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Electrochemical corrosion behaviour of silica hybrid sol-gel coatings
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The aim of the present work is to produce hybrid inorganic-organic nanostructured sol-gel coatings and to study
their structure and corrosion resistance. The coatings were synthesized by sol-gel technology at room temperature using
vinyltrimethoxysilane (VITMS) as silicon precursor and methylmethacrylate (MMA) or hydroxyethylmethacrylate
(HEMA) as organic materials in different proportions. The coatings were deposited on mill steel substrates and
thermally treated at 25 and 200°C. The composition and the structure of the hybrids were characterized by FTIRS,
XRD, BET-analysis, EDS, SEM and AFM. The presence of strong chemical bonds (Si—C, Si—-O-C, Si—CH;) between
inorganic and organic parts of the hybrid materials, which are in amorphous state was proved. The size of nanounits and
their aggregates as well as the surface roughness of the samples were also determined. The corrosion resistance of the
coatings was studied using electrochemical potential-sweep technique and a model corrosive medium of 0.5 M Na,SO,
solution. It has been shown that the coating affects both partial corrosion reactions, but it decreases more strongly the
anodic metal dissolution, thus decreasing the corrosion rate of the steel substrate more than an order of magnitude. The
presence of a chemical bond of the coating with iron from the substrate is also established, which is in accordance with
the good adhesion of this type of coating. The results of the present study suggest a possible application of the obtained

hybrid materials as transparent coatings with good protective properties.
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INTRODUCTION

Over the last decades a great attention has been
paid to the sol-gel chemistry, mainly because of its
well-known advantages such as low synthesis tem-
perature, high homogeneity and purity of obtained
materials and proved possibility for producing new
materials with appropriate physical and chemical
properties [1-5].

H. Schmidt (Germany) and G. Weeks (USA)
were the first published independently papers on
creation of new family hybrid materials containing
both organic and inorganic components [6, 7].
Because the hybrids are designed at a molecular and
low molecular level, ranging from a few angstroms
to a few nanometers in the structure is observed.

The sol-gel hybrid new materials were success-
fully prepared by intimately mixing of organic and
inorganic components combining desirable proper-
ties of polymers (elasticity, hydrophobicity) with
those of inorganic solids (hardness, thermal stabi-
lity, chemical resistance). Furthermore, new unique
properties coming in the hybrids from the synergy
of both components are commonly observed [8—10].
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Silica hybrid materials attracted much interest
since they may be formed as nanocomposites and
these materials were developed mainly by taking
advantage of the mild chemical conditions of the
sol-gel processes. The most popular precursors used
for the synthesis of silicate hybrid nanocomposite
materials assuring SiO, introduction are: TEOS,
TMOS, ETMS, MTES, VTES, MTMS and THEOS.
As an organic part olygomers or polymers, aggre-
gates or particles as PEG, PEO, PVA, HEMA,
PMMA, polystyrene, collagen and others could be
used. One of the most interesting and important
problems for studying hybrid nanocomposite mate-
rials is their structure analysis as well as the
processes of aggregation and development of self-
assembled structures [11-14]. Up to now the infor-
mation about these structures and the processes
occurring during their formation is largely missing.
For synthesis of hybrid materials the choice of the
type and quantity of precursors as well as of organic
components is also of importance.

The sol-gel method provides a low-temperature
route to preparation of environmentally friendly
hybrid coatings, which are readily applied to most
metallic substrates. The hybrid sol-gel coatings
possess several advantages over the inorganic
coatings in regard to their improved adhesion to
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metallic substrates, hydrophobicity, low permeabi-
lity, elasticity and crack-free surface layers. The
preparation of coatings by dipping of the substrates
in the sol-gel solutions is one of the most simple and
well-established methods to produce homogeneous
coatings with uniform thickness. The interest in
development of hybrid inorganic-organic coatings
has greatly increased and the subject of investiga-
tions has been directed mostly to the structural
chemistry and studies on their physical and chemi-
cal properties, and potential applications [15-19].

Nanostructured silica hybrid coatings based on
self-assembled nanophase particles were synthe-
sized and studied for long term protection of aircraft
aluminum alloys against atmospheric corrosion [20—
22]. The corrosion resistance of stainless steel, zinc-
plated steel and aluminum alloys was greatly
improved by using silica-PMMA hybrid coatings
prepared at 200°C [23]. Silica hybrid coatings were
obtained and investigated for corrosion protection of
orthopedic metallic prostheses [24] and for conser-
vation of art items [25].

The aim of the present work is to produce hybrid
inorganic-organic nanostructured coatings by sol-gel
technology and to study their eelectrochemical
corrosion behaviour.

