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Abstract: In the last decades, several anodizing processes for Mg alloys have been proposed to achieve
a good wear and corrosion resistance combination. In particular, Electro-Chemical Oxidation (ECO)
showed an improved dense and compact anodized layer compared to other anodizing processes
carried out above the dielectric breakdown voltage, such as Plasma Electrolytic Oxidation (PEO).
However, the influence of the ECO treatment on the tribological behavior and cyclic mechanical
performance of Mg alloys has not been investigated yet. This paper reports on the influence of ECO
on dry sliding behavior (vs. 100Cr6 bearing steel (block-on-ring contact geometry)) and rotating
bending fatigue performance of the rare earth (RE)-containing Mg alloy EV31A-T6, comparing it with
both untreated EV31A-T6 and PEO-treated EV31A-T6, used as benchmarks. The ECO-treated alloy
showed improved tribological behavior (critical load for coating failure one order of magnitude higher
and coefficient of friction 40% lower than for PEO) and fatigue strength (no decrease for ECO-treated
samples compared to the untreated alloy, while PEO-treated samples induced a 15% decrease) due to
the increased compactness and lower defectivity of the anodized layer, induced by the minimization
of destructive arc discharges during coating growth. In addition, the ECO treatment significantly
improved wear resistance compared to the untreated alloy, avoiding, at the same time, the decrease
in fatigue strength, which typically occurs after PEO. Therefore, the ECO process can be applied to
improve wear resistance without decreasing the fatigue strength of high-performance components.

Keywords: rare earth magnesium alloy; electro chemical oxidation; plasma electrolytic oxidation;
microstructure; fatigue strength; dry sliding; wear resistance

1. Introduction

Mg alloys are increasingly used as lightweight materials in the aerospace and automo-
tive industries due to their high specific strength, damping ability, and good castability [1].
The addition of Rare Earth (RE) elements has been demonstrated to improve the tensile
and fatigue strength of Mg alloys due to both microstructural refinement and the decrease
of solidification defects in cast alloys [2–4], as well as the reduction of twinning in wrought
Mg alloys [5–8]. Furthermore, the introduction of RE can improve corrosion resistance in
combination with the reduction of impurities in the alloy [9]; in particular, Neodymium
(Nd) and Gadolinium (Gd) contribute to improving surface passivity and suppressing
galvanic micro-couples [10]. These alloy additions also improve the precipitation hardening
response and reduce production costs [11].

Among RE-containing Mg alloys, EV31A (also known as Elektron 21®, with Nd and
Gd up to 3.1 and 1.7 wt.%, respectively, [12]) has been proposed for automotive/motorsport
components such as steering system elements, camshaft covers, clutch and transmission
housings, frame elements, and wheels, which may be subjected to sliding or cyclic stresses
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in service. Several surface modifications have been proposed for Mg alloys to achieve a
good combination of wear and corrosion resistance [13–15]. Among them, anodizing above
the oxide breakdown voltage (often termed either Plasma Electrolytic Oxidation (PEO) or
Micro-Arc Oxidation (MAO)) has gained increasing research interest in the last couple of
decades. These electro-chemical conversion treatments are based on modifying the growing
anodic layer by micro spark/arc discharges to enhance its thickness and hardness. The
latter can be further increased by involving species from the electrolyte and thus forming
out-of-equilibrium phases. Careful control of the discharge regime is required to avoid the
onset of destructive discharges, which may detrimentally affect the quality of the anodized
layer [16–18].

However, anodizing (both above or below the oxide breakdown voltage) is known to
detrimentally affect fatigue behavior, primarily due to oxidation-induced surface tensile
stress, structural defects in the anodic oxide, and age softening of the substrate, as well
as to heating during oxide film formation [19]. The influence of PEO on fatigue has been
mainly investigated for conventional Mg alloys without RE additions [20,21], showing that
the fatigue limit reduction induced by PEO ranged from about 10% [19] to 37% [22].

From a tribological point of view, even though PEO remarkably improves wear resis-
tance, the high roughness in the as-treated condition may generate relatively high friction
against steel counterparts in dry sliding conditions [23].

In order to improve the overall mechanical performance, defects in the anodic ox-
ide may require sealing post-treatments [24,25], making the production cycle more time-
consuming and less cost-effective.

