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Abstract

Cathodic electrodeposition of yttrium containing thin films was realised on TA6V substrates from a Y(NO3)3 solution.

Experimental conditions to obtain homogeneous and crack free thin films were determined. Subsequent thermal treatment led to

an Y2O3 coating, expected to provide an increase of TA6Voxidation resistance at high temperatures. The steps occurring during

the thermal treatment leading to Y2O3 were also investigated.
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1. Introduction

In the last 10 years, titanium aluminides have

received considerable interest, specially in the

field of aerospace applications, because of their

good mechanical properties and low densities,

around 4 � 103 kg m�3. However, the working

temperatures of these titanium aluminides are

often high and will have to be increased for better

yields. It is then necessary to improve their resis-

tance to high temperature oxidation and attempts

have been made by introducing alloying elements in

the bulk, or through ion implantation or surface

coatings. Different elements, such as Mo, W, Nb,

or Si have been tested with relative successes

concerning high temperature efficiency, some of

them leading to a decrease of mechanical properties

[1–5].

Otherwise, so-called reactive elements, like haf-

nium, yttrium and lanthanides, are well known for

their beneficial effects on high temperature oxidation

behaviour of chromia- or alumina-forming alloys [6,7]

and very recently, Wu et al. [8] and Taniguchi et al. [9]

have studied, in the case of TiAl intermetallics,

the effect on high temperature oxidation resistance

of bulk additions of yttrium and hafnium, respectively.

These reactive elements can also be introduced at

the alloy surface and electrodeposition of rare earth

elements (yttrium, lanthanum, cerium, etc.) over

metallic substrates, from aqueous or non-aqueous

solutions has recently been reported by different

authors [10–12]. Indeed, this technique has received

particular attention because it is low cost and permits

to obtain homogeneous thin films, with a good control

of their thickness, even on complex shaped samples.

In this work, thin yttrium containing films were

electrodeposited over TA6V coupons from Y(NO3)3

water 50 vol.% ethyl alcohol solutions, using a clas-

sical three electrode experimental set-up. The depos-

its were then submitted to a thermal treatment under
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argon in order to get an Y2O3 coating, the aim being to

later study the behaviour of such a coated material

under high temperature oxidation conditions.

2. Experimental

In all experiments, TA6V commercial alloy samples

(Ti–6Al–4V) were used as substrates. They were cut

from a 10 mm diameter rod, with a 2 mm thickness, and

drilled to get a 1.5 mm hole. This hole was useful to

maintain samples during electrodeposition (the main-

taining clip also brought current) and further suspend

them (conversion thermal treatment and oxidation test-

ing, in thermobalance). Samples were abraded from

600 SiC paper to 3 mm diamond paste, ultrasonically

cleaned in acetone, water and ethyl alcohol and then

dried with pulsed warm air before use.

2.1. Experimental set-up for cathodic

electrodeposition

The electrochemical bath was a 0.01 M Y(NO3)3

solution, obtained by dissolving commercial yttrium

nitrate (Y(NO3)3, 6H2O, 99.99% purity) in water

50 vol.% ethyl alcohol. Electrodeposition was realised

using a classical three electrode experimental set-up,

described elsewhere [13,14], including a TA6V sam-

ple as cathode, a platinum grid counter electrode and a

saturated calomel electrode (SCE) as reference.

Deposition experiments were carried out in galvano-

static mode, current density varying from j ¼ �1 to

�0.05 mA cm�2, at ambient temperature and without

stirring. Deposition time was varied from 100 to

7200 s. The variation of the potential versus time

was recorded during deposition. After electrodeposi-

tion, samples were rinsed with ethyl alcohol and air

dried for at least a night before further use or analysis.

These experimental conditions were chosen from

previous work [14] and were expected to provide

uniform and homogeneous thin films with a thickness

in the range 50–500 nm.

2.2. Thermal treatment for deposit conversion

into Y2O3

Coated TA6V substrates (deposit realised at

j ¼ �0:2 mA cm�2 for 1800 s) were introduced in a

thermobalance (SETARAM ATG92) and temperature

was risen from ambient to 600 8C at a 10 8C min�1,

under an inert argon gas atmosphere. Samples were

maintained at this temperature for 1 h, then cooled

down to room temperature at a 10 8C min�1.

