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EVALUATION OF MECHANICAL AND PHYSICOCHEMICAL PROPER-
TIES OF PROTECTION COATINGS OBTAINED BY SOL-GEL METHOD
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Thin coatings, obtained by the sol-gel method, could find potential applications in medi-
cal, chemical and food industry. To achieve this, coatings need to have proper physicoche-
mical, mechanical and protective properties. Titanium dioxide (TiO,) and silicon dioxide
(Si0,) coatings have been applied onto the surface of a stainless steel (316L) by the sol-
gel method using two techniques: dip-coating and painting. To determine the physicoche-
mical composition of triple SiO, and TiO, coatings, samples were examined by Raman
spectroscopy. Surface images obtained with the use of a scanning electron microscopy
allow us to determine the surface morphology and continuity of the coatings. The surface
morphology was examined before and after tensile tests. The static tensile tests and fatigue
strength tests were conducted on a hydraulic testing machine MTS 810 with a measuring
range of up to 100 kN. A preliminary research has confirmed that the coatings obtained by
the sol-gel method have physicochemical, mechanical and protective properties that make
it possible to use them as protective coatings.

Key words: sol-gel thin film, titanium dioxide, silicon dioxide, protective coating, aging
of hydrolysate.

Ceramic materials have better corrosion, wear and creep resistance and lower
chemical reactivity than metallic materials [1]. These properties make them valuable
in applications such as protective coatings on metallic substrates [1, 2].

Several methods have been used to obtain ceramic coatings on metallic surfaces:
physical vapour deposition, chemical vapour deposition, plasma spraying, laser clad-
ding, chemical plating or sol-gel process [3]. Out of all the methods, the sol-gel process
seems to be the most promising. The fundamental advantage of the sol-gel process is
the possibility to form ceramic materials and glasses at a temperature close to room
temperature [4, 5]. Preparing glass in a traditional way requires melting of the precur-
sors at high temperature, which restrains the choice of substances that can be entrapped
in/or onto the glass products. It is possible to place many products inside the sol-gel
materials, for example: nanoparticles of metals, chemical substances, drugs or even
some bacteria [6]. Furthermore, the sol-gel process is clean, environmentally friendly
and cost-effective [7]. The sol-gel method is based on the hydrolysis of liquid precur-
sors and formation of colloidal sols. This method allows us to obtain materials of high
purity and excellent homogeneity of the microstructure. Depending on the choice of
reagents, the annealing method, the method of layering and doped substances, one
could obtain powders, blocks or thin coatings (Fig. 1) with a broad spectrum of opti-
cal, electronic, magnetic, electrochemical properties and with a desired porosity of
materials. Coatings obtained by the sol-gel method could be applied in electronics as
coatings for semiconductors or conductive anodes. Their anti-reflective properties
could be used in optics. Because of their soundproofing, scratch-resistance, abrasive or
preventive properties, the coatings could be used as protective coatings [4]. The bioto-
lerant coatings could be applied as protective coatings for medical implants [8, 9].
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Experimental details.
1 v The substrates used in this
work were made from a
stainless steel (316L) with
different shapes (Fig. 2 and Fig. 3), depending on the kind of research.

Prior to dip coating, the substrates were rinsed with water and then subjected to
ultrasonic cleaner with acetone for 15 min in order to remove any organic matter and
dust which might have been present on the surface. Afterwards the substrates were
rinsed with distilled water, then with ethanol and left to dry.
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Fig. 2. Fig. 3.

Fig. 1. Scheme for the preparation of sol-gel materials.
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Fig. 2. Light microscope image showing the shape and dimensions of substrates
for Raman spectroscopy and electrochemical studies.

Fig. 3. Shape and dimensions of substrates for tensile tests.

Silicon dioxide (SiO;) coatings have been acquired from hydrolysates which were
created using TEOS ([Si(OC,Hs)4]), EtOH ([C,HsOH]) and HCI. To obtain titanium
dioxide (TiO;) coatings, TiPO ([TiCOC;H)4]), izoPrOH ([CsH;OH] and AcAc
[CsHO,] were used.

The coatings were deposited onto the surface of a stainless steel (316L) substrates
using two techniques: dip coating and painting. Dip coating is based on dipping the
substrate into the hydrolysate. In this paper, the immersion speed was 34.26 mm/min
and the retention time (time after immersion of the substrate and before the start of
extraction), depended on the number of the superimposed layer.

