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Abstract

Plasma Electrolytic Oxidation (PEO) of magnesium alloy is performed in NHsF and KOH based
electrolytes within various waveforms of bipolar current pulses in order to investigate the role of
the cathodic biasing on both the growth mechanisms of the PEO coating and the micro-discharge
behaviour. A particular attention is paid to the cathodic micro-discharges and their appearance (or
not) depending on the process conditions. Although cathodic micro-discharges are shown to have
detrimental effect on the PEO layer, it is pointed out that cathodic biasing is necessary to improve
the growth of the oxide coatings. Conditions that promote cathodic breakdown are discussed and
a mechanism of cathodic breakdown of the layer is proposed. Meanwhile, it is evidenced that
cathodic micro-discharges, and to a greater extent cathodic biasing, influences the anodic
breakdown coming immediately after, and therefore the process behaviour during the anodic

biasing.

Keywords: plasma electrolytic oxidation (PEO), magnesium, breakdown, micro-discharges,

bipolar current pulse.



Highlights:

- A mechanism of cathodic breakdown of the PEO layer is proposed.

- Cathodic micro-discharges are found to be detrimental to the coating growth.

- The mutual influence of cathodic and anodic biasing is pointed out.

- Size and lifetime of cathodic micro-discharge are determined in the range 0.15-0.45 mm? and

100-150 s respectively.



1. Introduction

Plasma electrolytic oxidation is a promising surface treatment that might replace conventional
anodizing to grow thick protective oxide coatings on light alloys (e.g. Al, Mg, Ti...). Although,
both processes consist in immersing a work electrode and one or several counter electrodes in a
conductive electrolyte, the physical mechanisms of oxide growth are basically different. In
anodizing, oxide growth is driven by redox reactions and follows the Faraday law. The coating
thickness is limited to some tens of micrometres with growth rates of hundreds of nanometres per
minute. On the other hand, due to the high current density (1-100 A.dm?) and voltage (400 —
1000V) applied during the PEO process, micro-discharges (MDs for short) are repeatedly ignited
at the surface of the substrate [1]. Therefore, PEO allows fast synthesis of coatings with
thicknesses reaching hundreds of micrometres in a few tens of minutes [2-5]. The breakdown of
oxides layers by MDs is considered as the principal mechanism that contributes to the oxide
growth. The influence of the discharge features on the properties of the PEO layers has been
already reported [6, 13]. For instance, Mécuson et al [14, 15] showed that a judicious setting of
the cathodic current half-period parameters (amplitude, duration) with respect to the anodic ones
induces a voltage drop associated with the quasi disappearance of MDs. This regime, called the
“soft regime”, improves the compactness, growth rate and corrosion resistance of the layers.
Nevertheless, though the role of the cathodic half-period was clarified, no MDs were observed
under cathodic biasing. However, we recently showed that within specific conditions, cathodic
MDs could be observed [16]. Surprisingly, no anodic MDs were detected, and the light emission
corresponding to cathodic MDs has a pseudo periodic behaviour [16]. The following sections will
show the influence of cathodic MDs on the oxide growth. The influence of one current half-
period (either anodic or cathodic) on the one coming immediately after (cathodic or anodic, resp.)

will be pointed out.



2. Experimental procedure

The process is carried out on commercial EV31 magnesium alloy substrates (table 1) in alcalino-
silicate ([KOH] = 0.036 mol.L™ + [Na2SiOs] = 0.016 mol.L™*) and ammonium fluoride ([NH4F] =
0.27 mol.LY) electrolytes. The current is supplied by a pulsed generator (Ceratronic®) that can
deliver several types of waveforms as shown in table 2. The light emitted by the MDs was
recorded with a Hamamatsu R928 photomultiplier (PM) whose output signal was amplified by a
300 MHz bandwidth current amplifier (Standford Research Systems SR445). The PM signal as
well as current and voltage waveforms were collected and recorded using a 1 GHz bandwidth
oscilloscope (Agilent 54832B). Space and time properties of MDs like their size, overall number
and mean lifetime were determined from the analysis of images recorded using a Photron
Fastcam SA1.1 ultra-high speed video camera (UHSC) whose acquisition rate was set at 125
kHz. Due to the important volume of data, images were processed using the TRACE software

[17, 18].

