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Abstract

Composite ceramic coatings were formed on a magnesium alloy by AC plasma electrolytic
oxidation using a phosphate-based electrolyte with a-Al,O3;, monoclinic ZrO, or CeO,
particles in suspension. Effects of particles concentration (2, 5 and 10 g/L) on the electrical
response, composition/morphology and corrosion behaviour of the coatings were investigated.
Findings revealed successful incorporation of particles, which were preferentially located in
the outer coating layer. Due to high temperatures at the locations of microdischarges, zirconia
particles underwent transformation from monoclinic to tetragonal structure. The majority of
alumina and ceria particles remained unaffected, although some of the alumina particles
possibly formed MgAl,O4 by reaction with the substrate. Porosity and thickness of the
coatings tended to decrease with increasing particles concentration in the electrolyte. Coatings
formed in the electrolytes containing CeO, particles revealed the best long-term corrosion

performance in 0.5 wt. % NaCl solution.
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1. Introduction

There are numerous studies on anodizing of magnesium alloys [1-3]. The main driving force
behind such interest is to improve the corrosion resistance and, therefore, to exploit the
excellent physical and mechanical properties of magnesium alloys, such as their high
strength-to-mass ratio and damping capacity. In particular, plasma electrolytic oxidation
(PEO) is receiving great attention as one of the most effective ways to coat Mg materials
using an environmentally friendly process that confers the required improvement of corrosion
and wear properties in one step [4,5]. The formation of PEO coatings involves polarization of
the material to relatively high voltages with contributions from plasma-chemical, thermal and
anodic oxidation processes [6]. Coating properties are mainly influenced by processing
parameters (treatment time, electrical regime, electrical wave design) and the electrolyte

composition [7,8].

Despite their excellent short-term corrosion resistance, PEO coatings on magnesium alloys
are relatively porous and the inner barrier layer eventually fails after long-term corrosion
testing [9]. Hence, most strategies acknowledged the need for optimization of PEO processes
and electrolyte conditions and/or for application of post-treatments [10,11]. A novel approach
to overcoming this problem consists in use of colloidal suspensions of ceramic particles so
that they are incorporated into the coating at the locations of plasma microdischarges,
reducing the coating porosity [12]. The mechanism of incorporation of particles into PEO
coatings is still not clear, although it is generally agreed that particles migrate towards the
anode due to electrophoretic and/or mechanical forces and then undergo reactive or inert

incorporation depending on the nature of the particles and applied conditions [13].

Various kinds of particles (Al,Os, SiO,, TiO,, SiC, CeO,, etc.) have been added into PEO

coatings on magnesium alloys [12,14]. For instance, Al,O3 particles have shown to increase



the short-term corrosion resistance, wear resistance and scratch hardness due to formation of
more compact coatings [15,16]. It also appears that these particles participate in chemical
reactions during the PEO process resulting in formation of MgAl,O4 [15-17], although

unaltered particles have also been observed [18].

Under DC and AC conditions, ZrO, particles are incorporated at the surface and followed by
subsequent transport along short-circuit paths into the inner coating regions. Additionally, due
to locally high temperatures, transition from monoclinic to tetragonal zirconia and formation
of Mg,Zrs0, have also been observed, suggesting temperatures in the range of 1240 to 2100
°C at the locations of microdischarges [19-22]. From a corrosion point of view, Lee [20],
Gnedenkov [23] and Tang [22] reported improved corrosion resistance in PEO-coated
magnesium alloys with incorporated ZrO; particles due to reduced coating porosity, whereas
Mandelli [24] did not get satisfactory results, possibly due to negligible incorporation of

particles into the coating.

