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Progress on the research and application of optically transparent

polyimide films for low earth orbit economies
WANG Zhen-zhong', WANG Rui-zuan', LIU Jin-gang'*"
(1. School of Materials Science and Technology, China University of Geosciences, Beijing 100083, China;
2. Disan New Materials Research & Development (Sanhe) Co., Ltd., Langfang 065200, China)

Abstract: The current research and application progress of optically transparent polyimide (PI) films for the
low earth orbit (LEO) economy fields have been reviewed. The importance of the LEO for the human space
explorations, the typical space environments in LEO, the typical applications and challenges of optically
transparent PI films for LEO spacecraft, and the research and development (R&.D) status of the PI films for the
LEO applications were mainly introduced. Emphatically, the R&.D of atomic oxygen (AQO) resistant and transparent PI
films were presented. The future developing trends of Pls for LEO spacecraft applications were prospected.

Key words: polyimide; low earth orbit; LEO economy; atomic oxygen; optical property
AR, Bl N 2R R A TR A AR A Wtk LA F Y E PRz Ay (ISS)
SR ARNT (Space X) “EHE” DE% AT
RMERPLE 2247 T LEO =
WS IE =N PN Y2 )
KM TAF T 0 R SFRHE Ilﬂ:ﬁijﬂ)\*
2 BB G S EE G e B, T

T30 T 5 A [ A BEOGTE . DLSERK ij

LEO == A SCf . LEO $if il H

JREYGER ., B

KB 2026-02-26

ELWMB: RINTHIELAXAB (FHALLEEFRB) (JSGG20210629144539012)
EE® A TP (1985-), AL Rt, TERNFR MR ABEETREBYA S B AL T,

BIRAEE: &R (1973), Hd, #&, TEAFIRAABARBE B ELE 5 AFRT,

ﬂ’*iﬁ%i%ﬁu&%ﬁﬁ

B, A, ?ia@miﬁazﬁk
R R B 3 i) sl D B T A 55 it 1) 221 B AR T Rl L 34 7
JE TR AR
TE 160~2000km B IE X 3, 3% X 42 A28 HF
IR . AR P KMEDTE ., 3F



© 2. EHSERLFER

F3MEFEH

Bifjir . SAUELL. ALKRE M. SRS LUREE
Fp R A S ()6 S 0 PEAR X 8. R B KA
HED A EY Y, W2 H S, LEO %R H
ERTEZR L4, HATEH 2R TR 5K KM R
G A Re 4 TR AE 4 BKGE AR ST T TR AL, PREE(E
BAR A “REF7, TR ER G L%
4, [FI B AT ER R 28 A HB . AL R SR AL R
71, M ER AR KR TE A0 EE, I E
ms, “RHEsE (LEO economy) ” BE&1E Kk
i, LEO BT I 1 5 280 F al 4 3k w3 ™ 46 14 fa
AREC IR W 208 R AE IR . IR BT AN
B G AR R YT DL RO BT iR RS AT B,
AR AT S T kR, It RE&
%% (low-altitude economy) 7. “IEAZI (space
economy) ” AFIF A “ KT LT (aerospace
economy) " A E T4 AL HE . H AT, 4 ER X
LEO ®WIRMzEF A I #Ab BB, & B4
FEARRZ BE XA TTACH T 5 4 op 5 45 56 0L
LEO BE¥ 7 b skid &t BlE—rhile— T 7
3 AN IR YR B S P A . %™ M g A R, T
W OEAE . Aoz A2, Hoh b s
i (14 B 6} 772 Al 2 3 AN 7=l B A% T i B B ER Y
LEO M R= WG w2, W AR+ % (atomic
oxygen, AQ)., %4 (UV), HEEI (VUV),
A FERE R EE o 55, RO TRAT AR AR 1
P TR R T R BEORD T AR BT AR e
FAr AR DL T . SRR, S AR S
Sk LA SRR R BAR 1 1 3 A S5 T 7E LEO "%AT 4 il
W AR R Tz s Y 0 IR B A R i
YW oA R, W REE WM (PD S5 E 2
LEO "®AT 28 /8 0T Sl fil 119 4% O il 2 b RsE 22— L0100
PI # kL B A L = 09 i m R (— 196 ~
400°C) . M ERESEm IR . ALk . = I F
S, A B4R 60 AEAR 2 BLRT Mk Ak LA Sk —
BRI R AT a4 il il i O A RE, I A ZE Apollo
A BRI 55 . K BH R AT B R0 55 3% 20 1 i 2 55 i
PRAET OCHERY AR BRSO, HIEAE SR, T HL
T S 400 S5 6y DA R LSS T B A B I k) i 9 45 R 34
NHE LR PLAEHE LEO SRR FERET 5 T A
A KRR, SEmBEMEERRI S L, TR AT
PR AR SE R B kAR AT R R A X
JETE M THT DA R R s B0 vp B A G RS E MR R
Mk, BRI & BA T R0 AO =Rk 1 3% W]
PI MR 28 1A PR RE AT K G014 6 2 4 Rk

filt 5 07 L AF 5% 4 ) A8 5  1e) 22—

AR SCHF N AME AR R LEO 45 M 3R 5%,
e H R AO 420 857 B PT [ 5 450 5 14 114 B
Bk, X SR 5T 5 R AR BT LR A

1 B EZERRERT S FHED
4 BE %2 NI

VIR B BR 22 T 29 80~ 100km )5 171 £k A iR
BBk 2y 36000km MM ER [F] 2 HiE (GEO) Al
B X B H e Sk PR 58 b Bk i Al s e
b BRI e HRAILIE S B O W] — i T &l 4o LEO,
thoib Bk B aE (MEO) fl s #3k i (HEO)
G REBN NI R 2506 8h 35 & A 4 bk 3R
160~36000km Z ], LEO & % 38 i &K 160~
2000km MY IX 3K, 52 Nl K2 YIRS e 2 B &
217, LEO &4 L LIRS BRI A ZE = 4
FAE, A —EHEE RS, MEO W& EA N
2000~36000km, JEEK M T2 R LW T 7EH,
BN FE M 2R ENM RS (GPS) . P i 4Bk
ST REZRS (GLONASS) . R i #1) ms 2 55
PR TR E AL R g% . HEO £ T 29 3 1 DA
1%y 36000km LA L% B, JLHGE R 5 ek A
FERE UM DT, G TR R B AE X — B b
GEO K HILI sk — B AL T B8 R, B Br ik
RO S P AT BRI . ARk, BfCE KA A JE
TERIA B, LEO 1 81 35 28 U 5 B 3 55 e 3
K.

