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Abstract: Magnesium and its alloys are widely used in many areas because of their light weight,
excellent dimensional stability, and high strength-to-weight ratio. However, the material exhibits poor
wear and corrosion resistance, which limits its use. Plasma electrolytic oxidation (PEO) is an effective
surface modification method for producing ceramic oxide layers on Mg and their alloys. The influence
of the additions of sodium tetrafluoroborate (NaBF4) and sodium fluoride (NaF) into alkaline-silicate
electrolyte on the properties of the conversion layers formed in the magnesium AZ91D alloy has
been investigated. Surface morphology and chemical composition were determined by scanning
electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The anticorrosive properties
of the layers were evaluated by electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP) methods in simulated body fluid (SBF). The presence of NaBF4 or NaF in the
electrolyte increases the corrosion resistance of the protective layer. However, the best anticorrosive
properties show the layers obtained in the presence of NaBF4. This is probably caused by the
incorporation of boron and fluorine in the form of Mg (BF4)2 mainly in the barrier layer.

Keywords: magnesium alloy; plasma electrolytic oxidation; tetrafluoroborate; corrosion resistance

1. Introduction

Magnesium and its alloys are characterized by low density, high strength-to-weight
ratio, dimensional stability, high impact resistance, and good thermal and electrical con-
ductivity. These properties determine the applications of materials in the areas in which
weight reduction or high technical requirements are needed, including automotive and
aerospace industries and biomedical applications. However, magnesium and its alloys
have important disadvantages, which limit their use: poor wear resistance, low hardness,
and poor anticorrosion properties [1–3].

To increase hardness and especially corrosion resistance, different methods are used for
the formation of protective coatings on the surface of the materials [4,5]. These are, among
others: chemical conversion [6], electrophoretic deposition [7], hydrothermal treatment [8],
chemical vapor deposition [9], electrodeposition [10], sol-gel process [11], and organic
compounds deposition [12]. Among many possible and accessible coating methods to
improve the corrosion resistance of magnesium alloys, plasma electrolytic oxidation (PEO),
also known as the microarc oxidation (MAO) procedure, is a common technique due to its
environmental friendliness and high performance [13–18].
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During the process, electrical discharges in aqueous solutions cause the formation of
a protective layer on the surface of the material, which consists mainly of its oxides, but
modifying elements present in the electrolyte are frequently incorporated into the protective
layer. Therefore, in addition to parameters such as current characteristics, temperature, and
time of treatment, the type of electrolyte is a key aspect that influences the quality of the
coating produced in PEO processes [19].

The solution of sodium metasilicate (Na2SiO3) with sodium hydroxide is commonly
used as an electrolyte for PEO processes [20–23]. The addition of fluoride ions to the
electrolyte solution affects the composition, structure, and morphology of the conversion
coatings formed and consequently the mechanical, tribological, and anticorrosion properties
and their performance [24–27]. In recent years, novel additives for the basic electrolyte
have been applied that contain, in addition to fluorine, other elements in the form of single
salts such as K2ZrF6 [28], K2TiF6 [29], Na2SiF6 [30], Na3AlF6 [31]. There are also studies
that show a positive effect of sodium tetraborate [32–35] and sodium pentaborate [36] on
the properties of coatings. The results of these studies show that the presence of fluorine or
boron compounds in the electrolyte improves the mechanical and anticorrosive properties
of the coatings obtained. Therefore, we have expected that a synergetic effect can exist when
both elements are present in the electrolyte. Sodium tetrafluoroborate has been chosen
since we have recently found that the addition of NaSbF6 to the Na2SiO3-based electrolyte
causes the incorporation of antimony into a protective layer formed on the magnesium
alloy AZ91D by the PEO process and increases the corrosion resistance of the layer [37].

Here, we report the results on the influence of NaBF4 and NaF in amounts having the
same fluorine content in the alkaline-silicate electrolyte on the physicochemical properties
and corrosion resistance of the conversion layers formed under the same conditions.