An enhanced anodizing process called ECO (Electro Chemical Oxidation) has been
recently developed (UK Patent GB2497063, Cambridge Nanolitic Ltd.) to overcome these
drawbacks. ECO derives from PEO but uses bipolar pulsed DC sources to avoid disruptive
plasma discharge effects and provide dense and compact coatings. The formation of a finer
nanopore structure oxide layer was promoted by: (i) using short (microseconds) electrical
pulses with trapezoidal shape to reduce the electrical current peaks during pulse switching;
(ii) maintaining cathodic current at a level that secures cathodic etching; (iii) avoiding
breakdown discharge and improve ion and charge transfer to the oxidation zone. ECO
coatings have already been applied in the textile, packaging, and automotive industries.
In particular, a previous study on the wrought AA6082-T5 alloy demonstrated that ECO
improves tribological behavior compared to PEO [26]. However, the influence of ECO
on the tribological and fatigue behavior of Mg alloys has not been investigated yet. In
this work, the conditions for ECO treatment (carried out in pulsed bipolar current) differ
from those applied in another recent paper [27] dealing with galvanostatic anodizing of
AZ31B. We also reported on the tribological behavior of ECO-treated samples, which is not
covered in the above-cited reference. Based on the above, the present study investigates the
influence of ECO on dry sliding and rotating bending fatigue behavior of the RE-containing
Mg alloy EV31A using data from previous studies on tribological [28] and fatigue [29]
performance of PEO-treated EV31A as a benchmark.

2. Materials and Methods

The Mg alloy EV31A (chemical composition in Table 1) was provided by Magnesium
Elektron Ltd. (Manchester, UK). Blocks for dry sliding tests (5 × 5 × 70 mm3) and rotating
bending fatigue test samples (smooth cylindrical specimen geometry according to ISO 1143 [30])
were machined from sand-cast plates. All samples were heat treated (T6) by (i) solutionizing at
520 ◦C for 8 h, (ii) quenching in 70 ◦C water, and (iii) aging at 200 ◦C for 16 h [31].

Table 1. Chemical composition (wt.%) of the EV31A Mg alloy.

Nd Gd Zr Zn Fe Ni Cu Si Ag ORE 1 Mg

2.8 1.3 0.56 0.29 0.003 <0.001 <0.008 <0.01 <0.1 <0.14 Bal.
1 ORE = Other Rare Earths, i.e., Ce, La, Pr.
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Before Electro-Chemical Oxidation (ECO) and Plasma Electrolytic Oxidation (PEO),
EV31A samples were polished by standard metallographic techniques and degreased in
ultrasonicated acetone.

The main treatment parameters for ECO, which was carried out in an industrial
environment, are listed in Table 2 and compared to those for the PEO treatments used
as benchmarks for tribological and fatigue tests. The PEO benchmark for dry sliding
tests (“PEO-tribo”) was carried out on the lab scale, while the PEO benchmark for fatigue
tests (“PEO-fatigue”) was carried out on the industrial scale by a proprietary process
(MAGOXID®) [29]. This paper reports complete data regarding the microstructure, tribo-
logical, and fatigue behavior of ECO-treated EV31A. Basic information on PEO benchmarks
is reported only for comparison (Table 3). The corresponding studies are detailed in [28]
for PEO-tribo and in [29] for PEO-fatigue.

Table 2. Main features of the anodizing treatments.

Anodizing Parameters ECO PEO-Tribo [28] PEO-Fatigue [29]

Coating mode control

Pulsed bipolar current (PBC):
Potentiostatic for anodic pulse;

galvanostatic for
cathodic pulses

Galvanostatic (DC mode)

MAGOXID® (proprietary
process)

Voltage (V) +500 V/−100 V <200 V

Current density (mA cm−2) 600 500

Electrolyte
Alkaline phosphate-aluminate

solution (KOH, Na4O7P2,
NaAlO2 in deionized water)

Alkaline phosphate-silicate
solution (Na5P3O10, Na2SiO3,

NaOH in deionized water)

Tank temperature (◦C) 20–25 20–25

Discharge mode Low-discharge oxidation Micro-discharge oxidation Micro-discharge oxidation

Table 3. Main features of the ECO layers and PEO benchmarks investigated by tribological (dry
sliding) and fatigue (4-point rotating bending, staircase method) tests. Results on benchmarks come
from our previous studies on the tribological [28] and fatigue [29] behavior of PEO-treated EV31A-T6.

