FERE: FARE 2025 F % 55% £ 12 H#j: 2014 ~ 2030 OPIEF2E) Zekdt

SCIENTIA SINICA Technologica techcn.scichina.com SCIENCE CHINAPRESS
~ Y Al T A Y = C M k
i X TEMRRER AT D

2 99 R B 2 A - R JRC T ¥ b Rk B 2 1] BRS8N,
Je S REBEAL AR5

i BEF, T A, x KRS, KEERY, A% gR

1. A RN B 22 AL SR 5T, =2 730000
2. R E R E R TR S HE A G, J65T 100000
3. INARE MG St Akl 54 filiEseit =, WE 264000

* E-mail: caimr@licp.cas.cn

SRR H 0: 2025-09-30; 4252 H 10: 2025-11-10; RIZ AR R % HI: 2025-11-27
E X E a5 : 2021YFA0716304). H E LR TR B S H RS F B H (95 KIZ-YY-WCLO2)FIE X B SR H} 2 5: & (A
51 52405237, 52535004, U23A20623) %% Bh5i H

WE LEFRRREFREST, HEBAZREMAENRRZAREET. ERKEEF4. HREF KW
KBERZ —. FEA KT BAREFMEF, 28 EB (perfluoropolyether, PFPE)JE 1 it 75 & 2 = ik iy fh 22 72 2 M
Fo AR, AN &S AEEA R Z —. KT, PFPEEE MR E KA BRI, ZENRFEE L £ AT,
AT A, #TRm T 2R & WIEAT ] M. A fE R — [ B, A% 4 %S = 18] I ZA PFPEIE /& w1, &It 4 &
T—HESENERETF, RIZET —MHNTHE®. B EHWEERL2AFRA L) FERERIERM, ££
ERBRETFEL ) FEWELENEEERGHER R FHINEEN, TIHMPFPEMMNARRE. ZE LT
BROEBRM B EEL AR S ST EHRAEHWERTHE A RDBRES, SIEE S, £RE
BHE/MMETTRENKXERRERS, TAEH T, HRLTEARENHESTHARNET K. ARIEZHAE
AEZFEAFETHHEEMRENG, EFEZEERIMBEFBETFEFRET YHOANANMRIIFELR, I
HUEEMN LR AT, TSRS TENSHEIIT, A TIRRER, 17 AT EHEZSES
FERERM BN ENREGEEAT N ERFENS. TRERRHA, RETTES TERERRT X EBEMEA
h, EEHEAFHRAXEZED W, AR ERELFERA, REFHEEEENE., TURLRIETRE)REF
RIF. AEEEWNR, 5REZNNESHLSAHL, AEBZEMEFRERY, MARFRFHEEERE. £HR
AL FEBRERMA B EZ ARSI ARETERERALE, IMAFLLEMSE T FHEE
R A

KgiE  EEMSRE, S BRRBUEREAOR, B TEAR, = E A, JE R

SIRME: Al BB, TH], % A RURREUE 5 TR PR 2 W RN S M R AL B L. R B RLS:: HRRLSE, 2025, 55: 2014-2030
Bai Y'Y, Lyu HY, Wang K, et al. The space environment effects and performance evolution of perfluoropolyether-based supramolecular gel lubricants
(in Chinese). Sci Sin Tech, 2025, 55: 20142030, doi: 10.1360/SST-2025-0287

©2025 (PERE) FEHL www.scichina.com


https://doi.org/10.1360/SST-2025-0287
http://www.scichina.com
http://techcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SST-2025-0287&amp;domain=pdf&amp;date_stamp=2025-11-24

