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ABSTRACT: As a high-temperature thermal insulation material with excellent mechanical properties, alumina (Al,O3)-based
materials hold significant potential for applications in aerospace, advanced manufacturing, automobiles, industrial furnaces, and
other fields. However, the inherent brittleness of alumina poses a limitation to its wider application. Therefore, there is a pressing
need to develop alumina-based materials that offer high toughness while retaining superior mechanical properties. This paper begins
by exploring the structure of alumina, highlighting its thermal conductivity, insulation, and mechanical properties in high-
temperature environments. It then reviews the classification and synthesis methods of alumina-based materials, along with the latest
advances in design strategies. Notably, the rational design of alumina composition, structure, and morphology is emphasized as
crucial for optimizing material performance, thereby supporting the industrial development and application of these materials in
high-tech sectors. Finally, the paper discusses the challenges and evolution of alumina-based materials in real-world industrial
applications and suggests potential directions for future development.
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1. Introduction

High-temperature technology is important in many industries, such as primary metal and non-metal production,
materials processing, chemicals, transportation, and power generation [1]. Among these, insulation materials are critical
for thermal management and protection systems [2—4]. Thermal insulation has been used for many years as one of the
key components in installations and industrial facilities, especially in pipelines, tanks, and heat exchangers, but it is also used
in the building industry, power engineering, the chemical process industry, refrigeration, firemanship, and aeronautics.

High-temperature insulation materials (or combinations of materials) are designed to limit the transfer of heat
between an insulated object and its surrounding environment. These materials are primarily classified based on their
internal structure into three categories: (1) fibrous materials, such as mineral wool and glass wool; (2) cellular materials,
such as foam glass and polyurethane foam; and (3) granular materials, including powders and diatomaceous earth.
Insulation materials are complex, multi-component substances with heterogeneous properties. They generally exist in
three aggregate states: (1) solid, composed of particles, fibers, and matrix (e.g., foamed insulation); (2) liquid, where
the insulation contains water; and (3) gaseous, such as air, water vapor, or other gases. The selection of insulation type
and thickness depends on various factors, including thermal performance and technical and economic considerations
influenced by physical properties such as low thermal conductivity (high thermal resistance), low apparent density, and
high compressive strength. Today, the focus is on expanding the applications of insulation materials, improving existing
solutions, and developing new materials that can more effectively reduce heat transfer.
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Alumina-based materials are used in a wide range of applications in advanced manufacturing, aerospace,
automotive, industrial furnaces, and other areas. This is due to the high mechanical strength, corrosion resistance, and
excellent thermal stability of these materials. Alumina is very important in the production of ceramic materials and can
be used to make products that are more resistant to wear, including grinding media, abrasives, and cutting tools. In
addition, alumina ceramics are used for components in harsh environments, including gas turbines and automotive
components, due to their high melting point (over 2000 °C) and resistance to thermal shock. Alumina ceramics have a
lower thermal conductivity than metals, good thermal stability, and high mechanical strength. They are commonly used
in the field of high-temperature insulation and are a major strategic material for national development [5]. Alumina-
based insulation materials mainly include aerogel [6], powders [7], and coated forms [8] of structure. In short, alumina-
based materials are indispensable materials for modern industry.

Nevertheless, alumina-based materials continue to encounter numerous obstacles in actual industrial applications
and production processes, which constrains the rate of their advancement and utilization. Ideal alumina-based materials
should possess the following characteristics: (1) While ensuring excellent mechanical properties, they should also
exhibit sufficient toughness to prevent cracking when subjected to external impact, which would otherwise result in
catastrophic damage to the mechanical properties [9]. (2) The production conditions should be mild, the energy
consumption should be low, the process parameters should be easily controllable, and the production cost should be
low when scaled up [10,11]. (3) The production process should be environmentally friendly, free from pollution, with
minimal waste and optimal resource utilization [12]. It is, therefore, crucial to elucidate the intricate interrelationships
between composition, structure, process, and performance, and to devise innovative preparation processes and recycling
technologies with a view to promoting the utilization of alumina-based materials in industrial and high-tech applications [13,14].

The objective of this paper is to introduce alumina-based high-temperature insulating materials. The paper begins
by examining the relationship between the structure and properties of alumina. It then turns to the characteristics that
are conducive to the development of high-tech fields. Furthermore, it reviews the latest progress in the classification,
synthesis methods, and design strategies of alumina-based materials. It also explores the current development direction
of Al,Os-based materials. In particular, it emphasizes that the rational design of alumina composition, structure, and
morphology is conducive to regulating the performance of materials. This, in turn, facilitates the industrialization of
alumina-based materials. In conclusion, the paper considers the prospective developments and challenges of alumina-
based materials in practical industrial applications, offering insights to facilitate pivotal breakthroughs in high-tech and
industrial large-scale production.

2. Fundamentals of Alumina-Based Materials
2.1. The Structure of Alumina

Aluminium is the third most prevalent element in the Earth’s crust, accounting for 7.45% of the total crustal weight.
Aluminum compounds are plentiful, with the most prevalent being aluminum oxide (Al,O;), aluminum oxide
monohydrate (AIOOH), and aluminum oxide trihydrate or hydroxide (Al(OH);). These compounds also exhibit a
number of distinct subtypes, as illustrated in Table 1 [15]. Alumina exhibits a high degree of polymorphism, displaying
over ten distinct crystal forms, including a-, -, y-, d-, 6-, #-, x-, and others. The structures and properties of the various
crystal forms exhibit notable differences. The arrangement structure of O?” can be classified into two main types: face-
centered cubic (FCC) and hexagonal closest packed arrangement (HCP). Subsequent division into different phases is
dependent on the distinct sublattices of AI**. The synthesis of alumina crystals with varying properties can be achieved
through the manipulation of the raw materials and the preparation process. The most prevalent alumina crystalline forms
and their associated transformation temperatures are presented in Figure 1 [16].

Table 1. Common Al,O; crystal forms.

Types Crystal Forms JCPDS No. Density (g/cm’®)
y-AlLO3 Cubie spinel 00-010-0425 3.67
0-Al, O3 Tetragonal 00-046-1131 3.65
6-Al,0; Monoclinic 00-011-0517 3.59
n-Al,O3 Cubic 01-077-0396 -
x-AlLO3 - 00-004-0880 -
x-Al,03 Orthorhombic 01-088-0107 3.75

a-Al,03 Rhombohedral 00-042-1468 3.98
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Figure 1. Schematic representation of the thermal evolution of transition alumina phases in air. Schematic representation of the
thermal evolution (black arrows) of transition alumina phases in air, from the hydroxide and oxyhydroxide precursors, gibbsite,
boehmite, bayerite and diaspore.The non-thermal transformations are shown with blue arrows.

The most common and widely used crystal forms of alumina are y-Al,Os and a-Al>Os. y-Al>Os, also designated as
activated alumina, is classified as a transitional alumina. It has a cubic crystal structure, analogous to that of the MgAl,0O4
lattice, and displays a defective spinel structure [17]. In this structure, the oxygen ions occupy the eight vertices of the
cubic lattice, thereby forming a cubic close-packed crystal framework. The aluminum ions are randomly distributed
within the gaps of the crystal structure, which is composed of oxygen ions in the form of octahedral or tetrahedral
coordination. However, due to the discrepancy in the ratio of anions to cations, the gaps are not filled, with hydroxyl
groups occupying some of the vacancies left by aluminum ions. The removal of hydroxyl groups at elevated
temperatures will result in alterations to the crystal structure, ultimately leading to the formation of denser a-Al,Os,
accompanied by a reduction in volume and the release of heat. The y-Al,Os crystal structure is characterized by a loose
arrangement of particles, which exhibit a porous, small-spherical morphology. It exhibits the characteristics of a large
specific surface area, high activity, and strong adsorption capacity. It can be employed as an adsorbent, dehydrating
agent, catalyst, and carrier. y-Al>O; is not a naturally occurring substance; it can only be produced through the process
of artificial synthesis [18].

