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Abstract

Fabrication of Superhydrophobic Metal Surface by
Selective Laser Melting 3D Printing

and Non-toxic Post-process

Superhydrophobic surfaces are generally fabricated by lowering the free surface energy and imparting
roughness in a state where the contact angle (CA) between the surface and the water droplet is 150° or
more. Therefore, researchers are conducting research on fabricating a superhydrophobic surface by
using materials with low surface energy and fabricating nano/micro-sized structures on the surface.
However, in order to produce a metal superhydrophobic surface, the processes are complicated and a
post-treatment process using toxic chemicals is required, so a lot of research is being focused on

simplifying these processes and developing an eco-friendly manufacturing process.

Therefore, in this paper, a method for manufacturing superhydrophobic metal through selective
melting method (SLM) metal 3D printing and non-toxic post-treatment process was proposed. It was
manufactured using titanium and maraging steel powder, and micrometer-sized pillar structures were
arranged at regular pitches on the metal surface. The diameter of the pillar structure was 200, 300, and
400 pum, and the pitch, which is the interval between the structures, was manufactured from 300 to 800
um. Afterward, as a post-treatment process, a heat treatment process using non-toxic silicone oil that is
harmless to the human body was added to lower the surface energy. As a result, the fabricated surface
was able to produce a superhydrophobic metal surface exhibiting a contact angle of 150° or more and
a low sliding angle (SA). Through this, various metal materials can be used and the advantage of metal
3D printing with a high degree of freedom of shape can be used to create a free-form surface with
superhydrophobicity, and using this, the possibility of manufacturing superhydrophobic metal 3D

printing parts was confirmed.



List of Figure

Figure 1. Classification of the surface wettability by contact angle [1]. ..........ccceeuveennnns 10
Figure 2. The contact angle on the (a) smooth surface, (b), (¢) rough surfaces................ 11
Figure 3. Scheme of Young’s model on the smooth surface.............ccoceeeniiiiiiianncnnne 11

Figure 4. Five typical cases for anti-wetting surfaces (a: Wenzel state; b: Cassie state; c:
Wenzel-Cassie state; d: “lotus” state; e: “gecko” state) and several common phenomena
for anti-wetting in nature (f: petal; g: butterfly; h: strider; i: lotus leaf; j: gecko) [10].

............................................................................................................................. 13
Figure 5. The applications of superhydrophobic coatings surface [11].........ccccceeevueennee 13
Figure 6. Schematic image of sample preparation [18].......c..cccoeevviveiviiiieiniiieeeeiieeeens 14

Figure 7. Schematic of overall fabrication process for superhydrophobic polymer surfaces

using 3D-printed MOIA [19].....ccooviiiiiiieiieee et 15
Figure 8. Schematic of DLP printing with the description of ink components and an image of

a water drop on top of the printed object [21].....cccoeriiirieiiiiiieienieeeree e 16
Figure 9. 3D printing of superhydrophobic objects with bulk nanostructure [22]........... 17
Figure 10. SEM images of microtextured parts with different treatments [24]. .............. 19

Figure 11. Contact angle of different liquids on Ti surface and superhydrophobic surface [26].

............................................................................................................................. 20
Figure 12. Particle size distribution of pure-Ti powder..........cocvvveveiiiviiiieniieeie e, 23
Figure 13. SEM images of pure-Ti powder. (a): x1000, (b):Xx2000.........cccocueeriueenueennnn 24
Figure 14. Schematic of SLM 3D Printing proCess.......c..eeceveeerveerereeeroreeerveessreeesneeennns 25
Figure 15. Laser scan strategy and layer thickness ...........ccccveeeviiiciiiriieeriee e 26
Figure 16. Schematic diagram of the designed structures and sample.............ccccceueeneee. 28
Figure 17. 3D printed samples. Total 12 samples are arranged by parameters................. 29
Figure 18. Procedure of superhydrophobic surface modification process....................... 31
Figure 19. Procedure of superhydrophobic surface modification. ..........ccccceevieeenneennne. 32

