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ZrO2 coatings were obtained by the alkoxide route and deposited on to stainless steel using 
the dip-coating technique. The starting solutions were prepared by mixing zirconium 
tetrabutoxide, isopropanol, acetylacetone. The water content for the hydrolytic reaction 
came from atmospheric moisture. These coatings were characterized by scanning electron 
microscopy, X-ray fluorescence, Fourier transform-infrared spectroscopy, and X-ray 
diffraction. Their deformation capability was studied by using the stretch deformation test. It 
is worth noting that these coatings deposited on stainless steel have the capacity to deform 
extensively without apparent cracks or fracture. Their ability to protect the metallic substrate 
against corrosion, in a neutral chloride medium, was investigated. For this purpose, the 
pitting potential of the coated metal was measured by the potentiodynamic polarization 
technique and the a.c. impedance diagram of the coating was recorded in the potentiostatic 
mode at the rest potential. The variation in the pitting potentials revealed a temporary 
increase in the corrosion resistance of coated stainless steel, which disappeared after ageing 
of the coatings in the chloride solution. During ageing, the coating resistance deduced from 
the complex diagram via an equivalent circuit, decreases, thus showing a deterioration. 

1. Introduction 
For many reasons, especially its low-temperature route, 
the sol-gel process is an efficient method for preparing 
ceramic coatings on glasses [1-6], or on metals [-7-18]. 

The reports concerning coatings on metal surfaces 
that have been published, include mainly studies on 
the protection of substrates against air oxidation or 
chemical corrosion. 

The aim of this work was to study both the protec- 
tive action and the deformation capability of zirconia 
coatings prepared on stainless steel substrates. 
A knowledge of such properties is very important, 
taking into account potential industrial applications 
of these materials. The structural organization of the 
interphase of this composite system has already been 
investigated thoroughly by the XPS technique [19]. 

2. Experimental procedure 
Zirconia coatings were prepared by mixing zirconium 
tetrabutoxide with isopropanol in a 1 : 5 weight ratio. 
Then, acetylacetone was added in a 1:1 molar ratio 

with the zirconium tetrabutoxide. The water content 
for the hydrolytic reaction originates from the atmo- 
spheric moisture above the coating bath. 

The substrate used was 304 stainless steel. The 
stainless steel plates were successively polished with 
abrasive paper and diamond paste up to 1 gm in order 
to obtain a polymirror-like surface state, and de- 
greased ultrasonically in acetone. 

These stainless steel plates were dipped into the 
solution and withdrawn at a rate of 10cmmin -1. 
Then, the coated plates were thermally treated at 
500 ~ for 5 rain under an air atmosphere. This pro- 
cedure was repeated several times to prepare thicker 
coatings, called multi-layered coatings. 

The multi-layered coating thickness was deter- 
mined using the X-ray fluorescence technique. Evalu- 
ation was made via intensity measurements of the 
ZrK~ radiation, which is considered to be directly 
proportional to the thickness of the ZrO2 coating 
under study. The calibration factor relating thickness 
to the measured intensity was derived from mono- 
layered coatings whose thicknesses were determined 
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by ellipsometry. The morphology and microstructure 
of coatings were, respectively, determined by scanning 
electron microscopy (SEM), Fourier transform- 
infrared (FT IR) spectroscopy, and X-ray diffraction 
(XRD). 

Their deformation capability and adherence to the 
substrate were, respectively, evaluated by the stretch 
deformation test and the scotch tape test, the latter 
being a qualitative method. Information about the 
way in which the coatings accommodate the imposed 
strain was obtained by SEM analysis. 

Finally, their protective role with regard to the 
stainless steel substrate was estimated through the 
corrosion behaviour of the metal, in neutral chloride 
solution. Both the rest potential, Ea, and the pitting 
potential, Ep, of the electrode (coated substrate) were 
measured in de-aerated 0.5 M NaC1 solution. The cur- 
rent-voltage curves obtained in the potentiokinetic 
mode (15 mV rain-z), after maintaining the electrode 
at - 500 mV/SCE as the initial potential for 5 rain, 
allow the determination of Ep from the usual rapid 
current growth associated with pit development on 
stainless steel. The larger the value of Ep, the higher is 
the pitting corrosion resistance of stainless steel. 