The incorporation of CeO, particles into PEO coatings under DC regime has been explored by
Lim [25] and Xiong [26]. Lim et al. observed an increased incorporation of CeO, particles at
pores and cracks with the increasing CeO, concentration in the electrolyte from 10 to 30 g/L.
They also found that 30 g/L. CeO, in the electrolyte yielded the highest corrosion potential and
lowest corrosion current density, possibly due to the reduced coating porosity and high
chemical stability of CeO,. This is similar to the results by Xiong et al. who also observed
inert incorporation of CeO; particles during the PEO process. A partial reactive incorporation
of CeO, particles under AC electrical conditions was reported in author’s previous work [27],
which points out that not only the electrolyte composition but also the electrical parameters
play an important role in the final morphology and composition of the coating. That work

revealed that low concentration of CeO; in the electrolyte (3 g/L) partially blocked the pores



in the coating leading to improved corrosion properties. Higher concentration of CeO, in the
electrolyte (10 g/L) changed the characteristics of local microdischarges generating coatings

with more heterogeneous microstructure and a higher number of unsealed pores and cracks.

Most of the previous studies of PEO containing particles do not take into consideration the
effect of particles concentration on the electrical response and/or long-term corrosion
performance of the coatings. In addition, it is not common to compare different particles for
an individual electrolyte, and in particular, for electrolytes with fluoride species, as most of
the work has been done in fluoride-free electrolytes [12,13,22,27]. Therefore, in the present
study, the effects of a-Al,03, ZrO, and CeO; particles (2, 5 and 10 g/L) in fluoride-containing
phosphate electrolyte on the electrical response, morphology, composition and corrosion

behaviour of PEO coatings on AM50 magnesium alloy have been investigated.

2. Material and methods

2.1. Materials

AMS50 magnesium alloy (4.5% Al, <0.26% Mn, <0.2% Zn, <0.004% Fe and balance Mg in
weight percent), of size 30 mm x 25 mm x 3 mm supplied by Magnesium Elektron Ltd., was
used as substrate for PEO. Specimens were ground to P1200 grit silicon carbide and a
working area of ~2 cm? was defined by application of Lacquer 45 resin (MacDermid plc).

2.2. PEO treatment

PEO treatment was carried out for 900 s using an EAC-S2000 power supply (ET Systems
electronic) with a square electrical signal (50 Hz, +420 V/-60 V, 50% duty cycle), an initial
ramp of 60 s and a root mean square (rms) current density limit of 250 mA/cm®. The
electrolyte, comprising 10 g/ NazsPO4-12H,0, 1 g/I. KOH and 8 g/L. NaF, prepared from
deionised water and high-purity chemicals, was continuously stirred during the treatment.

Additions of 2, 5 and 10 g/L. of a-Al,O3 (~300 nm, Buehler), ZrO, (300-700 nm, Inframat



Advanced Materials) or CeO, (~560 nm, Inframat Advanced Materials) were made as
required. The coatings were formed in a 2 L double-walled glass cell through which cooled
water was pumped in order to maintain the electrolyte temperature close to 20 °C. A sheet of
type 316 stainless steel, with the dimensions of 7.5 x 15 cm, was used as the counter-
electrode. After PEO treatment, the specimens were rinsed in deionised water and dried in

warm air.

2.3 Characterization

Surface and cross-sectional morphologies of PEO coatings were examined by scanning
electron microscopy using a JEOL JSM-6400 instrument equipped with Oxford Link energy-
dispersive X-ray (EDS) microanalysis hardware. Phase composition was investigated by X-
ray diffraction (XRD) using a Philips X'Pert-MPD (PW 3040) instrument with a Bragg-
Brentano geometry and a step size of 0.005° in the 20 range from 10° to 80°. Provided XRD
patterns of PEO coatings with incorporated particles correspond to those formed in the

electrolytes with 5 g/L of particles.

The thicknesses of the coatings were measured at 20 randomly selected places using an eddy-
current meter (Isoscope FMP10, Fischer). Surface roughness was measured over a distance of
15 mm in five different locations using a Surtronic 25 tester (Taylor Hobson Precision) and

TalyProfile software applying a Gaussian filter of 2.5 mm.