Figure 20. SEM images of structures. ((a), (b): Designed diameter: 200 um, (c), (d): Designed
diameter: 300 pum, (e), (f): Designed diameter: 400 Lm).........ccceeevvireriveeeireeenreenns 34

A%



Figure 21. Optical microscopy images of top surfaces. ((a) ~ (d): Diameter: 200 um, (e) ~ (h):
Diameter: 300 um, (i) ~ (1): Diameter: 400 M) ........cocvveeeviieneieeeriieeiieeeieeeeeveeens 35

Figure 22. Optical microscopy images of top surfaces with designed diameter: 200 um. Pitch

(a): 300 um, (b): 400 um, (c): 500 pm, (d): 600 WM. ...oevevrieeiireeiie e 36
Figure 23. Optical microscopy images of top surfaces with designed diameter: 300 um. Pitch
(a): 400 pum, (b): 500 pum, (c): 600 pm, (d): 700 WM. ..evvrririreeriiee e 37
Figure 24. Optical microscopy images of top surfaces with designed diameter: 400 um. Pitch
(a): 500 um, (b): 600 um, (c): 700 pm, (d): 800 WM. ...veveverireiireeiie e 38
Figure 25. EDS analysis results of top surfaces. (a), (c): Before post process (b), (d): After
POSE PIOCESS 1.vvveeuerieentreeeeteeesereeetaeeaseeessseesssaeassseeassseesnsseessseeasseesssesessseesssseesssesans 39
Figure 26. Effect on surface wettability by each process. .........ccccceveeveviieiniiiieeeiniieeennns 4 2

Figure 27. Contact angle and sliding angle of designed diameter 200 um (Ti Grade2)....... 44
Figure 28. Contact angle and sliding angle of designed diameter 300 um (Ti Grade2)....... 45
Figure 29. Contact angle and sliding angle of designed diameter 400 pm (Ti Grade2)... 4 6
Figure 30. SEM images of MST POWAET. ......ccoviiiiiiiiiiiiieciie et 47
Figure 31. Schematic of EOS M290 3D printing procCess. ........cceeeevveereveeerveessrveescveeennns 48

Figure 32. SEM images of structures. ((a), (b): Designed diameter: 200 um, (c), (d): Designed
diameter: 300 um, (e), (f): Designed diameter: 400 pm)........c..coevveeeriireeerrcieeeennns 50

Figure 33. Optical microscopy images of top surfaces. ((a) ~ (d): Diameter: 200 um, (e) ~ (h):
Diameter: 300 pm, (i) ~ (1): Diameter: 400 [M) .......cccvveerriurererriiieeeniieeeeriieeeenns 51

Figure 34. Optical microscopy images of top surfaces and 3D morphologies that designed
diameter: 200 um. Pitch (a), (b): 300 pm, (c), (d): 400 pm, (e), (f): 500 um, (g), (h):
GO0 LML .ottt ettt et e et e e ibeeeteeeeebee e tbeeestseessseeenseeessseeassaeenseeesseeanseeennns 52

Figure 35. Optical microscopy images of top surfaces and 3D morphologies that designed
diameter: 300 um. Pitch (a), (b): 400 pm, (c), (d): 500 pm, (e), (f): 600 um, (g), (h):
TOO LML ottt ettt et e e et e e b e e et e e e ebeeetbeeestaeesssaeesseeessaeeassaeessaeensaeeanneeennns 53

Figure 36. Optical microscopy images of top surfaces and 3D morphologies that designed
diameter: 400 um. Pitch (a), (b): 500 pm, (c), (d): 600 pm, (e), (f): 700 um, (g), (h):
BO0 LUIML 1ottt eitee ettt ette et e ettt e et e e b e e e ta e e et eeetbeeebbe e e b ee e tbeeatbeeenbeeetbeeanraeenreas 54

