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Abstract

Current density is a key factor during micro-plasma oxidation (MPO) process. Its influences on structure, morphology and corrosion
resistance of ceramic coatings on Ti—6Al—4V by pulsed bi-polar micro-plasma oxidation in NaAlO, solution were studied in this paper. The
ceramic coatings are composed of Al,TiOs, a-Al,O5 and rutile TiO,, of which Al,TiOs is the main crystalline. Compared with the condition
of the same current density for both pulses, the rise of cathode current density led to an increase in the amount of rutile TiO,, decreased the
thickness and made the coatings compact; whereas the rise of anode current density led to an increase in the amount of a-Al,Os, increased the
thickness and made the coatings coarse and porous. Whether increasing anode current density or cathode current density, there were more
micro-holes on the surface of the coatings than that of same current density for both pulses. Besides, the corrosion resistance properties of the
coated samples were better than that of Ti—6Al—4V substrate, whether considering the point corrosion resistance or the general corrosion
resistance. When the anode current density (Z,) and the cathode current density (I,) were both equal to 8 A/dm? (/I = 8/8 A/dm?), or I, =8 A/
dm? and I.=10 A/dm?> (1/1.=8/10 A/dmz), the produced coatings had the best point corrosion resistance, and the latter was a little better than

the former. When 7,/1, = 10/8 A/dm?, the produced coating’s general corrosion resistance was best.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The micro-plasma oxidation (MPO) technique, by which
a compound ceramic coating is grown in situ on Al, Ti, Mg
and many other valve-metals directly, has been developed
rapidly in recent years [1—6]. This technique is easy
operating, has high efficiency, low pollution, and is conve-
nient for adjusting of technique parameters and adding of
other substances into electrolyte, which can easily change
the microstructure of the coatings. Coatings produced by the
MPO tech. have both fine properties of ceramic coatings and
good cohesion between Ti—6Al-4V substrate and the
coating, which, therefore, has a wide promising prospect
of the application [7—9]. Current density is a key factor of
the MPO technique, which influences all sorts of characters
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of ceramic coatings. At present, there are only a few
instances of research work with the MPO technique on Al
alloy with current density [10,11], such work on Ti and its
alloy is seldom reported [12—14]. Besides, among Ti and its
alloys, Ti—6A1-4V alloy is the most widely used in many
fields all over the world. Therefore, we prepared the
compound ceramic coatings on Ti—6Al1-4V alloy by pulsed
bi-polar micro-plasma oxidation in NaAlO, solution, and
discussed the influences of current density of both pulses on
phase composition, structure and corrosion resistance of the
ceramic coatings.

2. Experimental details

2.1. Preparing of compound ceramic coatings by micro-
plasma oxidation technique

Disc samples of Ti—6A1-4V with a diameter of 16 mm
and thickness of 6 mm were first polished with abrasive
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paper, and then washed in HF—HNO; (1:1 in volume)
aqueous solution. A home-made high power pulsed bi-
polar electrical source with power of 5 kW was used for
micro-plasma oxidation of the disc samples in a water-
cooled electrolyser made of stainless steel, which also
serves as the counter electrode. The reaction temperature
was controlled to below 30 °C by adjusting the cooling
water flow. The MPO process equipment used is similar to
the one presented by Matthews’ group in Ref. [1]. The
electrical source frequency was fixed at 60 Hz. The
concentration of Na,AlO, used in the experiment was
8 g/l and that of NasPO, 1 g/l. The whole process was
divided into two stages: (1) a constant current density
period when the constant current density was applied to
the sample for 60 min, then (2) a current-descending
period when current density was allowed to decrease
freely until the whole reaction time reached 90 min. After
the treatment, the excess of electrolyte solution on the
coated samples was rinsed with water and the samples
dried in the air. Three samples were made under each
conditions of current density to ensure the reliability of the
experiments.

2.2. Analysis of phase composition and structure of the
coatings

Phase composition of the coatings was examined with X-
ray diffraction (XRD), with a Cu Ka source. Morphology
images of the prepared coatings were studied with scan-
ning electron microscopy (SEM) (Japan Hitachi S-570).
Sample thickness was measured, using an eddy current
based thickness gauge (CTG-10, Time), which minimum
resolution is 1 pum with an accuracy of 0.1 um. In this
experiment, the average thickness of each of the triplicate
samples was obtained from 10 measurements at different
positions.