AN [) Hb 2R A0 BT 2 A s ) PR TR R AN A
], Xeess A IRBE R, QoK PHRERE . A0 5 5 4
2. AO. JILRERSTH . A MR A S50 6 AT 4R A
KB A A2 . 1% G ARG 2 Ty
AR Y T LEO 25 | i 5, AO & xtas
[ 55 Ul B R 25 Rl PR BE & . AO & LEO %8
[ O, 7632 B K G K /N T 243nm (19 550
LRBEENETESR (O, AO R G4 F
FEEARERTFE A, BA R A, HORE
SRR PG B . OBk EE R L B
FRHBRFEEMWZN, BAEmF, LEO 25
A0 M & R E R 80% UL b, 4 10° ~
10%atoms/cm®, F I, X4 LEO =56 i7 4% KL~
8km/s MYEE — T B KATAT &5 AO 774 107 ~
10"¥K/ (em?® « s) FlffE, DUAS & 76 00 K #% 3 m 7=
A A~5eV IBER"Y . ZEER D LR T A2k
R, kAl kRS ERm A C. H. O,



2026 F 6 A FEHRPE: HRRAZFEAZTRNEARBTIREEARENRAER * 3

N SETCE M & o T MR PR b 2, 0 ™
CO. CO,. KERFSAHELY) , & M5+
BT 5 R R R 548 LK W) B RN AR 2 v R A AR
B2 B UL A TR BHEE AO PR EE A R fig o R
WHEE 10 " em®/atom KA. ZMEMEFRT, &
JE SR TIOK G 1 o3 - MR B S EROT I AO 52
e o, 3R ORT X T R B ARG AT R R AR BUAr 1 R
matst, geAh . LEO e as M H £, Wi
S (10°G) ., \EE (—150~200C) ., & &
2 (107° ~ 10 ® torr) VL M K PFHEE BB (UV,
VUV, X-BF2k) St 2 % o0 7 4 kG d: i =
AT

AO fEdy LEO it X & 10 1Y 55 73+ B RFif 23
K 2R AL A R . R E R T AR 2 4 AT
AT, H AO RLER & X AO =Rh i3 di b
WAE ., AO T LEO ®AT#Rm =41 4~5eV
MReEET TRER ST (% C-H. C-CH#m

ROk, BWES ., MEEHST (F C=0 5%
PRETU R RO BEER . SRR EEER ) . S ST
(& C—FHEmRrm e . RMBM T 7R

¥ (% C—N, C=0 LRI PLA) SRR

M S B A RE . PRI AO BRI RE x5 & |
ARG A SR . DL PT AR A . AO 46 IR 5]
RHYFHEC—N ., C—0 By /v, 5l
BB T IR . 1 50k ae 4 U
T RS0 51 e B R 4 2 F — k35 e 5 ) o

F 1 BEs T H TR Ak R 9 PT v B 1 i o5
S546 5 0 TRV . AR UESY PT i IR AE 25 [|) AT A8
Uz AR EE . Z)RRRIARE . B AR DL S R P
TR SRR, S SR P s 00 ] R TR A s
(i) A FEATL AR L B 2 4 O BH # by 6 Al A L[] A A
R PE LR A4 R Ak b A5 38 TN T ek R PT
. ISAS-TPI® & 5 20 2 T K BH i 41 1
rpleo=sel O fH FSRR AL P T R
HIZEBEN AT LEO 25 [ “ATa8d . i ThsifE
AU PTI98 [ AL 28 7 BTk Ak 19 Kapton® H
W (R 1, £ £ AOWBHREHERL T
AYEMERMME (AO FM#EE E,=3.0X10"
atoms/cm?®) . F It H A E Br L DL HEAE b bR A
TFE AO 48 BEGE &, FK UL T o TR A
M E, . % WHRHI AL PT RS, (3% H AR T
AR AL B IE AR Upilex®-S Wil (WL 1, #2;

x1 BAEMRE PUERENARUFENRENASE

i
qo

ViEs SR SE K I S

o7 P

£1 _%§KI§{3”<)i

(Kapton® H,Apical®:++)

#2 T 1 24

(Upilex®-S)

fpootop 5

DG o A RS AP O TS R L
F BNV | e A 2% e BELAA 45
H AR B W B IR LR
BYIEZE AT AO =il

#3 %&ﬁ‘”‘ﬁ§c>wc%

(Upilex®-R)

H,C CH

. jeeNrasWent

(Ultem® 1000)

kR (PED

ﬁ@&d}@T

s BA O LA Ot 5
WP A P IB M R A

LT, MXTEAR Ty 2 1k e
bR RLE I R AO &k

(ISAS-TPI®)




4 - BTHEETERKER F3MELFH
mE1
K5 432k T 58 ) 5 f o7 A
F,C_ CF,

. Bo%to-olowol

(LaRC-CP1®)

F,C_CF,

. EeeRERIEReEe),

LB BA BN TR Do iE
WP R U AN 5 ok T
gl

FH T, M BAL Ty =R
b R 22 R T AO Rk

(LaRC-CP2®)