2.3. Deposited and thermally treated films

characterisation

Different analytical techniques have been used to

characterise the deposited film and its behaviour dur-

ing conversion thermal treatment. Deposit morphol-

ogy was observed by optical microscopy, scanning and

transmission electron microscopies (SEM, TEM) and

atomic force microscopy (AFM). For transmission

electron microscopy (TEM) analysis, a deposit formed

at j ¼ �0:2 mA cm�2 during 7200 s was scratched off

from the substrate surface and ultrasonically dispersed

in ethanol. The obtained particles were collected on a

copper grid to be observed. Such a scratched off

deposit was also used for differential scanning calori-

metry (DSC 2010/2920 cell, TA instruments-universal

analysis 2000): it was placed in an aluminum nacelle

and heated from 40 to 560 8C at 10 8C min�1, then

cooled down to room temperature and finally sub-

mitted to a second thermal cycle. Crystallographic

structures were determined by X-ray diffraction

(XRD), using Co Ka radiation (l ¼ 0:178897 nm)

at a glancing incidence of 2.58.
The quantity of deposited yttrium versus deposition

time has been determined using inductively coupled

plasma-optical emission spectroscopy (ICP-OES).

Deposits formed at j ¼ �0:2 mA cm�2 for 100–

7200 s duration were dissolved in a water 5 vol.%

nitric acid solution and the obtained solutions were

analysed following the usual procedure for this tech-

nique.

3. Results and discussion

3.1. Electrodeposition

The electrodeposition, following the described

experimental process, leads to the formation of a

deposit at the TA6V substrate surfaces, even at very

low current densities. Two steps have to be distin-

guished [15–18]. The first one corresponds to the
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cathodic generation of hydroxyl ions, OH�, by reduc-

tion of O2, H2O or NO3
�, etc.

O2 þ 2H2O þ 4e� @ 4OH� (1)

2H2O þ 2e� @H2ðgÞ þ 2OH� (2)

NO3
� þ H2O þ 2e� @NO2

� þ 2OH� (3)

The second should be the precipitation reaction of

yttrium hydroxide:

Y3þðaq:Þ þ 3OH�ðaq:Þ@YðOHÞ3ðsÞ (4)

The electrodeposition is done without stirring so that

the pH increase and precipitation appear localised

close to the substrate surfaces (cathode), leading to

the film formation.

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 very

important cracks can be observed at the optical micro-

scope (see Fig. 1). To avoid the occurrence of crack-

ing, smaller intensity values, ranging from �0.05 to

�0.2 mA cm�2 were then retained in order to lower

the electrodeposition rate. Fig. 2(a) gives the variation

of potential versus time during deposition, at

j ¼ �0:05, �0.1 and �0.2 mA cm�2. In every case,

a very quick decrease of potential is observed in the

first few seconds, corresponding to current stabilisa-

tion, then a transition period and, finally, a regular

decrease of potential as film thickens (see Fig. 2(b),

corresponding to j ¼ �0:2 mA cm�2 current density,

as an example). A very homogeneous and well adher-

ent film is obtained after a 1800 s deposition time

under �0.2 mA cm�2 and this current density has

been chosen for further characterisation.

3.2. Electrodeposited yttrium quantity

The quantity of deposited yttrium versus deposition

time, at�0.2 mA cm�2 current density, has been deter-

mined using ICP-OES. A linear variation of yttrium

quantity with time, at least after the first 500 s when film

thickens, can be observed on Fig. 3. The deposited

Fig. 1. Optical micrograph of yttrium containing deposit

(j ¼ �1 mA cm�2, deposition time 1800 s), showing the cracking

of the film.

Fig. 2. (a) Variation of potential vs. time during cathodic

deposition at j ¼ �0:05, �0.1 and �0.2 mA cm�2; (b) magnifica-

tion of curve obtained at j ¼ �0:2 mA cm�2.
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yttrium quantity appears proportional to the quantity of

electricity used, as indicated by the Faraday law. This

variation provides an easy control of the film thickness,

for the fixed conditions. Moreover, these results are

close to those obtained by Brossard et al. on NiCr alloys

[14] and suggest that mechanism and deposition rate are

independent of metallic substrate nature.

3.3. Deposit characterisation

SEM observation points out that the film formed at

j ¼ �0:2 mA cm�2 for 1800 s covers the whole sam-

ple surface and presents a very homogeneous and

smooth surface morphology (Fig. 4). AFM micro-

scopy was then used to better characterise the surface.

The film is indeed constituted of agglomerated crystal-

lites of nanometer size (Fig. 5). The average roughness

determined for a 30 mm � 30 mm surface area is equal

to 0.04 mm. The XRD analysis of the deposited film

(Fig. 6) gives two broad peaks, showing that the film is

not totally amorphous but at least partially crystal-

lised. These peaks located at 2y ¼ 11:38 and 22.68
do not fit satisfactorily with any yttrium hydro-

xide JCPDS data file. They can only correspond to

the yttrium nitrate hydroxide hydrate: Y2(OH)6�x-

(NO3)x�0.99H2O (JCPDS data file 32-1435,

Fig. 3. ICP-OES measurements of the deposited yttrium amounts vs. time (current density j ¼ �0:2 mA cm�2).

