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Recently, aluminum 6061 instead of copper alloy is used for cooling heat exchangers used in the internal
combustion of engines due to its economic feasibility, lightweight, and excellent thermal conductivity. In
this study, aluminum 6061 alloy was anodized with oxalic acid, phosphoric acid, or chromic acid as an
anodizing electrolyte at the same concentration of 0.3 M. After the third anodization, FDTS, a material
with low surface energy, was coated to compare hydrophobic properties and anti-icing characteristics. Alu-
minum was converted into an anodization film after anodization on the surface, which was confirmed
through Energy Dispersive X-ray Spectroscopy (EDS). Pore distance, interpore distance, anodization film
thickness, and solid fraction were measured with a Field Emission Scanning Electron Microscope (FE-
SEM). For anti-icing, hydrophobic surfaces were anodized with oxalic acid, phosphoric acid, or chromic
acid solution. The sample anodized in oxalic acid had the lowest solid fraction. It had the highest contact
angle for water droplets and the lowest contact hysteresis angle. The anti-icing contact angle showed a ten-

dency to decrease for specimens in all solutions.

Keywords: Aluminum oxide nanostructure, Anodization, Hydrophilic, Hydrophobic, Anti-icing
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ANTI-ICING CHARACTERISTICS OF ALUMINUM 6061 ALLOYS ACCORDING TO SURFACE NANOSTRUCTURE

=4 %= 548 7HE F Sl [15-18].

) EAS EEhy] 9k 3 Ae W S sy
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Fig. 1. Experimental method diagram
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After Anodization
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Fig. 2. EDS analysis before and after anodization of aluminum 6061 by different anodizing electrolytes

Table 1. Chemical compositions of Aluminum 6061 alloy before and after anodization

Elements (Atomic%)
Sample
AlK OK Mg K SiK CK
6061 Alloy 80.98 5.59 1.24 0.65 24.69
Oxalic acid 70.86 16.63 0.54 0.28 11.60
Phosphoric acid 75.35 12.81 0.56 0.84 10.44
Chromic acid 70.95 14.20 0.56 0.35 13.93

o THE AL AL, AFAto ® SaEk3) oM, Fig.
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ANTI-ICING CHARACTERISTICS OF ALUMINUM 6061 ALLOYS ACCORDING TO SURFACE NANOSTRUCTURE

(a) Oxalic acid (b) Phosphoric acid (¢) Chromic acid

Fig. 3. FE-SEM of surface morphology and thickness of the aluminum oxide film prepared by different anodizing electrolytes
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Fig. 4. Measurement graph of D, D, thickness, and solid fraction by different anodizing electrolytes
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Table 2. The structural characteristics value of after the 3rd anodization nanostructures by different anodizing electrolytes

Oxalic acid Phosphoric acid Chromic acid
D, (nm) 88.23 +13.15 93.64 £17.17 81.62 +14.23
D,, (nm) 104.64 +14.18 137.23 £16.57 97.02 +13.36
Thickness (nm) 174.29 £ 15.73 275.00 = 19.82 167.00 = 16.41
Solid Fraction 0.38 0.59 0.61
Gas (4ir) Gas(A4ir) Gas(A4ir)

<
Ysa

(a) Contact Angle

(b) Wenzel model

(¢) Cassie-Baxter model

Fig. 5. Wenzel, Cassie-Baxter model explaining the hydrophilic and hydrophobic properties

7183k AglE vEeRd Zolth SAAE s Al
o] 71% AL 8823+13.15mm, 7% Ale] A=
104.64 + 14.18 nm, AFS}E} F71= 174.29 +15.73 nm, 1L
RS2 038 olu, Qb Ml AlHe] 7y AAHL
93.64+17.17 nm, 713 Ako] A= 137.23 +16.57 nm,
ARsh A= 275.00 +19.82 nm, LAEES 0.59 ©]
a0, AFAE s AjEE] 75 A7 81.62 + 14.23 nm,
713 Aro] A= 97.02+ 1336 nm, AH3teE FA =
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A7, 71EArelAY, Abse A= QAE SARE A
24k Aafjol A cow A BEEon RS
2 AFh ik, Sk AEd AlE o2 AA YEr
F& A 5 Sl

