in an aqueous
medium to increase its dispersibility after dip-coating on
kapok fibers with MSQ alcogel. The composite material they
obtained shows many promising results corresponding to
low density (0.053 g/cm®) and effective thermal conductiv-
ity (0.018 W/mK) [27]. The presence of anionic surfactants
affects silica species’ aggregational behavior, enabling the
network’s microstructural arrangement [28]. Sodium dode-
cyl sulphate (SDS) is an anionic surfactant demonstrating
the fundamental aggregation phenomenon between MSQ-
derived silica particles [28]. However, no report in the lit-
erature discusses composites (matrices and aerogels) utilized
by the sol-gel method leading to aerogel blankets (about
chemical, morphological, thermal, and mechanical prop-
erties), where MTMS and SDS are used as precursor and
surfactant, respectively.

Studies have shown that silica aerogels could be immobi-
lized with dispersed fibers, nonwoven matrix, and epoxy to
obtain highly durable composite materials. Various fibers,
such as glass, ceramic, and carbon, are used for high strength
and ultra-low thermal conductivity [29]. Major companies
such as BASF-Slentex™, Aspen Aerogel-Pyrogel™, and
Cabot Corp-Wrap™ produce aerogel blankets commercially
for thermal insulation. Superior insulation properties result-
ing from the nanoporous structure include very low thermal
conductivity values measured in solid, gas, and infrared
environments [27]. The selection of insulating materials to
be used in engine parts in the aerospace industry is critical.
Thermal management and the possibility of being used in
high-temperature areas of aerospace platforms are appealing
[30]. Note that in high-temperature applications, ceramic
blankets outperform fiberglass insulation. Ceramic fibers can
withstand temperatures up to 1800 °C without degrading
or losing their insulating properties, making them ideal for
aerospace apparatus. Excellent thermal stability is exhibited
by ceramic blankets, allowing insulation performance to be
maintained despite rapid temperature changes. Furthermore,
industries exposed to corrosive substances or harsh chemi-
cals find ceramic blankets well-suited due to their superior
resistance to fiberglass [31]. Additionally, higher mechanical
strength and durability are possessed by ceramic blankets,
making them suitable for applications involving mechani-
cal stress. Unlike fiberglass, ceramic blankets do not suffer
sizing-related issues, where binders or coatings on fibers
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can degrade or release toxic gases at high temperatures.
Moreover, excellent fire resistance is exhibited by ceramic
blankets, as they are not readily prone to burning or releas-
ing toxic gases when exposed to flames. Overall, fiberglass
insulation is outperformed by ceramic blankets in high-tem-
perature environments and applications involving corrosive
substances or mechanical stress while providing advantages
such as the absence of sizing-related concerns. Ceramic
blankets can effectively maintain their insulating proper-
ties even in extreme temperatures without the risk of toxic
gas emissions or reduced insulation effectiveness. Note that
these advantages are of interest for aerospace applications
which combine a number of requirements to be fulfilled. For
instance, these standards (EASA CS-23 and CS-29, RTCA
DO-160G, MIL-STD-1629 A, E-03-CRI-P) of the varying
authorities involve thermal conductivities below 0.15 W/mK
at room temperature, thermal stability for at least 1176 °C,
resistance against humidity as well as salt fog, waterproof-
ness, absence of any emissions which harmful, toxic or haz-
ardous and a color which allows to detect any leakages.

Multifunctional properties of aerogels with an MTMS
precursor were studied for high thermal stability and low
simultaneous thermal conductivity, diffusivity, hydropho-
bicity, and flexibility. An insulation blanket doped with an
MTMS precursor (5-30 wt%) via a two-step sol-gel process
was prepared. After the aging and solvent exchange, alco-
gel blankets were ambient pressure dried (APD). Samples
were characterized with regard to bulk densities, specific
surface, thermal conductivity (hot disk transient plane
source (TPS), and microstructure. Furthermore, mechani-
cal properties were studied using the tensile stress test and
three-point bending method. The hydrophobic character was
also analyzed using water contact angle tests. Moreover,
thermogravimetric analysis (TGA) was used to determine
weight loss characteristics. Finally, the air permeability test
of samples was carried out with different weight percentages
in blankets.

2 Material method
2.1 Materials

Trimethoxymethylsilane (MTMS, 98%, CAS# 1185-55-
3), sodium dodecyl sulphate (SDS, 99%, CAS# 151-21-3),
hydrochloric acid (HCI, 37%, CAS#7647-01-0), Ammonia
solution (NH,OH 25%, CAS# 1336-21-6), and n-Hexane
(CAS# 110-54-3) were purchased from Sigma Aldrich.
Absolute ethanol (EtOH, 99.9%) was purchased from Isolab
Chemicals. Deionized water (DI) was used throughout the
experiments. All chemicals were used as received without
further processing. Ceramic insulation blankets were pur-
chased from a local vendor with an average fiber diameter

of around 4.5 pm and without sizing. Before processing and
testing, ceramic insulation blankets were conditioned by
placing samples in a room at 25 °C and 65% relative humid-
ity for 24 h.

2.2 Synthesis of composite aerogels

MSQ aerogel was synthesized via a two-step acid-base sol-
gel synthesis, after which they were aged and ambient pres-
sure dried. First, the anionic surfactant SDS (the final dry
concentration was calculated as 0.2 wt%) was dissolved in
an ethanol (EtOH)/water mixture where the relevant ratio
was kept constant for all samples. The weight ratio of EtOH/
water in the sol was applied as 2:1 for all samples. The ani-
onic surfactant was stirred vigorously for 30 min until a clear
solution was formed. Subsequently, the silica sol was pre-
pared via MTMS hydrolysis in EtOH and water with weight
ratios of 5, 10, 15, 20, 25, and 30 wt%. The hydrolysis was
initiated under acidic conditions by the dropwise addition
of an acidic catalyst, 0.005 M HCI, to adjust pH 2. After
mixing for 4 h, the base catalyst, 0.02 M NH,OH, was added
dropwise into the sol, and the pH was increased to 8. Then,
the sol was stirred further for 5 min. Our previous work
explained this study’s precursor and solvent ratios in detail
[32]. Immediately, ceramic insulation blankets (9 X 15 cm?,
thickness 2 cm) were dipped and immersed into the sol for
10 min to infiltrate MSQ alcogels into the ceramic blanket
matrix. The whole gel development took about 6 h. Each
sample was processed and repeated separately, and MSQ
alcogel blankets were prepared on a ceramic blanket with 5
to 30 wt%. Afterward, alcogel-containing samples were kept
in a container of ethanol and replenished with fresh ethanol
three times a week. After the aging, ethanol was replaced
with n-hexane transferred from a different container. Etha-
nol in the alcogel was substituted with n-hexane three times
within a week. Unreacted precursors, surfactants, water,
and ethanol were removed from the environment by con-
tinuously immersing hexane exchange. Regarding the final
drying stage, two-stage temperature and drying time are
conducted. In the first stage, samples were dried at ambient
pressure and kept at 75 °C for 8 h. The MSQ aerogel blanket
was designed as a multi-layered structure of relatively thick
material, which may have the potential for entrapment of
by-products corresponding to methanol, ethanol, water, and
unpurified materials within its inner layers. The main objec-
tive of the aging process is to eliminate these impurities,
while its efficiency may vary. Because of the presence of
these by-products, polar-type materials can often lead to the
deformation of the wet gel during drying due to increased
capillary forces. Unfortunately, some by-products can’t be
effectively discharged via solvent exchange during aging.
The oven was kept at 75 °C for 8 h to sustain the aerogel’s
structural integrity. Subsequently, the next included the
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adjustment of the oven to 150 °C for 4 h, eliminating any
remaining by-products trapped within the ceramic blanket’s
inner sections to obtain the samples. The scientific process
of synthesizing silica aerogel and its corresponding physical
appearance is depicted in a flowchart in Fig. 1. This diagram
outlines the sequential steps involved in the synthesis proce-
dure, highlighting critical reactions, parameters, and equip-
ment utilized to produce silica aerogel and aerogel ceramic
blankets. Additionally, the flowchart visually presents physi-
cal attributes of the resulting aerogel material and aerogel
ceramic blankets’ nature and distinct structural properties.