0-AlbO; is the most stable alumina crystal phase [19]. The most common forms found in nature are natural
corundum and sapphire. The space group is R3C, and the lattice constants are a = 0.475 nm and ¢ = 1.297 nm, with a
Z-value of 6. The oxygen ions within the a-Al,Os crystal structure are arranged in a hexagonal close-packed structure,
forming a crystal skeleton in which the ions are stacked in the order A-B-A-B. The remaining aluminum ions are situated
within the octahedral voids of the lattice. To maintain electrical neutrality, the aluminum ions occupy only two-thirds
of the octahedral voids. This configuration results in a highly compact crystal structure of a-Al,Os, while simultaneously
ensuring the electrical neutrality of the ions within. This ordered structure provides the basis for the excellent
performance of a-Al,Os, making it highly applicable in a range of fields, including ceramics, abrasives, grinding tools,
and refractory materials [20].

2.2. Thermal Conductivity and Insulation Properties

The thermal insulation properties of alumina (Al,Os) are mainly reflected in its low thermal conductivity, which is
a key parameter in measuring the material’s thermal insulation properties. The thermal conductivity of alumina is
dependent upon the crystal structure, density, and purity of the material. Typically, the value can reach to 30 W-m™'-K™!
[21]. The process of heat conduction in alumina is determined by the vibration of the lattice, which is referred to as
phonons. The oxygen atoms are closely arranged with the aluminum atoms to form a highly ordered crystal structure,
and the thermal conductivity changes with different grain sizes [22]. The phonon thermal conductivity (kph) follows
the law x ~ T™! at room temperature. As the temperature increases, the phonon scattering rate increases, resulting in a
decrease in kph. Therefore, the thermal conductivity of alumina shows a decreasing trend with increasing temperature.
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Figure 2 shows the thermal conductivity of alumina as a function of temperature. Nevertheless, alumina materials
exhibit lower thermal conductivity and superior high-temperature stability in comparison to metal materials.
Consequently, they are frequently employed in the fabrication of high-temperature thermal insulation materials [23].
The thermal insulation properties of alumina are mainly related to its porous and low-density structure. This structure
requires heat transfer to occur through the gas in the pores in addition to solid phase conduction, greatly extending the
heat transfer path and effectively blocking heat transfer. Liu et al. [24] prepared amorphous hollow alumina with an
average diameter of 181 nm and a shell thickness of less than 10 nm. The application of hollow alumina for thermal
insulation, combined with ordinary fiberglass insulation, reduced the thermal conductivity by 30% to 0.028 W-m™-K™!
compared to pure fiberglass, while maintaining good fire resistance and elasticity. The thermal conductivity of the
composite (42 wt% alumina) remains virtually unchanged at temperatures ranging from 100 to 400 °C, providing good
high-temperature stability.
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Figure 2. Thermal conductivity of aluminum oxide as a function of temperature.

2.3. Mechanical Properties at High Temperatures

Alumina materials exhibit a range of exceptional properties, including high strength, high hardness, wear resistance,
favorable chemical stability, and heat resistance. At elevated temperatures, the mechanical properties of alumina exhibit
intricate alterations, influenced by a multitude of variables. The flexural and compressive strengths of 99.5% alumina
ceramics are 2350 MPa and 350 MPa, respectively [25]. However, as the temperature rises, its strength declines
gradually. A notable decline in strength is observed when the temperature exceeds 1200 °C. At elevated temperatures,
the crystal structure of aluminum oxide changes, resulting in an uneven distribution of stress within the material and a
concomitant reduction in strength. On the other hand, an increase in temperature will result in the expansion of cracks
within the material, which will have a significant impact on the mechanical properties [26]. Moreover, the relatively
stable nature of the covalent bonds of alumina at high temperatures means that the hardness of alumina is not
significantly reduced. Creep is defined as the permanent deformation of a material over time under constant stress. It is
an important indicator of long-term stability. As the temperature rises, the migration of atoms or ions between the lattice
of alumina-based materials becomes more facile, leading to creep and subsequent plastic deformation. Consequently,
the plasticity and toughness of the material are enhanced to a certain extent at elevated temperatures [27]. However, it
remains challenging to meet the requirements of industrial applications. The thermal expansion coefficient of alumina
materials is closely related to the crystal form. a-Al>Ojs is relatively stable and has a low thermal expansion coefficient,
while y-Al>O; has a higher thermal expansion coefficient and may undergo phase changes at high temperatures, thereby
affecting the dimensional stability of the material.

2.4. Types of Alumina-Based Materials
2.4.1. Monolithic Alumina Ceramics

Alumina ceramics, also referred to as corundum ceramics, are a category of ceramic material comprising primarily
of aluminum oxide (Al,O3) (Figure 3a—c) [28]. They possess a range of advantageous properties, including high-
temperature resistance, corrosion resistance, wear resistance, and high hardness. The aluminum oxide content is a
determining factor in the performance and utilization of alumina ceramics [29]. Consequently, alumina ceramics can
be categorized according to the aluminum oxide content, with high-purity alumina ceramics (99.9% Al;O3) and ordinary
alumina ceramics representing the two main divisions. The industry further subdivides ordinary alumina ceramics into
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the following categories: “99 porcelain” (99% Al>O3), “95 porcelain” (95% Al>O3), “90 porcelain” (90% Al,O3), “85
porcelain” (85% Al>O3), and “75 porcelain” (75% Al>Os3). A material is no longer classified as an alumina ceramic if
its alumina content is less than 75%.
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Figure 3. (a) Optical transmission spectra of transparent alumina synthesized under 5.0 GPa/600 °C. Inset image is a rectangular
crack-free slice cutting out along the axial direction of the sample. (b) TEM image of the sample (inset image shows the grain size
distribution of the sample). (¢) Curvilinear grain boundary between two nanograins. (d) Schematic diagram of an alumina hollow
fiber membrane in which finger-like structures were formed both on the inside of the lumen and on the outside of the membrane
surface, while sponge-like were formed in the middle of the membrane. High-resolution TEM image of the area indicated by white
rectangle in (e,f), showing the transformed super fine grains among larger grains. (g—i) Aluminum oxide aerogel and TEM image.
(j) Micro-CT images of zirconia-reinforced alumina ceramic matrix composites.

2.4.2. Alumina Fibers and Aerogels

Alumina fiber is a high-performance, polycrystalline inorganic fiber comprising Al,Oj; as the principal component
(Figure 3d—f) [30]. The material displays excellent high-temperature oxidation resistance, is lightweight, exhibits
corrosion resistance, has low thermal conductivity, demonstrates good thermal stability, and offers a high cost-
performance ratio. To satisfy the diverse functional requirements, the form of the material is typically classified into
three categories: whiskers, short fibers, and continuous fibers. Amorphous alumina typically exhibits a series of phase
transitions under high-temperature firing conditions, accompanied by the formation of various metastable alumina
crystal forms, including y, d, and 6. Ultimately, it transforms to a-Al,Os, which exhibits relatively stable thermodynamic
properties. However, a-Al;Os3 is susceptible to fracture due to its high degree of crystallinity. At elevated temperatures
for extended periods, the grains of this material increase in size, leading to a reduction in strength. Accordingly, a
modest quantity of SiO is typically incorporated during the preparation process to impede the growth of its grains and
reinforce the crystal phase [31].

