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Table 1 Summary of performance parameters of alumina aerogel insulation materials

Raw materials/Precursors Method of drying Density/(g-cm ) Sper/(m?g ™) Thermal conductivity/(W-m™'-K™") Reference
AI(NOs)3 Ambient pressure drying 0.108 519 [10]
AIP/ASB Supercritical drying (C,HsOH) 250-95 (300-1300 C) [11]
AIP/ASB Rapid supercritical extraction (RSCE)  0.025-0.079 460-840 [12]
ASB Supercritical drying (C,HsOH) 74-104 [13]
ASB Supercritical drying (C,HsOH) 0.181 690 0.028 [14]
0.065(400 C)
AlCl; Supercritical drying (CO,) 0.08-0.09 335-406 [15]
AlCl; Supercritical drying (CO,) 0.066-0.078 630-764 [16]
AlCl; Supercritical drying (CO,) 0.065-0.121 464-859 [17]
AICI;/ASB Superecritical drying (C,HsOH) 0.08-0.2 667 0.04-0.057 [18]
105 (1300 C)
AICI;/TEOS Supercritical drying (C,HsOH) 0.05-0.1 512 [19]
120 (1200 C)
ASB/TEOS Supercritical drying (C,HsOH) 0.243 575 (800 C) [20]
120 (1200 C)
AICI/TEOS Superecritical drying (C,HsOH) 0.042 283 (1200 C) 0.035 [21]
ASB/TMMOS(MTMS) Ambient pressure drying 428 [22]
AICI;/TEOS/TMCS Ambient pressure drying 0.453 495 [23]
AICl5/Cr(NO3); Rapid supercritical extraction (RSCE) 0.21+0.3 570 [24]
AI(NO3);/TEOS Supercritical drying (C,HsOH) 60/147(Si)/ 0.09 (1000 C) [25]
/La(NO3); 114(La)-1200 ‘C
AlCl3/LaCls Supercritical drying (C,HsOH) 282 (1000 C) [26]
AlCly/YCly Superecritical drying (C,HsOH) 0.203 455 0.016 [27]
AICI;/CTS/TEOS Ambient pressure drying 0.256 422 0.116 [28]
AlCI3/C¢HgO,/CH,0O Supercritical drying (CO,) 0.12-0.18 548 (1500 C) 0.033-0.049 [29]
AICI3/AIP/PVA Freeze drying 0.129 0.047-0.068 [30]
AlCl;/CMC Ambient pressure drying 88 [31]
v-AIOOH/PSNB Freeze drying 0.112 518 0.039 [32]
LBFA Ambient pressure drying 810 0.023 [33]
SAD Ambient pressure drying 0.25-0.33 148-230 [34]
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Table 2 Summary of performance parameters of alumina aerogel thermal insulation composite materials

Raw L . Density/ ) Thermal conductivity/ .
. Intensifying material 4 Sper/(m°-g™) o Mechanical property Reference
materials/Precursors (grem™) (Wm K")
AICI/TBOT Magnesium silicate 0.109 650 0.136 (1000 C) 0.17 MPa [37]
fiber (Compressive strength)
Coal gangue Aluminum silicate fiber 0.26 416 0.047 [38]
0.071 (1200 C)
AICIy/PVA Sepiolite fibers 0.13-0.17 168-452 250kPa [39]
(3.5%yield strength)
AlCl3 ATP 242 75.44 MPa [40]
(Compressive strength)
AlCl; Pal 0.07-0.1 343-591 0.143 1.6 MPa(Young's modulus) [41]
SiO, dispersion/ Alumina fiber 0.01 0.029 36 kPa [42]
Hydroxypropyl (80% Compressive strength)
methyl cellulose
AI(NO;);/MTES Quartz fiber 0.088 346-387 0.035 [43]
(1000 C) 0.054 (1200 C)
AICI/TEOS Quartz fiber 0.36 580 0.049 0.85MPa [44]
113 (1100 C) (Compressive strength)
AI(NO;)s/TEOS Mullite fiber 0.118 0.029 0.6 MPa [45]
(9%Compressive strength)
ASB/TMEO Mullite fiber felt/TiO, 154 0.118 (1200 C) [46]
ASB/TEOS Mullite fiber felt 0.36 522 0.036-0.043 0.31 MPa [47]
0.082 (1200 C) (10%Compressive strength)
AICIl;/ASB Mullite fiber 0.12-0.33 261-423 0.032-0.050 16.04 MPa [48]
(80%Compressive strength)
AICI;/TEOS Mullite fiber 0.24-0.41 697 0.034 0.41 MPa [49]
613 0.081(1000 C) (10%Compressive strength)
AlCl; Mullite fiber 0.04-0.27 42-138 0.033 1.08 MPa (Bending strength) [50]
AI(NO;)3/TiO,/SiC SiO; fiber felt 0.19 317.25 0.022 [51]
0.025 (600 C)
ASB/ETMS/TiO, Mullite fiber felt 0.22-0.39 304 0.055 3.58 MPa [52]
139 (1200 C) 0.168 (1000 C) (Young's modulus)
AICI3/TEOS/TiO,/ZrO, Mullite fiber felt 0.21-0.24 540-856 0.085 (TiO,) 0.98-1.26 MPa [53]
332-496 (800 C) 0.076 (ZrO») (Bending strength)
AIP/C¢HO,/CH,0 Mullite fiber felt 0.23-0.31 0.055 (1200 C) 4.839 MPa [55]
(10%Compressive strength)
ASB/TEOS Zirconia fiber felt 0.2-0.38 0.03-0.031 0.44 MPa [56]
0.031 (1100 C) (10%Compressive strength)
2.1 MPa(Bending strength)
SiO; sol Alumina fiber/PVA 0.021-0.023 2.82-4.20 MPa [57]
(Compressive strength)
Alumina sol/MTMS ANFs/Alumina fiber 0.017 0.052 0.011 MPa [58]
(60%Compressive strength)
MTMS/Nano-AlO; 0.015 0.03 250kPa [59]
(80%Compressive strength)
TEOS/AI(NO)s/AIP 0.006 0.022 21.15kPa [60]
(80%Compressive strength)
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Fig. 5 Preparation principle diagram of mullite fiber reinforced SiO,—Al,0; aerogel thermal insulation composite materia
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Table 3 Summary of performance parameters of nano alumina thermal insulation materials