2.3 Characterization of composite aerogels

A Quanta 400 F field emission scanning electron microscopy
(FESEM) device was used for the morphological analysis
of the samples. Before examining the microstructure, the
samples were coated with a 15 nm Au/Pd thin film with
sputtering. Corresponding micrographs were recorded oper-
ating under a high vacuum at 20 kV potential while record-
ing with a secondary electron detector. Elemental analysis
was conducted by energy-dispersive X-ray spectroscopy
(EDS) attached to the SEM. TEM analyses were performed
using the FEI TALOS F200S TEM operating at 200 kV.
Samples were prepared using the solution-drop method. A
methanol solution containing a small quantity of MSQ and
MSQ + SDS aerogel powder was sonicated for 10 min. A
droplet of the dispersion was deposited onto a standard holey
carbon-coated copper grid. Sorption isotherm analysis was
characterized using nitrogen (N,), while the pore structure
of the samples was determined using Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods.
The Perkin Elmer Spectrum Two spectrometer took Fou-
rier-transform infrared (FTIR) spectra of the MSQ aerogel,
pristine ceramic blankets and aerogel insulation blankets.
Absorption spectra of the samples in the wavelength range
of 4000—500 cm™! were recorded with an Attenuated total
reflectance (ATR) configuration; in addition, aerogels and
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aerogel blankets measurements were conducted at room tem-
perature with a spectral resolution of 4 cm™! and 16 scans
for accuracy. The Raman device used in this study was the
FRA 106/S, equipped with a 532 nm laser for excitation
and designed for single-point analysis at lower frequencies.
Raman spectra were collected in the wavenumber range from
3500 to 100 cm™!, providing comprehensive insights into the
silica aerogels’ molecular structure and vibrational modes.
The crystallinity assessment of all samples was carried out
utilizing the Rigaku-Ultima IV XRD system, involving scan-
ning of diffraction peaks across the 1-80° degree range with
a scan speed of 1°/min. The sample’s bulk density (p,) was
obtained from the weight measurement (in grams) using a
microbalance with an accuracy of 10~ g for a known vol-
ume. The skeletal density of MSQ aerogel and MSQ aerogel
blankets (p,) were determined with the measured porosity
using a helium pycnometer (Cryogenic Limited PPMS) and
using the formula [27];

Porosity (%) = <1 - @> . 100.
p

N

Mechanical strength and flexibility were characterized by
pristine and composite aerogel blanket samples of 90 mm
in length, 15 mm in width, and 20 mm in thickness. Tensile
tests of pristine and composite aerogel blankets were carried
out according to the ISO 4606 standard in a climatically con-
trolled room (65% relative humidity (RH), 25 °C). A three-
point bending test was based on the ASTM D 790-17 testing
procedure, while measurements were performed with a load-
ing nose descent rate of 20 mm/min. Both mechanical tests
were done using a Shimadzu universal testing machine with
a load cell of 1 kN. The thermal stability of samples was
determined via TGA from ambient temperature to 850 °C
with a heating rate of 10 °C/min, using a Perkin Elmer Pyris
1 under nitrogen flow corresponding to the literature [33,
34]. During the TGA-FTIR analysis, the thermal degradation
steps of all samples were examined by TGA from ambient
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(0]
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Fig. 1 Process of synthesizing MSQ aerogel and aerogel blankets with their corresponding physical appearance

@ Springer



Journal of Porous Materials (2024) 31:317-334

321

temperature to 850 °C with a heating rate of 10 °C/min, cou-
pled with FTIR with the Perkin Elmer Pyris STA 600 device.
For FTIR detection, evolved gaseous products went through
stainless-steel tubing into the gas cell under nitrogen carrier
gas. Corresponding spectra were recorded in the range of
4000-500 cm™!. Thermal conductivity measurements were
performed employing a TPS thermal constant analyzer via
the Hot Disk TPS 2500 S. The TPS device uses ‘hot disks’,
i.e., two-sided sensor types and software package modules,
to conduct measurements on bulk materials (isotropic and
anisotropic), thin films, powders, and liquids. In this work,
Hot Disk Kapton 5501™ (polyimide) sensors with a radius
of 6.403 mm were used for simultaneous transient heating of
the samples. The measurement was performed where at least
two identical materials with a thickness of at least 2 cm were
placed simultaneously in the device. Before the analysis was
conducted in the range of 30—199 °C, the temperature coef-
ficient of the resistivity of the sensor (TCR) was set to the
sensor/power supply [35, 36]. It should be noted that both
sides of the samples have been measured separately, while
the average value has been reported for precision.

Air permeability of the samples was displayed using Atlas
MO21A-SDL according to ISO 9073-15:2007 in a climati-
cally controlled room (65% RH, 25 °C). The test resem-
bles an airflow passing rate (L/m%/s) vertically through the
surface of 5 cm? by measuring the pressure increase (Pa)

Fig.2 SEM images obtained for
a MSQ and b MSQ with SDS
aerogels, ¢ pristine, d 5 wt%,

e 10 wt%, f 15 wt%, g 20 wt%,
h 25 wt%, j 30 wt% MSQ aero-
gel coated ceramic blankets

500 pm

through the samples. Pristine and composite aerogel blan-
kets were used to compare the permeability of the coatings.
Water contact angle measurements on samples were carried
out using the Attension Theta lite device by placing 5 uL
water droplets on the samples’ surfaces.