Alumina aerogel is a highly porous and low-density material composed of nanoparticles of aluminum oxide. The
complex three-dimensional network structure and nano-scale pores of alumina aerogel significantly inhibit solid-state
and gaseous heat conduction, resulting in an extremely low thermal conductivity (Figure 3g—i) [32]. Due to the high
proportion of gas within its volume, the material exhibits low density and excellent thermal insulation. Furthermore, it
exhibits the high-temperature resistance and chemical stability characteristic of Al,Os, retaining its nanoporous structure
even at 1000 °C.
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2.4.3. Alumina-Based Composites

The ongoing advancement of science and technology has led to a notable surge in demand for high-performance
materials. The inherent performance limitations of traditional single materials have rendered them unsuitable for modern
applications, thus giving rise to the development of composite materials. Alumina-based composites are composite
materials formed by combining an Al,O; matrix with other reinforcements (Figure 3j) [33]. Such composites are
typically employed to enhance mechanical properties and address the brittleness and poor toughness of alumina. The
morphology of the reinforcement phase allows for the classification of these composites into three main categories:
fiber reinforcement (such as whiskers and short fibers), particle reinforcement, and other types. Among these, whisker
reinforcement (e.g., SiCyw, Muy), particle reinforcement (e.g., Cu, Ti, Al,Os, SiC, ZrO,), and short fiber reinforcement
(e.g., Al,Osg, Cy, SiCy) are classified as discontinuous phase reinforcement. The reinforcement mechanism of the
reinforcement phase can be broadly categorized into three main areas: phase transformation toughening, crack
deflection, and elastic modulus mismatch between particles and the matrix. In comparison to discontinuous phase
reinforcement, continuous phase fibers (such as SiO,, ZrO,, MgO,) can be dispersed more evenly when combined with
the alumina matrix. This avoids the catastrophic damage to the material that would otherwise result from brittle fracture
caused by stress concentration [34-36].

3. Synthesis and Production Methods

There are many methods to prepare alumina-based high-temperature insulating materials. The traditional methods
mainly include sol-gel, roll forming, etc., of which sol-gel is the most commonly used method. In addition, with the rise
of new technologies, the preparation of alumina-based high-temperature insulation materials by 3D printing and other
methods also has a good development prospect.

3.1. Sol-Gel Method

Most alumina aerogels are synthesized by the sol-gel method, which mainly relies on the hydrolysis of precursors
such as alkoxides or inorganic salts to produce reactive monomers, which undergo a series of polymerization,
solubilization, and gelation to produce precursors, and finally undergo different drying methods to obtain the final
aerogel structure. Zhang et al. prepared Al.O3/SiC composite aerogel, as shown in Figure 4a, and evaluated its thermal
insulation performance through the ablation of a butane blowtorch (above 1000 °C) [37]. Figure 4b shows the infrared
image of composite aerogel exposed to a butane burner flame for 120 s. During the whole heating process, the back
surface temperature of composite acrogel was kept below 200 °C. It was further found in the experiment (Figure 4c)
that the higher the content of SiC nanowires, the slower the rise rate of their back surface temperature. This is because
the SiC nanowires were oxidized into SiO,. When the heating temperature rose, the protective layer would delay the
further erosion of the composite aerogel framework structure. F. Peng et al. developed a direct sol-immersion-gel (SIG)
and supercritical fluid drying (SCFD) strategy (as shown in Figure 4d) for the synthesis of mullite fiber reinforced
alumina-silica aerogel composites (MFAS) [38]. As shown in Figure 4e-h, they studied the relationship function
between the thermal conductivity dilution of MFAS and fiber density, temperature, and air pressure. Figure 4i shows
the heat transfer mechanism of MFAS. With the cooperation of alumina-silica aerogel (ASA) and mullite fiber, MFAS
shows a quite low thermal conductivity (down to 0.082 W-m™!-K ™! even at 1200 °C), indicating that mullite fiber greatly
inhibits radiation heat transfer. At the same time, MFAS is compared with other alumina-based aerogel composites. As
shown in Figure 4j, MFAS has excellent thermal insulation performance, the thermal conductivity at 1200 °C is 25%
lower than the best value ever mentioned.

Zu et al. have developed an acetone-aniline in situ water formation (AISWF) sol-gel technique (Figure 5a), which
can effectively slow down the hydrolysis and condensation rate of the highly reactive metal alkoxide by controlling
water formation through slow dehydration reaction of acetone and aniline [39]. The core-shell Al,O3 aerogel/mullite
fiber/TiO, composite possesses ultralow thermal conductivities of 0.058, 0.080, and 0.11 W-m™'-K™! at 800, 1000, and
1200 °C, respectively, which are the lowest values for inorganic aerogels ever reported (Figure 5b). The core-shell
Al>O3 aerogel shows much lower thermal conductivity compared to that of the pristine one after heat treatment at high
temperatures (Figure 5¢). Figure 5d shows the comparison between the thermal conductivity of core-shell Al,O; aerogel
and other related materials reported in the literature. It can be seen that the core-shell Al,O; aerogel gel has more
excellent thermal insulation performance under high-temperature conditions. Huang et al. proposed a novel fiber-
reinforced and opacified (FRO) strategy to fabricate the ZrO, fiber-reinforced alumina-silica aerogel composites
(ZFASA) (Figure 5¢) that boast ultra-low thermal conductivity (0.031 W-m™'-K™! at 1100 °C) [40]. ZFASA exhibits
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remarkable thermal stability, enduring quartz lamp and butane torch tests at 1300 °C without any obvious change
(Figure 51). Ji et al. prepared alumina aerogels with superior ultrahigh-temperature-resistant and thermal insulation were
successfully prepared by assembling the a-Al,Os nanosheets with silica sols as the high-temperature binders [41].
Benefiting from the generation of the mullite-covered alumina biphasic structure, the a-Al,O3 nanosheet-based aerogels
(ANSAs) exhibit excellent thermal and chemical stabilities even after calcination at as high as 1600 °C. SiIBCN/ALO;

composite aerogel synthesized by Jiang et al. has superior high-temperature structural stability and low thermal
conductivity (0.039 W-m-K™!) [42].
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Figure 4. (a) Al,O3/SiC composite acrogel. (b) Infrared image of composite aerogels exposed to a butane blowtorch flame for 120
s. (¢) Time-dependent temperature evolution of the back face. (d) Fabrication of the MFASs through the SIG-SCFD strategy.
Thermal insulating properties of the MFASs: Thermal conductivity (air atmosphere, RT) of (e) the MFASs as a function of fiber
density and of (f) the MFAS30 as a function of air pressure; High-temperature thermal conductivities of the composites: as a

function of the (g) temperature and (h) fiber density. (i) Heat transfer mechanism in the MFAS. (j) Thermal conductivity of the
MFAS:s in this work and alumina-based aerogel composites in previous works.



High-Temperature Materials 2025, 2, 10001 8 of 26

d 06 . .
X —&— mullite fiber
g 05{—® core-shell Al,O, aerogel/mullite fiber
YONHz + X H,C—C—CHy ; —*— core-shell Al,O, aerogel/mullite fiber/TiO,
> 044 .
=
H* | dehydration *g' 0.3 .
©
S 0.2 -
.\'HZO + M(OR)n (—c: 01
H* | hvdrolvysis 1 Deposition of M(OR) 200 . . y
bt o "E 800 1000 1200
A 4
M(OH),(OR) Temperature (°C)
X n-x
P € 0.15
23 2
. e OH =
H* | condensation N s e 2o
v = -E
. g
—M—0—M— l Repeat several times 2
£
£
sraaehinl Al,0; aerogel
v
. 0.30 T T T T ]
1 Deposition of MIOR), d . { —=—Si02-PVP aerogel ]
and Si(OR), X (.25 —e— Si02-Carbon nanofigér aerogel i
-~ £ —A— Si02-TiO2 aerogel
S 1 —v— Si02-TiO2 aerog 1
>, 0.20- —e—A1203 zerogel T
S { —e—Carbon aerog 1
5 0.154 —— core-shell AlZ203/mullite fiber/TiO2 |
S«
sas . P 1
1 Deposition of Si(OR), S 0.104
g |
wet gel £ 0.05
¥ o= 4
]_
0.00

0 200 400 600 800 1000 1200
si0, MO, -Si0, Temperature (°C)

Supercritical

drying
ZrO, nanofiber ABS

Figure 5. (a) AISWF sol—gel process. (b) The high-temperature thermal conductivities for the commercial polycrystalline mullite
fiber, core—shell Al,O3 aerogel/mullite fiber composite, and core—shell Al,O3 aerogel/mullite fiber/TiO, composite. (¢) The room-
temperature thermal conductivities for the pristine and core—shell nanostructured Al,Os aerogels after heat treatment at 1300 °C.
(d) Comparison of the high-temperature thermal conductivity values of our core—shell Al,O3 aerogel/mullite fiber/TiO, composite
and the reported aerogels. (e) Schematic illustration of the preparation process of ZFASA. (f) Schematic illustration of the
preparation process of ZFASA and Optical and infrared images of ZFASA under a butane torch.

