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crostructure evolution, and
thermal insulation properties of Si3N4/silica aerogel
composites at high temperatures

Haixia Yang *a and Feng Yeb

Insights into themicro-texture, micro-morphology, and pore structure of Si3N4/SiO2 aerogel composites at

high temperatures are presented. At high heat treatment temperatures, the silica aerogel inside the

composite material gradually crystallised, and the fusion of micropores caused the decrease of pores

and the increase of pore size. Compared with the pure SiO2 aerogel, Si3N4 particles embedded in the

nano-network structure provided effective support and hindered the aerogel crystallisation at high

temperatures. To reduce the radiative thermal conductivity, Si3N4/silica aerogel composites were doped

with the opacifier TiO2. At higher TiO2 content, the thermal diffusivity and thermal conductivity of the

composites decreased more slowly below 800 �C, and substantially above 1000 �C. For TiO2 20 wt%,

the measured dielectric constant was 2.85, and the thermal conductivity of the composite decreased by

approximately 35% (at 1300 �C). The results show that an appropriate TiO2 content improved the thermal

insulation performance of the composite, but damaged the wave permeability, whereas high contents

were unfavourable. This study provides theoretical and technical support for the preparation and

application of high temperature wave permeable insulation materials.
Introduction

The continuous hypersonic vehicle renewal and ight Mach
number increase led to the wave-permeable component bearing
higher temperatures and heat ows to tackle the aerodynamic
heat generated by the intense air compression and friction. To
ensure a regular communication of the aircra, the requisites of
integrated materials are high temperature resistance, heat
insulation, and wave permeability. The recently investigated
porous ceramic wave-permeable materials Si3N4,1–3 SiAlON,4

and Si3N4/Si2N2O (ref. 5) are characterized by lower dielectric
constant and dielectric loss, and higher solid-phase thermal
conductivity compared with dense wave-permeable ceramics.
Nevertheless, due to the synthesis limitations, the larger pore
size (mm) than the mean free path of air (�69 nm) hinders the
heat-ow-transfer suppression, resulting in a limited heat
insulation performance. Owing to its unique nano-network
structure, SiO2 aerogel features low density (0.03–0.5 g cm�3),
high porosity (80–99.8%), low thermal conductivity (0.005–
0.1 W m�1 K�1), low dielectric constant (1–2), and low dielectric
loss (loss Angle tangent 10�1 to 10�3).6–8 The excellent heat
insulation and wave permeability allow its exploitation as the
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sandwich structure material of wave permeability components,
as extensively reported in the aerospace eld literature.

Low density and efficient heat insulation require improved
SiO2 aerogel porosity, whereas the constant decrease of solid
content reduces its mechanical properties. As an example, pure
SiO2 aerogel with a density of 0.13 g cm�3 is damaged under
0.031 MPa pressure;9 moreover, its ultra-low mechanical
strength accelerates fracturing and hampers applications
requiring complete-block structures. Themechanical properties
of SiO2 aerogel materials are remarkably enhanced by the
addition of polymers with certain mechanical strength.10–12

However, the operating temperature of organic-polymer-
reinforced SiO2 aerogel composites (#1000 �C) is limited by
the pyrolysis temperature of the organic functional groups. To
improve the separation between SiO2 aerogel and bre, SiO2

aerogel composite materials were prepared with reinforcing
nanobers with small diameter, including cellulose, carbon,
polyurethane, polyaniline, and SiO2 nanobers.13–21 However,
the preparation and dispersion of nanobers contribute to the
SiO2-aerogel-composite synthesis complexity, with most of the
drying process still requiring expensive supercritical drying.
Moreover, systematic studies on the transmittance of nano-bre
reinforced SiO2 aerogel are absent.