E,: 9.22X10 ®cm®/atom) . V05 U0 A L Al 23 7]
Tl A Y B8 Bk 0 e ¥ B Ultem® 1000 (WL 1,
#4; E,>3.31X10 *cm’/atom) I 3 H Nex-
olve 23 A b AL (4 % S8 LaRC-CP1® # i (W3
1, #6; E,: 1.91X10 *cm’/atom) Z5¥ 1
TEEN AO BZEEE, BT, TR AO R
DAY PT I A 515 B T B AR RS Tk A
Mz K,

2 MEFEPIHEEMNHARSELRE

FRAE R PIMEAE LEO 25 7] AO B 5 T B
fift, XS5HEEMA MBI GE, HREARKTEXN

DR B AE) 81 T T Jie B R AR B A i v B AR DA
SR B 4y F N Lo R AR O, (B e
PPAO R AW SRR, F X H 4 ImE Y LEO
2 [ I TE e, BER T & BA K Aardt LEO =5 8]
W, JUHGEPT AO BE 119 PR & 28 iy 5 1
RE 25 [A] B RMIE 98 5 01 & s b i 3 TR 2 — . &
HZEME R, B ETE S 3 T PT O E 4t
AO BB IE T B E B FE ARG H Bl Pk . 4
O DA B 1R T B U & A etk A LR R
A R RS, B T & BT AO (= A
PI # K (Atomic-oxygen Resistant PI, AOR-PI)
P A2 36 ) S L T RRPE L 36 2,

K2 AOR-PIERK BN FEN RN R FE

Fs oy

HRY 24 ] S

L P4

0,

[0}
0, 0\\5// 0 CH, | CH, 0,
#a e AR
o o CH, CH, o

m

Jrﬁ;/t@jv@o

£b

FGCF, o

o tgo-ofo-off

#d

0,
o

P CH,

S KB BT AO 12 1 fg
J3; CORIN® 3 i 3t 2 R 47 /9 %
LT, 5 I VEREAR T hi o 2
PN PI . CTE & % i T b7 o 10
\Slg oSof P1 3 fi

F,G CF,

HN\_\




2026 F 6 A FEHRPE: HRRAZFEAZTRNEARBTIREEARENRAER * 5.

BRI 25 ]

I EERR e

0 CF, 0 0
‘e Jrf)%@{
F.C CF,

o oyeiot

#: RAFI94T AO RikAE T . R
T i A W

A0 wPA BT, A FE R T AR
Pl . CTE & & & T 45 i U
o 0 P1 5

Nb@"@@(jﬂ@ﬁ@%

*g + 0 0 \ 0 "

OH

0 0 @Loﬁ1
“dig0-si—OH
“h {ﬁ:(léf<>"c> /Aéé%ﬁ%jgﬂH DL, BLF B AO B IEE S . 1
" Si—0-8i-6 T BT A 15 7 25 il 2

FHHAEAE AO Bl KUK L w15 '
FHERER & S E

(0] 0
=i {N;@él“—@f)@‘} / SR RS
(4] 0

ARG, R “E s pi T, kit
BRI T AO T 5 R MR E TR (Si. Al Ge,
P. Zr 55 fEH, JEAAESEA RS AO G871 B
POZHRE, % R R TR G A P I 5> F 45
e, TR T HAE AO R RN “HAaE”
o AR BB . BTt DB T & 1 Pl
WS B BAR O CARAE R AOR-PT B, A 4f %
2 A A SRR (Fa~#d) LUK i A
(#e~=g) 4,

PI #ERH AO B WA 1,

B 1 () #3RTiX2 PIHEEHL AO @0y HL
P, — BT . FRUER PTMERAE AO BREE R R
S BE A AO B R A B £ B 2 M RS
IXZ, EXFTALE AOR-PI#IEN =, WG AO
BRI AS PT i E R T 4 5 AO 1R A7 AR Bl
REEfL Y BRE RS 6P T St PT B IN &) &l
L2 H B AL P o R £h (X% P AL PI
M5 Fifb)z. BARMAM B PLWM AL —ER
JEE U, AR5 & BT AR 1E AO X R 2 MR
E— R, X FEEL)ZE S PT B AR A R) 5 45 &
TP REHE AN, A (A R 4 o 3R BH XA AR TR
TR KBTS, H AO RIS 2k iU Y

#%iPolyimide | AMEHAOBPI  |(  AMEHAOBPI )

Y [

RBE WG iR | EmE Btz
jii A i =N AL RBE,
B 1kt — 2 AOf2 1k Bl 1k —2 A0k

(a) Z5HBT4
FUFHEAERE TR AT ram )y 7
(<0.1 eV) (~4.5 eV)
o, RV* %

4wy #;m;@_f\“» 7y
< b PR

otk bkl

LEOZ[H]

N
"y 8, AOME

FPA

(b AWSE &P
W1 PIL#ENH AO B
Bifb)Z ., MR G, X2 PR G & R —
PL AO =ZHRe )y, HBTEBURE AO & 5 &
Ry 2B ARG R .

Goto %1% 2 8¢ 7 BSF-30® Wil (L % 2,
#a) 1 AORMAT A, B H H AR H 21k
EHHARFHIF RN JAXA) HEFEHF LBy, B
FELE R W R, BSF-30% M AE 2 )@ & 1.0 X



© 6 - EHSERLFER

F3MEFEH

10" atoms/cm’ i AO fafe )5, HE, HALTF 2.0X
10 cm® /atom, XN #5 i A Kapton® H 3 5 (1)
0.6 % A4, 2 AO )5 1R Ll ()7
HAE R <<Inm), HEZH SIO, (x==2) WK, #
22 AO RIS i I 1 B R AT T 4 7 -3 T
SPSEy, WU R R, RSN O
JEF AEBE T U o 32, BB AL D, ks g R
FH], BSF-30% 3 B X%F AO 12 i BA7 6 5 09 4K Bt
PE. (R BEORFEGHE F T, DN 7= A AR BE g (4 AU
B, XEWE HAAE LEO DA Rm HAE K
1 L Vs