3 Results and discussion

Figure 2 presents SEM images of MSQ aerogels and blanket
composites. The aerogel sample in Fig. 2a was synthesized
without using a surfactant in the recipe. It can be observed
that the colloidal network of the material is formed with
mostly spherical silica particles. Using a surfactant has
changed the morphological structure of the material, as
shown in Fig. 2b. Spherical silica particles from the sample
with a surfactant are intertwined, and the structure becomes
much better stacked. This morphological change is attrib-
uted to increased electrostatic and hydrophobic interac-
tions with the addition of SDS [37]. SDS has a hydrophobic
tail and a hydrophilic head, resulting in lower surface ten-
sion and better suitability for composite preparation. The
presence of SDS negatively affected capillary stress under
APD conditions. Due to these conditions, the electronega-
tive interaction of SDS with aerogel was expected to have
much more capillary force [37], but the obtained structure

20 pm
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was much more homogeneous. Additionally, SDS stabilizes
the sol by reducing surface tension, influencing the gela-
tion process as it acts as a structure-directing agent, allow-
ing a controlled pore structure and morphology by forming
templating structures. Remarkably, the presence of SDS
modifies the surface properties of resulting aerogels, with
negative charges imparted to the surface, influencing surface
charge and interactions with other substances. This alteration
affects wettability, hydrophobicity/hydrophilicity, and sur-
face reactivity. In addition, SDS demonstrates compatibility
with the MTMS precursor and sol-gel process, enabling its
effective incorporation into the precursor solution. Thus,
advantages of using SDS in MSQ-based aerogel synthesis
can be controlled for achieving improved sol stabilization,
controlled gelation and structure as well as enhanced surface
properties. However, it is essential to consider the compat-
ibility of SDS with the specific ceramic material and the
desired application, as excessive surfactant concentrations
or inappropriate surfactant selection may present undesired
effects or compromise the performance of aerogel blankets
by obscuring the structural integrity.

Finally, this new structure can interact stronger through
its adhesion with ceramic fibers. In Fig. 2c, pristine ceramic
blankets are formed with randomly oriented fibers as non-
woven structures upon integrating the 5 wt.% amount of
MSQ aerogel. In Fig. 2d, significant deposition of the aero-
gel materials can be seen. Clusters of aerogels are evident
throughout the fiber matrix. The inset image in Fig. 2d
shows aerogels attaching to regions of fibers. As the aero-
gel MTMS concentration in the aerogel increases to 10
wt.% (Fig. 2e), more deposition becomes evident. As the
MTMS concentration increases, space in the fiber matrix
is dramatically reduced in Fig. 2f—j. As the amount of the
MSQ in the aerogel increases, aerogel accumulates more
between fibers resulting in limited deposition on them [23,
27, 38]. Thus, the pristine ceramic blanket voids are closed,
and there are almost two phases inside the structure: MSQ
aerogel clusters and the ceramic blanket. When the weight
of aerogel is amplified, it is expected to affect the composite
sample’ density, porosity, mechanical properties, and ther-
mal conductivity.

Figure 3 presents the cross-section analysis of the 15
wt% MSQ aerogel blankets center, conducted using SEM
to perform its microstructure and coating uniformity. The
objective was to demonstrate the uniform immersion of the
MTMS sol into the blanket, ensuring its even distribution
throughout the entire section. As a result, a well-defined and
evenly distributed network of MSQ aerogel clusters inte-
grated within the ceramic blanket is revealed. This homog-
enous distribution suggests successful wetting and merging
of the aerogel within the material, contributing to the com-
posite’s physical properties and promoting its potential for
applications requiring mechanical properties. Overall, the
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Fig.3 SEM images obtained from the 15 wt% MSQ aerogel blanket
depicting the cross-sectional morphology

Table 1 EDS elemental compositions of the samples

Sample Elemental composition (%)

Si (0] C Al
MSQ Aerogel 2325 29.24 4751
5 wt% MSQ Ceramic blanket 24.51 39.37 18.5 17.62
10 wt% MSQ Ceramic blanket ~ 27.26  40.44 16.04 16.26
15 wt% MSQ Ceramic blanket ~ 28.47 37.46  22.23 11.85
20 wt% MSQ Ceramic blanket ~ 33.90 3325  20.54 12.32
25 wt% MSQ Ceramic blanket ~ 31.9 36.86  20.22 11.02
30 wt% MSQ Ceramic blanket ~ 33.16  31.96 29.80 5.08
Pristine ceramic blanket 2594 42776  4.64 26.65

cross-sectional analysis demonstrates the effectiveness of
MSQ aerogel clusters in the blanket and a well-integrated
morphology since the aerogel is evenly dispersed throughout
the ceramic blanket.

The elemental composition of MSQ aerogel, pristine
ceramic, and MSQ aerogel blanket samples was determined
with SEM-EDS analysis, as shown in Table 1. The MSQ
aerogel consisted of —23% Si, — 29% O, and —48% C,
which is in good agreement with the aerogel material that
is expected to be formed. The elemental composition of the
ceramic blankets consists of —26% Si, — 43% O, — 4.64%
C, and —27% Al. It was observed that the blanket samples
showed Al atoms in addition to Si, O, and C elements. The
pristine ceramic blanket contains Al, and MSQ aerogel has
a C element as a distinguishing material. According to these
results, the total element concentration of Al and C in each
composite material corresponds to —31 to 36%. With the
increasing MTMS in the composite sample, the Al elemental
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fraction gradually decreases, which can be attributed to
increasing amounts of MSQ aerogel in the composite mate-
rial. The aerogel synthesized on the surface of the ceramic
insulation material can be confirmed with elemental concen-
trations, and a good correlation was found between C and Al
concentrations and the MTMS content.

Nitrogen adsorption-desorption isotherms of MSQ
aerogel, pristine, and aerogel-coated blankets are shown in
Fig. 4. Figure 4a shows isotherm demonstrations of MSQ
aerogel and pristine ceramic blankets. The blanket itself is
formed with micro-sized fibers that have large pores. Thus,
the isotherm of the pristine blanket shows a rapid satura-
tion. The MSQ aerogel shows a very different response in
comparison to blanket samples. Absorption and desorption
isotherms start and end at different partial pressure values
indicating that the porous structure cannot be filled with the
gas phase during absorption, and desorption could not be
completed. Absorbed nitrogen remains in the large pores.
The larger pore body remains full until a lower pressure is
reached when the neck is released [39]. Nitrogen adsorption-
desorption isotherms of prepared aerogel insulation blankets
are depicted in Fig. 4b. The aerogel blankets have type IV
isotherms corresponding to the classical H,-type hysteresis
loops, affirming the presence of mesoporous structures [40,
41]. Note that the hysteresis loops were even more evident
when the MTMS concentration of the aerogels gradually
increased.

