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Abstract: One-component CeO, coatings and bi-component CeO,/ZrO, multilayer coatings were obtained by a sol gel process. The phase
composition, surface morphology and roughness of the samples were studied by means of X-ray diffraction (XRD), scanning electron
microscopy (SEM), Atomic force microscopy (AFM) and X-ray scanning electron microscopy (XPS). The corrosion resistance and protective
ability were characterized by using salty solution of 3.5% NaCl at 25 C. The multilayer configuration of CeO, and ZrO, ensure enhanced
protection of the steel in comparison to the single CeO, coatings and uncoated steel. The surface morphology and anticorrosion properties
depend significantly on the treatment temperature of both CeO, underlayer and ZrO, top layer. At lower treatment temperatures, they are
relatively dense and smooth. The corrosion resistance of the multilayers slows down, when ZrO, coatings were heated above 500°C. This
probably is due to the more pronounced crystallization of cubic zirconium dioxide, resulting in deeper boundaries between the individual
grains. The protective properties of a CeO,/ZrO, multilayers could be attributed to the low crystallized structure with very fine crystallites.
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1. Introduction

The course of various corrosion processes significantly limits
the exploitation period and has an extremely adverse effect on the
condition and workability of different facilities, production
installations, metal constructions, machine park, transport fleet and
other. Corrosion reactions are accompanied with various processes
related to gradual change the composition, micromorphology,
structure, chemical resistance, mechanical properties and functional
properties of the metal contact surface. One of the widely applied
approaches to protect the metal products from the effects of
corrosion factors is the use of a variety types of organic or inorganic
protective coatings [1]. Diversity protective thin coatings with
specific characteristics can be deposited on the metal surface by
various methods, including thermal oxidation [2], electrochemical
deposition [3], chemical vapor deposition (CVD) [4], plasma
spraying [5], physical vapor deposition (PVD) [6], electron-beam
evaporation [7], pulsed laser deposition [8], thermal annealing [9],
atomic layer deposition [10], spray pyrolysis [11], pressing
techniques [12], sputtering [13] and a sol-gel technique [14-16].

Different non-toxic nanostructured, homogeneous, oxides
coating are investigated in the role of appropriate barrier layers,
increasing the corrosion resistance of the metals [15-28].

Considerable interest is the preparation of innovative,
competitive and long-lasting coatings with optimized complex
indicators, suitable for operation in a variety of corrosive
environments. A current trend is the application of environmentally
friendly and economically viable technologies for manifacturing
products at lower consumption of energy carriers. The sol-gel
method is an alternative ecological, low cost and low temperature
technological approach for obtaining nanoscale materials with
different functional properties, applicable [29-33] in optics,
electronics, medicine and other fields. The sol-gel technology
allows the obtaining of materials and products in different forms
(powders, layers, fibers, nanocomposites, net-like structures,
monoliths etc.) and offers a number of advantages compare to other
standard classical high temperature techniques used to make similar
products. The method provides a number of significant
technological possibilities: accessible precursors, use of basic
laboratory equipment, work in a standard environment, effective
control the reaction conditions of synthesis, relatively low
temperature of synthesis, obtaining diverse of materials with good
homogeneity, desired chemical composition, high purity, controlled
porosity and other specified target properties. The sol—gel technique
involving several consistent main stages [34-36]: hydrolysis and
polycondensation reactions, gelation, aging, period of drying,
densification and crystallization processes. Usually introduce of
appropriate catalysts increases the rate of hydrolysis. The pH value
of the prepared reaction system, which is dependent on the specifics
of the applied catalyst, essential impact of the ongoing hydrolysis
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and condensation processes and of the structure and properties of
the resulting final phases.

A number of authors report [15, 37-42] on the application of sol
gel method to produce appropriate anti-corrosion coatings for
effective protecting various materials and products in aggressive
environments. For the preparation by sol-gel method of different
type’s thin or thick coatings [43-45] with effective controlled
uniform thickness is applying of single and multi-deposition
techniques. The use of dip coating or spin coating [46, 47] modus is
an important major factor determining the the characteristics of the
resulting layers. In this technique, some technological parameters
have a significant impact: amount of the components, viscosity,
surface tension, humidity, duration of the rotation, speed of the
rotation, temperature of the surrounding atmosphere and so on [45].
Spin-coating method provides the more technological possibilities
for precise obtain of thin films with finer structure and different
properties than dip-coating method [44]. In the formation of the
structure of the prepared sol-gel coatings, the used heat treatment
regime has a significant role, the maximum temperature used being
of major importance.

