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In order to improve the corrosion behaviour of Mg3Zn0.4Ca alloy, fluorine-free PEO coatings, developed at
different treatment times using a novel transparent electrolyte and a conventional suspension electrolyte, were
compared. The surface morphology and chemical composition of the PEO coatings were evaluated by scanning
electron microscopy, transmission electron microscopy and X-ray diffraction. The corrosion behaviour of the PEO
coatings was carried out by potentiodynamic polarization, electrochemical impedance spectroscopy and
hydrogen evolution test in modified a-MEM solution. The coatings formed in both electrolytes showed very
similar morphologies and compositions that were independent of the nature of the electrolyte. At short im-
mersion times, all PEO coatings showed an improvement in corrosion resistance by PDP measurements, while by
EIS measurements only the coatings at short treatment times showed a significant improvement. After >24 h of
immersion, the PEO coating formed in transparent electrolyte suffered a drastic acceleration of the degradation
rate that exceeded that of the uncoated substrate. The acceleration was attributed to the presence of a crack at
the PEO/substrate interface, and the formation of ZnO from the oxidation of Zn-rich secondary phases of the
Mg3Zn0.4Ca alloy. The PEO coating formed in the suspended electrolyte on the Mg3Zn0.4Ca alloy showed great
corrosion protection, which was attributed to the precipitation of hydroxyapatite that remains trapped in the

pores and cracks of the PEO coatings by the hydrolysed silica, impeding the progress of corrosive species.

1. Introduction

Plasma electrolytic oxidation (PEO) is an anodizing process carried
out at high voltage in an alkaline electrolyte. PEO process is a promising
strategy for generating a variety of bioactive coatings with a wide range
of compositions, microstructures, porosity and roughness achievable
though control of the PEO process parameters and electrolyte compo-
sition [1,2]. During the PEO process, the formation of the coating de-
pends on the interaction of species from the electrolyte and substrate
species [3-5].

The high fluorine content (e.g. 8 g/L) in the electrolyte leads to a
great improvement of the corrosion resistance of Mg alloys due to the
formation of thick coatings, in the range of 35-40 pm, simultaneously
improving the cell adhesion and proliferation [6]. Nevertheless, some
studies pinpointed low biocompatibility of fluoride-containing coatings
with endothelial cells due to the cells’ limited tolerance to the released
fluoride. In order to avoid premature cell death while maintaining the
protective properties of the coatings, PEO coatings were developed on a
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cast Mg3Zn0.4Ca alloy with reduced fluoride content in the electrolyte
(3 g/L) where thicknesses between 10-18 pm were obtained. However,
the corrosion protection of these coatings was lower compared to the
substrate, which was associated with the presence of Zn-rich in-
termetallics embedded in the coating and the easy permeability of the
coatings due to insufficient amount of MgF; in the barrier layer [7].

To avoid fluoride presence in the coating, Ca-, P- and Si-based
electrolytes were developed in order to promote the formation of com-
pounds such as hydroxyapatite improving the corrosion resistance of Mg
alloys and enhancing the cell adhesion and proliferation which is
particularly important for biomedical applications [6,8]. Furthermore,
the combination of Ca and P salts in PEO electrolyte results in suspen-
sion electrolytes due to precipitation of calcium phosphates, which
require higher maintenance due to the particle agglomeration. For this
reason, the addition of organic complexing additives such as ethyl-
enediaminetetraacetic acid (EDTA) is required in order to stabilize Ca®t
in the solution and avoid formation of particles [9,10].

Most of the published works that attempted to improve the corrosion
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resistance of Mg-Zn-Ca alloys using bioactive PEO coatings employed
Ca—P, Ca-P-Si or Si-based suspension electrolytes (some with addition
of fluoride species) [11-13]. Such coatings were reported to improve the
corrosion performance compared to the bare substrates [14-16]. How-
ever, the corrosion performance of these systems is typically evaluated
by electrochemical or immersion tests without pH control (i.e. without
maintaining pH 7.4) during the test. The latter has been recently re-
ported to have an important effect on the corrosion rate of Mg-Zn-Ca
alloys [7].

The present work is focused on the comparative study of the PEO
coatings formed on Mg3Zn0.4Ca alloy in a suspension electrolyte and a
true solution electrolyte, both specially designed to be F-free and contain
bioactive Ca, Si and P species. The study evaluates the coating growth
kinetics, morphology and composition. The corrosion behaviour of the
coated systems is evaluated in modified a-MEM solution employing
constant pH control during the immersion tests in order to emulate in
vivo implant degradation conditions. The long-term (120h) immersion
results are compared with a short-term (1h) screening by means of
electrochemical tests in an attempt to propose a reliable protocol of
coating selection for subsequent in vitro biological studies.

2. Materials and methods
2.1. Materials

Mg3Zn0.4Ca cast ingot determined by Arc Spark analysis is consti-
tuted by (wt.%): 3.14 Zn, 0.4 Ca, 0.002 Cu, 0.012 Fe, balanced Mg. The
alloy was supplied by the Institute of Surface Science (Helmholtz-Zen-
trum Hereon, Geesthacht, Germany). The sample was prepared by
grinding to P1200 grit size SiC papers, rinsed in isopropyl alcohol and
dried in warm air.

2.2. PEO treatment

Alternating current (AC) voltage-controlled power supply (EAC-
$2000, ET Systems electronic) was used for PEO treatment in 2 L double
jacket thermostat glass cell. The Mg3Zn0.4Ca alloy was used as work
electrode and stainless steel mesh (AISI 316 of @#15cm) as counter
electrode. The coating was formed on the entire specimen, with the
electrical contact provided through a threaded insulated brass rod. The
root-mean-square (rms) voltage and current responses were controlled
electronically, with a sampling time of 0.1 s, employing a Keithley
KUSB-3116 data acquisition card (16 bit, 500 Ks/s) and Labview pro-
gram (National Instruments). Instantaneous voltage and current values
were monitored using a 2-channel Tektronix TDS 2012B oscilloscope at
100 MHz sampling rate.