Furthermore, a.c. impedance measurements were 
carried out in order to study ageing of zirconia coat- 
ings in the chloride environment. The a.c. impedance 
diagrams were recorded with a Tacussel Z Computer, 
at the rest potential and over the frequency range 
105-10 .3 Hz. The electrolyte used was a neutral, 
aerated or de-aerated, 0.5 M or 0.02 M NaC1 solution. 

3. Results and discussion 
3.1. Morphology and microstructure 
Up to four layers of zirconia, e.g. at a thickness of 
0.15 gin, crack-free and homogeneous coatings were 
prepared as shown in Fig. 1. 

In the firing conditions, organic-free and crystalline 
ZrO2 coatings were obtained. Fig. 2 illustrates the 
evolution of FT-IR spectra of coatings with the heat 
treatment. Before firing, the absorption bands due to 
Zr -O-C and C-H bonds were, respectively, observed 
near (I~) 1560-1450cm -1 and (~) 2950cm-1; the 
strong absorption band at (O) 1620 cm -1 was as- 
signed to the acetylacetone ligand in the enol form; 
finally the IR spectrum shows an absorption band at 
(A) 720 cm- t, characteristic of Z ~ O - Z r  bonds. After 
firing, all the absorption bands attributed to organic 
groups had disappeared, while the band assigned to 
Zr -O-Zr  bonds remained and became more intense. 

Fig. 3 shows the temperature evolution of the XRD 
patterns of coatings. At 400 ~ the broad, weak peak 
observed at 15.70 ~ was typical of amorphous zirconia. 
From 500 ~ onwards, the peaks present at 15.19 ~ and 
17.69 ~ were due to crystalline zirconia. Because only 
one peak was detectable over the range 17~ ~ , it was 
assumed, taking the data of Table I into consideration, 
that zirconia was in the cubic phase. This crystalline 
state, which theoretically characterizes zirconia at 
high temperature, has already been noted at low tem- 
perature [20]. After firing at 600 ~ the cubic zirconia 
peaks were still present along with an additional peak 
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Figure 1 Scanning electron micrograph of a zirconia four-layer 
coating. 
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Figure 2 FT-IR spectra of zirconia coatings (a) before and (b) after 
heating. 

at 16.53 ~ attributed to the iron oxide, Fe2Oa (ASTM 
33-664). This last result reveals that iron in the oxi- 
dized state diffuses into the ceramic during heat treat- 
ment. Whatever the heat treatment, two peaks were 
always observed at 21.9 ~ and 22.4 ~ . They were, respec- 
tively, assigned to the austenitic phase of the substrate 
and to a martensitic layer produced at the surface by 
polishing [21]. 

From X-ray diffraction patterns, Scherrer analysis 
indicated that the zirconia coatings were comprised of 
fine particles. The mean crystal size varied only be- 
tween 8.5 and 9.5 nm from 500-600 ~ 

3.2. Deformation capability 
Scanning electron micrographs of zirconia mono- 
layer and four-layer coatings on stainless steel, de- 
formed by 5% and 20% elongation, are shown in Figs 
4 and 5. The larger the imposed deformation, the more 
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Figure 3 X-ray patterns from zirconia coatings treated at (a) 400 ~ 
(b) 500 ~ and (c) 600 ~ 

Figure 4 Scanning electron micrographs of zirconia mono-layer 
coatings after (a) 5% and (b) 20% elongation. 

TAB L E I X-ray diffraction data corresponding to cubic and tetra- 
gonal zirconia 

I/Io hkl O(deg) I/Io hkl O(deg) 

Cubic zirconia 100 111 15.25 25 200 t7.60 
(ASTM 27-997) 
Tetragonal zirconia 100 111 15.08 18 ~002 17.23 
(ASTM 17-923) 25 200 17.65 

visible was the emergence of slip planes from the 
underlying substrate. No cracking was observed with 
mono-layer coatings whatever the applied strain. In 
contrast, after considerable straining of 20%, the 
thickest coatings exhibit some cracks along the slip 
lines on the substrate surface. 