Figure 37. EDS analysis results of top surfaces. (a), (c): Before post process (b), (d): After
POSE PIOCESS .eeeevrreesuirteeeearreeesserreeesssseessassseesasssseesssssseessssssseesssssseesssssseeessnsssees 55

Vil



Figure 39. Contact angle and sliding angle of designed diameter 200 um (MS1)............... 59

Figure 40. Contact angle and sliding angle of designed diameter 300 um (MS1)............... 60
Figure 41. Contact angle and sliding angle of designed diameter 400 pum (MS1)........... 61
Figure 42. Curved Surface design for superhydrophobic. .........ccccccvvviviiiiniieinirenieenee, 6 2

Figure 43. Curved Surface design wettability transition. (a): 3D printed flat surface, (b): 3D
printed flat surface after post-process, (c): 3D printed rough surface. (Structures are array
on the surface.), (d): 3D printed rough surface after post-process .............ccceeeeneee. 6 3

Figure 44. Fabricated structures. (a): MS1. Designed diameter: 400 um, (b): Ti Grade 2.
Designed diameter: 200 LML ........eeeviuiieeerriiireeriieeeessreeeeesireeeseerreeesenreeessnseeenns 6 5

Figure 45. Fabricated structures. (a): MS1. Designed diameter: 400 pm........................ 6 6

viil



List of Table

Table 1. Chemical composition ratio of Ti Grade2 [26]......c..ceevecuvireeriiiieeriieeeeriieeeeeieeee e
Table 2. SLM 3D printing laser parameters for Ti Grade2..........cocceeviiiiiiiiniiiiniieiiceneeee
Table 3: Structure diameter and pitCh Parameters.............cccvvieeeriiireeriiieeeriiee e e eeireee e
Table 4 . Chemical compositions of before and after post process...........eeeevveeeercvieeeerciveeeennnn,
Table 5. Chemical composition transition ratio before and after post process ............cccvveeenneee.
Table 6. Chemical composition ratio of MST POWET .........c..eveveiiireiniiiieeeiiie e
Table 7. Chemical compositions of before and after post process..........cveevvvveeeerciiereercreeeennnn,

Table 8. Chemical composition transition ratio before and after post process ............cccvveeennnee.

X



A&

1

F o)

3
p il

L1 2454 E499 o

_Z‘.:l

#w o)

1
s

AT [1]. ©]

L
= T

G, A, RAT 47 AR Y

)

A=,
ol

Figure 1.3} #o] %

el abeol wel th2A v

b 29

3
pul

T Al

0] =
A -

el

Af ouAs

gtk [3].

]_O

AAM Yremplolag F7)9

=
=

n A7 G SIT (4],

skl

—

)

A}
B

N

%

Contact angle @ Non-wetting

Complete wetting

>150°

90°

- W KR

~0°

.

Superhydrophobic

Hydrophilic Hydrophobic

Superhydrophilic

Figure 1. Classification of the surface wettability by contact angle [1].

el

il

7FA10°

7FH AEl("Lotus effect™)[5] ¢ =l

AL El| ("Petal effect" or "Pinned effect")[6] = Ul T}

10



ojglgh FWHoM EfE Atole] AEAS HIEeHY] 8] v o] AQMH A=,
I o2+ Figure 2. ¢} 9] Young’s model, Wenzel model, Cassie-Baxter model ©] 1T}
Young’s model[7]=> ¥ stal w3 g A8 4 Qdoh wbdEd 3w AFV|7E &
#Hol = Wenzel model(Full wetting), Cassie-Baxter model(Partial wetting) [7] & A}F&-3HT.
Young’s model & A€ot HH3 FHAAY HFZH6, )< Figure 3. & 2 (1) =

Abgste] AW 4= vtk [8].