The ceria and zirconia protective coatings are characterized with
prezence of excellent wear resistance, good chemical stability, low
thermal conductivity, non-toxic properties, appropriate corrosion
resistance and high thermal expansion coefficient close to that of
many metals [48], which reduce the formation of cracks during
high-temperature impacts. At the same time the high dielectric
constant and unique mechanical indicators (fracture toughness, high
hardness) of ZrO, determine it’s the essential importance in
different areas of practice [37, 38, 49-53].

Anti-corrosion and thermal protection abilities of zirconia sol-
gel based [38, 50, 51, 52, 54] coatings deposited on stainless steel,
ferritic steel 9Cr1iMo, aluminum and glass substrates was studied
[37]. Laboratory tests have been performed to investigate of
anticorrosive characteristics of zirconia coatings at immersion
chiefly in acid or salt media [55].

A particularly promising technological approach is the
preparation of multilayer coatings formed of 2 or 3 types of oxides,
deposited over the other. Currently, the development of various
multilayer anti-corrosive coatings for protection of metals is
perceived as especially perspective approach, since they provide
higher degree of protection than to monolayer coatings [56]. The
multilayer coatings combine the specific physic-chemical
characteristics of the various oxide layers, which significantly
increases the functional performance of the finished products and
expands the prospects for their application. The experimentally anti-
corrosion behavior of ZrN/ZrO, multilayers coatings on stainless
steel, deposited by ion plating have been investigated [57]. In
laboratory conditions it has been established that the bi-layer
structure is distinguished by a higher corrosion resistance, than at
sample with single layer with of the same thickness, without this
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does reduce the resistance of the coating to the surface of the test
specimen [58]. On the other hand it is observed anticorrosive
properties are enhance of the anticorrosion of ceria doped ZrO,
coatings [59].

The developed various nano-hybrid coatings demonstrated high
mechanical, physic-chemical and anticorrosion properties [41, 42],
depends of the content and activation of the introduced
nanoparticles.

Experimental modificated silane-based hybrid coatings [60, 61]
with different content of CeO, and ZrO, nanoparticles were
prepared. The introduced CeO, and ZrO, nanoparticles were
represent suitable fillers, determining the increase the anti-corrosion
properties of the hybrid coatings [62, 63].

In the volume of the layer deposited by sol-gel technology are
incorporated amorphous ZrO, or crystalline CeO, nanoparticles,
with various sizes from 5 nm up to 10 nm.

It has been found that the presence in compositions of
nanoparticles CeO, improve of corrosion protection characteristics,
whereas the content of ZrO, simultaneously enhance corrosion and
wear resistance [40]. The corrosion behavior of the obtained hybrid
nanocomposite coatings and the possibilities for their use in the role
of protective coatings for electro-galvanized steel [63], AA2024-
alloy [41] and Mg-alloys [40] have been investigated.

A number of authors report [64-66] cerium is an appropriate
inhibitor of different metals and alloys corrosion: aluminum,
aluminum alloys, steel, magnesium, magnesium alloys, tin and
others. The introduction of appropriate corrosion inhibitors in the
composition of coatings can provide effective corrosion protection
performance, as the presence of inhibitors can considerably limits
the appearance of local corrosion [67,68]. The protective CeO,
coatings suppress the cathode processes [69] by inhibiting the
corrosion reactions and are especially suitable for the passivation of
metal materials in the role of an active barrier layer [59].

Experimental cerium-based anti-corrosion coatings were
prepared by sol gel technology [70]. The effect of introduced
various concentrations of cerium ions on the characteristics of sol-
gel derived protective coatings were studied [71]. The possibilities
for preparation and characteristics of TiO,-CeO, coatings by using
the sol-gel method by dip-coating the technique were ivestigated. It
is proven that the corrosion resistance indicators is enhancement
with increment of the content CeO, in resulting nanocomposite
coatings. The evidently presence of cerium ions have a beneficial
effect on the corrosion resistance of the investigated coatings [71].
This result showed the essential importance of introduced CeO, in
the oxides coatings, intended for effective corrosion protection of
someone metal materials.