2.4 Electrochemical tests

A Gill AC computer-controlled potentiostat (ACM Instruments) equipped with a frequency
response analyzer and connected to a three-electrode cell was used for the electrochemical
measurements. The working electrode was the test material with an immersed area of 1 cm?.

Graphite and silver/silver chloride (Ag/AgCl, 3M KCI) electrodes were used as the counter



and reference electrodes, respectively. The test solution consisted of naturally-aerated 0.5
wt.% NaCl solution at room temperature (22 °C). EIS measurements were conducted at
various times up to 7 days of immersion. The frequency range was from 30 kHz to 10 mHz
and the amplitude of the sinusoidal potential signal was 10 mV with respect to the open
circuit potential (OCP). Measurements were performed at least twice to ensure reproducibility
of the results.

3. Results and discussion

3.1. Coating Characterization

Figure 1 depicts the typical »ms current-time transients during the different PEO treatments.
Without particles in the electrolyte, PEO coating reveals a current drop after 450 s of
processing (Fig.1 a), which is a common feature under voltage-controlled mode. This drop is
related to an increase of the coating impedance and consequently the higher resistance of the
oxide material to mass transfer [28].

The addition of ZrO, particles into the bath shifts the current drop to earlier times, e.g. for 2
g/L the drop occurs after 330 s and is further reduced to 190 s for 10 g/L (Fig.1 b). A more
significant effect is observed in the case of Al,O3 particles, with current drop times of 280 s
and 120 s for concentrations of 2 g/l and 10 g/L respectively. The incorporation of 2 g/L.
CeO; reveals only a slight difference in the current drop compared to the electrolyte without
particles, but this difference increases for higher concentrations of CeO, with a current drop
time of 280 s for PEO-10g/L CeO,.

It ought to be mentioned that most of the studies reported in the literature do not disclose the
influence of particles on the electrical response of the PEO process, focusing instead on the
mechanisms of incorporation and/or the final coating properties such as corrosion, wear and
photovoltaic behaviour [12]. When electrical parameters (current/votage) and the coating
growth rate are disclosed, the results are usually controversial [17,25,29-31]. This is

associated with the wide range of different processing parameters (voltage, current, pulse



form, frequency and duty cycle) that can be used which directly influence the individual and
collective characteristics of the micro discharges, affecting the resultant coating [32]. The
systematic study performed in the present work reveals that, under AC voltage control, there
is an early current drop for all PEO treatments with suspended particles and furthermore it is

influenced by both the nature and concentration of the particles.

Scanning electron micrographs of the coating formed in the particle-free electrolyte are shown
in Figure 2 with the corresponding EDS point analysis along the thickness of the coating
gathered in Table 1. The plan view (Fig. 2 a) reveals the typical PEO features, i.e. volcano-
like pores and microcracks formed after rapid solidification of molten material in the
discharge channels [33]. In the cross-section (Fig. 2b), the coating reveals a three-layered
structure with an outer part (less than 50% of the coating thickness) appearing to be more
compact but with bigger pores than the inner fluoride-rich layer (Table 1). The latter is typical
of PEO coatings formed in phosphate/fluoride-based electrolytes [34]. Next to the substrate
appears a micrometre-thick barrier layer (detail in Fig. 2¢) mainly composed of Mg, O and F
(Table 1); such thickness and uniformity of the barrier layer, important for corrosion
performance, is uncommon for PEO coatings on Mg obtained in any but fluoride-based

electrolytes [35-37].

Figures 3, 4 and 5 show the plan views and cross-sections of the coatings formed in the
electrolytes with suspended particles. The location of ZrO, and CeO, particles is clearly
distinguishable as brighter regions, whereas Al,O; particles are not readily visible. This is
mainly related to two factors: (i) the atomic number contrast and (7i) the incorporation
mechanism of the particles that, in case of Al,Os, is reactive. The EDS analyses of the
coatings in the outer and inner parts are shown in Table 1 and thickness, roughness and pore

area are gathered in Table 2.



