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ABSTRACT: The spacecraft running in orbit will face various extreme conditions due to the unique space environment. In
order to ensure the safe and efficient work of spacecraft, the thermal control coatings with low absorption performance and high
emission performance on the surfaces of spacecraft structure materials has become a research hotspot. Micro arc oxidation
(MAO) technology is a new method for the preparation of thermal control coatings. It has the advantages of simple operation,
controllable composition, compact structure, and wide applicability. It is suitable for the preparation of high performance
thermal control coatings with long service life. In this paper, the research progress of zinc modified micro arc oxidation thermal
control coatings is reviewed. The evaluation indexes of thermal control properties of materials and the classification of thermal
control materials are described. The effects of the types of zinc source (such as Zn*' or ZnO nanoparticles) on the process,
reaction mechanism, coating structure and composition, and thermal control performance of the coating are emphatically

summarized. Finally, the existing problems of MAO thermal control coating are analyzed, and the future development trend is
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Fig.2 SEM images of MAO coatings prepared with different concentrations of ZnSO,

e Mg
n = MgO
A ZnO

i

Intensity (a. u.)

30 35 40 45 50 55 60 65
20/(°)

3 RIAl ZnSO, BUitik i 1 {8 MAO ¥RJZ 1 XRD ji
Fig.3 XRD patterns of MAO coatings prepared with different
concentrations of ZnSO,*

Zn(H,POy),, il 1% 3] ZnO-ALO; N B L A= IR E o
B Zn(H,PO,), e BE B8N, i < FLA R B kb
OB B ERLRS B R R, i X SRR R R
FW7E B IR TP RN Zn(H,PO,),, 153 T ZnO-AlL0;
HAWE, Hh ALO 24 a-ALO; i, Ffi Zn(H,PO,),
WRER SN, WERSTFEM 0.815 $EF £ 0.881, 1M
WCRIREAR 2 0371,

BHIF A Bl S BR5Y Zn FERRPEYS R (40 KOH ) H
FIRLAE2EAT R, 38R T IR 52 1) & A DL R SR Ak B P
BERIE LS . B pH (E RN, Zn TE
Hhos A AR, IR OR TR B =8 (0 Zn®
Zn(OH)". Zn(OH), . Zn(OH); M Zn(OH), ), TEJF4E
WAL ZnO, S BAERIE A &R ImRZ T,

[34]

1.0
0.8
g
£ 06
£
g —+— Substrate
5 0.4 ——0gL
—
4L
02 v 6gL
w———-ﬂ""‘ﬁ-‘
1 1 1 1 1 1 1 1
0274 6 8 10 12 14 16
Wavelength/um
a KIHBBOGRE
80
X 601
8
8
8
ﬁ 40
% ——0g/L
& 201 —2gL
— gL
—6glL
1 1 1 1
500 1000 1500 2000 2500

Wavelength/nm
b £IAME LI
Kl 4 RIF ZnSO, BT BT 64519 MAO 4219 K PRI
T FLT M S5 Y
Fig.4 Spectral emittance (a) and diffuse reflectance spectra

(b) of MAO coatings prepared with different concentrations
of ZnSO,P*¥



a9k 12

EUFAE . B PE R B2 UR J2 A B 5T 2 °5-

A, BFFRAS R, Zn BUPES MR TR Z
TR B8 P AR B 2 B e, R PR R LU AR SRR D 4
AEEGL; HEAb, 7E 3.5 %NaCl i i h EA TR 15
KRR IR P Zn BOVES B9 2 BAT 05 4
JE T, AT B AR U R S AR A S A BRI B Tl K
AR SV R0 ORI Zn A1 AL Ak 2 0 P A
JEFRARARML, TERENE L R, ZnO 3921701
FPRESN ALO; H, RFEIRZHECHEE

2.2 ZnO FRBLF X RN AU iR E R F2 0T

AT EIR 2 XA 2 W AR AL AT | b2 4H AN oI
UG R B T8 Zo® M BRI, R H H R
F ZnO YKL R B IR i 45 oM AL TR 21 42
SR, DL ZnO GOKKFRFEIR, How e fe i i
WO R OB, ki Y 5) oy BOEE o AR 2, B
R AUWRZ, I 3R AR A #HE B 14,
Kim 2 ANV, ¥ ZnO G4k ki 120 B o Ak
WER, TTIRERBRINE SR, X T XLy
KAPBHE S | 2L A Bs i R SRR DT . 7075
A STEL AN BN R ST RE 1585, LLAN RS AR
0.35, it 7E R A IR ZnO 40K kL Bie ik i IR 4R
AR S, A RAE T &R, fRME]
% 0.89,