The excellent thermal insulation performance of SiO2 aer-
ogel arises from the nano-network structure formed by the
amorphous nanoparticle inter-connection. However, amor-
phous SiO2 crystallizes at high temperatures, leading to
structural damages and thermal insulation performance
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01336c&domain=pdf&date_stamp=2022-04-21
http://orcid.org/0000-0001-9536-471X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01336c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012019


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
1:

34
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
degradation. The sintering of pure SiO2 aerogel above 800 �C
affects the heat insulation performance.22 Research efforts
focus on improving the mechanical properties and high
temperature resistance of SiO2 aerogel to promote its practical
applications as high temperature resistant, heat insulator and
wave permeability integrated material. Particularly, extensive
research aimed at improving SiO2 aerogel thermal stability. As
an example, powders and sol precursors, including Al2O3,
TiO2, and ZrO2, and SiO2 aerogel composites are used to
obtain composite materials with service temperature
increased to 1000–1100 �C.23–25 However, the high dielectric
constant of these reinforcing materials reduces the wave
permeability of the SiO2 aerogel composites, hampering their
applications in the eld of wave permeability. Therefore, the
selection of the appropriate means and reinforcement mate-
rials is crucial to improve the SiO2 aerogel heat-resistance-
temperature and realize the integration of wave permeability
and heat insulation function.

Solid phase merger and pore structure collapse during SiO2

aerogel sintering are detrimental for the thermal insulation
performance. In the sintering process of SiO2 aerogel reported
by Jean et al.,26 solid phase merger and pore collapse occurred
sequentially. The SiO2 aerogel high surface energy leads to facile
sintering in high temperature environment, resulting in the
aerogel pore-structure-collapse and heat insulation perfor-
mance shrinkage. Therefore, the high-temperature resistance of
SiO2 aerogel should be improved from the perspective of anti-
sintering. The network structure retain should be combined
with the SiO2-aerogel-particle-crystallization inhibition. There-
fore, appropriate methods improving the thermal stability of
SiO2 aerogel allow complying with the higher temperature
requirements.

Owing to the Si3N4 excellent temperature resistance and
dielectric properties, Si3N4 particles were used as reinforce-
ment, and sol–gel method and atmospheric drying process
were used to prepare Si3N4/SiO2 aerogel composite mate-
rials,27 resulting in good heat insulation performance and
wave permeability. This paper reports the insights into the
phase composition and microstructure of Si3N4/SiO2 aerogel
composites at high temperatures. Concurrently, TiO2 was
used as sunshade to improve the high-temperature heat
insulation performance of the composite materials, providing
theoretical and technical support for the preparation and
application of high-temperature wave-permeable heat insu-
lation materials.
Experimental procedure
Materials and chemicals

Tetraethoxysilane (98%, AR), ethanol (99%, AR), oxalic acid,
isopropanol, polyacrylic acid (LR), N,N-dimethylformamide
(DMF), n-hexane, ammonia (30%, AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. Si3N4 powders
(98%, d ¼ 0.5 mm) were purchased from UBE Co., Ltd., Japan.
TiO2 powders (99%, d ¼ 0.5 mm) were purchased from Sino-
pharm Chemical Reagent Co., Ltd., China.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Preparation process