Main Coating Features,
Tribological and Fatigue

Properties

Dry Sliding Rotating Bending

ECO-Tribo PEO-Tribo [28] ECO-Fatigue PEO-Fatigue [29]

Surface roughness, µm
Ra Rq Ra Rq Ra Rq Ra Rq

0.19 ± 0.04 0.24 ± 0.04 5.3 ± 0.8 6.9 ± 2.0 0.30 ± 0.02 0.38 ± 0.02 2.0 ± 0.1 2.4 ± 0.3

Thickness, µm 55 ± 6 47 ± 10 16 ± 4 23 ± 3

Phase constitution MgO MgO, Mg3(PO4)2,
Mg2SiO4

MgO MgO, Mg3(PO4)2,
Mg2P2O7

Lc3 (scratch test), N >30 21.7 ± 2.6 21.1 ± 2.0 13.3 ± 0.6

Maximum load before coating
failure (dry
sliding), N

50 5 n.a. n.a.

Mean fatigue strength (σD[50%]),
MPa n.a. n.a.

109 ± 5
(no decrease in

comparison to untreated
alloy)

88 ± 13
(−15% in comparison

to untreated alloy)

n.a.: not applicable.

After ECO, samples for tribological tests were gently rubbed with an abrasive pad
(3M Scotch-Brite hand pad) to remove the thin powdery top layer and then rinsed again
with demineralized water. Samples for fatigue tests were only rinsed with demineralized
water after ECO.
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2.1. Microstructural Characterization

Microstructural characterization of untreated EV31A-T6 was carried out by standard
metallographic techniques, using Nital 2 (2 mL HNO3, 98 mL EtOH) to highlight the
microstructure. Optical microscopy (Reichert MeF3, Depew, NY, USA) and Field Emis-
sion Gun Scanning Electron Microscopy (FEG-SEM Tescan Mira 3, Brno, Czech Republic)
equipped with Energy Dispersive Spectroscopy (EDS) microprobe (Bruker XFlash 630M,
Billerica, MA, USA) were used for microstructural observations. Thickness measurements
were carried out on cross section images of anodic oxides using the ImageJ software by
averaging data obtained by at least 5 measurements at the same magnification. The phase
constitution of the PEO layers was determined by X-ray diffraction (XRD), performing
θ–2θ scans from 10◦ to 100◦ with a 0.02 step size and a 4 s dwell time by a PANalytical
X’pert PRO (Malvern, UK) X-ray diffractometer with Xcelerator detector and a Ni-filtered
Cu-Kα radiation source (λ = 0.15405 nm), operated at 40 kV and 30 mA. Topographic
measurements were carried out on free-coating surfaces by stylus profilometry (Hom-
melwerke T2000, Schwenningen, Germany, radius of curvature of the stylus tip: 5 µm).
Microhardness vs. depth profiles was measured on polished cross-sections using a Knoop
microhardness tester with a load of 100 g (HK0.1). In addition, Vickers micro-hardness
(HK0.1) was measured on free surfaces. Scratch tests were performed using a Revetest
device (CSM Instruments SA, Peseux, Switzerland) equipped with a Rockwell diamond
indenter (spherical tip radius: 200 µm). Progressive load scratch tests were conducted from
1 to 30 N, with a linear speed rate of 10 mm min−1 and a scratch length of 10 mm. Scratches
morphology was observed by optical microscopy during scratching and by 3-D digital
microscopy and SEM after testing.

2.2. Tribological Tests

Dry sliding tests were carried out on untreated EV31A-T6 and the anodized alloy
using a flat-on-cylinder tribometer (block-on-ring contact geometry, ASTM G-77 [32]). Sta-
tionary samples (5 × 15 × 70 mm3) slide against a rotating 100Cr6 (AISI 52100) bearing
steel cylinder (diameter: 40 mm), with a surface hardness of 60 HRC and a roughness
Ra = 0.15 ± 0.03 µm. Tests were performed at ambient temperature and humidity (relative
humidity ranging from 50 to 60%), at fixed sliding speed (0.3 m s−1), under normal loads
from 5 to 60 N and 1000 m sliding distance. These conditions led to maximum Hertzian
contact pressures ranging from 40 to 150 MPa, estimated according to [33], considering
MgO as the prevalent phase in anodic oxides (elastic modulus E = 248 GPa and Poisson’s
ratio ν = 0.187 [34]), as determined by XRD analysis. Friction force values were continu-
ously recorded during each test as a function of sliding distance by a bending load cell.
Friction values were averaged over the steady-state regime for each test and then averaged
again over each test’s repetitions. Linear vertical displacement of both mating bodies
(i.e., slider + cylinder) was monitored during the tests by LVDT, while the maximum
wear scar depth was separately measured at the end of each test on sliders and cylinders
by stylus profilometry (tip radius: 5 µm). Worn surfaces were characterized by Hirox
KH 7700 (Tokio, Japan) 3D-digital microscope and FEG-SEM/EDS to identify the dominant
wear mechanisms.