The transparent electrolyte was designed based on Ca, P and Si
species by adjusting the molar ratio of Ca and EDTA species in order to
avoid suspended particles, such as Ca3(PO4)2, and achieve sustainable
microdischarges and uniform coatings. This electrolyte was compared
with an electrolyte in suspension. The composition of both electrolytes
and the electrical parameters of the process are presented in the Table 1.
After PEO process, the samples were rinsed in deionized water dried
with warm air.

2.3. Surface characterization

A JEOL JSM-6400 scanning electron microscope equipped with an X-
ray energy dispersive system (EDS) was used to determine the compo-
sition and morphology of the coated samples. All samples were prepared
by grinding from P120 to P1200 grit of SiC abrasive papers and pol-
ishing from 3 to 1 pm using diamond paste.

X-ray diffraction (XRD) patterns and X'PertHighScore software and
ICDDD PDF4+ database of the phase components of the coatings were
measured with Philips X’Pert diffractometer operated in Bragg-Brentano
geometry (CuKa = 0.154056 nm, 450 kV, 400 mA, scan rate 0.04%s,
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Table 1
Composition and PEO process parameters of electrolytes.

Electrolyte (g/L)

Composition PEO-T PEO-S
Transparent Suspension
NasPO4-12H20 10 10
Na,SiO3-5H,0 10 9
KOH 8 1
CaH;,C3PO¢ 2 -
CaO - 2.9
NayEDTA 3.67 -
6(mS-cm?) 40.1 24.6
pH 12.7 12.9

Parameters of PEO

Waveform Square
Voltage (V) +350/-50
Current density (mA/cm?) 100
Duty cycle (%) 50
Frequency (Hz) 50
Time (s) 300/600/900

range 20: 10-80°).

The roughness parameters S, (arithmetic mean area height) and Sy,
(ten point height) were evaluated using a 3D optical focus variation
profilometer (InfiniteFocus SL, ALICONA). The values presented are the
average of 3 measurements over a length of 2.8 mm.

The coating thickness was measured with the Fischer ISOSCOPE
FMP10 portable eddy current meter using an average of ten measure-
ments and subsequently confirmed with cross-sectional SEM. The pore
population density and pore size of the coatings were estimated using
ImageJ software. Image analysis of the coating surface was carried out
using three SEM micrographs taken at arbitrary locations.

The barrier layer of the PEO-S coating at 300 s was analysed by TEM
using JEOL JEM 2100 instrument operated at 200 kV. The sample was
assembled in a sandwich structure (diameter 3 mm) and subsequently
thinned until <0.1 mm thick. After that, the specimen was prepared by
ion milling in a 691 GATAN PIPs system with a small incident angle until
perforation.

2.4. Corrosion testing

The corrosion behaviour of the specimens was analysed by electro-
chemical and hydrogen evolution tests in a modified «-MEM solution
(Minimum Essential Medium Eagle-alpha, free from organic additives)
prepared in the laboratory, consisting of 6.8 g/L NaCl, 2.2 g/L NaHCOs,
0.4 g/LKCl, 0.12 g/L NayHPO,, 0.09 g/L MgS0y4, 0.2 g/L CaCl, at 37 °C.

2.4.1. Electrochemical measurements

A GillAC potentiostat (ACM Instruments) was used to analyse the
corrosion behaviour of electrochemical tests in modified a-MEM after 1
h of immersion. A standard three electrode cell, an Ag/AgCl-3 M as
reference electrode, platinum as counter electrode and PEO-coated
specimens with an exposed area of 1 cm? as working electrode, were
used to monitor the evolution of the electrochemical data.

Potentiodynamic polarization curves were performed at a scanning
rate of 0.3 mV/s with potential sweep from —200 mV to +1000 mV (vs.
OCP), and a current density limit of 5 mA/cm? From the analysis of
cathodic and anodic Tafel slopes, the corrosion current density and
corrosion potential were obtained. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out in the frequency range
from 100 kHz to 10 mHz at the open circuit potential, with a sinusoidal
perturbation of 10 mV amplitude. The acquired EIS data were fitted by
ZView software and a good fit was ensured through keeping the square
of the standard deviation between the original and the calculated
spectra <0.01 and the weighted sum of squares (proportional to the
average percentage error between the original data points and the
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calculated values) <0.1.

2.4.2. Hydrogen evolution test

Hydrogen evolution measurements for bulk material and PEO-coated
specimens were carried out during 5 days immersion. The specimens
were placed in 25 mL burettes into a plastic chamber of 12 L connected
with the 9 L deposit. The pH of the physiological solution was contin-
uously adjusted to 7.4 by a flow of CO5 regulated by a switch coupled to
a pH-sensor. Each material was tested by triplicate to obtain the average
value. The total surface area of the immersed specimens was ~18 cm?.

3. Results and discussion
3.1. Electrical response of PEO treatment

Fig. 1 (a) shows the evolution of the root mean square values of
voltage and current density (Uyps, irms) during PEO treatment in trans-
parent and suspension (PEO-T and PEO-S, respectively) electrolytes on
Mg3Zn0.4Ca alloy. For both electrolytes, a linear voltage increase is
observed during the 60 s ramp with a slight change of slope at ~35 s
(230 V) that occurs when the limiting current density of 100 mA-cm ™2 is
reached. A second inflexion occurs at ~50 s (~200 V) corresponding to
visual initiation of the plasma microdischarges indicating a change in
the oxide layer growth kinetics. In PEO-T electrolyte, the micro-
discharges are distributed across the surface of the sample, while in PEO-
S visual examination of the discharge is not possible because the addi-
tion of practically insoluble CaO resulted in opacity of the electrolyte.
After that point, the voltage gradually reaches an approximately con-
stant value of ~235 V in PEO-S and ~229 V in PEO-T. This slight dif-
ference indicates that impedance during the process is greater for PEO-S,
which may be attributed to the greater compactness of the coating
material.

