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Table 1 Chemical composition of T2 copper

Element Sh Si Fe Ag Pb S Cu

Mass fraction /% 0.002 0.001 0. 005 0.002 0.005 0. 05 Bal.

F# 2 6061 FHEE ML Y

Table 2 Chemical composition of 6061 aluminum alloy

Element Mg Si Fe

Mn Cr Zn Ti Al

Mass fraction /% 1.2 0.4-0.7 0.7

0.15-0. 40 0.15

0. 04-0. 35 0. 25 0.15 Bal.

M TruMicro 5000 Tk 25 & 3R KM EOL#S
(B 1030 nm, ik o 58 52 800 fs, O A
PR 1030 nm, ERE AN 200 kHz, L5 HAZ L
N 38 pem) FEARE il 2 T EAT B S AR R 1 TR 5 1 )
IV = R OK HE B 2 2% TH 25 4 5 AR5 A5 310 04 19

TIOR3 25 7 B R 5 BT 0. 05 mol /L i B R &
5 1.5 mol/L & AL B TR & K i W h 2EAT o2 Ak
Ab PR S ARIR B S 90 C L IFIA] N 1~50 min, Ak
S8 58 JRCJ BCH AR i 23 ) P I 7K 05 4 R 7 R K gk
PRk B R AR B T R sl /R AT TR R

0202009-2



FRIEX

S48 % £ 2 H1/2021 £ 1 B/hE#E

T 5 B RE A AT SR Ak A BRI AT A5 B = 2% i g
KSR,

SR FH 42 ik £ 000 S0 6 AR ot 3 T P 422 o A VR
giff, R BB 7 BB (SEM) Al LEXT
OLS4200 3D ot 3 5 £ o A A 5 1Y 26 1H B
$1, % M Rigaku D/Max2500 X 52k 7 5L (XRD)
3 HTRE S R T AR T

AR S A T R B 7K T VTR VA T I 4 I L
DA % S 3R S5 T A% B ] f) I A e AIE — A 4l e i
KRB 45 vkPERE . B 45 vk Pk RE DU IAHE B ) 26 58
PR N HIA G BT E 1 TR

1 T B 7k 3 I By 45 v e VL 4% i SE B = E
PB4 B e

Fig. 1 Home-made environmental control hood and the

cooling stage for anti-icing  performance

observation of superhydrophobic surfaces
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Fig. 2 Fixture of ice adhesion strength tests for

superhydrophobic surfaces
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Fig. 3 Triple-scale micro-nanostructured superhydrophobic surfaces fabricated via ultrafast laser hybrid method.

(a)—(a3) Triple-scale micro-nanostructured copper

superhydrophobic surface;

(b)—(b2) triple-scale micro-

nanostructured aluminum alloy superhydrophobic surface; (¢)—(d) contact angle and sliding angle of the droplets on

the copper superhydrophobic surface; (e) contact angle of the droplet on the aluminum alloy superhydrophobic surface
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Fig. 4 Morphologies of Cu-MNGF surfaces chemically oxidized at 90 °C for different time. (a) 1 min; (b) 2 min;
(¢) 3 min; (d) 5 min; (e) 10 min; (f) 15 min
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Fig. 5 Nanostructure morphologies of Cu-MNGF surfaces chemically oxidized at 90 °C for different time. (a)(al) 1 min;
(b)(b1) 5 min; (c¢)(cl)(c2) 10 min; (d) 15 min
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Table 3 Effect of oxidation time on contact angle and

sliding angle of micro/nano superhydrophobic surfaces

Oxidation time at 90 ‘C /min CA/(® SA/ ()
1 154.31+0.2 6.5+0.8
2 155.940.5 5.3+1.1
3 154.13+0.2 8.1443.8
4 158.440.9 4,7£0.2
10 159.0+0.5 4.4+0.7
15 160.640.5 2.2+0.6
50 161.440.5 0.5+0.1
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Fig. 6 Dropwise condensation and coalescence-induced jumping of condensed droplets on the triple-scale Cu-MNGF

superhydrophobic surface

W, WA 6 () ) A'FTR . FEE 6(b) s, B X
WEAEHR 10~80 pm M AW &£ A I &
kA R ER DA T B B, DT A 2 DX S8 ) 2% T
B AnE 6 Co) Y BT 5 Bl 2 ¥ Bt AR 0 4k 2k HF
AT 12 DX o ) ¥4 B YR T T A% RN K T IR T —
RSB R IE 6 (DAY B AR . MR AL S

) —~

€)) (
®

01:18

A LIAE C~C'~C".D~D' U K& E~E' X s M £ 5],
AT UL K SR b B v B T T LA AE 45 DK E I
G5 BBk BR I 2 2 T, DA e i K 2R T H A
Bi7 45 vk P BE