2 FEHF IR E (AFRL) 1 UK 8 5 3R
f 2 nik e (POSS) W HFHL AO # P fIE 1) A
w5 LH, TR T MC-POSS-Kapton® (W3 2,
£b) Fl SC-POSS-Kapton® (WL 2, #c) %
L SEREMTES LR/ (NASA) 4% LEO 25 ]
RATER A IR EAL R BT AO DL KOG 5 WP ) PT
PR TSR IF & T CORIN® (L 2, #d) LU
J Thermalbright® 45 i 17 5 26 38 JE ) 5. AO
HLEL &R J& A POSS 2 A5 AO 547 78 A4 AR
SiO, Hifb 2R MHT AO B H B, Minton 25 4
T POSS # PI Wiy AO RERFEYE. X T
MC-POSS-Kapton® ifii 7, 24 POSS 435l K 10%
(EsA%, TRY 5 20% 8, 2 E, (L4 5H
Kapton® H Z LAY 3. 70% 5 0. 98% (AO i
. 8.47 X 10 atoms/cm’® )., J& T J1 W 4 45
(AFM) M5 RFB, & 20% POSS /) PT # i
2 AO FRBRJE . H RN A8 R, (EHDRS 2 2 0

IR T &4 10% POSS 19 PI #i & LL &% Kapton® H i
B, XPSM 45 R EB], 78 P Wil R m g i 1
SiO, Bt )2, X T SC-POSS-Kapton® i 5 1 75
& 20% POSS (7.0% SisOp,) 5 25% POSS
(8.8% SizO1,) M SC-POSS-Kapton® i i 7¢ 52 7|
WEH 197X 10" atoms/cm® B AO R, HE
MR B 458 1.37pm 5 0. 44pm. 43 A T
Kapton® H 2 L) 2. 32%5 0. 74 %,

Connell ZE8Y R G WF 57 T & W P1 Wi IR AE AO
B RRIRAT R, LG R T B RE . T
SEPERE LA KOG TR RE IS . W O B R Ak
B (DPPO) JEHIAY PL MR [, G5 & T £ 4%
A R E AL R A S P TOR-RC-ODPA®
(W2, #0 DLEMEE S A DPPO A /Y 8] fi7 L
8 PT#E TOR-NC® (W3 2, #g) &N BF5g
KRB, HTFE 500 A A7 I & W B BT R T PO R
Rt AO g1, i H DPPO EFI 5] AN £
BB PIM T, MR, TOR-NC® i i 46 &
9 2.13X 10" atoms/cm® B AO 3R E, H E, {d
F4.8X10" P cm’ /atom, B Kapton® H H 5 F& AL
THE 1 A RCE

AR T F BT BT LA PO R R RO B e
AO RihfE S, (H X Bl P F B A7 76 /9 [n] 812 PI
W T AAVERE . RSB RRE (T, &
PEIEZ Ik R 5L (CTE) LUK Jr2abEfE . 38 fiag
LT SR AR R AR T PT R 2 K e
TR, 23X T Fr R Kapton® H [ 5 JLF
B RERVAAE ST AOR-PT o I 1 12 E

K3 AOR-PIHESSLL PIEEFTEMHES I

» 2 L Bt AO FI i

P Kapton® H LaRC-CP1® BSF-30® CORIN XLS®  Thermalbright®
T,/C 360~410 263 187 266 263
CTE/(X10 °/K) 20 51(125~175°C) 100 68(125~175°C) 40(125~175°C)
Fr R [/ MPa 231 97 53 74 50
Wr il 2/ % 72 16 15 8 2
fr B A/ GPa 2.5 2.0 1.4 2.1 6.5
E,/(cm?/atom) 3.0X10 1.91X10 * 1.20X10 % 3.05X10 * 2.77X10 %
K BH W e 2 (JE JEE 25 m) — 0.08 — 0.08 0.35
BEEE(25um;450nm) / % <30 88 — 88 A% I

ME3SALLAER, & SiSfEERi s AT
PR AR I ol i i R AR iR 5 T A PR RE Y 25 1K

AR T, BEAK . CTE Jhi, S w52 5 W @ 5
TR,



2026 F 6 A FEHRPE: HRRAZFEAZTRNEARBTIREEARENRAER * 7

FLILZ T, ARt F BOfe AR FF PTO [ A
DB R 12 0 A v S M R D T LA AR M e RS T T
B R Bk, XRR CEE BB,
JETEANEUAE bR L PT 4> 7 BE 25 M AT T
W R IRE . WHBREFREEAR RS AO
R EE S A K 4, I SiO, . TiO, . AL O, %
5 PRI E A, #FmIF & B BEA R RIT AO
RE I PT A A X Rl T BE AL 34576 T
Al R b AR FE PO LA B A Y IR R R
[l FE 2 3 LEO 28 A 4E 45 'h bt AO (2l RE 1 48k
B3, BBEAE T IO 2R 28 2 e 1 T vk TR b
AO B4 B T LA 100 % Hixd P B oE A7 4 b, %
JE PR AT B, B R B AL R B B R eT AR T R
PIE AR AO “&ith” 3% [WE 1 (b 1,
X Ah B Tl A B AN PT & A A 1 2 X DA I ¢
N, ATF)ZH P RA R GE T &8 AO ik
BRI, BLAh . IR M T B W] RE Sk PT O RE Y
R A A . IR 2SR MRS, Pl
AW B R KA R E TR, XX IR &N
W2 LEO MUK #8 0 H 5 R 19 3% B P10 AN
FIH

