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1 | INTRODUCTION

Sepideh Kamrani' ® |

Claudia Fleck! | Alireza Ghasemi®

Abstract

Understanding the role of nanoparticles in magnesium (Mg)-based materials
and protective coating provides valuable information to achieve an optimized
combination of mechanical and corrosion protection properties of Mg
nanocomposites. The present study investigates the effects of SiC nanoparti-
cles on the corrosion behavior and structure of Mg-SiC composites substrates
coated by plasma electrolytic oxidation (PEO). Moreover, the influence of
different volume fractions of SiC, up to 10% on corrosion behavior and
galvanic reactions between Mg matrix and SiC particles was also investigated.
The morphology, distribution of the phases, and the microstructure of the
coating were characterized by SEM, EDAX, X-ray photoelectron spectroscopy,
and XRD. The corrosion resistance of the samples was determined through
dynamic polarization and electrochemical impedance spectroscopy tests
before and after PEO coating treatment. The results indicate that the Mg
nanocomposite with 1 vol% SiC, (M1Sn) coated by PEO coating shows higher
corrosion resistance than the samples with a higher percentage of SiC,,, as well

as the sample without SiC,, particles.

KEYWORDS
corrosion, mechanical milling, Mg-SiC nanocomposite, plasma electrolytic oxidation,
powder

nanocomposites have gained extensive attention from
researchers in recent years. It has been shown that

Magnesium (Mg) alloys are widely used in many fields
due to their significant advantages, such as high
strength/weight ratio, appropriate machinability, high
thermal conductivity, and good electromagnetic shield-
ing characteristics.''! However, Mg is relatively weak in
some properties such as corrosion resistance, strength,
ductility, and hardness. These weaknesses limit the
widespread application of Mg and its alloys. To enhance
the mechanical properties of Mg-based materials,

simultaneous enhancement in mechanical properties can
be achieved by adding nano-sized reinforcements to the
Mg matrix.[>”!

Kamrani et al. reported that introducing SiC nano-
particles (SiC,) up to 10 vol% to the Mg matrix effectively
enhances the strength and ductility of the Mg nanocom-
posites.’*'°! However, the improvement of mechanical
properties is just one of the optimization procedures
for the wide application of Mg-based materials. The
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corrosion susceptibility is especially important in Mg-SiC
composites, where galvanic couples form between SiC
particles and the Mg matrix due to different standard
electrode potentials.'’'? In the case of Al composites,
some studies revealed that the SiC particles increase the
corrosion rate of the composite as they act as a local
cathode for galvanic corrosion."*'* It has been shown
that the corrosion rate intensified as the size of the SiC
particles increased.!**!

The coating is an effective method against corrosion
and there are many different coating materials and
methods, which can be employed. Effective coatings
should be hard and stable with high adhesion to the
substrate, otherwise, there is a high risk of galvanic
corrosion in case of scratches and wear defects.!

Plasma electrolytic oxidation (PEO) is an effective
method to apply coatings on Mg-based materials. It is
based on the anodic oxidization of the metal substrate in
a particular electrolyte under high potential. The
formation mechanism of the PEO coating is based on
the following steps: (a) high voltage provides the required
energy for current to flow through a small area of the
surface locally, and (b) a plasma environment forms in
which arises a very high temperature of over 1000°C, (c)
the substrate locally melts and reacts with the compo-
nents inside the electrolyte, (d) the reaction products
rapidly solidify and a crater (discharge channel) forms
locally on the surface,'® (e) a small part of the PEO
coating forms locally around the crates."”'®! The PEO
oxide layer is hard, stable, and bonded strongly to the
substrate.'>!! The electrolytes are environmentally
friendly, and the process requires little or no pretreat-
ment. The PEO coating is typically composed of two
layers; an outer porous layer and an inner barrier film,
which can effectively resist corrosion.!??!

