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Abstract: This study aims to investigate the effects of different fluoride salts added in the
PEO bath on the corrosion resistance and morphology of AZ31 magnesium alloy coatings.
The PEO process was performed using a bipolar cycle with varying durations (4 and 30 min)
in baths containing different fluoride salts (NaF, LiF, Na,SiF4) and a reference bath with-
out fluoride. The coatings were characterised using SEM-EDS, XRD, and electrochemical
impedance spectroscopy (EIS) to assess their morphology, chemical composition, and cor-
rosion resistance. The results indicate that the presence of fluorides significantly influences
the coating properties. NaF and Na;SiFg coatings exhibited better corrosion resistance and
more compact microstructures compared to LiF and the fluoride-free reference. The study
highlights the importance of the fluoride counter ion in the PEO bath, demonstrating that
NaF and Na,SiFg provide superior protection against corrosion, making them suitable for
biomedical applications where both porosity and corrosion resistance are critical.

Keywords: magnesium AZ31; fluorides; PEO; coating

1. Introduction

In modern times, various factors can lead to bone fractures. When the fracture is
minor, a cast can suffice, allowing the bone to heal naturally without movement. However,
for more severe or displaced fractures, an implant may be necessary. Unfortunately, the
current consolidation technique involves two surgeries: a first one to place the implant
and a second one to remove it. In addition, the screws used to fix the implant can provoke
stress shielding. Stress shielding refers to the reduction in bone density due to the removal
of typical bone stresses by an implant. Magnesium is a good compromise, as its modulus
of elasticity is close to that of bone (41-45 GPa). Therefore, there is a need to explore
alternatives that consolidate the bone without resorting to two surgical procedures or
compromising the bone strength [1].

Furthermore, the advantage of using metallic biomaterials is that they consolidate
bone without compromising its strength. Metallic biomaterials are an ideal option, offer-
ing both superior durability and fracture resistance compared to polymeric and ceramic
biomaterials [2].

Pure magnesium exhibits low mechanical strength, with a tensile strength of approxi-
mately 20 MPa. However, alloying it with other materials enhances its properties, enabling
tailored characteristics for specific applications. These alloys achieve improved mechanical
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strength while retaining features like lightness, a Young’s modulus of 44 GPa, high thermal
conductivity, machinability, and recyclability [3,4]. Magnesium alloys in the AZ family,
containing aluminium and zinc, find widespread use across various applications. However,
impurities like iron (Fe) or copper (Cu) can compromise their corrosion resistance. By
adding manganese (Mn), intermetallic particles are formed, effectively trapping impurities
and enhancing the corrosion resistance [5,6]. However, the formation of these intermetallic
particles will also weaken the x-Mg matrix and causes microgalvanic corrosion [7].

In recent research, scientists have tackled various challenges related to magnesium
materials. Over the past few years, advancements have been made in surface treatments,
including coatings, plasma electrolytic oxidation, and the use of alloys containing calcium
(Ca), aluminium (Al), and zinc (Zn). These alloy-based treatments enhance the corrosion
resistance, which has traditionally been a weakness for magnesium substrates [8,9].

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO),
is a quite novel surface treatment process that produces thick, dense metal oxide
coatings—especially on light metals—to enhance wear and corrosion resistance. Dur-
ing PEO, high electric voltages are applied to the light alloy, resulting in the formation of
a protective ceramic-like layer. The process uses environmentally friendly weak alkaline
electrolytes [9]. Various researchers have studied the morphology of the PEO layer on
magnesium. The coating consists of three different layers: a porous outer layer, a dense
and thick intermediate layer, and a thin and compact inner layer. The latter acts as a barrier
layer, while the outer layer provides the coating’s mechanical properties [10]. Special
attention should be given to the protective anodic layers produced on Mg, where it has
formed a layer consisting of MgO and species from the electrolyte and substrate, producing
coatings of significant thickness and compactness and offering improved performance in
terms of corrosion and wear [11]. In plasma electrolytic oxidation (PEO), the most exten-
sively studied electrolyte baths contain PO,3~ ions, silicon, and/or F~ ions. Research by
Mirdamadi et al. demonstrated that PEO coatings exhibit greater corrosion resistance when
produced in phosphate-based electrolytes compared to silicate-based coatings. However,
the silicate-coated surface tends to be rougher. The authors concluded that the final stress is
lower in the silicate bath, which reduces the size of the pores formed during the process [12].
Yang et al. investigated the impact of bath additives on micro-arc oxidation coatings. They
found that adding NaF led to a more compact microstructure and improved corrosion
resistance, in contrast to NazPOy [13]. Liang et al. [14] reported that potassium fluoride
increased layer compactness and bath conductivity. They demonstrated that the reduction
in pore size and surface roughness was due to the presence of MgF,.

A study by H. Soliman and A. S. Hamdy demonstrated that fluoride significantly
affects the hardness of ceramic layers produced through plasma electrolytic oxidation (PEO)
and influences their corrosion resistance. Another study conducted by A.B. Rogov and
V.R. Shayapov revealed that the counter ions present in the electrolyte bath plays a crucial
role in shaping the PEO ceramic layer. The results reveal that the electrical and optical
characteristics of the PEO process are influenced by the chemical nature of the cations. The
most interesting baths are those containing NaOH and KOH. Indeed, it can reduce the
roughness, increase the thickness of the dense layer and its uniformity, increase the average
microhardness, reduce the porosity, and improve the adhesion of the coating [15,16].

