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Sol-gel  TiO2-SiO 2 films were deposited on 316L stainless steel by dip coating process from a sono- 

catalysed sol of  composi t ion 30TiO2-70SiO2 prepared from a mixture of  Ti(OC2Hs)4 and 

8i(OC2H5)4, absolute ethanol CzH5OH and glacial acetic acid C H 3 C O O H  as precursors and sol- 

vents. The films, densified at 800 ° C in air for 2 h, are composed  of  small or thorhombic  titania (ana- 

tase) crystallites embedded in a SiO 2 amorphous  matrix as identified by X-ray diffraction. The 

temperature dependence of  the film morphology  was observed using scanning electron microscopy 

(SEM) and the content  was determined by F T I R  reflection spectroscopy. The corrosion behaviour 

of  316L stainless steel samples coated with densified 30TiO2-70SiO2 films was studied in 15% 

H2SO 4 by potent iodynamic polarization curves at 25, 40 and 50 ° C. The measured corrosion rates 

show a considerable decrease for the protected steel samples in comparison to the bare substrate. 

The effect o f  time of  heat t reatment of  the films on the corrosion parameters is also reported. 

1. Introduction 

Inorganic coatings having a vitreous structure have 

been widely used as protective coatings for stainless 

steel (SS) and other metals and alloys [1-3]. These 

coatings improve the chemical and physical proper- 

ties of the metal surfaces relative to corrosion, 

friction and wear without altering the original proper- 

ties of strength and toughness of the substrates. The 

application of these coatings is usually an involved 

process adding to the final cost of the material. 

In recent years sol-gel methods have been devel- 

oped for the deposition of a variety of oxide materials 

on metals and other surfaces [4, 5]. The chemical pro- 

cessing and technical applications of sol-gel films 

have been recently reviewed by Schmidt [6] and by 

Sakka and Yoko [7], respectively. The method 

involves the preparation of sols containing the metal 

compounds in the form of metal alkoxides or acetyl- 

acetonates, inorganic salts, etc., dissolved in alcohols 

and water as hydrolysis agents. The films can be 

deposited by spin, °dip, spray coating or electro- 

phoresis. These processes can be repeated allowing 

the possibility of obtaining thick coatings (up to 1- 

2 #m) even on very large surfaces and on one or 

both sides of the substrates. The films obtained in 

this manner are usually wet, amorphous and porous 

and contain still a large amount of organic com- 

pounds. The films are dried at around 100°C and 

the organic compounds are eliminated typically at 

around 350-450°C by heat treatment in air. The 

porosity can be controlled by heat treatments at rela- 

tively low temperatures and complete densification is 
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usually obtained at temperatures around the vitreous 

transition temperature of the materials, Tg. The sol- 

gel methods offer therefore potential advantages 

over traditional techniques. 

The preparation and characterization of sol-gel 

films having specific chemical function have been 

scarcely studied. A1203 [8], S i -O-N,  Si3N 4 [9, 10] 

films have been proposed for semiconductor passi- 

vation. SiO2 [11] and TiO2-SiO 2 [12] are known to 

prevent alkali diffusion. The prevention of chemical 

corrosion and oxidation of mild steel, carbon steel 

and stainless steels has been tested with SiO2 [13], 

SiO2-B203 [14, 15], mullite (2SIO2-3A1203) [16], 

ZrO2 [17-19], SiO2 (modified by polyfluoroalkoxy- 

silane, water and oil repellent) [20], TiO2-SiO2 [21] 

and more recently with ZrO2-CeO2 and TiO2-CeO2 

[22] coatings. They increase the protection of metal 

substrates from air corrosion (tested up to 800 ° C) 

and acid attack (tested up to 80 ° C). The most promis- 

ing prevention for stainless steel (SS) has been so far 

reported by our group using sol-gel films of ZrO2 

where this property has been studied by electrochemi- 

cal techniques in NaC1 [23] and H2SO 4 [24] solutions. 

Some preliminary results for SiO2, TiO2-SiO2, SiO 2- 

A1203 in H2SO 4 solutions have also been reported 

[25]. In all cases, the films were prepared by dip- 

coating using sonocatalysed sols [26]. 

