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Abstract. One pot synthesis of Al,O3;-TiO, nanoceramic coatings from environment-friendly potassium
titanium oxalate (PTO) electrolyte using facile electrochemical anodization has been reported for the first
time. Systematic analysis of the anodization parameters such as applied current density and concentration
of the PTO electrolyte influence on the morphology of the ceramic coatings was done. The textural properties
of the coatings (thickness, growth rate, coating ratio) showed a linear regime with current density and electro-
lyte concentration decreases up to a certain level and then decreases. The growth process, distribution of
chemical elements, phase constitutions and corrosion resistance of the coatings were investigated by scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Tafel
polarization technique and electrochemical impedance spectroscopy (EIS). The relation between the corrosion
resistivity of the anodic coating and the aforementioned anodization parameters is investigated. The mecha-
nisms that are involved in the formation of the ceramic coatings are also discussed. The coatings formed from
30 g/L concentration of PTO and 0-02 A/lcm? current density show good morphology, textural properties and

optimum corrosion resistance.
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1. Introduction

Aluminium and its alloys are important materials of
research. This is because aluminium is abundant in
nature, cost-effective, easy to handle and it is an impor-
tant metal due to its high technological value, electrical
capacity and wide range of industrial applications (Diggle
et al 1969; Hoyer et al 1995; Hoyer et al 1996; Martin
1996; Despic et al 1998) especially in aerospace and
household articles. When Al metal is exposed to the at-
mosphere, it undergoes a process of corrosion that leads
to the build up of a thin layer on its surface of the oxides
and hydroxides coming from the reaction of the metal
itself with the aqueous vapour present in the air. These
reaction products protect the surface from further altera-
tions in some circumstances. Yet, the behaviour of the
protective layers can be modified in order to meet some
specific requirements or simply to lower the surface reac-
tivity. Still, a low-cost fabrication of high-quality nano-
structured coatings with controllable properties is a
significant and ongoing challenge within nanoscience and
nanotechnology. For minimizing the corrosion of Al
metal, single oxide alumina nanocoatings have been
reported previously (Deng et al 2003; Ren et al 2004;
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Patermarakis and Kytopoulos 2009; Zhao et al 2009).
Despite wide applications, alumina nanocoatings have
their own deficiencies and confines such as lower wear
resistance, abrasion resistance and hardness. This trig-
gered the need to find an alternative material to overcome
these limitations. As a consequence, binary mixed oxides
such as nanoceramics have been developed.

AL,O;-TiO, is one of the binary mixed oxides that
offer an attractive combination of corrosion resistance,
mechanical strength, interfacial adhesion and thermal
property (Xue et al 2002; Wang et al 2004; Curran and
Clyne 2005). Al,05-TiO, material has been synthesized
using ball milling (Takahashi et al 2002), spray drying
(Liu et al 2005), sol-gel (Yuan et al 2004), hot pressing
(Garcia-Benjume et al 2009), plasma spraying (Wang
et al 2009), wet chemical synthesis (Wunderlich et al 2004)
and high-temperature oxidation (Ibrahim et al 1999). The
transfer of this advantage to coatings becomes question-
able due to the insufficient adhesion of the coatings to the
base material. Most of the synthetic methods require a
multistep process, high temperature and also the materials
preparation is comparatively complex. So, one such tech-
nique with simple handling, high composite effectiveness
and bright prospects for industrial application to produce
ceramic coatings becomes a key technical issue. Among
various synthesis methods, electrochemical anodization
has demonstrated a facile and excellent approach to
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increase the life span of aluminium by fabricating
ceramic coating on Al foil. Even though each synthetic
method has its own unique advantages, anodization has
become increasingly popular owing to the process flexi-
bility and environment friendliness. It is superior to other
techniques due to the following advantages such as low
production cost, single-step process, simplicity of materi-
als preparation and handling, as well as more control over
the synthesis process. Anodization can increase the film
thickness, hardness, corrosion resistance and wear resis-
tance and provide better adhesion of the coatings to the
bare metal.