The fluorine content has been found to influence the properties of the PEO coatings
but based on our knowledge, the impact and the comparison of different fluorine species
added in the bath has not been systematically investigated. This study aims to investigate
and compare the effect of the counter ion of the fluoride salt added in the PEO bath and the
corrosion resistance of each substrate and the morphology of the layers.
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2. Materials and Methods

All coatings were developed on AZ31 magnesium alloy which is composed of
2.5-3.5 wt.% Al, 1.6-1.4 wt.% Zn, <0.3 wt.% Si, <0.2 wt.% Mn, and balanced Mg. The
shape of the sample is rectangular with dimensions of 50 mm x 40 mm x 2 mm.

Pre-treatment to remove oxide from the alloy was performed by chemical treatment.
The samples were immersed in a 2 M HNOj bath and in a second step in 0.25 M HNO3
solution [17].

The PEO process was performed using a Power Pulse-Micronics. The PEO was applied
using a bipolar cycle made of an anode cycle of 400 V for 5 ms, a cathode cycle of =30 V
for 5 ms, and a Tyg of 5 ms. The frequency and the duty cycle were 67 Hz and 66.7%,
respectively. Two different durations were tested, 4 and 30 min, and the current density
was 175 mA /cm?.

The analyses were performed on the samples for the different PEO bath compositions
(Table 1) respecting the same fluoride concentration and a similar conductivity.

Table 1. Composition of the different baths, pH, and conductivity.

Bath KOH Na,SiO3 NaF LiF Na,SiFg H Conductivity
™M) (M) ™M) M) M) (mS-cm—1)
Reference bath

Without
fluoride 0.15 0.086 - - - 13.77 43.33

(WF)

Study of fluorides
LiF 0.15 0.086 - 0.046 - 13.79 45.40

NaF 0.15 0.086 0.046 - - 13.78 43.78

Na,SiFg 0.15 0.086 - - 0.0077 13.78 43.40

The samples were characterised by various techniques to study their corrosion re-
sistance, and to determine their layer thickness and morphology, chemical composition,
average pore size, and microhardness. Layer morphology and chemical composition were
investigated by scanning electron microscopy and energy dispersive spectroscopy (SEM-
EDS) with a Hitachi SU8020 (Hitachi, Tokyo, Japan). Average pore size was characterised by
Image-] (Java 1.8.0_172, software Image-J 1.53K) [18]. X-ray diffraction (Malvern Panalytical
Empyrean) was carried out undertaken in grazing incidence mode (w = 1°) to minimise
the effect of the substrate on diffraction patterns (copper anti-cathode, A = 1.54 A), step size
(0.01°), and time per step (3 s). Grazing incidence diffraction XRD was used to analyse the
crystalline structure of the coating.

Corrosion resistance was studied using electrochemical impedance spectroscopy with
a Biologic SP-300 (BioLogic, Grenoble, France) device. Electrochemical impedance spec-
troscopy (EIS) was employed to assess the corrosion protection conferred by the coating
using a three-electrode cell housed in a faraday cage. The three electrodes were the sample
as the working electrode, a platinum counter electrode, and an Ag/AgCl/KCl 3 M reference
electrode. A circular area of 1 cm? was exposed to the electrolytic solution. Two different
electrolytes were used: 0.1 M NaCl saturated with Mg(OH), and PBS (Phosphate Buffered
Saline). The specific electrolyte (0.1 M NaCl saturated with Mg(OH),) was selected to
minimise pH variations and highlight its barrier characteristics [17]. The PBS used was
composed of various inorganic molecules: 8 g/L NaCl; 0.2 g/L KCI; 1.2 g/L NayHPOy;
0.2 g/L KHPOy. The pH of the PBS was buffered at 7.43. For 0.1 M NaCl, due to saturation
with Mg(OH),, it was buffered at 9.96. Before the EIS test, the open circuit potential was
measured for 15 min. The EIS spectra were obtained using a signal voltage amplitude of
10 mV rms and a frequency range of 100 kHz to 100 mHz at two immersion times (2 h,
24 h).
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3. Results and Discussion

3.1. Coating Characterisations
3.1.1. SEM Analysis

Figure 1 and Table 2 show the morphology of the layer surface and its porosity. The
presence of pores is due to the discharges generated by the PEO process. Melting and
cooling around the pores are also due to the discharge regime. In biomedical applications,
the presence of pores is advantageous since they facilitate osseointegration, i.e., the at-
tachment of tissues and cells to the implant [19]. The average pore size was larger for
the 30 min PEO deposits than for the 4 min deposits. Moreover, after 4 min, the highest
average pore size was observed in the electrolyte containing LiF with a value of 3.05 pm.
However, when comparing Figure 1a,c,e,g, there are no significant visual differences. After
30 min, Figure 1d, on the other hand, indicates a different morphology compared to the
other samples. In fact, fewer pores were observed for LiF, but the pore size was larger. In
this case, the arcs generated during PEO were of higher intensity and were more localised,
resulting in a smaller but larger pore size. Moreover, the difference between LiF and the
others is probably due to the high local temperature generated by the intense sparks [20,21].