The schematic diagram of the sample preparation process is
shown in Fig. 1. Tetraethoxysilane was rst dissolved in ethanol
(molar ratio 1 : 8), and water and oxalic acid solution were
subsequently added (with tetraethoxysilane : water : oxalic acid
solution molar ratio equal to 1 : 3 : 1 � 10�3), with magnetic
stirring for 48 h. Water, N,N-dimethylformamide and ammonia
(the molar ratio of tetraethoxysilane to it is 1 : 1 : 1 : 1 � 10�2)
were then added to obtain the silica sol. Aerwards, a certain
volume fraction of Si3N4 powder was added to the silica sol
system (5, 10, 15, and 20 vol%), with polyacrylic acid (PAA) used
as a dispersant according to the mass ratio polyacrylic acid-
: powder Si3N4 ¼ 1 : 100. Aer stirring evenly, the obtained gel
was poured it into a mixing tank with Si3N4 balls for wet mixing;
aer 12 hours, a gel composite containing Si3N4 powder was
obtained. As a comparison, TiO2 powder 5 wt%, 10 wt%,
15 wt%, and 20 wt%was added to the sol composite system with
10 vol% of Si3N4. The same process was adopted for the wet
mixing. Aer demoulding, the wet gel composite was placed in
an ethanol/water mixture (with volume ratio 7 : 3), ethyl
orthosilicate/ethanol mixture (with volume ratio 7 : 3), iso-
propanol, isopropanol/n-hexane mixed solution, and n-hexane
with a volume ratio of 1 : 1, respectively aging for 24 h at 60 �C,
and slowly drying. The dried gel composite was nally heated in
an air oven at 200 �C for 2 h (heating rate 5 �C min�1) and then
heated at 700 �C for 2 h (heating rate 5 �C min�1) to obtain the
Si3N4/SiO2 aerogel composites and TiO2 containing composites.
The obtained samples were treated at 900 �C, 1100 �C, 1200 �C
and 1300 �C for 2 h with a heating rate of 5 �Cmin�1 to study the
high-temperature microstructure evolution and thermal insu-
lation properties of the materials.
Characterization

The crystalline phase of the material was identied by X-ray
diffraction analysis (XRD, Shimadzu XRD-7000S). The micro-
scopic morphology of the samples was characterised by scan-
ning electron microscopy (SEM, Helios Nanolab600i, FEI Co.,
Oregon, USA). Nitrogen adsorption isotherms were measured by
a gas adsorption analyser (Gemini VII 2390, Micrometics Co.,
USA) at 77 K. The specic surface area and pore size distribution
curves of the samples were calculated according to the Bru-
nauer–Emmett–Teller method and Barrett–Joiner–Halenda
model, respectively. The dielectric constant and loss tangent
were measured by test equipment (Model N5230A, Agilent
Technologies USA). The specic heat capacity (Cp, J g

�1 K�1) was
determined by a NETZSCH LFA427 apparatus (Selb, Germany).
The thermal diffusivity (a, mm2 s�1) in the through-plane
direction of the samples (diameter 12.6 mm, thickness 2 mm)
was measured with a NETZSCH LFA427 apparatus (Selb, Ger-
many) at a heating rate of 10 �C min�1. The thermal conduc-
tivity (l, W m�1 K�1) of the specimens was calculated from the
density r (cm3 g�1) from eqn (1):

l ¼ a � r � Cp (1)
RSC Adv., 2022, 12, 12226–12234 | 12227
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Fig. 1 Schematic image of the sample preparation process.
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Results and discussion
Micro-texture evolution of Si3N4/silica aerogels at high
temperatures

The XRD patterns of silica aerogels and Si3N4/silica aerogel
composites (Si3N4 5 vol%) aer heat treatment at different
temperatures are shown in Fig. 1. As shown in Fig. 2(a), the
silica aerogel is amorphous at 900 �C. When the temperature is
1100 �C, the crystal diffraction peak appears in the range of 20–
40�, indicating that the silica aerogel has partially crystallized.
Above 1200 �C, sharp diffraction peak with high intensity
appeared, indicating that silica aerogel had crystallized. The
XRD patterns of the composites treated at 700 �C for 2 h show
wide diffracted peaks in the 2q range 20–30�, indicating the
amorphous nature of the silica aerogel. At higher treatment
temperatures, the diffraction intensity of the bread-like broad
peak gradually increased, and the peak gradually became
sharper, indicating the progressive silica aerogel crystallization.
Aer the treatment at 1100 �C for 2 h, the diffraction peaks of
the composites retained the typical shape of amorphous
12228 | RSC Adv., 2022, 12, 12226–12234
species, with some narrowing indicating the gradual crystalli-
zation. Additionally, the diffraction peak intensity near 22� is
slightly higher than the relative intensity of pure Si3N4 diffrac-
tion peak at this position, reasonably due to the superimposi-
tion of the Si3N4 crystal and silica aerogel diffraction peaks.
Upon the treatment at 1300 �C for 2 h, most of the crystals
crystallized. The highest diffraction intensity was observed at 2q
¼ 21.6�, corresponding to the crystal plane (111), and the cor-
responding crystal structure was cristobalite. Therefore, the
heat treatment temperature increase led to a gradual crystalli-
zation of the silica aerogel in the composite, hampering its use
for a prolonged time at temperatures above 1300 �C.
Temperature effects on the micro-morphology of Si3N4/silica
aerogel composites