In this work, the preparation of TiO2-SiO 2 films 

deposited on 316L SS and potentiodynamic studies 

of the corrosion behaviour of the samples in deae- 

rated 15% HzSO 4 solutions at 25, 40 and 50°C are 

fully described. The effect of different heat treatments 

on the behaviour of the coated samples is also studied. 
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2. Experimental details 

2.1. Substrate 

The substrate used was 316L stainless steel of  com- 

position (wt%): 67.25 Fe, 18.55 Cr, 11.16 Ni, 2.01 

Mo, 0.026 Cu, 0.15 Si and 0.028 C. Samples 

(3.0cm x 1.5cm x 0.1 cm) were mechanically cut 

from large foils and then degreased ultrasonically in 

acetone. This material was chosen taking into 

account the heat treatment necessary for the densifi- 

cation of  the coatings (see below). Therefore, a low 

carbon content steel was judged more convenient 

since it is less susceptible to sensitization which in 

turn might promote an enhanced corrosion [2]. 

In addition, 316L SS is a material widely used in 

chemical industry environments [27]. 

2.2. Preparation of the films 

Ti(OC2Hs)4 and Si(OC2H5)4 were used as sources of 

titania and silica. The sol was prepared at room 

temperature by dissolving the alkoxides in absolute 

ethanol CzHsOH (0.43mol of absolute ethanol per 

mol of alkoxide) to which was added 0.087 mol of 

acetic acid CH3OOH. The composition of the solu- 

tion was 30TiO2-70SiO 2 (mol %). 

The mixture was submitted to intense ultrasonic 

radiation (20kHz) produced by a Heat  Systems 

Ultrasonics W 385 sonicator. After 25 min the liquid 

became homogeneous and clear and remained stable 

for about five weeks at room temperature when kept 

in a close vessel. 

Coating of the substrates has been done by dip 

coating process, withdrawing the substrates from the 

solution at a constant rate of  10cmmin -].  The gel 

films were dried at 60°C for 15 rain and then densi- 

fled in a furnace in an air atmosphere. The heat- 

treatment protocol for TiO2-SiO2 film preparations 

was the following: the temperature was raised at a 

rate of 5°C rain ~ with isothermal holdings, first at 

450 ° C for 1 h and then at 800 ° C for 2 h. The thick- 

ness of the heat treated films are typically 0.4-  

0.6 #m [211. 

2.3. Characterization of the films 

2.3.1. X-ray diffraction. Analysis of uncoated and 

coated substrates were made with a Philips diffracto- 

meter using CuK~ radiation. Figure l(a) shows the 

diffractogram of 316L stainless steel as received 

where it is observed three distinct peaks at 0.208, 

0.18 and 0.127 nm corresponding to the cubic phase 

of  the alloy containing Cr, Fe and Ni. 

When heated at 800°C the uncoated substrates 

present additional diffraction peaks with d values of 

0.49, 0.36, 0.297, 0.267, 0.253, 0.153, 0.169 and 

0.149 nm. The crystalline phases formed were a mix- 

ture of cubic and hexagonal Cr203 and tetragonal 

Cr304 (Fig. l(b)). 

Besides the three diffraction peaks of SS, the 
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Fig. 1. XRD patterns of uncoated and coated substrates (a) 316L SS 
as received; (b) 316L SS treated at 800°C during 2 h; (0 )  SS, (C)) 
cubic Cr203, (A) hexagonal Cr203 (0 )  tetragonal Cr304; (c) 
coated sample with 30TiO2-70SiO2 film heat treated at 8000C in 
air for 2 h; (0 )  SS, (+) TiO 2 (anatase). 

substrate coated with 30TiO2-70SiO 2 films heated at 

800°C in air for 2 h showed additional peaks with 

d = 0 . 2 7 6 ,  0.230 and 0.131nm corresponding to 

orthorhombic titania (anatase) [21]; as no change 

was observed in the relative intensity of  the peaks of 

the alloy, it can be concluded that no oxidation of  

the coated samples has occurred during the heat treat- 

ment (Fig. l(c)). 

