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ABSTRACT: The polar regions are strategically important for the sustainable development of the global economy due to their
abundant natural resources and special geographical location. However, the prolonged low temperature and heavy icing in the
polar regions have greatly restricted the process of scientific research, commercial shipping, and energy development. Therefore,
the icing problem of various types of equipment has become a hot topic of research and the development of long-lasting and
stable anti-icing technology is crucial to advancing the polar development strategy.

The icing dilemma faced by ships during polar navigation was systematically expounded. Types of ice accretion on ships
were analyzed according to the origin of ice. Various anti-icing technologies were summarized, including active anti-icing
technologies (mechanical de-icing, ultrasonic de-icing, heating de-icing, chemical de-icing, etc.) and passive anti-icing coating
technologies (gas lubrication, liquid lubrication, "liquid-like" lubrication, interface-controlled fracture, etc.).

The gas lubrication is mainly composed of micro/nanocomposite structure in the surface and low surface energy

hydrophobic layer, which effectively inhibits the icing process by reducing the attachment of water droplets. However, the
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disadvantage of it is liquid generally slipping into a hierarchical scale and adhering to the surface, resulting in the Cassie-Baxter
state converting into the Wenzel state. Water freezing in the Wenzel state will cause mechanical interlocking forces and invalid
deicing capabilities. Subsequently, the surface can be worn away after repeatedly de-icing. Although certain special structures
have been proven to reduce the transition to the Wenzel state, the complex fabrication process is almost impossible to cover on a
large scale. Liquid lubrication and "liquid-like" lubrication can greatly reduce the adhesion strength of ice on the solid surface by
effectively reducing the strong physical interaction between ice and surface. Liquid lubrication is built through the overfilling
lubricating liquid to the micro/nanopores substrate. Despite adhering within the substrate, lubrication becomes invalid over time
by evaporation, erosion, and is contaminated. "Liquid-like" lubrication, covalently attached on one end of a flexible
macromolecule onto a smooth substrate, determines the lubricating property. The high mobility and small intermolecular force
of polymer enable it to function as a lubricating layer. "Liquid-like" lubrication has been considered a promising coating for its
extreme uniformity, low adhesion, transparency, and safety. Interface-controlled fracture makes the crack nucleation and growth
at the specific position of the interface quickly, accelerates the interface fracture process, and then makes the ice desorb quickly
under the action of low shear stress. Under the action of shear stress, the interface between ice and substrate is not uniform, and
macroscopic cracks are preferentially generated in the low shear modulus region. The cracks propagate rapidly, making the ice
easier to break away from the substrate surface. The current development of anti-icing technologies in solving the icing problem
is summarized. The feasibility of each technology to be applied in polar ships is discussed in depth according to their advantages
and disadvantages.

In the last section, the work emphasizes the key requirements for special anti-icing coatings for ship equipment, and the
importance of active and passive cooperative de-icing strategies in polar ship protection technology is proposed.

KEY WORDS: polar; ships; anti-icing; coating materials; ice adhesion
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Fig.3 Ice covering of ship surface
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Tab.1 Comparison of advantages and disadvantages of active anti-icing and
de-icing technology and its scope of application

Active deicing Technologies Advantages

Disadvantages

Range of application

Simple  method, no

Mechanical deicing operational limitations

Damage to precision equipment and
protective coatings

Large areas not requiring
protection

Convenient, low energy
consumption, no risk of
secondary icing

Ultrasonic guided wave deicing

Precise frequency requirements, energy
consumption, large number of
transducers required

Plate and tube structural
areas of ships

Microwave
heating deicing

No mechanical damage
to surfaces

De-icing efficiency is low, and the
microwave frequency to achieve
optimal deicing efficiency has more
influencing factors and is difficult to
control

Decks and other areas

Efficient and fast, no

High energy consumption, susceptible

For deicing of special

Electrically . ..
. heating deicing mechanical damage to to secondary icing, may cause areas, such as antennas,
gle.at.mg surfaces damage to substrate surface structure  portholes
eicing
. Large and rapid alternation of heat
High- h - A ly afft
igh-speed cat Efficient and cold may cause damage to the reas not strongly affected

flow deicing

surface structure of the substrate

by temperature

Efficient, convenient, low
energy consumption, no
mechanical damage to
surfaces

Infrared deicing

Strict wavelength range requirements
and risk of secondary icing

Plate and tube structure
area

Chemical melting deicing Efficient

Higher cost, easy to corrode equipment,
and even cause environmental pollution
and damage