Oxide layer composition and morphology were characterized with a Philips XL30 scanning
emission microscope equipped with a field-emission gun (FEG) and an EDX detector. Samples
were cut, mounted in resin at low temperature and low pressures in order to let the resin penetrate
the oxide layer. Then, samples were polished through successive grades of SiC abrasive papers
and finely polished to 1 um with diamond paste. In order to avoid charge accumulation during
SEM investigations, samples were covered with a thin layer of gold, deposited by sputtering.
Phase composition was investigated by X-ray diffraction (XRD), using a INEL diffractometer

equipped with a Co Ko anticathode (A = 1.78897 A).



3. Results and discussion

3.1. Characterisation of coatings

The surface of the samples oxidized in conditions that promote the formation of cathodic MDs
(current signal WAVEL, NH4F electrolyte), exhibits an extremely rough surface visible to the
naked eye. The SEM top-view micrograph shown in figure 1 shows large pores spread in a foamy

layer. Flakes are visible (fig. 1a) and the oxide even peels off in places (fig. 1b).

Cross section micrographs (fig. 2) show that substrate is strongly corroded. This might greatly
contribute to the roughness of the sample. They also confirm the localized delamination of the
coating. Unlike usual PEO layers, the oxides formed in NH4F electrolytes have a structure in

strata (fig. 2c). Apparently the strata do not adhere either to the substrate or to each other.

The EDX spectrum of the synthesized coating (point 1 in fig. 2a) is presented in figure 3a. It
shows intense peaks of magnesium, fluorine and oxygen due to the presence of MgO and MgF:
in the coating. This is supported by the X-Ray diffraction pattern that clearly indicates that the
coating is exclusively composed of those phases (fig. 3b). A high peak of carbon is also detected.
It is attributed to the insertion of epoxy resin between strata during the encapsulation process.
Besides, EDX spectra made on magnesium substrate (point 2 in fig. 2a) show a carbon peak at

least five times smaller than those measured on the coating (point 1 in fig. 2a).

3.2. Role of anodic and cathodic half-periods on coating growth and breakdown
The previous results establish that treatments in NHsF electrolyte with AC current degrade the
layer properties drastically. The following study aims to determine whether those defects come

from the electrolyte composition or from cathodic MDs. Thus, treatments have been made under



unipolar (either cathodic or anodic) DC pulsed current (respectively WAVE2 and WAVE3).
Since under AC current, MDs appear only under cathodic biasing, it is relevant to investigate
MDs under unipolar cathodic regime (WAVEZ2). However, and surprisingly, no MDs are
observed (fig. 4). Furthermore, no oxides could be measured on the sample and no evidence of
corrosion could be found. This result shows that the anodic half-period plays an important role on

the generation of cathodic MDs.

Under anodic DC pulsed current (WAVE3), an oxide layer grows, though no discharges are
observed (fig. 5). The oxide layer exhibits also a strata structure in these conditions (fig. 5b). The
layer grows during anodic biasing and without any discharge assistance. Hence, the oxide

certainly grows according to the following chemical reactions:

Mg* + 0* > MgO

Mg?* + 2 F > MgF.

The layer has a fine grain size or is even partly amorphous for the oxide growth does not need
any heat transfer, unlike layers grown with MDs. XRD pattern shows very low diffraction peak
intensities of layer components (MgO and MgF2) as compared to the substrate (fig. 3b). Note that
the sample is only corroded under anodic biasing (fig. 5a). However, without MDs, no layer

spalling occurs.

3.3. Breakdown mechanism of cathodic MDs
The physical mechanisms that lead to breakdown in liquids are complex and still under study [19-

21]. Nevertheless, the aforementioned results make it possible to propose a mechanism of



cathodic breakdown. The sample is immersed in electrolyte (fig. 6a) and simultaneously corroded
and oxidized (fig. 6b) under anodic biasing. Oxidation leads to the formation of a dielectric layer
composed of magnesium oxide and fluoride (MgO and MgF2) (fig. 3b, fig. 4b). Under cathodic
biasing, electric charges are accumulated on both sides of the dielectric layer (fig. 6¢), which
increases locally the electric field. When the electric field reaches a sufficient value, breakdown
occurs (fig. 6d). Cathodic breakdown causes local spalling of the layer (fig. 1). This provokes the
electrical contact between the metal electrode and the electrolyte. Consequently, a large part of
the charges flows through large porosities caused by spalling and thus limits charge accumulation
(fig. 6e). However, in some places, charge accumulation can be sufficient to reach the breakdown
electric field and therefore to lead to breakdown, but to a lesser extent than previously (fig. 6f).
After 16 £2 cycles of accumulation/breakdown [16], charge accumulation is made impossible due
to the increase in the number of shortcuts (fig. 6g) which quickly evacuate charges. Then, MDs

eventually stop before the end of the cathodic period (fig. 1b in [16]).