2.3. Fatigue Tests

Rotating bending fatigue tests were carried out by adopting a 4-point loading con-
figuration at a frequency of 90 Hz and a stress ratio R = −1 on ECO-treated cylindrical
samples [30]. Tests were performed following the statistical staircase method, described
in ISO 12107 [35], in which specimens are tested sequentially under increasing stresses
until a failure occurs. The tests start at a first stress level, preferably close to the estimated
mean strength, to find if samples fail before the given number of cycles or not. The fatigue
strength with a 50% survival probability was assessed with a maximum number of cycles
of 2 × 106 cycles and a stress step of 5 MPa. These conditions led to a test duration of about
6.5 h for each run-out test. The investigated load ranged from 100 to 125 MPa, and tests
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at each load step were repeated up to 4 times. FEG-SEM analyses of the fracture surfaces
were performed to identify the failure mechanisms.

3. Results
3.1. Microstructural Characterization

Figure 1 shows the microstructure of the EV31A cast alloy after T6 heat treatment,
where typical needle-like Zr-Zn clusters were observed at the grain core. In this alloy, Zr
addition contributes to grain refining, while Zn beneficially affects mechanical properties
and mitigates adverse effects of Fe and Ni impurities on corrosion behavior [36]. Residual
eutectic microconstituent (α-Mg + Mg12NdxGd(1−x)) was detected at grain boundaries
(Figure 1b), as also reported in [28,37].

Figure 1. Microstructure of the cast EV31A-T6 Mg alloy after etching with Nital 2 [38]: general view
(a) and high-magnification detail (b) showing Zr-Zn clusters at grain core (1) and residual eutectic
microconstituent (α-Mg + Mg12NdxGd(1−x)) at grain boundaries (2).

Figure 2 compares the free surface morphology of PEO- and ECO-treated EV31A.
Shallow grooves on the surface of flat sliders for tribological tests (Figure 2b,c) are due to
the light rubbing procedure carried out to remove the thin powdery top layer, as described
in Section 2. However, both tribological and fatigue samples (unaltered after treatment,
Figure 2e,f) show typical craters generated by local discharge events occurring during the
anodic oxide growth. Pancake morphology, due to molten oxide ejected from discharge
channels and rapidly cooled, as well as a few microcracks due to thermal stresses, were
also observed. However, the low intensity of micro-discharges in ECO induced a rather
fine surface morphology, as indicated by lower roughness values than PEO (Table 3) and
the images in Figure 2 (a vs. b; d vs. e).

Cross-section backscattered electron (BSE) images of the ECO layers are shown in
Figure 3 and compared with the corresponding PEO layers. The interface between the
ECO layer and the substrate is wavy due to the local thickening of the anodic oxide due to
breakdown events and the presence of Gd- and Nd-rich second-phase particles [39]. The
thickness of the ECO layer on samples for fatigue tests was deliberately kept lower than for
tribological tests (Table 3) to minimize detrimental effects related to the build-up of stresses
and defects in the outer layer of the coating. As reported in [40], fatigue strength decreases
with increasing anodized layer thickness. However, all ECO layers (Figure 3b,c,e,f) were
fairly dense and displayed only a few tiny pores and discharge channels, primarily located
in the outermost zone. Conversely, PEO layers (Figure 3a,d) showed many large pores and
cracks, most noticeably in the tribological samples (Figure 3a). The main reason for these
differences is related to less intense micro-arcs generated by the improved control of the
discharge regime in the ECO process, as already observed in previous works [26].
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Figure 2. Surface morphology (FEG-SEM images) of the PEO (a,d) and ECO (b,c,e,f) layers on cast
EV31A-T6 Mg alloy samples for tribological (a–c) and fatigue (d–f) testing. Light rubbing marks
(vertical grooves) are visible in (b) due to the procedure for removing the thin powdery top layer
after ECO treatment.