The impressive effect of the PEO coating on the
general corrosion and tribological behavior of Mg-based
materials is documented in the literature.*>°! Several
studies have been done to investigate the corrosion
behavior of PEO coating on Mg through different
electrochemical methods such as polarization and
electrochemical impedance spectroscopy (EIS).[26-3!]
However, not many studies have been performed on
the corrosion behavior of Mg composites, where galvanic
corrosion is the dominant corrosion mechanism because
of the reinforcement particles.'®*?°! The volume
fraction of reinforcement particles in a composite is a
parameter that can affect the corrosion behavior of
materials due to the accumulation of internal stress,
grain refining, and cell structure formation.!*”! However,
the effect of volume fraction of reinforcements on
microstructure and corrosion behavior of composite
materials have been rarely investigated.!>”-*!

Here, we investigated the following main topics: (a)
the coating structure of the PEO coating on Mg
nanocomposites, (b) the influence of SiC nanoparticles
on the protection ability of the PEO coating, and (c) the
galvanic corrosion process occurring between Mg matrix
and SiC particles. Based on the corrosion test results, the
presence of SiC, nanoparticles up to a specific amount
positively influences the coating formation process and
corrosion behavior of the Mg substrate coated with the
PEO oxide layer. A higher percentage of the SiC
nanoparticles in the substrate leads to the formation of
a thinner coating layer, which is more porous and
contains more microcracks compared to the coating on
the sample with a lower percentage of SiC nanoparticles.

2 | EXPERIMENTAL METHODS

2.1 | Composite manufacturing

Mg powder with an average particle size of —325 mesh
and SiC, particles (Alfa Aesar, Ward Hill) with an
average particle size of 50 nm were used to fabricate the
Mg-SiC nanocomposite. Mg powders with additions of 1,
3, and 10 vol% of SiC,, particles were mechanically milled
up to 25 h to produce M1Sn, M3Sn, and M10Sn samples,
respectively. The milled composite powders were cold
isostatically pressed at a pressure of 700 MPa with a
holding time of 10 min, sintered at 600°C for 2h in an
argon atmosphere, and further densified through hot
extrusion at 400°C with a press ratio of 22:1. The
cylindrical specimens with a diameter of 5mm and a
height of 10 mm were cut in the extrusion direction by
wire electric discharge machining (EDM, GF Agie
Charmilles). The surfaces were polished down to 1um
to remove the oxide and EDM-induced damage surface
and to generate smooth surfaces. As a reference, pure Mg
powders, named MM, were processed by the same
processing steps. More detailed information regarding
the manufacturing process is given in Kamrani
et al.,'®! Ghasemi et al.,l°! and Penther et al.[*°!,

2.2 | Coating process

For PEO, the samples were connected as an anode
while immersed in a silicate-based electrolyte with 10 g/1
Na,SiO; and 10 g/l KOH in water. A stainless-steel plate
was used as a cathode. To start the process, a high voltage
of about 300V with pulsed DC was applied by using
the AXD compact power supply of Munk company. The
temperature and agitation of the electrolyte were kept
constant at 25°C and 200 revs/min, respectively. The
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samples were processed for 5min and about three
samples were coated for each case.

2.3 | Coating characterization

The morphology and thickness of the PEO coatings were
characterized using high-resolution scanning electron
microscopy (HRSEM, Gemini 500). Elemental analysis
was performed by energy-dispersive X-ray spectrometry
(EDX, Bruker Quantax Berlin) attached to the HRSEM.
XRD was performed with a Bruker D8 diffractometer to
investigate the role of SiC on the structure of the
nanocomposites as well as on the PEO coatings. For this
purpose, a Cu K, radiation source and a Lynxeye detector
were used under a locked coupled 2-theta scan type and
continuous scan mode with a 2-theta rotating angle from
2° to 90°. The pattern has been indexed by the original
JCPDS data of the XRD peaks characteristic. The Rietveld
software, MAUD 2.79, has been employed to analyze all
the diffraction results.