2. Materials and Methods
2.1. Preparation of Specimens

The AZ91D magnesium alloy was cut into rectangular specimens of dimensions
50 × 50 × 10 mm and used as a substrate material. The chemical composition of the alloy
identified by the analysis using a Thermo Scientific (Waltham, MA, USA) ARL ADVANT
XP Sequential X-Ray Fluorescence Spectrometer (XRF) is listed in Table 1. The surfaces of all
samples were ground with 600 to 1200-grit SiC paper to ensure uniform surface roughness.
The samples were then washed in deionized water, ultrasonically degreased with acetone,
and dried. Subsequently, they were electrochemically activated as anodes in saturated NaF
solution for 5 min at a voltage equal to 60 V (DC). Immediately after this procedure, the
sample was rinsed with deionized water and submitted to the PEO process.

Table 1. Chemical composition of the AZ91D alloy.

The Content of Elements, wt.%

Al Zn Mn Si Ca Fe Ni Cu Mg

8.77 0.74 0.18 <0.01 <0.01 <0.001 <0.001 <0.001 balance

2.2. Plasma Electrolytic Oxidation (PEO) Process

The base electrolyte solution was composed of 15 g/L of Na2SiO3·5H2O and 4.2 g/L
of NaOH in deionized water. Investigated NaBF4 or NaF was added to the base electrolyte
in quantities to ensure an equimolar amount of fluorine. Table 2 lists the composition of
the three electrolytes, their conductivity, and the corresponding identification codes of
the samples treated in these electrolytes. All solutions were prepared using commercially
available analytical grade reagents and deionized water (conductivity below 0.1 µS/cm
at 25 ◦C).
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Table 2. The identification codes for the PEO coatings with their respective electrolyte composition
and conductivity.

Sample Code Composition of
Electrolyte, g/L

Molar Concentration
of Fluorine, mM/L

Conductivity of
Electrolyte, mS/cm

Base Na2SiO3·5H2O: 15
NaOH: 4.2 - 32.1

BF4
Na2SiO3·5H2O: 15

NaOH: 4.2
NaBF4: 2

72.9 33.1

F
Na2SiO3·5H2O: 15

NaOH: 4.2
NaF: 3.06

72.9 35.3

2.3. Characterization of the Coatings

Surface and cross-sectional morphologies of the PEO coatings were characterized
using a HITACHI S-3400N (Tokyo, Japan) scanning electron microscope (SEM). Image
analysis was performed using ImageJ 1.46r software. Image filtering was applied to remove
noise followed by image segmentation by thresholding, which produced binary images.
Subsequently, the average total outer porosity, the average outer pore size, and the outer
pore size distribution were calculated. An eddy current coating thickness measurement
gauge, Fischer Dualscope (Sindelfingen, Germany) MP20 with FTA 3.3H sonde, was used to
measure the thickness of the coatings. The average layer thickness and standard derivation
of each sample were calculated from 20 measurements.

The elemental analysis was performed using an energy-dispersive X-ray spectrometer
(EDS) attached to an SEM. The chemical states of the PEO coatings were determined using
Escalab 250Xi Thermofisher Scientifican X-ray photoelectron spectroscopy (XPS) with a Kα
anode (λ = 1486.6 eV). In XPS analysis, sputtering was conducted with an argon ion gun
to obtain a depth profile of the coating. All energy values were corrected according to the
adventitious C 1s set at 284.6 eV.

Potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy
(EIS) tests were applied to evaluate the corrosion performance of the coatings in a simulated
body fluid (SBF). The composition of the SBF is given in Table 3 [38]. The electrolyte tem-
perature was maintained at 36.5 ± 0.5 ◦C. Electrochemical corrosion tests were carried out
using a PARSTAT 2273 (Princeton Applied Research) in a conventional three-electrode cell
(200 mL) with the sample as the working electrode (exposed area of 0.785 cm2), a platinum
mesh serving as an auxiliary electrode, and a silver chloride electrode immersed directly in
a corrosive solution as the reference electrode (+34 mV vs. SCE). Before electrochemical
measurements, the samples were immersed in the SBF solution for 3 h to allow the open
circuit potential (OCP) to become stable. Polarization curves were collected at a scanning
rate of 1 mV/s from −0.25 V to +0.25 V versus OCP. Electrochemical parameters, including
corrosion potential (ECORR), corrosion current density (jCORR), and Tafel slopes, were deter-
mined using the Tafel extrapolation method. Polarization resistance (RP) was calculated
according to the Stern–Geary equation (Equation (1)) [39]:

RP =
βA·βc

2.3·jCORR(βA + βC)
(1)

Table 3. Composition of the simulated body fluid (SBF) [38].