P AR IR ] Ny W S S | 9 VR ) || D15
BEPERIA RIS A0 A BG4 KRB T BURT AR R 2
5N, WA AR RPN , 3 R R /N
BRI AN S 7= A B kA 5 5 oy i A DU 4 Kok
FZH5RZAERK N H, 7ERoRE i 2 i s aE
CHAEHTT , AR T8 4k 1 5 3 IS A ) s/ A R f
R AR OV, 12 R AZ B L2 R s, gk
JEA BRI | Zeta AL (&), B REER ALY AE =
KN GUKRE T A 0 s B e B D R r i o 2L B 55
Khiabani 25 \ YL F il ki fE b ZnO 40Kk 1
FIESAE L, 2T ZnO MR R MR HLIR . 7E
MAO i, KA AR EE SCTE R T s
1) 4 JaB SR A, 2 o 3 e A VR 1 4 AR I B
—JZPEWR ) SRR TP U N ZnO 44K UKL R,
ISR GER T, m3RRITRE, IS REHE
Al ARG, SEMTEREBUE R Z . MAO 182
AR A ZIEA SR BT IR
GhE—> U Z o ZnO YUK 1T REFZEATAu] B B DA I i
AP oy B ok, sl N ZnO GORR T
TIPSR R)Z T ZnO RS R, (H AR 2 AR TR
JZ A YT Huang %5 APOWRSE T EWE IR £6 -
Tk MR AR L P RN ZnO AR KL TR LY 12 8RB 4
T AR AL IR Z R, 25 SRR, ZnO 4Kk 1
RGN ALO; LR T % B K& IRE, 1%
T2 OCR R A B B ARb, (HR SR B AR K [H
b, E Al o 26 W 2 B S A b

3 HitTRE

HAG, 4. 5. SkES SRR m S & MAO
PRV Z A5 TAE C BUS R e | i i 42 L il
WL . W DL SR S 805, nI R si AR R
1) MAO IR )2, IF B B W S BB A= Ak
A, T R A R A R, R 2 LA 2
FRACE TR RE, PR 4R s A A BT Zn PRI A fb
P U 2 8 A B W AT R IR 20 40 e S R B R 5T
PO, EPX HET MAO HARM & B, LT IL
SR T DL T K S et

1) Hii, TS LA RETAPLEERIR, (HiX
SEAE AT Rt — 25 5236 o s i R A AR 1) 3
RHERISIFSE, @ HA T 128 MAO HLEAY & L
R, XGRS Zn Bt MAO BZH AR L RE.

2) IR LB, FRocER (W42 ) WS
JEE AL 2 MR ETE, WD ZnO T I [] 55 41
SR AR S AR AR . I, B L on R et i
M EL S

3) M ZM T EREAGMA, ERE MAO %RZ2
JEA R EET, SRR, AIE MAO HAR K
KW R Z—

ST -

[1] SHRESTHA S, BORRERO D P C, MALAYOGLU U.
Inorganic white thermal-control coatings for extreme
space environments[J]. Journal of spacecraft and rockets,
2016, 53(6): 1061-1067.

[2] KAYHAN N, SHOJA R R, CHOOPANI S. Evaluation of
two new white silicone thermal control paints under atomic
oxygen[J]. Progress in organic coatings, 2012, 74(3): 603-607.

[3] HAN Yu-ge, MA Wei, XUAN Yi-min. Theoretical
investigation on degradation behaviors of spectral properties
of thermal control coatings induced by charged particles[J].
Applied surface science, 2013, 282(1): 363-369.

[4]  LIU Tian-yu, SUN Quan, MENG lJie-ru, et al. Degradation
modeling of satellite thermal control coatings in a low
earth orbit environment[J]. Solar synergy, 2016, 139(1):
467-474.

[5] SHARMA A K, SRIDHARA N. Degradation of thermal
control materials under a simulated radiative space envir-
onment[J]. Advances in space research, 2012, 50(10):
1411-1424.