The elements and chemical species of the samples
were characterized layer by layer from the uppermost
surface of the coating toward the depth of the substrate
within 151 etching steps with X-ray photoelectron
spectroscopy (XPS; ThermoScientific). The Al K, radia-
tion was used as an X-ray source, and the photoelectron
take-off angle was set at 45°. Because of a thin layer of
organic elements on the surface, the first etching layer
was neglected. The deconvolution of the overlapped XPS
peaks was performed using the Peak Fit module provided
with Gram-Charlier A Series (GCAS) function.

24 | Corrosion evaluation

To evaluate the corrosion behavior, at least three coated
samples of each case with a similar condition were tested
in a 3.5% NaCl solution at room temperature through

EIS and potentiodynamic polarization tests. The tests
were conducted with a potentiostat device (Voltalab PGZ
402) from Radiometer Analytical SAS company. The EIS
test was carried out using a standard three-electrode
corrosion cell with a volume of about 450 cm® which
consisted of a saturated calomel electrode (SCE—3 mol/1
KCl) reference electrode, a platinum counter electrode,
and a working electrode or test specimen. The EIS
experiment was performed in the frequency range
between 0.01 and 10° Hz with an AC voltage amplitude
of 10 mV. The EIS data were analyzed by curve fitting
and equivalent circuit modeling using ZView electro-
chemical analysis software. Potentiodynamic polariza-
tion curves were acquired at a scan rate of 2.5mV.s™'
from —2000 to 0 mV. The E., and I., were obtained
using the Tafel extrapolation method and the open-
circuit potential (OCP) was directly obtained from Tafel
curves.

3 | RESULTS

3.1 | Microstructure of the composite
and coating structure

Figure 1 shows the microstructure of the M1Sn and
M10Sn which demonstrate the uniform distribution of
the SiC nanoparticle in the Mg matrix. The influence of
embedded SiC nanoparticles on the structure of the PEO
coatings was investigated by SEM analysis. Figure 2
demonstrates the surface morphology of the PEO-
coatings on the MM, M1Sn, and M10Sn composites
samples. The surface of the PEO-treated samples exhibits
the typical porous feature of the PEO coatings with many
pores that are homogeneously distributed over the
surface. In the MM and M1Sn samples, the PEO layer
contains many round pores on the micron scale.

The coating on the M10Sn specimen represents
relatively smaller pores that are uniformly distributed

FIGURE 1 TEM images regarding the microstructure of the nanocomposite samples: (a) M1Sn and (b) M10Sn
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FIGURE 2 Surface morphology of the plasma electrolytic oxidation (PEO) coatings on nanocomposite samples: (a) MM, (b) M1Sn, (c, d)

M10Sn in different magnification

on the surface. The higher volume percentage of SiC,
nanoparticles in the M10Sn samples leads to the
formation of different surface morphology of the PEO
coating. Here, the coating surface is rougher and the
pores are finer compared to those of the MM and M1Sn
samples. Figure 2d shows the surface morphology of PEO
coating on M10Sn in higher magnification. The surface
of the coating contains microcracks and it is quite
uneven and rough.

The cross-sections of the MM, M1Sn, M3Sn, and
M10Sn coatings can be seen in Figure 3. The bright
particles that can be seen in the substrates of MM, M1Sn,
M3Sn, and M10Sn, indicate the uniform distribution of
the SiC nanoparticles in the Mg composite and no
agglomeration. The typical cross-section of PEO coatings
indicates that the coating layer on M10Sn is thinner
compared to those of the MM and M1Sn. The thickness
of the PEO layer on MM and M1Sn samples which is an
average from five different measurements is about
4+ 1 um, that of M3Sn is about 3+ 0.7 um and that of
the M10Sn is about 2 + 0.5 um.

The cross-section of the M10Sn specimen illustrates a
different coating structure compared to those of MM and
M1Sn. The structure of M10Sn is finer, smaller, and is
composed of more pores compared to MM and M1Sn. By
higher magnification in Figure 3d, it is seen that the
oxide coating cross-section contains pores and all PEO

coatings are composed of two layers; an outer porous
layer on the top and a very thin inner barrier layer in
direct contact and bound to the substrate.