The calculated apparent specific energy consumption for PEO-coated
samples are illustrated in Fig. 1 (b). The calculation was done according
to the formula.

if
E (W-s-em™?) = / (current density (A-cm™?) x Voltage (V) )
1

)

where to = 0 s and t; is the duration of the PEO coating process. The
specific energy consumption is obtained by dividing the energy by the
coating thickness and adjusting the units to kW-h-m~2-ym~L.

For both systems, the results indicated an increase of energy con-
sumption from <0.25 kW-h-m 2.um ! to >0.35 kW-h-m 2 pm™! with
the increase of the treatment time, being slightly higher in the case of
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PEO-S at long treatment time. It is important to note that the coatings
formed at 600 s and 900 s for the PEO-S electrolyte show similar energy
consumption, which may be associated with the fact that the growth rate
of the coating is relatively constant with treatment time. Understand-
ably, that happened in suspension electrolyte where the incorporation of
particles from the electrolyte contributes to the formation of a new
coating material. These energy consumption values are about the same
as the ones reported for low-energy PEO treatments developed for a Mg
alloy [17] (~9043.7 kJ -dm’2~pm) and lower compared with those
previously reported by the Authors for as-cast MgZnCa and Mg3Zn0.4Ca
alloys in fluorine electrolyte (1.6 and 1.9 kW-h-m~2pm™, respectively)
[71.

3.2. Coating morphologies, structure and composition

Fig. 2 shows the surface and cross-sectional morphologies of PEO-T
and PEO-S coatings at different treatment time with their respective
EDS analysis (Table 2). As shown in Fig. 2. (a-c, g-i), similar morphol-
ogies are observed for all coatings; where the pores are homogeneously
distributed on the surfaces of the coatings. In some cases, fine micro-
cracks (Fig. 2 (a, h, 1)) are formed due to thermal stress caused by a rapid
cooling process [18]; although they are unlikely to be specific to the
treatment. According to the surface roughness, the average value of S, of
PEO-T and PEO-S coatings tend to remains constant (~0.7 pm) while
that of Sp ¢, tends to increase with the treatment time (PEO-T: 9 to 13 pm
and PEO—S: 6 to 14 pm, see Table 2). In addition, the density of pores
increases with the increase of treatment time for from 4.06-10° to
4.17-10° pore/mm? and from 3.08-10° to 4-10° pore/mm? PEO-T and
PEO-S, respectively. The micropore diameters remain constant for PEO-
T ~0.25 pm and slightly decrease for PEO-S from 0.32 to 0.25 pm
(Table 2), respectively. In most of the PEO/Mg works reported in the
literature, the average of pore size increases with increase of the treat-
ment time due to the discharging channels tending to merge leading to
contribution to the enlarged pore size [18,19]. The opposite situation is
observed here, although the energy consumption is higher with treat-
ment time, as observed in Fig. 1 (b). This may be associated with the
lesser intensity of the microdischarges in the main surface area, while
most of the energy being involved in the development of a few isolated
microarc events [20]. Additionally, the sub-micrometric pores may be
due to the gas bubbles passing through the molten oxide material dis-
placed by microarc events.

The cross-sectional morphology of the coatings formed in both
electrolytes present a small internal pores and in some cases discharge
channels close to the barrier layer are formed (Fig. 2 (d, f, k, 1)). The
coatings formed in PEO-T appear more compact with only few internal
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Fig. 1. (a) Current density-time curves and (b) calculated apparent specific energy consumption for PEO-T (black-squares) and PEO-S (red-circles) coatings on

Mg3Zn0.4Ca alloys.
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600 s

Fig. 2. Secondary electron micrographs of surface (a-c, g-i) and cross-sectional (d-f, j-1) morphology of the (a-f) PEO-T and (g-1) PEO-S coatings produced on

Mg3Zn0.4Ca alloys in: 300 s (a, d, g, j), 600 s (b, e, h, k) and 900 s (c, f, i, 1.

Table 2
Coatings roughness and surface porosity characteristics.
Parameters PEO-T PEO-S
300 s 600 s 900 s 300s 600 s 900 s
Sa (pm) 0.68 + 0.05 0.71 £ 0.0.7 0.62 £+ 0.01 0.51 £ 0.08 0.53 + 0.10 1.91 £ 0.16
S10z (pm) 9.13 + 2.95 9.88 + 3.46 12.98 + 1.05 5.55 +£1.71 6.94 + 0.68 14.50 + 1.81
Thickness (pm) 5.48 + 0.94 6.46 + 2.24 7.33 £ 0.99 8.12 £ 0.46 10.1 £ 0.52 15.1 +£1.99
Surface pore population density (pore/mm?) 4.06-10° 4.09-10° 4.17-10° 3.08-10° 3.55.10° 3.99.10°
Pore area fraction (%) 3.05 2.74 2.24 4.74 4.42 1.77
Average pore size (pm) 0.28 + 0.04 0.24 + 0.03 0.25 £ 0.1 0.32 + 0.12 0.28 + 0.06 0.25 + 0.01

pores compared to PEO-S electrolyte. It is evident that there is no sig-
nificant increase in coating thickness (~5.5...7.03 pm) with treatment
time for PEO-T, while PEO-S coatings are about two times thicker
(Table 2). Greater thickness is expected for coatings formed in suspen-
sion electrolytes, due to entrapment of particles in the discharge chan-
nels, where they melt, get ionized, migrate under the electric field and
get incorporated into the oxide coating matrix [21].