LiF 4min

o AV

Figure 1. Surface morphology of PEO coating: (a) NaF 4 min PEO deposit; (b) NaF 30 min PEO
deposit; (c) LiF 4 min PEO deposit; (d) LiF 30 min PEO deposit; (e) Na,SiFg 4 min PEO deposit;
(f) NaySiFg 30 min PEO deposit; (g) WF 4 min PEO deposit; (h) WF 30 min PEO deposit.

Table 2. Average pore size and pore density.

Average Pore Size Pore Density
LiF Na;SiFs WF NaF LiF Na,SiFg
WE(um)  NaF (um) (um) (um) %) %) (%) %)
4min PEO

4 - 1.97 £0.40 2.35+0.38 3.05+0.76 192 +1.27 87.8 75.0 93.9 88.0
eposit
30 min

PEO 2924092 2.5041.48 4534295 2.80+0.93 39.4 34.6 3.1 4238
deposit

Furthermore, when comparing the pore density on the surface (Table 2), it is interesting
to note that the percentage pore density is divided by two with the 30 min PEO deposit
time. For LiF, however, the pore density decreased considerably. The surface was not
homogeneous due to the high intensity of the sparks, which caused the pores to be much
larger and less distributed on the surface [22,23].
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Figure 2 shows the pore size distribution for each substrate at the 4 min and 30 min de-
position times. Figure 2a shows that the morphology of the coating at the 4 min deposition
time in the LiF bath is significantly different from the other electrolytes. The average pore
size for LiF samples is 4.53 um. The largest pore size for LiF samples is 18 um, compared to
15 um for WF samples. The average pore sizes for the other samples range from 2.50 to
2.92 um (Table 2). Figure 2b shows that pore size is mainly distributed between 0.5 um and
1.5 um for each electrolyte. However, LiF samples can reach pore sizes up to 13 pm.
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Figure 2. Pore size distribution for: (a) 4 min and (b) 30 min PEO deposits.

Figure 3 shows the cross-sections after PEO treatment for the different samples: NaF,
NaySiFg, LiF, and WE. The addition of fluoride ions promotes the formation of the inner
layer, as these ions migrate preferentially to the substrate interface, creating a fluoride-
containing nanolayer [24]. The cross-sections of the layers varied significantly between
4 and 30 min of deposition. Indeed, after 4 min of deposition, the thickest layer is obtained
in a bath without fluoride (WF) with the value of 8.5 um (Table 3 and Figure 3g), while
after 30 min, the thinnest layer is observed in these conditions (WF) with a value of 11.8 pm
(Table 3 and Figure 3h). After 30 min, the thickest layer is from LiF with the value 25.5 um
(Table 3 and Figure 3f). Based on morphology, the counter ion has an impact not only on the
layer thickness but also on the surface porosity. The layer thickness is not proportional to
the deposit time. However, in some cases, such as with the LiF electrolyte, the deposit time
increases the regime of micro-arcs [21]. Faqih et al. studied different deposition times on
AZ61 and demonstrated that a longer deposition time resulted in increased layer thickness
and homogenization. This is what can be observed for the different samples studied. Faqih
et al. studied different deposition times on AZ61 and showed that a longer deposition time
increased the thickness of the layer and homogenised it [25]. This can be observed for the
different samples studied on the cross-sections for 30 min depositions. However, on the
surfaces, the homogenisation is found only in the 4 min deposition samples.

Table 3. Average coating thickness (measured on SEM cross-sections).

LiF NaZSiF6
WF NaF
(hm) aF (um) (um) (um)
4 min PEO deposit 8.5+0.8 71+£18 72 +0.8 50+19

30 min PEO deposit 11.8£23 134 +27 255+54 159 £2.8
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Figure 3. SEM images of cross-sections after deposition: (a) NaF 4 min PEO deposit; (b) NaF 30 min
PEO deposit; (c) LiF 4 min PEO deposit; (d) LiF 30 min PEO deposit; (e) Na,SiFg 4 min PEO deposit;
(f) NaySiFg 30 min PEO deposit; (g) WF 4 min PEO deposit; (h) WF 30 min PEO deposit.

3.1.2. EDS Determination

Energy dispersive spectroscopy was used to determine the coating composition. Coat-
ings after 4 min and 30 min of deposition are mostly composed of silicon, oxygen, magne-
sium, and fluoride. As the deposit time increases, the atomic percentage of the elements
(see Table 4) evolves. The atomic percentage of fluorides increases with deposit time, while
the atomic percentage of silicon decreases. It is interesting to note that the fluoride atomic
percentage for the LiF sample is the lowest for both deposits. This means that more fluoride
is deposited in the layer obtained in the PEO bath containing NaF and Na,SiFg than for LiF.

Table 4. Atomic percentage of elements contained in the PEO layer after 4 min and 30 min.

Atomic %

Error +/— 0.6 F Mg Si o

After 4 min deposit

NaF 2.8 25.4 8.4 48.8

LiF 1.6 23.8 9.7 443

Na,SiFg 25 23.7 9.7 47.2
After 30 min deposit

NaF 6.1 36.5 4.8 43.8

LiF 5.0 34.6 6.0 42.7

Na,SiFg 5.6 36.5 3.8 40.4

A more comprehensive study was made of the samples with a 30 min deposit time.
Local analyses between the outer and the inner layers were performed to study the mass
percentage of the various elements and, above all, to verify the presence of fluorides
in the layer (see Table 5, Figure 4). For each fluorinated sample, the atomic percentage
composition is higher for fluorine at the coating/substrate interface than in the outer
layer. This proves that fluorides have a greater impact on the barrier layer. In the case
of Na;SiFg, analyses show that despite the presence of silicon in the SiF4?~ ion, no more
silicon can be detected at the interface. It is noteworthy that at the surface of the PEO layer
with a 30 min deposition time for LiF, no fluoride is present for lithium salt. This is of
significant importance from a biomedical perspective, as fluoride intake must be limited in
the body [26].
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Table 5. Atomic composition (at. %) of the barrier and outer layer of NaF, LiF, Na,SiFg samples.