The first-layer substrates were kept in the hydrolysate for 60 s. When applying the
second and third layers on the same substrate the retention time was respectively: 30 s
and 15 s. The retention time was reduced to minimize the dissolution of the already
formed layers in the hydrolysate. In the painting technique the hydrolysate was applied
onto the substrates by a paintbrush. After superimposing each layer the samples were
dried in air for 24 h. The last step to obtain the coatings was annealing at 500°C for 1 h.

To determine the physicochemical composition of triple layer SiO, and TiO,
coatings, samples were examined with the use of Raman spectroscopy. Raman scatte-
ring of radiation was recorded in the range of 1950...4000 cm . The coatings were ob-
tained by the sol-gel method from fresh, one-week-old, two-week-old and three-week-
old hydrolysates to examine the effect of aging of the hydrolysates on the chemical
composition of the coatings.
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The surface morphology, microstructure and elemental composition were charac-
terized by a Scanning Electron Microscope HITACHI S-3400 (SEM). SEM observa-
tions and Energy Dispersive X-Ray Spectroscopy (EDS) researches were carried out to
examine the continuity of the obtained coatings and to compare a dip coating and pain-
ting techniques.

Corrosion tests of the coatings consisted of the salt spray tests and electrochemical
studies. Preliminary studies of corrosion resistance — the salt spray tests — were done
for coatings obtained by the painting technique to examine the efficiency of this
method. The total time of the tests was 48 h. Optical inspections of the coating surfaces
were carried out after 24 and 48 hours of testing to monitor the formation of corrosion
pitting. The electrochemical study consisted of recording the polarization curves in a
three-electrode cell. The reference electrode was a saturated calomel electrode (NEK)
while the auxiliary electrode was a platinum electrode. The measuring system consisted
of a measurement vessel, SI1286 potentiostat and a computer. The examination was
conducted in an artificial physiological fluid (SBF) in which the samples were immer-
sed for 10 min before the test. The samples were polarized in the direction of the anode
at a rate of 1 mV/s, starting from the potential (—1000 mV).

The study was performed to determine the effect of hydrolysate aging on the pro-
tective properties of SiO, and TiO; coatings.

The tensile tests were performed on an MTS 810 machine with the range of ten-
sile stresses from 0 to 100 kN. The shape and dimensions of the samples are presented
in Fig. 3. The thickness of the samples was 2 mm. The studies consisted of static
tensile tests and fatigue strength tests. The testing samples were substrates covered by
single and triple layer SiO, and TiO, coatings obtained by the dip coating technique.
Static tensile tests were performed in accordance to Polish Norm PN-EN 10002-1:2004
[10]. The extension speed was 0.3 mm/min in the elastic range and was increased to
3 mm/min after crossing the yield strength. The stress-strain graph for a sample co-
vered with a single SiO; coating is shown in Fig. 4. The graphs looked almost the same
for all samples.
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Fig. 4. Stress-strain graph for a sample covered with SiO, coating.

Fig. 5. Graph of increasing cyclic tests. / — first test; 2 — second test.

Analysis of graphs obtained for the samples tested in the static tensile test and
increasing cyclic tests (Fig. 5) were performed to select the appropriate values for the
load and the frequency to perform the fatigue strength test. Because of the shape of
samples, the values of the load should not lead to the compression of samples. Analysis
of these data allowed us to choose the appropriate test parameters. The cyclic load was
4.5/1.5 kN and the frequency — 10 Hz. After tensile tests SEM analyses of the samples
were conducted to verify the continuity of the coatings.

Results and discussion. Raman spectroscopy studies (Fig. 6) have shown that
coatings obtained by the sol-gel method are crystalline TiO, and amorphous SiO,. In
addition, the studies by Raman spectroscopy demonstrated that aging of the hydroly-
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sates has not affected the chemical composition of the coatings obtained on the 316L
stainless steel substrates after heat treatment.
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Fig. 6. Raman spectra of triple layer TiO, (@) and SiO, (b) coatings obtained
by a dip coating technique on 316L substrates from fresh, one-week-old,
two-week-old and three-week-old hydrolysates.