Figure 4 shows the chemical composition of the PEO
coating on the M10Sn determined by EDX analysis along
the line AB. Point A is located deep in the substrate, and
point B is located on the coating surface. The chemical
composition of point A shows a higher amount of Mg but
a lower amount of O and Si. Moving from point A to B,
the Mg curve decreases suddenly by reaching the
interface between coating and substrate. Simultaneously,
O and Si curves rise rapidly. The change of the chemical
composition over the coating/substrate interface indi-
cates the formation of a layer on the surface. Compared
to the substrate, more O and Si and lower amounts of Mg
are detected in the coating area. Detection of high C
content on the uppermost layer of coating can be related
to contaminations and impurities on the surface. The
EDX results suggest the presence of Mg,SiO, and MgO in
the coatings.

3.2 | Phase identification

Figure 5 illustrates the XRD patterns of the coated MM,
M1Sn, and M10Sn specimens. Mg, MgO, and Mg,SiO,
are detected in all samples. The SiC peaks could be
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FIGURE 3 Backscattered SEM images from a cross-section of plasma electrolytic oxidation (PEO) coatings: (a) MM, (b) M1Sn, (c, d)

M10Sn (e, f) M3Sn

detected just in M1Sn and M10Sn samples. As the
penetration depth of the X-ray beam is much greater
than the coating thickness, the detection of SiC and Mg
crystals can be related to the phases in the substrate and
that of the MgO and Mg,SiO, to the oxide compounds
forming in the coating layer on the surface.

3.3 | Coating analysis

The fitted spectra in Figure 6 show the XPS patterns of PEO
layers and corresponding substrate. The patterns are related
to high-resolution spectra of O 1s, C 1s, Si 2p, and Mg 1s-
KLL resulting from 150 etching levels from the coating
surface toward the substrate of MM, M1Sn, and M10Sn
samples. According to the XPS spectra, the major surface
elements existing in the specimens are Si, O, C, and Mg.

In the case of Si 2P, two peaks with a binding energy of
101.8 and 99.7 €V are detected. The intensity of both peaks
changes as it moves from the free surface of the coating
(etching level = 0) toward the substrate (etching level = 150)
for all samples namely MM, M1Sn, and M10Sn samples. The
101.8 peak has a high intensity in the lower etching levels,
and its intensity gets lower and lower as the etching process
proceeds. Based on the XPS database,***! the 101.8 peak
represents the Mg,SiO4. The 101.8 peaks disappear as the
etching process reaches about 79th, 75th, and 60th of etching
levels for MM, M1Sn, and M10Sn, respectively.

The peak with 99.7eV emerges with low and
ascending intensity at the etching levels, where the
101.8 peak disappears. The 99.7 peak is a combination of
Si (99.6eV) and SiC (100.3 eV).***°! Opposite to the Si
peak (99.6 eV), which exists in all three samples, the SiC
peak (100.3 eV) does not appear in the MM sample.
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FIGURE 4 Energy-dispersive X-ray spectrometry line scan in
the cross-section of M10Sn plasma electrolytic oxidation coatings.
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FIGURE 5 Representative diffractograms of MM, M1Sn, and
M10Sn coated samples with a magnified view of the SiC peaks in
the range of 34°-36"

In the case of (C 1s) patterns, no apparent peak can
be seen in the first 60 etching steps in all samples.
However, the peak of 283.5eV, which can be related to
the SiC, appears from the 75th and 60th levels of etching

in M1Sn and M10Sn, respectively. This data confirms the
presence of SiC reinforcement particles in the nanocom-
posite substrate of M1Sn and M10Sn samples.

In the patterns of Mg 1s KLL, a peak with 306.0 eV
can be seen, which, based on the XPS database, can be
related to MgO. This peak shows a slight descending
trend as the etching process proceeds from the coating
surface to the substrate. Two other peaks, namely those
with 301.1 and 311.8eV represent Mg metal-binding
energy and appear with a sharp ascending slope from
79th, 75th, and 60th levels of etching in MM, M1Sn, and
M10Sn, respectively.