The present paper reports the experimental results from the
performed the investigations of the corrosion resistance of CeO,
coatings and bi-component CeO,/ZrO, multilayer protective
coatings, obtained by the sol-gel method (dip coating technique)
[72-80].

2. Experimental procedures

For CeO, coatings obtained by the sol-gel method,
Ce(NO3)3.6H,O (0.4M) dissolved in isopropanol was used as a
precursor solution. After immersing the pads in the solution and
holding for 10 seconds, they are withdrawn at a speed of 30
mm/min. After each application, the samples were air-dried in two
stages: first at 100°C for 1 hour, then the temperature was increased
to 300°C for 1 hour. The procedure was repeated 3 times. The
samples were divided into 2 groups - in the first group (code C1) - 2
more layers are applied in the procedure described above. In the
case of the second group of samples (code C2) - 2 applications
followed, each of the layers being processed at 500°C.

For CeO,/ZrO, multilayer coatings obtained by sol gel method,
ZrOCl,.8H,0 (p.a) dissolved in ethanol was used as a precursor
solution and nitric acid was added to prevent hydrolysis. 1.6 ml of
acetylacetone was added to the mixture as a complexing agent, the
solution was stirred for 2 hours. After immersing the pads in the
solution and holding for 10 seconds, they are withdrawn at a speed
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of 30 mm/min. After each application, the samples were air-dried in
two stages: first at 100°C for 1 hour, then the temperature was
increased to 300°C for 1 hour. The procedure was repeated 2 times.

Multilayer coatings consisting of 3 layers of CeO, and two
layers of ZrO, were deposited and characterized.

The layers of CeO, were deposited under the conditions of
obtaining samples C2. After their heat treatment, 2 layers of ZrO,,
treated at different temperatures, were successively deposited on
them.

In this study, nanosized TiO, coatings donated with samarium
were obtained by the sol-gel method to increase the corrosion
resistance of 316L steel. Two organic titanium precursors were used
to prepare the solution for TiO, deposition donated with samarium:
Titanium  Isopropoxide (TTIP) and Titanium Butoxide.
Acetylacetone (AcAc) was used as a stabilizing agent.

Titanium isopropoxide (TTIP); titanium butoxide and AcAc
were dissolved in 2-propanol. The resulting solution is clear and
orange, which is typical for the formation of a chelated complex.
After stirring vigorously at room temperature, a mixed solution of
distilled water and i-propanol (iPrOH) was added drop wise to the
above solution with stirring. The molar ratio of the components is
TTIP: iPrOH: H,0: AcAc = 1:30:1:1. The solution of the Titanium
butoxide was prepared by the same method.

In this study, nanosized TiO, coatings donated with samarium
were obtained by the sol-gel method to increase the corrosion
resistance of 316L steel. Two organic titanium precursors were used
to prepare the solution for TiO, deposition donated with samarium:
Titanium  Isopropoxide (TTIP) and Titanium Butoxide.
Acetylacetone (AcAc) was used as a stabilizing agent [95].

Titanium isopropoxide (TTIP); titanium butoxide and AcAc
were dissolved in 2-propanol. The resulting solution is clear and
orange, which is typical for the formation of a chelated complex.
After stirring vigorously at room temperature, a mixed solution of
distilled water and i-propanol (iPrOH) was added drop wise to the
above solution with stirring. The molar ratio of the components is
TTIP: iPrOH: H,0O: AcAc = 1:30:1:1. The solution of the Titanium
butoxide was prepared by the same method.

3. Results and Discussion

X-ray phase analysis data showed that a nanocrystal line phase
of cubic CeO, was formed after isothermal heating (according to
powder diffraction file PDF 43-1002) (Fig. 1). The size of the
crystallites for both types /C1 and C2/ of samples is 7 nm.
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Fig. 1. X-ray diffractogram of sol gel coatings of CeO..