Concentration of Compounds, g/L

NaCl NaHCO3 KCl K2HPO4·3H2O MgCl2·6H2O CaCl2 Na2SO4 (CH2OH)3CNH2 HCl (1.0 M)
8.035 0.355 0.225 0.231 0.311 0.292 0.072 6.118 Adjusted pH to 7.4
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Because the vulnerability of a coating to an aggressive environment is directly con-
nected with the number of pores, the porosity of the coated surfaces was also determined
using the potentiodynamic polarization method. In this case, the porosity (F) is defined by
Equation (2) [40–42]:

F =
RP,S

RP,C
·10−(

|∆ECORR |
βA

) (2)

where RP,S and RP,C are the polarization resistance of the uncoated and coated samples,
respectively, ∆ECORR is the difference in the corrosion potential between the coated and
uncoated samples, and βA is the Tafel anodic slope of the uncoated sample.

The electrochemical impedance curves were obtained by applying a sinusoidal poten-
tial of 10 mV (rms) in amplitude around OCP in steady state, in the frequency range from
100 kHz to 100 mHz. The experimental results were interpreted assuming an equivalent
circuit using a suitable fitting procedure implemented in the ZSimpWin 3.21 software (Ann
Arbor, MI, USA). These measurements were repeated a total of at least three times for
each sample to determine the repeatability of the results. To examine the dependability,
causality, and stability of the real EIS data obtained from the experimental process, the
Kramers–Kronig (K–K) transformations were applied with the KK Test 1.01 software (B. A.
Boukamp). The Kramers–Kronig relations are defined as follows [43]:

Z′(ω) = Z′(∞) +
2
π

∫ ∞

0

xZ′′ (x)−ωZ′′ (ω)

x2 −ω2 dx (3)

Z′′ (ω) = −
(

2ω

π

) ∞∫
0

Z′(x)− Z′(ω)

x2 −ω2 dx (4)

where: Z’—the real parts of the impedance, Z”—the imaginary parts of the impedance,
ω—angular frequency, and x—the integration variable (0—∞)

A neutral salt spray (NSS) test was used to estimate the barrier properties of the
PEO coatings in a corrosive service environment according to the ASTM B117 standard
procedure. The test was carried out under continuous spray conditions at temperature of
35 ◦C, the salt solution used was 5 wt.% NaCl and its pH was around 7.0. The samples
were visually inspected after 7 days of salt chamber test duration.

3. Results and Discussion
3.1. Voltage-Time Responses during PEO Process

To investigate the effects of additives used on the nature of processes that occur on
the sample surface during the PEO process, changes in the response voltage during the
oxidation time were evaluated. Figure 1 shows the voltage-time curves during the PEO
process of the samples placed in the Base, BF4, and F electrolytes and the images of the
sample in the Base electrolyte at various stages of the PEO process. In all cases, three main
stages were identified during the PEO process, which included conventional anodization,
spark anodization, and plasma electrolytic oxidation.

During the first stage, a linear increase in voltage is observed within a short period
of time, which involves the rapid electrochemical formation of an initial thin oxide film
as in the conventional anodization process. The next stage starts when the breakdown
voltage is reached, which corresponds to the dielectric breakdown of the oxide film. The
breakdown voltages decrease with an increase in the electrolyte conductivity (Table 2).
The addition of NaBF4 or NaF to the base electrolyte causes a decrease in the breakdown
voltage from 194 to 188 and 177 V, respectively. In this stage, a large number of small
white-colored sparks appear, evenly covering the entire surface of the sample. The slope of
the voltage-time curves decreases during the spark anodization stage. After about 5 min
from the start of the process, the micro-discharges become more intense and their color
changes from white to yellow-orange. The essential process of plasma electrolytic oxidation
begins, which causes the largest changes in the structure of the coating. The rate of voltage
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change decreases as compared to the earlier stage. In the case of the base electrolyte, after
10 min, the voltage increase rate becomes slightly slower than for the other electrolytes
and ultimately has the lowest value. The highest final voltage value (421 V) was recorded
for the BF4 sample, which was accompanied by the most intense discharges visible on the
treated surface. The breakdown and final voltage values for the different electrolytes are
listed in Table 4.
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Table 4. The breakdown voltage values and final voltage in the different electrolytes.