The addition of ceramic particles into the electrolyte results in some common features for all

the PEO coatings that can be summarized as follows:

iii)

The size and population density of the surface pores decreased with increasing
particles concentration (from 2 g/L to 10 g/L), leading to smoother coatings. The
change in morphology can be clearly observed in the SEM plan views (Fig 2 a and
Fig. 3-5 a,c.e); it is more significant for addition of ZrO, and Al,O; particles, with
the highest decrease in the pore area (from 7 to 1.5% for ZrO,). This sealing effect
has been already observed for other particles such as Si;N, or clay [38,13] and it is
associated with the individual characteristics of the microdischarges and the
preferential location of particles in the pores of the coatings [19,39].

Electrolytes containing particles lead to the formation of thinner coatings, as can
be observed in the SEM cross-sections (Fig. 3-5 b,d.f). Thickness decreases by
about ~25, ~35 and ~36 um for ZrO,, Al,O; and CeO,; particles when their
concentration increases from 2 to 10 g/L in the electrolyte. These results are in
concordance with the earlier current drop (Fig. 1) and is a direct consequence of
the change in the nature of the microdischarges due to the presence of particles in
the electrolyte. The analysis of cross-sections (Fig. 3-5 b.d.f) also reveals that
increasing the amount of particles in the electrolyte improves the quality of the

barrier layer.

Particles are preferentially incorporated in the outer coating regions, with
increasing amounts of Zr, Al and Ce species for higher concentration of particles
in the electrolyte (Table 2). The reduced number of particles in the inner region

indicates a limited inward mass transfer. This feature was also observed in a



similar study using fluoride-free electrolyte with ZrO; and is typical of AC PEO
coatings. This has been associated with the small diameter of the discharge

channel during “soft” sparking [40].

XRD studies for different PEO coatings (without and with particle additions) are shown in
Figure 6. XRD patterns of PEO coatings with incorporated particles correspond to those
formed in the electrolytes with a particle concentration of 5 g/I. (Electrolytes with 2 and 10
g/l gave similar results and are not included here). The studies reveal the presence of MgO
and MgF; as well as inertly incorporated ZrO,, a-Al,O3 and CeO, particles, which is expected
considering their high melting points (2700 °C, 2072 °C and 2600 °C, respectively). In the
case of ZrO, and Al,O; there is also some reactive incorporation as indicated by the presence
of tetragonal ZrO, and MgAl,0O,_ the latter evidently in a very small amount as indicated by its
low intensity peaks. Monoclinic zirconia transforms to tetragonal zirconia at a temperature of
1239 °C, whereas MgAl,04 normally requires solid-state reaction between MgO and Al,Os at
temperatures above 1400 °C [41]. Contrary to previous studies [40], neither cubic zirconia nor
Mg,7r50,, were detected by XRD. This suggests lower temperatures in the discharges in the
present study, as cubic zirconia normally forms above 2370 °C and MgyZrsO;, at
temperatures above 1850 °C. In the MgO-CeO, system, ternary phases are not reported but
there is a eutectic reaction at 2100 °C which could result in some reactive incorporation of
CeO; particles [27]. However, the lack of a eutectic MgO-CeO, aggregate and the discrete
morphology of CeO, particles suggests temperatures below 2100 °C. Therefore, under the
studied conditions, it is presumed here that the temperature of the coating material in the

discharge channels rose to at least ~1400 °C.

3.2. Electrochemical behavior



To evaluate the degradation behavior of all studied materials (PEO coatings with and without
incorporated particles and the substrate) the evolution of the impedance modulus (at 0.1 Hz)

with the immersion time in 0.5 wt.% NaCl solution has been monitored (Figure 7).

At early stages of immersion, PEO coating formed in the particle-free electrolyte reveals
higher corrosion resistance compared to the bare material, with values of the modulus of the
impedance of 10* Q em?® (Fig. 7 a). However, a considerable decrease of the impedance
modulus is observed after 7 days of immersion, reaching values similar to those of the
substrate due to coating failure (manifested as surface pitting). This reduction of protective
properties is associated with the penetration of the electrolyte through cracks and pores of the

oxide layer leading to chemical degradation.