Base (338)

11357 mmm——{ 30527

.y

()
S

O

R ®

©50um |

$3400 15,0KV 11,0mm X700 SE 412172009 50.0um
FSC
2000 | CrLa Base 333 ptl Fig. 7. SEM image showing a triple layer
FeLol Si0, coating without furrows (@)
NiLatl FeKa oI coatng w . ;
triple TiO, coating with furrows (b)
1000 | SiKa — | on 316L substrate obtained by a dip
I VoLl .I NiKal coating techplque and SEM-EDS
2 NN | W . analysis of range 1 (c).
0 1 2 3 4 5 6 7 knV

SEM analysis showed that the dip coating technique improved the continuity of
the coatings, even in the case of triple layer coatings (Fig. 7). Images from SEM and
EDS analysis proved that coatings obtained by this technique were continuous. SEM
observations of the surface showed that SiO, coatings were more homogeneous than
TiO, coatings. Small furrows (Fig. 7b) were localized on the surface of TiO, coatings.
The SEM—EDS analyses of the furrows (Fig. 8a, 8c¢) confirmed that the pores did not
penetrate the coatings. Fig. 8b presents the SEM analysis of the triple layer TiO,
coating obtained by the painting technique. The coatings have numerous furrows, are
much more polluted and have uneven thicknesses. In case of the triple layer coatings,
the coatings’ losses were localized.

The deficiency in the continuity of the single layer coatings was determined by
salt spray tests (Fig. 9).

Preliminary studies of corrosion resistance (salt spray tests) for the coatings
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obtained by the painting technique on steel substrates have shown that after 24 h of salt
spray tests the corrosion points were present and after 48 h almost the whole surface of
samples was corroded. Prior to using the average steel substrates, samples with 316L
substrates were tested. Despite the total duration time being 40 days, the samples did
not corrode.

SEM and SEM-EDS analyses and the analysis of the salt spray studies have con-
firmed that painting technique is ineffective. However, the coatings obtained by this
method show minimal protective properties — the parts of substrates without the coa-
tings corroded before the salt spray tests (Fig. 9a).
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and SEM-EDS analysis of range 1 (c).

0 1 2 3 4 5 6 7knV

The polarization curves of single layer and triple layer SiO, and TiO, coatings
obtained by the dip coating technique on 316L substrates from the fresh hydrolysate
confirmed that the coatings behaved as corrosion barriers, showing the positive shift of
the corrosion potential E.;.
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Fig. 9. Salt Spray Test for SiO, coatings
obtained by the painting technique on steel
substrates: [ — single layer coatings;
IT — double layer coatings; III — triple layer
coatings.The images were taken: a — before
the test; b — after 24 h; ¢ — after 48 h of salt

spray tests, where: / — part with coating;
2 — part without coating.

Electrochemical studies carried out for triple layer SiO, and TiO, coatings
obtained by the dip coating method on 316L substrates from the fresh, one-week-old,
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two-week-old and three-week-old hydrolysate showed that the coatings obtained from
the older hydrolysate have worse protective properties (Fig. 10). To maintain good
corrosion resistance of the coatings, they should be obtained from fresh hydrolysates.

SEM and SEM-EDS analyses of the samples’ surfaces after tensile tests (Fig. 11)
showed that single layer and triple layer SiO, and TiO, coatings obtained by dip
coating technique on 316L substrates maintained their continuity after static tensile
tests. This leads to the conclusion that the coatings are at least as flexible as substrates.
Moreover, local thinnings on the coatings’ surface (Fig. 11a, b) were localized, which
is characteristic for plastics. SEM and SEM—EDS analyses of single layer SiO, and
TiO; coatings and triple layer SiO, coatings obtained by the dip coating technique on
316L substrates remained continuous after the fatigue strength tests (Fig. 11¢, d). Dis-
continuities were localized in single layer TiO, coatings. TiO, coatings may have lower
flexibility due to their crystalline structure.
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Fig. 10. Electrochemical studies of a sample without coating (/) and samples with triple layers
Si0; (a) and TiO, (b) coatings obtained by dip coating technique on 316L substrates from:
k-old; 5 — three-week-old hydrolysate.