Calculated surface areas and pore properties of aerogel
and aerogel insulation blanket samples are presented in

a) 120
—=— MSQ Aerogel
—=&— Pristine Ceramic Blanket

100

80

60

40 -

20

Quantity Adsorbed (cm’/g STP)

0 -

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P°)

Table 2. According to these BET results, the pristine ceramic
blanket’s surface area has grown from 5.52 to 226.1 m%/g
by integrating aerogels. The pore volume varied according
to BJH from 0.0248 to 0.3221 cm®/g with increasing MSQ
aerogel amounts. Note that the applicability of the nitrogen
adsorption-desorption analysis for the evaluation of nano-
pore structures is limited in the case of a pristine ceramic
blanket with pore sizes in the micron scale. This limitation
occurs due to larger pore sizes, which are beyond the sensi-
tivity range of the nitrogen adsorption-desorption technique
for accurate characterization. Nonetheless, as the MTMS
concentration increases, the pore volume also increases. The

Table 2 Multipoint surface area and BJH method adsorption pore
volume values of samples obtained via BET measurements

Material Multipoint BJH Method
BET Surface  adsorption pore
area volume
(m*/g) (em¥g)

MSQ Aerogel 203.5 0.1055

MSQ+SDS Aerogel 191.35 0.1188

Pristine ceramic blanket 5.52 0.0248

5 wt% MSQ Ceramic blanket 65.74 0.1429

10 wt% MSQ Ceramic blanket 110.61 0.2473

15 wt% MSQ Ceramic blanket 166.9 0.2971

20 wt% MSQ Ceramic blanket 191.9 0.3095

25 wt% MSQ Ceramic blanket 226.1 0.3205

30 wt% MSQ Ceramic blanket 225.1 0.3221

b) 200 - —=— 10 wt.% MSQ Ceramic Blanket
4 —=—20 wt.% MSQ Ceramic Blanket
180 4= 30 wt.% MSQ Ceramic Blanket

160—-
140-
120—-
100—-

0
S
1

(o)
(=]
1

Quantity Adsorbed (cm’/g STP)
N
(e
]

[\
[e)
1

(e]

0.2 0.4

Relative Pressure (P/P°)

0.6 0.8 1.0

Fig.4 N, adsorption-desorption isotherms of a MSQ aerogel and pristine ceramic blanket and b MSQ ceramic blankets (10-20-30 wt%)
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change in the pore size distribution was associated with the
strength of the formed silica network. Increasing the silica
source increased the density and, thus, the power of the aero-
gel structure. The strengthening of the structure increased
the resistance to capillary forces formed during drying. For
instance, since the silica network structure of the insulation
blanket was observed at 5 wt%, the MTMS concentration
was weak, and the tiny pores in its structure collapsed during
drying and formed larger pores.

Figure 5 demonstrates FTIR spectra of samples contain-
ing MSQ aerogel, the pristine ceramic blanket, and blankets
with varying amounts of incorporated MSQ silica aerogels.
When the results of the composite samples are grouped,
peaks display no dissimilarity; however, they differ in inten-
sity. Nevertheless, significant peak differences exist between
MSQ aerogel and pristine ceramic insulation material. In
Fig. 5, the pristine ceramic blanket has only two distinct
peaks at 828 and 1063 cm™!, assigned to the symmetrical
stretching and asymmetrical absorption of Si—-O-Si [42, 43].
However, unlike the pristine ceramic, the MSQ composite
insulation material shows various peaks. These absorption
peaks are stretched Si—C bonds at 770 and 1260 cm™! [19,
44-47]. Asymmetrical stretching of — CH; bonds appear at
2976 and 1416 cm™! [19, 47] and are intensified due to the
addition of MSQ aerogel. Due to this observation, it can be
expected that MSQ aerogel and coated ceramic blankets are
hydrophobic.

Raman spectra of MSQ and MSQ + SDS aerogels
are shown in Fig. 6, revealing characteristic peaks that
offer significant insights into the molecular structure and
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Fig.5 ATR-FTIR spectra of MSQ aerogel and blankets samples
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composition of the materials. In Fig. 6a, symmetric and
asymmetric stretching vibrations of -CH; groups (methyl
groups) at 2918 and 2980 cm™!, respectively, affirm the pres-
ence of methyl groups in aerogels conducted with MSQ [48,
49]. The bending vibration of Si—~CH; bonds, represented by
the peak at 1420 cm™! [48, 50], provides further evidence
of the existence of methyl groups. Additionally, the bend-
ing vibration of Si-O-Si bonds, as defined by the peak at
798 cm™! [51, 52], characterizes the silica network forma-
tion in MSQ aerogels. The peak at 480 cm™! corresponds to
the bending vibration of Si-O-CH; bonds, substantiating the
presence of methoxy groups. Notably, in Fig. 6b, the sym-
metric stretching vibration of Si-O-Si bonds was identified
at 475 cm™' [53], while the asymmetric stretching vibration
of -CH, groups (methyl groups) appeared at 1413 cm™! [48].
Additionally, the symmetric stretching vibration of Si—C
bonds was observed at 1270 cm™'. Moreover, Raman spectra
displayed bending vibrations of Si—-CH; bonds at 798 em™!,
Si—-O-CHj, bonds at 771 cm™" [50], and Si-CH; groups at
684 cm™! [49]. These peaks provide valuable distinct fin-
gerprints to comprehend the molecular characteristics of
MSQ aerogels. Vibrational modes and scattering proper-
ties of MSQ aerogels have been altered by SDS, resulting
in a stronger disordering within the silica framework, an
increase in Raman vibrational peaks, and the induction of
gelation leading to a more organized silica framework. Also,
indirectly, SDS increases the crystallinity in MSQ aerogels,
resulting in intensified Raman scattering and peak inten-
sities. In Fig. 6¢, characteristic peaks of 10 and 30 wt%
MSQ aerogel blankets are revealed, which offer significant
insights into the molecular structure and composition of the
materials. As the content of MSQ aerogels increases in the
composite material, significant changes are observed in the
Raman spectra. Specifically in Fig. 6d, peaks at 745, 1069,
1299 and 1441 cm™! are no longer detected while remain-
ing peaks are weakened. The loss of these specific peaks
can be attributed to several factors, such as the increase in
MSQ aerogel content within the composite while maintain-
ing the ceramic blanket’s constant weight leading to the
double peaks weakening in Raman spectra. Moreover, the
higher MSQ content results in a greater and thicker coat-
ing on the ceramic blanket, potentially causing the peaks to
become disguised, thereby reducing their exposure to the
laser. Consequently, changes in the Raman spectra suggest
alterations in the composite’s crystallinity and interactions
between MSQ aerogels and the ceramic blanket.