A semiquantitative analysis of the elemental composition of the
coating is performed by EDS (Table 3). The incorporation of Ca, P, Si,
and Zn remains constant with increasing treatment time. These elements

are incorporated in the outer part of the coatings, while Zn is incorpo-
rated in the inner part. This is due to inward migration of Ca, Si and P
from the electrolyte, while Zn migrates from the substrate outwards. It is
worth mentioning that the Ca incorporation decreases with increasing
treatment time only for PEO-S electrolyte. In addition, the surface Ca/P
ratios in coatings formed in PEO-S electrolyte remains constant with the
treatment time around ~0.8. This behaviour could be explained by the
development of a few isolated microdischarges of greater intensity (i.e.
longer lasting) in the suspension electrolyte with time. As a result, these
discharges cause a destructive effect, which is associated with the loss of
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Table 3
EDS analysis (at. %) of PEO-T and PEO-S coatings ate 300, 600 and 900 s.
Electrolyte Time (s) Location (¢] Na Mg Si P K Ca Zn Ca/P
Plan view 55.5 2.6 26.7 7.7 3.4 2.2 1.7 0.1 0.50
300 1 53.4 1.2 31.0 9.1 4.6 0.7 1.1 0.1 0.24
2 48.3 0.3 44.8 3.8 1.9 0.9 0.1 0.3 0.05
3 331 0.2 62.0 2.8 1.3 0.3 0.0 0.5 0.00
Plan view 57.4 1.6 27.1 7.8 3.6 1.0 1.3 0.2 0.36
4 50.2 1.6 31.9 8.7 4.4 1.4 1.8 0.1 0.41
PEO-T 600 5 41.7 0.5 45.9 5.7 3.8 0.7 1.0 0.6 0.26
6 48.6 0.4 47.9 1.9 0.7 0.3 0.1 0.2 0.14
Plan view 55.6 2.6 26.5 7.6 3.5 2.2 1.7 0.4 0.49
900 7 52.9 2.2 30.1 8.2 3.5 1.8 1.1 0.2 0.31
8 41.2 1.3 37.2 10.4 5.2 2.0 2.0 0.7 0.38
9 37.1 0.3 56.9 2.9 1.8 0.1 0.1 0.8 0.06
Plan view 48.4 1.7 34.1 9.4 2.7 0.7 2.6 0.4 0.96
1 37.6 0.3 55.7 4.8 0.6 0.0 0.2 0.8 0.33
300 2 42.7 2.2 37.0 12.9 2.8 0.9 1.3 0.2 0.46
Plan view 34.0 0.9 49.0 11.3 2.9 0.3 1.6 0.0 0.55
PEO-S 3 27.0 0.5 64.0 5.6 1.6 0.0 1.3 0.0 0.75
4 41.8 1.9 39.0 12 2.8 1.0 1.1 0.4 0.39
600 5 34.1 0.7 44.7 14.7 4.5 0.2 0.3 0.8 0.07
Plan view 11.4 0.4 80.0 4.7 1.6 0.0 1.0 0.9 0.63
6 53.7 3.9 29.6 7.8 3.4 0.8 0.8 0.0 0.24
900 7 45.8 2.2 34.2 14.1 2.9 0.6 0.1 0.1 0.03

the previously formed material at the site of microdischarges and the
formation of new material [22]. In comparison, Ca/P ratios in the sur-
face of the coatings formed in PEO-T electrolyte are inferior by 2 times,
but are maintained relatively constant with the increase of the treatment
time. This is an indication of milder character of microdischarges that
took place in this electrolyte.

The corrosion protection of a PEO coating depends on the corrosion
resistance of the barrier layer. Therefore, the PEO-S coating formed in
300 s, as the most compact one (Fig. 2 (j)), has been selected to analyse

the barrier layer in more detail. TEM analysis (Fig. 3 (a)) shows a barrier
layer of about ~0.6 pm thickness with a complex stratified morphology
comprising an upper porous region (~400 nm), separated from the rest
of the PEO coating material by a submicron-size pore band, and an inner
region (~200 nm) adjacent to the substrate. It is worth mentioning that
several finer nanovoid bands are located inside the inner region of the
barrier layer (Fig. 3 (b, ¢)), delimiting the <100 nm-thick strata of the
barrier layer.

A curvature of the barrier layer/substrate interface is also seen below

Fig. 3. TEM micrographs of PEO-S coating acquired at 200 kV from different regions of barrier layer. (a) Lower magnifications, (b, ¢) higher magnifications and (c)
detail of barrier layer of Fig. 3 (b).
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the pores, which means that the pores represent the bottom of the
discharge channels. Fig. 3 (b, ¢) show discharge channels cutting across
almost the entire thickness of the barrier layer. This phenomena is
consistent with previous finding of Arrabal on the PEO treated surface of
the AZ91-D alloy [23]. It is unclear whether the stratification of the
barrier layer is exclusive to AC PEO regime, as no detailed TEM studies
of PEO coatings formed in DC mode have been reported so far.

The X-Ray diffraction patterns of all studied coatings are displayed in
Fig. 4. All coatings reveal high intensity peaks of Mg (from the sub-
strate), MgO and, in case of PEO-T system, the presence of some amor-
phous material corresponding to a peak broadening between 25-40°
(20). In addition, Mg2SiO4 (forsterite) is formed in both electrolytes. The
silicate species from the electrolyte precipitate as amorphous SiOj,
which reacts with MgO during the microdischarges to form forsterite at
the range of 1100-1400 °C [24]. Interestingly, forsterite is present in all
PEO-T coatings, but begins to develop in PEO-S only sometime between
300 s and 600 s of treatment (i.e. 300 s coating does not contain
Mg,Si04). The crystallinity of the PEO coating is also related to the in-
tensity of the discharge. The higher energy required for coating break-
down and the higher discharge intensity can be observed for longer PEO
processing times [18]. This means that a higher temperature is devel-
oped in the microdischarges and cooling and solidification take longer,
which favours crystallization of Mg,SiO4. The absence of Ca- and P-
containing crystalline phases in PEO-T and PEO-S coatings suggests that
these species are contained in amorphous state. Lack of apatite or hy-
droxyapatite is understandable, as, typically, greater positive pulse
voltage (i.e. greater plasma discharge temperature and slower cooling
rate of the material) is required for their formation [19].