The goal of this research was to construct alumina-
titania coatings on Al foil by applying anodization tech-
nique using low-current density at room temperature, so
that the production cost of such potentially important
materials can be minimized. The consequences of differ-
ent anodization parameters such as current density and
concentration of the electrolyte on electrochemical corro-
sion behaviour, surface morphology, composition and
mechanism of film growth of the alumina-titania
nanoceramic coatings fabricated using PTO have been
studied in order to maximize the achievement of these
structures.

2. Experimental

A typical two-electrode electrochemical cell was used
with the working electrode of Al foil having the working
area of about 1 cm® and a counter electrode of lead sheet.
Prior to anodization, the surface of the annealed samples
of Al was degreased, alkali cleaned and desmutted for
1 min and weighed (W;) (Wernick et al 1987; Raj and
Mubarak Ali 2009). The anodization was carried out in
various amounts of PTO (10-50 g/L) under various
current densities (0-01-0-04 A/cm?) for 45 min at room
temperature. To maintain a uniform temperature and
chemical distribution, the bath was stirred during anodi-
zation. After anodization, the specimens were weighed
(W,) and the anodic coating was stripped by a mixture of
0-4 M H;3PO,4 and 0-2 M CrO; for 15 min at 60 °C and
weighed (W) to find out the exact amount of Al dis-
solved and coatings formed. The amorphous, as-anodized
samples were crystallized by oxygen annealing at 500 °C
for 5h. The actual weight of the oxide coating was
obtained from W, — Ws. The coating ratio (Wernick et al
1987; Mubarak Ali and Raj 2010) was obtained by the
following formula

Coating ratio = weight of the coating (W, — W3)/
weight of Al dissolved (W; — W;).

The surface morphology, crystallographic characteristics
and elemental composition of the nanoceramic coatings
were observed by SEM, XRD and EDX, respectively.
The ability of the ceramic coatings to shield the
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aluminium from corrosion in seawater was studied by
potentiodynamic polarization and electrochemical imped-
ance spectroscopy in 3-5 wt% NaCl at 303 K using elec-
trochemical workstation (CHI instruments, 760 model). A
conventional three electrode assembly having anodic-
coated aluminium as working electrode, Ag/AgCl/
saturated KCl as reference electrode and a platinum wire
as counterelectrode was used.

3. Results and discussion
3.1 Surface morphology

3.1a Influence of concentration: To study the effect of
electrolyte concentration on properties and morphology
of the anodic coatings, samples were first prepared by
varying the electrolyte concentration from 10 to 40 g/L
with the applied current density of 0-02 A/cm®. The anodic
coating thickness obtained at various concentrations of
the electrolyte is measured and the result is shown in
figure 1(a, b). The coating properties show a linear rela-
tionship with the PTO concentration up to 30 g/L and
later it decreases.

Figure 2 shows the surface topology of the coatings
formed at various concentrations of PTO. The coating
formed at a lower concentration (10 g/L) has an irregular
growth of grains that are arranged at random locations as
shown in figure 2(a). The coating was formed only on
localized areas on the surface and most of the alloy
surface is still exposed. The thickness of the coating
obtained at this concentration is very low. Figure 2(b)
shows that the coating formed from 20 g/L concentration
of PTO has a porous structure with diameter of about
70 nm and some pores are interconnected. Usually, pore
growth occurs due to the inward movement of the oxide
layer at the pore bottom (barrier layer). The coating thick-
ness increases at this concentration and some large pits
are seen randomly on the surface of the coating. When
the concentration was increased to 30 g/L, the coating
had the same nanoarchitectures similar to those obtained
in the earlier case but with a network-like porous struc-
ture with better pore ordering. While increasing the PTO
concentration from 20 to 30 g/L, the pore density
decreases and the pore diameter decreases from 70 to
50 nm and the interpore distance increases. Some square-
shaped particles of different sizes are seen above the
porous layer. The ceramic coating formed at this concen-
tration shows maximum thickness (45-06 um), growth
rate (1 gm/min) and coating ratio (1-92). At high concen-
tration of PTO (40 g/L) some micro cracks appear on the
coating, as shown in figure 2(d). This might be the result
of internal stress arising in the coating near asperities on
the Al surface due to volume expansion. So the coating
thickness decreases at this concentration. The best
morphology of ceramic coating was obtained from
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Figure 1. Effect of (i) concentration (@, b) and (ii) current density (c, d) on thickness, growth rate and

coating ratio of the ceramic coating.

this series of experiments in an electrolyte solution con-
taining 30 g/L PTO.

