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ERIR AR YEAE i N RIRAAT N R i I e S 240 2 KRR, BEFCRM, ot
ZE 5 0 R B R AT R S M SR 5 TR RE

R
1 AfEES A ENA RGN
He L BAL SR RO 09, GRS

1.1 BETENIATYE

FEALFS AT T 1979 FER Y HKIEFSLH %
gl o AR 4E(RS FP), H a-ALOs &



254 55 6 H

PR S5 RS ARE ST A U R .+ 2139 -

5 99.9%(JF B/ H)IY. FP F4EE A4 18 ym, 7
BRI Z) 0.5 pm, R AR 1.55 GPa, 3
PEREEE 379 GPa. HAME A ART 20 thad 90 4E4X
YIFF R Almax R4k ALOs T & FIFEN 99.9%.
LAY EARRE A 10 um, SRR S5 FP 21454
Y, WIE3.60g/em®, FIHRAISES A 1.8 GPal?,

[ 3M ] F A B-BERE I D ALOs &
& 99%M1] Nextel™ 610 £F-4E. @it 0.67%Fe05
7 0-ALOs %, 91N 0.35%Si0, #llfil a-ALO;
mb AR K, YT ER R S AIE SR 100 nm(E
2)10:211, Nextel™ 610 £F4EEHAE 10~12 um, FETE
IR A (Hall-Petch) s AL WL, Fu (R IA 3.1 GPa,
5 FP £F4ERR T 100%191. HHT, LA Nextel™ 610 £F
Y g B A ) PR B I ST A R TR B T
R 3).

K2 Nextel 610 £F4E4 21451 : (a) SEM Wi LIFESH; (b) TEM
7 T £ £R[22-23)

Fig. 2 Fibre microstructure of Nextel 610: (a) SEM fracture
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Fig. 4 TEM image of SIC 550 fibre after 1 hour of thermal
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showing the corresponding SAED pattern); (b) High-
resolution imagel?®!
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Fig. 8 Phase transition pathways for alumina fibres prepared via sol—gel synthesis in various systems
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Table 1 Mechanical properties of partially oxidised aluminium fibres at room temperature and under high-temperature

conditions following heat treatment

. Mass fraction . . Tensile strength/GPa
Fiber . . Phase composition Heat treatment time/h - u — References
(chemical composition)/% Room temperature  1100°C ~ 1200°C 1300 C
FP 99.9%A1,0; a-ALO; 1.55 0.65 0.55 0.20 [20]
Almax 99.9%A1,0; a-ALO; 1.80 0.35 0.20 [20]
Nextel 610 99%A1,03 a-ALO; 3.10 3.00 297 1.95 [21]
0.3-0.67%Fe,0;3
0.30-0.35%Si0,
Nextel 312 62%A1,03 Mullite 1.63 0.57 [32]
24%Si0, +amorphous phase
14%B,03
Nextel 440 70%A1,0;3 Amorphous phase + 1.84 1.60 1.21 0.46 [18]
28%Si0, v-ALOs
2%B,03
Nextel 550 73%A1,03 v/3-Al,0;3 2.07 1.44 1.60 1.05 [25]
27%Si0, + amorphous phase
SIC 550 72%A1,03 v-ALOs 1.71 1.48 1.23 [26]
28%Si0, + amorphous phase
Morlion 735 73%A1,03 v-ALOs 1.97 1.47 1.14 0.52 [27]
27%Si0, + amorphous phase
SLF72 72%A1,03 v-ALOs 1.79 1.55 1.17 0.95 [123]
28%Si0, + amorphous phase
ALF 22208 72%A1,03 v-ALOs 1.8 1.49 1.03 0.79 [124]
28%Si0, + amorphous phase
Nextel 720 85%A1,0;3 55% Mullite 2.1 1.83 2.08 1.93 [18]
15%Si0, +45% 0-ALO;
CeraFib 75 72%A1,03 96.5% Mullite 1.42 0.94 0.67 [122]
28%Si0, +0.5% a-AlLOs+
3% ’Y-A1203
PRD 166 80%A1,0;3 a-ALOs+ 1.46 0.95 0.80 0.20 [20, 136]
20%Zr0O, t-ZrO,
Nextel 650 89%A1,03 a-ALOs+ 2.50 1.30 0.75 0.20 [30]
10%Zr0O, t-ZrO,
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Extended Abstract

Continuous alumina fibers show a great potential for high-temperature insulation and debris shielding in spacecraft. Their
advantages include high strength, high modulus, and excellent oxidation resistance at high temperatures. The sol-gel method is the
main process for producing these fibers. This method involves several steps, i.e., thermal decomposition, phase transformation,
densification, and grain growth. These steps make it difficult to precisely control the fiber microstructure and optimize the mechanical
properties.