Fig. 4. SEM of electrodeposited coating on TA6V substrate at j ¼ �0:2 mA cm�2 for 1800 s.
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x ¼ 0:86), identified in the work of Holcombe on yttria

hydroxy-salt binders [19].

A deposit was then realised at j ¼ �0:2 mA cm�2

for 7200 s and scratched off for TEM analysis. A grain

could be observed (Fig. 7(a)), the corresponding

microdiffraction picture being given in Fig. 7(b).

These results are consistent with a crystallised struc-

ture and their analysis is in progress.

3.4. Differential scanning calorimetry (DSC)

DSC measurements on electrodeposited coating

have been performed varying temperature from 40

to 560 8C (apparatus limitation). The DSC curve

(Fig. 8) exhibits three important endothermic peaks

around 130, 320 and 530 8C, attributed to different

steps of deposit decomposition. When a second ther-

mal cycle is realised on the same sample, after return

to room temperature, no peak can be detected, mean-

ing that the product formed at the end of the first cycle

is stable.

The following sequence has been proposed by

Holcombe in the case of the decomposition of

Y2(OH)6�x(NO3)x�0.99H2O, with x ¼ 0:86, studied

by differential thermal analysis (DTA) [19]:

Y2ðOHÞ5:14ðNO3Þ0:860:99H2O

!85�200 	C
Y2ðOHÞ5:14ðNO3Þ0:86 þ 0:99H2O (5)

Y2ðOHÞ5:14ðNO3Þ0:86

!230 	C
Y2O2ðOHÞ1:14ðNO3Þ0:86 þ 2H2O (6)

Y2O2ðOHÞ1:14ðNO3Þ0:86 !520 	C
Y2O3 þ 0:57H2O þ N�O

gaseous species (7)

In order to check the sequence in our case, different

coated samples, all made under �0.2 mA cm�2 for

1800 s, were heated at 200, 300, 500 and 600 8C,

respectively, and then analysed by XRD. The corre-

sponding diffractograms are given Fig. 6, together

with those of TA6V substrate and untreated coated

sample.

At room temperature and at 200 8C, the same two

peaks, at 2y ¼ 11:38 and 22.68, are observed. The

endothermic peak at 130 8C was then attributed to

the departure of the associated water molecule. After

heating at 500 8C, these two peaks have disappeared

and new very broad peaks can be seen at 2y ¼ 33:88,
578 and 688, attributed to Y2O3 cubic phase (JCPDS

data file 01-0831). After heating at 600 8C, these

peaks are still present but sharper and it can be

supposed that this is the result of a grain growth

process and maybe, the disappearance of possible

internal stresses. At intermediate temperature

(300 8C), two peaks are again observed but at

2y ¼ 8:28 and 25.18. These peaks correspond neither

at Y2(OH)5.14(NO3)0.86 nor at Y2O3. This phase

Fig. 5. AFM observation of electrodeposited coating on TA6V

substrate at j ¼ �0:2 mA cm�2 for 1800 s.

Fig. 6. X-ray diffraction results for uncoated TA6V substrate and

coated TA6V samples, without heat treatment (a) and after heat

treatment at (b) 200 8C, (c) 300 8C, (d) 500 8C and (e) 600 8C.
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appears transitory and could be close to the one

proposed by Holcombe [19], i.e. Y2O2(OH)1.14-

(NO3)0.86, resulting from a double dehydration of

Y2(OH)5.14(NO3)0.86 (in agreement with the second

DSC peak at 320 8C). This transitory phase effec-

tively leads to Y2O3, possibly by a new dehydration

and decomposition of nitrate ion into nitrogen oxides

(third DSC peak at 530 8C). This transitory phase

Fig. 7. TEM micrograph of a scratched off grain (a) and selected-area diffraction pattern (b).
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needs to be better identified and this work is cur-

rently in progress.

4. Conclusions

Cathodic electrodeposition allowed to achieve an

yttrium containing deposit over TA6V substrate sur-

faces, from a mixed water ethanol yttrium nitrate

solution. Effect of imposed current density (in the

range �1 to �0.05 mA cm�2) and deposition time

(100–7200 s) was investigated. With a �0.2 mA cm�2

current density, it was possible to form homogeneous

films, crack free even after drying. The deposited film

thickness linearly increased with deposition time,

giving rise to an easy control of film thickness, in

the chosen conditions. The deposit was not an yttrium

hydroxide, as expected, but identified as a yttrium

hydroxynitrate hydrate compound. By heating from

room temperature to 600 8C, this deposited compound

transformed, in three steps at 130, 320 and 520 8C,

into an yttrium oxide coating, suitable for studying

its effects on high temperature behaviour of TA6V

alloy.
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