Figure 3. Polished cross sections (BSE images) of the anodic layers on cast EV31A-T6: PEO (a,d) and
ECO layers (b,c,e,f) on samples for tribological (a–c) and fatigue (d–f) testing.

BSE images in Figure 3b,c and elemental X-ray maps recorded by EDS on polished
cross sections (Figure 4) evidenced the incorporation of the Nd- and Gd-rich eutectic
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microconstituent layer and the overall distribution of the elements in second-phase particles
within the growing ECO-produced anodic oxide. RE-containing particles incorporated into
the ECO layer underwent a slight volume increase due to oxidation, as also observed by
Arrabal et al. [39].

Figure 4. BSE images and EDS X-Ray maps showing elemental distribution in cross section for the
ECO layer on cast EV31A-T6: tribological (ECO-tribo) (a) and fatigue (ECO-fatigue) samples (b).

Regarding elements from the electrolyte (Al and P), X-ray maps in Figure 4 show
that Al-rich species were mainly located in the outer areas of the ECO layer, while P-
rich species were detected at a higher depth from the surface. The distribution of these
elements is influenced by the ionic mobility of the corresponding species, as discussed by
Monfort et al. [41] and Matykina et al. [42].

XRD analyses (Figure 5) revealed that MgO is the main crystalline constituent of the
ECO layers. Also, peaks from the Mg substrate were detected, indicating that XRD patterns
represent the coating’s full-thickness composition. The lower thickness of the ECO-fatigue
layers led to a higher contribution from the Mg substrate than the thicker ECO-tribo layers.

Figure 6 shows a representative HK0.1 vs. depth profile measured on the polished
cross section of the ECO-tribo layer. The highest microhardness within the ECO layer
(about 470 HK0.1) was found at about 6 µm from the coating-substrate interface, close to
the base material. The microhardness value decreased towards the outer surface of the
layer, reaching a plateau between 230 and 210 HK0.1 at about 30 µm from the coating-
substrate interface. A similar trend was obtained by Durdu et al. [43], even though with
higher microhardness values; in particular, the highest microhardness was measured in the



Coatings 2023, 13, 62 8 of 18

densest inner layer, approximately at 7 µm from the coating-substrate interface, while a
decrease of about 50% was measured at 30 µm distance from it.

Figure 5. X-ray diffraction patterns, representative of the through-thickness composition of ECO
layers on cast EV31A-T6.

Figure 6. Cross-sectional Knoop indentation profiles of ECO layers on tribological samples (ECO-tribo).

Due to the PEO layer’s lower compactness, it was impossible to measure a comparable
HK0.1 vs. depth profile. However, surface hardness values were measured on both anodic
layers, confirming that ECO’s dense and fine microstructure (HV0.1 = 451 ± 8) led to a
slightly higher hardness than PEO (HV0.1 = 378 ± 10).

Scratch test results, expressed as Lc3, i.e., the critical load for full adhesive failure,
according to ISO 20502 [44], are summarized in Table 3. ECO and PEO layers on EV31A can
be considered hard coating on a softer substrate. These layers plastically deform as they are
bent into the scratch track formed due to substrate plastic deformation under increasing
normal load. Buckling failures (cracks and patches of coating spallation) progressively
appear within the track, in the regions of plastic pile-up ahead of the advancing indenter.
Critical loads for adhesive failure are known to be significantly influenced by the thickness
and roughness of the coated surfaces [45]. Therefore, it is not surprising to observe higher
Lc3 values for both the layers obtained on tribological testing samples than on fatigue
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samples. However, for each type of sample, the ECO layers attain higher Lc3 than PEO
due to the smoother surface (Rq always about one order of magnitude lower than for PEO,
Table 3) and more compact microstructure (Figure 3).

3.2. Dry Sliding Tests

Representative plots comparing the coefficient of friction (COF) as a function of sliding
distance for ECO- and PEO-treated EV31A and the untreated substrate are shown in
Figure 7a.

Figure 7. Dry sliding tests (vs. 100Cr6 steel, 1000 m, 0.3 m/s): dynamic COF as a function of sliding
distance for untreated and ECO-treated EV31A at 5 N, compared to PEO-treated EV31A [28] (a);
average values of steady-state coefficient of friction for all tested conditions (data for PEO-treated
EV31A at 5 N from [28]) (b).