A scanning electron micrograph of the cracked 
coatings submitted to the scotch tape test is given in 
Fig. 6. It should be noted that cracking does not lead 
to a delamination within the coating or at the coat- 
ing-substrate interface. 

Keeping in mind that during cooling the coat- 
ings are submitted to a compressive stress due to the 

Figure 5 Scanning electron micrographs of zirconia four-layer 
coatings after (a) 5% and (b) 20% elongation. 

thermal expansion mismatch [13] between zirconia 
(0~ = 10x 10-6~ and 304 stainless steel 
(0~ = 18 • 10-6~ -1) and taking into consideration 
the emergence of slip planes from the substrate under 
coatings during straining, the above results reveal that 
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T A B L E I I Coating thickness as a function of number of zirconia 
layers 

Layer number Coating thickness 
(nm) 

1 34 
2 64 
4 150 

Figure 6 Scanning electron micrograph of zirconia four-layer coat- 
ings after 20% elongation and the subsequent scotch tape test. 

the zirconia coatings exhibit both an unexpected elas- 
tic behaviour and a good adherence to the metallic 
substrate. These attractive properties can, respec- 
tively, be explained by the nanocrystalline structure 
[-22] of the zirconia coatings and by the reaction of the 
Zr -OH or Zr-OC3H7 groups of the coating precur- 
sors with the - O H  groups expected to be present on 
the oxidized metal surface. 

3.3. Protective role 
The electrodes under study were stainless steel plates 
successively coated with one, two, and four zirconia 
layers. The coating thickness as a function of the 
number of layers is given in Table II. 

For the various electrodes, the values of the rest 
potential, Ea, and of the pitting potential, Ep, obtained 
before and after ageing in de-aerated NaC1 solution 
are reported in Tables III-V. It can be observed that 
the rest potential of electrodes does not significantly 
vary with immersion time. The E, values are lower 
than that measured for the uncoated stainless steel 
( - l l 4 m V / S C E )  and close to that determined 
( -  190 mV/SCE) when it was heated in the same 
conditions as the coatings. 

For a two-layer coating, it should be noted that the 
pitting potential of electrodes before ageing in chlor- 
ide solution is much higher than that measured 
(300 mV/SCE) in the case of stainless steel neither 
coated, nor thermally treated. On the other hand, 
additional coating layers have little pronounced effect 
on the increase of the pitting potential. 

The ageing treatment leads to a decrease of the 
pitting potential of the electrodes. The Ep values are 
shifted towards that obtained for the uncoated stain- 
less steel but never reach that which was measured 
( - 70 mV/SCE) when it was treated thermally. 

The behaviour of the electrodes during immersion 
in chloride solution with respect to pitting corrosion 
resistance reveals the presence of porosity within the 
coatings, which allows chloride ions to diffuse up to 
the zirconia-steel interface. 

Fig. 7a shows two typical impedance diagrams, 
depressed semicircle (curve 2) and trend (curve 1) of 
a large capacitive loop, obtained, respectively, with 
stainless steel plates coated with one and four zirconia 
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T A B L E  I I I  Influence of immersion time on rest potential 

Layer Initial r e s t  Immersion Final rest 
number potential time (h) potential 

(mV/SCE) (mV/SCE) 

1 - 240 70 - 260 
200 130 - 260 

2 180 60 - 140 
- 120 85 - 40 

4 - 160 100 - 150 
- 190 100 - 150 

T A B L E  IV Influence of layer number on pitting potential 

Layer number Pitting potential 
(mV/SCE) 

1 210 
2 700 
4 800 

T A B L E  V Influence of immersion time on pitting potential 

Layer Immersion Pitting 
number time (h) potential 

(mV/SCE) 

70 230 
100 220 
760 250 

70 300 
80 340 

100 300 
170 400 

layers, before immersion in NaC1 solution. These dia- 
grams are formally represented by the electrical net- 
work sketched in Fig. 7b. 

The frequency distribution of the experimental 
points obeys the following equation 

Z = R / 1  + ( jo~RC) (1 -~) (1) 

where R and C are, respectively, the resistance and the 
capacitance of the coating; the exponent ~ accounts 
for the deviation from the Debye dispersion. 