EXPERIMENTAL
Coating systems

The coating materials were synthesized by sol-
gel technology at room temperature using vinyltri-
metoxysilane (VIMS) as silicon precursor and
methylmethacrylate (MMA) or hydroxyethylmeth-
acrylate (HEMA) as organic materials in different
proportions (5-20%). The coatings were deposited
on mill steel substrates by dipping at controlled rate
of 15 cm/min. The obtained layers were transparent,
homogeneous with thickness 5-8 um. Then they
were dried at 25°C for 24 h and thermally treated at
50 and 200°C for 24 h in an electric furnace in air
atmosphere.

As a model corrosive medium 0.5 M Na,SO,
solution at 25°C was used.

Experimental techniques

The potential sweep technique (Princeton Corro-
sion Measurement System, PAR 263A potentiostat
with Soft Corr I1I package) was applied for electro-
chemical and corrosion measurements. For investi-
gation of the structure and surface morphology of
the synthesized hybrids the following methods were
used: FT-IR (IR- MATSON 7000 FTIR spectro-
meter), XRD (X-ray PW1730/10 diffractometer, in
the 26 range of 50-80°, Cu-Ka radiation), BET
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Analysis (Gemini 2370 V5.00), EDS (RONTEC
EDS System) and AFM (NanoScope Tapping Mode
T™).

RESULTS AND DISCUSSION

The results from the XRD-analysis (Fig. 1) prove
that all hybrids obtained have basically an amor-
phous structure. The type of the XRD patterns,
however, indicates that some processes of ordering
have taken place. It is also established that the dif-
fraction pattern intensity increases with increase in
the organic component content.

(1) VIMS + 5% MMA
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Fig. 1. XRD paterns of silica (VTMS) hybrids containing
HEMA and MMA.

The FT-IR spectra of the synthesized inorganic-
organic hybrids (Fig. 2) show that for all samples,
bands at 1080, 790 and 480 cm ' are observed,
which are assigned to v,;, vs and ¢ of Si—O-Si vibra-
tions. At the same time the band at 1080 cm ™' can be
related to the presence of Si—-O-C, C—O—C and Si-C
bonds. The band at 960 cm ' is due to stretching of
Si—OH vibration. The band at 1439 cm™' is assigned
to C—O-H vibrations. The characteristic bands at
around 3450 and 1620 cm ' assigned to H-O-H
vibration can also be detected. The absorption band
at 2975, 1255, 880 and 694 cm', due to the
presence of Si-O-R (CH; and C,Hs) and Si-C
bonds, have been also observed. These facts directly
prove the presence of strong chemical bonds
between inorganic and organic parts of the hybrids.
The EDS analysis proved the presence of Si, O and
C elements in all hybrid samples studied.

From the data of BET analysis, it is established
that the surface area is in the range from 327 to 340
m?*/g for the samples with 5% MMA or HEMA and
from 64 to 71 m’/g — for the samples with 20%
MMA or HEMA. More detailed information on the
nanostructure and surface morphology of the
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matrices is obtained from the AFM studies. The
presence of a heterogeneous structure with well-
defined nano-units is observed. The average size of
the nanoparticles on the sample surface is about 5—
15 nm (Fig. 3a—d). The AFM micrographs show the
topography of the synthesized hybrids with the
height distribution profiles of the surface roughness.
The latter depends obviously on the type and quan-
tity of the organic components. With the increase in
their content, the surface roughness decreases.
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Fig. 2. FT-IR spectra of silica (VTMS) hybrids
containing HEMA and MMA.

Fig. 3. AFM images height distribution profile of surface
roughness of silica (VTMS) hybrids containing: (a) 5%
HEMA; (b) 20% HEMA; (c) 5% MMA,; (d) 20% MMA.

The electrochemical measurements show that the
silica hybrid coatings with both organic materials
(MMA or MA) affect both partial corrosion
reactions, but it decreases more strongly the anodic
metal dissolution reaction, thus shifting the

corrosion potential in positive direction and
decreasing the corrosion rate of the steel substrate
more than an order of magnitude (Figs. 4 and 5).
Those effects, however, are more strongly expressed
for coatings containing MMA as organic material
(Fig. 5). It is established that the temperature of
thermal treatment of the coated samples affects the
corrosion resistance of the coatings, obviously due
to additional densification of the hybrid structure,
but the effect is rather mild (cf. Table 1 and Fig. 6).
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Fig. 4. Potentiodynamic polarization curves of mild steel
substrate (1) and steel with hybrid coatings containing
VTMS + 5% HEMA (2) treated at 50°C/24 h, in 0.5 M
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Fig. 5. Potentiodynamic polarization curves of mild steel
substrate (1) and steel with hybrid coatings containing
VTMS + 5% MMA (2) treated at 50°C/24 h, in 0.5 M
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Table 1. Electrochemical corrosion parameters: corrosion
potential (£..,) and corrosion current density of the steel
and steel samples with hybrid coatings.