3.3. Corrosion behaviour of the coatings

3.3.1. Electrochemical tests

3.3.1.1. Potentiodynamic polarization (PDP). Fig. 5 shows the polariza-
tion curves of PEO-T and PEO-S coatings obtained in different treatment
times on Mg3Zn0.4Ca alloy after 1 h of immersion in modified a-MEM at
37 °C. The electrochemical parameters calculated from the curves are
presented in Table 4.

PEO-T coatings produced a noble Eq,; shift of 100-200 mV and a 10
times reduction of corrosion current density compared to the bare sub-
strate. It is important to note that the increasing treatment time leads to
an increase of icorr, indicating that the coatings become less protective.
After E¢or, @ 200 mV-wide pseudopassivity region is observed in the
anodic branches of the curves for all coatings. The Ep;; is about —1.30 V

PEO-T
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and is about 120 mV nobler than that of the substrate.

For PEO-S coatings, the Eq is about 70 mV nobler than that for the
substrate and the ico, is 20 times lower than that for the substrate for all
treatment times. The i.or decreases with treatment time, suggesting that
coatings become more protective, although it was observed that with
time the coatings develop more internal pores (Fig. 2 (j-1)). The anodic
branches disclose behaviour similar to PEO-T, i.e. a pseudopassivity of
~200 mV followed by pitting around —1.35 V. In general, the ico, values
of the PEO-S coatings is 2 times lower than for the PEO-T for all treat-
ment times. This suggests that although PEO-S coatings are less compact,
they are slightly more protective than PEO-T coatings.

It is worth mentioning that in comparison with the corrosion current
data available in the literature for PEO-coated Mg-Zn-Ca systems with
alloy compositions similar to the ones of this study, the i values ob-
tained in the present work are lower by 2 times. For instance, the PEO
process developed on Mg3Zn0.4Ca and Mg1.78Zn0.51Ca alloys yielded
icorr Of 2.38-7.28 and 5.25 mA/cm?, respectively [25,26]. This high-
lights the important influence of the composition of the electrolyte and
the parameters of the process on the corrosion performances of the PEO/
MgZnyCay systems. However, the PDP results may not necessarily reflect
the true ranking of the coating protective capacity, bearing in mind that
large polarization is a source of non-stationarity in Mg-based systems.
Therefore, an additional screening by EIS appears expedient.

3.3.1.2. Electrochemical impedance spectroscopy (EIS). The screening of
PEO-T and PEO-S coatings on Mg3Zn0.4Ca alloy is illustrated in Fig. 6
according to their modulus of total impedance at low frequency
(|Z]10mnz) after 1 h of immersion in modified a-MEM at 37 °C.

Coating produced in PEO-T electrolyte in 600 s shows considerably
better corrosion protection than those formed in 300 and 900 s treat-
ment times. The coatings produced in PEO-S electrolyte in 300 and 600
s, are comparable to each other and to PEO-T-600 s coating, providing
the substrate with ~3 times greater corrosion resistance. The 900 s
coatings show no significant improvement compared to the substrate.

A detailed analysis of the EIS spectra of all studied coatings, PEO-T
and PEO-S, is performed in order to understand the contribution of
the coating microstructure and the various electrochemical processes
taking place in the coating/substrate systems to their corrosion resis-
tance. Fig. 7 (a, b) shows the Nyquist and Bode plots of the EIS spectra of
(a) PEO-T and (b) PEO-S coatings for all treatment times. The respective
equivalent circuits and fitting parameters are presented in Fig. 7 (¢) and
Table 5.

The equivalent circuit used to interpret the EIS results of PEO-T and
PEO-S coatings includes R¢j (solution resistance), R;/CPE; (resistive and

PEO-S
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Fig. 4. XRD patterns of (a) PEO-T and (b) PEO-S coatings on Mg3Zn0.4Ca alloy.
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Fig. 5. Polarization curves of (a) PEO-T and (b) PEO-S coatings on Mg3Zn0.4Ca alloy at 300, 600 and 900 s treatment time.

Table 4
Corrosion characteristics from polarization curves from Fig. 5.
Electrolyte Time (s) Ecorr icorr Epit
W) (nA/cm?) W)
Mg3Zn0.4Ca -1.62 30.25 -1.42
300 -1.53 2.50 -1.31
PEO-T 600 -1.50 3.76 -1.30
900 -1.49 3.02 -1.28
300 -1.57 1.97 -1.36
PEO-S 600 -1.62 0.99 -1.35
900 -1.60 0.84 -1.34

capacitive response of the outer-intermediate part of the coatings), Ra/
CPE; (behaviour of inner barrier layer), and R.;/CPEq (electrochemical
activity at the substrate/electrolyte interface). In the equivalent circuits,

the impedance of CPE is calculated by the following equation: Z = 1/
(CPE(jo)"); where and j is the imaginary number and — 1 < n <1.
Accordingly, CPE values cited in Table 5 correspond to admittance
values at frequency of w = 1 rad. In case of the substrate, R;/CPE; and
Ro/CPE; represent the response of Ca-P-rich deposits that form on Mg
surface in modified a-MEM and of the corrosion products layer,
respectively.