Figure 2 shows the SEM images of the surface of the samples
before and after the corrosion test. Sample C1 has a relatively
smooth surface with the presence of microcracks, while the
morphology of sample C2 is smoother and with much fewer
microcracks. After conducting the corrosion test, the surface retains
its characteristics, pits, holes and other characteristic signs of
corrosion are not observed.
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Fig. 2. Morphology of freshly prepared CeO, sol gel coatings — C1 (a,b) and
C2 (c,d) and C2 after corrosion test (e,f).
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Fig. 3. Topography of freshly prepared CeO; sol gel coatings - sample C2 in
2D and 3D image.
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Fig. 4. Topography of CeO, sol gel coatings - sample C2 after corrosion test
in 2D and 3D image.

Figure 3 shows the topography of the CeO, coating after the
heat treatment. It can be seen that the coating is dense, without
visible pores and with good adhesion, and the surface is composed
of numerous nano-sized crystals. The roughness was calculated
using an AFM software program - Rq is 15 nm (Ra=10 nm). Figure
4 shows the topography of a coating after a corrosion test. The
surface roughness of the sample is also very close: Rq is 14 nm
(Ra=10 nm), which is another evidence (besides the morphology
shown in the SEM photographs) that the sample exhibits good
barrier properties under the influence of NaCl environment.

Presents the analysis of the chemical composition of the
coatings before and after the corrosion test; it can be seen that the
composition does not change significantly - Table 1.
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Table 1. EDX analysis of CeO, /C2/ coatings obtained by the sol-gel
method.

At% | Freshly received sample | After corrosion attack
0 36,39 34,24

Cr 11,89 12,42

Mn 0,7 0,77

Fe 39,57 40,81

Ni 4,03 432

Zr - -

Ce 7,42 7,45

The conditions of the final thermal treatment of multilayer
coatings of CeO,/ZrO, obtained by the sol-gel method for each of
the coatings are presented in Table 2.

Table 2. The thermal treatment of multilayer coatings of CeO,/ZrO,.

Code | Firstlayer | 2nd layer | 3rd layer | 4thlayer | 5th layer

pattern T (DC) T (oC) T (oc) T (oc) T (OC);
C3 | Ce0,/300 | CeO,/300 | Ce0,/300 | ZrO,/500 | ZrO,/500
C4 | Ce0,/500 | CeO,/500 | Ce0,/500 | ZrO,/500 | ZrO,/500
C5 | Ce0,/300 | CeO,/300 | Ce0,/300 | ZrO,/600 | ZrO,/600
C6 | Ce0,/500 | CeO,/500 | Ce0,/500 | ZrO,/600 | Zr0,/600
C7 | Ce0,/300 | CeO,/300 | Ce0,/300 | ZrO,/700 | ZrO,/700
C8 | Ce0,/500 | CeO,/500 | Ce0,/500 | ZrO,/700 | ZrO,/700

X-ray phase analysis data (Fig. 5) showed that after isothermal
heating, a nanocrystalline phase of cubic CeO, was formed,
according to powder diffraction file PDF 43-1002, and cubic ZrO,
according to powder diffraction file PDF 49-1642. From the
presented radiographs, enhanced crystallization of cubic ZrO, is
observed with an increase in the annealing temperature of CeO, -
500°C and ZrO, -over 600°C. The crystallinity of the CeO, phase
does not change significantly.
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Fig. 5. X-ray diffractogram of sol gel coatings of CeO,/ZrO,.

Figure 6 shows the SEM images of the surface of the multi-
grain samples after heat treatment. C3 and C4 coatings have a
relatively smooth surface with the presence of microcracks (in C4
slightly more cracks due to the increased temperature of CeO,
processing). The morphology of C5 and C6 coatings is similar. As
the heat treatment temperature of the zirconia layers increased
above 600°C, the morphology was seen to change and visible deep
cracks formed for the ZrO, samples heat treated at 700°C. The
sample consisting of cerium dioxide treated at 500°C and a top layer
of ZrO, heat treated at 700°C (C8) even has areas where the coating
has begun to separate from the substrate.
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Fig. 6. Morphology of sol gel coatings from CeO,/ZrO, — C3 (a,b); C5 (c,d);
C6 (e,f) and C7 (g, h) fresh coatings.