2.3.2. Infrared spectroscopy. A Bomen FTIR 

spectrometer was used to obtain high resolution 

spectra of the coatings in the 400-4000cm -1 range; 

the measurements were obtained at room tempera- 

ture by reflection at an incident angle of 30 ° . 

Figure 2(a) shows the spectrum of a coating depo- 

sited on 316L stainless steel dried at 25 ° C. The band 

observed at 1070cm -] corresponds to the vibration 

of the asymmetric stretching mode of  the Si-O band 
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and the shoulder on the high energy side is attributed 

to the symmetric vibration of  the same bond. The well 

defined band at 800 cm q is linked to the ring structure 

while the band at 460 cm -1 is attributed to symmetric 

bond bending of  O - S i - O  [26]. The presence of bands 

at 1450 and 1650cm - l  is attributed to vibration of  

S i - O - C  and T i - O - C  molecules, respectively, The 

absorptions of the C - H  and OH groups are observed 

near 3680-3860cm -1 and 3210cm -1, respectively, 

while the bands at 940 and 680cm -1 are attributed 

to the vibrations of  S i -O-Ti .  

After heating at 800°C f o r 2 h ,  the S i -O-S i  and 

S i - O - T i  bands are better defined and the bands of  

CH, OH and mixtures of  S i - O - C  and T i - O - C  dis- 

appear completely (Fig. 2(b)). 

2.3.3. Scanning electron microscopy (SEM). The 

morphology of the surface was examined by 

scanning electron microscopy (Jeol JSM-6300F and 

Zeiss 960). Figure 3(a) shows the texture of the 

stainless steel surface as received. After heat 

treatment of the sample for 2 h in air at 800 ° C small 

crystals grow at the surface in agreement with the 

X R D  analysis (Fig. 3(b)). Figure 3(c) shows the 

micrograph of  a thin film 30TiO2-70SiO2 deposited 

on 316L SS and heated in air at 800°C for 2h. The 

resulting coating is dense and homogeneous, without 

the appearance of  cracks. 

2.3.4. Electrochemical measurements. Electrochemical 

measurements were carried out in order to determine 

the potentiodynamic behaviour of  samples in deae- 

rated 15% H2SO 4 (Merck p.a.) aqueous (Milli-Q) 

solutions at 25, 40 and 50 ° C. The working electrodes 

were 316L SS plates either bare or coated with 

30TiO2-70SiO2 of  0 .4 -0 .6#m thickness immersed 

1 cm into the solution. Bare plates, heat-treated at 

Fig. 2. IR spectra of 30TiO2-70SiO 2 
films deposited on 316L stainless steel 
measured in reflection at an angle of 
30 ° (a) dried at 25 ° C; (b) after heating 
in air at 800 ° C for 2 h. 

800°C for 2h, were also used. Freshly prepared 

samples were used for each experiment. A saturated 

calomel electrode (SCE) was used as reference while 

a platinum foil served as the auxiliary electrode. A 

273 PAR potentiostat linked to a microcomputer for 

data acquisition and handling through the 342 PAR 

corrosion measurement software was used for the 

experiments. The potentiodynamic measurements 

were  initiated at - 0 . 7 V  vs SCE and scanned con- 

tinuously in the anodic direction at 1 mV s -1 . 

3. R esu l t s  and  d i scuss ion  

Figures 4 to 6 show the potentiodynamic polarization 

curves for the different samples under examination in 

deaerated 15% H2SO 4 solutions at 25, 40 and 50 ° C, 

respectively. The effect of the 30TiO2-70SiO2 coating 

is noticeable in both the cathodic and the anodic 

branches of  the curves. On the cathodic side, the 

slope for the hydrogen evolution reaction is about  

2.32RT/F (curves (a)), a value coherent with the 

common mechanisms accepted for this reaction, i.e. 

a Volmer-Heyrovsky sequence [28]. The value of  

the slope is maintained in the presence of the coating 

(curves (c)) suggesting that the mechanism remains 

unchanged; however the experimental points are 

shifted to lower values of  the current density. These 

facts indicate that the coating is acting as a physical 

barrier which diminishes the active area for reaction 

by a factor which could be as high as 50 in some 

cases (Fig. 5). An intermediate behaviour is observed 

for the heat-treated samples without the coating 

(curves (b)), but this is difficult to interpret without 

a detailed knowledge of  the processes occurring in 

the bulk structure as well as in the oxide layers of  

the SS during the heating. 