Cathodic micro-discharges in alkaline-silicate electrolytes

NHF electrolytes offer adequate conditions to observe and study cathodic MDs. However, the
aforementioned results show that those conditions are not fairly suitable for any industrial
application due to poor layer properties. To grow thicker and denser layers on magnesium,
alkaline-silicate electrolytes are often preferred [9, 22-24]. In these conditions, many anodic MDs
are ignited and form an oxide layer at high rate. Unexpectedly, cathodic MDs can also appear in
alkaline-silicate electrolyte (fig. 7). The cathodic MDs that appear in alkaline-silicate electrolyte
show an oscillating pseudo-periodic behaviour as it was observed in NHsF (inset fig. 7). However
MDs appear during a shorter time (300-600us) in alkaline-silicate than in NH4F electrolyte (1.7-

2.1 ms) [16].



Figure 8 shows the evolution of light emission in the WAVE4 regime. Thanks to this regime, we
remark that if a cathodic half-period follows an anodic half-period, then cathodic MDs can be
observed. On the other hand, no MDs are observed during the cathodic half-period if it is not
preceded by an anodic alternation. The presence of a prior anodic half-period is the condition for

the appearance of cathodic MDs, irrespective of the electrolyte composition.

3.5 The influence of cathodic half-period on anodic MDs

In the WAVES regime, cathodic MDs are observed during the cathodic half-period when
generated (fig. 9a). If a cathodic half-period is generated, the anodic overall light emission
increases slightly (from 2 to 6 a.u.) during the next anodic half-period. On the other hand, if no
prior cathodic half-period is generated, the anodic light emission is more intense at the beginning
of the anodic half-period and then decreases by a factor of 2. The size of MDs follows a similar
trend, increasing from 0.15 to 0.25 mm? after a cathodic half-period; and decreasing from 0.3 to
0.15 mm? without cathodic half-period (fig. 9c). Furthermore, the number of MDs is not affected
by the presence of prior cathodic MDs (fig. 9d). The lifetime of anodic MDs increases very
slightly (from 75 to 150 us) after a cathodic half-period, but it decreases otherwise from 200 to

100ps.

4. Conclusion
Layers grown in NH4F are composed of MgO and MgF.. Although MDs only appears during the
cathodic half-period, these oxide layers grow during the anodic half-period. Moreover, an anodic

half-period is necessary to observe MDs during the next cathodic half-period. However, NH4F



electrolyte is not suitable in order to grow protective layers because of both corrosion of the
substrate during anodic half-periods, and spalling of the layer by cathodic MDs.

On the other hand, cathodic half-period also influences the properties of anodic MDs. Without
cathodic half-period, the formation of large and long MDs is promoted. These conditions are
considered as responsible for higher defects concentration and roughness of the coatings [7].
Furthermore, cathodic half-period promotes shorter and smaller MDs, these conditions being
favourable to get thicker and more homogeneous layers [6].

A correct setting of electric parameters is then essential to optimize coating quality. If cathodic
MDs must be avoided, the presence of a cathodic half-period is mandatory to form layers with

good properties.
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Table 1: Composition of EV31 alloy.

Element

Mg

Nd

Gd

Zn

Zr

wt %

Balance

2.86

1.38

0.25

0.66




Table 2: Current waveforms used in the present work.

Waveform

Schematic

Ja

Jc

T1

T,

T3

T4

Aldm?

ms

WAVE1
(bipolar

DC pulse)

20

10

WAVE2
(negative

DC pulse)

10

WAVE3
(positive

DC pulse)

10

WAVE4
(negative

hybrid)

12

-20

20

WAVES
(positive

hybrid)

20

-12

20




Figure 1: Top-view secondary electron micrographs showing the surface of the layer grown in
NHa4F electrolytes after a 40 min treatment in the bipolar DC pulse (WAVEL) regime.
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Figure 2: Backscattered electron micrographs of cross sections of layers grown in NHsF
electrolytes during 40 minutes in the bipolar DC pulse (WAVEL) regime, at different
magnifications.
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