Sample Code Breakdown Voltage, V Final Voltage, V

Base 194 412
BF4 188 421

F 177 414

3.2. Surface and Cross-Sectional Morphology of PEO Coatings

The SEM images of the surface microstructure and the binary analyzed images of the
coatings produced in different electrolytes are shown in Figure 2.
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Figure 2. SEM surface morphology and binary analyzed images of the PEO coatings: (a) Base; (b) BF4;
(c) F.

The surface of all coatings has a typical crater-like morphology resulting from local
microdischarge events that occurred during layer formation in the plasma electrolytic
oxidation process. This morphology was created as a result of the outflow of molten
material along the microdischarge channel during sparking. The distribution of the outer
pore size for all coatings is shown in Figure 3a. In all the cases, the normal distribution was
found, which allowed for a Gaussian fit to be determined. Analysis of the SEM images
(Figure 2) shows a much greater effect of the addition of NaBF4 on the morphology of the
surface, which is related to the presence of large-diameter pores. Therefore, an analysis
of the percentage distribution of the outer pore size of PEO coatings anodized in various
electrolytes was carried out (Figure 3b). The addition of NaBF4 to the electrolyte was
found to cause a threefold increase in the coating surface covered with large pores (with a
diameter greater than 5µm, which corresponds with an area greater than about 20 µm2)
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which is almost a quarter of the sample area. The clearly larger outer pore diameter of
the BF4 coating is due to the highest value of the final voltage observed during the PEO
process, which is caused by the occurrence of electric discharges with the highest power.
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The morphological characteristics of the PEO coating surface are presented in Table 5.
The average total outer porosity (percentage of the area covered by open pores) and the
average outer pore diameter (both calculated as the arithmetic average and the mean value
of the Gaussian fit) of the BF4 coating are slightly larger compared to other coatings.

Table 5. Morphological characteristics of the surface of PEO coatings.

Sample Code Average 1 Outer Pore
Diameter, µm

Average 2 Outer Pore
Diameter, µm

Porosity, %

Base 1.77 ± 2.07 1.26 ± 0.69 9.80
BF4 2.28 ± 2.92 1.47 ± 1.06 10.22

F 1.90 ± 2.08 1.42 ± 0.83 9.72
1—the arithmetic average; 2—the mean value of the Gaussian fit.

The cross-sectional morphology and average thickness of the PEO coatings are shown
in Figure 4. As can be seen in the cross-sectional images, in all the cases the structure of the
obtained coatings is typical for coatings produced in the PEO process, and two layers exist.
The outer layer is relatively thick with visible open and closed pores. The inner layer, close
to the metal surface, is very thin but compact and is considered to be the protective layer.
The presence of investigated salts in electrolytes causes an increase in the total thickness
of the coatings by more than 3 µm (from 9.46 to 12.71 and 12.68 µm for coatings made of
solutions containing NaBF4 and NaF, respectively).
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Figure 4. The SEM images of cross-sectional PEO coatings: (a) Base; (b) BF4; (c) F; and (d) average
values of the thickness of these coatings. (The dashed lines were added to make the inner layer
more visible).

3.3. Chemical Composition Analysis of the PEO Coatings

Measurements made on cross-sections of coatings using the EDS analysis have allowed
us to determine the chemical composition of the outer and inner layers of coatings obtained
in the PEO process (Table 6). The main components of the coatings are magnesium, oxygen,
and silicon, which is typical of the conversion coatings formed in silicate electrolytes on
magnesium alloys. Moreover, a small amount of aluminum was also found, which is related
to its presence in the AZ91D alloy used. In the case of coatings produced in electrolytes
containing NaBF4 and NaF, fluorine was also incorporated into the coatings. Analyzing the
content of individual elements in the outer and inner layers, it can be seen that the amounts
of Mg and Al (coming from the alloy) are greater in the inner (barrier) layer, while the
amounts of O and Si (coming from the electrolyte) are greater in the outer layer. In the case
of fluoride ions, despite the fact that they come from the electrolyte, their higher content
was recorded in the inner layer, which has already been described [20,27]. The distribution
of chemical elements across the PEO coating obtained with the addition of NaBF4 is shown
in Figure 5. Elemental maps of the BF4 coating confirmed an increase in the amount of
fluoride in the barrier layer.