The fitted data of Table 5 indicates that the barrier layer is the main
factor responsible for the corrosion protection of the alloy, where R; is
lower than Rj for all treatment times and both studied electrolytes. On
the one hand, comparing the different treatment times for PEO-T elec-
trolyte, the values of Ry and R, are considerably (three or more times)
higher for the 600 s coating compared to other treatment times.
Furthermore, it is worth noting that the Ry values for the PEO-T coatings
at 300 and 900 s are similar to that of the substrate. This suggests that
both coatings are poorly protective and their barrier layer has degraded,

Substrate PEO-T PEO-S
) .
1.5x10" § § °
o ] " |
0 1 | |
S 10x10°-
S | ;
_ | "
] A ‘ °
5.0x10° | |
| A ! | o
L Y Y Y.
s

R

Fig. 6. Scatter diagram of the total impedance modulus values for that substrate and the studied PEO coatings.



L. Moreno et al. Surface & Coatings Technology 476 (2024) 130184

15000 10°
a) | &
PEO-T £
[ e
- 900s G
-10000 |- =O- =
600's =
_ N
! q0" Ll v vl v vl il vl sl
E 102 107! 10° 10' 10? 10° 10 10°
g ) L Frequenzy (Hz)
B 5
o ~ T
o < st S Stauas)
s L R ;@E (oo
2 a5t P el oo
= 3 o VWVA
3 . 9 4‘/::/7)
B CSaegggewrs
5000 . | | | 25 Ll vl vl v vl il 3
0 5000 10000 15000 20000 102 10" 10° 10! 102 10° 10* 10°
7’ (Q-cm?) Frequenzy (Hz)
-15000 10°
by  ~
'PEO-S T uasssnin
o TTTTvYe T v
10000 L =2= 900 s i 108
- 6005 N
o '.' 300s _1027 P R TR RS WU T B RTTT M R MR
£ 102 10" 00 10" 102 100 10t 10°
13
& -s000 | e® " Frequenzy (Hz)
g .. g ..
2 - TEe -
8| e 0
. a LY r
Voo T [ o~
0 = a0l ]
§ . v\"vri v
= 20 - S YYYYYyyyYY.
[ = 7
{4
5000 L L L L L L 1 L J FE T W R 111 NS A W T S R W W HTIT] B S W11 S S W R AT B Wit
0 5000 10000 15000 20000 107 10" 10° 10" 102 10°  10*  10°
7’ (Q-cm?) Frequenzy (Hz)
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Table 5
Fitted electrical parameters of EIS spectra after 1 h of immersion in inorganic a-MEM solution.
Sample Time (s) Relec CPE, n; R (Q-cmz) CPE, ny R, CPEg ns Ret Riotal
(Q-cm?) (uS-s"-cm™2) (uS-s"-cm™2) (Q-cm?) (mS-s"-cm~?) (Q-cm?) (Q-cm?)
Substrate 56.9 26.6 0.63 198 19.7 0.89 3014 21 0.51 3800 7068.9
300 43.9 7.3 0.67 585.5 11.9 0.78 3002 26.7 0.9 5310.4 8941.8
600 29.5 2.7 0.66 1762 7.41 0.69 13896 5.78 0.9 32523.5 48211
PEO-T 900 34.1 0.7 0.75 1255 8.6 0.59 3419 12.9 0.9 13408.1 18116.2
300 36.6 4.8 0.64 839.1 10.4 0.68 12286 4.44 0.9 30760.7 43922.4
600 21.9 6.0 0.54 1036 10.1 0.69 17130 5.3 0.9 38187.9 56375.8
PEO-S 900 74.7 17.8 0.54 298.8 19.4 0.77 5075 4.3 0.68 12301.5 17750

since it exhibits the same resistance as the corrosion products layer in
the substrate. This happens because they are not very compact (note the
penetrating transverse microcracks in the 300 s and 900 s coatings in
Fig. 2) allowing for easy permeation of corrosive species from the
medium.

In case of the suspension electrolyte, the coatings at 300 and 600 s
present similar values of R; and Ry, being 4-5 times and 2-3 times
higher, respectively, compared to the coating at 900 s and the substrate.
This fact suggests that both coatings present a high protection due to
their compact morphology (few internal pores in cross-sections, Fig. 2)
and better state of the barrier layer. The overlapping dispersion of their |
Z|10muz values (Fig. 6) suggests that the difference between the two
coatings cannot be considered as statistically significant.

In regards to the slight differences between the two best coatings in
each electrolyte system, PEO-T (600 s) and PEO-S (300 s), that showed
very similar R; and R; values, these could possibly be attributed to the
greater pore area fraction and slightly bigger internal pore size. This
explains the somewhat lower |Z|;omp, values for PEO-S in the interme-
diate frequencies range.

Comparing the results obtained in PDP and EIS, there is a clear

discrepancy in ranking of PEO-T (600 s) and PEO-S (300 s), although the
differences in icory and Ryota) can be considered negligible. Apart from the
intrinsic reasons, such as coating characteristics, this may be due to the
insufficiently long immersion period (1 h) before EIS measurements
[27]. Since PEO-T (600 s) and PEO-S (300 s) coatings have been iden-
tified by EIS as nearly identical in terms of their average |Z|1ompz (—14
kQ-cm?), for this reason, both coatings are further evaluated by
hydrogen evolution measurements in modified a-MEM with CO5 flow
controlled pH during 120 h of immersion, a period which is comparable
to the duration of a standard in vitro cell proliferation test. This is done in
order to i) verify the EIS screening results; ii) discriminate the coatings
and determine the realistic degradation rate and iii) examine the
development of corrosion products.