Glass deicing
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AR Z W AEAE A B LR T 5 AH BUA% 18 A% 1 7K Tk 45
K = ) R i K 2 T 4R 8k B e fel v e Rk
e LA TS 1 S o s 2% i R 41 ) 2% v 7 AR 0
FER K o B K i R R, K S kAR
- E -yt R, ORI —B %, BEK R
A LASh A M 1E K FE R UL, Mishchenko %5P1%
PLUK BIE B TEAR KRR B L e F R e B IR, 2
=5~=60 C /K% rh i AL 300 M B /K 3K i H. % i
TR R T -25 CHY, MR RE NS 7 VR 45 2 1) 58 42 [0 45
St . Alizadeh 2502 T — bR i vl A R K 36
) B KA | A B VR0 P kst 0] | R S R SR A B
Wo FEZARAI, MR T A R, VKSR
T A , B RO A [ 45 T TR, IR B
T A RS | ETFLI I e R . TR, 2]
T S ) 6 RO S s T sk, i N2 AR T VK B
% . Bird 25 i e K R T K A ek
AT T AR o VRO ) R T R A MU R, I T K )
(]9, B T 7K R - R TR A s [V P R W 4
MV v R IR, EE I ER T S E &
HF by & AEIEAS s X B 3 R AR ) ZU R
B, Wi 5y &4 Cassie-Wenzel F7AFR i fe, #E 1M 3K
VR 7E 2 1T & A2 AN AT 30 P R B o 224 43 o 1 IR T el
FmI4E 5 A5 A 208 AL RE BT, W0 2 & A B I i
B, PR RIS s R, YR A
B SR T R &4 Cassie-Wenzel 557250}, 7K
S AR B B /K 3 T 25 44 HR R0, ORI R 5 4%
T A T AR, R AR ETHLIE G AN, SRIZ AT 5k

HOR T IR RS0 AL IEOR , Bk kA5
AR, MR KR . NI, 5 rKEA s
TR T o R YA - [ AL TRT Cassie 25 RS Mo 42 o S vl
B 78 vk SR BT BB A 3 X PY . Cassie-Wenzel R4S
1) 38 AT 3 Ao YRR Y AR 2ok 8 R A2 9 Laplace Fk 773
PR o 8 R RGO G TN | 2S5 5
15 FF PH AL 435 46 ] 7 R 4k 45 Cassie 25 AYFE M, i
% KM Cassie-Wenzel 3675, 11 2 153 1 19 i /K
P, (KT 7R 2 T 45 vk 22 T S e

B T 3 ¥ K UL AR B 25 vk AN, R BB sk &
TATPEAVR IR | 50 Y B v T I v (1) B 7 K 1 e 2 ol
TR, 2 SBORBUK R R Y AR )6
LT ER SR BT, KPR A AL . M R,
BB 7K % TR AL 5 ) PR AR K R R - TG A . 25 5
TR FE R B 7K 3R TR/ AN 45 40 P e 4, i A K AR
K, BBN Wenzel 5. KL, @i Rmmastsit,
P HOK T ERLE BT R JI/E R & 4= Wenzel-Cassie
BRAR | JRAE R R Bl e 2 i R R T R R T B K
PERER— ARG . He ZEPNETH T MH K MOK 4
FES), Ve e 7 H i R /R B & A
Wenzel [n] Cassie ARAHEAZ, Wi/ T AE T,
RAI T T RGBT, (R E TR BEK A TR B 2Bk

AT B R R B 2 T VA B K B R, I K
MK, Chen 25075 B — R i 1 i K il &2 4
SER TR, RGO 76 88 B K 1 L & A A IR
2 H R BEE R, X FOKI# Y A &z dhZ 2R S50
S, EAGRI R K I AR R . BEMEAE L . R RRIE R ST