Table 6. Elemental contents (in atomic percentage) determined by EDS for the coatings obtained in
different electrolytes.

Sample Code Layer
Elements Content, at.%

Mg O Si Al F

Base
outer 37.4 43.0 14.9 4.6 0.0
inner 48.8 37.2 8.2 5.7 0.0

BF4
outer 36.9 42.9 13.9 3.8 2.4
inner 47.2 32.6 7.7 5.0 7.4

F
outer 33.3 45.5 15.7 3.5 1.9
inner 44.6 38.1 6.2 4.2 6.8
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Figure 5. Microstructure and elemental distribution in the cross-section of the BF4 coating.

The XPS study was performed to obtain more information about the composition
of the coatings. The XPS survey spectrum of the investigated coatings (outer layer) is
presented in Figure 6a. All coatings have shown very similar spectra, which indicated the
presence of mainly magnesium, oxygen, and silicon. When NaBF4 or NaF was present
in the electrolyte, fluorine is also incorporated into the coatings. Figure 6b presents the
specific spectra of F 1s, which correspond to MgF2 (685.7 eV).

Processes 2022, 10, x FOR PEER REVIEW  9  of  19 
 

 

inner  44.6  38.1  6.2  4.2  6.8 

 

Figure 5. Microstructure and elemental distribution in the cross‐section of the BF4 coating. 

The XPS study was performed to obtain more information about the composition of 

the  coatings.  The  XPS  survey  spectrum  of  the  investigated  coatings  (outer  layer)  is 

presented in Figure 6a. All coatings have shown very similar spectra, which indicated the 

presence of mainly magnesium, oxygen, and silicon. When NaBF4 or NaF was present in 

the  electrolyte,  fluorine  is  also  incorporated  into  the  coatings.  Figure  6b  presents  the 

specific spectra of F 1s, which correspond to MgF2 (685.7 eV). 

 

Figure 6. XPS spectra of PEO coatings: (a) survey spectrum; (b) specific spectrum of F 1s (1—Base,
2—F, 3—BF4).

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Processes 2022, 10, 2089 10 of 18

A detailed analysis of the chemical composition of the BF4 coating at different depths
is shown in Figure 7. The presented data indicate the composition changes along the cross-
section of the coating, and these changes are particularly significant in the barrier layer.
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The XPS analysis has shown that in the outer layer (point 1), the dominant components
of the coating are simple compounds, mainly MgO. In the inner layer (point 2), a clear
decrease in the intensity of the Mg 2p3 and Si 2p3 signals derived from MgO and SiO2,
respectively, is observed, accompanied by an increase in the characteristic signals of a more
complex Mg2SiO4 compound. In the inner layer, an increase in the intensity of the fluorine
(F 1s) and boron (B 1s) signals is also visible. Analyzing the fluorine spectra (Figure 7c),
the shift of the peak F 1s’ maximum is visible from the value of 685.4 eV (characteristic of
MgF2) in the outer layer to 687.9 eV in the inner layer, which suggests the formation of a
more complex fluorine compound, probably Mg (BF4)2, close to the substrate material. In
the literature, there are no XPS data available for Mg (BF4)2. However, the energy value of
the peak F 1s for NaBF4 is equal to 687.0 eV [44], which is close to the observed value of
the shifted peak. Moreover, the possibility of the formation of a boron compound in the
form of tetrafluoroborate is supported by the high energy for the peak B 1s (196.1 eV) in the
barrier layer (Figure 7d). The values of B 1s’ peak for NaBF4 (195.8 eV), KBF4 (195.6 eV),
and NH4BF4 (194.9 eV) are higher than the values for B2O3 (B 1s 192.0–193.7 eV) [44]. The
possibility of the occurrence of BF4

− in the inner layer is also supported by the relative
content of B and F (at.%), which is approximately 1:4.
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Analyzing the results obtained and taking into account literature data on the composi-
tion of this type of coating, the occurrence of the following reactions is proposed.