This comparison was possible only at the lowest load (5 N) since, above 5 N, the PEO
layer was utterly worn out before the end of the test. In steady-state conditions, both the
ECO and the PEO treatment led to an increase of COF compared to the untreated EV31A
alloy due to the increase in the abrasive component of friction, in agreement with previous
findings [28,46,47]. However, the COF increase brought about by ECO is lower than by
PEO (+75% instead of +200%, as shown by average steady-state COF data in Figure 7b).
This result is due to the lower roughness of the ECO layer (Table 3), generated by its more
compact microstructure (Figure 3), as discussed in Section 3.1. Figure 7b also shows that, for
ECO layers, COF is not significantly affected by normal load. The slight COF increase with
increasing normal load may be ascribed to the decreasing stability of the iron oxide-based
transfer layer which forms on the surface of sliders as a consequence of mild tribo-oxidation
of the steel counterpart under the combined action of mechanical stresses and frictional
heating, as also observed in previous studies [28]. Figure 8 shows the accumulation onto
the surface of the ECO layer of reddish transfer layers, which is facilitated by both the
topography of the anodic layer (Figure 2) and the load support provided by the ECO
layer itself.

The wear track coverage and the transfer layers stability on the ECO-treated surface
(slider) increased with increasing normal load up to 15 N (Figure 8a,e,i). Correspondingly,
the steel counterpart (cylinder) underwent mild tribo-oxidation, forming shallow grooves
(Figure 8b,f,j): the wear depth on the cylinder was consistently undetectable by stylus pro-
filometry. Conversely, the untreated substrate (Figure 8c,g,k) was unable to form/stabilize
any protective transfer layer and underwent severe adhesive/abrasive wear, showing
a deeply ploughed and plastically deformed bright metallic surface. The macroscopic
observation of the steel counterpart showed even fewer wear damage signs than after tests
vs. the ECO-treated sliders. Therefore, the wear depth on the cylinder was undetectable in
this case.
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For ECO-treated sliders, when the applied load increased to 60 N, a transition appeared
in both COF and vertical displacement plots (related to system wear, i.e., wear of both
cylinder and slider, Figure 9a). It is worth recalling here that vertical displacement plots
show data from the LVDT (Section 2.2): an increasing trend denotes material removal
(i.e., wear), while a decreasing trend denotes material deposition (i.e., the formation of
transfer layers). More specifically, plots in Figure 9a show that, after about 400 m, the
COF measured for coated sliders decreased to comparable values to those measured for
untreated EV31A, while the wear rate increased. This friction/wear transition is attributed
to the involvement of the substrate in the contact due to the complete consumption of
the anodic oxide layer, as wear scars suggest (discussed here below). Hence a maximum
load at which the coating still survives the test without any friction and wear transitions
was identified, corresponding to the end of the coating life. Above this maximum load
(i.e., at 60 N for ECO), a remarkable increase in wear depth was observed (Figure 9b). The
maximum load for ECO coating in dry sliding tests (Table 3) was one order of magnitude
higher than for PEO layers (50 vs. 5 N) due to the beneficial combination of hardness,
thickness, and adhesion of the ECO layer (Table 3).

The average wear depth values measured on sliders (Figure 9b) showed that, even
though PEO decreased wear in comparison to the untreated substrate, already at 5 N, the
maximum wear depths measured on the PEO layer were comparable to its thickness and
the oxide layer was almost completely worn out. The remaining portions of the PEO layer
still contributed to support the load and protect the substrate from full involvement in
the contact, as demonstrated by the absence of a friction/wear transition in the plots of
Figure 7a. Additionally, the SEM observation of worn surfaces showed that both anodic
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layers (ECO, Figure 10a and PEO, Figure 10b) limited the occurrence of heavy plastic
deformation compared to the untreated alloy (Figure 10c). However, whilst the transfer
layer on ECO-treated EV31A consists of fine and partly compacted debris from mild
tribo-oxidation of the steel counterpart, the transfer layer on PEO includes many angular
fragments due to the onset of fracture in the anodic oxide.

Figure 9. Dry sliding tests (vs. 100Cr6 steel, 1000 m, 0.3 m/s): dynamic coefficient of friction vs.
system wear as a function of sliding distance for ECO-treated EV31A at 60 N, showing a transition in
the friction and wear behavior (due to involvement of the substrate in the contact, i.e., end of coating
life) at about 400 m (a); maximum wear scar depth of sliders measured after dry sliding tests: the
inset highlights data for ECO and PEO layers up to 50 N (data for PEO-treated EV31A from [28]) (b).