Photos and SEM images of samples before and aer heat
treatment at different temperatures are shown in Fig. 3. It can
be seen from the photo that the pure aerogel block was broken
aer heat treatment at 900 �C. With the increase of treatment
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of silica aerogels (a–d) and Si3N4/silica aerogel composites (e–h) heat-treated at different temperatures for 2 h: (a, e) 700 �C;
(b, f) 900 �C, (c, g) 1100 �C; (d, h) 1300 �C.
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temperature, aerogels gradually crystallized and became dark
hard blocks aer heat treatment at 1200 �C. By Si3N4 particle
reinforcement, the composites remained intact at 1300 �C
Fig. 3 Photos and SEM images of the silica aerogels heat-treated at di
1300 �C; and Si3N4/silica aerogel composites (with Si3N4 5 vol%) heat-tre
1200 �C, (k, l) 1300 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
without cracks. SEM images showed that the pure aerogel had
uniform nanoporous structure aer heat treatment at 900 �C
(Fig. 3(a)), and the pores disappeared aer treatment at 1100 �C
fferent temperatures for 2 h: (a) 900 �C, (b) 1100 �C, (c) 1200 �C, (d)
ated at different temperatures for 2 h: (e, f) 900 �C, (g, h) 1100 �C, (i, j)

RSC Adv., 2022, 12, 12226–12234 | 12229
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Table 1 Pore structure parameters of the composites heat-treated at
different temperatures. Thermal insulation performance of Si3N4/silica
aerogel composites at high temperatures

Temperature (�C) SBET (m2 g�1) Vtotal (cm
3 g�1) Dpeak (nm)

Unheated 178 0.478 19.3
700 160 0.433 26.3
900 104 0.302 64.0
1100 27 0.103 108.9
1200 22 0.056 161.3
1300 3 0.053 Multi-peak
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and above (Fig. 3(b)–(d)). Aer 2 h at 900 �C, the composite
network exhibited a uniform structure, and the internal particle
and pore size were in the order of tens of nanometres (Fig. 3(e)
and (f)). The low-power SEM images of the samples upon
increased processing temperature (1100 �C for 2 h) did not show
clear cracks in the aerogel, and the particles gradually
agglomerated and crystallized. The high-magnication image
comparison in Fig. 3(g) and (h) shows a reduction of the pores
and increase in the pore size due to the fusion of micropores,
with most of the pores still in the nanoscale size. At 1200 �C, the
size of the skeleton inside the composite increased, the number
of nanopores further decreased, and the micropores merged or
disappeared, forming larger size pores (Fig. 3(i) and (j)). Upon
2 h treatment at 1300 �C, most of the silica aerogels crystallized
and adhered to the surface of the Si3N4 particles (Fig. 3(k) and
(l)). The nanopores inside the aerogel mostly disappeared, and
limited small pores remained. Therefore, the morphology
analysis showed the considerable temperature inuence on the
microstructure of the Si3N4/silica aerogel composites: at
1300 �C, silica aerogel crystallization hinders the nanoporous
structure retention.
Temperature effects on the pore structure of Si3N4/silica
aerogel composites

The nitrogen adsorption isotherms and pore size distributions
of the Si3N4/silica aerogel composites (Si3N4 5 vol%) heat-
Fig. 4 (a) Nitrogen adsorption isotherms and (b) pore size distributio
temperatures.