Mg0 →Mg2+ + 2e− (5)

Mg2+ + 2OH− →Mg(OH)2 →MgO (6)

2Mg2+ + SiO3
2-+ 2OH− →Mg2SiO4 + H2O (7)

SiO3
2- → SiO2 +

1
2

O2 + 2e− (8)

2MgO + SiO2 →Mg2SiO4 (9)

Mg2+ + 2F− →MgF2 (10)

BF4
− + 3OH− → B(OH)3 + 4F− (11)

Mg2+ + BF4
− →Mg(BF4)2 (12)

The metallic magnesium of the base material is oxidized to form Mg2+ (Equation (5)),
which then reacts with hydroxyl ions to form Mg(OH)2. As a result of the high temperature
in the plasma discharge channel, the hydroxide is converted to an oxide (Equation (6)).
Furthermore, magnesium ions in an alkaline environment can react with metasilicate ions to
form forsterite (Mg2SiO4) (Equation (7)) [45–47]. In the process of plasma oxidation, direct
oxidation of metasilicate ions can also occur and SiO2 is formed (Equation (8)) [48,49]. Silicon
oxide with magnesium oxide at high temperature can also form forsterite (Equation (9)) [49,50].
As a result of the above reactions, the conversion coating formed is mainly composed of
MgO and Mg2SiO4. Due to the presence of aluminum in the magnesium alloy (AZ91D),
this element is also incorporated in a small amount into the formed layer, most likely in the
form of Al2O3 [32,51] and MgAl2O4 [25,52].

In the case of the coating formed in an electrolytic bath containing NaF, the fluoride
ion combines with Mg2+ to form MgF2 (Equation (10)) [25]. We have also found that in the
presence of NaBF4 in the baths, MgF2 appears in the outer layer, which is caused by the
partial decomposition of the BF4

− ion in an alkaline environment (Equation (11)). However,
in the inner layer of this coating, the main fluorine-containing compound is Mg(BF4)2
(Equation (12)), which is indicated by the shift of F 1s peak maximum in the XPS spectra
and also by the relative content of B and F (at.%), which is approximately 1:4 (Figure 7a).

In the literature data, there have been no reports so far that in the presence of complex
fluorine ions in the electrolyte, the complex ions are incorporated into the formed layer.
When Na3AlF6 [31] was present in the electrolyte, it was suggested that hydrolysis of the
compound to Al(OH)3 and the release of F− ions occurred, and fluorine was incorporated
into the layer in the form of MgF2. Aluminum hydroxide under the conditions of plasma
oxidation was transformed into Al2O3. In the case of K2ZrF6 [28], the formation of zirco-
nium oxide and the release of fluoride ions in an alkaline environment have been proposed.
In the presence of Na2SiF6 [30], the proposed mechanism involves the decomposition of
SiF6

− and the formation of MgF2 and Mg2SiO4. When K2TiF6 was used [29], its hydrolysis
of Ti(OH)4 was suggested, which caused the formation of Mg2TiO4 in the formed coating.

3.4. Corrosion Resistance of PEO Coatings

Potentiodynamic polarization (PDP) tests were carried out to establish the anticor-
rosive properties of the investigated coatings. The results are shown in Figure 8. The
corresponding parameters are listed in Table 7.
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Figure 8. Potentiodynamic polarization curves of the uncoated AZ91D Mg alloy and the samples
with coatings formed in the PEO process.

Table 7. Potentiodynamic polarization parameters of the uncoated AZ91D Mg alloy and the samples
with coatings formed in the PEO process.