3.2. Roll Forming

Roll forming refers to the preparation of alumina-based high-temperature insulating materials through rolling
extrusion, which has the advantages of low cost, high yield, and easy particle size control. Luo et al. obtained alumina
ball blocks of different particle sizes using roll roll-forming method (Figure 6a) [43]. As shown in Figure 6¢, the thermal
conductivities of these three materials were very close at the same temperature, and as the temperature increased, all
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materials had nearly linear growth thermal conductivities. Mixing alumina balls of different particle sizes in a 1:1 mass
ratio, Figure 6d showed that the thermal conductivity of multi-particle materials was slightly higher than that of single-
particle materials. Liu et al. used ball milling to grind a mixture of nano-Al,O3, nano-SiO,, SiC, and glass fiber and
pressed them into a steel mold to prepare a new type of nano alumina silica insulation board with ultra-low thermal
conductivity [44]. The preparation process is shown in Figure 6b. As for insulation materials, pore size has a significant
impact on thermal conductivity, as shown in Figure 6e. At the same temperature, small pore materials can effectively
limit the convective heat transfer of gas molecules due to their pore size being smaller than the average free path of air,
thereby achieving lower thermal conductivity. At a certain porosity, the thermal conductivity increases with the increase
of testing temperature, which is due to the enhancement of thermal radiation.

‘ b 06 W A fee(038-0.55mm) 0.6 c 0.6+

@ B fee (0.27~0.38mm) [ ] —8— multi-granularity-level A:C=1
—&— multi-granularity-level A:B=1
~—&— Average of single-stage particles

A Cfee (0.25~0.2Tmm)
—— Linear fitting curve

0.5+

0.44

Thermal conductivity(W/(m-K))
Thermal conductivity(W/(m-K))

¥=0.000299X+0.11904

02 v v T 02 02

T T T T T T
400 600 800 ll;Oﬂ lllllll Il’ﬂD 16;)0 400 600 800 1000 1200 1400 1600
Temperature(°C) Temperature(°C)
e Thermal conductivity(W/(m'K))
0.05000
0
Z0, nano-Al,O;  nano-Si0, SiC Glass fiber L 004810
Balls 0
O = a4 004620
S+ B+ CH + @ + E - -
— e s
: (L A e e 0.04050
) - 003860
- 180mm 7o e
- — i Lo oasis0
y ) = 3 003290
! =3 8
) v TEF '
: B Z g0t
| e 2

Ball milling Powder

Figure 6. (a) macroscopic morphologies of alumina ball bulk material. (b)Illustration of the preparation process of novel nanometer
alumina-silica insulation board. (¢) Change of thermal conductivity of multi-granularity-level materials with temperature. (d)
Change of thermal conductivity of single-granularity-level materials with temperature. (e) Thermal conductivity values of novel
nanometer alumina-silica insulation board with various porosity and testing.

3.3. 3D Print

The emergence of additive manufacturing (3D printing) technology provides a diverse platform for customized 3D
structures and new opportunities for the development of alumina-based insulating materials. Meanwhile, 3D printing
can be a good solution to the problem of brittleness in conventional molding and post-processing processes due to the
inefficient necking of oxide ceramic nanoparticles. Two structures of alumina (Al>Os) ceramics (hollow lattice structure
and solid lattice structure) were prepared using DLP 3D printing by Sun et al. [45]. After sintering at 1600 °C for 4 h,
dense alumina ceramics with an average grain size of 4.38 = 1.26 um were obtained with good molding accuracy and
shape. The upper surface temperature of the hollow lattice is 500 °C, and the temperature transferred to the lower surface
is only 88.6 °C, which can effectively reduce heat loss and improve energy efficiency. Wang et al. invented a versatile
thermal-solidifying direct-ink-writing method with good compatibility and designability for printing alumina-silica
aerogels (Figure 7a) [46]. Figure 7b means that =70% of the temperature increase has been insulated by the 3D-printed
ceramic aerogels and the aerogels had a low thermal conductivity (30.87 mW-m-K™!) (Figure 7¢,d). Yang et al.
developed a new three-dimensional printing gel for the construction of hierarchical porous ceramics with tunable
millimeter-, micrometer-, and nanometer-sized pores (Figure 7¢), and the localized temperature of the chip exposed to
the contact heat was only 34.2 °C in the presence of a printed foam cap with a pore size of 41.5 um, which is 20.6 °C
lower than the localized temperature of the pure chip (Figure 7f) [47].

Additionally, the 3D-printed alumina-based ceramic substrates can effectively enhance the stability of capacitors
at high temperatures and maintain strong adhesion [48,49]. Obeidat et al. [S0] utilized 3D printing technology with
alumina to create a matrix for the embedding of radio frequency (RF) chips and the printing of RF transmission lines.
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Under thermal cycling (from —55 °C to 125 °C, 100 cycles) and aging (85 °C, 85% relative humidity) conditions, the printed
components and RF die units demonstrated good mechanical and electrical properties, as well as robustness and reliability.
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Figure 7. (a) Schematic illustration of a versatile thermal-solidifying direct-write assembly to fabricate ceramic aerogels. (b)
Infrared images of the PTS aerogel shield (b1) and PAS aerogel shield (b2) installed on the surface of a 100 °C heating source. (c)
Thermal conductivity versus density for 3D-printed aerogels with different heat treatment temperatures. (d) Thermal conductivity
versus density for different aecrogel materials. (e) Schematic Diagram of DIW 3D Printing of Porous Alumina Ceramics. (f) Infrared
thermal imaging of (a) circuit board without an insulator cap and a circuit board containing an insulator cap made from ceramic
foam with pore sizes of (b) 41.5, (c) 83.4, and (d) 137.4 um.

3.4. Other Methods

In addition to the commonly used methods mentioned above, other scholars have attempted to prepare alumina-
based high-temperature insulating materials through various methods. Xia et al. prepared ceramic microspheres from
the solid-liquid mixture containing alumina by spray drying and then used to successfully prepare porous mullite
ceramics with enhanced compressive strength via a simple direct stacking and sintering approach (Figure 8a) [S1]. And
calcined them to synthesize porous mullite ceramics, as shown in Figure 8b. Figure 8c shows the effect of sintering
time on the thermal diffusion coefficient, specific heat capacity, and thermal conductivity of the prepared porous mullite
ceramics. With the passage of time, the thermal diffusion coefficient and thermal conductivity of the sample slowly
increased and then sharply increased while the specific heat capacity decreased. This indicated that the thermal
insulation performance of the obtained porous ceramics decreased with the extension of sintering time, which was
attributed to the decrease in the sample’s porosity with the increase of sintering time. On the basis of the gel-sol method,
Wang et al. prepared flexible alumina fiber for ultra-fine heat insulation by electrospinning, and its preparation diagram
is shown in Figure 8d [52]. As shown in Figure 8e, they studied the thermal conductivity of alumina fibers at different
temperatures, and the thermal conductivity gradually increased with increasing temperature. Figure 8f shows the
comparison of thermal conductivity between alumina fiber and other materials. Compared with other materials, the
alumina fiber prepared in this study at 1000 °C has certain advantages in thermal insulation. Chen et al. constructed a
hexagonal boron nitride (h-BN)-Al,Os dual-layer coating structure with an outer alumina coating that effectively shields
the space solar thermal (Figure 8g) [8]. In the vertical direction (D1), the dual-layer h-BN/Al,Oj3 coating exhibits
effective thermal insulation with a considerable reduction in the equilibrium temperature measured at the rear surface
(Figure 8h,1).
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Figure 8. (a) Schematic diagram of the synthesis of the lightweight and high-strength mullite ceramics with ceramic microspheres

green body by a direct stacking and sintering process. (b) Macroscopic digital photos of samples prepared at 1550 °C at different

times. (¢) Variation curves of sample thermal insulation properties with sintering time. (d) Schematic view of the production route

for alumina fibers. (e) Thermal conductivity of ALOs fibers. (f) Comparison figure of thermal conductivity of different materials.