3.3.1.3. Hydrogen evolution. PEO-T specimen shows a quick accelera-
tion of corrosion rate after 3 h of immersion (Fig. 8 (a)). This can be
related to the loss of the protective properties of the coating due to the
penetration of corrosive species through the discharge channels and
strata in the barrier layer. After that time, the degradation rate of the
coated specimen remained relatively constant (no marked change of the
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slopes) until the end of the test. Therefore, this specimen exhibits 4 times
higher hydrogen volume compared to the substrate which is opposite to
the observed in other studies of PEO-treated Mg alloys [28]. It is note-
worthy that both coatings were protective and very similar in terms of
Hpy volume within firths 3 h of the test (Fig. 8 (b)). The PEO-S coating
discloses differing behaviour from that point on; the shallow and rela-
tively constant slope of Hy evolution curve indicating that the coating
maintains its protective effect during the test. After 5 days of immersion,
the PEO-S coating showed lower H; volume (0.12 mL/cmz) compared to
the substrate (0.88 mL/cm?) and the PEO-T coating (2.7 mL/cmZ),
which is in agreement with the PDP measurements (Fig. 5).

It is worth mentioning that the solubility of H; gas in water (1.4 mg/
mL at 37°C) leads to the dissolution of the hydrogen generated in 21 L of
the solution before the partial pressure becomes sufficient to displace
the medium in the burette. Considering this, the plotted data were
corrected accordingly, in order to obtain the average degradation rates.
The experimentally collected total hydrogen volume has been corrected
in order to take into account the amount of the dissolved gas and obtain
true degradation rates of the studied specimens at 37 °C (Table 6).
Comparing the coatings, it is evident that the coating produced in PEO-S
electrolyte offers protection, while the one formed in transparent elec-
trolyte accelerates corrosion of Mg. The possible reason for the high
corrosion rate of PEO-T may be due to two factors: (i) the early forma-
tion of a crevice at the coating/substrate interface, as seen in previous
work [7], and (ii) the formation of ZnO by the oxidation of CapMgeZng
phase of the alloy. Studies of corrosion of galvanised steel have reported
that ZnO in the presence of carbonates (by dissolved CO; from the air)
forms different corrosion products in the anodic (e.g. Zns(OH)gCly-H50)
and cathodic (e.g Zns(OH)e(CO3)2) areas. These corrosion products may
act as semi-permeable membranes, which transport anions (Cl7) and
impede the transport of cations (e.g. H"), promoting the transport of
ionic flows and preserving acidic conditions in the anodic area [29,30],
leading to increase of the localised corrosion attack. This behaviour
should occur in both coatings since it depends on the oxidation of the
same secondary phases of the alloy. However, this is not observed for the

Table 6
Corrected H, volume obtained from Fig. 8.

Electrolyte Time (s) Vi corrected (mL/cm?) Degradation rate
(mm/year)

Mg3Zn0.4Ca 2.6 £0.7 1.04

PEO-T 600 6.4 + 3.7 2.57

PEO-S 300 2.5+ 0.9 0.72

PEO-S coating. The possible reasons for that will be discussed further.
Clearly, the immersion test results allowed for greater discrimination
between the coatings than the EIS or PDP measurements after 1 h of
immersion (Figs. 5 and 7), and may be associated with the initiation and
extent of localised corrosion that can only be revealed at longer im-
mersion times.

According to the literature, the corrosion performance of PEO/Mg-
Zn-Ca systems evaluated by electrochemical or immersion tests reveals
that PEO coatings improve the corrosion performance of the substrates
[11-16]. In the present work, it was revealed that PEO coatings
improved corrosion performance for short-term evaluation (PDP, EIS
and H; for 3 h) with a superior performance of the coated systems, while
long-term immersion tests after 5 days revealed significantly higher
degradation in the case of the PEO-T system. Direct comparison of the
long-term protective capability of the coatings found in the literature
with the present work is difficult due to several different aspects: i) in the
immersion tests, the volume of released hydrogen is not measured and,
most importantly, a constant pH of the corrosive medium is not main-
tained during the test; ii) only a visual examination of the corrosion
products is performed after the tests, which is not insightful for the
determination of the corrosion mechanism.

In order to understand the corrosion behaviour of the coated sys-
tems, macro- and micro-morphological examination of the specimens
after 5 days of immersion is illustrated in Fig. 9. The coating formed in
PEO-S electrolyte do not show any sign of localised corrosion (Fig. 9 (e)),
while for PEO-T electrolyte the localised process have already extended
severely (Fig. 9 (a)). The detailed cross-sectional examination of PEO-T
and PEO-S coatings (Fig. 9 (b, c, f, g)) disclose a thick uniform corrosion
products layer in the range of 50-100 pm with the presence of cracks.
Remarkably, the hydrated coating is still present over the corrosion
products in both coatings. These findings are similar to those regarding
the F-containing coatings earlier discussed in Authors' previous work
[7]. In comparison with the results of other published works, the onset of
corrosion in the present systems is rather early. For instance, for PEO-
coated Mg0.8Ca the initiation of the undercoating corrosion product
layer was reported after 2 weeks of immersion [31], although the
coatings in question were 4 times thicker and contained a high level of
fluorine.

The EDS analysis of the corrosion products is presented in Fig. 9 (d,
h). Overall, the corrosion product layer in both cases contain elevated
levels of Ca and P. Importantly, PEO-T contains significantly more Na,
Cl, Ca and P deep in the undercoating corrosion products than PEO-S in a
similar location (point 4 and 6-8, respectively). This suggests that PEO-S
coating system is much less permeable and possesses better barrier
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EDS analysis (at. %) of PEO-T and PEO-S after H, evolution test.
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properties compared to the PEO-T system. The latter may be explained
by the fact that silicate species present in PEO-S (300 s) coating are in
amorphous state, while in PEO-T (600 s) they form crystalline com-
pound, forsterite. Amorphous silica is soluble in water (pKs = 2.76) in
atmospheric conditions [32] while Mg,SiO4 is not [33,34]. The disso-
lution of amorphous silica proceeds as follows:

Si0, + 2H,0 < Si(OH), (@)

Si(OH), + OH™ « SiO(OH); ™ + H,0 )