3.1b Influence of current density: The second para-
meter of interest investigated was current density. In or-
der to find the ultimate condition for synthesis of ceramic
coating, the effect of applied current density was studied
while keeping the concentration of PTO constant. In this
series of experiments, the anodization was carried out
using 30 g/L concentration of PTO for 45 min and the
applied current density was varied between 0-01 and
0-04 A/cm?. Figure 1(c, d) shows that the coating proper-
ties go linearly with the current density up to 0-02 A/cm’
and, after that, it decreases.

Figure 2(c—e) shows the surface morphology of the
coatings obtained at various current densities. At lower
current density (0-01 A/cm?), small pits are formed on the
surface. This is due to the localized dissolution of the
previously formed oxide layer (figure 2e). The coating
obtained at this condition is also very thin. At this stage,
the oxidation and the field-assisted dissolution is slow,
resulting in a slow inward movement of the metal oxide
boundary. On increasing the current density to
0-02 A/cm?, regularly arranged pores are formed on the
surface (figure 2c). This was discussed elaborately in the
earlier §3.2a. When the current density increases, initially
formed small pits are converted into pores and the
exposure of the aluminium to the electric field increases.
So, the coating formed at this current density has less

impurities, fewer defects, high micro hardness and more
resistance to chemical dissolution, leading to the much
better organization and uniformity of pores. At high
current density (0-03 A/cm?), the electric field and ionic
current concentrated in the pores result in greater dissolu-
tion. The porous morphology, therefore, gets distorted as
shown in figure 2(f). Here, the electric field dissolution
of the oxide layer predominates the electrochemical
formation. Based on the these SEM results, it can be con-
cluded that the optimum conditions for getting ceramic
coating with best morphology are 30 g/L concentration of
PTO and 0-02 A/cm? current density.

3.2 Energy dispersive X-ray spectroscopy

Figure 3(a) represents the EDX spectrum of the ceramic
coating obtained at optimized conditions. The spectra
show some well-defined peaks for Al, O and Ti at 1-486,
0-525 and 4-508 KeV, respectively. Their presence proves
that the coatings are mainly composed of alumina and
titania. This is also evident from X-ray diffraction
studies.

3.3 X-ray diffraction study

The XRD pattern (figure 3b) of the ceramic coatings
annealed at 550 °C shows sharp and strong peaks at 44°
corresponds to y-alumina with the crystal lattice cubic/
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Scanning electron micrographs of the nanoceramic coatings: (i) various concentrations (a) 10,

(b) 20, (c) 30, (d) 40 g/L and obtained at constant density of 0-02 A/cm? and (ii) current densities (e) 0-01,
0-02 (shown in (c)) and (f) 0-03 A/cm? obtained at constant concentration of 30 g/L.

primitive (JCPDS card: 04-0880) and the peaks at 65°,
78° correspond to titania-rutile with the crystal lattice
tetragonal/primitive and rhombohedral/rhombocentered,
respectively. The sharp peaks indicate the nanocrystalline
nature of the coatings. The peaks show that the change in
the concentration and the current density does not change
the phase of the coating. The temperature 550 °C is sig-
nificantly lower than that for the complete transformation
of anatase-to-rutile in the case of pure TiO,. The presence
of Al,O; lowers the temperature needed for the phase
transformation of anatase-to-rutile TiO, (Gouma and
Mills 2001). Further, the incorporation of TiO, into Al,O4

can accelerate the phase transformation of a-alumina to
y-alumina (Borkar and Dharwadkar 2004).

The average crystalline size of the anodic coating,
obtained from various concentrations of PTO electrolyte,
ranges from 104-75 to 161-47 nm and 124-06 to 154-60 nm
for various current densities.