Sample Area Mg (%) O (%) Si (%) F (%) C (%) Al (%) K (%)

1(Barrier) 476405 310+07 68+03 55407 68+04 18403 05402

NaF 2 (Outer) 327+04 443+07 138+02 19407 62402 09401 02401

. 1(Barrier) 432405 351+07 87403 54409 65+04 14403 03401
LiF 2 (Outer) 339404 439+06 174403 / 36+03 11402 /

Nagp, 1(Bamier) 455405 331408 54+03 54409 70404 15402  08+02
2% o (Outer) 360404 429+07 152403 13404 35402 1.0+01 /

Figure 4. EDS points of the barrier (1) and outer (2) layers of (a) NaF, (b) LiF, and (c) Na,SiF.

3.1.3. XRD Analysis

XRD was also performed to identify the crystalline structure obtained for each investi-
gated condition and the appearance of MgF; peaks also mentioned in some articles [27].
XRD was only studied for the samples obtained after 30 min of the process, as the PEO layer
thickness was very thin (6 microns) after 4 min and did not allow the detection of any phase
other than the substrate. As can be seen in the amount of F in the 4 min deposit, in all cases
itis around 3 wt.% (Table 4), which is too low to be detected by XRD, as this technique has a
detection limit of around 5 wt.%. The 30 min deposit coatings were analysed. The coatings
are mainly composed of magnesium silicate and magnesium oxide (Figure 5). However,
the crystalline MgF, phase expected for fluoride samples was not detected. The 20 values
for MgF, were located at 42.23° and 54.20° (as shown by the black lines in Figure 5). Two
hypotheses can therefore be established: the crystalline MgF; phase is not present, or it is
present, but quantities are too small to be detected. Comparing the graphs together, the
peaks are in the same positions for each sample. However, the peak intensities representing
Mg,SiOy are proportionally higher than for MgO in the fluoride-containing samples. For
the LiF sample, the peaks representing MgO are less intense, which may explain why this
phase is present in smaller quantities. The literature shows that to form MgO, it is necessary
to attain a high temperature (10* K) [23]. From the SEM images we learned that more
localised intense discharges appeared to have formed on the LiF sample during the PEO
process. As a result, the temperature may have been inhomogeneous over the sample and
less MgO crystalline phase was formed.
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Figure 5. Diffractograms of different samples with and without fluorides in the PEO 30 min de-
posit coating.

3.2. Electrochemical Behaviour

The aim of this study is to determine the corrosion resistance of the different samples
as a function of the fluoride contribution with its counter ion and the PEO deposit time.

The equivalent circuits (Figure 6) used to interpret the EIS results include Rs (solution
resistance), CPEouter/Router (attributed to the capacitive and resistive behaviour of the
PEO outer layer), CPEinter/Rinter (attributed to the capacitive and resistance behaviour of
the inner layer in the PEO coating), and CPEdl/inner/Rct/inner (related to electrochemical
activity at substrate/surface interface). Constant-phase elements (CPE) were used instead
of ideal capacitors to compensate for surface roughness and heterogeneity. CPE is defined

by the following formula:
1

Zcpg = W (1)

Zcpg, is the impedance;

Qo is an admittance constant;
j is the imaginary unit;

w is the angular frequency;

n is the phase exponent.

If n equals 1, the CPE behaves like an ideal capacitor, while if n is 0, it acts like a pure
resistor. The circuits developed are in accordance with various articles studied [17,24,28].

Initially, the study focused on a PEO deposit time of 4 min (Figure 7). The samples
were immersed in 30 mL of 0.1 M NaCl saturated with Mg(OH), (Figure 7). This study
was carried out after 2 h (Figure 7a) and 24 h of immersion (Figure 7b). From the Bode
diagram (Figure 7b), it can be determined that for all samples coated with or without
fluorine, there are three time constants at high, medium, and low frequencies. Regarding
these time constants, high frequency represents the porous-external part of the coating,
while medium and low frequencies correspond to the intermediate and barrier layers of the
PEO coatings, respectively. Based on this information (Figure 7) and the values obtained
from the equivalent circuits (Table 6), we proceed to analyse and discuss the data obtained.