PEO coatings developed in electrolytes containing particles reveal superior anticorrosion
properties for all immersion times in comparison with both PEO particle-free coating and the

bare material, which can be partly explained by their lower porosity.

At the beginning of the immersion (after 1h), PEO coatings with added Al,O5 (Fig. 7 ¢) show
the best performance with the highest value of the impedance modulus (2.5 x 10® Q ecm?) for
particles concentration of 10 g/L. This better short-term behaviour is related to the lower pore
area (Table 2) that strongly influences the initial steps of corrosion process delaying the
penetration of the electrolyte. PEO coatings containing ZrO, and CeO,; particles (Fig. 7 b,d)
reveal similar values of the modulus of the impedance, in the range of 2 x 10> Q cm? to 4 x
10° Q cmz, without a clear effect of the particles concentration on the short-term (<24 h)

corrosion performance.

10



For longer immersion times (up to 7 days), a different response on the corrosion behaviour is
observed for the oxide layers depending on the nature of particles and their concentration. In
the case of PEO layers with ZrO, particles, a gradual degradation occurs without any
significant effect of the amount of particles incorporated into the coating. These coatings
show better corrosion performance (with higher values of the impedance modulus) than the
particle-free coating but a similar trend with the immersion time, also indicating a gradual
corrosion process. Lee et al. [20] also reported an improvement of the corrosion properties of
PEO coating with ZrO; nanoparticles (9 g/L. ZrO;) due to the lower porosity of the coating,
but the effect of particles concentration was not evaluated. The present study points out that
increasing the concentration of ZrO, particles from 2 to 10 g/LL does not yield a great

improvement in the corrosion performance.

The addition of Al,Os particles also improves the corrosion behaviour of PEO coatings
compared with the PEO particle-free oxide layer. This beneficial effect was already reported
by Zhang et al. [18] and Wang et al. [16] following the incorporation of Al,O3 particles into
PEO coatings on AZ91 and AZ31 Mg alloys, respectively. However, in the first work, the
influence of particles concentration was not evaluated and in both studies the long-term
performance remained unclear. Findings of the present investigation reveal an improvement
in the short-term corrosion properties of PEO coatings formed in electrolytes with Al,O3
concentrations higher than 5 g/L., which is in concordance with the work conducted by Wang
et al. [16] and it is associated with the lower porosity of the outer oxide layer, delaying the
electrolyte penetration. The better long-time behaviour of the coatings with higher amount of
AlLOj; particles is related to the increase of Al in the oxide layer (Table 1) and the formation
of more thermodynamically stable phases decreasing the chemical degradation of the oxide

layer.
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PEO coatings containing CeO, particles reveal the best long-term corrosion performance,
characterized by a stabilization of the obtained results with the exposure time. This tendency
indicates a long-term protection effect and better corrosion properties compared with other
oxide layers containing particles. This fact could be associated with an active protective
character of PEO coatings containing Ce species: during the degradation process of the
coating some of the Ce containing products may convert into Ce’ " ions that have been

claimed to have a “self-healing” effect [11,27].

4. Conclusions

Composite ceramic-like coatings were developed on AMS50 Mg alloy using a phosphate-based
electrolyte with a-Al,O3, monoclinic ZrO; or CeO, particles in suspension. PEO treatments
with suspended particles show an early drop of the current during PEO related to a faster
increase of the impedance of the oxide layer.

7r0,, a-Al,O3 and CeO, particles are preferentially incorporated into the outer layer of the
coatings. With the increase of the amount of particles, from 2 g/L to 10 g/L, the thickness and
roughness of the coatings as well as the size and the population density of the surface pores
decreased. Temperatures of the order of ~1400°C at the location of microdischarges promote
the formation of tetragonal zirconia and MgAl,Oy in the coatings with incorporated ZrO; and
ALOj particles, respectively.