In the case of O 1S, one peak with a binding energy of
531.2eV was detected. This peak is composed of two
subpeaks, namely Mg,SiO, (530.1eV) and MgO
(531.0eV).2>*! The 531.2 peak has a high intensity at
the beginning of the etching process (etching level = 0).
The intensity remains almost constant until it reaches
about 79th, 75th, and 60th of etching levels for the MM,
M1Sn, and M10sn, respectively. After that, the intensity
of the peaks gradually decreases due to the absence of the
Mg,Si0, in the substrate area (Figure 7). The peak with a
binding energy of 531.0 eV (MgO) remains in the pattern
up to the final etching level of 150.

3.4 | Corrosion tests

Figure 8 demonstrates the potentiodynamic polarization
curves of the samples. The corrosion results of the M3Sn
sample are also inserted here to understand better the
influence of the reinforcement particle and its volume
fraction on the corrosion behavior of the coatings. The
corresponding data derived from the curves are summa-
rized in Table 1. The corrosion current densities (I.o.r) for
MM, M1Sn, M3Sn, and M10Sn are about 0.9261, 0.5279,
0.9778, and 4.1208 (uA/cm?), respectively. The corre-
sponding corrosion rates of the samples are 19.49, 11.11,
20.57, and 86.72 mils per year (m/Y), respectively. The
M1Sn has the lowest current density (I.o.), therefore it
has the highest corrosion resistance compared to MM,
M3Sn, and M10Sn samples. The corrosion rates of MM
and M3Sn samples are comparable and lower than that
of the M10Sn. The highest corrosion rate belongs to the
M10Sn sample.

The E.,+ shows a relation with the volume percent-
age of SiC, nanoparticles so that the higher percentage of
nanoparticles leads to nobler E_,. The MM curve with a
corrosion current density of about 0.9261 pA/cm? is on
the most left side of the diagram with the less noble
corrosion potential. In the case of the M1Sn sample with
the lowest corrosion resistance, the corrosion potential is
less noble than M10Sn and nobler than MM. In general,
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FIGURE 6 X-ray photoelectron spectroscopy spectra of plasma electrolytic oxidation layers on MM, M1Sn, and M10Sn samples from
the free surface of the coating (etching level = 0) toward the substrate (etching level = 150)

the I.o, shift to higher amounts as a higher volume
percentage of SiC particles is used. This results subse-
quently in the different corrosion rates of the samples as
follows M10Sn > M3Sn > MM > M1Sn.

The corrosion behavior of the coated samples was
studied by EIS to achieve the corresponding impedance
spectra. The impedance spectra are mainly characterized
by double capacitive loops (two semicircles) in all
specimens. The obtained data were fitted to semicircle

Nyquist curves and are depicted in Figure 9. The results
show that the Nyquist curve of the M1Sn has a greater
diameter than other samples, which can be attributed to
higher corrosion resistance and more stability of the PEO
coating. On the contrary, the Nyquist curves of the M3Sn
and M10Sn samples are smaller, which means lower
corrosion resistance of the corresponding coatings.

In the case of M3Sn and M10Sn, the capacitive loop
appears at the lowest frequency ranges (at the end of the
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3.5 wt.% NaCl aqueous solution at 25°C.

TABLE 1 The results of potentiodynamic polarization tests for
MM, M1Sn, M3Sn, and M10Sn

Ecorr Teorr R, CR
Material (mV/SCE) (rA/cm?2) (kQ. cm2) (m/Y)
MM —1501.2 0.9261 5.48 19.49
M1Sn —1493.9 0.5279 34.47 11.11
M3Sn —1414.3 0.9778 8.49 20.57
M10Sn —1327.8 4.1208 2.43 86.72

curves), while MM forms an inductive loop. In other
words, the M3Sn and M10Sn illustrate similar corrosion
behavior, which is different from those of MM and M1Sn.
The latter results are in good agreement with Tafel
curves, and the results obtained from potentiodynamic
tests (Figure 8).