XRD analysis of MSQ and MSQ + SDS aerogels are
shown in Fig. 7a, revealing two broad peaks. the corre-
sponding functional groups, Si~-CH; and Si—O-Si, are char-
acterized by peaks at 9 and 22°. The presence of Si—CH;4
groups contributes to the peak at 9° suggesting specific
silica attached by alkyl groups. In addition, the peak at 22°
relates to the Si—O-Si group’s presence of alignment within
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Fig. 6 Raman Spectroscopy of the a, b MSQ+ SDS aerogel and ¢, d MSQ aerogel blanket

the MSQ aerogel. Moreover, SDS addition has led to an
intensification of these peaks, indicating a higher degree of
order due to the interaction between the anionic surfactant
and the MSQ aerogels functional groups, advancing a more
organized configuration. SDS likely altered the nucleation
and growth of silica particles during the synthesis, poten-
tially promoting the formation of more structured segments.
The XRD pattern highlights significant peaks at 9 and 22°
of diffraction angle, results consistent with those reported
in the literature [54—57]. Note that comprehensive analyses

by complementary characterization techniques like Raman
spectroscopy and SEM are needed to fully understand the
specific implications of the observed XRD peaks and the
effects of SDS addition on the crystallinity of the aerogels.
In this study, all three approaches are in good agreement. In
Fig. 7b, one containing 10 and 30 wt% MSQ aerogel ceramic
blankets, XRD analysis was performed. The material with
lower MSQ content exhibits a lower peak intensity at 9° and
higher peak intensity at 25°. These alterations suggest that
the composite ceramic blanket’s composition has altered the
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Fig.7 XRD patterns of a, b MSQ and MSQ + SDS aerogels and ¢, d 10, 30 wt% MSQ aerogel blankets

materials’ crystalline properties. The material with higher
MSQ content has a higher crystalline content, which could
lead to more well-defined crystal regions, resulting in higher
peak intensities at 9 and 25° [48]. Conversely, the mate-
rial with lower MSQ content may have a preferred crys-
tal orientation induced by the composite, aligning more
favorably with the incident X-rays at 25°, thus resulting in
a higher peak intensity at that angle. Also, the 9° peak in

20 nm

Fig.8 TEM images of a MSQ and b MSQ + SDS aerogel
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the XRD analysis establishes a contextual correlation with
the increasing MSQ content, implying the increase of the
Si-CH; group. This association is further confirmed by the
increased prominence of this peak in the XRD analysis,
which in turn is further validated by the increased presence
of MSQ aerogel.

Alterations in aerogels particle size resulting from SDS
are visually represented in Fig. 8, demonstrating how the
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material’s microstructure has been impacted. This study
observed distinct silica spherical structure characteristics
of MSQ aerogels [58]. TEM images revealed an enhanced
interconnected network and reduced void spaces between
structural entities observed for MSQ-SDS aerogel. In con-
trast to Fig. 8a, i.e., the MSQ aerogel, the presence of the
surfactant slightly increased the particle size in Fig. 8b,
i.e., the MSQ + SDS aerogel. In Fig. 8b, SDS increased
aggregation as a result of higher particle size. This result
can be confirmed with BET analysis. In the literature,
larger particles have lower surface areas due to less nitro-
gen (N,) exposure, decreasing the surface area while
aggregating and reducing the overall accessible surface
area [59]. MSQ aerogels’ BET results are shown in Table 2
and coupled with TEM images.

The thermal conductivity of insulation blankets is affected
by differences in bulk densities. These insulating materials
between fibers consist of air pockets, affected by external
pressure and chemical interactions, resulting in volume
reduction causing undesired bulk density increases. Depend-
ing on the manufacturing process of ceramic insulation blan-
kets, various by-products (small particles) might be present
between blanket fibers. These by-products can be removed
from the structure by dusting when external pressure is
applied and solvent exchange with the sol-gel technique used
to obtain aerogel blankets. In the solvent exchange process,
solvents cause fiber reorientation with a slight increase in
volume [36]. In this study, the 5 and 10 wt% MSQ aerogel
composite blankets bulk density is lower than the pristine
ceramic blanket. This fact is related to the lower bulk den-
sity of MSQ aerogels in comparison to the pristine blanket
and lower MSQ aerogel content in the composite. Note that
these results are also confirmed in the literature [41]. After
all, 15 wt% or more of MSQ silica aerogel in the composite
blanket, followed by a volume shrinkage, leads to a bulk
density increase. Figure 9 displays the bulk densities of the
MSQ aerogel substance in the ceramic blanket. However,
density values are essential for the determination of thermal
conductivity values. The resulting volume shrinkage tends to
affect the porosity and thermal conductivity performance. As
the MSQ aerogel structures grow and fibers come together,
the resulting volume shrinkage can also be confirmed in the
inset in Fig. 9.

The thermal properties of the samples were measured
using the Hot Disk plane source device. The device has a
plane heat source. Thermal properties of a material (such
as the heat transmission coefficient, thermal conductiv-
ity, and heat capacity) can be measured quickly using the
time-dependent (transient) method. Consistent results
were obtained by taking measurements twice, both from
the top and bottom sides of the composite samples, shown
in Table 3. MSQ aerogels’ thermal conductivity ranges
from 0.018 [27] to 0.164 Wm~! K~! [60]. MSQ aerogels
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Table3 The thermal performance of studied aerogel and aerogel
blanket samples

Sample Thermal Experimental  Porosity
Conductiv-  Density (%)
ityr%( (g/em®)

Pristine ceramic blanket 0.120 0.128 92.39

5 wt% MSQ ceramic 0.085 0.119 92.47

blanket

10 wt% MSQ ceramic 0.1185 0.122 95.20

blanket

15 wt% MSQ ceramic 0.114 0.190 92.08

blanket

20 wt% MSQ ceramic 0.1155 0.240 90.60

blanket

25 wt% MSQ ceramic 0.1425 0.281 87.12

blanket

30 wt% MSQ ceramic 0.096 0.350 81.64

blanket

MSQ Aerogel 0.099 0.092 93.84

obtained in this study show a thermal conductivity of 0.099
Wm~! K™, consistent with results in the literature.

Note that the pristine blanket in this study exhibits a rela-
tively high thermal conductivity in contrast to many other
blankets used in the literature [7, 61-63]. However, aero-
space applications typically include a number of require-
ments. For insulation materials developed for engine and
avionic regions of aircrafts, standards for these properties
exist. Both standards and required properties were provided
in Sect. 1. For the purpose of fulfilling all requirements
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ceramic fibers were chosen in contrast to fiberglass which
excels primarily in the thermal conductivity performance.

In general, adding aerogels decreases the thermal con-
ductivity in comparison to the pristine blanket due to the
porous structure. The 5 wt% sample has the lowest density
(0.119 g/cm?) and the lowest thermal conductivity among
the composite materials. The increase in aerogel content up
to 30 wt% results in a matrix where almost every region is
covered with aerogel. Hence, the thermal conductivity has
decreased significantly in samples with 30 wt% fillers. The
structure changed from a fibrous matrix to an almost dense
aerogel matrix [60].

