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Carlos-SP, Brazil

Resumo : Filmes finos de ZrO2 foram preparados pelo método sol-gel e depositados por Ia
técnica de dip-coating sobre chapas de aço inoxidável austenítico 304, a partir de sóis
sonocatalizados de alkóxido de zirconia, isopropanol (Zr(OC3H7)4/ C3H7OH = 0.5), ácido
acético glacial e água (CH3COOH / H2O = 0.5). Os filmes foram secados a 40°C/15min e
tratados térmicamente no ar com uma variação linear'de 5°C/min e duas paradas isotérmicas
a 400°C/lh e posteriormente a 800°C por vários períodos de tempo ( até 20 h. ). A espessura
dos filmes varia entre 0.6 e 0.8um. A estrutura e morfologia foi estudada por difração de
raios x e microscopia eletrônica de varredura. Mediante curvas de polarização
potenciodinámicas com uma velocidade de varredura de lmV/s, foram determinados o
potencial de corrosão, a densidade de corrente de corrosão, a resistência de polarização e
a taxa de corrosão (mpy) em solução aquosa 1,0 N de H2SO4 a temperatura ambiente. Eles
agem como uma camada física bloqueante contra o meio corrosivo e aumentam o tempo de
vida útil do substrato num fator de 7.

Palavras chaves: filmes sol-gel, ZrQ, proteção química, aço inoxidável, corrosão.

Introduction

Inorganic coatings have been frequently used for chemical protection of steels, metals
and alloys. Several sol-gel methods are now widely use for preparing inorganic materials
from solutions containing metals compounds such as metal alkoxides, metal acerylacetonas,
inorganic compounds, etc., with water as hydrolysing agent and alcohols as solvent.

The main efforts, have been concentrated in the field of chemical protection against
acid and air corrosion, which cost millions of US dollars to society annually. The prevention
of chemical corrosion and oxidation of stainless steel has been tested with SiO, [1], SiO2-
B2O? [2,3], mulite ( 2SiO2-3Al2O3) [4], ZrO2[5-7], MTOS [8], andZr02-Ce02 [9]. All these
coatings increase metal protection of substrates from air oxidation (tested up to 800°C ) and
acid attack ( tested up to 90°C).The corrosion protection is strongly dependent on the
thickness of the film and its structure quality. Pores and cracks presence definitively
degrades its efficiency.

Dense thin films of ZrO2 were prepared on 304 stainless steel substrates by hydrolysis
and polycondensation reaction of metal alkoxide precursosrs, using the dip-coating
technique. Sol-gel dip-coating is very useful for modifying a large surface area and to
provide substrates with new active properties [10,11]. ZrO2 films can be use for metal
protection from attack by acid and thermal oxidation [12-14],
"On leave of absent from University of Valle, Engineering Department Materials, A.A. No, 25360 Cali-CoLombia.
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The solutions prepared from zirconium alkoxide with the application of ultrasound
were found to be stable and to yield a high degree of homogeneity. It is possible for a high
purity oxide to be easily obtained and yield homogeneous coatings of a high quality. The
heat resistance of substrates was obtained at higher temperatures and longer times.

This study aims at producing ZrO2 coatings of good chemical durability via sol-gel
process with the application of ultrasonic treatment. The corrosion behaviour will be
evaluated through the electrochemical parameters obtained from polarization curves.

Experimental

Substrate

The substrate used was 304 stainless steel of composition (wt.%): 70.94 Fe, 18.59 Cr,
8.16 Ni, 1.74 Mn, 0.033 P, 0.018 S, 0.45 Si and 0.07 C. Samples (3.0 x 1.5 x 0.1 cm) were
mechanically cut from large foils and then degreased ultrasonically in acetone and alcohol.

Preparation of the films

Zirconium propoxide Zr(OC3H7)4 was used as source of zirconia. The sol was
prepared by dissolving the alkoxide in isopropanol (C3H7OH), to which small amounts of
glacial acetic acid (C3H7OH) and excess water were added to complete the hydrolysis. The
volume ratios ZrCOCjH^/CQfyOH): 0,5 and H2O/(C3H7OH), H2O/(CH3COOH) were 1 and
2, respectively. The mixture was submited to ultrasonic irradiation (sonicator W 385 Heat
Systems-Ultrasonics, Inc., 20KHz). After 20 min, the liquid became homogeneous and
transparent; the sol was found stable for up to four weeks at room temperature when kept in
a closed vessel.

Dip-Coated samples were prepared by withdrawing the substrates from the
sonosolution at a constant rate of 10 cm/min. The resulting gel films were dried at 40°C for
15 minutes and then thermally treated at a rate of 5°C/min with two isothermal holdings, the
first at 400°C for I hour to eliminated the organic components and the second at 800°C in
air atmosphere for 2, 10 and 20 hours respectively.