7] " mavv ]
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FIGURE 9 Electrochemical impedance spectroscopy (EIS)
curves of the MM, M1Sn, M3Sn, and M10Sn at the open circuit
potential from the electrochemical EIS in 3.5 Wt.% NacCl solution
at 25°C
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FIGURE 10 The proposed equivalent electrical circuit used for
modeling impedance spectra of plasma electrolytic oxidation-
coated Mg samples with and without SiC, nanoparticles

To understand the corrosion mechanism and
parameters controlling the corrosion reactions, the
impedance spectra of each sample were modeled and
fitted to the equivalent circuits (Figure 10). The best-
fitting data for the MM sample without SiC nanopar-
ticles results from an equivalent circuit composed of
capacitors, resistors, and one inductor. In the circuits,
the resistor Rs relates to the solution resistance,
which is in series with a combination of constant
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phase elements (CPEs) and other resistors reflecting
the behavior of two different layers in the PEO
coating. CPE simulates the behavior of a not ideal
capacitor in a coating layer system whose capacitance
changes depending on frequency. It reflects condi-
tions and behavior of the sample, such as surface
roughness and porosity, distribution of potential and
current in the electrode, and the distributed surface
reactivity of microscopic inhomogeneity in the
coatings.!*1+4%!

For the M1Sn sample, the equivalent circuits are
composed of just capacitors and resistors. For the
samples with a higher amount of SiC nanoparticles,
namely M3Sn and M10Sn, however, the best fitting data
result from equivalent circuits composed of capacitors,
resistors, and a Warburg—short circuit terminus ele-
ment. A Warburg element clarifies the diffusion effects in
the circuit between the inner layer of the PEO coating
and the substrate.[**!

Table 2 represents the fitted parameters for the EIS
spectra. Based on the EIS data, the highest resistance of
the coating belongs to M1Sn, and a higher volume
fraction of SiC deteriorates the corrosion resistance of the
coatings in the case of M3Sn and M10Sn.

Figure 11 shows the Bode plots derived from the
EIS method. The Bode diagrams display higher
impedance values for M1Sn (4.3 Q) and MM (4.1 Q)
compared to those of M3Sn (4.0 Q) and M10Sn (3.9 Q).
The impedance values are confirming that the most
effective barrier layer forms in the M1Sn coating. The
impedance modulus (Z) of all samples continually
decreases, which indicates deterioration of the barrier
layer as the immersion process proceeds. As can be
seen, the outcomes of the Bode plots are in good
agreement with the Nyquist curves and show the same
trend of corrosion resistance for the samples. Here, the
data corresponding to the low-frequency (<100 Hz)
reflect the charge transfer behavior of the inner layer.
On the contrary, the high range of the frequency
(>1000 Hz) reflects the corrosion behavior of the outer
porous layer.!**!

4 | DISCUSSION
41 | SEM, XRD, and EDX

The formation of PEO coatings with a comparable
thickness on both, MM and M1Sn samples indicates that
the presence of 1vol% of SiC, nanoparticle leaves no
negative influence on coating formation. However,
addition of higher percentages of SiC namely 3 and
10vol% deteriorates the coating formation process and

TABLE 2 Fitted parameters for the electrochemical impedance spectroscopy spectra depicted in Figure 9
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FIGURE 11 Bode-bode (black solid circles) and bode-phase (red hollow circle) graphs of the plasma electrolytic oxidation coating on

MM, M1Sn, M3Sn, and M10Sn in 3.5 wt.% NaCl solution

lower the thickness of the PEO coatings forms on the
substrate.