AR, B3 FhcMETF BRI Tz M EM.
BIKs ik 2 FhelcPEFBOMLIR &, BN PR
() R BT SR R T B CE i
5 “Yahpi st B Em g A, UARIES AO
BPT Sy BE A, GE O U 2 a0 E B IR B SO,
TiO, . ALO, %491 AO A5 Pl Rk #HITE 4.
AT B3 B JEE b 42 TH B e AO 2 BB J7 . W
S RL S B RUARAE SR T A PN SR, S5 A
S REREA] TSP-POSS W mil, #1447 — R HA
SH AO PERE M BT BLAG AL/ CHLG K & A MR,
RS wE PTEERE 2,280 (3,4- " FRIEHERD)
NI BE B (6FDA) Ml 2,5-3 [ (4-Ji 3K R
) RE] TORILAEREE (BADPO) #il45. i
Si-P HplE &k, TSP-POSS [ hA #E— 21408 7 5
W PIRARA BT AO PERE, RIS PR 5 T 5046 3 5 1)
Ak, 78 PIIEP SN 25% TSP-POSS &
A W A i AE A2 B3 &N 4.0 X 10% atoms/cm” fiY
AO Zi)5E, HE, K 3.1X10 *cm®/atom, 43
B R JE LG PTILA MK (6FDA-BADPO) fi1Z %
PI #fE (PMDA-ODA) B 5.8% f1 1.0% ., X-4f
SOt TREIE (XPS) MK KRB R, £ AO 2%
SUN LI ¥ By R R T R R
JZ. Zhang " 5 T — RSB AT AO 12 hh A

PTG i, L EAARFNEDR th ¥ & POSS W41
& POSS 19 Py i 56 R 2 38 o 9 25 A e b T2
il 1. BT Y ORHEL S & POSS BT & K
e, W W JF /W% — e ODA LI K& % & ik — BT
PMDA. & POSS W#LE N TSP-POSS, HAE %
TR P A RN F ) [ E R 209 (EER E AR H) .
MGG R B R, TSP-POSS WMA M BH#EE T PIE
AR AR E M, RS T IR R T R E
& H 20% DABA-POSS ) POSS-PI-20 # fiit,
Ho%maE®sAREE (T.,) K 564°C, CTE K
81.0X10 °/K, POSS 47 T PI & & ¥ B
SR AO R E . FEAZ B3 52 2. 51 X 107
atoms/cm® B AO R MG, & A 30% DABA-
POSS Yy POSS-PI-30 £ # H KA E, . LK
1.64X10 *cm®/atom, 2% PMDA-ODA #! PI
WAL 2 N RCRE UL B XPS g5 R Bk, 7E
BT AO EEH G, 8 P1 AR A 1R 2 1 46 ) 51
THEME SO, ok Rk 2 b 56 1k )2 . Zhang % £t
LEO it R #% K 26 5 Al w) e B R AF A R AR R
i AO FedEtsE PLWBE M I ok, PR T —Fh
HA A B % B (low-D) . ik A L 451 #E A 1
(low-D¢) FIRAFHL AO Rtk PTEEAR . WA 5
th R F T 8 B 6FDA 559 ke 2,2-30 [4-
(AW B R EL) R ] NN FE Ry 6FPI AF Jy At
&, SRH TSP-POSS 1ERE A, M4 R 8w,
il & 1R B AL HL-TC AL A0 oK B A W AE IMHz 45%
T Dy M D fE5 K E 2,52 M 0.006, [,
ZEAWE R R AO HERE, 7E 4.02 X
10*atom/cm” M FFEE T N, HE, HK®E 4.0X
10" ¥ em®/atom, SAR#E Kapton® 3 B AT L B AR T
1 AR

3 MEFSEHPIEENHREELRE

TE A PI (CPD B LEO AL K 2%+
LA E BN, S M PH e b 35 K BH BE FR b
G . F M R4 A A rh R AT T 4 S 5 S P A
BT, O T B LEO it K 28 06 2% 3 40 19 & 1l 58
PE, BT RSB A0 P A B R R 4
AO R0 55 W S e . X % T P 1 JF &
P TR 2R R . X R 3 R A MR 2 Pl
HA MR LLE 1, HRETHF A AOR-PT 7 B R
CORIN®Sb, 4 5 7R HY AR X 45 25 9 )l 27 38 W P 4
) CTE fH. T 3R M ik 2 8 DL KB IR T AOR-
PI R 7, HAR A R B 0 22 e am



-8 - EHSERLFER

F3MEFEH

iamiE, BT PLMGT AO A8 J1 iy etk F
BUAR 22 02 DA 7 B 1 o 2757 W 1 DA B v i R £
FEMNRM Y. B, BT & MR R T AO FE
PE L A3 W DL R s RSP e M PL R 2
2RI AE R LEO fiit K 2% A4 R & 400580 rp i o
TR RIEIT M Z— .

e R IL TR B R, SCik T B LT
TR EE A 58 1 RS A A R PT O RO A Mk R Y
MM F B, R AE PL T4 b 5] A & Ak S A
(—CF,. ) . 5 ABH SR A 45 o0, 5l
ATERBACIE . 1A M fb 85 F B on 50, sk
WO T B Bl 38 AN, R A ST RO
H% 0 JELAEL 18702 L 8 o] B AT P 43— ik PN 8 Ha i 5%
B (CT) fERmEFF M. Xt F 0K PL i fi
T R ERSETB, AR T & T —8
CPI iR S Ah . il SRS & o 5 s 2k 1A
A & ) LaRC-CP1® B Gl Ak PT 5 B 28 76 H
RFEI A #IE (GEO) i X#F L LE1T 10 4 LU
BT SR BT A K BRI 3 AR JE & 1 TOR-
NC® 7 PT i th B B A4r 09t # E 0k, it 5
AR BR 45 46 TF & 1) ISAS-TPI® 3 il HLAT 1 i (0,
ML, BT BT H A TKAROS K BH L
Tl O SR 3 SR T B ) & A9 CORIN® #Y
P B4 A Ry S H i fe s 2 A G €8 338 B i R 21 Pl
W, L EAL BT AO B E DG 35 B 45
3.1 L AO B E & CPI H#E