3.4 Evaluation of corrosion resistance of ceramic
coatings

The degree of corrosion protection offered by the ceramic
coating fabricated on aluminium surface by anodization
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Figure 3. (@) Energy dispersive X-ray spectra and (b) X-ray
diffraction pattern of ceramic coating obtained at optimized
conditions.

has been investigated, using tafel polarization technique
and electrochemical impedance spectroscopy.

3.4a Tafel polarization study: Figure 4(a, b) shows the
anodic polarization behaviour of the ceramic coatings
formed at various current densities and concentrations of
PTO electrolyte, along with bare aluminium in 3% NaCl.
The parameters obtained by fitting the potentiodynamic
curves are displayed in tables 1 and 2. This technique
allows quick determination and characterization of the
specimen to check its passivity in the test solution. Both the
current density and electrolyte concentration have an obvi-
ous influence on the corrosion resistance of anodic coating.

The results presented in figure 4(a, b) reveal that these
anodized aluminium electrodes have fairly low corrosion
rates and that they have better resistance to seawater cor-
rosion compared to bare aluminium. The corrosion resis-
tance of anodized aluminium electrode was 100 times
higher than that of the bare aluminium. The ceramic coat-
ings formed on the aluminium specimen at lower concen-
tration of PTO and current density exhibited high
corrosion current, least polarization resistance and corro-
sion potential.

The corrosion potential of the coatings formed on the
aluminium shifted towards positive direction and vice
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Figure 4. Comparative Tafel plots for ceramic coatings
obtained at various (a) current densities and (b) concentrations
along with bare aluminium.

versa for corrosion current when the concentration of PTO
and current density increases up to 30 g/L and 0-02 A/cm’
and above those conditions reverse trend takes place. The
rationale underlying is that the coating thickness in-
creases linearly with the PTO electrolyte concentration
and the current density up to 30 g/L and 0-02 A/cm®. So
the anodized aluminium electrode is more passive against
corrosion and the breakdown of this passive layer takes
place at more positive potential (0-866 V). The presence
of the corrosion resistance phase, titania along with
alumina, is advantageous in improving the corrosion
resistance of aluminium under CI” environment. When
the current density and concentration were increased
above the optimized conditions, the thickness as well as
the stability of the coating decreased and some cracks
also appeared in the coating. This would produce a more
active centre that facilitates oxygen diffusion to the alloy
surface, thereby creating a higher concentration of corro-
sion cells (Melchers 2001). This activates various chemi-
cal reactions, leading to pit initiation and propagation
(Szklarska-Smialowska 1986). Therefore, the corrosion
potential is shifted in the negative direction and the cor-
rosion current increases. Due to the greater thickness of
the coating formed at 30 g/L of PTO at 0-02 A/cm?, it has
more noble potential (0-866 V) and lowest corrosion current
(6-285 x 10 uA), corrosion rate (8-0951 x 10°'2 mpy)
and higher polarization resistance (722532-8 Q) compared
to the coating formed at other anodization conditions.
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Table 1. Corrosion parameters obtained from Tafel polarization for ceramic coatings formed in
various current densities at 30 g/L concentration of PTO for 45 min at room temperature.
Current densities Corrosion Corrosion Corrosion rate Polarization
(Alem?) potential (V) current (uA) (mpy) resistance (Q)
Bare —0-863 8410 x 107 10-8321 x 107 8830
0-01 0-213 7631 x 107 9.8287 x 1077 515047-4
0-02 0-866 6-285 x 107 8-0951 x 107" 722532-8
0-03 0-521 7631 x10°° 9.8287 x 107" 602058-8
0-04 0-429 7969 x 10°* 10-2641 x 107! 584073-4
Table 2. Corrosion parameters obtained from Tafel polarization for ceramic coatings formed in various
concentrations of PTO at current density of 0-02 A/cm? for 45 min at room temperature.
Various concentrations Corrosion Corrosion Corrosion Polarization
of PTO (g/L) potential (V) current (uA) current (mpy) resistance (Q2)
Bare —0-863 8410 x 107 10-8321 x 107 8830
10 —0-4654 1-130 x 1076 1-4554 x 10°° 99361-8
20 -0-2032 1318 x 1077 1-6975 x 107" 274025
30 0-866 6-285 x 10 8-0951 x 10! 7225328
40 0-511 6-503 x 107 8:3759 x 107" 6020588
50 0-452 7.863 x 107 10-1275 x 107" 5568556
60 0-2121 3-867 x 107 49807 x 10" 5353966
(a) 400 T EIS spectra obtained over a wide range of frequencies
3501 ) . . . indicated that the technique was the right choice, since it
o Ll ] was applicable for evaluating complicated corrosion
- I ' lf.!%alre_-\ om? processes.
£ 250 $ + 0.02 Alom? The EIS characteristics of aluminium with and without
S 200 e _ggt t e anodic films in 3-5% NaCl solution were examined at
N 1501 ee = R 4 o open circuit potential. Figure 5(a, b) represents compara-
1uu-§ .f’ S a . \' < tive Nyquist impedance plots of bare aluminium and
2’;‘ anodic coatings formed on aluminium at various current
5""‘ H densities and concentrations of PTO in 3-5% NaCl.
n [ ................. S S N Based on these experimental results, electrochemical
0 50 100 150 200 250 300 350 400 equivalent circuit was proposed to explain the experimen-
(b) tal data of EIS, as shown in figure 6. It is a simplified
wl . electrochemical model which has been consistently
i Bare reported in the references (Feng et al 2012; Huang et al
i 10 ¢/1 2012). As seen from the equivalent circuit, Ry, refers to
% " : . ig z: the resistance of the solution. CPE is the electric double-
3 . . 40 o/l layer capacitance. R, is the charge transfer resistance that
L 50 /1 represents the electrochemical corrosion rate. The larger
P the R,,, the smaller will be the corrosion rate.
S{'J Based on the proposed equivalent circuit model these
R Y T e—— EIS curves were the best fitted. The relevant electro-
S chemical parameters calculated from the Nyquist impe-