The XRD results indicate peaks of Mg, MgO, and
Mg,SiO, in the samples, which is in good agreement with
previous studies.®1%1%1]  The SEM/EDX results
revealed that a higher amount of SiC, nanoparticles in
the substrate influences the coating formation process
negatively and leads to a thinner and rougher layer with
fine pores and micro-cracks. The formation of a thinner
layer on the sample with a higher volume fraction of SiC
nanoparticles can be attributed to the higher melting
point of the SiC,, particles as a hard and stable ceramic
material. The melting point of Mg is around 750°C, and
that of the SiC, lies in the range of 2730°C.[*! The
presence of a higher amount of SiC,, nanoparticles in the
substrate requires higher thermal energy to melt the
substrate elements. As a higher amount of thermal
energy gets absorbed by SiC, nanoparticles, the lower
volume of the Mg melts. The latter effect leads to the
formation of a thinner coating layer with smaller
discharge channels. As the lower amount of the substrate
converts to melt, it solidifies relatively faster compared to
what happens by the M1Sn sample with 1vol% SiC,. In
M1Sn samples, a higher volume of the substrate gets
melted, and the solidification time is longer compared to
the M10Sn sample. The fast rate of solidification leads to
high thermal stress and the formation of a rough and
flaky surface full of microcracks in the coating structure
of M10Sn.

4.2 | XPS

The XPS results of the Si 2p reveal that the intensity of
the Mg,SiO, peaks decreases and the peaks disappear as
it reaches the coating/substrate interface. The Si in the
coating can originate from the SiC particles in the
substrate and/or from SiO;>~ ions in the electrolyte.
Considering the C 1s profiles, no evidence for the
existence of C elements can be seen in the coating area. It
reveals that no SiC particle has been transferred to the
coating during the layer formation process. Therefore,
the formation of Mg,SiO, can be related to SiO;*~ ions
originating from the electrolyte. The SiC nanoparticles do
not contribute to the coating formation and act as a
barrier against the coating formation because of their
high melting point. The PEO coating formation process is
due to plasma formation, local melting, and rapid
solidification. Therefore, a higher volume fraction of
the SiC, nanoparticles with a high melting point can
explain the formation of a thinner layer in M10Sn
samples compared to those of MM and M1Sn.

The XPS results indicate the existence of the oxide
phases in the substrate, which can be related to the MgO
forming during the ball milling process during the
production of the nanocomposite.[*®! The XPS spectra
reveal that pure Mg peaks just emerge as the etching
process reaches the substrate. From the corrosion
mechanism point of view, this is an important result as
it shows that no pure Mg exists in the PEO coating,
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which is only composed of hard and stable oxide
compounds.

4.3 | Corrosion tests

The EIS tests result in the spectra which are mainly
characterized by double capacitive loops (two semicir-
cles). The high-frequency range of the EIS spectra is
related to the reactions, processes, and microstructure of
the outer layer. In contrast, the low-frequency range
reveals the corrosion properties of the inner layers.[**!
The small capacitance loop of samples in the higher
frequency ranges corresponds to the fast charge-
discharge process and a film effect. In contrast, the
bigger capacitance loops indicate the relaxation of the
electrical double layer.[47] These capacitive loops are
originating from oxide (MgO), or hydroxide (Mg(OH),)
compounds forming quickly on the surface adjacent to
the electrolyte.[**!

The potentiodynamic polarization results and EIS
experiments revealed that the presence of about 1vol%
SiC, in the substrate has a positive influence on the
corrosion behavior of the PEO coating compared to
samples with 3 or 10vol% SiC,. The relatively poor
corrosion resistance of the M3Sn and M10Sn coatings can
be related to the thinner PEO layers on the substrate due
to the higher melting point of SiC nanoparticles
hindering the coating formation process. It can also
explain the formation of the pores and microcracks in the
coating structure, which additionally deteriorate the
corrosion resistance of the coating. The microcracks
and cavities provide more penetration paths for the
electrolyte solution toward the dense internal layer.[*’!

According to the equivalent circuit results, the total
corrosion resistance of the PEO coating can be related to
three different layers resisting the charge transfer. The first
layer is a porous layer on the top of the PEO coating, directly
contacting the electrolyte. The combination of both CPE1
and R1 in parallel reflects the behavior of the outer layer of
the PEO coating. On the contrary, the inner layer is a
compact and stable layer that is directly bonded to the
substrate. The behavior of the inner layer can be analyzed by
corresponding data of CPE2 and R2 (charge transfer
resistance) in parallel. The third layer is a Helmholtz double
layer which forms when the inner layer breaks down./*2°!