I ERE: FARE 202544 55 E OHE12M

1 515

FARBISAT TR E A R ). Aol A8 A vikds
S5 2 ENER G AR B RIS, 2B AT R
X FeAZ iz s A i s T v AR P BE TR AR SR TR
TR IR AR LA AR SRR IR, 2
TR 5 RAEFE R R 50 F 6 B 22 40 fid 46 1)
A, HE LA RO OR TR 25 R 2 1847 1742 3K ik (per-
fluoropolyether, PFPE)il# i il 5 fif HAdURr i) 2 4k 7
TEik, FEM miReEE . PR IR BE ) RS A
SEMESE R B TR AR 7 1, I AN o] B AR AZ O 1
RELFA, v Lol s ) s Tolse gt 7B 2R
ST PEPE I it R I O A MO T 3 R,
ERT IR RN EIURZ R T T, TRetrirtae
PR R RE, AT A AH SRR R 1 1 AT SE s AT SR it A
RPRbE. FER MGG N7 1, PFPEVETE A )
IR R S ZITE, et A R0l % e B 2 8
TR S EEN R BOAR:, RS TR H)
R B AT IR RIS ™Y M HUR e 4 B AT,
PFPEMKAE I SRC-F 8 7y 7450, WA R 5 1
B BRI RS R A AR T E R S B E
2T REW TR AR IR AR 4, A S
M. AT E, B E R TS S
E78: 8 OV T Ea= - KoT < Vich L A d B 7 X B < e
JiH, ZIEE MR AR R R, GRS
PH 2 (R R A5 FH 75 5K, T 38 B 0 R 2 A S A I S
A R, thAh, HH i i 2 e YERe S IR
PR REANE BRI A RS As B T, Rl A
LR S AE SIS AT W8] A 497 XU 5 A, R 2 1)
KHAPT 52847 358 AL, F201H 22 604F AR BLSK,
5 B AL A 7 B SO PFPEHM B A Tl ok 22 8 A A
RIHRPGFIAR I G, IR E R AL A 5L
ERPE S R EENE, CIB AP R R R I R A R s T
RGP IPRHERCE, |2 SCHE S BNUR AR IR LK ]
R4S K.

SR, PFPEJHIPEZE 9K /) mAIS, B L AE T 5
5 RKAENEH . TG, 1% A 2 B Bt 5%
VEIIR SR, IEATRESI R BT Gy, K& IERFisiT
P RRTETERZ . (R bk, 75 X PFPE EAT S, I B
BB Ty T Bl v ARk A S FL kAT A B 1) 61 B
GG, 87T T AR — 2R i 3L e (n

A n-nHERR. F-RARM TR R A B B (1 3h
ALLAeE) Ik 2 [ 2% R, MR R B R A
SERIINE P M4 T RE R, ARl T FL AR 1 45
S5, BRERTRAARA TR (ELHE KL L TR MR AR
FEA R SRR AL, B AT B — PP AR B AR B M S
] (AT A RRAE R BE I A T AR R, HA B A AN T%
e Ve e A 2 1A A O R
D FH 25 30 0 e e Jes ST e el 4 g Bt SRk, R
TP A T8 BT 56 18 22 Folt b 3 S FR TR W AR A 15
TH R AR, XSSt ek RAEROR Z 1 2 00 2 4t
FERI QIR TAs, T8 o D5 W I8 2 T BRI AR Bt
5 R - PR A ek T o T - S PR VR U A
BHEZA KRB AT, i R Rk Ll R R R 2%
V8 B R SR SR AR T 2 ook HoU) SE T AT I TR 7
1 ZE RSy TR VB AR R b, B Y T
H T AT 7 2 G54, R A% o Tl Vi it ™ A 2 2
ONE R S YA W) I S ey 4 S5 e (5 AN S 4
GG, B E KD BEER B, BRI PR 3 A
(i e R, ATETE AR R R OR SR AL 5
JETE RSN Ak, S TR R T R R B AR
SR EEN M RREARS RIS, EmiRisE
BN ER T, I R m s MRS, T2
T FE PRAR BT U5 b i, H R it 5 2= 0] 46 )
R A, 1R DR 40 B SR T T A R B
B, AR B EE RIS B ) i AR, PR
RS, BRSO & RIFREN 1
WAL 5 RES TE T R ] R T 7 28 B 2
RIRTH, S 8ORIEIE DR, SUCRINy, AbT-Hefidia 2
DX 38 73 -SRI T U R B 4 R 1 R, A
R BT e . T IEIE, OREENE Rt
EME.