2.3. Evaluation of corrosion resistance properties of the
coatings

Accelerated electrochemical method in a three-elec-
trode cell (Pt plate was used as counter electrode, Ag/
AgCl electrode auxiliary electrode, the coated sample
working electrode) through CHI1140 -electrochemical
analyzer (Shanghai, China) was used to assess the
corrosion resistance properties of the coated samples
in aerated 3.5% NaCl solution. Point corrosion resis-
tance was evaluated by potentiodynamic anodic scan-
ning curves. The potentiodynamic scanning rate was 20
mV/s, with a potential raise from 0 to 7 V, returning to
0 V, forming a potential—current density curve. General
corrosion resistance of the coating was evaluated by
polarizing curves. The polarization curve scanning rate
was 10 mV/s, with a scanning range from —0.25 V of
open circuit potential to +0.25 V of open circuit
potential.

3. Results and discussion

3.1. Influences of electronic current density on morphology
and composition of the coatings

Current density affects the coatings’ thickness, appear-
ance and many other features. Under the condition of the
same current densities for both pulses, the produced coat-
ings were of different thickness and appearance: the coat-
ings produced at less than 6 A/dm” were uniform and less
than 50 pm; while the ones obtained at more than 10 A/dm?
were coarse, porous and more than 100 pm, and especially,
had the poor adhesion to the substrate. Generally, when
prepared using 6-10 A/dm? the obtained coatings were
dense, uniform and adhered well to the substrate, with the
thickness of between 50 and 100 um in our experiments.
However, under different anode and cathode current densi-
ties, the produced coatings also had different features. When
the anode current density (/,) and the cathode current
density (I,) were both equal to 8 A/dm? the coatings were
compact and the color was a little grayish yellow. If the
anode current density was increased, the coatings turned
grayer, more porous and less compact. If the cathode current
density was increased, the coatings turned yellow and
looked more compact. The thickness of the coatings under
different current densities is shown in Table 1.

Further studies on the morphology of the coatings were
made by SEM analysis of the coatings, which is shown in
Fig. 1. Panels (a) and (d) are the surface and cross-section
images of the coatings of I,/I,=8/10 A/dm?, respectively;
panels (b) and (e) the surface and cross-section images of
the coatings of 1,/I. = 8/8 A/dm?, respectively; and panels (c)
and (f) the surface and cross-section images of the coatings
of I,/I,=10/8 A/dm?, respectively. It is to be noted that the
coatings of panels (a) and (c) had more pores than that of
panel (b), and the pores of (a) were bigger than that of (c),
which may be related with the non-symmetry of both
current densities. In the same way, the coating of panel
(d) was more compact and thinner than that of panel (e),
whereas the coating of panel (f) was coarser than that of
panel (e), but had the similar thickness with that of panel (e).
According to the explanation given by Yerokhin et al. [2],
the effect of negative half-cycles is that it probably leads to
the dissolution of some oxide phase on the coating surface.
Therefore, the rise of the cathode current density resulted in
the dissolution of more oxide phase, which was certain to
decrease the thickness of the coatings, meantime the coat-

Table 1
Thickness of the coatings under different anode and cathode current
densities

L/I, (A/dm?) 8/10 8/8 10/8
Mean thickness (jum) 76.1 89.7 109
Max thickness (pm) 83 97 124
Min thickness (pum) 69 83 90
Standard deviation 4.7 4.1 5.6
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Fig. 1. SEM morphology of surface ((a), (b), (c)) and section ((d), (e), (f)) of the coatings of different current densities. (a and d) 7,/.=8/10 A/dm?; (b and e)

I/I,=8/8 A/dm?; (c and 1) I/I.=10/8 A/dm’.

ings turned more compact and less porous, as seen in panel
(d). Similarly, when the anode current density was in-
creased, which also meant the effect of cathode current
density was weakened comparatively, in this way the coat-
ings turned more porous and less compact, as seen in panel
(f), and the thickness of the coatings was also increased, as
seen in Table 1. However, the thickness of the coatings in
panel (f) clearly is not consistent with that in Table 1, which

is because the surface of the coatings was so loose and
coarse that it was easily embedded or destroyed by resin.
The differences of the coatings under different anode and
cathode current densities are also related with their phase
composition. The influence of current density on phase
composition of the ceramic coatings is shown in Fig. 2. It
is clearly shown from Fig. 2 that the coatings are composed
of a large amount of Al,TiOs and a-Al,O3, as well as a
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Fig. 2. XRD patterns of the coatings of different anode and cathode current
densities. (a) I/, = 8/8 A/dm?; (b) I,/I.=10/8 A/dm?; (c) I,/I.=8/10 A/dm>.

small amount of rutile TiO,. The amount of «-Al,O3 and
rutile TiO, varied according to the changing of the anode
and cathode current density. If the anode current density was
increased, the amount of a-Al,O3 of the coatings increased
greatly; if the cathode current density was increased, the
amount of a-Al,O5 decreased a little comparatively. As to
rutile TiO,, the changing trend was quite opposite: the rise
of the cathode current density led to an increase in the
amount of rutile TiO,, while the rise of the anode current
density led to a decrease in the amount of rutile TiO,.