In thermal conductivity measurements, the specific tem-
perature used with these devices can vary depending on the
material being studied and research objectives. Each method
has its temperature range suitable for obtaining accurate
measurements. For example, the Steady Hot Plate Appa-
ratus, Transient Hot Plane Method, Laser Flash Apparatus,
and Heat Flow Meter can be operated within specific tem-
perature ranges based on their design and capabilities. The
temperature range selection depends on factors such as the
thermal properties of the material, expected temperature
conditions in research, and sensitivity and accuracy require-
ments of measurements. Also, the choice of conducting ther-
mal conductivity measurements at room temperature instead
of higher temperatures can be prompted by various factors.
Firstly, aerogel blankets are often studied at room tempera-
ture because it represents a common and standardized ref-
erence point for comparison across different studies. Using
room temperature for researchers can establish consistent
and comparable results, making it easier to evaluate and

a)
1004 =
95 —
90 —
= -
S 85
-
"E[) 4
5 80 \
= ; \
\
75 1
S~—
- ——
70 —— MSQ Aerogel
b Pristine Ceramic Blanket
65 — 5 wt.% MSQ Ceramic Blanket
| 10wt.% MSQ Ceramic Blanket
—— 15 wt.% MSQ Ceramic Blanket
60I'I'I'I'I'I'I'I'I

b)
100
95 -
90 —
= -
S 85+
-
"go -
'g 80
75 1
70 —— MSQ Aerogel
Pristine Ceramic Blanket
65 ———20 wt.% MSQ Ceramic Blanket
i 25 wt.% MSQ Ceramic Blanket
—— 30 wt.% MSQ Ceramic Blanket
60I'I'I'I'I'I'I'I'I

0 100 200 300 400 500 600 700 800
Temperature (°C)

validate the thermal properties of aerogel blankets. However,
it is important to note that higher temperature measurements
are not entirely disregarded in aerogel blankets. In some
cases, researchers perform measurements at elevated tem-
peratures to investigate the temperature-dependent behavior
of aerogels [64, 65]. These studies aim to understand how
the thermal conductivity of aerogels changes as tempera-
ture increases, which can be helpful in specific applications
or thermal management scenarios. In summary, the focus
on room temperature measurements for aerogel blankets is
often determined by the need for standardized comparison
and consistency in research and industry. However, higher
temperature measurements are also conducted in specific
studies to explore temperature-dependent behavior. In addi-
tion, within the framework of this study, aerospace applica-
tions are focused on. For insulation of avionics 71 °C is
the upper boundary of the allowed operational temperature
(RTCA DO-160G), which also contributed to the decision
to perform measurements at lower temperatures.

Note that thermal conductivity results were obtained by
the TPS method (derivative). Compared with studies in the
literature, the results are 30-140% higher than steady-state
(absolute) measurements [65] since higher temperatures
are taken into account due to the experimental regime of
30-199 °C. Hence, direct comparison is quite difficult since
measurements are often taken at room temperature [8].

TGA curves of silica aerogel and ceramic aerogel blan-
kets synthesized utilizing an MTMS precursor were used
to analyze the thermal stability and are shown in Fig. 10.
It was observed that the thermal degradation processes of
MSQ aerogel and its composites consisted of three steps.

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 10 TGA of a MSQ aerogel, ceramic blanket, and MSQ ceramic blanket (5-15 wt%), b MSQ aerogel, ceramic blanket, and MSQ ceramic

blanket (20-30 wt%)
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Removing the water, solvent residues, and precursor mol-
ecules on the material surface caused a slight mass loss of
up to 150 °C. Almost no significant degradation behavior
is observed up to 400 °C. The second mass loss starts at
400 °C and reaches up to 600 °C due to the decomposi-
tion of organic groups in the MSQ aerogel structure [45]. It
can be interpreted as an indication of loss of the hydroxyl
(— OH) and aliphatic (— CHj;) silica end groups. The third
degradation step lies above 500 °C, where organic structures
are entirely decomposed [61]. Eventually, 82.5 wt% of the
MSQ aerogels with remained intact at 800 °C, showing that
the obtained material had high thermal stability.

The Ts4 (temperature of 5% weight loss) and residual
weight data obtained from Fig. 10a, b are given in Table 4.
These two critical parameters are often analyzed in TGA,
Tys¢, and total residual weight. The Ts, value provides
information about the material’s thermal stability. Generally,
a higher T 54 value suggests better resistance to thermal deg-
radation since the material can withstand higher tempera-
tures. Residual weight implies the remaining weight % of the
material after complete thermal degradation. It represents
the remaining material that does not undergo significant
weight loss during heating [66]. The T s, temperatures opti-
mum results are 566.97 °C for the MSQ aerogel, 702.19 °C
for the 10 wt% MSQ ceramic blanket and 415.99 °C for
the 15 wt% MSQ ceramic blanket which suggests excellent
thermal stability, while the pristine ceramic blanket does not
show any deterioration. The residual weight typically con-
sists of inorganic components after the organic components
have been volatilized or decomposed. Hence, the ash forma-
tion amount increased as the aerogel’s MTMS concentration
increased due to the additional silica presence. The pres-
ence of aerogel acts as a heat barrier within the insulating
material. In addition, aerogel has a maximum service tem-
perature, and its thermal performance and stability decrease
above this temperature. Based on this, a careful interpre-
tation of Fig. 10; Table 4 reveals a correlation between
aerogel amount and increased ash content. The thermal

Table 4 Thermal performance of the samples in TGA given with the
Tyso and residual weight

Samples Tysq Residual
°O) Weight
MSQ Aerogel 566.97 82.588
Pristine ceramic blanket
5 wt% MSQ ceramic blanket 371.49 81.695
10 wt% MSQ ceramic blanket 702.19 94.902
15 wt% MSQ ceramic blanket 415.99 72.615
20 wt% MSQ ceramic blanket 401.15 80.339
25 wt% MSQ ceramic blanket 394.56 73.663
30 wt% MSQ ceramic blanket 371.09 67.087

conductivity of the materials can yield a plausible mecha-
nism. The ceramic blanket has a higher thermal conductivity
than the other materials, as presented in Table 3. Moreo-
ver, the 10 wt% MSQ composition has reached an optimum
point regarding the aerogel composite’s overall properties,
improved stability, and reduced mass loss. This composition
may balance the ceramic content and the network structure,
leading to enhanced thermal stability since the presence of
CHj; groups in the aerogel structure introduces weaker van
der Waals forces compared to stronger covalent bonds in
Si—C, Si-0, and Si—O-Si. Thus, this weaker bonding in CH;
groups can increase molecular mobility and thermal deg-
radation vulnerability. Consequently, aerogel blankets with
higher concentrations of CH; groups may exhibit higher
mass loss during TGA analysis, as these bonds are more
prone to breaking under thermal stress.

Furthermore, higher concentrations (15, 20, 25, and 30
wt%) may lead to excessive aerogel, negatively impacting
the overall structural integrity and increasing mass loss
during thermal degradation. Thus, increasing temperatures
accelerate the deterioration of insulation blankets and ther-
mal stability by applying heat to aerogel structures in fibers
and transmitting the heat from additional points. Hence, it
can be assumed that the presence of — CHj; organic struc-
tures in the aerogel deteriorates at increasing temperatures.
Thus, resulting gases accelerate the combustion reaction by
contributing and accelerating the combustion reaction and
increasing it cumulatively. These results are consistent with
data reported in the literature [67].