Sample Code ECORR vs. SCE, V jCORR, µA/cm2 βA, mV/dec βC, mV/dec RP,kΩ·cm2 F

AZ91D −1.60 29.8 307 178 1.65
Base −1.62 1.20 402 180 45.01 3.20 × 10−2

BF4 −1.71 0.26 478 242 265.9 2.76 × 10−3

F −1.68 0.45 431 250 152.7 5.93 × 10−3

The results obtained show that all of the PEO-coated samples exhibit improved corro-
sion performance compared to the untreated magnesium alloy. The presence of fluorine-
containing compounds in the basic silicate bath further increases the anticorrosive proper-
ties, including the disappearance of the pitting potential in the PDP curves in the scanning
range used. The formation of the conversion coatings on the magnesium alloy shifts the cor-
rosion potential toward more negative values. However, the corrosion rate is proportional
to the corrosion current. The value of the corrosion current density (jCORR) decreased from
29.8 µA/cm2 for the uncoated AZ91D Mg alloy to 1.20, 0.45, and 0.26 µA/cm2 for the Base,
F, and BF4 coatings, respectively. Polarization resistance (RP) values for the investigated
samples increase in the order AZ91D < Base < F < BF4. The lowest value of porosity (F),
calculated on the basis of electrochemical measurements, for the BF4 sample proves the
highest tightness of the formed coating. These results are in contrast to the results of the
outer porosity measurements based on the analysis of the SEM measurements (Figure 2).
This indicates that the key factor influencing the corrosion resistance of conversion coatings
produced in the PEO process is the inner layer, which for the BF4 sample is homogeneous
and compact (Figure 4), and despite the larger size of the open pores in the outer layer,
this coating shows the best protection properties in the corrosive environment among the
tested samples.

Electrochemical impedance spectroscopy (EIS) studies were carried out after 3 h of
immersion in SBF solution to analyze the corrosion mechanism of the PEO coatings. The
EIS results in the form of the Nyquist and Bode plots are presented in Figure 9. To obtain
the best fit of the test data with the lowest possible error, different equivalent circuits
were analyzed, taking into account the physical model of the conversion coating and the
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corrosion processes occurring. Selected models of the equivalent circuits for uncoated
AZ91D alloy and PEO coatings that allowed good fits of the experimental data were
presented in Figure 10.
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Figure 10. Equivalent circuits used to fit data of EIS measurements: (a) uncoated AZ91D Mg alloy;
(b) PEO-treated samples.
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In the proposed circuits, RS stands for electrolyte resistance of the electrolyte between
the working and reference electrodes. Two consecutive groups of paralleled combinations
of resistors (ROL and RIL) and constant phase elements (CPEOL and CPEIL) were applied
to describe the resistance and capacitance of the outer porous layer and inner barrier
layer, respectively. The outer porous layer of the coating is responsible for the high-
frequency relaxation process (104–105 Hz), while the middle frequency response of the
system (101–103 Hz) can be attributed to the inner barrier layer. RCT and CPEDL represent
the resistance of charge transfer and the electrochemical double-layer capacitor at the
substrate/coating interface, which corresponds to the low-frequency time constant (1 to
0.1 Hz) [40,53]. In the case of the model describing the corrosion of uncoated AZ91D alloy,
only two time constants are present, the one at higher frequencies corresponding to the
self-formed oxide film on magnesium alloy in an aqueous solution (RC and CPEC). The
second at lower frequencies can be assigned to the corrosion processes of the magnesium
alloy (RCT, CPEDL) [54]. The constant phase elements (CPEs) used in equivalent circuits
were selected instead of pure capacitance for better fitting because the conversion coating
surface is physicochemically inhomogeneous, uneven, and rough. The CPE impedance is
described as:

ZCPE =
1

Q(jω)n (13)

where Q is the constant admittance, j is an imaginary number, and ω is the angular
frequency. The number n is an empirical exponent, whose value is equal to 1 for a perfect
capacitor and equal to 0 for a perfect resistor.

The simulated values (fitting parameters) obtained by matching the theoretical model
and experimental data are presented in Tables 8 and 9 for the uncoated AZ91D Mg alloy
and PEO-treated samples, respectively. The chi-square values for the fitted curves of all
samples were in the range of 10−3–10−4. For the equivalent circuit of PEO coatings, the
total resistance (RTOTAL) is calculated as shown in Equation (14):

RTOTAL = ROL + RIL + RCT (14)

Table 8. Equivalent circuit parameters obtained from the fitting of the EIS experimental data for the
uncoated AZ91D Mg alloy.

Sample
Code RS, Ω·cm2 CPEC,

µS·secn/cm2 nC
RC,

Ω·cm2
CPEDL,

µS·secn/cm2 nDL
RCT,

Ω·cm2
RTOTAL,
kΩ·cm2

AZ91D 40 20.1 0.860 891 896 0.894 364 1.26

Table 9. Equivalent circuit parameters obtained from the fitting of the EIS experimental data for the
PEO-treated samples.