The anodic branches of the polarization curves 
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Fig. 3. SEM micrograph (a) 316L SS surface as received; (b) surface 

of  316L SS after oxidation in air at 800 ° C for 2 h; (c) micrograph of  

30TiO2-70SiO 2 film deposited on 316L SS after heating in air at 

800 ° C during 2 h. 

(Figs 4 to 6) show that the coating has a strong effect 

on the current density in the passive region, diminish- 

ing its value by almost one order of  magnitude. In the 

same region, the heat treated samples (curves (b)) 

show current densities somewhat higher than the 

untreated substrate (curves (a)) again revealing sur- 

face changes during the treatment. 

The combined cathodic and anodic effects of  the 

coatings on the corrosion behaviour of  316L SS can 

Table 1. Electrochemical corrosion parameters derived from the 

polarization curves (Figs 4-6)  obtained at 25, 40 and 50°C in 

deaerated 15% H2SO 4 

Samp~ T/°C -Ecorr*/mV Rp~/k~cm 2 CR~/mpy 

25 286 1.80 11.5 

316L SS 40 261 0.37 35.2 

50 280 0.35 53.8 

316L SS heat 25 306 1.45 5.0 

treated at 40 304 0.57 19.8 

800°Cfo r  2 h  50 307 0.14 41.2 

316L SS with 25 291 10.72 2.2 

30TiO2-70SiO 2 40 297 5.70 5.7 

coating heat  50 293 3.10 6.3 

treated at 

800 ° C for 2 h 

* Corrosion potential/mV vs SCE. 

Polarization resistance/kf~ cm 2. 

J; Corrosion rate/mills per year. 

be visualized more clearly in Table 1, where the rele- 

vant corrosion parameters derived from Figs 4 to 6 

are collected. Thus, although the presence of the 

film alters the value of  the corrosion potential (Eoo~r) 

very little, the polarization resistance (Rp) increases 

considerably and the corrosion rate (CR) is dramati- 

cally reduced, in particular at 50 ° C. Even in relation 

to the heat treated samples, which seem to be more 

resistant to acid attack, the effect of the coating is 

still considerable again showing higher values of Rp. 

To assess better the influence of the coating struc- 

ture on their protective properties against acid corro- 

sion, comparative experiments were carried out at 

25°C using 30TiO2-70SiO2 films submitted to dif- 

ferent heat treatments. For  this, one sample was 

heated for 2 h at 600°C resulting in an essentially 

amorphous structure while the others were heat 

treated at 800°C for lengths of  time varying from 2 

to 20h. Figure 7 shows the corresponding polari- 

zation curves obtained in 15% H=SO~ at room 

temperature while the relevant electrochemical para- 

meters calculated for the samples are collected in 

Table 2. 

The results of  Table 2 suggest that the coatings heat 

treated at 600 ° C for 2 h offer apparently similar pro- 

tection for SS against acid corrosion as those treated 

at 800 ° C. However the corresponding polarization 

Table 2. Effect of  heat treatment o f  the coating on the electrochemical 

corrosion parameters derived from the polarization curves (Fig. 7) and 

obtained in deaerated 15% HzSO 4 at 25 ° C 

Heat Time/h -Ecorr*/mV Rpt /kf~cm 2 CRJi /mpy 

treatment/° C 

600 2 293 6.21 2.4 

800 2 291 10.72 2.2 

800 5 294 11.71 2.9 

800 15 314 5.46 4.4 

800 20 291 1.13 38.5 

* Corrosion potential. 

t Polarization resistance. 

:~ Corrosion rate. 
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Fig. 4. Polarization curve recorded at 1 mV s-1 in deaerated 15 % H2SO 4 at 25 ° C (a) 316L SS as received; (b) 316L SS heat treated at 800 ° C 

for 2 h and (c) sample coated with 30TiOz-70SiO2 treated at 800 ° C for 2 h. Potentials referred to SCE. 

curve (Fig. 7) is not totally satisfactory, showing large 

values of the current density in the anodic branch. 

