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ABSTRACT 

Al and Ce films have been deposited on TA6V alloy by physical vapor deposition of Al and 
cathodic electrode position process from a Ce(NO3)3, 6H2O and mixed water-ethyl alcohol solution at         
0.01 M, respectively. The experimental conditions for the achievement of a uniform deposit, adherent and 
non-cracking were identified and determined by electrochemical methods. The transformation of the 
deposited layers into CeO2 and Al2O3 oxides obtained by heat treatment of the coated alloy, is expected to 
increase the resistance to high temperature oxidation. The coating films were characterized by differential 
scanning calorimetry (DSC), X-ray diffraction (XRD) and scanning electron microscopy (SEM). 
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INTRODUCTION 

Titanium-based alloys possess good corrosion resistance and creep for temperatures 
below 500ºC. However, at higher temperatures, the resistance to oxidation decreases rapidly 
caused by the formation of TiO2 at the surface. The addition of rare earth elements such as 
Ce, Y, Er, La to the alloy improved its corrosion resistance. Rare earth (RE) oxide thin films 
exhibiting important physical, chemical and thermal properties that are of great interest for 
numerous industries in particular in protective coatings at different systems, including 
metallic coatings1, nitride coatings2, diffusion coatings3 and ceramic coatings4. Therefore, 
RE oxides are extensively applied on Ti-based alloys. However, the disadvantages 
associated with the adhesion brittleness of the coatings are reasonable and it is necessary to 
develop techniques and coating systems in order to improve the oxidation resistance of Ti-
based alloys. 
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In recent years, several studies have shown that surface treatment by using coatings 
has considerably improved wear, corrosion and oxidation resistances of Ti-based alloys. 
Different methods have been adopted for surface coatings such as MOCVD5, plasma6, dip 
coating7, and laser cladding8-10. In particular, electro-deposition has a wide range of 
applications in the processing of advanced ceramic materials and coatings. 

Moreover, numerous research works have shown that Y2O3
11 and Al2O3–Y2O3 

composite coatings were very compact and consisted of uniform nanoparticles12 resulting in 
significant improvement of the oxidation of γ-TiAl alloy13. TiAl3 phase is rich enough in Al 
to promote the formation of a covering, compact and protective alumina layer14. The 
corrosion resistance of MOCVD Al2O3 coating on TA6V alloy has been investigated5; the 
coating showed the lowest salt damage on Ti substrate compared to uncoated while 
exhibited a good adherence. It has been shown that amorphous alumina coating improves 
TA6V corrosion resistance at 700ºC in comparison with others oxide films15. The adhesion 
between the coating layer and the base of substrate is necessary and can be obtained through 
the formation of an intermediate region; i.e. coating-substrate interface16. The surface of a 
duplex treated TA6V (laser nitride and PVD TiN coated) has more resistance to corrosion in 
comparison to TiN coated and untreated surfaces8. The PVD coating is widely used in 
fatigue, wear and corrosion protection of TA6V17.  

In the present study, double coatings of TA6V alloy is performed in two steps; thin 
Al layer by PVD followed by Ce layer by electrodeposition method. Subsequent thermal 
treatment is performed in order to form CeO2. The as-obtained Ti sample with double 
coatings is subjected to high temperature oxidation. 

EXPERIMENTAL 

Sample preparation 

A Ti alloy rod (Ti-wt. 90%, Al-wt.6%, V-wt.4%) with a 10 mm diameter was cut 
into 2 mm thickness coupons. Near the edge of each coupon, a 1.5 mm diameter hole was 
drilled for sample suspension. 

Just before the electrodeposition of the films, the substrates (the coupons) were 
mechanically polished with emery papers and 1 µm diamond paste, ultrasonically cleaned in 
an acetone bath, rinsed with distilled water and dried with hot air. After that, a thin layer 
(around 1 µm thick) of Al was deposited by PVD (Joule effect) technique onto TA6V 
substrate. The evaporation was performed in a chamber under a vacuum of 10-6  torr. 
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Films deposition and process 

A 0.01 M solution obtained by dissolution of cerium nitrate Ce(NO3) in water-ethyl 
alcohol, was used for oxide films electrodeposition. The electrodeposition experiment was 
performed using a three electrode cell; the substrate as cathode, a platinum grid as counter 
electrode and the reference a saturated calomel electrode (SCE). The film deposition was 
performed in galvanostatic mode without stirring the solution at a scan rate of 20 mV/s, at 
room temperature. After electrodeposition, the samples were rinsed with ethyl alcohol and 
air dried for at least an overnight before18.  