SEBR b VR R T o3 AE B K R bR A A
HhTEA SR T Rl s R AE VR BEIR G . L T P

7 =% Cu-MNGF BHi/KRE SR B G . () BEEE T — 0 BE R A 904 B W0 1Y 88 B K 3R 18
(b) PR EER R s (o~ () FRIHBUN G h = Fvd BRI Y18 s AT A

Fig. 7 Hierarchical condensation phenomenon on triple-scale Cu-MNGF superhydrophobic surface. (a) Hierarchical

condensation with the primary condensed droplets and the second condensed droplets; (b) schematic of hierarchical

condensation; (c¢)—(j) the movement and behavior of the second condensed droplets within the surface structures
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Fig. 8 Delaying icing time of different superhydrophobic surfaces. (a) Smooth hydrophilic Cu surface(Cu-S); (b) dual-scale

micro/nano superhydrophobic Cu surface (Cu-MNR); (c¢) triple-scale micro/nano superhydrophobic Cu surface ( Cu-MNGF )
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Fig. 9 Delaying icing process of three flat surfaces (F denotes fluoridized flat surface, S denotes polished but not fluoridized

surface, and R denotes neither polished nor fluoridized surface. Scale bar: 10 mm). (a) All of the three surfaces are

not yet icing; (b) icing starts at the solid-liquid interface of R surface; (c)—(d) the icing interface in the liquid

column on the R surface keeps moving up; (e) icing starts at the solid-liquid interface of S surface; (f)—(h) the icing

interfaces in the liquid columns on both the R and S surfaces continuously move up; (i) icing starts at the solid-liquid

interface of F surface; (j)—(o0) the icing interfaces on the R, S and F surfaces continuously move up, until all the

liquid columns transform to ice

H 9 AT, FLOSVR = 3K T A9 4E 3R 45 DK I 1]
MR K 17 min 10 s.7 min 34 s fil 1 min 11 s, BI§R
A3 THT Y HE SR 45 I 8] i o 32 PR AR 2 B9 A7
T {45 2 T S B 7K AH L TR S SR K R T TR A
L5 T Y SEANE AR AR T AER A5 UK. ML T
IO Y 2R K T, ARG Y 2R K R i B A R R
THTRELRE 32 E — 2D 8 I 1 2 A K Ve (A5 MR S

T AT 90 B0 52 73 A% IR RE S 0 L DR MG B ¢ ) 45
UKo BT LA R T SRR SR TEN T &, T K - 3 T S
T A R fh SR TR DAY IH S 3R 45 DK P
3.4 BRAXESEHE=ZZMMBHRKREHN
Bk 1 BE
PR A 58 4 AR A 3 O SRR A | A T o i T R LUk
R 25 A S VR AT Iz I PRI A SO TR R F

0202009-8



FRIEX

#4485 £ 2 H/2021 £ 1 B/ EEH,

T RN A 4w K R m A Bk RE .
10Ca) J& 5 B 4 — i 4 68 B0 7K 3 1T 1) DKCORG B 5
M5 S PTN T B0 A 4 B 7K 3R T 1Y) VIORY B 58
XK 6 kPa, 5 K Z 4B B4 & & K m M 1
(240 kPa) , vIOKG B 5 B2 R MR FEAR . X F 22N =
PN B K FTH B A R AP Cassie IRASF &M,
A LA 3R T 7R B 45 R/ 5 R A T AR AR R A R
(R et A M L 76 45 v AR L 3 T ) I 7K M ol DK A% B PR

400

@ original aluminum alloy surface

w
(=
S

200

100

Al-MNGF surface

Ice adhesion strength /kPa

0O 1 2 3

Different samples

P10 AN [R) 4R G 4 B % 7K 3R T B4 PACRS FRF IR B8 e A-MINGF T b 3% 2% 10 U vk Ay I il 45

il 7E 2 45 A ) T0ER B R T ORG BRSO AR 55
“Cassie 7K, Bij 1k 17 A5 B 38 B2 5 K A9 Wenzel vK” 1Y
FER R, = GO AN R A e M K 3 T A
AT B TACRS B 5 B

BEAh, 23t 10 UAHE vk 5 & B % — KR
B A A M B K 2 T Y VKRS B B R R R T
20 kPa, Gl 10(h) fros , 3 vd W 32 4 5 7K 2 1 A 2
B R A DR WL TS AP

100

(b) Al-MNGF surface
80

60

40 r

20

Ice adhesion strength /kPa

0
01 2 3 4 5 6 7 8 9 10 11

Number of icing-deicing

o Ca) VIO B3 3

(b)) HE vk &5 21

Fig. 10 Ice adhesion strength of different aluminum alloy superhydrophobic surfaces and test results of ten consecutive

icing-deicing cycles on AI-MNGF surface. (a) Ice adhesion strength; (b) test results of ten consecutive icing-deicing cycles
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Abstract