¥53% ol

SRR, A BT AR B BT oK UR 2 W B e <7

SER JZ ORI ZE I 045 L Hou 25080 3 51 ARG /K 40K
S5 B SRR AR R ( G R]BE 5 5 SR O 1Y AR A
29, XK BRSSO ST T s AR, I T KA
JF Bk R A AR 38 A X R T A RO 3R Ve
ERK R, SEMTA AN K A ARG R o Tk
— A R A T R EE R eSS K AR K R T AR E
[ Cassie 2%, Zhang ZEP1Z2 /N H 15 %, FIFH#E
Pk o OB TR & B B I AR P RE 1Y T 25
Fa 5 A= R B 7K R 10T o 2o PAER AT — 2D AR T R A
JKTE R B L e R BH O R S Y R 1T RIS 250 “C 1)
BN T KSR, el T 3R AZE UK

g5 BRI, g /K 3 10 A] 3 gD oK R R E B 7
A RANEN L5 VKRR, 7 52U b A AR B vk )2 0
DR SN SN R A

3.2 WEAEEKRE

TERJE IR IRET T, i o) K AR B UKL S
PRI, S B T BT U7 B 7 sl el A VR A PR
KRB EKRIR R Z — —BOAA, KT
20 kPa FA 1) B D] oK 245 RF 55 132 S e ik XU BRAIR 3l 45 Bk
553 90 1 52 BUBR UK B BEE o VK55 R 22 BR8] (A i 5ik ZUAR T
PRI PR T g8 M s A EAE L, SR8 0
JeEHUE] . R, 38 A R vk R R T )
PR A T 8y T 2 R R oA AR Dk A [ % 2 T ) 266 A
SR o Horb A A 7 OB AR VKRS R R T Z )5
AT IR , AR AT 1 2= i A 25 ST 2093
YIS ERE g =y IRTHRIER(E g =8
3.21 KiEBBBKEE

AR P BN 32 3 vz Sl R B IR T K
U AR AT K 28 B ok — 4 R i o PR, R T i
TE R TSR 7K 0 1 B SR 5 W el (9 5 30K 52
o XAIREAARE . SRR T Al ORI
7K R ZE K, AR B ANk, FE3R R
TR K Z , A ITTAT 28R AR oK -5 1T A2 T 2 [a] )
STU) b Bt S5 o 2K I A K SR b B9 KR R g R L
TR AR 3 /K SRR 1 ARG, Sy Tt — 2P
K IR 2 PR E Y, Chen SFUONH i 7ERE A K i
AL N A SRR SR A 0, il & T —Fh B F
M AZ B BT KR R o IR 2R B AL S B HLAR
EVEM ABERES, ABERPIP AT . &
T, I I T I 7 Kk O3 2 DR G g 2 T B T B o
ZE MBI TERE , 28 5 Biim Qe ik ik LB vKRE T o NI
IR R Z TR R T/ R B vk R, RO
A AR R A I K BE 3 LA R AR SR BOOKTR A T I
AET W] S B g S8 T T R AR W B R RE
3.2.2 miEEMEBKRE

T By B UK TR 2 2 MR RS2 119 Alzenberg %
PRSI IR A Y e A AN A 2L
A R RE S b HE TR PR, 3 TR AR ) U2 T Sh A

Oy FE A b Ak 2 1T 4 K 286 B 5 BE AR T 10 kPas
THE M B A K R A VKRR A B E A ER T AR
JBRES o BT, AT SR A A R AR T R AR R T Y
PKkZER (SLIPS-AL) H, MHXT T IRUR)ZRM, VK
B 2 MRS R (=15 kPa) W, [HAT,
P T I W U 2 R ) S R B R R, 2 kAR R
(R B A L A0 /0, DT A R R AR T B A T
Subramanyam %5138 53 ¥4 R BB R B 1R TS R A
TR BT IV U JE TV Y S T A AL UK e B i
FIEH B, Urata SN WA T A SC X 4 58 3
REEEM L, AR5 T AR A PLER:, vkiEH b
HEW NN T (=0.4 kPa ), #R % HAT, % T KEB
RN IRZ, KSR 2 A R G B i T A
PR M AKAE L A BRGNS i v /K ekt
B, e BT K O Yeong S 4 T B
ARG IR EYIRE, RIBS R T 8RR vk Zb b
S8R DA K 2R I 7K % T A 98 o Rk Dk v g S kL
E T T BRI AR (=30°) 1A 5 ) V0T 1 o
B QU B BE=11 em ),

I 3% 1 8 7 T T 2 R R B R AR AE B i R N 5 i
JARFEE B, 3 U 15 BT T T A Rk ) il 7 i 8K
B o IR AR, T T 2 R A IR 2 1 R — o 1 3R
Belg e, AR, QnAnp s i e 2 v A A v 2l B2
SNV T X A DR 205 N e e v R i e =22
V2 P R e Yo S BTk Vi Y I T UK R T A R L
HEEZEY,