The electrochemical mechanism of base electro-generation during cathodic deposition 
has been widely discussed in the literature19-23 in the case of nitrate baths, where the anion 
participates in the cathodic reaction. Several chemical reactions can occur during film 
electrodeposition according to some previous research works19-21,24-28: 

Nitrate reduction 

 NO−3 + 10 H+ + 8 e− ⎯→⎯  NH4
+ + 3 H2O …(1a) 

 NO−3 + H2O + 2 e−  ⎯→⎯  NO2
− + 2 OH− … (1b) 

O2, H2O, H3O+ reduction 

 2 H3O+ + 2 e− ⎯→⎯  H2 + 2 H2O …(2a) 

 2 H2O + 2 e− ⎯→⎯  H2 + 2 OH−  …(2b) 

 O2 + 2 H2O + 4 e− ⎯→⎯  4 OH− …(2c) 

 O2 + 2 H2O + 2 e− ⎯→⎯  H2O2 + 2 OH− …(2d) 

Formation of Ce(OH)3 and/or Ce(OH)+2
2 

 Ce+3 + 3 OH−  ⎯→⎯  Ce(OH)3 …(3a) 

 4 Ce+3 + O2 + 4 OH− + 2 H2O  ⎯→⎯  4 Ce(OH)2
+2 …(3b) 

 2 Ce+3 + 2 OH- + H2O2 ⎯→⎯  2 Ce(OH)2
+2 …(3c) 

Oxidation of Ce+3 to Ce+4 

 Ce(OH)3 ⎯→⎯  CeO2 + H3O+ + e− …(4a) 

 Ce(OH)2
+2 ⎯→⎯  CeO2 + 2 H2O …(4b) 
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Characterization 

The microstructure of the deposited films was studied by scanning electron 
microscopy (SEM) using Tescan Vega 3 Lmu coupled to an X-ray energy dispersive 
spectrometer (EDS). The crystal structure was characterized by X-ray diffraction (XRD) 
using Bruker AXS D8-Advance diffractometer equipped with Cu radiation source 
(wavelength λCu = 0.15406 nm) at a scan rate of 0.04°/s. Differential scanning calorimetry 
(DSC) measurements were carried out using DSC 131 Setaramin argon atmosphere in the 
range 40-560ºC at a heating rate of 10oC/min and then cooled down to room temperature. 

RESULTS AND DISCUSSION 
Polarization experiments 

Cathodic polarization curves for TA6V at room temperature are shown in Fig. 1; 
these curves were obtained in a mixed water-ethanol solution of cerium nitrate, without 
stirring. The polarization curves obtained can be divided in three main domains. In the first 
domain, for potential higher than -1.1 V, low current densities are observed. This 
phenomenon is due to the reduction of dissolved oxygen with the nitrate according to Eq. (1)29. 
In the second domain ranging from -1.79 to -1.1 V/ECS, the cathodic current density 
increases rapidly due to water reduction to form H2 (Eq. 2) and hydrogen evolution reaction 
(HER). Finally, the change of slope appearing at -1.79, -1.83 and -2.1 V/ECS was attributed 
to the adsorption of hydrogen bubbles, which blocked the electrode surface and to the 
reduction of Ce3+ ions (Eq. 3)30.  

 
Fig. 1: Cyclicvoltammograms performed on the uncoated TA6V from 0.01 M Ce 

nitrate solutions (Scanning rate: 20 mV/S) 
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Galvanostatic deposition 

Experiments carried out on galvanostatic mode, without stirring and with varying 
cathode current density, revealed that the evolution of the surface potential with the applied 
current density in bath depends on the mechanisms related to film’ formation31. These 
mechanisms are related mostly to both oxygen and nitrates reduction reactions and some 
hydrogen evolution reaction (HER) for the short times and only to the HER for the longer 
times.  