[6] JOHNSON J A, HEIDENREICH J J, MANTZ R A, et al.
A multiple-scattering model analysis of zinc oxide pigment
for spacecraft thermal control coatings[J]. Progress in organic
coatings, 2003, 47(3-4): 432-442.

(7] JAE. SerE ZnO SEAAHLPEE B S RS RAED]. i
IR MRZRIE TR, 2012.

ZHOU Bo. The synthesis and characterized of modified



EN TR NN

2020 4 12 A

(11]

[12]

(13]

[15]

[16]

(19]

ZnO-based organic thermal control coating[D]. Harbin:
Harbin Institute of Technology, 2012.

T3, AW, R0 s AR EARTS Y B LA AL
IPEERIZ[T]. FERh O RERL 4R, 2005, 8(1): 11-15.

MA Hong, MENG Jun-feng, TAN Hai-long. Organic thermal
control coatings with excellent stability, low pollution and
anti-static performance[J].
2005, 8(1): 11-15.
DEHNAVI V, LUAN B L, SHOESMITH D W, et al.
Effect of duty cycle and applied current frequency on plasma

Special functional coating,

electrolytic oxidation (MAO) coating growth behavior[J].
Surface and coatings technology, 2013, 226(5): 100-107.
GEENCER Y, GULEC A E. The effect of Zn on the
microarc oxidation coating behavior of synthetic Al-Zn
binary alloys[J]. Journal of alloys and compounds, 2012,
525(5): 159-165.

2, WhAESE, T, . MO EEOR s R 2
P ). RIEHOR, 2019, 48(7): 24-36.

LI Xiang, YAO Zhong-ping, LI Xue-jian, et al. Application
of micro-arc oxidation technology in thermal control
coating[J]. Surface technology, 2019, 48(7): 24-36.
TIOAR, TS, ek, % REMT 2 R
AR Z[I]. TR T2, 2002, 3(1): 12-18.
WANG Xu-dong, HE Shi-yu, YANG De-zhuang, et al.
Thermal control coatings for space station radiators[J].
Aerospace materials technology, 2002, 3(1): 12-18.
JOHNSON J A, HEIDENREICH J J, MANTZ R A, et al.
A multiple-scattering model analysis of zinc oxide pigment
for spacecraft thermal control coatings[J]. Progress in organic
coatings, 2003, 47(3-4): 432-442.

LI Chun-dong, LV Jing-peng, YAO Shu-long, et al. Study
of the degradation and recovery of the optical properties
of H'-implanted ZnO pigments[J]. Nuclear instruments
and methods in physics research B: Beam interactions
with materials and atoms, 2013, 295(15): 11-15.
MIKHAILOV M M, NESHCHIMENKO V V, SOKOL-
OVSKIY A N, et al. Thermal control coatings based on
pigments modified with Al,O; nanoparticles[J]. Progress
in organic coatings, 2019, 131(13): 340-345.

BABEL H W, JONES C, DAVID K. Design properties
for state-of-the-art thermal control materials for manned
space vehicles in LEO[J]. Acta astronautical, 1996, 39(5):
369-379.

XING Hui, ZHAO Hui-jie, ZHANG Ying, et al. Thermal
modeling and analysis of a radiometer for thermal control
coatings in situ measurement[J]. Acta astronautical, 2012,
71(6): 99-108.

FENG Wei-quan, DING Yi-gang, YAN De-kui, et al.
Combined low-energy environment simulation test of geos-
ynchronous satellite thermal control coatings[J]. Journal
of spacecraft and rockets, 2009, 46(1): 11-14.

A, RARE, ZR A, A XS MgO-ZnO FE
LS AR RE RS2 R (). TCHLRT R, 2017,
32(12): 1292-1298.

[23]

[24]

[25]

[27]

[28]

[30]

LI Hang, LU Song-tao, QIN Wei, et al. Current density on
microstructure and thermal control performances of MgO-ZnO
ceramic coatings[J]. Journal of inorganic materials, 2017,
32(12): 1292-1298.

WU Xiao-hong, QIN Wei, CUI Bo, et al. Black ceramic
thermal control coating prepared by microarc oxidation[J].
International journal of applied ceramic technology, 2007,
4(3): 269-275.

