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Single TiO, coating prepared by sol-gel process usually experiences cracks in coating layer. In order to prevent cracks,
an inorganic-organic hybrid TiO,-SiO, coating was synthesized by combining precursors with an organic
functional group. Five different coatings with various ratios of (1:8, 1:4, 1:1, 1:0.25 and 1:0.125) titanium alkoxide (TBOT,
Tetrabutylorthotitanate) to organo-alkoxysilane (MAPTS, y-Methacryloxy propyltrimethoxysilane) on carbon steel
substrate were made by sol-gel dip coating. The prepared coatings were analyzed to study the coating properties
(surface crack, thickness, composition) by scanning electron microscope (SEM), focused ion beam (FIB), and
Fourier transform infrared spectroscopy (FT-IR). Potentiodynamic polarization tests and electrochemical impedance
spectroscopy (EIS) were also performed to evaluate the corrosion characteristics of the coatings. Crack
free TiO,-SiO, hybrid coatings were prepared with the optimization of the ratio of TBOT to MAPTS. The
corrosion rates were significantly decreased in the coatings for the optimized precursor ratio without cracks.
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Fig. 1. Schematic procedure of the hybrid coating by sol-gel method.
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~condensation
rSIOR)+Ti(O) —— Si-0-Ti+ROH

o condensation
TiOR)+Si(OH) ——— Ti-0-51+ROK

condensation
Si(OH)+Ti(OH) =———— S-0-TitH0

~condensation
LTI(OH)+Si(OH) —— Ti-0-S1+H:0

Fig. 2. Mechanism of sol-gel reaction.
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Table 1. The conditions for single coating and hybrid coatings used in these tests

Test No. Synthesize ratio Viscosity (mPas) Density(g/ml)
H-1 TiO, Sol Single TBOT 1.83 0.84
H-2 Hybrid Sol TBOT(1)+MAPTS (8) 2.71 0.86
H-3 Hybrid Sol TBOT(1)+MAPTS (4) 1.96 0.85
H-4 Hybrid Sol TBOT(1)+MAPTS (1) 2.45 0.86
H-5 Hybrid Sol TBOT(1)+MAPTS(0.250) 2.02 0.84
H-6 Hybrid Sol TBOT(1)+MAPTS(0.125) 2.02 0.84
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mode| WD el |mag @| HV - 400 pm ———
SE [10.0 m ps| 100x [5.00kV[1.28 mm KAIST

(a) Test H-1

mode| WD dwell | mag B V
SE [10.0 mm| 30 us| 100 x .00 kV. 8 KAIST

(C) Test H-3

mode| WD |dwell | mag B HV HFW ——— 400 ym ——
SE [10.0mm|30ps| 100x [5.00 kV |1.28 mm KAIST

(e) Test H-5

mode| WD a / 400 pm ———
SE [10.0m 100 x | 5.00 kV |1.28 mm KAIST

(b) Test H-2

mode| WD dwell | mag B HV
SE |10.0 mm 30 us| 100x |5.00 kV[1.28 KAIST

(d) Test H-4

—— 400 ym ——

mode| WD |dwell | mag B HV HFW ——— 400 pm
SE [10.0mm|30ps| 100x [5.00 kV |1.28 mm KAIST

(f) Test H-6

Fig. 3. Surface morphology of various hybrid coatings (x100, Fe-SEM): (a) Test H-1, (b) Test H-2, (c) Test H-3, (d) Test H-4, (e)

Test H-5 and(f) Test H-6.
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Fig. 4. Surface morphology of various hybrid coatings (x10,000, Fe-SEM): (a) Test H-1, (b) Test H-2, (c) Test H-3, (d) Test H-4,

(e) Test H-5 and(f) Test H-6.
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Table 2. The thickness of various hybrid coatings

Thickness(nm)
Test No.
H-1 (TBOT) H-2 (1:8) H-3 (1:4) H-4 (1:1) H-5 (1:0.25) H-6 (1:0.125
1 300.5 5380 3910 418.7 361.6 253.8
2 342.6 10100 7920 640 520 488.5
3 260 8850 1400 539 444 349
Average 301 8110 4410 532 441 363
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24000

21000

18000

)

15000

12000 J

9000 4410
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6000 —
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0o =/ )
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Fig. 5. Thickness of various hybrid coatings.
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PT

Coating layer

Coating layer

Substrate

substrate

mode| WD |dwell| mag @ | HV HFW AT E—)
SE [10.0 mm| 30 ps | 20 000 x| 5.00 kV |6.40 ym KAIST

(a) Test H-1 (single TBOT) (b) Test H-2 (TBOT:MAPTS=1:8)

Coating layer PT
Coating layer

Substrate

substrate

mode| WD |dwell| mag B| HV HFW | T f—
SE | 9.9mm |30 ps| 25000 x|5.00 kV |5.12 pym| KAIST

(d) Test H-4

361.6 nm Coating layer PT

substrate Coating layer

Substrate

mode| WD —1 pm——
SE 10.0m 0 KAIST

(e) Test H-5 (f) Test H-6

Fig. 6. Cross-sectional SEM images of variously hybrid coated carbon steel: (a) Test H-1, (b) Test H-2, (c) Test H-3, (d) Test H-4,
(e) Test H-5 and (f) Test H-6. (PT: Platinum coating for FIB)
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Intensity (transmission)

v T : : T ot !