Samples Temperature Ecorr Toorr
of treatment V, SCE pA/cm2
steel - -0.615 250
Steel/ VITMS+5%HEMA 50°C -0.480 45
Steel/ VITMS+5%HEMA 200°C -0.370 15
Steel/VITMS+5%MMA 50°C -0.415 35
0.2
1 - Steel 3)
03 2-VTMS + 5% HEMA, 50°C |
- 3-VTMS + 5% HEMA, 200°C
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Fig. 6. Potentiodynamic polarization curves of mild steel
substrate (1) and steel with hybrid coatings containing
VTMS + 5% HEMA treated at 50°C/24 h (2) and
200°C/24 h (3), in 0.5 M Na,SO,.

The presence of a chemical bond of the hybrid
coating with the iron from the substrate is also
established, which is in accordance with the good
adhesion and properties of the coating.

CONCLUSION

Silica hybrid inorganic-organic nanostructured
coatings were obtained by sol-gel technology using
vinyltrimethoxysilane (VTMS) as silicon precursor
and methylmethacrylate (MMA) or hydroxyethyl-
methacrylate (HEMA) as organic materials.The
composition and structure of the hybrid coatings
were characterized and their corrosion resistance
investigated. The results from the present study
suggest possible application of the obtained hybrid
materials as transparent coatings with good adhesion
and protective properties.

298

Acknowledgements: The financial support of the
Bulgarian National Science Fund under contract
NeVU-TN-102 is gratefully acknowledged.

W N

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

25.

REFERENCES
. H. Dislich, J. Non-Cryst. Solids, 73, 5991 (1985).

. S. Sakka, T. Yoko, Struct. Bond., 77, 90 (1992).

. M. Guglielmi, J. Sol-Gel Sci. Technol., 8, 443
(1997).
A. Morales, A. Duran, J. Sol-Gel Sci. Technol., 8,
451 (1997).

M. Guglielmi, J. Sol-Gel Sci. Technol., 8, 443 (1997)
H. Schmidt, J. Non-Cryst. Solids, 73, 681 (1985).

G. L. Wilkes, B. Otter, H. Huang, Polymer Prep., 26,
300 (1985).

. J. D. Mackenzie, J. Sol-Gel Sci. Technol., 2, 81
(1994).

J. D. Mackenzie, E. P. Bescher, J. Sol-Gel Sci.
Technol., 19, 251 (2000).

C. Sanchez, B. Julian, P. Belleville, M. Popall, J.
Mater. Chem., 15,3559 (2005).

F. Ribot, C. Sanchez, Comm. Inorg. Chem., 20, 327
(1999).

R. M. Laine, J. Mater. Chem., 15, 3725 (2005).

R. Castro-Rodrigez, A. 1. Oliva, V. Sosa, F.
Cabalero-Brignes, J. L. Pena, Appl. Surf. Sci., 161,
340 (2000).

K. H. Haas, K. Rose, Rev. Adv. Mater. Sci., 5, 47
(2003).

K. Kuroaka, T. Ueda, M. Sato, T. Okamoto, T.
Yazawa, J. Mater. Sci., 40, 3577 (2005).

T. Ogashi, Y. Chujo, Compos. Interface, 11, 539
(2005).

C. Garcia, A. Duran, R. Moreno, J. Sol-Gel Sci.
Technol., 34,211 (2005).

B. Samuneva, E. Kadiyska, P. Djambaski, E.
Dobreva, 1. Bojadjieva, L. Kabaivanova, I. M. M.
Salvado, M. H. V. Fernandes, Glastech. Ber. Glass
Sci. Technol., 434 (2002).

G. Chernev, B. Samuneva, P. Djambaski, L.
Kabaivanova, I. M. Salvado, M. H. V. Fernandes,
Glass Technol., 46, 175 (2005).

N. Voevodin, V. Balbishev, M. Khobaib and M.
Donley, Prog. Org. Coating., 47,416 (2003).

M. Khobaib, L. Reynolds and M. Donley, Surf.
Coating Technol., 140, 16 (2001).

V. Balbishev, K. Anderson, A. Sinsawat, B. Farmer
and M. Donley, Prog. Org. Coating., 47, 337
(2003).S. Ono, H. Tsuge, Y. Nishi, S.I. Hirano, J.
Sol-Gel Sci. Technol., 29, 147 (2004).