XUE Wen-bin, DENG Zhi-wei, LAI Yon-chun, et al.
Analysis of phase distribution for ceramic coatings formed
by microarc oxidation on aluminum alloy[J]. Journal of
the American Ceramic Society, 2010, 81(5): 1365-1368.
MARTIN J, HARAUX P, MIGOT S, et al. Characterization
of metal oxide micro/nanoparticles elaborated by plasma
electrolytic oxidation of aluminum and zirconium alloys[J].
Surface & coatings technology, 2020, 397(15): 125987-
125991.

BARATI N, MELETIS E 1. Al,05-ZrO, nanocomposites
coating on aluminum alloy by plasma electrolytic-electroph-
oretic hybrid process[J]. Materials today communications,
2019, 19(3): 1-11.

LIU Che-yu, TSAI Dah-shyang, WANG Jian-mao, et al.
Particle size influences on the coating microstructure
through green chromia inclusion in plasma electrolytic
oxidation[J]. ACS applied material interfaces, 2017, 9(5):
21864-21871.

WK, MRIIWL, AR, A5, A S ROTE LB it
JE[T]. MR, 2019, 48(12): 10-22.

LEI Xin, LIN Nai-ming, ZOU Jiao-juan, et al. Research
progress of micro-arc oxidation on aluminum alloys[J].
Surface technology, 2019, 48(12): 10-22.

LI H, SCHIRRA L K, SHIM J, et al. Zinc oxide as a
model transparent conducting oxide: A theoretical and
experimental study of the impact of hydroxylation, vacancies,
interstitials, and extrinsic doping on the electronic properties
of the polar ZnO (0002) surface[J]. Chemistry of materials,
2012, 24(15): 3044-3055.

HAN Jun-xiang, CHENG Yu-lin, TU Wen-bin, et al. The
black and white coatings on Ti-6Al-4V alloy or pure
titanium by plasma electrolytic oxidation in concentrated
silicate electrolyte[J]. Applied surface science, 2018,
428(15): 684-697.

GOUEFFON Y, ARURAULT L, FONTORBES S, et al.
Chemical characteristics, mechanical and thermo-optical
properties of black anodic films prepared on 7175 aluminium
alloy for apace applications[J]. Materials chemistry and
physics, 2010, 120(15): 636-642.

XUE Wen-bin, DENG Zhi-wei, CHEN Ru-yi, et al.
Growth regularity of ceramic coatings formed by microarc
oxidation on Al-Cu-Mg alloy[J]. Thin solid films, 2000,
372(1-2): 114-117.

R, WRAE, H. RO R S AT AR
FIBFFE[I]. RIAHR, 2015, 44(2): 48-54.

TANG Yan-ru, PAN Li-hua, CHANG Yu, et al. Improving



a9k 12

EUFAE . B PE R B2 UR J2 A B 5T 2 <7

[31]

[33]

[34]

[37]

[38]

[39]

the wear resistance of aluminum alloy through the micro-arc
oxidation technology[J]. Surface technology, 2015, 44(2):
48-54.

Prar, B, difik 6061 iAol E L &z
) e W 55 A FRIRELRES R [0, LB 59, 2017, 36(9):
472-4717.

FU You-hong, CHEN Ming-an. Microstructure and roughness
of ceramic coatings formed by micro-arc oxidation on
pure aluminum and 6061 aluminum alloy[J]. Electroplating
& finishing, 2017, 36(9): 472-477.

LIU Huan, OUYANG J, LIU Zheng, et al. Microstructure,
thermal shock resistance and thermal emissivity of plasma
sprayed LaMAl; 09 (M=Mg,Fe) coatings for metallic
thermal protection systems[J]. Applied surface science,
2013, 271(6): 52-59.

WANG Ling-qgian, ZHOU lJian-song, LIANG Jun, et al.
Thermal control coatings on magnesium alloys prepared
by plasma electrolytic oxidation[J]. Applied surface science,
2013, 280(4): 151-155.

LI Hang, LU Song-tao, QIN Wei, et al. In-situ grown
MgO-ZnO ceramic coating with high thermal emittance
on Mg alloy by plasma electrolytic oxidation[J]. Acta
astronautica, 2017, 136(7): 230-235.