The effect of current density on film morphology has been investigated in order to 
obtain homogeneous and crack free thin films. For a current density of -1 mA.cm-2, the film 
formation is rapid and an important network of cracks appears in the coating and can be only 
observed in SEM image (see Fig. 2). To avoid the formation of cracks, smaller intensity 
values, ranging from -0.05 to - 0.2 mA.cm-2 were then selected in order to lower the 
electrodeposition rate. 

 
Fig. 2: SEM micrograph of cerium alloy deposit                                                 

(j = -1 mA.cm-2, deposition time 1800s), showing the cracking of the film 

Fig. 3 shows the evolution of the potential with time at different current densities for 
the 0.1 M Ce(NO3)3 concentration during deposition. It can be seen that the electrochemical 
potential obtained at j = -0.05 mA.cm-2 decreases slowly and monotonously up to 1500 s and 
then stabilizes at a cathodic value of about - 0.26 V/SCE. On the other hand, at current 
densities lower than j = -0.05 mA.cm-2 (j = -0,1 and j = -0.2 mA.cm-2), it decreases rapidly in 
the first few seconds and then stabilize; the potential values are less cathodic than for higher 
current densities (j = -0.02 mA.cm-2). The potential stabilization appears sooner, when 
decreasing the applied current density. The change of the shape of the polarization curves 
with the applied current densities can be related to the reduction reactions taking place at the 
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electrode, which may thus influence the morphology of the coatings31. A potential varying 
continuously with time indicates the occurrence of a single reaction, whereas sudden 
changes are indicative of a change in the dominant reaction taking place at the electrode32. 

 

Fig. 3: Variation of potential with time during cathodic deposition at j = -0,05 mA.cm-2, 
-0,01 mA.cm-2, -0,2 mA.cm-2 

A homogeneous film (Fig. 4) is obtained after a deposition time of 1800 s under j=-
0.2 mA.cm-2; this current density has been chosen for further characterization. 

 

Fig. 4: SEM micrograph of cerium alloy deposit (j = -0.2 mA.cm-2) 

Morphology of surface films 

SEM micrographs of the film electrodeposited on TA6V at j = - 0.2 mA.cm-2 for 900, 
1800 and 3600 s are shown in Fig. 5. For 900 s, the treated sample surface contains some 
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cracks with the appearance of very thin and spherical grains (Fig. 5c). For 3600 s, the 
surface layer seems to be non-adherent (Fig. 5a). As discussed in literature, these cracks are 
associated with either the formation of gas bubbles; i.e. dehydration process31 or constraints 
shear between the substrate and deposited layer32. For 1800 s, a very homogeneous film, 
adherent and without cracks completely covers TA6V surface. In addition to the random 
distribution of the crystals of the order of 10 microns over the entire sample surface (Fig. 5b), 
identified as grains of Ce(OH)3

33,34, which is mainly composed by Ce, as was confirmed by 
EDX spectrum shown in Fig. 5d. According to the as-obtained results, a current density j = -
0.2 mA.cm-2 with a deposition time of 1800 s were finally selected for further studies. As 
can be seen from the micrograph, the white localized spots were observed on the surface of 
conversion film, with Ce coating that was related to Ce hydroxide/hydrated oxide. 
Meanwhile, elemental chemical analysis indicated the existence of Ce in the coatings. 

(a)

 

(b)

 

(c)
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Element Weigh. % Atomic. % 

O 40.35 75.91 

Al 0.53 0.59 

Ti 24.85 15.62 

V 1.37 0.81 

Ce 32.90 7.07 
 

Fig. 5: Evolution of SEM surface morphology of Ce oxide coating deposited from               
0.01 M Ce(NO3)3 with an applied current density j = -0.2 mA.cm-2 at different     

durations, (a) 3600 s, (b) 1800 s, (c) 900 s; (d) SEM-EDX Analysis for the                         
coating prepared for (j = -0.2 mA.cm-2, t = 1800s)                                                

showing the presence of Ce, Al, O and Ti 
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Effect of heat treatment 