Figure 10. Dry sliding tests (vs. 100Cr6 steel, 5 N, 1000 m, 0.3 m/s): SEM micrographs of wear scars
comparing ECO (a) and PEO-treated (b) samples with untreated EV31A-T6 (c).

Conversely, the wear depth on the ECO-treated EV31A remains well below the thick-
ness of the anodized layer in the load range from 5 to 50 N, and the worn surface was
covered by the previously discussed iron oxide transfer layer, whose stability may also be ac-
counted for the wear depth trend as a function of load in Figure 9b. The high-magnification
observation of wear scars on ECO layers (Figure 11) showed that the transfer layer achieved
maximum compactness and hence protective efficiency at 20 N (Figure 11c,d), leading to a
slight wear depth decrease. Conversely, at 50 N the protective transfer layer started to be
consumed (Figure 11e,f), and the wear depth increased (Figure 9b). At 60 N, the substrate
appeared at the center of the wear scar (Figure 11g,h): inside deep grooves and plastically
deformed areas, wear debris from the substrate and the anodized layer was detected. An-
gular fragments due to microcracking of the ECO layer were detected inside these grooves
(Figure 11h). Microcrack-driven damage accumulation and coating removal in flakes are
typically observed in anodic layers on Mg alloys involved in sliding contacts [48].
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Figure 11. Dry sliding tests (vs. 100Cr6 steel, 1000 m, 0.3 m/s): SEM micrographs of wear scars
on ECO-treated sliders at 15 (a,b), 20 (c,d), 50 (e,f) and 60 N (g,h): BSE images (a,c,e,g) and higher
magnification SE details (b,d,f,h) in the areas highlighted by the orange frames. The labels indicate
the main elements detected by EDS.

3.3. Fatigue Tests

The results of rotating bending fatigue tests, expressed as fatigue strength with a 50%
surviving probability according to the staircase method (σD[50%]) for ECO- and PEO-treated
EV31A-T6, are reported in Table 3. The fatigue strength at 2 × 106 cycles of the base alloy
ranged between 101 ± 12 and 103 ± 17 MPa because surface roughness ranged from 0.3 to
0.8 µm [29]. ECO-treated samples showed a fatigue strength comparable to the base alloy
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(109 MPa vs. 101–103 MPa); therefore, the ECO treatment did not detrimentally affect the
fatigue behavior. The slight differences, especially in terms of standard deviation (5 MPa in
the case of ECO and 12 to 17 MPa for the base alloy), can be ascribed to the different stress
steps adopted in the experimental campaign (5 MPa and 10 MPa, respectively). However,
the PEO treatment reduced the fatigue strength by about 15% compared to the base alloy.

At low magnification (Figure 12), ECO- and PEO-treated samples show comparable
fracture surfaces consisting of three distinct regions of fatigue failure: crack nucleation,
crack growth, and final failure induced by overloading. A high magnification analysis of
the ECO-treated samples is reported in Figures 13–15, which show (i) crack nucleation sites,
(ii) crack propagation zone, and (iii) final failure zone, respectively. Corresponding images
for PEO-treated samples can be found in [29].

Figure 12. Fatigue tests (4-point rotating bending): SEM overview of the fracture surface of ECO-
treated (a) and PEO-treated (b) samples, with distinct regions of fatigue failure.

Figure 13. Fatigue tests (4-point rotating bending), fracture surface analysis: SEM images showing
crack initiation below the ECO layer-substrate interface at a shrinkage cavity (a) and isolated facet of
cleavage plane (b) in ECO-treated EV31A-T6 samples.



Coatings 2023, 13, 62 14 of 18

Figure 14. Fatigue tests (4-point rotating bending), fracture surface analysis: SEM images of the crack
propagation region showing the typical fatigue striations and small secondary cracks (a,b).

Figure 15. Fatigue tests (4-point rotating bending), fracture surface analysis: SEM images of the
overloading region. Intergranular fracture with cleavage planes and secondary cracks (a) and small
areas with ultrafine deep dimples (b).