J. Gallardo, P. Galliano, A. Duran, J. Sol-Gel Sci.
Technol., 21, 65 (2001).

E. Bescher, J. D. Mackenzie, J. Sol-Gel Sci. Technol.,
26, 1223 (2003).



KOPO3MOHHO-EJEKTPOXUMNYHU OTHACAHUA HA 30JI-T'EJIHA XUBPUJHU ITOKPUTUA

P. Paﬁqul*, I. LIepHeBz, B. 3aHpHH0Ba2, . I/IBaHOBaZ, I1. I[>I<aM6a3I<I/12, b. CaMYHeBaZ,
U3. M. Mupanza CanBago’

I .
Hnemumym no enexmpoxumus u enepeutinu cucmemu, bvreapcka akademus na naykume, 1113 Cogus
2 “
Xumurxomexnonozuuen u memanypeuuen ynusepcumem, oyn. ,, Knumenm Oxpuocku“ Ne 8, 1756 Coghus
7 Vuusepcumem na Asetipo, 3810-193 Asetipo, Hopmyzanus

[Nocrpnuna Ha 2 nexkemspu 2007 r., IIpepaborena Ha 12 ¢eBpyapu 2008 r.
(Pesrome)

[enrta Ha HacTosAmaTa paboTa € 1a ce MOIydaT XUOPUIHN HEOPTaHHYHO-OPTaHHYHI HAHOCTPYKTYPHPAHH TOKPHUTHUS
W [1a ce M3cIe/Ba TAXHATa CTPYKTypa W KOPO3WOHHA ycToiumBOoCT. [lokpuTtusaTa Ogxa CHHTE3WpaHW 4ype3 30JI-TeTHA
TEXHOJIOTUS TIPH CTaifHa TeMIlepaTypa, M3Noi3Baiiku BuHIITpUMeToKcHcHiIaH (VIMS) kaTto cuinmueB MpeKypcop u
MetunmeTakpuiaT (MMA) kaTo opraHindeH MaTepHall B Pa3iIMUHU ChOTHOMICHUS. [TokpuTHsTa 05Xa OTIOKEHH BHPXY
o0pa3uy OT HUCKOBBITIEPOAHA CTOMaHa W TepMudHO Tpetupanu npu 25 m 200°C. ChCTaBBT M CTpPyKTypaTa Ha
mokpuTHsTa Osixa oxapakrtepmsupanu c¢ momomra Ha FTIRS, XRD, BET, EDS, SEM, AFM u apyru meronm.
[TorBbpeHO Oe HaNM4YKMeTO Ha CHIIHK XUMHYecku Bpb3KH (Si—C, Si—-O—C) Mexay opraHuuHaTa ¥ HEOpraHUYHa 4acT Ha
XUOPUIHUS MaTepuall, KOWTO € B aMOp(HO chCTOsIHUE. PasMepbhT Ha HAHOYACTHLUTE M Ha TEXHUTE arperatu, KakTo
IMOBBPXHOCTHATA rpaltaBoCT Ha PA3JIMYHUTC XI/I6pI/lJ1HI/I TMOKPpHUTHSA Ca ChIIO OLICHCHU.

Kopo3nonHaTa yCTOWYHBOCT Ha IOKPUTHATA OC¢ M3CIICABAHA C TIOMOIITA HA MMOTCHIIMOJMHAMUYHA MTOJIIPH3alMOHHA
TEXHUKa ¥ MOJIeTHa Kopo3uoHHa cpena oT 0.5 M Na,SO,. [TokazaHo Oe, 4e TOKPUTHETO OKa3Ba BIUSHHUE U HA JBETE
MapIUATHA KOPO3UOHHH PEaKIiK, HO TOHIKABA 3HAYUATEITHO ITO-CHITHO CKOPOCTTA Ha aHOJHATA PEaKIUs Ha pa3TapsHe
Ha MeTaJl, TP KOETO CKOPOCTTa Ha KOPO3Ws HAa CTOMaHEHATa OCHOBAa HaMallsiBa HAJ CIUH TOpPSIbKa. YCTAaHOBEHO €
HAIMYMETO HAa XUMUYECKa BPb3Ka MEXKIy MIOKPUTHUETO H JKEIA30TO OT OCHOBATA, KOETO € B ChIVIACHE C JoOpaTa aaxesus
Ha TIOKPHUTHUATA. Pe3ynTatW OT HACTOAMIOTO HW3CNIEIBaHE ca YKa3aHHE 332 BB3MOXKHO NPHIIOKEHHE Ha IIONyYEHHUTE
XUOPHUIHI MaTepHaH KaTo MPO3PAYHH 3AIMUTHA TOKPUTHS.
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