Intensifying

Thermal conductivity/

Raw materials/Precursors 8 Molding methods Density/(g-cm™) I Mechanical property ~ Reference
material (W-m -K™)
Fumed alumina/silica Alumina fiber Dry pressing 0.45 0.03 [61]
Micron-ZrO,/K,CO; 0.11 (1200 C)
Fumed alumina/Micron a-ALO; Dry pressing 1 0.034 [62]
Fumed alumina/Micron SiC Ceramic fiber Dry pressing 0.036-0.042 0.58 MPa [63]
(Compressive strength)
AICl;/MCC Wet process forming [64]
AI(NO3)3 Fiber glass ~ Vacuum filtration/ 0.09-0.22 0.028 20 kPa (Young's modulus) [65]
Wet pressing forming
a-Al,O5 nanosheet/Nano Wet process 0.8-1.2 3.8-10.2 MPa [66]
a-Al,O3/TEOS/Starch forming/Post-processing (Compressive strength)
AlF5/A100H -nH,O Dry pressing/Wet process 1.29 21 MPa [67]

Al,03/Si0; sol forming/Post-processing

(Compressive strength)
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Research Progress on Nanoporous Aluminum Oxide Thermal Insulation Materials

LIU Yangming, FENG Junzong, JIANG Yonggang, LI Liangjun, HU Yijie, FENG Jian
(Science and Technology on Advanced Ceramic Fibers and Composites Laboratory, College of Aerospace Science and Engineering,
National University of Defense Technology, Changsha 410073, China)

Extended Abstract

Nano-porous aluminium oxide thermal insulation materials primarily encompass aluminium oxide aerogel insulation and
nano-alumina pressed insulation. These materials have broad application prospects in industrial and aerospace sectors due to their low
density, low thermal conductivity, and high-temperature resistance. Alumina aerogel thermal insulation materials are presently
manufactured primarily via sol-gel synthesis coupled with drying techniques. The existing work focuses on optimizing precursor
synthesis, drying methods, and reinforcing agent/shading agent composites. Conversely, nano-alumina pressed thermal insulation
materials are predominantly produced by dry and wet forming processes. The research emphasis lies in maintaining low material
density, while enhancing thermal conductivity, high-temperature resistance, and mechanical properties. This review represents
research progress on the preparation techniques and performance enhancement of nanoporous alumina thermal insulation materials,
analyzes the existing challenges, and outlines future research directions.

Summary and Prospects Nano-porous alumina thermal insulation materials have a significant application value in cutting-edge
fields such as aerospace due to their lightweight properties, low thermal conductivity, and excellent high-temperature stability. This
review primarily represents research progress on the preparation techniques and performance enhancement of nanoporous alumina
thermal insulation materials for the past five years. Regarding alumina aerogel insulation materials, several challenges remain
although extensive studies are conducted on precursor selection, sol-gel process refinement, drying method optimisation, and
reinforcement composite development. These primarily include complex fabrication processes, high costs, safety concerns (associated
with reactor usage), lengthy preparation cycles, and the inability to achieve continuous production. To address these issues, a
subsequent research should focus on process optimisation and functional design. This includes developing novel precursors and
refining drying techniques.

1) Enhancing sol-gel processes can strengthen wet gel structures, thereby reducing replacement and ageing times;

2) Exploring low-cost aluminium salts as precursors;

3) Eliminating high-pressure autoclaves for drying to lower equipment costs and energy consumption.

The existing literature on nano-alumina pressed thermal insulation materials remains relatively scarce. Their forming methods
primarily comprise dry forming and wet forming. Dry forming relies on mechanical bonding forces between alumina powder particles,
achieving a physical bonding through compression to connect particles into composite materials. However, this method exhibits low
material reliability and inadequate mechanical properties, rendering it unsuitable for practical applications. In contrast, wet forming
uses physical or chemical means to regulate particle distribution and bonding patterns. It utilizes liquid-phase media to disperse, align,
and structurally stabilise nano-alumina particles, ultimately forming green bodies or materials with specific morphologies. Although
this method yields aluminium oxide thermal insulation composites with a favorable formability, it still has some challenges like high
density, complex processing, and susceptibility to cracking during liquid-phase media removal. Although post-processing techniques
(such as sol-impregnation or high-temperature heat treatment) can be applied to nano-alumina pressed insulation green bodies, the
thermal conductivity of the treated insulation materials increases significantly, making them unsuitable for many applications. To
achieve both enhanced mechanical properties and low thermal conductivity in insulation composites, a future research needs to focus
on curing the interfaces between nanoparticles to improve the material mechanical performance.

Keywords alumina; thermal insulation material; aerogel; preparation technology