First, when comparing the coatings with and without fluorine, it is generally observed
that all resistance values are lower for the sample without fluorine compared to the samples
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with fluorine (Table 6). This suggests that the addition of fluoride significantly impacts the
strength of the oxide layer, potentially due to the formation of MgF, in the barrier layer,
as previously discussed in other studies. Then, it can be observed that, in general, the
Rinner of all coatings is higher than Router, suggesting that the barrier layer for all coatings is
responsible for the system’s protection. This could mainly be due to the formation of MgF,,
as mentioned above, and the presence of high external and intermediate porosity in all
coatings (Figure 3a,c,e,g) [29]. This porosity facilitates the entry of corrosive species from the
medium, causing permeation and degradation of the PEO layer, thus resulting in reduced
resistance values in these two parts. This is consistent with the high CPEyter values and n
values around 0.7-0.8, suggesting porous and inhomogeneous coatings [24]. Comparing
the fluorine-containing coatings after 2 and 24 h of immersion, it can be observed that
the Rinner Value (as it is responsible for the system’s protection) results in the following
protection ranking (see Figure 8): NaF > NaySiFg > LiF. This could be attributed to the
higher thickness and compactness of the barrier layer observed in Figure 3a compared
to the other coatings. The resistance values decrease with the immersion time. This is
mainly due to the pores in the PEO layers, which allow corrosive species to easily access
the substrate. As a result, the barrier layer is directly impacted by Cl~ ions. The aggressive

solution penetrates through the pores of the PEO layer, degrades the layer and reaches the
barrier layer [30].

Rs CPEouter
>
Router

CPEinter

Rinter CPEdliinner

Rctinner

Figure 6. Circuit equivalent for all PEO coatings.

Bare AZ31
a b .
7 + Naf
6 LF
- «  Na2siFé
£S5 fitting NaF
E e fitting WF
£ 4 fitting LiF
g 3 e fitting Na2SiF6
N
w2
2
1
0

LOG (FREQ)/Hz LOG (FREQ)/Hz

60 L anna 60 iy
Jy ..."‘f.,‘m,""‘ “-\ E — o *\_\‘

(=]

- ghass/"

LOG (FREQ)/Hz LOG (FREQ)/Hz

Figure 7. Bode diagram of fluoride and non-fluoride samples with 4 min of PEO deposit after (a) 2 h
immersion; (b) 24 h immersion in 0.1 M NaCl saturated with Mg(OH)5.
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Table 6. Values of the different elements of the equivalent electrical circuit of WE, NaF, LiF, and
Naj;SiFg samples with 4 min PEO deposit 2 h and 24 h in 0.1 M NaCl saturated Mg(OH),.

Q0 ide (CPE n 0 i N; 0
R, oxide outer QY4 (CPEinter) inter QY s {(CPEgys) in (CPEq)) Reysi
Sample Rs (Ohm-cm?) onter, (s“/(s::,.:mzn CPEouter Ripger(Ohm-cm?) (sn/fom.cmz» (CPEcon) (sn;’{g,‘},‘m_cmggm min (CPEa1 <0h;:./:2. 2
2h 0.1 M NaCl saturated Mg(OH),
WF 198.6 2839 434 x 1077 0.76 1752 1.34 x 1077 0.95 92.7 x 1077 0.90 1951
NaF 147.7 10,193 2,68 x 1077 0.79 34328 217 x 1077 095 248 x 1077 095 513,000
LiF 184.1 6567 409 x 1077 077 44,605 9.19 x 1077 086 9.15 x 1077 090 10,526
Na, SiFg 170.5 19,472 468 x 1077 0.76 275,000 263 x 1077 091 1.02 x 1077 0.90 142,000
241 0.1 M NaCl saturated Mg(OH)o
WF 206.6 2082 7.04 x 1077 0.71 2082 1.98 x 1077 0.92 739 x 10~7 0.9 2621
NaF 153.8 6310 493 x 1077 074 21,584 1.54 x 1077 0.88 339 x 1077 092 128,000
LiF 181.6 3703 933 x 1077 0.69 6164 3.69 x 1077 0.90 0014 x 107 0.97 6537
Na,SiFg 161.5 20,578 584 x 1077 072 19,444 1.61 x 1077 095 421 %107 095 35,353
u Rinner
6 WFNaF LUF NaSiFc WF Nab LiF NaiSiFeg o NaF | LF  NaSiFe NaF L NasSifs
5 ! 5
§ a4 4
£
o 31 3
=
& 2 4 2
5
S 14 1
0 - 0
2 24 2 24
Time (h) Time (h)
Figure 8. Comparison of the Rjyner of PEO parts at 2 and 24 h in (a) NaCl 0.1 M saturated with
Mg(OH); and (b) PBS for 4 min PEO deposit.

Figure 9 and Table 7 depict the bode diagrams of the 4 min PEO deposit samples
immersed in PBS for 2 and 24 h. The behaviour of the samples in PBS is similar to that in
NaCl medium (Figure 7). The coatings have three time constants at low, medium, and high
frequencies. As seen previously, the values for all resistances of the fluorine-free coatings
are lower than those of the fluorine-containing coatings. In this case, the Rinner is higher
than for the other resistances for all samples. This is also due to the formation of MgF,
in the barrier layer. The resistance values agree with the high CPE values (external and
intermediate) and the n values around 0.8, suggesting that the coatings are porous and
inhomogeneous. As in NaCl, LiF has poorer resistance over time than NaF and NaySiFg
(see Figure 8). This could be due to the increased protection of the barrier layer because of
the greater thickness and compaction in NaF.

As expected, with increasing immersion time, the resistance values decrease due to
easier access of corrosive species to the barrier layer. This agrees with the values of CPE
inner which, with increasing immersion time, indicate the absorption of Cl™ ions into
the coating. It should be said that the Router and Rinter values are similar, which is in line
with the overlapping time constants observed in Figure 9b. This is because the medium
is so aggressive that it is no longer possible to distinguish the two layers initially visible
over time.