3.2. Corrosive resistant properties of ceramic coatings

3.2.1. Point corrosion resistance of the ceramic coatings
Current density has influenced the phase composition
and morphology of the coatings, and therefore, it is bound to
influence the corrosion resistance of the coatings. The
potentiodynamic anodic scanning curves of the coated
samples and Ti—6Al-4V substrate are shown in Fig. 3.
Fig. 3(b) is the enlarged picture of part of Fig. 3(a). In terms
of the scanning curves, it is easily found that the point
corrosion took place for the substrate and the coatings of
I/1.=10/8 A/dmz, and there was no point corrosion for
the coatings of I,/1.=8/8 A/dm? and I,/I.=8/10 A/dm®. The
area of the closed curves of the coatings of /1. = 8/10 A/dm?
was smaller than that of the substrate, and its current density
was also lower than that of the substrate, so the point
corrosion resistance of the coating of ,/I.=10/8 A/dm?
was better than that of the substrate. In addition, the coating
of I,/I.=8/10 A/dm? was a little better than that of I/I,=
8/8 A/dm® because the current density of the former was
almost always lower than that of the latter as the increased
scanning potential. In short, the point corrosion resistance
of the coated samples was obviously much better than that
of Ti—6Al-4V substrate; and among the coated samples,
the best coatings were the ones of 1,/I.=8/10 A/dm? and
I,/I,=8/8 A/dm?, they were much better than that of I,/I,=
10/8 A/dm?, which shows that the key factors for the point
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Fig. 3. Potentiodynamic anodic curves of the coated samples of different
current densities and Ti—6Al—-4V substrate in aerated 3.5% NaCl solution.
(b) is the enlarged picture of part of (a).
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Fig. 4. Polarization curves of the coated samples of different current
densities and Ti—6Al—-4V substrate in aerated 3.5% NaCl solution.
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Table 2
Corrosion current density and corrosion potential of Ti—6Al-4V substrate
and the coated samples under different current densities

L/, (A/dm?) Corrosion current Corrosion
density (A/cm?) potential (V)

Ti—6Al-4V 9.980 x 10~ —0.507

8/8 7.234x 1077 0.270

8/10 7.454x 1077 0.348

10/8 5.222x1077 0.340

corrosion resistance may be the compactness, low porosity,
and the content of rutile TiO, in the coatings, not the
thickness of the coatings. The proper increase of the
cathode current density increased the amount of the rutile
TiO, in the coatings, and made the coating more and more
compact, and therefore, the point corrosion resistance of
the coatings was improved.

3.2.2. General corrosion resistance of the coatings

Since the variation of current density has affected the
point corrosion resistance of the coatings greatly, another
study was made to evaluate the general corrosion resistance
of the coatings by polarizing curve test. Polarizing curves of
the coated samples and Ti—6Al—4V substrate are shown in
Fig. 4, and the corrosion current density and the corrosion
potential of the coated samples and Ti—6Al-4V substrate
are seen in Table 2. Corrosion current densities of the coated
samples were all a little lower than that of Ti—6Al-4V
substrate and the corrosion potentials all moved to the
higher in comparison with that of Ti—6Al-4V substrate.
Therefore, the general corrosion resistance of the coated
samples was improved to certain extent. But among the
coated samples under different conditions, the best one was
the coating of 1,/[.=10/8 A/dm?, its corrosion current
density was of the minimum. Also, the corrosion current
densities of the coatings under the other two conditions were
similar. This illustrates that the thickness of the coatings
may be the most important factor for the general corrosion
resistance, and the proper increase of anode current density
is helpful for the improvement of the general corrosion
resistance of the coatings.

4. Conclusion

The current density of anode and cathode pulse has
influenced the phase composition, morphology and corro-
sion resistance of the coatings, as a key technique parameter
during the MPO process. The produced coatings on Ti—

6Al1-4V by micro-plasma oxidation in NaAlO, solution are
composed of Al,TiOs, a-Al,O5 and rutile TiO,. Compared
with the condition of the same current density for both
pulses, the rise of cathode current density led to an increase
in the amount of rutile TiO, in the coatings, and decreased
the thickness and made the coatings compact; whereas the
rise of anode current density led to an increase in the amount
of a-Al,O5 in it, and increased the thickness and made the
coatings coarse and porous. The corrosion resistance of the
coated samples was better than that of Ti—6A1-4V sub-
strate, whether considering the point corrosion resistance or
the general corrosion resistance. The proper increase of
cathode current density is helpful for the improvement of
the point corrosion resistance of the coatings, whereas the
proper increase of the anode current density is helpful for
the improvement of the general corrosion resistance.
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