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In this study, a fluorine-free, silicone-based self-healing superhydrophobic coating
was developed using a spray-coating method. The self-healing system was fabricated
by dispersing two types of poly(melamine—urea—formaldehyde)-shelled microcapsules
containing silanol-terminated silicone resin and dibutyltin dilaurate catalyst in the
resin matrix. The average diameters of the silicone resin- and catalyst-containing
microcapsules were 19 and 17 um, respectively. The fabricated coating exhibited a
water contact angle of 159° and a contact angle hysteresis of 3.9°. Incorporation of
the microcapsules caused no appreciable change in the surface morphology or
wettability of the coating. Microscopic observations confirmed substantial filling of
the scratch after the release of the healing agents. Electrochemical impedance
spectroscopy revealed maximum self-healing efficiencies of 95.74% relative to the
coating without the self-healing system and 95.42% relative to the pristine sample.
Moreover, despite a slight increase in ice adhesion to 18.1+1.3 kPa, the healed
coating retained satisfactory icephobic performance.
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Table 1: Materials used for the preparation of self-healing microcapsules and the superhydrophobic coating.

Core healing agent Silanol terminated polydimethylsiloxane Sigma Aldrich
Core catalyst Dibutyltin dilaurate (DBLT) Sigma Aldrich
; Formaldehyde (37 % solution)
Shell forming components Melamine 99 % Merck
Resorcinol 99 %
Electrolyte Ammonium chloride 98% Merck
Poly (ethylene-alt-maleic anhydride) Sigma Aldrich
- (EMA)
Emulsifiers .
Sodium dodecylbenzene sulfonate Sigma Aldrich
(3DBS) 9
Matrix SILIKOPHEN AC1000 Evonik Co.
Catalyst Tetra-n-butyl titanate Sigma
Nanoparticles AEROSIL R812S Evonik Co.
Crosslinking agent Methyltriethoxysilane Sigma
Solvent Ethanol Sigma Aldrich
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1. Emulsification

2. Homogenization

(3h)
I D NN soms DMS-S12
(emulsifier) (emulsifier) (core agent)

Emulsifiers Core materials Shell forming components
(EMA +SDBS)  (DMS-S12 + DBTL) (MUF),
in DI water pH adjustment & heating

3. Polymerization

core
4. Filtration & Washing 5. Drying
°°°. DBIL { Microcapsule MU~
(core catalyst) shell

Cooling, filtration

and washing Pesige
(DI water + ethanol) e
under vacuum) MUF microcapsules
/ with DMS-S12 & DBTL

MUF shell

DMS-S12 + DBTL

(adlle oo,5k Geadle) by (SloJggS's Soe aingy L DBTL § DMS-S12 (g5l> (5l JurS 9,500 o Jorl 0 1) S50
Figure 1: Synthesis steps for microcapsules containing DMS-S12 and DBTL with poly(melamine-urea-formaldehyde) shells.
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Figure 2: Schematic illustration of the fabrication process of the self-healing superhydrophobic coating.
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Figure 3: (a) SEM image of silicone resin-containing microcapsules with a poly(melamine-urea-formaldehyde) shell (PDMS-MUF), (b) size-distribution
histogram of silicone resin-containing microcapsules (PDMS-MUF), (c) SEM image of dibutyltin dilaurate catalyst-containing microcapsules with a
poly(melamine-urea—formaldehyde) shell (DBTL-MUF), and (d) size-distribution histogram of catalyst-containing microcapsules (DBTL-MUF).
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Table 2: Wettability characteristics of the prepared samples, including water contact angle, contact angle hysteresis, and sliding angle.

Pristine SHP bare SHP-Self-Healing
CA 73°+2.2° 164° £ 2.3° 159° £ 1.5°
CAH 8.8°+1.3° 2.4°+0.5° 3.9°+15°
SA > 35° <4° <4°
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Figure 4: SEM images of the surface of the self-healing superhydrophobic coating at magnifications of (a) 1000x and (b) 2500x%; and (c) evaluation
of the self-cleaning behavior of the superhydrophobic coating using colored powder as a contaminant.
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Table 3: Parameters obtained from electrochemical impedance spectroscopy measurements for the different coatings after 1, 24, and 48 h of
immersion in the corrosive medium.