(g) Schematic of the hBN/AL,O3 dual-layers coating, designed for space radiative cooling. Comparison of temperature evolutions

for Al substrate, A1,Os3, and h-BN/ALO; coatings in (h) vertical (out-of-plane). (i) Comparison of the equilibrium temperatures of
Al substrate, Al,O3, and h-BN/A1,O; coatings in the vertical and horizontal directions.

4. Performance and Applications

Al,Os, a widely utilized ceramic material, is renowned for its exceptional hardness, excellent wear resistance, high-
temperature stability, and superior electrical insulating properties. These characteristics have made it indispensable
across various industries. Notably, the demand for Al,Os-based materials is growing in advanced sectors such as
aerospace, electronics, energy, metallurgy, and chemical engineering. This chapter aims to explore the directions of

research on Al,Os-based materials, focusing on the key properties that drive their performance and application in these
high-tech fields.

4.1. High-Temperature Stability

Al,Os3-based materials are extensively employed in high-tech fields due to their exceptional thermal stability and
high-temperature resistance. With a melting point of approximately 2050 °C and excellent thermal conductivity, Al,O3
maintains remarkable physical stability even in extreme heat environments. Additionally, its low coefficient of thermal
expansion allows it to be used over a wide range of temperatures and reduces thermal stresses, minimizing deformation



High-Temperature Materials 2025, 2, 10001 12 of 26

or cracking of the material due to temperature changes. Al,O3 also demonstrates outstanding oxidation and corrosion
resistance, maintaining its integrity in the presence of oxygen, moisture, and various acidic and alkaline media.

The high-temperature performance of Al,Os-based materials is closely related to their microstructure. Key
microstructural factors, such as crystal structure [53] (Figure 9a), grain size [54] (Figure 9b), and phase composition
[55] (Figure 9c), have a direct impact on the material’s mechanical properties and thermal stability at elevated
temperatures. While Al,Os-based materials generally exhibit good high-temperature stability, phase transitions and
grain growth at elevated temperatures can lead to a degradation of their mechanical properties. Compared to y-Al,Os,
a-AlO; possesses a more stable crystal structure, maintaining its physical and chemical stability at high temperatures,
which makes it particularly suitable for high-temperature applications. Furthermore, microstructural defects, such as
pores or cracks, can act as sites for stress concentration, thereby reducing the material’s compressive strength and service
life. Therefore, by optimizing the microstructure, such as controlling the grain size and reducing the porosity, the
comprehensive performance of Al,Os-based materials can be effectively enhanced in high-temperature environments.
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Figure 9. (a) Schematic crystal structure of Al,Os. (b) Temperature on the grain size of ALOs. (¢) Effect of rare earth metal doping
on the composition of crystalline phases.
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Lamouri et al. investigated the effect of heating rate on a-Al,O3 and found that a-Al>O; exhibits a denser and more
homogeneous microstructure with fewer pores, higher density, and well-defined grain boundaries at a heating rate of
5 °C-min"! (Figure 10a) [56]. The observed pore densification was attributed to the formation of a rough, worm-like
pore structure during the phase transition of AlOs. Liu et al. employed ZIF-8 as a carbon source to in situ create carbon
nanonetworks derived from MOFs at the grain boundaries of zirconia-toughened alumina (ZTA) ceramics through
discharge plasma sintering (Figure 10c) [57]. At a MOF concentration of 1.0-2.0 wt%, the ZTA ceramics demonstrated
the highest bending strength (719 = 20.5 MPa) and fracture toughness (7.91 = 0.7 MPa-m"?), which were 1.37 and 1.88
times greater, respectively, than those of the unmodified samples. The MOF-derived carbon nanonetworks effectively
dispersed internal stresses and redirected concentrated stresses from defects to the two-phase grain boundaries,
enhancing both the reinforcement and toughening properties of the material.

Furthermore, the thermal stability of Al,Os-based composites can be further optimized through the doping of
various elements or the incorporation of other ceramic materials. The thermal stability of Al,Os-based materials can be
enhanced by incorporating small amounts of sintering additives. Commonly used sintering additives include rare earth
metals and transition metal oxides or non-oxides. The addition of these materials can modify the crystal structure of
Al>Os, thereby improving phase stability. To prevent segregation and agglomeration, the content of these additives is
typically kept below 5 wt%. Doping with rare earth metal ions can effectively inhibit grain growth during sintering,
suppress the high-temperature phase transitions of Al,O3, and significantly improve the thermal stability of the material.
Transition metals, on the other hand, can prevent further oxidation of Al,O; by forming a stable oxide film, particularly
at elevated temperatures and in high oxygen environments. This doping strategy enhances the antioxidant properties of
the material. Overall, these doping techniques can substantially extend the service life of Al,Os-based materials,
especially in extreme high-temperature conditions, while significantly boosting their overall performance. MgO can be
incorporated into Al,O; fibers to investigate the evolution of their microstructure and its impact on material properties
(Figure 10b) [58]. Doping with 2 wt% MgO had been found to inhibit the growth of a-Al,Os crystals and accelerate
grain refinement. The grain growth index increased by 3.2 during prolonged holding at 1100 °C, suggesting that MgO-
doped Al,Os fibers exhibit improved thermal stability. Jiang et al. prepared N610£/SiO, composites via a sol-gel process,
sintered at temperatures ranging from 800 to 1200 °C (Figure 10d) [59]. At the critical sintering temperature of 1200 °C,
the SiO; matrix underwent a phase transition, leading to a significant increase in Young’s modulus and hardness. Due
to weak fiber/matrix interfacial interactions, N610{/SiO, composites sintered at 800 and 1000 °C exhibited quasi-ductile
fracture behavior. Higher sintering temperatures resulted in a stronger SiO; matrix and enhanced interfacial strength,
which contributed to the brittle fracture behavior of the composites. Dong et al. prepared Al,O3-ZrO, nanofibers via
electrospinning, followed by the fabrication of nanofiber-based porous ceramics through gelation, freeze-drying, and
high-temperature sintering [60]. The introduction of ZrO, inhibited grain growth at elevated temperatures, and after
sintering at 1400 °C, the resulting ceramics exhibited a multilayered pore structure with high thermal stability, ultra-
high porosity (97.79-98.04%), ultra-low density (0.075-0.091 g-cm?), and low thermal conductivity (0.0474-0.0554
W-m'-K™). Defective graphene (DG) and SisNs nw were grown in situ with Al,Os and SiO» as the porous skeleton
and sintered to construct a homogeneous Si;Nsnw synergistic DG-reinforced network (Figure 10e) [61]. The optimal
flexural strength and fracture toughness of the sintered ceramics were 388.52 MPa and 11.29 MPa-m'?, respectively, due to
the refinement of ceramic grains by DG and the consumption of additional energy by SizNsnw during the plucking process.

