#oate el o# T Vol.54  No.8
2026 -8 A %5 134—149 71 Journal of Materials Engineering Aug. 2026 pp. 134—149

SI AR A8, WG 7 ar, B0, 55 B RERIE AR R 2 RN IR FE e [T ] PR T AR, 2026, 54(8) : 134-149.
GU Jinxin, SUI Ziqi, WEI Hang, et al. Research progress in smart thermal control materials for space applications[J].Journal
of Materials Engineering, 2026, 54(8) : 134-149.

BREREMBI R Z BN A RER

B ETH LA SR L REME APPSR AR, E ALY
(1 N2, 93N 21512352 B /RIE Tl K2f AR RS 25 F 58 BT, W 2R 150001 5
3 IR SRR 5 TR 2EBE, 73 215006)

FEEE « R [ 2 (B Rk v 0 2 e 0 B 2 s DI A 0 R s 40 4 B R AT 45 1) St , s 152 s (RD SR I, M, R AR
JIT T I 9 2 [ IR B8 H 52 2% AR oy, 6 AR R Ge et T 00 = ok o AR G s b L RR R b 2 — | X LA SR AR W4 T
BIPERETT K o B REFAIE MR BRI TE ST IR T 2 A8 08 50 H ) SRR | E 1T 8 BR IRA A R A R/ iR e 07 , S PR A%
FEARIREE T 4RI T 2K, RIRAR T R G B RS 2 SRR, 2 T — IR R E R R R H . ALRSGE
PR T R A | SO0 €6 AT B TR RRERAE AR 5 0 R S DA 55 v ) 1 RS OO0 L S T T I P DG SR R . SR sl
BREHIR IR B0 2R AR IE T AL AUBKREAT I T MCAUAS £ 28 PR AL 15 i B R e 4 i 55 7 1 o
JEHE— 2L WS, 3O TSR AR H R ST I R G ACTH R, SCEE MR o i HA R

SEERIR R BE A B (@ A BB €8 5 TR R 5 s Ry

doi: 10.11868/}.issn.1001-4381.2026.000303 ~ CSTR: 32421.14.j.issn.1001-4381.2026.000303

hES#EE. TB34  XHEERIRAS: A XEHS: 1001-4381(2026)08-0134-16

Research progress in smart thermal control materials
for space applications

GU Jinxin',SUI Ziqi"*, WEI Hang’,ZHANG Xiang’,ZHANG Leipeng’,
DOU Shuliang”,REN Feifei',L.LI Yao"*

(1 Suzhou Laboratory , Suzhou 215123, China; 2 Center for Composite Materials and Structure,
Harbin Institute of Technology, Harbin 150001, China; 3 School of Optoelectronic

Science and Engineering , Soochow University , Suzhou 215006, China)

Abstract: China’ s medium- and long-term space science development program clearly puts forward the
major tasks of rapidly promoting deep space exploration and accelerating the construction of a space power.
The increasingly complex and extreme thermal environment in space imposes more stringent requirements
on spacecraft thermal control systems. Conventional thermal control materials exhibit limited and static
thermoregulatory properties, failing to meet evolving performance demands. In contrast, smart thermal
control materials can dynamically modulate their physical characteristics in response to external stimuli,
thereby enabling smart regulation of spacecraft heat dissipation and insulation capabilities, and significantly
improving the precision and energy efficiency of thermal management systems. As a result, smart thermal
control technology has emerged as a critical development direction for next-generation spacecraft thermal
control systems. This review systematically outlines the research progress of typical smart thermal control
materials, including thermochromic and electrochromic materials, their applications in space missions and
the key challenges in this field. To enable the widespread application of smart thermal control coatings,
future research work should be carried out in the Al-assisted material design, low-cost fabrication, failure
analysis and life prediction under space environments, and system integration. These endeavors are of great
significance for driving innovation in aerospace thermal control technology, accelerating the iterative upgrading
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of thermal management systems, and supporting the steady progression of national space strategy.
Key words: smart thermal control ; thermochromic ; electrochromic ; spectral regulation ; space application
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Fig.1 Typical smart thermal control materials and regulation mechanisms
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Fig.2 Space radiation environment and spectral characteristics of smart thermal control materials

(a)thermal environment of spacecraft operating in Earth orbit and interplanetary orbit ; (b)steady-state thermal equilibrium of

radiators in the space environment; (c)schematic diagram of smart material response
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Fig.3 Optical properties and in-orbit piggyback test of perovskite-type manganese oxide thermal control coating

(a)temperature dependent emissivity curve of La, ,Sr,MnQ, with different doping ratios" "' ; (b)the SRD mounted on MUSES-C"**/;

(¢)solar reflectance spectra and IR emissivity as functions of the temperature!?'; (d)the SRD mounted on REIMEI™!
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Table 1 Summary of representative smart thermal control coatings and their performance
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Fig.4  Optical properties and ultraviolet irradiation stability of perovskite-type manganese oxide thermal control coatings

(a)physical image of the flexible sample and its radiation power density curve with temperature increasing'?’; (b)temperature-dependent infrared

reflectance spectra of La, ;Cag »:K, 0sMnO, (left: flexible thin film , right : bulk material)'*’; (¢ )radiative modulation mechanism and performance

characterization of the structure based on the photonic stacked layer'; (d)morphological and optical property variations of LSMO

coatings under different ultraviolet irradiation fluence levels'
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Table 2 Comprehensive performance comparison of smart thermal control coatings

Smart thermal control material Advantage

Disadvantage

La; A ,MnOy Simple structure, no power consumption and excellent High solar absorption ratio and wide phase transition
environmental stability temperature range

VO, Large emissivity tunability, narrow phase transition range, Stringent VO, growth conditions, and metamaterial-induced
no power consumption, and good environmental stability ~ cost/complexity

WO, Large emissivity tunability, high control accuracy and Relatively slow response time, and requirement of
good environmental stability additional control electronics

PANI Flexible, fast response time, active control Requirement of additional control electronics, and limited

research on space environmental stability
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Prospects for smart thermal control materials in space engineering applications

Scalable fabrication

Develop low-cost and scalable

fabrication processes

Al empowered

Develop novel material, structural
inverse design and multifunctional

intergration

Long-term reliability

Study on the degradation mechanism and

service life of the coatings in space environment

Intelligent autonomous

Integrate perception-decision-action
technologies and achieve closed-

loop control
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Fig.10 Prospects for smart thermal control materials in space engineering applications
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