Surface morphology
Flat surface Rough surface
;i 0, \<0\‘"
Young’ model Wenzel model Cassie-Baxter model

Figure 2. The contact angle on the (a) smooth surface, (b), (c) rough surfaces.
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Figure 4. Five typical cases for anti-wetting surfaces (a: Wenzel state; b: Cassie state; c: Wenzel-Cassie
state; d: “lotus” state; e: “gecko” state) and several common phenomena for anti-wetting in nature (f:
petal; g: butterfly; h: strider; i: lotus leaf; j: gecko) [10].
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1.2.3D ZT¥UE FAHS 83 245X E9 AF AT 5F
1.2.1. Fused Deposition Modeling 2] (FDM)
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a 3D-printed mold on support parts b pDms polymer poured onto the mold C Degassing process

f Superhydrophaobic surface € Detaching process d Baking process

Figure 7. Schematic of overall fabrication process for superhydrophobic polymer surfaces using 3D-
printed mold [19].
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1.2.2. Digital Light Process 2] (DLP)

DLP (Digital Light Process) W22 33

A A AES AFE= 3D THY 7]Eolth [20]. H 2 olH3 yHOR xAFA FHS

TS AT AT A&E L T

It gasta EEH Pl o ATsigch vholaz av]e eATRE
Eo] wWdstn EW oUAE 257 s Babe a4l @4 2lelsHHydrophobic

s FANAL. o) Fol

&
=
2
L
fr
-
oX,
it
X
ol
o
>
il
>,
oo
_OL
£
P
b
&
oX,
=5
ftllo

AF—
5 mm

Transparent
Window

e

_—Lens

! i
== AV —
Digital Mirrar Device

Figure 8. Schematic of DLP printing with the description of ink components and an image of a water
drop on top of the printed object [21].
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1.2.3. Digital Light Process %}2] (DLP)

ISA(Immersed Surface Accumulation) 2] 2]
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D ZHY +A2 FA3d 72 HHolA
BelE olFel wet A3ATIH HS sk WAt o] ¥HoR FAle #Ewd
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w2 eF@TxE AFskal PDMS & ARESH] 244 WS ISA A9 3D

TAg o= AtalE WHS A A ST [23].

e

Light guide tool
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Figure 10. Schematic diagram of the immersed surface accumulation based 3D printing (ISA-3D)

process [23].
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1.2.4. Selective Laser Melting 2] (SLM)

AN SHE AT sk 3D ZHH Aot 3 A 5% 55 FEE AT
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v i PED arm B Tewil

Figure 10. SEM images of microtextured parts with different treatments [24].
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Figure 12. Particle size distribution of pure-Ti powder
Table 1. Chemical composition ratio of Ti Grade2 [26]
Element Ti C Fe H N (0)
wt % Bal. 0.08 0.30 0.015 0.03 0.25
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Figure 13. SEM images of pure-Ti powder. (a): x1000, (b):x2000
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Scanner
Laser source | " [

System

——————————— Chamber _I

|

Base Plate

Figure 14. Schematic of SLM 3D printing process

Table 2. SLM 3D printing laser parameters for Ti Grade2

Parameter Unit Value

Laser Power W 350

Scan Speed mm/s 1400
Hatch Distance pm 100
Layer thickness pm 30
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Figure 15. Laser scan strategy and layer thickness
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Figure 16. Schematic diagram of the designed structures and sample
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Figure 17. 3D printed samples. Total 12 samples are arranged by parameters.
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Figure 19. Procedure of superhydrophobic surface modification.
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Figure 20. SEM images of structures. ((a), (b): Designed diameter: 200 um, (c), (d): Designed
diameter: 300 um, (e), (f): Designed diameter: 400 pm)
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Figure 21. Optical microscopy images of top surfaces. ((a) ~ (d): Diameter: 200 um, (e) ~ (h): Diameter: 300 pm, (i) ~ (I): Diameter:

35

400 pm)