Figure 13 shows that the crack nucleation occurred in the base alloy, slightly below the
coating/substrate interface, where the fatigue samples experience the maximum stresses.
The nucleation regions were characterized by small shrinkage cavities (Figure 13a) or flat
and smooth facets of cleavage planes in correspondence with large grains (Figure 13b). The
low number of effective slip systems in the Mg alloys and the high density of dislocations
and defects, which increase with increasing grain size, led to the formation of localized
damage that propagates fast because of the cyclic loading. Therefore, fatigue crack nucle-
ation was related to features typical of casting Mg alloys similar to those reported in [29,49]
and not to defects or decohesion in the anodized layer.

Figure 14 shows images of the crack propagation region, highlighting the presence of
the typical fatigue striations. Their formation is generally transgranular, associated with
the plastic deformation ahead of the fatigue crack tip induced by twinning mechanisms
and dislocations slip. In this region, small secondary transgranular cracks are also clearly
visible [50,51].
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Finally, the overloading regions (Figure 15) are characterized by an inter-granular
fracture mechanism with a brittle morphology, cleavage planes, and secondary cracks,
surrounded by small areas with ultrafine deep dimples (Figure 15b), typical of local plas-
tic deformation.

Therefore, in this work, ECO-treated samples underwent fracture due to crack nu-
cleation slightly below the coating/substrate interface, in correspondence with typical
microstructural features of the casting Mg alloy [49] acting as the substrate. In particular,
small shrinkage cavities and flat and smooth facets of cleavage planes in correspondence
with large grains of the substrate were identified (both in ECO-treated EV31A investigated
here and in the PEO-treated benchmark [29]) as crack nucleation sites. At the same time,
fracture or decohesion of the anodic layers was never observed. Therefore, many factors
whose combination may induce the well-documented decrease of fatigue strength in Mg
alloys after anodic oxidation may be ruled out in this case. In particular, factors inducing
stress concentration, such as defects (primarily cracks) in the anodized layer, the undula-
tion of the alloy/coating interface [40], and corrosion beneath the coating [52] may not be
considered responsible for fatigue failure in PEO- and ECO-treated samples investigated in
this work. On the other hand, since in PEO samples [29] crack nucleation occurred in the
substrate below the interface with the anodic oxide, the generation of a so-called “treatment-
affected sub-layer” [20] (TASL) may be considered the leading cause for fatigue failure for
PEO-treated EV31A, which experienced a decreased fatigue strength in comparison to the
untreated alloy. The accumulation of strain in the TASL, induced by out-of-equilibrium
PEO treatment conditions (e.g., rapid fusion and solidification due to intense micro-arc
discharges), may lead to tensile residual stresses [53], in turn detrimentally affecting fatigue
behavior. Furthermore, it can promote failure initiation at microstructural defects of the
EV31A substrate, such as the previously mentioned coarse grains and shrinkage cavities,
at lower stress. Conversely, since the ECO treatment operates in a more controlled arc
discharge regime than PEO, the formation of a TASL is less likely, and hence the fatigue
strength is not detrimentally affected by ECO.

4. Conclusions

This study investigated the influence of ECO coating, produced using an alkaline
phosphate-aluminate solution as electrolyte, on dry sliding behavior (block-on-ring contact
geometry) and rotating bending fatigue performance of the Rare Earth (RE)-containing
Mg alloy EV31A-T6. The results were compared to those obtained in the same testing
conditions for untreated and PEO-coated EV31A-T6 alloy and related to microstructural,
micro-mechanical, and fractographical analysis. The following conclusions can be drawn:

• Less intense micro arcs generated by the discharge regime in the ECO process resulted
in a denser anodized layer than in PEO.

• In dry sliding tests vs. 100Cr6 bearing steel, the ECO-treated alloy showed a critical
coating failure load one order of magnitude higher than the PEO-treated alloy.

• At 5 N normal load, the maximum wear depth of the ECO-treated alloy was one
order of magnitude higher than for PEO-treated samples. In the same conditions,
the coefficient of friction of the ECO-treated alloy was about 40% lower than that of
PEO-treated samples.

• With the same surface finish, no decrease in fatigue strength was observed for ECO-
treated samples compared to the untreated alloy, while the industrial PEO-treated
samples induced a 15% fatigue strength decrease.

The ECO process introduced improvements in tribological behavior and cyclic me-
chanical performance compared to the PEO process, thanks to the increased compactness
and lower defectivity of the anodized layer induced by the minimization of destructive arc
discharges during coating growth. Therefore, the ECO process could constitute an optimal
solution to improve high-performance Mg alloy components’ wear and corrosion resistance.
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