Figure 5. Comparative Nyquist impedance plots for ceramic
coatings obtained at various (@) current densities and (b) con-
centrations along with bare aluminium.

3.4b Electrochemical impedance spectroscopic study:
EIS enables us to determine different parameters of equiva-
lent electrochemical systems (capacitance, resistance,
etc.). Moreover, Kendig et al (1986) suggested that the

dance plots are listed in the tables 3 and 4. From the
figures and tables, it can be seen that the anodized electrode
shows superior resistance compared to the bare alumin-
ium due to the passivation of the electrode by the anodi-
zation. As the concentration of PTO and current density
increases, the R, value increases and Cg value decreases
up to 30 g/L PTO and 0-02 A/cm?” current density. Above
those conditions, the values shift in the reverse direction.
The reason is the same as explained in the case of tafel
polarization studies. The coating formed from 30 g/L
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Table 3. Influence of current density on corrosion parameters obtained from EIS
curves for ceramic coatings formed from 30 g/L concentration of PTO at room
temperature for 45 min.
Various current
densities (A/cm?) Ryol Cag (1F cm™?) Re (Q cm?)
Bare 1-3692 x 1072 0-0014 3215
0-01 1.2055 x 107 4329 x 1072 376:3
0-02 1-4631 x 1077 4.439 x 1078 2161
0-03 6-4038 x 10~ 3-130x 107 880-9
0-04 41733 x 10° 9-852 x 107 726-2
Table 4. Corrosion parameters obtained from EIS curves for anodic coatings formed
in various concentrations of PTO applying 0-02 A/cm? at room temperature for 45 min.
Various concentrations
of PTO (g/1) Ryl Ca (F cm™) Ry (Q cm?)
Bare 1:3692 x 10°* 0-0014 3215
10 0-0747 x 107 6-784 x 107 3763
20 0-0164 x 10° 7978 x 107 726-2
30 1-4639 x 10”7 4439 x10°* 2161
40 0-0674 x 10 3-130x 10°* 435.5
50 1-2307 x 107 9-852 % 10°* 394-8
C dl 0 |s 0
|
1 KO T 0ox*
Rsol 0 -~ ~
| I o Q0
Ra Dipotassium titanium oxide dioxalate [K,TiO-(C,04),] noted
Figure 6. Equivalent circuit for the anodized aluminium. Al - AP + 3¢, (1)
K»(TiO)(C20,); + 4H,0 —
2— + .
concentration of PTO at 0-02 A/cm’ current density has 07 + 2K+ [Ti(OH)4] + 4CO; + 2H;, @
high R value (2161 Q cm?) and a low Cg (4-439 x 10°° K»(Ti0)(C204); + 4H,0 — O + 2KOH + [Ti(OH), **
4F cm™?) value compared to coatings formed under other +4C0, + 21, 3)
anodization conditions due to its maximum thickness. The AT + 30" o5 ALO .
EIS data are in good agreement with tafel studies. Based on 7 ARDs @
the tafel and impedence data, 30 g/L concentration of Ti(OH); — TiO, + 2H,0, (5)
PTO and 0-02 A/cm? current density were selected as the [Ti(OH),]** = TiO, + Ha, (6)
most suitable conditions to anodize Al in PTO electrolyte. i )
A1203 + TlOz 4 A1203*T102, (7)