Based on the results, the outer layer of all samples
shows a relatively lower value of resistance (R1) and
capacitance (CPE1) compared to those of the inner layer
(R2) and (CPE2). The outer layer of the PEO coating acts
as a weak barrier against charge transfer, providing no
effective corrosion resistance due to the high number of
porosities and discharge channels. However, the inner

layer with a relatively high resistance value acts as an
effective barrier layer against charge transfer and can
protect the substrate against corrosion. The third layer
comes into being when the inner layer finally fails and
lets the corrosive solution pass through and come in
direct contact with the substrate. At this moment, the
arrangement of positive and negative charges on the
surface leads to the formation of a double layer, which
resists the charge transfer. The charge transfer behavior
at the inner layer/substrate interface is different for MM,
M1Sn, M3Sn, and M10Sn samples.

In the case of the MM sample, an inductive loop forms
at low frequencies of the Nyquist curve, which can be
related to pitting formation. Such corrosion behavior
happens as the aggressive ions such as ClI” or H*Y
concentrate on a local point. The high concentration of
ions leads to pitting which happens based on the local
corrosion mechanisms.**>"! The inductive loop indicates
that the aggressive agents or electron-accepting species had
already reached the substrate and the dissolution process is
going on. The corrosion products such as Mg®* are
forming, and more species adsorb to the local defects
leading to the pitting corrosion of Mg. The presence of an
inductive element (L1) in the equivalent circuit also
confirms the occurrence of the pitting corrosion on the
bottom of the pores where the electrolyte reaches the Mg
substrate.[">°3]

In the M3Sn and M10Sn samples, a capacitive loop
can be seen at low frequencies of the Nyquist curve,
which is simulated through the Warburg element (W1)
in the equivalent circuit. The capacitive loops indicate
the occurrence of diffusion-controlled Kkinetics, that is,
mass transport through a corrosion product layer.* The
latter effect takes place as the substrate is highly corroded
and destroyed due to the porous nature of the PEO
coatings. It is the moment when the coating fails and
cannot protect the substrate anymore. The substrate
provides enough electrons, which can be taken by
electron-accepting species in the electrolyte. Under this
condition, the electron consumer species are less than
electrons that are available on the surface. Therefore, the
corrosion process is controlled by the diffusion process,
in which the electron-accepting species diffuse from the
bulk of the electrolytes to the metal surface.

5 | CONCLUSION

The Mg nanocomposites samples with different volume
fractions of SiC nanoparticles and the reference samples
without SiC nanoparticles were prepared through mechan-
ical milling and hot extrusion. All the samples were
subsequently coated by the PEO process. The effect of the
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volume fraction of SiC nanoparticles on corrosion propert-
ies of the PEO coating has been investigated. The following
points can be concluded from the results.

« The results reveal that a higher percentage of the SiC
nanoparticles in the substrate deteriorates the formation
process of the PEO coating. It leads to the formation of a
thinner coating layer that is more porous and contains
more microcracks compared to the coating on the
sample with a lower percentage of SiC nanoparticles.

« XPS and EDX experiments confirmed the presence of
Mg,Si04 and MgO in the PEO layer, whereas SiC and
Mg are detected only in the substrate. Based on the
XPS observation, the SiC nanoparticles were not
transferred to the coating during the layer formation
process and no pure Mg exists in the PEO coating.

« Corrosion tests indicated that the presence of SiC,
nanoparticles up to a specific amount in the substrate
positively influences the corrosion behavior of the Mg
substrate coated with the PEO oxide layer. Based on
the corrosion results, PEO coating on Mg composite
with 1vol% SiC, particle shows better corrosion
resistance compared to that of both samples without
SiC and 3% or 10% SiC nanoparticle.
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