PEO coatings developed in particles containing electrolytes reveal superior anticorrosion
properties for all immersion times in comparison to both PEO particle-free layers and the bare
material. The addition of CeO; particles into the electrolyte leads to the formation of PEO
coatings with improved long-term corrosion performance compared with coatings containing
other particles (Al,O3 and ZrO;) which could be associated with a self-healing mechanism.
For this type of PEO coatings, particles concentration below 10 g/L is sufficient in order to
improve the corrosion behaviour of magnesium alloys.

12
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Tables

Tablel. EDS analysis (at.%) of the coatings formed on magnesium alloy AMS50 with and

without incorporated ZrO,, Al,O3 and CeO, particles.

Elements (at.%)

Coating Paz;tl/ges Location Mg Al o F Na p K ZE :r
Surface 22.63 048 3621 2484 2263 526 0.23
PEO 0 Inner 2500 1.14 29.03 2897 7.88 6.55 0.31
Barrier 4656 1.85 15.48 33.90 - 1.45 -
) Surface  17.61 0.69 3936 25.11 885 432 022 3.36
Inner 3025 130 2038 39.64 594 1.18 0.08 1.24
5 Surface 1425 0.28 47.56 2038 8.44 - 022 8.8l
V4{0)} Inner 3396 192 2943 2383 1.77 5.77 - 1.33
Surface 24.85 032 38.16 18.79 743 - 021 9.84
10 Inner 33.89 560 3048 2270 2.03 3.85 0.17 1.27
Barrier  48.14 454 22.84 20.61 0.18 2.33 - 0.15
) Surface 1596 796 4049 2154 872 4.14 0.23
Inner 2717 420 2638 30.84 4.16 496 0.20
5 Surface 11.94 1544 51.64 1197 520 2.89 0.21
ALO; Inner 28.44 824 28.03 27.19 135 4.16 -
Surface 8.72 2074 5744 7.9 335 2.09 0.12
10 Inner 31.16  5.01 2296 33.58 - 4.73 -
Barrier  43.55 3.46  20.94 29.60 - 2.44 -
) Surface  20.37 0.73 3425 27.00 10.09 4.64 024 2.03
Inner 31.80 223 2232 3440 3.18 540 0.10 0.57
5 Surface  21.88 0.53 38.61 2046 837 4.50 021 433
CeO, Inner 3038  1.59 2733 31.37 2.19 4.78 - 0.62
Surface  17.56 - 4522 1442 828 398 0.27 9.06
10 Inner 30.13 091 2741 31.13 2.55 4.82 - 1.28
Barrier  52.73 097 15.30 31.00 - - - -
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Table 2. The main characteristics of the PEO coatings: thickness, roughness and porosity.

Coating Particles (g/L) Thickness (um) Ra (um) Rz (pm) % area with pores

PEO 0 112 +£12 6.7+02 38+1 7
2 81£5 59+08 36+£5 3
ZI‘OZ
5 57T+4 5103 312 1.5
10 55+4 53+0.5 31+4 <1.5
2 62+5 52+0.8 30+3 5
ALO;
5 31+3 34+03 22+2 1.5
10 27+3 33+0.1 21+1 <1.5
2 90 +7 6.6+£09 37£5 7
C602
5 73£5 52+£03 30+1 7
10 54+3 43+0.1 28+2 3
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Figure caption

Figure 1. Rms current-time transients during the different PEO treatments: (a) PEO without
particles, (b) PEO+ZrO,, (c) PEO+a-ALOs, (d) PEO+ CeOs,

Figure 2. Secondary electron images of the PEO coating without particles: (a) plan view (b)
cross section, (¢) detail of barrier layer.