4000 3500 3000 2500 2000 1500 1600 500
Si-0-Si

(1013 emt)

Fig. 7. FT-IR spectra of various coatings on glass substrate: (a)
Test H-1, (b) Test H-2, (c) Test H-3 (d) Test H-4, (e) Test H-5
and (f) Test H-6.
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Fig. 8. Potentiodynamic polarization curves for variously hybrid coated carbon steels in 10,000ppm boric acid at 30C.
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Table 3. The results of potentiodynamic polarization test

Leor(uA/cm?) Corrosion rate(mpy)
Test No.
1 times 2 times 3 times Average 1 times 2 times 3 times Averag
Non-coating 9.2 94 7.3 8.6 42 43 32 39
H-1(TBOT) 10.4 11.8 7.3 9.8 4.7 54 34 45
H-2(1:8) 6.9 8.6 8.7 3.1 3.1 3.9 4.0 3.7
H-3(1:4) 9.9 8.2 9.7 9.3 45 3.7 44 42
H-4(1:1) 43 2.3 0.3 2.3 2.0 1.1 0.2 1.1
H-5(1:0.25) 1.1 1.7 1.6 1.5 0.5 0.8 0.8 0.7
H-6(1:0.125) 3.9 0.8 1.3 2.0 1.7 0.6 0.4 0.9
4) HEAMY ZHI} B8 23 pA/em®, 1.1 mpy, Test H-5% 1.5
FEAAL] AL #EAEE T3 €2 25 FAE pA/cm?, 0.7 mpy, Test H-6< 2.0 pA/em?, 0.9 mpy =
olgste] BAAY W RAAF %S Too] MY AY yehdeh. mREA) @ A@e] Hlal) Test H-4, Test
ol tha AiAQl BAE Fasch A7 Mgl H-69] A% B oF 1/4]) A, Test H-5% oF 1/6v)
uE 7Y 2AER 7 379 AlEe Alxste] 33] £S5 AL FAAFUE7} 79k
e et A F49 E534332D & Fig. 8¢l © TiO, F¥<] Test H-13 TBOTS MAPTS $4
B Zh Ao gk A A U 8l 54 S5 (mils H]go] 747} 1:8, 1:491 Test H-2, Test H-3 &2,
per year)E Table 3¢l 1+ TR A o a7t AlH I vlaste] A7 Fol & Ajo)

K

Fig. 89 &d9 w=34E& #Eed Test H-0
(=0.55V), Test H-1 (-0.55V), H-2 (—0.54V), H-3
(=0.51V) & B #2124 917F -0.5 VA L 85k opy 2}
el e AR B fARsHAl Wgksttl whd, Test
H-4 (-0.12V), H-5 (=0.3V), H-6 (-0.18V) 2] %%
2917 -0.3V~—0.1Ve] W& #d #xk ofe F
28] B B 71522 B0 2 AF7} Test H-0
of vla] Atjd o7 At} Test H-59 A$¢+= —0.2V A%
oA FsEl7t FAE 7] Al&ete] oFe] ko =gl
wreb AR ghassich

Test H-49} Test H-69] % 2434 Eon)E 715
o7 ko] Wgo g FIye| wgl F e ARF v=A
(peak) 7} A =)=t oli= Ao Akt z) kA &
Auks-arxo] FHE PAH Fow AlmEnoy,

Table 35 ®H, IR HA] o> A[HE] Ha #2474
T 8.6 pAlem? ® 24145 3.9 mpy (mills per year)
Frolt b 24 TiO, ZH<Q Test H-12] F-2) 1574
5 % 9.8 pA/em® (4.5mpy) & AR - 7HET - -
7] £4 38l Test H-2 (TBOT:MAPTS = 1:8)
749 4 Test H-3(1:4) 8] A¢E FAEHE7 3.7 ~ 4.2
mpyE A & 7HR T

Wb Test H-4 I8 A3 Q] 33] Hy FAdFH e}
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7} 9l ¥, TBOTS MAPTS gHAdu]&o] zhzt 1:1,
1:0.25, 1:0.125¢91 Test H—4, Test H-5 @ Test H-6
o A A FAEE A 5a9E Bk o= 7t
Z1 AL mird ool FeEs slo FekEc
Fig. 3¢] 241 utg} o] Test H-1, H-2, H-3< 10 pm
o4 400 pm 719 #AE FEZo] & whd Test
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th FREH] Fdo] EAhHE A9, el EAlsks
O_D:} =

glgke] AkS da Y8k Tk A0 FE BRItk Test
H—4, Test H-5, Test H-62] W24 a4 a3}= 7
300 ~ 500nm FE2] ¥ Q= L 78S P4l u}
2 24 g0 FEE s dug s,
Al 23t 3’ EAW3}= bode plotollA] A 3=
o] JuEd A AgxE F3l gl 4= 9l bode ploto]
AFI 99 (F20.1 Hzolsh oA Fuk= W3l XF) %
Haysk 2 gk dajd o] HFe) o3t R o] FAA S
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Fig. 9. Bode plot of various hybrid coatings: (a) Impedance and (b) Phase shift.
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