WA B T Bl T AR5 BRI RS G0 8T S A
KARRIIAW 68, — X R 3 &2 2 A B
A FH 1) LAPFPE I T i A % 0o B 0T (14788 40 - ke i)
TR AR T, B B T T Rk
TR INREAAB SRS, DAC—F8R #7728 b K i
C-HEt, W&EUGE 7RI T #EPFPEH (FOMBLIN
Y25/6)4 i BRI e (RIS, £ Bt 6w e 141
SIN, 207 55k DR -1 7E PFPEH Ak 28 7 k2K 431+ 1)
AR, I T B RIS AeE T 4
SRR HE I 2 T BRI AR AR, X RMORME R

2015



FIHEHESE: 2 TR IR RS 7)1 BRI T AR A 2 W) P 58 280 B A RE SRR 7

S T IABE T A ST R J8 A R A8 D L 1 1 AN B
B, T ok, AT LA 8] Z 3L PFPEIE T i 9 i 7058
R, Wil IF % 7 e ROREE A 2 T BRI AR F
RIrh A (e s R AR B T &, AR PR B E UOT R
TN & 0B 73 1 B I 1 A4 R A A B R
SEH, R BE MDD IR B AT T R G
T NATRE R OSSR S TEREEAS AR, IR & T AL
S, 7R T A IS 3T B T A R A
BUR, - A B AR = (4 5 Fe i 46 1 B K 1 A
HR.

2 g

2.1 TR

PLTH,TH,2H,2H- 435 - 1- 28 5 75 0 FF R — S/ 4
Rl N EA R BRI &R T 75250 mLAI B
B I N0.02 mol i 1H, 1H,2H,2H- 4 - 1- 25l 5
100 mL ZJf, £60°C &4, 45410 min, /IA0.01 mol
7S 0 3L — SRR IS, IO\ 1~290 — F AR — T 3t
B, RPi12 hg, KA OIEBRE=IK, BT EREIAE®
AR B R T

2.2 AT REBH AR ]

16 72 8] B ARz 2 AL A B 1 T2 A T i 2 2
PFPEVHE AN, 2 LA AP BRI 2% 168 43 1 Bk R Ve Vi A4
E: B IR T 1 BT R b oA 3%, FRENO.31 g ikl fis (A
¥+, MIA10 gfIZBYPFPEH, fEIRE N 160°C~180°CIH)
AT, BiHE R R T 8 2V T PFPE Y, A0
72 I 5 A9 3 2 [ 1) 25 18] T 23— Bl TR Vi A e

23 LRI

] FH r [ 2 (] s i A R 5 - 6 0B 40 B IR
TEME MBI Kk 64 H PN 4h 5 8 5258, 25 22 H 7% ]
RIS RN 5 Re Az s k. RN, R A B R B 22 M4k
SR S T A M AR, S (R A B SL IS B, A it
Fo T T BRI AR S Z R PFPEMIAE =y H S A
25T T AU HEOCHE T PR R B L. Hed, R
A 2 R (13 B4 I 7E.6% 10" atoms/(em” s) 75 A5, 8 A B
(B 2A93 h, e gt i T e 36 e R () ) i S R R A
() E 388 KB () 1) R S A R . SR B s BRI AL
X} B BT J5 i BT AT R S 1) R 2 M R AT VRATY,

2016

SISV ER: BEAE107°~107" Pa, 5 N, $i%
5 Hz, #RIES5 mm.

3 A1) A SR IR A ) 1 R TR AR A 33
il

KIS H O SCHRIRE & BT, Rl
HH b S D BEAG BRI R - (FL Ak 27 S5 0 S B 2V
TLE @), AR TR ZE L R T AE PRPE I KV e 1k
fig, AW IE N C-FH B AR 145 f b i KR 7 C-H
B HUbFE, 8 SR RS AN T RE ], N
I R 1 TE R M e Ak R rp ) [ 22 0 FR AR L T X O K
). ERRETE R AR ER T, BRI T
PFPEM R &Rk B H A2, bt B 48 7 1M
2R GER. %N 2 5 R R B 0T T I Y 7 A ] RN,
IV AT A ROR A, A RBAME R AL
R AR S 1) 4 5 SR Tk Y 8 2 1 B e Vi A e