TSP LaRC-CPI® (W 1, £6)
DL AR S5 # 5 POSS BaIE K CORIN® (g
F2, #d A PIHEIE HATM K CPI #AR M £
BLELAN, 3X 2 b PT AR R M R NS EL 2 L R
3, ME3IALIEH, LaRC-CP1® 5 it 45 4 32 %
RITRNBSEHNE (>C (CFy),) MY 8 & ik
SHERE . RAFMZRINME . M St B R
IRARFRLL K it UV Fl o bz 4 A R 1 0 3 1
(. S BR R FH AR TE B Y 3% R AT 0 T GEO
HUBEALR 2, (Bl T>C (CF), 3% AO &k
FRRE 1 AH X I, PR i I G Tk K N
LEO %58 AO S5, [FEF, FHE>C (CF), W
SIA BRI T T i 8 A ] DL X R AT ) ot 2 8
P, Ehd A Z R CTE M2 51X10 /K, A
THT LaRC-CP1®#i bt AO fE 1, WF5E A Bd
POSS 45 .6 5] A LaRC-CP1® 2y T 45 f b, #F
#lJF &% T CORIN® & PI 3 i,  “CORIN” J&

“Colorless Organic/Inorganic Nanocomposite” 7

FHRGE, MIOAHI/ TG RE G MR, %
WESR AN T LaRC-CP1® MiBEHT AO fiE 1 22 M4
R EE T LaRC-CP1® 3 I8 [E 5 /9 08 R A,
18 R AP OG 28 U L IR R BH M 3 45, Li 50
REGXLHELR T A AL PLEREER AO 2 Mk
PE, WP TAESR A 4 Fp PT RS, 50446, (D
Rl b WM R (PAA)  (PyreML® RC5019,
IST A", £ ED il % 1 PI (PMDA-ODA) #
;s (2) BEkt PMDA-ODA % PAA 5
10 % i) = fEBE A K POSS (TSP-POSS) & 41 ik
B PM1215 #fi;  (3) Thermalbright® PI it ,
Hi1 5% 19 TSP-POSS 5 50% (¥ TiO, H K 5
LaRC-CP1® WS A a; (4) CORIN XLS® PI
W, X AO FE R Gl R 7.77 X107 at-
oms/cm®) FIfJ5RE 5 2 & DA AN AR AL T LR
th, POSS 51 AW F4 S T PLE R P AO K
PE, I POSS By PM1215 #ETE AO 48 B ET S 19
Fr2EVERE R W W A4k . i Xt T CORIN XLS® PI
WSS . MRS R Bon AO FEIE, PR AY
AL P W WA T P, POSS 151 AR
TTPLEBERIFM “AEAE” FFIE, AO f IR
& POSS FEi R Y B T 3B ELZE . 273l
TINS5 LA R &, HEAE T POSS B
PEPI R A MR E AO 48 B8 0y JF 47 H 5 & 46 2% |
Sl B AR LA B i R ) RN . B AR CORIN
XLS® PI ¥ E A M B BT AO Fede, (058 i %t
It LaRC-CP1® il 5 CORIN® % PT 3 [l i) 7 i 2>
KM, POSS Pkt — 2 Fm T PR CTE
{H . [RIEE RS T 2 e ReE — 20 5 1k (R o B 1%
% 74AMPa, Wi KERER 8. 0%, JLHE CTE
(18 P v ol 75 3 288 B P A 208 P K B il 3 K FH g
H, Tt AR ) TR G B H T 5 R 2 1 M4 R CTE B9 AR
U TR = R RS iR -aa o At DAY
3.2 5 AO BHEHE CPIEE

BT & SUBHIR BT AO 20k P1EEAR AN, & 6
R CPY G AF R A3 ) T )32 X3, Shu 4817
B T — B ML TR S B B (DPPO) AN
—CF, Z:F 4T AO B CPT W, %W & &
1.3X10* atoms/ecm® W) AO 8B fE, H E, HA
0.56X10 % cm®/atom, X N#HE &4 F Kapton®
WY 18. 7%, AN, AO %R 5% P W 7E Al
WG BB G H 9200 BEARE] 8206, i J1 2= PE g
MR E T, B REFR L AO FRIRE P
LR e RIS (R MR, A5 R, & AO IR



2026 F 6 A FEHRPE: HRRAZFEAZTRNEARBTIREEARENRAER * 9

PT [ 26 Y A T R B 24 2 200nm 1) 9 1R 45 Bl 1k
2. H PO, W& maELEErm EZEEEm, X
AROEE T AO X PTBE R — 20k, Li %0
il & 70 5% & F DPPO %M 1Y 35 7 i — I Bk,
[3,5-X (3-8 LR | ) KA ] 28 3L A Ak
(m-BADPO), $RJ5 575 B Mg — I B 4408 o b 27 0
fefb T4 T — R0l PLAAR . iz P1 M
JIR VA VR T A A5 1 PTO E Sife HL AR Rl 2 38 B
Myt AO FEPE. 8] A7 HUAR 45 19 i 15 PT W iR 78
400nm P KAL) IECR F ik 8700, Ll N 813X
10" atoms/cm” ) AO $EIBJ5 . % PL KA E, i
KM 6.59 X 10 ®cm?®/atom. # Kapton ¥ & [F K
T LA B, XPSINK B R, AO 57 RS 78
JEF ML T B MR Rk 2 . Li 0 0 &l T 3
TR ek [2,5-X (A-E IR I K
] TR RS (BADPO) LK [2,5-W (4-
F-2- = R ORI RIL ] R L A T B
(BATFDPO) 1y PT &, iR PI MW B AL
BLIHT AO R,

4 ZEiE

A 20 T 17 Dl S A B K M A 3 T LEO fit R
MR R AR . 1 — 2R EE R LEO At KK
e, HAP AO 2 s CP I i) iF 1 5
FRAR T Z M E, X CPL R AT
LEO i K 2% 22 2 A BH et B 31 v LA 132 i g
1M FL7E LEO K # 25 [] J& 5 HLAL vt LA o628 1 i
FHAT S . X WS ] 5 T & 1 B AR M B AR T 2
[i) Fsf e 2 T ) K I T A O RE 1 A R Al 78 AO 4%
PR S P PR 1 A f 0 B AR, IR R R
R A E R R SR e . Batilk e LEO iR
¢ CPI i J8 )5 ok 22 ol /> b A7 7 MRS L A B .
] 380 3f 25 44 B2 B TR IR R axX S PR RE B . DAfE
T MR 55 F LEO fit K 2% 19 B 75 2R 02 R K% 40
W) BRI —

Sk

C1] T8, A5 M, 4 B, 55 56 [/ Space X* B 87115 ™ Mk 1 37
A 2SR A T % 3R Rl A K R R S s L] BRI R
2026(1):172-180.