Fig. 11. SEM image showing triple layer SiO, (@), TiO, (b) coatings obtained by a dip coating
technique on 316L substrate after static tensile test (local thinnings are indicated by red circles).
SEM image showing triple layer SiO, (c¢) and TiO, (d) coatings obtained by a dip coating
technique on 316L substrate after fatigue strength tests.
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CONCLUSIONS

The SEM and SEM-EDS analyses of the sample surfaces after tensile tests have
shown that the single layer and triple layer SiO, and TiO, coatings obtained by dip
coating technique have maintained their continuity after static tensile tests and the
fatigue strength tests. In single layer TiO, coatings, however, discontinuities were loca-
lized. The TiO, coatings may have lower flexibility due to their crystalline structure.
This leads to the conclusion that the coatings (except for the single layer TiO;) are at
least as flexible as substrates.

In conclusion, preliminary researches have confirmed that the SiO, and TiO,
coatings obtained by the sol-gel method have physicochemical, mechanical and protec-
tive properties adequate to use them as protective coatings.

PE3FOME. Tonki nokpusH Ha ocHOBi SiO, ta TiO,, oTpuMaHi 30/1b-rejb METOJIOM, 3aCTO-
COBYIOTh Y MEIUIIMHI, XIMIYHIA Ta Xap4yoBid MPOMHUCIOBOCTI. [y NOCATHEHHS HEOOXiTHMUX X
(i3UKO-XIMIYHHX, MEXAHIYHUX 1 3aXMCHHMX BJIACTHBOCTEH BHUKOPHCTAHO ONTHMAJIbHI PEXUMU
30J1b-T€JIb METOJY, 1100 OJepKAaTH MOKPHBH HA OCHOBI JHOKCHJIIB TUTaHY Ta KPEMHIIO Ha IO-
BepXHi HepxkaBHOI cTani Tumy 316L. JIs OLiHKY BIACTUBOCTEH MOKPUBIB BXXKUTO METOAU paMa-
HIBCHKOI CHEKTPOCKOI{, a MOBEPXHIO JOCHIHKEHO 3a JOMOMOIOK CKaHIBHOTO €JIEKTPOHHOTO
Mikpockona. Mop¢osorito moBepxHi BUBYAIU O Ta Micis BUNPoOyBaHb Ha PO3TST HA TifpaB-
mivHii mammui MTS 810 3 HaBantaxenusmMu 10 100 kN. BcraHoBiIeHO, 1110 MOKPUBU BOJIO/Ii-
I0Th HEOOXITHUMH (i3UKO-XIMIYHMMHU Ta MEXaHIYHUMHM BJIACTHBOCTSMHU, 11100 iX 3aCTOCOBYBaTH
SIK 3aXHUCHI.

PE3FOME. Toukue nokpeitusi Ha ocHoBe Si0, u TiO,, nony4eHHbIE 30JIb-TeIb METOJIOM,
MIPUMEHSIOT B MEUI[HHE, XUMHIECKOH U MHIICBOH MPOMBIIUICHHOCTH. {1 TOCTIKEHNS He00-
XOAUMBIX UX (HU3UKO-XMMHUYECKUX, MEXAHHUECKUX U 3AIIUTHBIX CBONCTB IPUMEHEHBI ONTH-
MaJlbHBIE PEXHUMBI 30JIb-TeNIb MeTo/a I (POPMHUPOBAHMS HOKPHITUI HA OCHOBE AUOKCHIOB TH-
TaHa ¥ KPEeMHHs Ha MIOBEPXHOCTH HeprkaBeromlel cranu tumna 316L. J{ng oueHku CBOMCTB mo-
KPBITUH HCIIOJIb30BAaHbI METOMbl PAMAHOBCKON CIIEKTPOCKOIIMHM, a IIOBEPXHOCTh HCCIIEA0BaHA C
MIOMOIIBI0 CKaHUPYIOIIETO 3JIEKTPOHHOI0 MUKPOCKOIa. Mopdosoruio MOBEpXHOCTU H3ydalld
JI0 Y IOCJIE UCIBITaHUI Ha pacTsbKeHUe Ha ruipapiaudeckoi mMamube MTS 810 ¢ Harpyskamu
J0 100 kN. BoisBieHo, 4TO MOKPBITHS BIAACIOT HEOOXOAUMBIMU (PU3UKO-XUMHYECKUMU U Me-
XaHWYECKHMH CBOHCTBAMH, YTOOBI MX MIPUMEHATH B Ka4ECTBE 3alIUTHBIX.
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