The thermal stability of Al,Os-based materials is influenced by a range of factors, including their crystal structure,
impurity composition, and the external environment. By leveraging advanced material design and composite
technologies, the thermal stability of these materials can be substantially enhanced, thereby ensuring reliable
performance in high-temperature applications.
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4.2. Thermal Insulation Efficiency

As the precision of electronic devices increases, the heat dissipation of the components is also facing a great
challenge, so the requirements for ceramic substrates are becoming higher and higher. Compared with other ceramics,
Al,Os-based ceramics have high thermal conductivity, but their excellent cost performance has made them active in the
field of thermally conductive ceramics for a long time. How to maximize its advantages is a key topic of current research.
Researchers have focused on optimizing the thermal insulation performance of AlOs-based materials through
modification and composite design strategies.

To reduce the overall thermal conductivity of Al,Os-based materials, it can be combined with other low-thermal-
conductivity substances. For instance, the incorporation of aerogel into Al,O3 composites significantly enhances their
thermal insulation performance due to the aerogel’s ultra-low density and extremely low thermal conductivity. In
addition, the microstructure of Al,Os-based materials plays an important role in determining their thermal insulation
properties. Factors such as particle size, porosity, and particle morphology can be optimized to further improve the
thermal insulation properties of these materials. He et al. developed mullite fiber insulating tiles coated with MoSi,-
borosilicate (MFIT@MoSis), which demonstrated excellent thermal protection [62]. Even at a heat flux of 450 kW-m™,
the surface temperature reached 1043.1 °C, while the cold surface remained close to room temperature. The high
emissivity of MoSi, significantly boosted the radiative heat dissipation from the surface, thereby suppressing both
surface and internal temperatures (Figure 11a,b). Furthermore, the bond strength between the coating and substrate
remained robust even under challenging conditions involving heating and vibration. Shimizu et al. investigated the
thermal conductivity of high-porosity Al,Os; foams, which exhibited a density of 0.1 g-cm™ at room temperature and a
thermal conductivity of 0.12 W-m™'-K ™! [63]. Thermal radiation was found to influence the foam’s thermal conductivity
at 510 °C, with the conductivity increasing as the temperature rose, whereas the thermal conductivity of Al,O; itself
decreased with increasing temperature. Liu et al. combined hollow alumina nanoshells with glass fibers using the high-
temperature reduced-jet flame method to produce hollow alumina-glass fiber composites with a thermal conductivity
0f 0.028 W-m -K!, which was 30% lower than that of pure glass fibers (Figure 11c—¢) [64].

The thermal insulation performance of Al,Os-based materials is influenced not only by their intrinsic properties
but also by the processing methods employed during fabrication. For instance, variations in sintering techniques and
the inclusion of different sintering additives can alter the density, porosity, and microstructure of Al,O3-based materials,
thereby impacting their thermal insulation efficiency. In recent years, the application of 3D printing has enabled precise
control over the material’s structural properties, enhancing both thermal insulation efficiency and mechanical
performance. Hossain et al. utilized 3D printing technology to fabricate mullite ceramics from a-Al,O3 and SiO», which,
after high-temperature calcination at 1400 °C, were fully transformed into mullite while maintaining 75% porosity, a
cold compressive strength of 8 MPa, and a thermal conductivity of 0.173 W-m '-K™! (Figure 11f) [65]. Cao et al.
employed a 3D printing approach to fabricate porous ceramics using photosensitive hydroxysiloxanes (HPMS-KH570)
as the resin matrix [66]. These ceramics exhibited high porosity (79.42%), low density (0.47 g-cm™), and low thermal
conductivity (0.11 W-m™-K™!) at room temperature.

There is a correlation between the corrosion resistance and insulation properties of Al,Os-based materials. As a
chemically stable material, alumina has excellent corrosion resistance to most acids and bases, which allows it to
maintain its performance in harsh environmental conditions and can be used to create insulation for use in chemically
active or corrosive environments, such as in chemical, petroleum, and aerospace industries. These properties of alumina
are particularly important in applications where both corrosion resistance and thermal insulation properties need to be
considered, such as high-temperature furnace linings, chemical pipeline insulation, and thermal protection systems for
aerospace vehicles. Bie et al. [67] investigated the use of Al,O3-SiC-C (ASC) refractory bricks as a chromium-free
refractory for applications in gasification furnaces. In the energy industry, the gasification process involves the reaction
of fossil fuels with oxygen and water to produce syngas, which are typically operated at 1300-1500 °C and 2.5-6.5
MPa.The ASC material showed better corrosion resistance than the conventional Cr.03-Al>03-ZrO, material in tests on
coke beds and in air, and can be used as a promising chromium-free gasifier lining material.
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Figure 11. (a) Comparative results of the maximum temperatures of MFIT and MFIT@MoSi; at different positions. (b) Power
spectral density control curve at Grms = 20 g. (¢) Infrared image of F-composites on a 140 °C hot plate after 10 min. (d) Illustration
of the fire resistance of F-composites in an ethanol flame. (e) Formation and thermal insulation mechanism of F-composite. (f)
Scheme for preparing RHA-derived silica and mullite foams.

The potential of Al,Os-based insulation materials for applications in high-temperature environments continues to
expand with the advancement of new composite materials and processing technologies. Therefore, Al,Os-based
materials remain a key class of high-performance insulation materials. Future research should focus on the development
of multifunctional composites and innovative manufacturing techniques to further improve their overall performance.

4.3. Real-World Applications

AlOs-based materials have excellent high-temperature stability, corrosion resistance, mechanical strength, and
low density. They are widely used in industrial and scientific research fields in refractories, abrasives, ceramic products,
and other fields due to their excellent properties.
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4.3.1. Acrospace and Automotive Industries

Environmental/thermal barrier coatings protect ceramic composites from heat and vapor, prolonging their service
life and reducing maintenance costs, thus improving their efficiency and cost-effectiveness. Al,Os relies primarily on
its excellent thermal stability, corrosion resistance and high melting point, which gives it excellent protective properties
in high-temperature harsh environments. In addition, Al,O3 coatings resist oxidation at high temperatures, preventing
the formation of oxidized layers on metallic materials at high temperatures. This property is particularly important for
applications in high-temperature environments, such as rocket motors and automotive exhaust systems, where effective
oxidation protection is required to ensure that equipment performance remains stable under extreme conditions.

With the improvement of science and technology levels, aviation engine technology has made great progress, and
the requirements for the power level of the vehicle are getting higher and higher while improving the performance of
the aircraft. The most effective way to improve engine performance is by increasing the turbine inlet gas temperature.
Due to its lightweight, high strength, and high-temperature resistance, Al,O3; ceramics can improve the performance
and reliability of aerospace devices, mainly used in engine nozzles and small engine high-temperature parts. Al,O;
ceramics have become an ideal material for the manufacture of aircraft engine parts, thermal protection and other key
components. For example, the exhaust components of aero-engines, composed of Al,O3/Al,O3 composite center cones
and nozzles, represent the largest Al,Os-based components in acro-engines and have successfully completed in-flight
testing to TRL7. Xie et al. formed a dense and uniform Al,Os film by thermal atomic layer deposition, which prevented
surface oxidation of Al during storage, avoided wastage of material and energy during production, and suppressed
secondary electron emission (Figure 12a,b) [68]. Li et al. prepared an Al,Os based ceramic coating with enhanced
corrosion resistance and anti-icing properties [69]. The electrochemical corrosion potential of the coating is 70 mV
higher than that of the substrate, indicating that the coating has strong corrosion resistance (Figure 12c,d).