Figure 3. Secondary electron images of the PEO coatings with ZrO, particles added in the
electrolyte: (a,b) plan view and cross section of PEO+ 2g/L. ZrO; _ (c.d) plan view and cross
section of PEO+ 5g/L ZrO,_ (e.f) plan view and cross section of PEO+ 10g/L ZrO,,

Figure 4. Secondary electron images of the PEO coatings with a-Al,O; particles added in the
electrolyte: (a,b) plan view and cross section of PEO+ 2g/L. a-Al,O; | (c,d) plan view and
cross section of PEO+ 5g/LL a-AlOs. (e,f) plan view and cross section of PEO+ 10g/L a-
AlLOs.

Figure 5. Secondary electron images of the PEO coatings with CeO,; particles added in the
electrolyte: (a,b) plan view and cross section of PEO+ 2g/I. CeO3, (c.,d) plan view and cross
section of PEO+ 5g/L CeO», (e.f) plan view and cross section of PEO+ 10g/L CeO;.

Figure 6. XRD patterns for PEO coatings without and with 5 g/L. of particles addition.

Figure 7. Evolution of the impedance modulus (at 0.1 Hz) with the immersion time in

0.5 wt.% NaCl (a) PEO without particles, (b) PEO+ZrO,, (¢) PEO+a-Al, O3, (d) PEO+ CeOs,.
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Table

Tables
Tablel. EDS analysis (at.%) of the coatings formed on magnesium alloy AM50 with

and without incorporated ZrO,, Al,03 and CeO, particles.

Elements (at.%)

Coating Pi}gflﬁ;es Location Mg Al o F Na p K ZE ;)r
Surface  22.63 0.48 36.21 24.84 22.63 526 0.23
PEO 0 Inner  25.00 1.14 29.03 2897 7.88 6.55 0.31
Barrier  46.56 1.85 1548 33.90 - 145 -
5 Surface 17.61 0.69 3936 25.11 885 432 0.22 3.36
Inner  30.25 130 20.38 39.64 594 1.18 0.08 1.24
5 Surface 1425 0.28 47.56 20.38 8.44 - 022 881
V4{0)} Inner 3396 192 2943 23.83 1.77 577 - 1.33
Surface 24.85 0.32 38.16 18.79 7.43 - 021 9.84
10 Inner  33.89 5.60 3048 22.70 2.03 3.85 0.17 1.27
Barrier  48.14 4.54 22.84 20.61 0.18 233 - 0.15
5 Surface 1596 7.96 4049 21.54 8.72 4.14 0.23
Inner  27.17 420 2638 30.84 4.16 496 0.20
5 Surface  11.94 1544 51.64 1197 520 2.89 0.21
ALO; Inner  28.44 824 28.03 27.19 1.35 416 -
Surface  8.72 20.74 5744 7.19 335 2.09 0.12
10 Inner  31.16 5.01 2296 33.58 - 473 -
Barrier  43.55 346 20.94 29.60 - 244 -
5 Surface  20.37 0.73 3425 27.00 10.09 4.64 0.24 2.03
Inner  31.80 2.23 2232 3440 3.18 540 0.10 0.57
5 Surface 21.88 0.53 38.61 20.46 837 450 0.21 4.33
CeO, Inner  30.38 159 27.33 3137 2.19 478 - 0.62
Surface  17.56 - 4522 1442 828 398 0.27 9.06
10 Inner  30.13 091 2741 31.13 2.55 482 - 1.28

Barrier 52.73 0.97 15.30 31.00 - - - -




Table 2. The main characteristics of the PEO coatings: thickness, roughness and

porosity.

Coating Particles (g/L) Thickness (um) Ra (nm)

Rz (pm) % area with pores

PEO 0 112412 67402 38+1 7
2 81+5 59+0.8 36+5 3
Zr0, 5 57+4 51+03 31+2 1.5
10 55+4 53405 31+4 <1.5
2 62+5 52408 30+3 5
ALOs 5 3143 34+£03 2242 1.5
10 2743 33401 21+1 <15
2 90+ 7 6.6+09 37+5 7
Ce0; 5 73+5 52403 301 7
10 54+3 43+0.1 28+2 3
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