3.3 K&K HEIBEHEIKRE

R K . YRR AR (Can SR U R
A A BUREESE ) LR A Wil (10T X Bk 21 8 iR %
T AT i) 25 A5 B AR R G W RIR 2 AR, %A B3R
LB 55 B K R AR B R . B VK PERE .
n, 7R WP R RSN A E AR, ik
() 15 32 Bl e i TR 20 51 Y A i T R0 B AT 2R B
HiEWEPERE . Krumpfer SR SEHASY T DL H1
TR REDE R BT A SR A R A T, ARtk el
W VR AR X ] A AR (AR BE/IN T S© ) 2T T 7 T G
AR B0 Zhang 26PN 549 il 2 1 g FH T XU
Brokeb, 78 4.6 kPa RYFSE XU T, vKATRITE 2 s MK
RAEWRIEREBE . Li ZP5H HZEB RS YR
M, SCEL T RSN B FEIEBR VK. Horh, RTH
HEARRAYRFRRE TR PR E
P, TERCHT RIS . B . M SRAMRIRAE . TR Ik
A AR TR EAFAER, NI A B VK )2 AR
PRAL TR

3.4 HREAEMAEBKRE

T AR B A oK SR TR B HLBORR E T, AR
K, BEFEEANSEH T —Fh Tl FEREE 1Y BR vORT
W, R SRR I A5 R . HLBRCRN A2 S5



s % W o A

2024 4£ 3 A

PR, (RS R e S B AL S A, e A
TWTRE AR, FE TR K AEAR 85 D) /R FH R D R
HR[54-56]8 5 7E PDMS 342 N 51 AR R R f
(10~2 000 um) WyfL, I T 2R MmN — 1B
UKUR)Z, RS T KRBT B (<30 kPa ), 7EBY
YITERTE, vk 3L R B AR AR AN —, IR
YR XA e =4 T R SR ( 2SR 5] & 7)),
SURIHY R, (UK A 25 5 i\ JRC SR T 25 . S
BR[57-6013 11 1T —Fh i I 4E i BR KR )2, LA 5y 1)
i 1 RE SRR A SE A R (JEZEAH ), DL RBT 1)
T P Ak A ML S Ry A3 TIOR3 BRI T IR 2 10K
BHESREE . W AR LB, EIERR, T
BT 0 43 BIOH AL ST B T i 2480, 8
JEE MR o X HE— 2R ST I S AT 4 2R A
UK B 5 BE A AT AT

PR X SR K AR T—10 °C, ASAAFLKAS 1] ke
oo MUKKHE T AR RIS, UK EE B0 B2 i /MR
T ERVKAOME S R B — ROk vK BB 5R B <100 kPa 3R
THIFR R B DK T, I UL ) 4 T . P 8 25 3 1 P K
BFFOE B 7E 1 000 kPa 2247, [RIIL, 782 R SR K G Bt
TR )22 A BB LR RE F A ok i T Bez —( WKL 6 ).
LA, MERZHEARWIITR SN, ZSMPiEKE
TAIAH AR A JR oA, X M0 977 K P R 1 A FH o 2 v
M G KRR 7K S RmEmmmAR, BA—
FEREAR VKR SR EE AU VE T, SRR GE M s /K R TR 237
e R A RN 5 R vk AR 3R T B AR [RIEE, R T
PNLERG T AMEZE | 20T AR R, TO T AR I
TR T 2 BRI AR UK G B B, {HL ph T T 3 )
Sk, AGERT/INER . EE R R, AR R
A P U 2 R B T AT A W LR R A — o R LRk
T RS P S )AL () o AR A 8 B i 38 R R
W1, (B RIR R G, F 2l it — P o,

Low contact area

()

B ‘ (] 8
Low surface 8

energy

1000 o §

e e oo

100

D@ @0

o
Q Crack
§  propagation

e e o

10F

Lubricant
layer Interfacial

0.1k cavitation @
NI @ 2
P Y SV PV o s
F¥ S FEELES &
D& G,gp @b > AL

Ice adhesion strength/kPa

1 1
¢ P
& E
Q) %~ o‘\% N

T T RoT S

K6 ARl vk i = i vk B o 3
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