In the automotive industry, Al,Os-based materials are extensively employed in high-performance systems,
including engine components, braking systems, and drivetrains. Their excellent wear resistance enables them to
effectively withstand high loads and speeds, thereby improving system reliability and safety. Specifically, Al,Os-based
materials are used in sealing rings, brake pads, bearings, and other critical components, owing to their resistance to high
temperatures, corrosion, and low friction coefficient, which are crucial for the performance of high-performance engines
and braking systems. Sousa et al. conducted dry turning experiments using MgO-doped Al,O3 ceramic tools on 450-
grade peristaltic graphite cast iron to analyze wear mechanisms and surface roughness (Figure 12¢,f) [70]. Due to the
prolonged contact between the chip and the tool surface, combined with the material’s corrosive nature, abrasive wear
was found to increase with cutting speed. As a result, abrasion emerged as the predominant wear mechanism across all
experimental conditions. In a separate study, Hussainova et al. evaluated the wear behavior of graphene-encapsulated
ALOs composites over several hours [71]. Under mild operating conditions, the wear resistance of these composites
was improved by a factor of three compared to pure Al,O3;, which was used as the reference material. Vanvirsinh et al.
treated Al,Os particles with siloxane to improve the adhesion between the filler and the matrix and the wear of the
material [72]. The wear resistance of the siloxane-treated gasket is increased by 35%. Shen et al. took 5-200 um Al,O3
nanoparticles as the abrasive to study the wear of the abrasive during reciprocating sliding at room temperature [73].
The evolution trend of abrasive particles with different particle sizes is different. In the process of friction, the amount
of wear and friction coefficient of metal materials are increased.
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Figure 12. (a) The SEY as a function of primary electron energy with different thicknesses. (b) The change of SEY max with time.
(¢) XPS full spectrum and fitted partial spectrum of the superhydrophobic coating surface. (d) The contact state between the droplet
and the coating corresponds. (¢) SEM on the edge of the ceramic tool with wear marks on the surface. (f) Correlation table with
velocity cutting.

4.3.2. Industrial Furnaces and Kilns

Al,Os-based materials have an important practical value and a promising future in industrial furnaces and kilns.
Al>,Os-based materials are ideally suited to withstand the harsh, high-temperature environments typically encountered
in industrial furnaces and kilns, particularly in industries such as steelmaking, power generation, ceramics, and glass
manufacturing. Al,Os-based materials are commonly used in furnace bodies, walls, and linings to effectively insulate
the interior of furnaces, reducing heat loss and improving overall energy efficiency. In addition, they prevent direct
contact with corrosive gases, thereby reducing the risk of corrosion damage to the equipment and helping to protect the
furnace structure. Al,Os-based refractories maintain thermal stability in furnaces, prevent premature degradation of the
furnace lining, and extend the service life of the equipment. Al,Os-based materials are commonly used as wear-resistant
linings and components in high-temperature thermal equipment, such as industrial furnaces and kilns, which must
withstand significant impact, friction, and mechanical stress. Not only do these materials need to resist extreme
temperatures, but they also need to exhibit sufficient wear resistance to prevent excessive wear over time. This helps
minimize maintenance costs and ensures the continued efficient operation of the equipment.
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5. Recent Advances and Innovations
5.1. New Formulations and Additives

In recent years, notable advancements have been made in the development of new formulations and additives for
Al,Os-based materials, particularly in enhancing thermal conductivity, improving mechanical properties, and
optimizing surface characteristics. These innovations have significantly expanded the scope and efficiency of Al,Os
applications, particularly in aerospace and automotive electronics.

In terms of mechanical properties, the inherent brittleness of Al>O; limits its application in certain high-strength
environments. However, by doping with rare earth metals and transition metal oxides, the toughness and crack resistance
of ALLOj3 have been significantly enhanced [74,75]. These modifications not only improve crack resistance but also increase
the material’s reliability in high-stress applications, such as those encountered in the acrospace and automotive industries.

Furthermore, the surface properties of Al,O3 have been optimized, particularly in terms of corrosion and oxidation
resistance. Doping with elements like magnesium and calcium or employing advanced surface coating technologies has
led to improvements in both corrosion resistance and thermal stability [76—78]. These enhancements extend the
material’s service life in harsh environments.

Innovations in new formulations and additives for Al,Os-based materials have significantly enhanced their
performance, enabling them to excel in a wide range of advanced technological applications. As material science
continues to evolve, Al,O; matrix composites are poised to maintain a critical role in sectors such as high-power
electronics, new energy vehicles, 5G communications, and beyond. These advancements are expected to drive further
technological progress and innovation across various industries.

5.2. Development of Hybrid Materials

The latest advancements in Al,Os-based materials within the realm of hybrid materials are primarily reflected in
innovations in composite technology and the broadening of multi-disciplinary applications. Due to its exceptional high-
temperature and corrosion resistance, coupled with its high mechanical strength, Al,O3 has become a critical component
in the development of high-performance composites across a wide range of industries.

The innovation of preparation processes plays a pivotal role in the advancement of Al,Os-based materials.
Techniques such as the sol-gel method and solid-phase reaction have significantly improved the densification and
uniformity of Al,Os-based composites, thereby enhancing their high-temperature stability and oxidation resistance [79].
Furthermore, the integration of 3D printing technologies has enabled Al,Os; matrix composites to exhibit distinct
advantages in the fabrication of complex geometries and high-performance components [80]. This has facilitated the
development of innovative applications in industries such as aerospace, automotive, and beyond.

In summary, AlOs-based materials not only enhance the intrinsic properties of materials but also expand their
application scope through advanced composite technologies and innovative manufacturing processes. As technological
advancements continue to progress, Al,O3 matrix composites are poised to play a critical role in high-end manufacturing
and cutting-edge technological fields, driving their widespread application in areas such as thermal management,
electronic packaging, aerospace, and beyond.

5.3. Emerging Technologies and Future Trends

With the continuous advancements in materials science, Al,Os-based materials, recognized as high-performance
engineering ceramics, are increasingly being integrated into emerging technologies, expanding the scope of their
applications across various industries. In recent years, research on Al,Os-based materials has progressively shifted
towards the development of higher-performance, multifunctional composites. These innovations not only enhance the
fundamental properties of Al,Os-based materials but also unlock new application potential. Moving forward, research
on Al,O;s-based materials will focus on several cutting-edge technologies, with particular emphasis on innovations in
sectors such as new energy, electronics, aerospace, and others.

In the aerospace sector, the development of Al,Os-based matrix composites is gaining significant momentum.
When combined with carbon fiber or other ceramic matrix materials, Al,O; composites exhibit enhanced strength,
toughness, and high-temperature resistance, making them ideal for extreme conditions such as high-speed flight and
thermal protection [81,82]. These composite materials are increasingly essential in applications like jet engines and
rocket propulsion systems, where they serve as key components for thermal protection and structural integrity.
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Looking ahead, advancements in Al,Os-based materials will focus on enhancing their overall performance and
functionality. This will be achieved through techniques such as nanosizing, doping, and surface modification, which
aim to further improve their mechanical, thermal, and electrical properties. As a green, environmentally friendly, and
sustainable material, Al,Os-based materials are poised to play an increasingly vital role in the future of technology.

6. Challenges and Future Directions
6.1. Current Limitations
6.1.1. Brittleness and Mechanical Failure at High Temperatures

The extensive use of ceramic materials is predicated upon their favorable chemical and mechanical stability at
elevated temperatures. However, due to the inherent brittleness of alumina ceramic materials, characterized by low
fracture strength and low fracture toughness, they are susceptible to fracture and the formation of cracks in response to
external forces [83]. Cracks can readily propagate in ceramic materials. Even when the impact load is below the strength
threshold of the ceramic material, the material will fail during the application process. The toughening mechanism can
be effectively activated by means of crack bridging, crack deflection, or phase transformation toughening, thereby
enhancing the resistance of ceramic materials to crack propagation. Thus far, there are two principal methods. One such
method is microstructure refinement, which serves to reduce the size of defects by reducing the size of the grains and
subsequently reducing the number of defects [84]. The alternative approach is the defect tolerance method, which
permits the inherent or induced defects to be accommodated through the utilization of particular techniques (such as the
introduction of ductile phases). However, these two methods typically result in a compromise in the strength, stiffness,
and high-temperature stability of the material. Furthermore, the mechanical properties of continuous oxidation fibers
will undergo a decline during the densification process. The inherent contradiction between high toughness and
mechanical properties represents a significant challenge to the application of ceramic materials. The challenge of
combining high toughness with excellent mechanical properties represents a significant obstacle to the utilization of
ceramic materials [85].