A simultaneous TGA-FTIR analysis presented in Fig. 11
was conducted to investigate the thermal decomposition
mechanism of the MSQ aerogel with composite materi-
als. Figure 11a shows FTIR spectra of MSQ aerogel gas
samples at temperatures of 334, 411, 596, and 723 °C cor-
responding to 32.4,41.1, 54.7, and 70.4 min during the deg-
radation. Water, methane, silane, and carbon dioxide gases
were formed through pyrolysis of the samples by reacting
with volatile gases during thermal degradation [46]. At
32.4 min at a temperature of 334 °C, moisture and organic
solvent peaks were observed in the spectrum, yielding char-
acteristic peaks at 1293 and 2000 cm™~! [68]. Similarly, at
41.1 min, continuous heating at 411 °C showed a weak peak
at 3200 cm™! because of C—H, indicating aliphatic group
deterioration. Moreover, at 596—723 °C the most distinctive
peak is observed at 750 cm™' and is related to CO, gener-
ated by combustion reactions. Possible deteriorated groups
are due to C-H and Si—CH groups. In total, MSQ aerogels
weight loss is approximately 17.5 wt%. FTIR spectra of gas
samples obtained during the 10 wt% MSQ aerogel-blanket
composite degradation is presented in Fig. 11b. The scan at
11.4 min and 128 °C showed peaks that might occur due to
small unreacted oligomers remaining from the synthesis.
Many various peaks were observed because of the release
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Fig. 11 TGA-FTIR analysis spectra of a MSQ aerogel, b the 10 wt% MSQ aerogel blanket and the ¢ 30 wt% MSQ aerogel blanket

of hydrogen from small oligomers during combustion reac-
tions. Strong characteristic peaks around 2300-2200 cm™!
were due to the formation of CO, and the solvent’s degrada-
tion [46, 68]. At 65.9 min and 634 °C, asymmetric Si—-O-Si
vibrations corresponding to 1120 cm™! reveal the maxi-
mum intensity of Si-O-Si. Afterward, a significant peak for
increasing temperatures implies that combustion reactions
have reached an equilibrium and are slowing down [69, 70].
The overall 10 wt% MSQ aerogels blankets weight loss was
about 5.1%. Furthermore, in Fig. 11c, spectra obtained dur-
ing the 30 wt% MSQ aerogel-blanket composite degrada-
tion are presented. At 30.9 min, a Si—~O-C peak appears at
820 cm™!, which indicates the resulting thermal degradation
[71]. Also, distinctive and intense peaks were observed at
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1100 cm™" corresponding to Si—O-Si asymmetric vibrations
starting at a temperature of 524 °C while methane peaks
were revealed at 1300 cm™' and intensified, being present
until 766 °C. The effect of increasing temperature, inert
atmosphere, and side groups form methane. Such particular
reactions usually happen toward the end of the experiment
[68, 69]. In addition, methane-induced combustion peaks
at 1300 cm™! and Si—O-Si asymmetrical absorption peaks
at 1100 cm™! were observed at 75.1 min. Also, the specific
peak of Si—-O—C was revealed at 820 cm™'. Unlike both
previous figures, the intensity of the peaks obtained here is
relatively high. The reason for this situation can be evalu-
ated as the spread of the combustion reaction to the inner
layers of the aerogel insulation blanket. Thus, volatile gases
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accelerate the degradation of siloxane structures by feed-
ing remaining CH; groups with inner layers [45]. For this
reason, the remaining mass had the highest final weight loss
with 32.91%.

The mechanical performance of the samples was evalu-
ated with tensile and three-point bending tests concerning
the amount of MSQ content in the aerogel in the synthe-
sized composites. Results from the tensile test are given
in Fig. 12, while three-point bending tests are depicted in
Fig. 13. Maintaining the structures’ integrity under exter-
nal forces for the MSQ aerogel insulation blankets with
various MTMS ratios is crucial. Aerogel showed very brit-
tle characteristics with low mechanical strength due to its
morphology and nanostructure. Due to aerogels’ porous
and open-cell nature, it is very brittle and fragile to sustain
external pressure. Moreover, the pristine ceramic blanket
did not show a yield point and started disintegration from
the beginning of the test. Aerogel-ceramic blanket compos-
ites, however, showed measurable and promising mechanical
properties. The tensile test showed a linear region, where
the composites only go through elastic deformation up to
the yield point, increasing as the strain increases. The maxi-
mum tensile stress of aerogel blankets with 5, 10, 15, 20,
25, and 30 wt% additives are 5.62, 9.89, 7.14, 14.89, 14.34,
and 22.90 MPa, respectively. The tensile stress graph (inset
of Fig. 12) indicates that the 5 wt% MSQ ceramic blanket
material shows a three-stage degradation curve: (I) elastic
behavior, (I) covers propagation of various failure modes
including matrix cracking, (III) delamination and friction
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Fig. 12 Tensile stress-strain curves for pristine and MSQ aerogel-
coated ceramic blankets
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Fig. 13 Flexural stress-strain curves in three-point loading tests for
MSQ ceramic blankets

slip zone. At the end of stage I, the deformation and crack
formation started. However, the aerogel blanket could still
carry the tensile strength until delamination started, after
which the carrying capacity gradually decreased, and even-
tually, a rupture occurred. The tensile stress of MSQ aerogel
silica blankets and the mechanical performance increased
with increasing MTMS content while the elongation values
decreased. They also filled the gaps in the ceramic fibrous
matrix and connected the fibers, thus, increasing the rigidity
of composites.

The three-point bending test was conducted to determine
the flexibility of the aerogel blanket, and the results are
shown in Fig. 13. Pristine and composite samples loaded
with less than 15 wt% MSQ aerogel did not provide enough
strength in the flexure testing setup [27]. The yield strengths
of the aerogel blankets from the highest to the lowest were
84.32, 68.14, 33.67, and 15.34 MPa for the 30, 25, 20, and
15 wt% MSQ aerogel loaded blankets, respectively. The
matrix provides flexibility for requirements in relevant aero-
space applications. Thanks to the structure of the fibers, it
provides macro flexibility, performance, and compatibility
with the environment, which is needed when processing
or installing the insulation product on potential aerospace
platforms. As the weight of silica aerogel in the insulation
blanket increases, the flexural modulus gradually increases;
thus, the rigidity increases. It also indicates that silica aero-
gel restricts the movement of fibers in the matrix under
stress direction. Overall, the strain capacities of the samples
were close to each other. The total flexural stress develops
significantly as the aerogel increases within the insulation

@ Springer



332 Journal of Porous Materials (2024) 31:317-334
2) ‘ b) — ©) -" L) - 1200 - —8— Pristine Blanket
Pristine Ceramic Blanket S . 18% ) 15% ) —@— 5wt.% MSQ Blanket
6=0° 0=91.06 0=109.51 0=115.27° J . lOWt% MSQ Blanket
15wt.% MSQ Blanket
1000 4 —@—20wt.% MSQ Blanket
| 25wt.% MSQ Blanket
¢ 20% f) 25% 2 30% h) MSQAecrogel &y —P—30wt.% MSQ Blanket
0=135.14° 0=139.41° 0=145.32° E 800 —
~
| ]
-’
o
£ 600 -
m -
Z
Fig. 14 Water contact angle on the surface for a the pristine ceramic = 400 -
blanket and b 5 wt%, ¢ 10 wt%, d 15 wt%, e 20 wt%, f 25 wt%, g 30 ]
wt% MSQ aerogel blankets as well as h MSQ aerogel
200 -
blanket. Moreover, fibers get too close to each other and 0 —777

improve rigidity. When the samples reach the failure point,
fluctuations happen, and the samples’ structural integrity
is lost. Remarkably, similar results were also found in the
literature [23].