JI ) 25 P 23— B SRR M AR S B LR A e ) B
NiPERE, ZPEREE RS HLbE e RS DL
B EN (b)Y FI () FIT7R). 7RI EE M N AR T TH: MR R
T B T e il P B N G o 48 e 19 R P W A 7 A i
FE), 85T B e A a3 P R A RS A,
e il 75 T PR RE B A AR (S A R P S I 4 R AR A
(B 1(b)FI(d)), MTIFTHE T PFPE i 7F &t s = 4 /1 2% 45
Py A e SR, S B MR EE I R P TR R T,
FERUG 5r T IE W B . b 224 PR 7 BE 2
T, T RSCEA R . PUBYERE R S I,
T R PR A RE. A IAEEIR R P 2 AR AR I S LA
N, A T R AR RS B S A AR AR,
IR R 1 4y 1 1A S B AR F B 3R R A A
28 25K R [ R B S () 1(b)).

FEMUBE A7 SR D5 T (ERR S8 J1IE R R,
Gy TR T MR R IR I AR e N, A
Az RIS 1) B A8 T Bl 1 BV IR AS AR G AR i 2, it
A FRPERE S T R I Ehas R S E A, oM
U e A i, B 2R BT AL BR B 1 B D) T R
ZIEFBE LR, ik R RN R 1 3)
AEMH, BRWE 2 BA LB R B A
Kl 1(c)FI(d)).

BT ARSI E G R, B R I AR
JR DL 5 Z A AR AR T e B E L v M e TR



I ERE: FARE 202544 55 E OHE12M

LIk 9

B 1 (MERORIED) (a) BEIR IR T A 1] 2 1 S 7y 7 S5 R B IR (b) x9SR I L8R 70 BB T ARk P PR M S8 s
B (o) AR 7y T BRI T AR U e NS B R (d) LA 5 2% 2 A 1) T AR L s = R

Figure 1 (Color online) (a) Schematic of the preparation process and molecular structure of the gel factor; (b) temperature-responsive
characterization of the spatial perfluoropolyether-type supramolecular gel lubricant; (c) mechanical-responsive characterization of the spatial
perfluoropolyether-type supramolecular gel lubricant; (d) schematic illustration of the reversible transformation mechanism of the self-assembled

three-dimensional network structure.
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Figure 2 (Color online) Volatility loss of PFPE lubricant, supramo-
lecular gel lubricant and sample tray under three specific environmental
conditions: high vacuum environment; combined environment of high
vacuum and atomic oxygen irradiation (PFPE-M); real space environ-
ment (PFPE-E).
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Figure 3 (Color online) (a) Comparison photographs of the supramolecular gel before and after spatial exposure, along with actual images of the
surface and interior samples; (bl)—(b6) results of ground-matching experiments for atomic oxygen irradiation flux equivalent to perfluoropolyether
lubricant surfaces; (c) elemental analysis energy spectrum of the membrane-like structure.

TEAGF R 2R T B 5 A S S TR 27 1 BRI T A LR
Az EAH SN SR, AT 3R 2 DL B8 o T T A
RMIYE I M AR (1, X — S5 R B, ST 0 itk
TETE PR [ ARy P, R 65 A A 2% () PR 5 ]
0T N B 4 ) B R VAR .

Rt — D AT 4 S R T B Y v AR 2 R R R
(RIS, ASHIF 70 RS 25 (R 3R B 2, 40 )
XTPFPEH (El4(al)~(a3)) 58 7 T BERIETE# BH(El4(b1)
(b)) i T SER . S50 R, MPFPEMS
R TR RIETE MR 2 mnl R R RS,
REFARKAER B EAR, HEEFEERELIR T
PFPEH A 7 7 eI T M4 B R 4012k (1812), I H
PFPE i 45 A 401 2K Bt v T 4 -t i v A kL. 7=
AR IR G 1 5 IR AT R R A I R 2 R T R
PFPEH H (R EE, A Fa s I C-O-O—Falfk, S5
C-OHEWIZL, A= Bl 3t R & 8 LA, B A

2 AR 5 T AU, 320 5 R R, TR
BRI 0 Be(Bl4(d)). X eI -5 1 EH S - Ik
28005 U N K BE VPFPEM 70 NIy TR A
B AL RS SN 1, AT Y BLPEPEH % A 45
RILG. T [ A ) 4 G R T R 75 B o A R
FEI B L3 e 2% S A (OR3P R B i i 4
MRS E 1.

