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Structural and electrochemical characterization of
Zn-TiO, nanocomposite coatings electrodeposited on steel
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The structural, morphological, electrochemical and the corrosion behavior of Zn-TiO, nanocomposite coatings obtained by
electrolytic co-deposition on steel substrate is presented. The influence of TiO, nanopaticles concentration on the increase
of corrosion resistance of composite coatings is discussed. An improved corrosion resistance was obtained for a composite

obtained for a concentration of 5g/l TiO2 nanopaticles in the plating bath.
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1. Introduction

The coating onto steel has long been established as an
effective and reliable method for corrosion protection [1].
Zinc coated steel sheets are widely used as corrosion
resistant materials, but the life span of such coatings is
limited due to the aggressive nature of some environments,
particularly those containing industrial pollutants.
Consequently, considerable efforts are being made to
improve their corrosion resistance [2].

Zinc composites containing occluded TiO, particles
offer an interesting solution to this problem, due to their
improved corrosion and wear resistance, increased
hardness and better tribological properties as compared to
pure zinc coatings [3].

One of the most attractive methods to obtain
composite coatings with zinc matrices is electrolytic
codeposition. The method combines the advantages of
metal electroplating (such as low cost and versatility) with
those of composite materials, resulting in advanced
materials with tailor-made properties [4].

The electrolytic codeposition of zinc with TiO,
particles by using micron or submicron size particles
suspended in a classical zinc electroplating bath has been
already reported [2, 5-7]. A lot of parameters, such as
current profile, bath composition, pH, particle
concentration, temperature, stirring rate, presence of
additives, strongly influence the properties of the resulting
composite coatings [8]. Due to the complexity of the
process, there are still many unknown aspects to be
considered.

The aim of this work is to investigate the influence of
the nature and concentration of TiO, nanoparticles on the
properties of Zn-TiO, composite films plated on steel
substrate, by using non-electrochemical (X ray diffraction,
atomic force microscopy) and electrochemical (open
circuit potential and polarization curves) methods.

2. Experimental
2.1 Materials

Two types of TiO, nanoparticles, (Alfa Aesar, AA,
99,9%, 32 nm, Anatase) and Degussa, D, 99,5%, 21 nm)
were suspended in an aqueous electrolyte containing 75 g/l
ZnCl,, 230 g/1 KCl, 20 g/l H;BO; and brightening agents.
The concentration of TiO, nanoparticles in the plating bath
was 3 g/l, 5g/l and 10 g/, respectively.

For corrosion tests a solution of 0.2 g/l (NH4),SO,
(Riedel —de Haén, Germany) (pH 3) was used. All other
reagents were analytical graded and were used as received.

2.2 Electrodes preparation

The electrodeposition of the Zn-TiO, nanocomposite
films was carried out in a two compartments glass cell,
using a disk electrode of OL 37 steel (S = 0.5024 cm?) as
working electrode, a Ag/AgCl/KCly,, as reference
electrode and a Pt foil as a counter electrode. Before
electrodeposition, the working electrode was wet polished
on emery paper of different granulations and finally it was
polished on felt with a suspension of alumina. The
coatings were obtained at a constant current density
(i=10mA/cm?) by using a potentiostat/galvanostat
(Voltalab PGP201, Radiometer analytical), during 30
minutes, at room temperature (25 +/- 2°C). The TiO,
nanoparticles were maintained in suspension by using a
magnetic stirrer (stirring rate 200 rpm).

2.3 Morphological and structural analysis

The microstructures and the distribution of chemical
phases on the surface of the as-electrodeposited Zn-TiO,
nanocomposite films were analyzed by atomic force
microscope (AFM). The chemical composition of the Zn-
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TiO, nanocomposite films was determined using an
EDAX NEW XL30 X-ray dispersive energy analyzer
attached to the scanning electron microscopy (SEM), using
a Philips XL-30 microscope. The deposit structure and the
preferred orientation of crystallites were determined by X-
ray diffraction (XRD) analysis, using a Brucker X-ray
diffractometer with a Cu K, (A = 0.15406 nm ) at 45 kV
and 40 mA. The 20 range of 20-100° was recorded at the
rate of 0.02°%and 20 /0.5 s. The crystal phases were
identified comparing the 20 values and intensities of
reflections on X-ray diffractograms with JCP data base
using a Diffrac AT-Brucker program.