6.1.2. Cost and Scalability of Production

Despite decades of research on alumina-based materials, significant obstacles to their industrial implementation
persist [86]. One of the most significant obstacles is the elevated cost and high energy consumption associated with the
preparation of the material, which renders the scaling-up of production a challenging endeavor. The preparation of
alumina materials can be broadly classified into three main categories: solid-phase synthesis, gas-phase synthesis, and
liquid-phase synthesis [87]. Alumina exhibits a range of crystal structures, with transitions between phases often
requiring significant energy consumption. Consequently, the production process typically necessitates high
temperatures, which presents challenges in maintaining material uniformity. Furthermore, the high energy demand
increases production costs. While gas phase technologies, such as chemical vapor deposition and sputtering, can also
be employed to prepare alumina materials, these technologies are frequently constrained to the production of thin films
on substrates. Furthermore, they necessitate the use of costly and complex vacuum equipment, which is not conducive
to large-scale applications. Sol-gel method is a low-temperature synthesis method, but at present, the main precursor
used is high-cost alcohol salt. On the other hand, the alcohol produced by the hydrolysis of alcohol ketones is easy to
remain in the final material, which is usually harmful to the material. In addition, during the synthesis process, factors
such as temperature, humidity, pH value, counterions, and concentration will affect the final performance of alumina-
based materials. Therefore, how to achieve control of process parameters in large-scale production is another difficult
problem faced. To summarize, the cost and large-scale application of alumina-based materials continue to encounter
significant challenges, including elevated raw material costs, intricate preparation procedures, and the high energy
consumption of production equipment, which constraints impede the advancement of this field.

6.1.3. Environmental Concerns and Recycling Issues

The current industrial process for the production of alumina primarily utilizes bauxite as the primary raw material,
employing the Bayer process. However, this process is accompanied by a series of significant environmental risks,
including the release of substantial quantities of carbon, the emission of volatile organic compounds, and the treatment
of accumulated bauxite slag (commonly referred to as “red mud”). In a humid environment, bauxite slag is prone to the
generation of flammable or toxic gases, including methane, hydrogen, and ammonia. Moreover, the bauxite slag
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contains heavy metals, including Cd, Cr, and Pb, which have the potential to percolate into the soil and water systems,
resulting in adverse effects on animal and plant life. It is of particular significance that bauxite slag contains a
considerable quantity of alkaline substances, including sodium hydroxide (NaOH) and sodium silicate (Na,SiO3), in
addition to a substantial number of valuable resources. It has been established that bauxite slag comprises approximately
30-50 wt% iron oxide and 15-25 wt% residual alumina. It is estimated that between 36 and 60 million tons of iron
oxide and 18 and 30 million tons of alumina are discarded in bauxite slag annually. Consequently, the recycling and
utilization of bauxite slag represent a significant challenge [88].

6.2. Research Directions

Notwithstanding the considerable advances made in the study of alumina-based materials with respect to insulation,
high-temperature heat insulation, and fracture resistance, the application and production processes of alumina-based
materials still encounter numerous constraints. To address these challenges, this paper outlines potential research
directions, including;:

(1) The contradiction between fracture resistance and excellent mechanical properties remains a significant challenge.
The performance of alumina-based materials is influenced by several factors, such as particle size, morphology,
composition, porosity, and crystal phase.lt is therefore recommended that key basic theoretical research be
conducted and the deep-level relationship between material composition, structure, process, and performance
clarified. This will facilitate breakthroughs in mechanical properties, high-temperature resistance, and fracture
resistance of alumina-based materials and promote the application of alumina-based materials in aerospace,
electronic components, industrial furnaces, and other fields.

(2) Inthe future, alumina-based materials should be developed with a focus on reducing costs while avoiding methods
that involve high temperatures and high pressures, reducing energy consumption in the synthesis process, and the
use of expensive large-scale vacuum equipment. Furthermore, researchers should investigate the potential of low-
temperature synthesis methods, such as sol-gel strategies, which are relatively simple and easily scalable.
Furthermore, low-cost aluminum salts may also be employed as precursors, and the synthesis process can be
optimized to guarantee the uniformity and stability of the resultant material.

(3) In the context of constrained bauxite resources, the investigation of techniques to extract alumina from low-cost
and widely accessible aluminium-rich materials assumes great significance, both from the standpoint of cost
reduction and the promotion of a sustainable circular economy. In addition, the development of new alumina
extraction processes and methods for the reduction of emissions of harmful substances during alumina synthesis
must be addressed with urgency in order to achieve low-carbon and environmentally friendly green development.

In summary, Figure 13 demonstrates the current challenges and future directions for the application of alumina-
based materials in high-temperature thermal insulation, and we hoped that the advantages of alumina-based materials
can be maximized, leading to better development in high-temperature thermal insulation.

Synthesis processes are energy-intensive and Investigating the potential of low-temperature synthetic methods;
costly ) using low-cost aluminum salts as precursors

Development of technologies to extract alumina from low-cost and

Aluminum oxide extraction
widely available aluminum-rich materials

l

The contradiction between fracture resistance i

Conducting critical basic theory research
and excellent mechanical properties S vy

Figure 13. Challenges and future directions.

7. Conclusions and Outlook

In summary, alumina-based materials have proven to be versatile and essential in a wide range of high-performance
applications, particularly in fields such as aerospace, automotive, advanced manufacturing, and industrial furnaces.
Their exceptional mechanical strength, corrosion resistance, and thermal stability make them ideal for use in demanding
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environments where high temperatures, thermal shock, and wear resistance are critical. The key properties that make
alumina a preferred material for many industries include its high melting point, low thermal conductivity, and high
compressive strength, which collectively contribute to its ability to withstand extreme conditions and enhance the
longevity of components. In addition to their mechanical and thermal advantages, alumina ceramics have a wide range
of applications, from wear-resistant products like grinding media and cutting tools to structural components in gas
turbines and automotive parts. The use of alumina-based ceramics in high-temperature insulation is also an area of
significant interest, with materials such as aerogels, powders, and coatings emerging as viable options for reducing heat
transfer in industrial applications. Despite these advantages, the inherent brittleness of alumina remains a major
challenge, limiting its broader adoption in certain high-stress applications. This issue underscores the ongoing need for
material innovations that can improve toughness and reduce brittleness without compromising the desirable properties
of alumina. Advances in the rational design of alumina compositions, microstructures, and morphologies offer
promising solutions to overcome these limitations. Research efforts aimed at improving the toughness of alumina-based
materials through the development of composites, hybrid materials, and novel synthesis methods are critical to
expanding their scope of applications and enhancing their performance in real-world environments.

The outlook for alumina-based materials is promising, with significant potential for further development across
multiple domains. Key areas of focus include enhancing the material’s toughness and durability. While alumina is
known for its excellent mechanical strength, its brittleness remains a limitation in high-stress environments. Future
research will focus on creating alumina composites with tougher phases, such as zirconia or silicon carbide, to improve
fracture toughness and impact resistance. Advanced synthesis and fabrication techniques, including additive
manufacturing and high-throughput synthesis, will facilitate the development of tailored, complex structures with
superior properties. Nanostructuring alumina materials offer exciting possibilities, as manipulating particle size,
distribution, and morphology at the nanoscale can enhance their thermal, mechanical, and catalytic properties.
Additionally, alumina’s role in energy applications is set to expand, particularly in high-performance thermal insulation
for energy-intensive industries like aerospace and power generation. Alumina-based aerogels are especially promising
for ultra-low-density, high-performance thermal insulation. As environmental sustainability becomes increasingly
important, research into recycling alumina from industrial waste streams, such as red mud, and developing eco-friendly
composites will help reduce the environmental impact of alumina production. Lastly, the industrial adoption of
advanced alumina-based materials will depend on cost-effective production methods and their integration into high-
tech applications in automotive, aerospace, and electronics, requiring close collaboration between material scientists
and industry stakeholders.
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