Hydrophobic properties of materials primarily result from
their physical and chemical properties. The physical hydro-
phobicity originates from void defects inside the micro-
structure, while the chemical characteristic comes from the
— CH; methyl functional group, which interacts with water
[61]. Contact angle measurements were performed, and the
results are presented in Fig. 14. Hydrophobicity samples
were characterized by measuring the contact angle (0) of a
water droplet (5 pl). According to the literature, surfaces of
aerogels and composites obtained from MTMS precursors
are expected to be hydrophobic. This is due to the MTMS
precursor’s chemical structure with trifunctional methyl
groups. Due to these groups present in the precursors, the
composite materials are hydrophobic without any post-treat-
ment or specific surface modification steps. In Fig. 14a, the
pristine ceramic blanket does not show any water contact
angle and simultaneously absorbs the water droplet. SEM
results depicted in Fig. 2c show that pristine ceramic blan-
kets microstructure is spacious between fiber structures and
support this observation. Furthermore, these results agree
with the observations presented in FTIR results. Remark-
ably, MSQ aerogel gives a 145.32° typical water droplet on
the surface contact angle, indicating that it is superhydro-
phobic, as shown in Fig. 14h. When these results are exam-
ined together, the results correlate with the water contact
angle of the insulation blanket (Fig. 14b—g) obtained by
increasing the addition of MSQ in the aerogel developing
hydrophobicity [25, 47].

The effect of air permeability of the synthesized MSQ
aerogel insulation blankets was investigated. Results are pre-
sented in Fig. 15. We can consider the air permeability test
under two aspects: surface area and mechanical properties
(flexibility). Composites may have low-medium (for aerogel

@ Springer
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Fig. 15 Air permeability of pristine and MSQ-coated blankets is
given as flow rate at various pressure ranges

amounts of 5-15 wt%) or high surface areas (for aerogel
amounts of 20-30 wt%), respectively [72, 73]. In the first
case, the air permeability decreased significantly compared
to the pristine ceramic blanket, which is the most flexible
material compared with the MSQ aerogel blankets (5-15
wt%) since aerogels form a new layer. This layer did not pre-
viously exist in the pristine ceramic blanket, as confirmed by
SEM and BET results presented in Fig. 2; Table 2, respec-
tively. Due to the layers’ indented and protruding internal
structure, it inhibited traversing air molecules. Therefore, air
permeability was significantly reduced in all three samples
(5-15 wt%). Both surface area and flexibility are two crucial
conditions for attaining low air permeability values meas-
ured, especially for 5-10 wt% of the composites. Moreover,
20 wt% MSQ blanket values confirm the air permeability
performance since, in this case, an important phenomenon
is taking place. At altering air pressures, the material’s air
permeability performance also fluctuates. Between 200 and
500 Pa, the material shows nearly close but high air perme-
ability compared to the pristine ceramic blanket, but less
air passed among 500-800 Pa. Considering this situation,
aerogel particles in the composite material fall over from
the structure because of the pressured airflow, which results
in lowered air permeability at increasing pressures. Corre-
spondingly, missing aerogel indirectly declines surface area.
Subsequently, for 25-30 wt% MSQ blankets, the air perme-
ability increases significantly due to the rigidity and high
surface area. High rigidity presents a low damping ability.
Increased surface area leads to an enhanced layered intercon-
nected structure resulting in less free space and gaps in the
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matrix forcing air molecules to pass more rapidly through
the material. Thus, air permeability increases significantly.

4 Conclusion

In this manuscript, MSQ silica aerogel blankets were syn-
thesized in situ on an alumina ceramic insulation blanket
using an anionic surfactant (SDS) with the acid-base sol-gel
process followed by drying at ambient pressure. With the
addition of SDS, the electrostatic and hydrophobic attrac-
tion in aerogel was developed, resulting in better interac-
tion between fiber and aerogel. Characteristics of insulation
blankets differ from each other with dip-coating of various
weights of MSQ aerogel. Results show that the multifunc-
tional properties of aerogel blankets, including mechanical
and thermal performances, affect the aerogel weight proper-
ties, which are also affected by application areas. As a result,
two different multifunctional structures were obtained. As
a first type, blankets with low thermal conductivity and dif-
fusion were combined with the lowest density values (5-10
wt%). Considering the aerogel insulation blanket in SEM
results, the gap between fibers of the pristine ceramic blanket
decreased gradually with the addition of MSQ aerogel. This
way, the thermal conductivity decreased (0.12 to 0.094 W/
mK). While achieving these results, it was crucial not to
increase the density (pristine ceramic blanket 0.1280 g/cm?,
5-10 wt% MSQ ceramic blanket 0.119 and 0.122 g/cm3) as
the mechanical properties (tensile stress 9.89 MPa) were also
enhanced. Also, these samples are pretty flexible and have a
moderately graded hydrophobic surface character (91.06 to
109.51°). The lowest air permeability was obtained among
these samples in which flexural stress increased gradually
for 15-30 wt% insulation blankets; these samples are also
much more rigid. Furthermore, pristine ceramic insulation
blankets are initially hydrophilic and turn superhydrophobic
due to the water contact angle being 139.41°. Thus, these
materials can be classified as structures with a high poten-
tial for various applications on aerospace platforms. Note
that these materials might be flame retardant which can be
expected due to the presented TGA results. A simple clas-
sification would require UL 94 tests. However, aerospace
applications require additional sophisticated tests and analy-
ses, which might pave the way for further research. In this
regard, studying the effects of the SDS amount on thermal
conductivity is also relevant. Distinct peaks at 9 and 22°
were established through XRD analysis, aligning with the
Si-CHj; and Si-O-Si functional groups in the MSQ aerogel.
The introduction of SDS increased these peaks, signifying
an elevated organization of functional groups within the
aerogel’s structure. This intensification results in correla-
tion and complementarity in Raman and TEM analyses. In
addition, the SEM cross-section of the sample confirms the

comprehensive integration of aerogel across the material and
immersion from the surface to the inner sections. Besides,
Raman and FTIR results indicate no solvent traces peaks
in the study, likely attributed to the material’s considerable
thickness and confirmed convenient drying at 150 °C. In
addition, both presented compositions can be used depend-
ing on the field of application, as the production is easy to
modify and open to scale-up, which is essential for serial
procedures in various sectors like the aerospace industry.
Furthermore, there is no production limitation, such as
supercritical drying.
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