Yo x 10° Y, x 10°

Scratched Time Rf 4o Rct e
Pristine 6.12x10* 20.33 4.55x10* 28.5 9.51x10*
24 2.24x10° 25.29 0.76 2.33x10* 25.4 0.88 2.34x10*
48 1.14x10* 28.99 0.65 3.12x103 24.8 0.82 1.21x10*
SHP-Bare 1 8.89x10* 52.13 0.85 6.19x10* 19.2 0.83 1.29x10°
24 3.69x10* 33.55 0.77 2.17x10* 225 0.89 4.93x10*
48 2.55x10* 22.56 0.88 8.32x10° 79.5 0.95 3.30x10*
S:'etlsif]g' 1 2.44x10° 36.96 0.91 1.05x10° 17.6 0.94 4.62x10°
24 1.19x10° 29.79 0.59 5.09x10° 19.4 0.80 2.11x10°
48 1.63x10° 24.13 0.57 5.11x10* 23.5 0.82 6.18x10°
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Figure 5: (a, b) SEM images of the scratched regions of (a) the superhydrophobic coating without a self-healing system and (b) the self-healing

superhydrophobic coating after 24 h; (c) Bode and Nyquist plots of the pristine resin, the superhydrophobic coating without a self-healing system, and
the self-healing superhydrophobic coating after 1, 24, and 48 h of immersion in sodium chloride solution; and (d) the equivalent electrical circuit used

to analyze the electrochemical impedance spectroscopy data.

slay S b RNET X u";.;_flj °-\-1~>~.~.1--’T YVES IR a.»i;ol)'i Jead 4y u"')-’ oo )~\ ok, sloygs o Q}ﬁ;] ‘b.,] 3485 b

..\_,..5‘5@ dgd e Ly Sgduo |y 00 95 Jalge 3985 i cJadlo ey 4O e ca )L{;‘i ég)j_‘; Aol 8 "»%—}_lé S b

J NS BT B O W = O AN [ PSR RPN N 25 SO SRR 3 K U PO Uy
(Y\) ‘-\""‘b °‘-\"‘>WT d.».‘>l; )5]4."_’[5 9 6‘35“1‘_"" U_’)) s4.>r.».:.i B Qs.w‘so U’“‘)} yaad yO @‘5

N7 A(VED) ¥ /55) 69U 9 pgle (Sole &g s



R

o (Sa—saYay azli ]yl onigdmme iog> diged ailoads
el 4 s el FA 3 ] Caaglio a5 Lo ol 4 1055
5 A3 4l oty b aeglie Gl cnl il al3 gl
el Bl Ay blax 0 Sles (i (2151

SIDBTL 5 DMS-S12 o aol3l Ly ol , S3 e p3¥
b4y ..\_315359 03iS (et ools oty aw] S JgunS g, S0
SeSshew Gloden LSi3 (aliond ;1A 510 3585 il
DMS- Jsdlew (sloog 5 (oo Jloixl (o515 slo 25Ty 5,k
ado 5l SeSak bl )3 35250 (2ST5 B (sl 5 9 S12
13 J ol sl oy W DBTL ,g5Jll5 5 5 MTES
Todndo (59, b eodiane jbds adisn (pl JSiS pol> iegls
Ko Plyean (aSTy e (ol onl b sl onts w0l
9 SEM jslai jo (3,5 (ol oo 48,5 S5 o (ooleiiny
= @l 5 6 oLE e 5 5l guals i Sy EIS ol s
LS o ail| igy blas o Slee

ot 2l Gindy w00 Ol mee i glases] b 4z S
) sblas o, Slos (o (2b5k Cobl plzren 20l wnl)5 )
sybany Bl Sl ey 5 ey 5SS (S leSe o)l
ooyl 5l eidn cass Jloza el by sl ouis avglae puitinns

D)5 0, Bl |y gy Jlosl al> o o

B35 iy gl () Slrasgel (S plSocul polie

B Jgozr o oniglinme Fog (idigy 5 5o fog> allels w86 5y SO

loas |

1. Inhibition efficiency
2. Delamination index
3. Bode
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Table 4: Delamination index of the investigated samples.

DI (%)

11.84
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Table 5: Ice adhesion strength of the pristine resin, the superhydrophobic coating without a self-healing system, and the self-healing
superhydrophobic coating.

SHP- Self Heallng SHP-Self-Healing

Ice adhesion strength
(kPa)

135+1.6

143+15 181+1.3
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