3.5 Formation mechanism of nanoceramic coatings

Our results demonstrate the ability to grow mixed alumina-
titania oxide films that are several micrometers thick.
Increasing the PTO concentration from 10 to 30 g/L leads
to the increase in thickness, growth rate and coating ratio
of the ceramic coatings, and above 30 g/L, the reverse
takes place. In general, high electrolyte concentration
increases the electric current densities in the solution and,
for this reason, high concentrations of electrolyte should
increase the electrode reaction rate. So, it was believed
that the increase in the coating thickness was perhaps due
to the increase in the reaction rate of AI*" ions that were

Alumina—titania
ceramic coating

K»(TiO)(C204); — 2K* + TiO, + COY +3CO, + H,O + 2H,,  (8)

2K™ +CO; — K,COs, )
2A1 +3C0%3 — AL(CO;3)s. (10)
Scheme 1. Proposed mechanism for the formation of

Al,03;-TiO, nanoceramic coatings.

outward drifted from the aluminium specimen with oxy-
gen and hydroxide ions supplied by the electrolyte (1-4,
7). Another probability is that the increment in PTO con-
centration might produce more amount of TiO, so that the
incorporation of TiO, into the anodic coating increases
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(5-7). EDX and XRD data also support the occurrence of
TiO, in the anodic coating. These reasons are responsible
for the formation of thick, hard and adhesive oxide films
with excellent corrosion resistance in spite of its porous
morphology (Guo-Hua Lv et al 2009; Raj et al 2009; Lei
Wen et al 2010; Wanga et al 2013). At a very high con-
centration above 30 g/L, drastic increase in the pH of the
electrolyte induced the dissolution of the coatings due to
the formation of KOH. There are some possibilities for
the formation of a small amount of potassium and alumi-
num carbonates (8—10). The possible reactions that are
involved during the formation of ceramic coatings are
given in scheme 1.

When the current density was augmented from
0-01 A/em®, the coating properties increased up to
0-02 A/cm?, and it decreased thereafter. At low current
density (0-01 A/cm?), the oxidation rate was slow and
resulted in a small amount of coating formation on the
aluminium surface. While increasing the current density,
the driving force for the movement of the ionic species
required for the oxide growth increased and so it acceler-
ated the oxidation rate. As the probability of oxidation
rate increased, the thickness of the coating would suppos-
edly increase. Above 0-02 A/cm’, the coating properties
considerably decreased because of two major reasons:
(a) local joule heat effect and (b) polarization of Ti-O,
Al-O, AlI-O-Ti bonds that enhanced the dissolution of
the coatings.

4. Conclusions

Alumina-titania nanoceramic coatings were fabricated
using potassium titanium oxalate electrolyte. The maximum
coating properties were obtained for the coatings formed
in 30 g/L PTO and 0-02 A/cm’ current density. From the
SEM analysis, it was found that the coating formed at
optimized conditions had fewer pores with better pore
ordering. EDX spectra showed that the coating had peaks
corresponding to Al, O and Ti. XRD analysis proved that
the coating was composed of y~alumina and rutile phase
of titania. From tafel and EIS studies, it can be concluded
that the coatings formed at optimized conditions has more
corrosion resistance compared to other coatings.
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