12230 | RSC Adv., 2022, 12, 12226–12234
treated at different temperatures are shown in Fig. 4, and the
corresponding pore structure parameters are summarized in
Table 1. As can be seen from the Fig. 4(a), the unheated
composite exhibits typical class I–V curve adsorption isotherms,
indicating the presence of mesoporous structures. With the
increase of treatment temperature, the class I–V curve adsorp-
tion isotherm remained unchanged, denoting that the
composite retained nanoscale holes due to the support of Si3N4

particles, whereas the nitrogen adsorption amount decreased
gradually, indicating the quantitative reduction of internal
holes in the composite. At higher treatment temperatures, the
adsorption isotherm of the composite gradually showed the
multi-stage rise typical of a non-uniform pore size distribution.
The pore size distribution curve (Fig. 4(b)) shows the pore size
ns of the Si3N4/silica aerogel composites heat-treated at different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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distribution peak broadening and shiing toward the larger
pore size.

The specic surface area (SBET) and pore volume of the
composite material substantially decreased and the pore size
gradually increased at higher temperatures (Table 1). In our
study, the obtained pure silica aerogel has a high SBET of 790 m

2

g�1, a density of 0.14 g cm�3, and a gel particle size of 10–
20 nm.27 As reinforcement, the particle size of Si3N4 is 0.5 mm
and the density is 3.18 g cm�3. Due to the large particle size and
high density of Si3N4, the composite shows a low specic
surface area. The SBET of the untreated composite was 178 m2

g�1, decreased slightly to 160 m2 g�1 at 700 �C for 2 h, decreased
to 104 m2 g�1 at 900 �C, and nearly zero at 1300 �C. The
combination of the results of XRD (Fig. 2) and SEM (Fig. 3)
analyses shows that the aerogel gradually crystallized due to the
temperature increase, and the internal micropores collapsed,
causing the SBET decrease. Concurrently, the micropore SBET
Fig. 5 (a) Specific heat capacity, (b) thermal diffusivity, (c) thermal con
Dielectric properties of Si3N4/silica aerogel composites with different Ti

© 2022 The Author(s). Published by the Royal Society of Chemistry
decreased sharply at higher treatment temperatures, indicating
the decrease in number of micropores, consistently with the
SEM results. The pore structure resulting from the treatment
temperature increasing from 700 �C to 1200 �C showed
a predominance of nanopores, although a certain number of
macropores was still observed. Under the high temperature
environment, silica aerogel crystallises, with a crystallisation
degree related to the heat treatment time.

Specic heat capacity, thermal diffusivity, and thermal
conductivity of the Si3N4/silica aerogel composites with different
Si3N4 contents are shown in Fig. 5. At room temperatures, the
obtained pure silica aerogels could not be made into standard
units to test the thermal conductivity. Aer adding Si3N4 parti-
cles, the mechanical property of the composites was improved.
The thermal conductivity of the composite (with Si3N4 content of
5 vol%) is 0.031Wm�1 K�1, which is higher than that of the pure
aerogel (0.014 W m�1 K�1) reported in ref. 28. At higher
ductivity and (d) XRD patterns of the Si3N4/silica aerogel composites.
O2 contents at high temperatures.

RSC Adv., 2022, 12, 12226–12234 | 12231
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temperatures, the specic heat capacity of composites gradually
increased. At the same temperature, the specic heat capacity
values of composites with different Si3N4 contents are compa-
rable, indicating the limited inuence of Si3N4 particle addition
on the aerogel structure and the aerogel structure retention.
Below 700 �C, the composite structure was stable, and the
thermal diffusivity of the composite material remained
unchanged at higher temperatures, and then increased gradually
with the temperature increase. The thermal diffusivity and
thermal conductivity increased sharply at temperatures above
1000 �C. The analysis of the inuence of the temperature on the
phase structure and microstructure of the composites indicated
that SBET, pore size, and porosity decreased at higher tempera-
tures. Concurrently, the aerogel inside the composite gradually
crystallized, and the improvement of the order degree increased
the heat conduction of the solid phase, leading to thermal
diffusion coefficient and thermal conductivity increase. In the
thermal diffusivity test, the heating rate is 10 �C min�1 and the
constant temperature is about several minutes. In order to
investigate the effect of holding time on phase transformation of
composite materials (with Si3N4 10 vol%), the samples were
heated to 1300 �C at 10 �Cmin�1 and held for 5 min, 10 min, 1 h
and 2 h, respectively. The XRD test results are shown in Fig. 5(d).
Fig. 6 (a) Dielectric constant and (b) loss tangent of the Si3N4/silica
aerogel composites with different TiO2 contents. Thermal insulation
performance of Si3N4/silica aerogel composites with different TiO2