Characterization of the films

Analysis of coated substrates was made by using a Rigaku Rotaflex diffractometer
with a characteristic CuKa radiation. X-ray diffraction data confirm that the films densifled
at 800°C / 2h have the tetragonal ZrO2 structure (111 peak at d = 2.98A), Fig. 1. A FTIR
spectrometer with a 400-4000 cm'1 range was used to obtain high resolution spectra of
coatings; the measurements were perform by reflection at an incident angle of 30°.
Unsintered samples show cahracteristic OH bands at -3600 cm1, Zr-O-C groups at 1476.8
cm1 and 1452.8 cm'1 and Zr-O-Zr at 665.7 cm'1-. During sintering, the OH and Zr-O-C
bands disappear and the Zr-O-Zr band increases strongly. Details of these analyses can be
found elsewhere[5].
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Fig. 1.XRD patterns of uncoated and coated substrates: Stainless steel (a) as received, (b) heat treated at 800°C
in air atmosphere for 2 h, (c) coated with ZrO2 film and heat treated at 800"C in air atmosphere for 2 h.

Electrochemical Measurements

A very convenient and precise way of evaluating the corrosion behaviour of a
material in a given medium is the recording of the complete polarization curve under
potentiostatic control[15]. Thus, starting at the cathodic end, the electrochemical potential
is anodically shifted in a continuous and slow fashion (e.g., 1 mV/s) until the anodic current
reaches a pre-established maximun value. By means of appropiate software, it is possible
to determine the Tafel slope for both cathodic and anodic processes. Linear least-squares
fitting of the experimental data to the Stern-Geary equation[ 15] determines the point of
which the anodic and cathodic current densities are equal in magnitude, thus yielding a zero
net current. This point defines the corrosion potential (Ecorr) as well as the corrosion current
density (icorr).

The software also gives the polarization resistance (Rp) of the system. This last value
is obtained by the analysis of the linear response / vs. E close to the corrosion potential,
which in turn can also be determined using Tafel slopes [15]. For actively dissolving metals,
the two values of Ecorr described above must coincide, whereas this is not the case when the
anodic branch of the polarization curve shows a region of passive or quasi-passive behavior.
In the later case, the meaningful value of Ecorr is that measured at/ ~ QLandJiotthe. one—
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obtained by extrapolation of the Tafel lines. Finally, the calculations also furnish the
corrosion rate (C.R.), which is a measured in mils per year (MPY) of the amount of metal
being dissolved in the medium under consideration.

A comparison of Eton values for different materials in the same medium allows one
to establish the relative stability of those materials with regard to corrosion. The more
anodic the value of Ecorr, the higher the corrosion resistance of the sample. A similar analysis
could be done, using the values of the corrosion current; in this case, however, it is
necessary to be sure that the cathodic reaction (either hydrogen evolution or oxygen
reduction) remains unchanged between experiments, since w is much more sensitive than
Econ-Xo small changes in the cathodic branch of the polarization curve.

In the present work, the electrochemical measurements were performed using a PAR
Model 273 Potentiostat/Galvanostat linked to a microcomputer for data acquisition and
handling through the PAR Model 352 Corrosion Measurement software. The experiments
were carried out at room temperature in deareated 1,0 N sulfuric acid aqueous solution. The
polarization curves were obtained at scan rate of lmV/s, a few minutes after immersion of
the samples in order to allow stabilization of the system (the ASTM Standards G 5-87
suggest 0,166 mV/s), but the differences are very small [16]. The working electrodes
employed were 304 stainless steel plates, either bare or coated with ZrO2 between 0,6 and
0,8 urn thickness, immersed 1 cm into the solution. A Pt foil was the secondary electrode
while the reference electrode was of the saturated calomel electrode (SCE).

Results and Discussion

The coated samples were submited to heat treatment at 700 and 800°C/2h in either
air, argon or nitrogen atmospheres separately to verify the influence of this parameter in the
densification of the Zirconium films. The zirconium films obtained in air and nitrogen
atmospheres present very similar corrosion parameters, determined by polarization curves
measurement test in deareated 1,0 N sulfuric acid aqueous solution; therefore the heat
treatment in air atmosphere at 800°C was chosen.

Figure la correspond to x-ray analyses of the 304 stainless steel as received, with four
distinct peaks with d values of 2.08,2.03, 1.80 and 1.27 A, respectively, that correspond
to the cubic phases of the alloy containing Cr, Fe and Ni.