Furthermore, the heat treatment at 800°C was chosen 

after careful investigation of the physical properties 

of the coatings [21]. In particular, the 30TiO2-70SiO2 

coatings crystallize at ~ 650°C resulting in anatase 

crystallites in an amorphous silica matrix, which is a 

more stable structure. Therefore, it can be concluded 

that the best protection is obtained with the coatings 

treated at 800 ° C for 2 h. 
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Fig. 6. Same as Fig. 4 but  measured at 50 ° C. 

As the heat treatment is prolonged to 15 h, the 

samples loose their protective ability to a small 

extent (Table 2). When the treatment is further 

extended to 20 h there is a dramatic change in proper- 

ties and the samples show corrosion characteristics 

which are even worse than those of  the base material 

(Tables 1 and 2). This behaviour is due to the occur- 

rence of cracks in the film due to the growth of  

Cr203 at the SS/film interface. Previous studies of  

X-ray diffraction patterns of  similar samples [21] 
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Fig. 7. Effect of  heat  t reatment of  the coatings on the polarization curve in deaerated 15% H2SO 4 at 25 ° C. The curves correspond to 

30TiO2-70SiO2 films treated at 800°C for (a) 2 h, (b) 5 h, (c) 15 h and (d) 20 h and (e) 600°C for 2 h. 
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Fig. 8. SEM micrograph of film with cracks and small Cr203 
crystals. 

show li t t le changes  for  hea t - t r ea tmen t  at  800 ° C up  to 

15 h. F o r  20 h, there  is c lear  evidence o f  the appea r -  

ance o f  c h r o m i u m  oxide crystals .  The  g rowth  o f  

these crysta ls  f rom the base  ma te r i a l  b reaks  the coat -  

ing, leaving an  u n p r o t e c t e d  SS surface wi th  an  a rea  

poss ib ly  larger  than  the or ig inal  one. Therefore ,  the 

numer ica l  value  o f  the co r ros ion  ra te  is larger  than  

tha t  measu red  for  the ba re  SS samples ,  while the 

co r ros ion  po ten t i a l  r emains  p rac t ica l ly  the same. 

This  is in accordance  wi th  the values presented  in 

Tables  1 and  2. F igure  8 shows a m i c r o g r a p h  o f  

such a coa t ing  showing the occurrence  o f  cracks  

and  the presence o f  small  c h r o m i u m  oxide crystals .  

F u r t h e r m o r e ,  p r e l imina ry  studies o f  some o f  the 

samples  by  R u t h e r f o r d  back  sca t ter ing  spectros-  

copy  suggest  t ha t  c h r o m i u m  diffusion into  the coa t ing  

layer  is a process  tha t  a l r eady  star ts  a t  t empera tu res  as 

low as 450 ° C and  is enhanced  at  h igher  t empera tu re s  

and  longer  t imes o f  hea t  t r ea tmen t  [29]. 

4. Conclusions 

The results  o f  this  work  clearly indicate  tha t  th in  coat -  

ings o f  30TiO2-70SiO2 depos i t ed  by  s o l - g e l  me thods  

on 316L stainless steel act  very efficiently as co r ros ion  

p ro t ec to r s  in acid  media .  Thus,  the measu red  cor ro -  

s ion ra te  d rops  by  a lmos t  one o rde r  o f  m a g n i t u d e  in 

exper iments  car r ied  ou t  a t  50 ° C in 15% HzSO 4 solu- 

t ions.  The  t ime and  t empe ra tu r e  used for  the hea t  

t r e a tmen t  dur ing  densi f ica t ion o f  the  films p roved  to 

be i m p o r t a n t  pa r ame te r s  for  the pe r fo rmance  and  

endurance  o f  these coa t ings  and  have  to be care-  

fully cont ro l led .  Othe r  re la ted  mate r i a l s  men t ioned  in 

the i n t roduc t ion  sect ion o f  this p a p e r  show similar  

behav iou r  to  tha t  o f  T i O 2 - S i O  z and  should  be 

fur ther  invest igated.  
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