contents at high temperatures.

12232 | RSC Adv., 2022, 12, 12226–12234
It can be seen that the aerogel inside the composite did not
completely crystallize aer holding for 10 min at 1300, but had
completely crystallized aer holding for 1 h. Obviously, the rapid
heating rate and short constant temperature time resulted in
incomplete crystallization of aerogel in the thermal diffusivity
test. Therefore, the composite material (with Si3N4 10 vol%)
exhibited a low thermal conductivity (0.444 W m�1 K�1) at
1300 �C.

The dielectric constant and dielectric loss of Si3N4/silica
aerogel composites doped with different TiO2 contents showed
limited uctuations as a function of frequency (Fig. 6). The
dielectric constant of the composites increased substantially at
higher TiO2 contents, due to the higher TiO2 powder dielectric
constant (approximately 114) than that of Si3N4/silica aerogel
Fig. 7 (a) Specific heat capacity, (b) thermal diffusivity, and (c) thermal
conductivity of the Si3N4/silica aerogel composites with different TiO2

contents.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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composites (approximately 1.65, Fig. 6(a)). Concurrently, the
dielectric loss of the composite material increased due to the
scattering of TiO2 particles (Fig. 6(b)). For TiO2 20 wt%, the
measured dielectric constant was 2.85. Higher TiO2 contents led
to a continuous increase in the dielectric constant. Therefore,
the TiO2 content should be limited, as higher dielectric
constants are detrimental to the wave-transmitting properties of
the composite material.

The specic heat capacity, thermal diffusivity and thermal
conductivity of Si3N4/silica aerogel composites doped with
different TiO2 contents varied with the temperature (Fig. 7). At
higher TiO2 contents, the specic heat capacity of the composite
material was unaltered, whereas the thermal diffusion coeffi-
cient and thermal conductivity gradually decreased, with
limited variations below 800 �C and an extensive decreasing
range above 1000 �C. At low temperatures, heat conduction is
the main heat transfer mode, whereas radiant thermal
conductivity accounts for a small proportion, so the change of
thermal conductivity is not obvious. At high temperatures,
thermal radiation becomes the main heat transfer mode, with
the thermal conductivity reduced by the heat scattering and
absorption promoted by the TiO2 particles. At 1300 �C, the
thermal conductivity of the composite with 20 wt% TiO2

decreased by approximately 35%, compared with that without
TiO2.
Conclusions

This paper provides insights into the high temperature micro-
structure changes of Si3N4/silica aerogel composites. At higher
heat treatment temperatures, the silica aerogel inside the
composite material gradually crystallised, and the fusion of
micropores led to pore decrease and pore size increase. Below
700 �C, the thermal diffusivity of the composites remained
basically unchanged with the increase of temperature, whereas
at T $ 1000 �C the thermal diffusivity and thermal conductivity
increased sharply. Si3N4/silica aerogel composites were further
doped with TiO2 particles as opacier, to reduce the radiative
thermal conductivity. At higher TiO2 contents, the thermal
diffusivity and thermal conductivity of the composites
decreased gradually, with a limited decrease trend below 800 �C
and pronounced above 1000 �C. A further increase of TiO2

content leads to the continuous dielectric constant increase,
with consequent dielectric properties of the composite unsuit-
able to the performance requirements for wave-transmitting
applications.
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