Table 7. Values of the different elements of the equivalent electrical circuit of WE, NaF, LiF, and
Na,SiFg samples with 4 min PEO deposit 2 h and 24 h in PBS.
Q0. 4. (CPE n QY 0
2 Router oxide oute'r Rinter ( 1§\ler) ng/in (CPEcor) Q% 41/in (CPEq)) nqy/in (CPEq) R t/in
e o (Ohmend ©hmem®) ) Chm e Proyuad (Ohum-cm?) (sﬂlfgs:.t:;zn o (6"/(Ohm-cm?) K (Ohen cas’)
2h PBS
NaF 115 10,000 403 x 1077 0.77 146,000 713 x 1077 0.84 229 x 1077 0.90 50,016
LiF 125 6275 358 x 1077 079 8099 131 x 107 099 528 x 1077 0.90 58,930
NaySiFg 1233 7242 355 x 1077 0.79 11,372 0.73 x 1077 0.99 322x1077 0.90 156,000
24 h PBS
NaF 130.1 1416 611 %1077 0.84 2489 11.0 x 107 0.85 7.49 x 1077 0.89 45,672
LiF 1314 374.3 325 x 10~/ 0.87 23,763 214 x 107 0.88 164 x 107 0.90 7368
NaySiFg 119.7 2373 491 x 1077 0.89 9455 333 x 1077 0.90 393 x 107 047 11,500
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Figure 9. Bode diagram of fluoride and non-fluoride samples after 4 min of PEO deposit: (a) 2 h
immersion; (b) 24 h immersion in PBS.

Finally, when comparing the two media (Figures 7 and 9 and Tables 6 and 7), it is
interesting to note that after 2 h of immersion, the Z-modulus values are like each other.
This behaviour is because the external and intermediate parts are porous and, whatever the
medium, allow corrosive species to penetrate, which favours the progression of corrosion.
The behaviour changes after 24 h immersion, but remains better in NaCl than in PBS, due to
the aggressive medium of PBS and its pH of around 6 (Figure 12). Figure 12 shows that the
pH of the medium with unsaturated NaCl rises rapidly to stabilise at pH 11. It is important
to note that to avoid this evolution, which could be problematic for impedance analysis, it
was decided to saturate the medium with Mg(OH),. Furthermore, PBS, buffered at 6, does
not allow the formation of corrosion products or protective compounds that would slow
down the progression of magnesium corrosion, as we have seen above.

The electrochemical impedance on the 30 min samples were carried out in 0.1 M NaCl
saturated with Mg(OH), and in PBS to compare their relative behaviour in both electrolytes
(Figure 10). The equivalent circuit (Figure 6) studied in this section is based on various
articles. The equivalent circuit (a) represents samples with a PEO coating and the equivalent
circuit [31,32].

For samples exposed to 0.1 M NaCl saturated with Mg(OH),, two time constants are
visible in the bode diagram, but the behaviour is similar to that for 4 min of deposits, as
there is an overlap of the barrier layer and the intermediate layer due to the fact that the
layer is thicker and more compact (see Figure 3b,d,f,h). Comparing Figures 8a and 11a, the
highest R;, remains for the NaF sample. We also note that after 24 h for the 30 min deposit,
the NaySiFg sample has the same Ry, as LiF, unlike after the 4 min deposition. This means
that deposition time has a significant impact on corrosion resistance, thanks to the presence
of fluorides. This hypothesis is also confirmed with fluoride-free samples (WF): according
to Table 8, WF has an R;, value of 117,000 Ohm-cm?, in contrast to Table 6, where WF has a
value of only 1951 Ohm-cm? [15]. Lingxia Fu et al. have also demonstrated the importance
of fluorides in PEO baths and their increased corrosion resistance [33]. Comparing the
phase diagrams for either the 4 min or 30 min deposition, two time constants are visible for
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each sample. There are three time constants which are not visible for 30 min PEO deposits,
since the intermediate and inner layers overlap which, in the case of the 4 min PEO deposits,
can be seen after 24 h in the aggressive medium (see Figure 7b).