DSC measurement of Ce(OH)3 powder was carried out between 50 and 550ºC under 
pure argon flow and shown in Fig. 6. Two important steps during heating can be seen. First, 
the two exothermic peaks at∼169 and 243ºC can berelated to the release of free water and 
the crystallization of the amorphous portion hydroxide Ce(OH)3 to crystalline oxide cerium 
CeO2

35-38, respectively. The second significant step concerns the endothermic peak at 500ºC 
which is related to the conversion of hydroxide into cerium oxide (Eq. 4), and the formation 
of the fluorite (FCC) crystalline structure39,40. When a second cycle is performed on the 
same sample, three peaks are detected after cooling down to room temperature, which means 
that the product formed at the end of the first cycle is not stable. 

 

Fig. 6: DSC analysis of the coating recorded in temperature range                                  
40-560oC at 10oC.min-1 

Phase composition analysis 

X-ray diffraction patterns of as-prepared and heat treated (at 300 and 600ºC for 1h 
under argon atmosphere) samples are shown in Fig. 7. The X-ray diffraction pattern of the 
samples that have been heat treated to 300ºC presents speaks corresponding to one of the 
deposited dehydrations confirmed by DSC measurements; i.e. at 169 and 243ºC. With 
increasing annealing temperature, the intensity of peaks increases indicating an improvement 
of the crystallinity of the coatings. At 600ºC, the presence of composite coating oxide 
containing (Al2O3) and (CeO2) can be evidenced, which was further confirmed with DSC 
analysis (peak at 500ºC). This phase transition effectively leads to CeO2 and Al2O3, possibly 
by a new dehydration and decomposition of nitrate ions into nitrogen oxides, Eq. 3 (third 
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and fourth DSC peaks at 465 and 500ºC). Thus, X-ray diffraction patterns of the sample heat 
treated at 300ºC shows similar peaks but with higher intensity, which indicates that the DSC 
peak observed at 243ºC corresponds to a dehydration coating. This result was also reported 
by Konstantinov et al.40 during the deposition of CeO2 on a fused silica substrate;               
Hamlaoui et al.36 found two endothermic peaks at 130 and 145ºC with DSC curves. Both 
have established that the heat treatment from 50 to 350ºC has no effect on the morphology of 
the films of CeO2. The peak obtained by DSC at 500ºC, describes the transformation of 
cerium hydroxides in crystalline oxide. This exothermic peak due to crystallization of CeO2, 
which is confirmed by the results of X-ray diffraction at 600ºC and identified by Zitomirsky 
and Petric42,43 and Sian et al.11. The sequence identified by Zitomirsky and Petric appears 
satisfactory to explain our exothermic peaks observed in our DSC analysis. This phase 
transition needs to be better identified; which is currently under progress. 

 
Fig. 7: X-ray diffraction patterns of coated TA6V samples (deposition time 1800 s) 

CONCLUSION 

The aim of this study was to determine the optimum conditions to obtain, after heat 
treatment, thin layer of CeO2, suitable for high temperature corrosion for Ti-based alloy 
TA6V. It is found that this is highly dependent on the deposition parameters such as the 
applied current density, the deposition time and the composition of the bath. At high 
temperature, the reaction to produce hydrogen appears to prevent the formation of CeO2 
phase. At low densities, the oxide layer is found adherent, dense and has fine cracks. A 
homogeneous, uniform film of Ce (OH)2 is obtained with a current density j = - 0.2 mA.cm-2 

and a time t = 1800 s. Surface morphological observations obtained (SEM) show that the 
formed Ce(OH)2 films are uniform and covered the entire surface. XRD analysis reveal that 
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the final coating is formed of CeO2 with a cubic crystal structure (fluorite-type) and Al2O3. 
DSC analysis confirms the results obtained by XRD and describes the process of 
transformation of the hydroxide into oxide. The DSC results are in good agreement with the 
literature. The behavior of the treated samples seems to be promising and the combined 
Ce/Al oxides double coatings could be considered as an alternative for the high temperature 
Ti-based alloys protection. 
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