BEAL, JSERANIRTU S Al A 0 2 i S8 Jm AT Y
73y MR A e i e AR L, T et o
TSR MR EC S 08, ok e A R T R R GEHE T
FARGEHERARIS : UM 28 I 1 SR B R i e 7
EREOEEE R, RIAFEM I LESATTCICr18
BRES AR KA SR BN, DAME R ST A ORRAE 5 0
Proeds. 2ok E48 hfim, XIAE A IE A PFPEIH LI 45
REoR: S EYIIEIRE T 2R OB Y E
YRR, TFERS EAC TS, HPIORAE A B E AR, B

2019



FHE A IR I 70 5 BRI I ARk ) 2 T A S 8 K B

B4 (W48 ORIyt i UG T i 42048 R S B B 7 42 BE~6 10" atoms/(em” 8)). (al), (a2) PEPEHIFE HEART fE Xt FLRE; (a3) 4
JEPFPEHIE B 24 hfm F il (b1), (b2) 2 USRI 7 1 RERCIE TR RHR RS BRE il (c1) %6 B85 AUPFPEI 37 BB H J5 75 725 0
B 48 hJE IR (c2) 48 IS (RIPFPEIHE9CT 1 81 BB AR AE i 1T P9 1 E 48 1 (KIRE it (d) A SR Bk H AR B2 AL
Figure 4 (Color online) Ground-level atomic oxygen irradiation experiment (atomic oxygen flux ~6x10" atoms/(cm” s)). (al), (a2) Pre- and post-
irradiation samples of PFPE lubricant, respectively; (a3) PFPE sample after 24 h of standing post-irradiation; (bl), (b2) samples of perfluoropolyether
supramolecular gel lubricant before and after irradiation; (c1) irradiated PFPE oil sample immediately removed and left to stand in a centrifuge tube for
48 h; (c2) irradiated PFPE oil sample left to stand for 48 h in a 9Crl8 high-carbon chromium steel sample holder; (d) damage mechanism of

perfluoropolyether lubricants.
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Figure 5 (Color online) (a) Fourier transform infrared spectra of the original sample (PFPE-Y), the sample irradiated with atomic oxygen (PFPE-M),
and the sample exposed to space (PFPE-E) of the perfluoropolyether-type supramolecular gel lubricant; (b) a close-up of region 2 in (a); (c) a close-up

of region 1 in (a); (d) a close-up of region 3 in (a).
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Figure 6 (Color online) Elemental analysis spectra of the pristine spatial perfluoropolyether-based supramolecular gel lubricant (PFPE-Y), the
surface of the spatially exposed sample (PFPE-E-S), and the interior of the exposed sample (PFPE-E-I). (a) XPS fine spectrum; (b) Cls; (c) Fls; (d)
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Figure 7 (Color online) Thermal stability analysis of space-used PFPE lubricant, pristine supramolecular gel lubricant (PFPE-Y), ground-matched
irradiated supramolecular gel lubricant (PFPE-M), and space-exposed supramolecular gel lubricant (PFPE-E). (a) TG analysis curves of the samples;

(b) first DTG analysis curves.
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Figure 8 (Color online) Rheological characterization of initial samples (PFPE-Y), atomized oxygen-irradiated samples (PFPE-M), and space-
exposed samples (PFPE-E) of perfluoropolyether-based supramolecular gel lubricants. (a) Shear stress versus storage modulus and loss modulus curves
obtained from amplitude sweep measurements at room temperature (25°C); (b) curves of storage modulus and loss modulus versus shear frequency
obtained from frequency scans at room temperature; (c) curve of viscosity versus shear rate for the samples; (d) curves of storage modulus and loss