The fitted parameters C, R and a deduced from the 
simulation, and hence the resistivity, p, and the dielec- 
tric constant, at, are given in Table VI. The latter two 
parameters are, respectively, calculated from R and 
C values 

p = R S / e  (2a) 

~'r = C e / S ~ o  (2b) 
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Figure 7 (a) Complex impedance diagrams obtained with stainless 
steel coated with zirconia layers: (1) Four zirconia layers, (2) one 
zirconia layer, ( - 0 - )  Fitting curves. (b) Electrical network. 

T A B L E  VI Fitting parameter variations with coating thickness 

Layer R(f2 cm 2) C(F cm 2 ) 0~ p(~ cm) S r 

number 

1 1.37x104 1.2x10 6 0.18 4x109 46 
4 7 x 10 v 1.65 x 10 -6 0.12 4.7 x 1012 280 

with e, the coating thickness and S, the apparent area 
of electrode; S is equal to 1 cm 2. 

The Nyquist diagrams recorded 2 h after the elec- 
trodes were immersed in NaC1 solution still indicate 
only the HF trend of a large capacitive loop. For the 
samples coated with four zirconia layers, the evolution 
of this loop was studied as a function of experimental 
conditions (Fig. 8 and Table VII). 

After ageing in aerated solution, a depressed semi- 
circle is observed in the complex impedance diagram 
with a slight increase of the capacitance and a strong 
decrease of the resistance. It should be noted that this 
last evolution is quicker in aerated concentrated solu- 
tions. The rest potential decreases in aerated NaC1 
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Figure 8 Complex impedance diagrams relative to stainless steel 
coated with four zirconia layers, immersed in neutral NaC1 solu- 
tions: (1, 4, 5). immersion in aerated 0.5 M NaC1 solution for 2 h, 10 
days and 30 days successively; (3) immersion in aerated 0.02 M NaC1 
solution for 10 days; (2) immersion in de-aerated 0.5 M NaC1 solu- 
tion for 60 days; (-O-)  fitting curves. 

solution to the value obtained with thermally treated 
stainless steel. 

In de-aerated 0.5 M NaC1 solution, the complex im- 
pedance diagram recorded after subsequent exposure 
(60 days) presents no significant evolution of R and 
C parameters, the rest potential is stationary, and no 
delamination is observed. 

The decrease of resistance values through ageing in 
a chloride-aerated medium could be ascribed to gal- 
vanic coupling inducing a delamination of the coating. 

This damage is illustrated by scanning electron 
micrographs of electrodes previously immersed in 
aerated chloride medium for 1 and 2 months (Fig. 9): 
cracking and spalling of the zirconia coating are suc- 
cessively observed when the immersion time increases. 

4. Conclusion 
Nanocrystalline zirconia coatings on stainless steel 
were obtained from zirconium tetrabutoxide by firing 

T A B L E  VI I  Fitting parameter variations with electrolytic medium and immersion time 

Rest potential R C ~ NaC1 solution Immersion time 
(mV/SCE) (~ cm 2) (F cm = ) (day) 

- 163 1.9 x 107 1.4 x 10 -s  0.05 0.5 M 1 

aerated 
-- 170 1.9 x 107 4.95 x I0 -5 0.09 0.5 M 60 

de-aerated 
-- 190 2.2 x 106 3.2 x 10 -s  0.1 0.02 M 10 

aerated 
-- 205 7.8 x 105 2.9 x 10 _5 0.09 0.5 M 10 

aerated 
-- 230 5.6 x 10 s 2.8 x 10- 5 0.08 0,5 M 30 

aerated 
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Figure 9 Scanning electron micrograph of electrodes after (a) 1 and 
(b) 2 months  of immersion in chloride solution. 

for 5 min at 500 ~ These coatings exhibit both an 
unexpected elastic behaviour and a good adherence to 
the metallic substrate. The corrosion behaviour of 
electrodes reveals the presence of porosity within coat- 
ings allowing oxygen to diffuse up to the zirconia steel 
interface [19]. A porosity decrease should inhibit the 
delamination process. 
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