a b
7 7 e
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o 6 6 E A WEF
E | S A NaF
Es §5 A UF
£ £ A Na2siFé
Sa L
> -24 ~— WF fitting
N 3 7 ~ NaF fitting
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2 ~2
1 s
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80
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20 G
2 1 o0 1 2 3 4 s
LOG (FREQ)/Hz LOG (FREQ)/Hz
Figure 10. Bode diagram of fluoride and non-fluoride samples after 30 min PEO deposit: (a) 24 h
immersion in NaCl 0.1 M saturated in Mg(OH),; (b) 24 h immersion in PBS.
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Figure 11. Comparison of the Rinner at 2 and 24 h with different samples in (a) NaCl 0.1 M saturated
with Mg(OH); and (b) PBS for 30 min PEO deposit.
Table 8. Values of the different elements of the equivalent electrical circuit of bare AZ31, WF, NaF, LiF,
and Na;SiFs samples with 24 h in 0.1 M NaCl saturated Mg(OH), and PBS for 30 min PEO deposit.
Q0 puter(CPE Nout 0 0
R, outer' outer QY (CPE; ) n; (CPEcor) Q" 4/in1(CPE4y/in) n;, (CPEgy) Retfin
Sampl. 2 outer CPE i 2 inter“*Finter) Ninter cor. d/inl‘“FEdl/in in dl ct
e s Ohmeem® (Ohm-cm?) S Ohmcm?) (P iquter Rinter©Ohmem®  n /o hm-cm?) © ("/(Ohm-cm?)) © (Ohm.cm?)
NaCl 0.1 M saturated in Mg(OH)y
WF 192.7 17,692 3.15 x 10~/ 0.76 47,574 9.61 x 1077 0.75 238 x 1077 0.87 117,000
NaF 139.8 10,050 387 x 10~7 0.79 29,683 145 x 10~7 0.98 372 x 10~7 0.95 3,090,000
LiF 2144 7535 219 x 107 093 45,569 217 x 1077 093 239 x 107 098 407,000
NajySiFg 158.5 3972 559 x 10~/ 0.71 4938 163 x 10~7 0.96 26.8 x 1077 0.90 448,000
PBS
WE 116.9 210.1 159 x 10~/ 0.84 79,275 184 x 1077 0.84 376 x 10~7 0.64 37,610
NaF 1212 499.6 7.93 x 1077 076 5500 598 x 1077 0.84 409 x 1077 0.92 589,000
LiF 151.5 663.7 531 x 10~/ 0.76 4940 612 x 1077 0.84 659 x 10~7 0.90 727,000
Naj SiFg 127.2 1047 388 x 1077 076 3642 12.7 x 1077 095 138 x 1077 098 186,000

Comparing the Ri, of samples immersed in PBS (Figures 8b and 11b), the deposition time
also affects the corrosion resistance of the coating as well as the presence of fluoride. After the
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30 min deposition, the LiF-containing sample has a higher R;, than Na;SiFg. The NaF sample,
on the other hand, remains the most interesting, since it remains protective at both lower and
higher deposition times. For phase diagrams, comparing Figures 9b and 10b, even though the
medium is more aggressive than 0.1 M NaCl, two time constants are still visible for 30 min
deposits. However, the NaF sample has the same phase diagram for both deposition times.

In conclusion, the NaF sample has a higher Ry, resistance than the others. During the PEO
process, F~ ions from NaF probably diffuse more easily and provide a more homogeneous
barrier layer than other ions. This is probably because LiF has a lower solubility than NaF
(0.134 g/100 mL at 20 °C for LiF and 4.3 g/100 mL at 20 °C for NaF) [34,35], and the SiFg2~
ion is larger than the F~ ion [30]. Moreover, a review explains that sodium ions (Na*) can
enhance the electrochemical properties during the PEO process and promote the formation
of a dense oxide layer. The facilitation of enhanced electrochemical processes is achieved by
these ions, thereby enabling the electric current to flow more efficiently in a single direction
during the oxidation process. This results in a more uniform and controlled growth of the
oxide layer. Furthermore, the presence of cations has been demonstrated to facilitate the
crystallization of the oxide layer, thereby enhancing its resistance to corrosion [29].
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Figure 12. pH evolution versus immersion time for NaCl medium with a stirrer/NaCl medium
saturated in Mg(OH), and PBS medium.

Finally, corrosion protection efficiency (P.E.) was performed to compare the protection of
PEO deposits with that of bare AZ31 (Table 9). To do this, we used the following equation [36]:

c
ct

RO
P.E% = < - R“) x 100% )

where R represents the coating’s charge transfer resistance, while R, represents the bare

AZ31’s charge transfer resistance. WF has a lower corrosion protection efficiency than fluoride
samples. For LiF, after the 4 min deposit for both media, a lower P.E. is observed. However,
after 30 min deposition, the results are conclusive for all layers, including LiF and WF.

Table 9. Corrosion protection efficiency of different fluoride contributions for different deposition
times in different electrolyte media.

P.E.% NaF (%) LiF (%) Na,SiFg (%) WEF (%)
NaCl 0.1 M saturated in Mg(OH),
4 min deposit 2h 99.26 91.96 98.59 24.51
4 min deposit 24 h 97.15 72.26 93.69 27.15
30 min deposit 99.89 99.62 99.39 99.00
PBS

4 min deposit 2h 99.75 99.42 99.77 /

4 min deposit 24h 77.99 62.62 17.28

30 min deposit 97.74 98.05 92.72 88.87
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3.3. Eudiometry

The volume of gas released during eudiometry tests offers insights into sample
corrosion. These tests were conducted on three types of magnesium: bare magnesium,
coated magnesium without fluorides, and coated magnesium with the two most ef-
fective fluorides from the impedance measurements—NaF and Na,SiFs. Figure 13
illustrates how the volume of hydrogen released changes over time during immersion
in either 0.1 M NaCl or PBS. In Mg(OH);-saturated 0.1 M NaCl (Figure 13a), bare Mg
is the sample that releases the most H,. This is perfectly consistent with the fact that
it has no coating to protect the substrate. The WF sample (without fluorides) also
releases more Hy than NaF and Na;SiFs, demonstrating the impact of fluorides on the
PEO layer. For the two samples with fluorides, the release of hydrogen is quite similar.
Indeed, the presence of MgF, at the substrate/coating interface produces a barrier
layer which increases the corrosion resistance of the PEO coating [30]. Moreover, the
corrosion rate is below 0.5 mm/year for the fluorinated samples while it is 1.41 for
the WF sample and 5.86 for the bare magnesium (Table 10). Figure 14a,b show that
after 6 days of immersion, the bare AZ31 surface is covered by corrosion product:
Mg(OH);, (see Figure 15). However, with a layer of PEO, the surface has almost none
left. However, some articles explain that the corrosion product can be located between
the PEO layer and the substrate itself or in the pores of the latter. This can also block
the passage of hydrogen bubbles [37].
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T91 11 |5, +Bare AZ31 + WF
3 )
EST i £ 81 * NoF * Na2siF6
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Figure 13. Volume of hydrogen released as a function of time for bare AZ31, NaF, and Na;SiFg
samples immersed in (a) 0.1 M NaCl and (b) PBS for 30 min PEO deposit.