Figure 22. Optical microscopy images of top surfaces with designed diameter: 200 um. Pitch (a): 300 um, (b): 400 pm, (c): 500 um, (d): 600 pm.
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Figure 23. Optical microscopy images of top surfaces with designed diameter: 300 um. Pitch (a): 400 um, (b): 500 pum, (c): 600 um, (d): 700 pm.
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Figure 24. Optical microscopy images of top surfaces with designed diameter: 400 um. Pitch (a): 500 um, (b): 600 pm, (c): 700 um, (d): 800 pum.
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Figure 25. EDS analysis results of top surfaces. (a), (¢): Before post process (b), (d): After post process
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Table 4 . Chemical compositions of before and after post process

Element C Ti Si 0] Sum
Before wt% 291 97.09 - - 100
After wt% 6.00 71.12 4.89 17.99 100

Table 5. Chemical composition transition ratio before and after post process

Post prcess
Before post process After post process
wt %
(C/Ti) x 100 % 3.00 8.44
(Si/Ti) x 100 % - 6.88
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Figure 26. Effect on surface wettability by each process.
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Figure 27. Contact angle and sliding angle of designed diameter 200 um (Ti Grade2).
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Figure 28. Contact angle and sliding angle of designed diameter 300 um (Ti Grade2).
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Figure 29. Contact angle and sliding angle of designed diameter 400 um (Ti Grade2).
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Figure 30. SEM images of MS1 powder.

Table 6. Chemical composition ratio of MS1 powder

Element Fe C O Ti Co Ni Mo

wt % Bal. 4.06 0.74 1.07 9.37 17.04 5.58
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Figure 31. Schematic of EOS M290 3D printing process.
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Figure 32. SEM images of structures. ((a), (b): Designed diameter: 200 um, (c), (d): Designed
diameter: 300 um, (e), (f): Designed diameter: 400 pm)

50



witi 0%

En
<
(=]

=

-~ U

!

e};ﬁf) T s 500 um |

Figure 33. Optical microscopy images of top surfaces. ((a) ~ (d): Diameter: 200 um, (e) ~ (h): Diameter: 300 pm, (i) ~ (I): Diameter: 400 pm)
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Figure 34. Optical microscopy images of top surfaces and 3D morphologies that designed diameter: 200 um.
Pitch (a), (b): 300 pum, (c), (d): 400 pm, (e), (f): 500 um, (g), (h): 600 pm.
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Figure 35. Optical microscopy images of top surfaces and 3D morphologies that designed diameter: 300 um.

Pitch (a), (b): 400 pum, (c), (d): 500 pm, (e), (f): 600 pum, (g), (h): 700 pm.
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Figure 36. Optical microscopy images of top surfaces and 3D morphologies that designed diameter: 400 um.
Pitch (a), (b): 500 pum, (c), (d): 600 pm, (e), (f): 700 um, (g), (h): 800 pm.
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Figure 37. EDS analysis results of top surfaces. (a), (¢): Before post process (b), (d): After post process
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Table 7. Chemical compositions of before and after post process

Element Fe Ni Co Mo C Al (0) Ti Si Sum

Before wt% | 52.5 14.05 | 7.8 445 | 443 | 3.98 | 3.2 1.39 | 0.81 | 92.62

After wt% 47.87 | 12.41 | 7.05 | 3.87 | 10.91 | 5.15 | 6.37 | 1.29 | 4.75 | 100

Table 8. Chemical composition transition ratio before and after post process

Post prcess
Before post process After post process
wt %
(C/Fe) x 100 % 8.44 22.79
(Si/Fe) x 100 % 1.54 9.92
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Figure 38. Effect on surface wettability by each process.
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Figure 39. Contact angle and sliding angle of designed diameter 200 um (MS1).
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Figure 40. Contact angle and sliding angle of designed diameter 300 um (MS1).
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(a) 3D printed surface (b) After Post process (¢) Rough surface

Figure 43. Curved Surface design wettability transition. (a): 3D printed flat surface, (b): 3D printed flat surface after post-process, (c): 3D printed rough
surface. (Structures are array on the surface.), (d): 3D printed rough surface after post-process
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Figure 44. Fabricated structures. (a): MS1. Designed diameter: 400 um, (b): Ti Grade 2. Designed
diameter: 200 pm.
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