This review summarizes recent development on controlling the microstructures of alumina fibers. These include selecting
appropriate precursors, optimizing processing parameters, and using sintering aids. Sol-gel precursors are usually formed via
hydrolyzing and condensing inorganic aluminum salts, carboxylates, or alkoxides. Gelation proceeds by natural aging or
concentration, resulting in three-dimensional networks. After dry spinning or electrospinning, pre-sintering removes most organics.
Residual hydroxyl groups are eliminated at high temperatures, affecting fiber densification. Metastable alumina phases convert to a
stable a-Al203 at approximately 1200 ‘C because of a high energy barrier. Additives such as a-Fe203, a-Al203, or a-Cr203 aid
nucleation and increase nucleation density. The phase transformation process produces a stable a-Al-Os phase, but at this stage the
material still contains a significant amount of porosity, resulting in a poor mechanical strength. Producing dense, high-performance
alumina fibers requires high-temperature treatment for mass transport and pore removal. However, densification and grain growth
occur together. A rapid grain growth at high temperatures can trap pores, making their removal difficult. Understanding and balancing
the relationship between the two is thus central to the sintering process. The strategies to restrain grain growth and control
microstructure include two-step sintering and the addition of SiO2, MgO, or ZrOx.

This review also briefly addresses the mechanisms underlying the performance degradation of alumina fibers under
high-temperature service conditions. The microstructural evolution of alumina fibres under high-temperature conditions exerts a
dominant influence on their mechanical properties. Regarding failure induced by abnormal grain growth in single-phase alumina
fibers at high temperatures, the incorporation of a second phase can regulate fiber microstructure and mechanical properties. For
instance, within the Al2O3—SiO:2 system, Nextel 720 fibers demonstrate markedly a superior high-temperature creep resistance,
compared to Nextel 610 fibers. Nevertheless, studies on the creep failure behavior of such fibers remain limited. Based on the
systematic microstructural characterization of high-performance alumina fibers, the elucidation of microstructural evolution
mechanisms during sol-gel synthesis, and the in-depth analysis of the intrinsic relationships between microstructural evolution and
mechanical property degradation under high-temperature service conditions, this review establishes a theoretical foundation for the
fabrication of high-performance continuous alumina fibers and promotes their engineering application in extreme environments.

Summary and Prospects This review systematically represents recent advances on the sol-gel synthesis of high-performance
continuous alumina fibers. The analysis reveals that a precise control of microstructural characteristics, such as grain size, phase
composition, and grain boundary properties, can profoundly affects the mechanical properties and high-temperature performance of
the fibers. However, some substantial challenges persist in understanding the mechanisms of alumina fiber formation, achieving a
precise process control, and enhancing performance in extreme environments. Accordingly, future research should focus on the
following directions:

1) Transitioning from empirical trial-and-error to theoretically guided design via developing multiscale simulation techniques to
inform holistic process optimization during fiber fabrication. Computational simulations can uncover underlying mechanisms to
enable theory-driven fiber design. In an atomic scale, first-principles calculations and molecular dynamics simulations can reveal
grain boundary segregation behavior of sintering aids such as rare-earth oxides. molecular dynamics can also simulate atomic
rearrangement during a-Al2Os phase transformation, clarifying heterogeneous nucleation mechanisms induced by iron sol additions.
In a mesoscale, phase-field modeling can dynamically simulate densification-grain growth competition, grain boundary pinning by
secondary phases, and defect evolution. In a macroscale, the fiber service failure can be simulated to correlate predicted
microstructures to mechanical properties.

2) Advancing from static cross-sectional observation to dynamic in-situ characterization via developing advanced in-situ
techniques to directly elucidate fiber microstructural evolution mechanisms. The existing understanding of microstructural evolution
relies largely on static examination of samples from different processing stages, rendering direct validation difficult and many
conclusions speculative. Future work should emphasize in-situ experimental methods applicable to both the preparation and service of
alumina fibers, enabling the real-time observation of microstructural evolution.

3) Bridging a gap between laboratory samples and industrial products via addressing challenges in continuity, stability, and cost
efficiency in fiber manufacturing. Future efforts should focus on developing online monitoring and feedback systems for precursor
sols to maintain viscosity and spinnability, advancing intelligent temperature and tension control to minimize fiber bending damage
while collecting real-time data on the effects of thermal and tensile variations and exploring low-cost alternative aluminium sources
paired with optimized sintering protocols to reduce energy consumption.

4) Addressing next-generation application requirements via investigating fiber performance limits under ultra-high-temperature,
long-duration service conditions and developing novel reinforcement strategies. Systematic studies should be conducted on creep
mechanism transitions, grain boundary evolution, and the performance degradation mechanisms in high-temperature environments
such as steam and air.

Keywords alumina fibers; sol-gel method; microstructure evolution; high temperature stability