Reaction (2) is especially facilitated by corrosion of Mg that gener-
ates an excess of hydroxyl groups. Si(OH)4 tends to form a gel that is
commonly used for purification of water, i.e. it is able to trap inorganic
impurities, such as Ca and P species in the present case [35,36] previ-
ously, the Authors have shown that silica-reach PEO coatings exhibit
self-sealing effect [37]. Equilibrium diagram (constructed using Spana
free software) for hydrolysis of amorphous silica (Fig. 10 (a)) shows that
dissolution of SiO3 and an increase in deprotonated hydrous silica, SiO
(OH)3, concentration results in alkalization of the modified a-MEM so-
lution (Fig. 10 (b)). This is consistent with experimentally observed
change in pH of the modified a-MEM during corrosion of Mg3Zn0.4Ca
alloy with a hybrid coating that comprised a PEO-S layer [38]. More
alkaline conditions stabilize the layer of Mg(OH), (Fig. 10 (c)) and
facilitate precipitation of MgCOs (Fig. 10 (e)).

It is worth mentioning that the low corrosion rate of PEO-S may also
be associated with hydroxyapatite precipitation (Fig. 10 (d)) that re-
mains entrapped and sealed by hydrolysed silica in the pores and cracks
case of PEO-S. Ca species are known to adsorb such sealing prevents the
access of the corrosive species, whereas in case of PEO-T the diffusion of
Ca, P, Na and Cl species is much less hindered. This is consistent with the
slightly lower amount of Ca and P (~2 %, point 6, Fig. 9 (g)) in the
corrosion products for PEO-S coating than for PEO-T (~9 and ~ 10 at.
%, point 4, Fig. 9 (b)). Note, that the Ca and P content in the still
attached portion of PEO-S (300 s) post immersion is up to ~4 times
greater than in the as-received coating (3.8 and 2.8 at. %). The discussed
above is in agreement with several works that have reported Mg(OH)a,
Ca1p(PO4)6(OH)2,  (Ca,Mg)3(PO4)2,  Mg(HCO3)(OH)-2H,0  or
MgCOs3-3H30 as the main corrosion products formed on Mg-Zn-Ca alloys
[11,13,39].

Additionally, Zn is found both in inner and outer part of the corrosion
products (e.g. points 4, 6; Fig. 9 (b, g)) due to the diffusion of Zn from the
bulk material. It may participate in formation of amorphous ZnO,
ZnPOy4, ZnCO3, and/or Zn(OH), [28,29]. Ca/P ratio in the attached parts
of the coatings and the corrosion products is elevated and ranged from
0.1 to 1, and are mostly non-stoichiometric with respect to 1.5 or 1.67
ratio of apatite and hydroxyapatite. Elevated content and lixiviation of
Ca and P are expected to contribute to the growth of the bone, improving
the biocompatibility of the implant in the human body [40,41].

Several important factors corresponding to the corrosion mecha-
nisms are illustrated by post-corrosion characterization: a) the coatings
appeared well adhered after 5 days of immersion; b) the presence of
cracks is evident in the corrosion products layer and c) a few Zn-rich
intermetallics are embedded into the corrosion products. According to
this, the degradation of both PEO-coated Mg3Zn0.4Ca alloy in modified
a-MEM proceeds in accordance with the following mechanism: i) the
corrosive species from the media penetrate through the microdefects in
the outer porous layer, leading to progressive hydration of the coating
and degradation of the inner barrier layer. ii) The corrosion products
react with the species from the media leading to the precipitation of
Ca—P based compounds which inhibit the degradation of the alloy; iii)
the coating prevents the detachment of the corrosion product layer,
resulting in fewer cracks and trapped or undissolved intermetallics. iv)
The Zn- and impurity-rich intermetallics that oxidize very slowly form
galvanic couples with the matrix, and accelerate the corrosion process of
the adjacent matrix grains. v) The cracked undercoating corrosion
products layer is a crevice between the adhered PEO coating and the
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substrate [7], and the formation of ZnO from the oxidation of secondary
phases, accelerated the corrosion rate of the PEO-coated system.

3.4. Conclusions

— Ca-P-Si-containing coatings were developed at different treatment
times in transparent and suspended electrolytes on Mg3Zn0.4Ca
alloy.

— Slightly higher energy consumption was obtained with the increase
of the treatment time, being slightly higher in the case of PEO-S
electrolyte at longer treatment times.

— Coatings formed in suspended electrolyte are two times thicker and
more compact compared to PEO-T electrolyte. All systems mainly
consisted of MgO and Mg»SiO4 phases with some Ca—P amorphous-
containing phases.

— Short-term electrochemical evaluation (EIS and PDP) revealed
controversial results due to the limitation of those methods for Mg
alloys. Namely, while PDP tests confirmed that all coatings devel-
oped in fluorine-free electrolytes can offer corrosion protection, EIS
measurements demonstrated that only PEO-T (600 s) and PEO-S (300
and 600 s) enhanced the substrate corrosion protection.

— Short-term Hpy evolution measurements revealed protective proper-
ties for all the selected PEO coatings. At longer immersion times (5
days), only PEO-S coating showed improved corrosion performance
compared to the bulk material, i.e., the PEO-S coating showed twice
lower corrosion rate (0.7 mm/yr) compared to PEO-T coating and
substrate (2.5 and 1.0 mm/yr, respectively). This could be associated
with the precipitation of hydroxyapatite that remains trapped in the
pores and cracks of the PEO by the solubilisation and hydrolysis of
amorphous SiO; from the PEO in water.

— The lower corrosion performance of PEO-T coating was mainly due
to (i) the permeability of the PEO coating and (ii) the presence of
discharge channels in the barrier layer, thus facilitating the access of
corrosive species. As a consequence, the superior degradation rate of
the PEO-T coating compared to PEO-S coatings was associated with
the formation of crevices at the PEO/substrate interface and the
oxidation of CagMgeZns to ZnO, thus favouring localised corrosion
phenomena.
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