modulus versus high-low alternating shear intensity for the samples.
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Figure 9 (Color online) Friction coefficient variation curves of
perfluoropolyether lubricants before and after irradiation (PFPE and
PFPE-AO), as well as perfluoropolyether-based supramolecular gel
lubricant samples: pristine (PFPE-Y), after atomic oxygen irradiation
(PFPE-M), and after space exposure (PFPE-E), measured on a ground-

based vacuum friction tester (load: 5N, frequency: 5 Hz, amplitude:
5 mm, vacuum level: 107°-107* Pa).
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Figure 10 (Color online) (al)—(a5S) Scanning electron micrographs of the following samples: pristine perfluoropolyether lubricant, perfluor-
opolyether oil irradiated with atomic oxygen, pristine supramolecular gel lubricant, supramolecular gel lubricant irradiated with atomic oxygen, and
wear produced on the friction pair surface when the supramolecular gel lubricant was used as a lubricant after space exposure; (b1)—(b5) three-
dimensional topography maps of the five samples, respectively; (c1)—(c5) cross-sectional views of the wear corresponding to (b1)—(b5), respectively.
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Figure 11 (Color online) Characterization of lubrication mechanism in samples after space irradiation. (a) XPS fine spectrum; (b)—(f) elemental

spectra for Cls, Fls, Ols, Nls, and Fe2p, respectively.
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Figure 12 (Color online) Schematic diagram of the lubricant mechanism of supramolecular gel lubricants.
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The space environment effects and performance evolution of
perfluoropolyether-based supramolecular gel lubricants

BAI YanYan', LYU HongYu’, WANG Ke°, FAN Lin’, LIU ChangQing’, CAI MeiRong ",
ZHOU Feng' & LIU WeiMin'

" Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, China
2 Technology and Engineering Center for Space Utilization, Chinese Academy of Sciences, Beijing 100000, China
3 Shandong Laboratory of Yantai Advanced Materials and Green Manufacturing, Yantai 264000, China

In space exploration and development missions, lubrication technology is one of the key technologies ensuring the stable operation of
spacecraft mechanical systems, extending equipment lifespan, and guaranteeing mission success. Among various space liquid
lubricants, perfluoropolyether (PFPE) lubricants have become one of the most widely used lubricants in space applications due to
their exceptional chemical and thermal stability. However, PFPE lubricants exhibit low surface tension, making them prone to creep
and migration at mechanical interfaces, which compromises the lubrication reliability of space equipment. To address this issue, this
paper designed and prepared a fluorine-functionalized gel factor for space-grade Z-type PFPE lubricants. This led to the successful
development of a quasi-solid perfluoropolyether supramolecular gel lubricant material, intermediate between oils and greases. The gel
factor self-assembles into an ordered network structure through intermolecular non-covalent interactions, effectively confining the
PFPE oil. This supramolecular gel lubricant exhibits outstanding thermal reversibility and thixotropy: it transforms into a flowing sol
state under high temperatures or high shear to perform lubrication functions, and reverts to a quasi-solid gel state under low
temperatures or static/low shear conditions to fulfill sealing functions, meeting the dual requirements of lubrication and sealing for
space equipment. To validate the material’s performance evolution and damage mechanisms in real space environments, a six-month
external exposure experiment was conducted on the space station’s material exposure platform, supplemented by ground-based
simulation experiments for comparison. Structural and performance analyses of returned samples, combined with ground-matched
experiments, revealed the structural-performance evolution and damage mechanisms of the supramolecular gel lubricant under space
environmental factors. Results indicate that despite surface oxidation of the returned supramolecular gel samples, their
physicochemical properties remained largely unaffected. Thermal stability improved, while rheological properties—including
viscoelasticity, shear thinning, and creep recovery—were well preserved. Crucially, compared to pre-exposure samples, friction
coefficients and wear rates remained comparable, maintaining excellent lubrication performance. This research provides theoretical
and technical support for the application of supramolecular gel lubricants in space mechanical moving components, offering new
lubricant materials and technologies for the advancement of aerospace endeavors.

spatial exposure, perfluoropolyether lubricant, supramolecular gels, space environment effects, lubricant
properties
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