2.4 Electrochemical measurements

The corrosion measurements (open circuit potential
and polarization curves) were performed with a
potentiostat Autolab-PGSTAT 10, (Eco Chemie BV,
Utrecht, Netherlands). Open-circuit potential (ocp)
measurements were carried out as a function of time,
during 1 hour. Anodic and cathodic polarization curves
were recorded in a potential range of E = Eo, £ 200 mV
for kinetic parameters determination and in a potential
range of E = E.,; £ 20 mV for polarization resistance
determination, with a scan rate of 0.25 mV s\,

3. Results and discussion
3.1 Structural and morphological analysis

The X-ray diffractograms of Zn-TiO, nanocomposite
for different TiO, (Degussa) nanoparticles content in the
plating bath are shown in Fig. 1. The diffraction peaks of
zinc phase, and the substrate (iron) are present in all
investigated nanocomposite.

By increasing TiO, concentration from 0g/l to 5g/l,
the intensity of (101) peak of Zn decreases and the
reflection (100) increases. The intensity for (101) peak
increases in sample 1la (10g/l) and it becomes
comparable with the intensity of (110) peak. The observed
textural modifications of composite coatings are associated
with specific structural modifications of Zn crystallites
determined by adsorption - desorption phenomena
occurring on the metal surface [9], induced by the
presence of TiO, nanoparticles

The mean crystallite dimensions D were obtained
from the (110) linewidth of XRD line [10-12]. The profile
of (001) peak shows a Lorentz type behavior-Fig.2 The
calculated value for D by using Scherrer equation [10],
shows that an increase in TiO, concentration from zero to
10 g/1, leads to a decrease in grain size from 28.7 nm to 24
nm . For sample 10a (TiO, concentration 5g/1), the mean
crystallite size is D=24.2 nm.

Localized EDAX analysis carried out on the coating
cross-sections indicated that there is no significant
difference in the chemical composition of studied samples
(Table 1).

Table 1. Chemical composition of the samples.

Element (0] Cl K Ti Fe Zn

Weight% | 3.78 | 0.35 | 0.08 | 0.00 | 2.76 | 93.02

Atomic% | 13.75 | 0.57 | 0.13 | 0.00 | 2.88 | 82.68

The results in Table 1 show that along the cross
section, there is no presence of Ti atoms. In order to
emphasize if Ti or TiO, nanoparticles are distributed over
the surfaces, Phase Imaging-AFM was recorded.
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Fig. 1. XRD of Zn-TiO, nanocomposite for 0 g/l (sample

1X), 5g/l (sample 10a) and 10g/l (sample 1la)
concentration of TiO, nanoparticles in the plating bath.
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Fig. 2. The profile of (110) peak of Zn film 10a .The
smooth curve shows the Lorentz fit of data.

By mapping the phase of the cantilever oscillation
during the Tapping Mode scan, phase imaging goes
beyond simple topographical mapping by detecting
variations in composition, and perhaps other properties.

According to figure 3 there is a difference in phase
distribution on the coating surfaces. The TiO,
nanoparticles are evidenced by the small dark dots,
uniform distributed on the surface of sample 10a, and the
dark elongated islands on the surface of sample 11a.
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The elongated islands suggest the clustering of TiO,
nanoparticles. Supplementary, on the surface of 1la
sample, the lighter islands suggest an additional phase. It
is obvious that sample 10a has a better surface
homogeneity than sample 11a.
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Fig. 3. AFM phase imaging for samples 10a (5g/l TiO, )
and 11a (10g/l TiO,).

3.2 Open circuit potential(ocp) measurements

The open-circuit potentials values for Zn and Zn-TiO,
coatings, recorded after 1 h of immersion in 0.2 g/l
(NH,4),SO4 solution (pH 3) are presented in Table 2.

Except for the case of the Zn-10 g/l TiO, (AA)
coating, the ocp values of the composite layers are more
positive than the one corresponding to the pure Zn deposit,
which

Table 2. Open circuit potential values for the corrosion
of Zn and Zn-TiO, coatings.

TiO, Open circuit potentials
(g/) (V vs. Ag/AgCl)
Degussa Alfa Aesar
0 -1.019 -1.019
3 -1.015 -1.009
5 -1.011 -0.992
10 -1.005 -1.030

could be associated to an inhibition of the anodic reaction
and consequently to a higher corrosion resistance.The
more negative value of the ocp in the case of Zn-10 g/l
TiO, (AA) deposit, suggests an acceleration of the
corrosion process in the presence of 10 g/l TiO, (AA).
This behavior is related to the defects and dislocations or
to chemical heterogeneities generated in the metallic
matrix by the embedded particles (see Fig. 3 ).