Table 10. Corrosion rate after a period of 150 h of immersion in 0.1 M NaCl saturated in Mg(OH), or
PBS for bare AZ31, WF, NaF, and Na;SiF4 samples.

Sample Corrosion Rate After a Period of 150 h (mm/year)
0.1 M NaCl saturated in
Mg(OH), PBS
Bare AZ31 5.86 1.17
WEF 1.41 0.94
NaF 0.23 0.47

Na,SiFg 0.49 0.73




Coatings 2025, 15, 498 15 of 19

Figure 14. SEM images of surfaces of (a,b) bare AZ31 samples, (c,d) WF, and (e f) NaF and
(gh) NaySiFg samples after 6 days in 0.1 M NaCl (left) and PBS (right).

In NaCl 0.1M saturated in Mg(OH),,
[Mg(OH),] formation is elevated

Cl= cl~ _
cl- In PBS [Mg(OH),] is low
cly PO~
cl- .
P04 PO4 —
OH Mo2*
9%+ 3 20H- - Mg(OH),
Mg™ +2C1~ — MgCl, _—— e 3Mg?* + 2P0} — Mg, (PO,).

Figure 15. Corrosion process of PEO-coated AZ31 in an aggressive environment.

In the case of PBS (Figure 13b), the Hj release produced on bare AZ31 is like those
with coatings as also indicated by the corrosion rate which is about 5 times less important
after 150 h of immersion (Table 10). This can be explained by the formation of Mgs(PO4),
crystals on the bare AZ31 surface (Figure 14a) blocking the passage of gas bubbles.

As shown in Figure 14, crystals form on the surface of the samples. Bare AZ31
has a much larger crystal distribution than PEO layers. However, fluoride-free coating
(Figure 14c,d) has more crystals on its surface than fluoride-containing coatings. This is
due to the Mg?* released during corrosion, which precipitates with the phosphate (shown
Figure 15). The more phosphate crystals there are, the more corroded the sample [38].
Furthermore, Figure 16 shows the distribution of phosphate in the cross-section showing
that the phosphates are located where the electrolyte can pass through. This means that Hp
bubbles are blocked not only by the PEO layer, but also by the phosphate crystals.



Coatings 2025, 15, 498

16 of 19

Figure 16. Cross-section of WF, Na,SiFg, and NaF samples after 6 days in PBS.

Similarly, the corrosion of the WF sample seems lower in PBS than in 0.1 M NaCl
saturated with Mg(OH),, which can be explained by the fact that both the PEO layer and
the corrosion products, which are produced more rapidly in PBS than in 0.1 M NaCl, block
the gas bubbles released by the substrate as it corrodes. However, for NaF and Na,SiFg, Hp
release is greater in PBS than in Mg(OH);-saturated 0.1 M NaCl. Finally, fluoride-containing
layers are more resistant than fluoride-free ones.

4. Conclusions

SEM analysis of PEO deposits revealed significant differences in layer morphology
and porosity as a function of deposit time and the electrolyte used. Deposits over 30 min
had larger average pore sizes than those over 4 min, with pore density reduced by half. In
particular, the LiF-containing electrolyte showed larger but fewer pores after 30 min of the
process, probably due to the high temperatures generated by the intense sparks.

EDS analysis showed that layer composition varied with deposit time. The atomic
proportion of fluorine increased with deposit time, while that of silicon decreased. Samples
containing LiF showed a lower proportion of fluorine, suggesting less fluoride incorpora-
tion than other electrolytes.
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XRD analyses revealed that the layers are mainly composed of magnesium silicate
and magnesium oxide. However, the expected MgF, crystalline phase was not detected,
probably due to its low quantity. Mg,SiO,4 peaks were proportionally higher in fluoride-
containing samples, while MgO peaks were less intense in the LiF sample, suggesting
inhomogeneous formation of this phase due to intense localised discharges.

Electrochemical studies showed that the addition of fluorides improves the corrosion
resistance of PEO layers. Samples with NaF and Na,SiFg showed improved corrosion resis-
tance compared to samples without fluorides or with LiF. Bode diagrams revealed that PEO
layers with fluorides exhibit distinct time constants, indicating better corrosion protection.

Eudiometry tests confirmed that fluoride-containing layers were more resistant to
corrosion than those without fluorides. Samples with NaF and Na,SiFs showed lower
hydrogen release, indicating better corrosion protection.

In conclusion, despite LiF’s interesting morphological characteristics, NaF offers
better corrosion protection, which is crucial for biomedical applications. The choice of
electrolyte and the duration of PEO deposition remain essential parameters for optimising
the properties of the resulting layers.
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