[2] Crisp N H, Roberts P C E, Livadiotti S, et al. The benefits of
very low earth orbit for earth observation missions[ ]J].Progress
in Aerospace Sciences,2020,117:100619.

[3] Yue P,An J,Zhang J.et al.Low earth orbit satellite security and
reliability: Issues, solutions, and the road ahead[ ]].IEEE Com-
munication Surveys & Tutorials,2023,25(3) :1604-1652.

[47] Juan E,Lauridsen M, Wigard J.et al/.Handover solutions for 5G
low-earth orbit satellite networks[]J]. IEEE Access, 2022, 10
93309-93325.

[5] Sharma A, Clemens R A, Garcia O, et al.Biomanufacturing in
low earth orbit for regenerative medicine[ J].Stem Cell Reports.
2022,17(1):1-13.

[6] MaR®. K= 2y B 1 53 E Rk At K LT sk IR g,
2022(3):20-23.

(7] wemgpide , ok, 2= Sttt , S8 8 10 A8 0 K & Jo T s 1) 7 44 S5 Bk R 0 .
o B2 B e Tl . 2025,40(11) 1 1891-1901.

[8] Weerasinghe J.Prasad K, Mathew J,et al.Carbon nanocompos-
ites in aerospace technology: A way to protect low-orbit satel-
lites[ J].Nanomaterials,2023,13(11) :1763.

[9] Han Z,Song Y,Wang J,et al.Research progress of thermal insu-
lation materials used in spacesuits[ J ].ES Energy and Environ-
ment,2023,21:947.

[10] Tachikawa S, Nagano H, Ohnishi A, et al. Advanced passive
thermal control materials and devices for spacecraft: A review[ ] ].
International Journal of Thermophysics,2022,43(6):91.

[11] Kimoto Y.Tsuchiya Y,Miyazaki E.et al.Analysis of upper at-
mospheric effects on material per onboard atomic oxygen moni-
tor system of SLATS[]]. Frontiers in Space Technologies,
2022,3:891753.

[12] Chang K M,Das D, Salvati [l L,ez al.Durable and impact-re-
sistant thermoset polymers for extreme environment of low
earth orbit[ J].Extreme Mechanics Letters,2023,64;:102089.

[13] Chen Y, Lei J, Jiang H, ez al.Space-grade polyimide compos-
ites: A state-of-the-art review on radiation degradation mecha-
nisms and advanced shielding strategies for orbital sustainabili-
ty[J].ES Materials and Manufacturing,2025,29:1684.

[14] Malakooti S, Vivod S L, DeGroh K K,et al.Space environment
exposure effects on polyimide aerogels[ J].Polymer Degradation
and Stability,2025,239:111398.

[15] Barra G,Guadagno L,Raimondo M,et al.A comprehensive re-
view on the thermal stability assessment of polymers and com-
posites for aeronautics and space applications[ ] ]. Polymers,
2023,15(18) :3786.

[16] Li W R, Yang X,Sun G Y.ez al.Porous lightweight polyimide
films with ultra-high surface insulation strength and thermal
insulation for space solar arrays[J]. ACS Applied Materials &
Interfaces,2025,17(40) :56553-56562.

[17] Gouzman I,Grossman E, Verker R,et al. Advances in polyim-
ide-based materials for space applications[ ]J]. Advanced Materi-
als,2019,31(18):1807738.

[18] Zhang Y,Dai S, Yin Z,et al.Integration fabrication of polyimide
composite films for aerospace applications [ ]J]. Smart Mat,
2024,5(3):1225.

[19] Shuvalov V A,Gorev N B, Kuchugurnyi Y P.Polyimide degra-
dation under atomic oxygen attack [ J]. Acta Astronautica,
2023,207:118-128.

[20] Huang C,Liu J,Zhao L,et al. Advances in atomic oxygen re-
sistant polyimide composite films[ ]J].Composites Part A: Ap-
plied Science and Manufacturing,2023,168:107459.

[21] Santos L. B T,Prado A F B A,Santos T F A,et al.Selecting or-
bits for earth observations[ J ]. The European Physical Journal

Special Topics,2023,232:3037-3047.



10 -

BHESERLFER

FI4EFE6H

[22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

Oluropo O E,Ukomi U, Udoh R A.Comparative, coverage and
horizon plane analysis for LEO.MEO,GEO and HEO satellites[]].
Journal of Multidisciplinary Engineering Science and Research,
2022,1(2) :54-66.

Zhao W,Li W, Liu H.et al.Erosion of a polyimide material ex-
posed to simulated atomic oxygen environment [ J ]. Chinese
Journal of Aeronautics,2010,23(2):268-273.

Li X, Al-Ostaz A,Jaradat M, et al.Substantially enhanced dura-
bility of polyhedral oligomeric silsequioxane-polyimide nano-
composites against atomic oxygen erosion[ ] ]. European Poly-
mer Journal,2017,92:233-249.

Rea S, Guida M. Computational degradation analysis of low
earth orbit and very low earth orbit spacecraft structures due to
interaction with atomic oxygen|[ ] ].Journal of Materials Engi-
neering and Performance,2025,34:28661-28667.