3.3 Polarization curves

The cathodic and anodic polarization curves of Zn and
Zn-TiO, coatings recorded after lh of immersion in
(NH,4),SO, solution (pH 3) are presented in figure 4. From
the polarization curves, the corrosion parameters were
evaluated by using the relation:

[ = icorr {€XP[ba (E-Ecorr)] — €xplbe (E-Ecor)]} (D

where b, and b, are the anodic and cathodic activation
coefficients, respectively.

The results obtained in the absence and in the
presence of the two different types (DD and AA) of TiO,
nanoparticles in the deposit are presented in Table 4.
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Fig. 4. Polarization curves for Zn, Zn-TiO, Degussa (D)
and Zn-TiO, Alfa Aesar (AA) coatings in 0.2 g/L
(NH,),SO, (pH =3); scan rate 0.25 mV s”".
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Table 4. The corrosion parameters calculated from the polarisation curves.

TiO, TiO, conc. Ecor eor b, - b, R,
in the bath V) (nA/cm?) v vh (Qcemd)
(€4))
- 0 -1.027 110 11.44 4.14 583.5
Alfa Aesar 3 -1.016 70 16.38 9.26 557.2
5 -0.999 60 11.19 8.01 866.6
10 -1.051 140 14.95 6.84 327.9
Degussa 3 -1.019 50 18.76 9.98 695.9
5 -1.016 40 24.41 7.37 785.2
10 -1.018 90 10.95 476 707.3

The polarization resistivities R, were determined from
the slope of polarization curves (AE/Ai) recorded in a
potential range of E = E .+ 20 mV.

Polarization resistivity R, = R'p may be obtained from
the Stern-Geary equation :

R =230%, | L+ L @)
’ B B

a c

In equation (2), the polarization resistance relates to
the corrosion behavior of the metal which freely and
uniformly corrodes in a homogenous medium. The
physical (defects and dislocations) and chemical
heterogeneity (the presence of Zn oxides, TiO, particles or
impurities) of Zn coatings disturbs the electrochemical
electrode reactions (which may proceed faster in some
places, while being inhibited in other places). Therefore,
the resistance calculated from equation (2) is denoted by
symbol R’p since it is an approximate value, in comparison
with R, determined close to Ecoy = 20 mV, [13].

As can be seen from Table 4, the values of the
corrosion parameters in the presence of TiO, change in
comparison with pure Zn coating, which indicates that the
TiO, particles influence the kinetics of both the anodic and
cathodic processes. The difference between the values of
the kinetic parameters corresponding to the two types of
coatings could be explained by the different fraction, grain
size and crystalline structure of the embedded TiO,
particles.

Except for the case of Zn-10 g/l TiO, (AA) coating,
the corrosion current density decreases in all cases in the
presence of embedded TiO, as compared with the value
corresponding to the pure Zn coating. This suggest that the
incorporation of TiO, particles in the metallic deposit has
a beneficial effect on its corrosion resistance. The highest
corrosion resistance was observed in the case of the
composite coatings obtained from electrolytes containing 5
g/l TiO,. Thus, the corrosion resistance is determined by
two opposite effects. On one side, the embedded inert
oxide particles diminish the active surface in contact with
the corrosive environment [15], and on the other side they
disturb the crystallization process, by generating
dislocations and defects in the metallic matrix which act as

chemical heterogeneities and favor the corrosion process
[16].

The non-uniform distribution of TiO, nanoparticles in
the coating obtained for 10g/l nanoparticles (fig.3), arises
because particles easily agglomerate in aqueous plating
electrolytes, [17]. As a consequence, the codeposition of
agglomerated particles takes place and the anticipated
mechanical, chemical and/or physical properties of the
composite coatings are not achieved. Recently, the
improved protection provided by the coatings containing
TiO, nanoparticles on aluminium alloy was obtained
[18,19]. This result is attributed to the TiO, particle-rich
thin film layer formed on the outer part of the coating.

4. Conclusions

The XRD shows only diffraction pattern characteristic
from Zn film as well as the substrate (steel).

The increase of TiO, concentration in electrolyte
solution up to 5g/l, leads to the textural modifications,
evidenced by change in the peaks intensities (100) and
(101), and to the decrease of mean grain size. The coating
obtained with 5g/l TiO, shows the better chemical
homogeneity of surface (AFM phase imaging) and the best
anticorrosion properties.

TiO, Degussa confers better corrosion protection to
the zinc coatings than TiO, Alfa Aesar nanoparticles.

By increasing the nanoparticles concentration above
the optimal concentration (5 g/l TiO,), the corrosion
protection decreases because of the non-uniform
distribution and the clustering of TiO, nanoparticles.
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