Figure 7 shows the SEM photographs of multilayer coatings C3,
C5 and C6 after 200 hours of residence in a corrosion environment
of sodium chloride. From them, it can be seen that the coatings
retain their characteristic surface morphology, pitting and other
damaged areas as a result of corrosion not being observed.
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Fig. 7. Morphology of sol gel coatings of CeO./ZrO, — C3 (a, b) C5 (c, d)
and C6 (e, f) after corrosion test.
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Figure 8 shows the topography of a fresh C3 coating after heat
treatment. It can be seen that the coating is dense with good
adhesion, the surface is composed of many nano-sized crystals. The
roughness calculated by AFM software program Rq is 9.5 nm
(Ra=7.2 nm). After conducting a corrosion test, the sample shows a
morphology with a roughness Rq is 10 nm (Ra = 7.7 nm) (fig. 9).
Figure 10 shows the topography of coating C6, which is similar to
sample C3. The surface roughness of the sample is also close: Rq is
5.4 nm (Ra=3.7 nm). After conducting the corrosion test, the
roughness remains at the same values: Rq is 5 nm (Ra=3.5 nm).
(fig. 11) which proves the good resistance of the coating under the
influence of the corrosive environment.

Table 3 presents the data on the crystallite sizes of the two
phases calculated according to Scherer's formula.

Table 3. Crystallite sizes data of the two phases (ZrO, and CeO,).

Sample Size of crystallites Size of crystallites (nm)
(nm) - phase ZrO, - phase CeO,
C3 16 6
C4 12 7
C5 14 6
C6 13 7
C7 15 10
C8 11 10
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Fig. 8. Topography of ZrO,/CeO; sol gel coatings freshly obtained - sample
C3in 2D and 3D image.
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Fig. 9. Topography of sol gel coatings CeO,/ZrO, - sample C3 after
corrosion test in 2D and 3D image.
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Fig. 10. Topography of sol gel coatings CeO,/ZrO, — sample C6 freshly
obtained in 2D and 3D image.
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Fig. 11. Topography of sol gel coatings CeO./ZrO, - specimen C6 after
corrosion test in 2D and 3D image.

The results of the corrosion test showed that the heat treatment
of the CeO,/ZrO, multilayer coatings definitely affects their
corrosion resistance as evaluated by the weight loss.

At a lower heating temperature of the ZrO, layer (up to 500°C),
the resistance is higher. Above this processing temperature, it
decreases, which is probably due to the more pronounced
crystallization of cubic zirconia. Enhanced crystallization leads to
deeper and more pronounced boundaries between individual grains.
This type of morphology accelerates corrosion that occurs between
grains (intergranular corrosion). It is important to note that the best
corrosion resistance is shown by the multilayer coating of CeO,
heated at 300°C and ZrO, coating heated at 500°C. The sublayer of
CeO,, which crystallizes in a cubic phase, influences the layer of
ZrO, deposited on it - it is also cubic. However, the cubic phase is
not characteristic of this oxide at the applied heating temperatures
(up to and including 700°C, when the monoclinic phase is stable). It
is known that the cubic phase has much fewer defects and is
characterized by better mechanical properties than the monoclinic
phase - it can be assumed that the corrosion resistance of cubic ZrO,
is better than that of monoclinic ZrO..

4. Conclusions

They have been researched - one-component coatings of CeO,,
multilayer coatings of CeO,/ZrO, and TiO,/Sm,0; by sol-gel
method.

It has been proven that the surface structure strongly depends on
the treatment temperature of the CeO, sublayer as well as the ZrO,
coating. At lower temperatures, they are dense, with good adhesion
and relatively smooth.

At a processing temperature of 500 and above 500°C of ZrO,
coatings, the resistance in a corrosive environment decreases, which
is probably due to the more pronounced crystallization of cubic
zirconia, which leads to deeper boundaries between individual
grains.

The protective ability of a sample with a multilayer coating of
Ce0,/Zr0O, is significantly better than that of a sample with only
CeO, coating.
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