Sample
Code

RS,
Ω·cm2

CPEOL,
µS·secn/cm2 nOL

ROL,
kΩ·cm2

CPEIL,
µS·secn/cm2 nIL

RIL,
kΩ·cm2

CPEDL,
µS·secn/cm2 nDL

RCT,
kΩ·cm2

RTOTAL,
kΩ·cm2

Base 39 0.651 0.787 0.172 0.604 0.864 23.3 20.6 0.844 13.2 36.67
BF4 44 0.325 0.823 0.892 0.246 0.861 235.0 5.04 1.000 78.1 313.99

F 32 0.589 0.805 2.350 0.176 0.826 89.5 9.87 0.869 82.0 173.85

The EIS results confirm the positive effect of the conversion coatings produced in the
PEO process on the anticorrosive properties of the AZ91D alloy (RTOTAL 1.26 kΩ·cm2). The
total coating resistance increases from 36.67 kΩ·cm2 for the coating produced in the base
electrolyte to approximately 174 and 314 kΩ·cm2 for samples F and BF4, respectively.

In all of the investigated coatings, the calculated impedance of the inner layer (RIL) is
much higher than the other resistance elements that describe the coatings, indicating that
the inner layer plays a crucial role in corrosion resistance. For the coating produced in the
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electrolyte containing NaBF4, this value is the highest (235 kΩ·cm2). It should be noted that
the total impedance value of the investigated coatings is also significantly influenced by
the ongoing corrosion processes (RCT). In the case of a coating produced in the electrolyte
containing NaF, the value is comparable to the value of the inner layer resistance. The outer
layer has the least influence on the barrier properties, which is caused by its high porosity.
Nevertheless, the open pores present on the surface of PEO coatings make them a good
base for the use of topcoat layers by increasing their adhesion.

The Kramers–Kronig transformations were used to evaluate the quality of the EIS
data. Typical K–K transformations of impedance data obtained in the present study
are shown in Figure 11 (the real to imaginary impedance and the imaginary to real
impedance transformations).
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relationships: (a) uncoated AZ91D Mg alloy; (b) Base; (c) BF4; (d) F—PEO coatings.

The transformation results for all PEO coatings correspond well with the measured
data both real and imaginary components obey the Kramers–Kronig relations.

To verify the anticorrosive properties of the coated surfaces investigated, a salt chamber
test was performed. Figure 12 shows the macroscopic appearance of the samples after the
neutral salt spray test in 5 wt.% NaCl for 168 h.

The coating formed in the base electrolyte had many small pits throughout the surface
and large local white areas made of the resulting corrosion products. The introduction of
NaF to the bath resulted in the disappearance of visible signs of pitting corrosion and a
reduction in the number of areas with solid corrosion products. The replacement of NaF
with NaBF4 in the PEO bath caused a further reduction in the number of visible corrosion
spots. The appearance of the samples after the salt spray test confirms the results obtained
by electrochemical measurements in the SBF solution. The presence of fluoride ions in the
PEO bath improves the anticorrosion properties of the conversion layers produced. The
best results were obtained for the BF4 coating.
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Figure 12. Images of the PEO coatings surface: (a) Base; (b) BF4; (c) F, after neutral salt spray test in
5 wt.% NaCl for 168 h.

4. Conclusions

In the presented study, the PEO coatings produced on the AZ91D Mg alloy in alkaline
silicate baths with the addition of NaF or NaBF4 were examined. The results obtained can
be summarized as follows:

• The presence of both fluorine-containing salts in the electrolyte bath enhances the
performance of the coatings produced. These coatings are thicker and show increased
resistance to corrosion. However, the best barrier properties have been observed for
the coating obtained from the electrolyte containing sodium tetrafluoroborate.

• Fluorine is present mainly in the inner layer. XPS studies have shown that Mg(BF4)2
occurs in the inner layer when the electrolyte bath contains sodium tetrafluoroborate
and its presence is responsible for the best properties of the coatings.

• The use of sodium tetrafluoroborate in the electrolyte bath causes a visible increase in
the diameter of the pores in the outer layer of the coating. However, this can be useful
in increasing the adhesion of the topcoat layers.

5. Patents

• The US 11001927B2 patent has been granted from the work reported in this manuscript.
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