Uncoated samples were heat treated at 800°C for 2 h. Their diffraction spectrum show
peaks with d values of 3.64,2.67,2.54,2.51,1.69, and 1.43 A. The crystalline phase formed
was an intimate mixture of cubic and hexagonal Cr2O3 (Fig. lb).

Coated substrates with Zirconium sol, heated at 800°C/2h, present the same relative
intensity peaks, as in (Fig. lb), indicating oxidation of the coated samples after heat



treatment (Fig. lc), but additional peaks were observed at 2.96, 1.83 and 1.55 A
corresponding to the tetragonal ZrO2 structnire (111 peak at d= 2.96 A).

The morphology of the surface was examined by scanning electron microscopy
(SEM: JMS-6300F). Fig. 2a is a photomicrograph of the sample heated for 2h in air at
800°C showing the growth of crystals, which was confirm by XRD analysis (Fig. lb). Fig.
2b shows the densified ZrO2 after heat treated at 800cC in air by 2h. The resulting coating
was homogeneous but with some crystals of Cr2O3 grown at the metal/ZrO2 coating
interface, like it is showed by XRD (fig. lc). :

(e)

Fig. 2. SEM micrographs of 304 stainless steel after heat treated at 800°C /2,10 and 20 h. in air atmosphercThe
lower part is a 5 times amplification of the inset shown in micrographs, (a) ss / 2 h, (b) ss coated withj
/ 2 h. (c) ss /10 h, (d) ss coatedwith ZrO, film /10 h^e) s»' 20 h, (f) ss Tl'h
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The Cr2O3 crystal growth increases in samples after 10 and 20 h of heat treatment
in uncoated samples as shown in used Figs. 2c and 2e. The ZrO2 film after lOh was
homogeneous but there were some Cr2O3 crystals at the metal/coating interface; comparing
uncoated and coated samples, it can be observed that the ZrO2 film provides a good
resistance against thermal oxidation of the substrate (Fig. 2d). After 20h the film has a
globular appearance and a discontinuous surface (Fig. 2f).

Table 1 collect the electrochemical parameters obtained from the polarization curves.
It is noticeable that the base steel with the ZrO2 coating has a much longer useful life than
without it. Meanwhile, experiments carried out using bare 304 stainless steel plates heat
treated at 800°C alters the corrosion behaviour of the steel. Fig. 3 presents the polarization
curves showing the protective corrosion effect of the zirconium film in both the cathodic and
anodic branches, because there is a downward shift in the current densities, with respect to
the bare samples with and without heat treatment at 800°C in air for 2h. The cathodic branch
of the curves corresponds to the hydrogen evolution reaction, controlled by the Volmer-
Heyrosky mechanism, showing in all cases the same tendency, indicating that is happening
the same reaction mechanism and the ZrO2 film is acting like a physical barrier between the
electrolyte and the substrate. The chemical attack is done via the small remaining open
porosity left after the film densification, then the reaction rates fall in proportion to the
extent of surface coverage.

The life-time of the coated substrate increases from 7 to 10 times with respect to the
bare sample if the heat treatment is changed from 2 to 10 h at 800°C in air atmosphere.

Table 1. Electrochemical corrosion parameters derived from polarization curves obtain at room temperature with
deareated 1,0 N sulfuric acid aqueous solution. £"„„.: corrosion potential (mV vs SCE), /„„: corrosion current
(uA/cm1), Rp: polarization resistance (ICOcm1), corrosion rate (mils per year, mpy).

Sample
ss : 304

ss

ss: coated
with ZrO2

ss: uncoated

Temperature
(800°C / h)

Air atmosphere

-

2

10

20

2

10

20

(mV)

361

371

392

420

383

395

420

'corr
(uA/cm2)

64,2

8,5

6,9

29,1

15,7

16,9

16,6

Rp
(KO cm2)

0,3

1,2

1,6

0,9

0,7

0,6

1,6

C. R.
(mpy)

29

3,8

2,9

13,1

7,2

7,7

7,5
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Fig. 3. Polarization curves recorded at 1 mV/s in deareated 1,0 N suifuric acid aqueous solution at room
temperature for: (a )ss coated with ZrO, and heat treated at 800° C/ 2 h , (b) bare 304 stainless steel, (c) ss
uncoated and heat treated at 800°C/2 h.

Conclusion

ZrO2 crystalline film with tetragonal structure can be produced by sol-gel method on 304
stainless steel sheets. The results shows that ZrO2 coatings having between 0.6 and 0.8 jim
of thickness and densifled in an oxidant atmosphere provides an effective corrosion
protection of these metal substrates in aqueous suifuric acid solution and the life time of the
substrate can be increased from 7 to 10 times.
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