STOJADINOVIC S, TADIC N, VASILIC R. Formation
and characterization of ZnO films on zinc substrate by
plasma electrolytic oxidation[J].
technology, 2016, 307(5): 650-657.
ZHANG Xin-xin, LI Chen-jing, YU Yang, et al. Char-
acterization and property of bifunctional Zn-incorporated

Surface & coatings

TiO, micro-arc oxidation coatings: The influence of
different Zn sources[J]. Ceramics international, 2019,
45(16): 19747-19756.

RN, 6061 Fh 4 T i AP 52 1) ) 2 B H
PERERFFE[D]. PAZREE: IG/RIE Tl KA, 2018.

ZHU Shan-xu. Study on preparation and properties of
conductive thermal control coatings on 6061 aluminum
alloy[D]. Harbin: Harbin Institute of Technology, 2018.
BORDBAR-KHIABANI A, EBRAHIMI S, YARMAND
B. In-vitro corrosion and bioactivity behavior of tailored
calcium phosphate-containing zinc oxide coating prepared
by plasma electrolytic oxidation[J]. Corrosion science,
2020, 173(8): 108781-108788.

BOSTA M M S, MA K J. Influence of electrolyte
temperature on properties and infrared emissivity of MAO
ceramic coating on 6061 aluminum alloy[J]. Infrared physics
& technology, 2014, 67(7): 63-72.

SARE, B, FARLL, . RE SR E LR &R
JEFSEHE R[], FRIHR, 2013, 42(4): 94-99.

[41]

[44]

[48]

MU Wei-yi, LI Zheng-xian, DU Ji-hong, et al. Research
progress of ceramic coatings formed on aluminum alloys
by micro-arc oxidation[J].
42(4): 94-99.

ROCCA E, VEYS-RENAUX D, GUESSOUM K,
Electrochemical behavior of zinc in KOH media at high

Surface technology, 2013,

voltage: Micro-arc oxidation of zinc[J]. Journal of
electroanalytical chemistry, 2015, 754(1): 125-132.
KAZEM A F, MOLAEI B M, Plasma -electrolytic
oxidation (MAQ) treatment of zinc and its alloys: A review[J].
Surfaces and interfaces, 2020, 18(3): 100441-100449.

LI Guang-yin, MAO Yi-fan, LI Zhi-jian, et al. Tribological
and corrosion properties of coatings produced by plasma
electrolytic oxidation on the ZA27 alloy[J]. Journal of
materials engineering and performance, 2018, 27(17):
2298-2305.

HUANG Qian, WU Zhong-zhen, WU Hao, et al. Corrosion
behavior of ZnO-reinforced coating on aluminum alloy
prepared by plasma electrolytic oxidation[J]. Surface and
coatings technology, 2019, 374(25): 1015-1023.

KIM Yeon-sung, YANG Hae-woong, SHIN Ki-ryong, et
al. Heat dissipation properties of oxide layers formed on
7075 Al alloy via plasma electrolytic oxidation[J].
Surface and coatings technology, 2015, 269(15): 114-118.
KHIABANI B A, YARMAND B, MOZAFARI M.
Enhanced corrosion resistance and in-vitro biodegradation
of plasma electrolytic oxidation coatings prepared on
AZ91 Mg alloy using ZnO nanoparticles-incorporated
electrolyte[J]. Surface and coatings technology, 2019,
360(10): 153-171.

BORDBAR-KHIABANI A, YARMAND B, MOZAFARI
M. Enhanced corrosion resistance and in-vitro biodegradation
of plasma electrolytic oxidation coatings prepared on
AZ91 Mg alloy using ZnO nanoparticles-incorporated
electrolyte[J]. Surface and coatings technology, 2019,
360(1): 153-171.

MIKHAILOV M M, NESHCHIMENKO V V, SOKO-
LOVSKIY A N, et al. Thermal control coatings based on
pigments modified with Al,O; nanoparticles[J]. Progress
in organic coatings, 2019, 131(3): 340-345.

ROCCA Emmanuel, VEYS-RENAUX Delphine, GUE-
SSOUM Khadoudj. Electrochemical behavior of zinc in
KOH media at high voltage: Micro-arc oxidation of zinc[J].
Journal of electroanalytical chemistry, 2015, 754(6): 125-132.
HUANG Qian, WU Zhong-zhen, WU Hao, et al. Corrosion
behavior of ZnO reinforced coating on aluminum alloy
prepared by plasma electrolytic oxidation[J]. Surface and
coatings technology, 2019, 374(25): 1015-1023.