Objective Ice accretion and its subsequent removal can be great threats to aircrafts, power lines, wind turbines,
marine structures, and even the pipes of air conditioners or refrigerators, which may lead to serious life safety
problems and enormous economic loss. Traditional deicing methods, such as mechanical vibration deicing, electro-
thermally deicing, or chemical fluid deicing are usually energy-intensive and/or environmentally unfavorable.
Alternatively, emerging passive anti-icing (for prevention or delay of ice accumulation) and icephobic (for easy
removal of ice) surfaces have been widely studied. Among them, superhydrophobic surfaces are promising candidates
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due to their extreme high-water repellency. However, superhydrophobic-based ice-resistant surfaces are facing three
possible problems, including low humidity tolerance, relatively high ice adhesion strength which needs to be further
reduced and poor deicing mechanical durability. In the present study, we report a novel kind of triple-scale micro/
nano-structured superhydrophobic surface with comprehensive anti-icing and icephobic properties via ultrafast laser
hybrid fabrication. This type of superhydrophobic surface exhibits excellent Cassie state stability, high humidity
resistance, and good deicing durability. We hope that our basic strategy and findings can be helpful for the design of
new robust ice-resistant superhydrophobic surfaces and the relationships between superhydrophobicity and ice
resistance.

Methods Copper and aluminum alloys have been employed in the present study. First, the triple-scale micro/nano
structures, composed of microcone arrays covered with densely grown nanograsses and dispersedly distributed micro
and/or submicron flowers, were fabricated on the surfaces via a hybrid method combining ultrafast laser ablation and
chemical oxidation. Then, the resultant surfaces were chemically modified by fluoride to induce superhydrophobicity.
After that, contact angle and sliding angle of the surfaces were tested on a video-based optical contact angle
measuring device. Then, the morphologies and chemical compositions of the textured surfaces were analyzed by
scanning electron microscopy and X-ray diffraction. The effects of chemical oxidation time on the morphology and
superhydrophobicity of the prepared surfaces were studied. In the next step, condensation observations and icing
delay experiments were performed on the optimized superhydrophobic surfaces to assess their anti-icing
performance. Furthermore, ice adhesion strength and icing-deicing cycles were also measured and performed for the
prepared superhydrophobic surfaces to characterize their icephobic properties.

Results and Discussions The prepared triple-scale micro/nano-structured surface possesses excellent
superhydrophobicity with a contact angle greater than 160° and a sliding angle less than 1° (Fig. 3). With increasing
oxidation time, the nanostructures formed on the microcone arrays on the surfaces evolved from nanorods to
nanograsses via hydrolysis (Figs. 4 and 5). Overall, the resultant contact angle increases and the sliding angle
decreases with increasing oxidation time ( Table 3). The anti-icing function study shows that the optimized
superhydrophobic surface is featured with hierarchical condensation and coalescence-induced jumping of the
condensed droplets under condensation and freezing conditions due to its low surface adhesion (Figs. 6 and 7). Since
the air pockets trapped in the surface structures perform as a thermal barrier layer, the prepared superhydrophobic
surface exhibits good icing delay performance with an icing delaying time of 52 min 39 s (Fig. 8). The icephobicity
study of the prepared superhydrophobic surfaces shows that the ice adhesion strength of the superhydrophobic surface
can be as low as 6 kPa, which is 40 times lower than that of the original aluminum alloy surface (Fig. 10). In
addition, after 10 repeated icing-deicing cycles, the ice adhesion strength of the superhydrophobic surfaces are still
no more than 20 kPa (Fig. 10), demonstrating decent deicing robustness.

Conclusions In the present study, a novel kind of triple-scale micro/nano-structured superhydrophobic surface,
composed of periodical microcone arrays covered with densely grown nanograsses and dispersedly distributed micro/
submicro-flowers, were successfully fabricated via ultrafast laser hybrid method. After chemical modification, such a
surface possesses excellent superhydrophobicity with a contact angle greater than 160° and a sliding angle less than
1°. The surface morphology evolution shows that the superhydrophobicity of the prepared surface is determined by
the surface roughness and hierarchical level. The observed hierarchical condensation phenomenon on the prepared
superhydrophobic surface ensures the Cassie state stability of the primary condensed droplets even under high
humidity and the condensed droplets can slide off the surface before freezing due to low surface adhesion, thus
enabling the prepared superhydrophobic surface with great anti-icing performance. The ice adhesion strength of the
superhydrophobic surface can be as low as 6 kPa, which is very competitive even compared with the interfacial
slippage surfaces and the low interfacial toughness surfaces (the reported ice adhesion strength can be as low as
5 kPa), indicating that superhydrophobic-based icephobic surfaces can also exhibit ultralow ice adhesion. Our study
shows that such kinds of triple-scale micro/nano-structured superhydrophobic surfaces with comprehensive anti-icing
and icephobic properties can be obtained through rational surface design, which couples multi-scale micro/nano
roughnesses and hierarchical levels.

Key words laser technique; ultrafast laser; superhydrophobic surface; multi-scale micro/nano structures; anti-
icing performance; icephobic property
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