Fig. 5ac Contact Angle model= Young’s equation (2)
2 AT glon, 7N y = aAZIA ] A
A3, v = ILA-HA] 7Ee] A, g, = HA-71A]
48] Az ol o]i= Aldauvx el HE AAE A
Wk equation® ZX, v, Yy, VoS AlHo] dsh4
O FELH S-S o Ayt [32-34].
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Table 3. Contact angle value by different anodizing electrolytes

@

Ysg = Ysr. T V16 Cos&y

-

Fig. Sbi= ¥ A4S AWE 4 gl o]& 5 ot
1}Ql Wenzel model®, 14 oA o] Azod
T= A7 g3l AAE 24 Atolef| A o] F4v)
dgsix W4 1 54 7HAH, equation (3)E
Arge 4= 9t} [35,36]. o171 viAlTEE Zte B
7} A 7F HEHSR= A, Cosh Coshy, = ST p
+ A7 JAAE YERATE Fig. Sci= Cassie-Baxter
model® A 3 S] AR 7} o} 3 AZ 7o
ozl A 2 Atole] VR AYX AHo] P4y
o] WAL wt= JAS 7= B 54E 7HA
1 equation (4= AT 5= Qlt} [37-40]. 1714 2F
7} Ao HFdH= T, Coshi= Cosl, i WZHE ™
[ AAe) gaf 2L e Ao, HE7F (Coslp)
o] Cos'{(f-1)/(r-H)} X} Zd Frdo] NHo] ol A
A o= ¥HE 7HA 4= QY o]& F3) Cassie-Baxter
o] AA7F Wenzel o] ARG 1A 3 9
oM rEAds &

% gl

Oxalic acid Phosphoric acid Chromic acid

Contact Angle (Hydrophilic) 429+1.19 13.05 +3.68 27.55+3.89
Contact Angle (Hydrophobic) 178.49+0.91 131.46 +1.82 130.20 + 3.60
Contact Angle Hysteresis 3.44 £1.65 19.53 +3.94 23.49+12.48
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ANTI-ICING CHARACTERISTICS OF ALUMINUM 6061 ALLOYS ACCORDING TO SURFACE NANOSTRUCTURE

N Cotyrophiic

Hydrophobic

(a) Oxalic acid

Fig. 6. Contact angle image by different anodizing electrolytes
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(b) Phosphoric acid

(c) Chromic acid
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Hydrophilic | Hydrophobic |
35 200 40
30l st
30+t
251 .
£ :—.'i:' 2 37
220 % 22|
15 B j
: z 157
o 10 = 10}
st 5
0
Oxalic Phosphoric Chromic 0 Oxalic Phosphoric Chromic Oxalic Phosphoric Chromic
Solution Soltion Solution
Fig. 7. Measurement of contact angle, contact angle hysteresis by different electrolytes
Table 4. Contact angle value by different electrolytes by different frozen time
1h 12h 24h
6061 Alloy 84.57 +£7.96° 83.06 £ 8.10° 71.31 £4.05°
Oxalic acid 178.74 £ 0.33° 178.60 + 0.58° 178.50 £ 0.75°
Phosphoric acid 136.70 +2.48° 131.18 £ 1.33° 129.28 £2.79°
Chromic acid 129.27 + 4.96° 127.77 + 3.04° 124.78 £ 3.12°

1h 12h 24h

6061 Alloy

Oxalic acid

Phosphoric
acid

Chromic acid

Fig. 8. Actual image after anti-icing
by different frozen time
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Fig. 9. Measurement of contact angle, contact angle hysteresis by different frozen time
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