Verker R, Keren E,Refaeli N,et al.Measurements of material
erosion in space by atomic oxygen using the on-orbit material
degradation detector[ J].Acta Astronautica,2023,211:818-826.
Wei D, Zeng F, Cui J. Damage and degradation of mechanical
properties of polyimide-based materials under atomic oxygen
attack: A molecular dynamics simulation study[]]. Computa-
tional Materials Science,2024,243:113110.

Zhou S,Zhang Y, Zou L,et al.Mechanism analysis and poten-
tial applications of atomic oxygen erosion protection for Kapton-
type polyimide based on molecular dynamics simulations[ J ]. Poly-
mers,2024,16(12) :1687.

Zhou S,Zhang L.,Zou L,et al.Mechanistic study of atomic oxy-
gen erosion on polyimide under electric fields: A molecular dy-
namics and density functional theory approach[]]. Molecules,
2024,29(22):5353.

Pernigoni L, Grande A.M. Advantages and challenges of novel
materials for future space applications[ ] ]. Frontiers in Space
Technologies,2023,4:1253419.

Ince ] C, Peerzada M, Mathews L D,et al.Overview of emer-
ging hybrid and composite materials for space applications[]].
Advanced Composites and Hybrid Materials,2023,6:130.
Prakash P, Weerasinghe J, Levchenko I,et al.Polyimide nano-
composites for next generation spacesuits[ ]]. Materials Hori-
zons,2025,12:3633-3666.

Rimdusit S, Yokota R.Atomic oxygen protections in polymeric
systems: A review [ ] ]. The Journal of Space Technology and
Science,2002,18(1) :34-48.

Wu Z,Liu F, Yang S,er al.l.ong-term atomic oxygen resistant
polyimide films containing carborane nanocage structure in the
main chains[ J].Polymer Degradation and Stability,2023,210:
110280.

Goto A,Jorge P D C,Xu C,et al.Atomic-oxygen effects on a si-
loxane-polyimide block-chian copolymer (BSF-30)[J].ACS Ap-
plied Polymer Materials,2025,7:13125-13138.

Tomeczak S J,Wright M E, Guenthner A J,et al.Space surviva-
bility of main-chain and side-chain POSS-Kapton polyimides[ ] ].
AIP Conference Proceedings,2009,1087:505.

Wright J S,Jones A,Farmer B,et al.POSS-enhanced colorless
organic/inorganic nanocomposite (CORIN®) for atomic oxy-

gen resistance in low earth orbit[ J].CEAS Space Journal,2021,

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

13:399-413.

Minton T K, Wright M E, Tomczak S J,et al. Atomic oxygen
effects on POSS polyimides in low earth orbit[ J].ACS Applied
Materials &. Interfaces,2012,4(2):492-502.

Connell J] W.The effect of low earth orbit atomic oxygen expo-
sure on phenylphosphine oxide-containing polymers[ J]. High
Performance Polymers,2000,12(1) :43-52.

Connell ] W, Watson K A.Space environmentally stable poly-
imides and copolyimides derived from bis(3-aminophenyl)-3,5-
di( trifluoromethyl) phenylphosphine oxide[ J]. High Perform-
ance Polymers,2001,13(1) :23-34.

Serenko O A, Andropova U S, Aysin R R, et al. Stabilization
mechanisms of polyimide-metallosiloxane nanocomposites a-
gainst atomic oxygen impact[ ] ]. Applied Surface Science,2025.
685:161992.

R FIRA L SR, S B A B POSS f- 47 1Y B F 40 R B
J1e I ) 8 6 B A RE LD 100 K 2 PR BT TR, 2025, 42(3) 2 331-
339.

Wu B,Zhang Y., Yang D.et al.Self-healing anti-atomic oxygen
phosphorus-containing polyimide film via molecular level incor-
poration of nanocage trisilanolphenyl POSS: Preparation and
characterization[ J ].Polymers,2019,11(6) :1013.

Zhang Y, Wu H,Guo Y D,et al.Atomic oxygen-resistant poly-
imide composite films containing nanocaged polyhedral oligo-
meric silsesquioxane components in matrix and fillers[ ] ].Nano-
materials,2021,11(1) :141.

Zhang Y, Wu B, Wang H,et al.Preparation and characterization
of transparent polyimide nanocomposite films with potential
applications as spacecraft antenna substrates with low dielectric
features and good sustainability in atomic-oxygen environments[ J .
Nanomaterials,2021,11(8) . 1886.

Wu M, Liu Q,Qian M, et al.Fabrication and experimental in-
vestigation of flexible thin film solar module with ultra-high
voltage for the space power satellites[ ] ]. Advances in Astro-
nautics Science and Technology,2022,5:59-63.

Shu C, Wu X, Zhong M, et al. The atomic oxygen resistant
study of a transparent polyimide film containing phosphorus
and fluorine[ J]. Applied Surface Science,2023,631:157562.
Liu Y Y, Wang Y K, Wu D Y. Synthetic strategies for highly
transparent and colorless polyimide film[J].Journal of Applied
Polymer Science,2022,139(28) :52604.

Fay C C,Stoakley D M, St Clair A K.Molecularly oriented films
for space applications[ J].High Performance Polymers,1999,11
(1) :145-156.

X1 4 D A5 RV JE) A 0 L A5 T €0 37 T T R R 3R S W 0l 2
5T 5 WL ] B0 KLl . 2014 (11) £ 57-65.

Li Z,Song H,He M,et al.Atomic oxygen-resistant and trans-
parent polyimide coatings from [ 3,5-bis(3-aminophenoxy) phe-
nyl]diphenylphosphine oxide and aromatic dianhydrides: Prepa-
ration and characterization [ J ]. Progress Organic Coatings.,
2012,75(1/2) :49-58.

Li Z,Liu J.Gao Z.et al.Organo-soluble and transparent poly-
imides containing phenylphosphine oxide and trifluoromethyl
moiety: Synthesis and characterization [ ] ]. European Polymer

Journal,2009,45(4) :1139-1148.



