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Abstract
The influence of particles with different melting points on the microstructure, phase composition
and properties of plasma electrolytic oxidation (PEO) coatings was investigated. PEO coatings
were produced on AM50 Mg alloy from an alkaline phosphate-based electrolyte (1 g/L KOH +
20 g/L Na3PO4) with and without addition of clay, SiO2, Si3Ni4 and SiC micro-sized particles.
The incorporation mode of the particles primarily depends on their melting point. Particles with
relatively low melting point can achieve fully reactive incorporation, while high melting point
particles are mainly inertly incorporated into the coating. Reactive incorporation of clay particles
contributes to formation of a dense layer and improvement of corrosion and wear resistance.
Addition of SiO2 and Si3Ni4 particles can improve the wear resistance of PEO coating, while the
corrosion performance and degradation process of the coating is marginally influenced by the
inertly incorporated particles.
1. Introduction
Magnesium (Mg) alloys are of great potential to be utilized in aerospace, automotive industry
and biomedical application due to low density, high specific strength and excellent machinability
[1-5]. However, poor corrosion resistance and high chemical reactivity are the main obstacles

that impede the wide range of applications for Mg alloys [6-10]. Plasma electrolytic oxidation
(PEO) is a promising surface treatment process derived from conventional anodizing to form
ceramic-like coatings on light metal and its alloys, which is used for corrosion and wear
protection [11-16]. The coatings are formed under high voltage which generates short-lived
discharges on the metal surface resulting in a high pressure and temperature environment [17-20].
Regarding Mg and its alloys, a two- or three-layer structure is typically observed with a
characteristic thin barrier layer laying directly on the metal surface, of a few hundred nanometers
thickness, and an outer porous layer which is the main issue to achieve long-term protection [2124]. Introduction of particles to the PEO electrolyte has been explored as a new strategy to seal
the open pores and to provide a wider range of phase composition for PEO coatings [25-31]. Lee
et al. [32] have added TiO2 and ZrO2 particles to a phosphate electrolyte to fabricate PEO
coatings. It was found that the low melting point particles (TiO2) were scarce in the layer while
relatively high melting point particles (ZrO2) were detectable in the coating. Our previous study
proved that clay particles were melted and reactively incorporated into the coating due to the
relatively low melting point [33, 34]. The particles can be considered as sintering additives to
lower the sintering temperature during coating growth process, leading to formation of pure
amorphous phase. Meanwhile the high-intensity discharges and high energy input applied during
PEO process are capable of melting the inert particles and formation of new phase composition
for the coating [35]. Therefore, the melting point of the particles is one of the key factors to
determine the incorporation mode, i.e., reactive or inert incorporation into PEO coating, which
will in turn influence the microstructure, phase composition and properties of the coating.
However, there are only limited number of reports on the effect of particles with different
melting points on PEO coated Mg alloy [31, 32, 36]. In the present study, micro-sized clay, SiO2,

Si3Ni4 and SiC particles have been selected to investigate the addition of particles on the
corrosion and wear performance of PEO coatings.
2. Experimental
Specimens of AM50 Mg alloy with size of 15 mm × 15 mm × 4 mm were prepared from gravity
cast ingot material. The chemical composition (4.74% Al, 0.383% Mn, 0.065% Zn, 0.063% Si,
0.002% Fe, 0.002% Cu and Mg balance) of the alloy was measured by an Arc Spark OES (Spark
analyser M9, Spectro Ametek, Germany). The specimens were ground using emery papers up to
1200 grit and then air-dried prior to PEO treatment. The PEO process was carried out by using a
pulsed DC power source with a pulse ratio of ton: toff = 0.4 ms: 3.6 ms. The specimen and a
stainless steel tube were used as the anode and cathode, respectively. It is more practical to find
similar micro-sized particles and to trace the relatively large-sized particles in the coating
compared to the nano-sized particles. Therefore, particles (5 g/L) with different melting points
were

selected

for

PEO

treatment,

i.e.,

clay

(Rockwood

Nanofil®

116,

(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O, <1200 C, ~12 μm), SiO2 (1600 C, 1-5 μm), Si3N4
(1900 C, 1-5 μm) and SiC (2730 C, 1-5 μm), as shown in Fig. 1. A stirrer and bubbling
generator were used to facilitate the uniform distribution of the particles in the electrolyte. To
trace the particles, phosphate-based electrolyte was used (1 g/L KOH and 20 g/L Na3PO4). The
corresponding coatings are named as PPEO, PPEO (clay), PPEO (SiO2), PPEO (Si3N4) and
PPEO (SiC), respectively. All the PEO treatments were performed at a constant voltage of 450 V
for 10 min and the average current density provided by the DC power supply was limited to 300
mA/cm2. Surface roughness measurements were carried out with a Hommel profilometer
(HOMMEL TESTER T1000). A scanning electron microscope (TESCAN Vega3 SB) combined
with an energy dispersive spectrometer (EDS) system from eumeX (ixrfsystems) was used to

examine the morphology and composition of the coatings. The phase composition of the coatings
was measured by a Bruker X-ray diffractometer using Cu Kα radiation.
The corrosion behavior of the PEO coatings was assessed by potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) tests, which were carried out using an ACM Gill
AC computer controlled potentiostat. A typical three-electrode cell with the coated specimen as
the working electrode (0.5 cm2 exposed area), a saturated Ag/AgCl electrode as the reference
electrode, and a platinum mesh as counter electrode was used. Polarization investigations were
carried out starting at -150 mV relative to OCP (after 30 min of exposure at OCP) at a sweep rate
of 0.2 mV s−1 until the anodic branch reached a final current density of 0.01 mA.cm−2.
Electrochemical impedance spectroscopy (EIS) studies were performed at open circuit potential
with AC amplitude of 10 mV RMS sinusoidal perturbations over the frequency range from 30
kHz to 0.01 Hz. The measurements were repeated at fixed intervals of 0 (after 5 min immersion),
1, 3, 6, 12, 24, 48 and 72 h of immersion time. The dry sliding wear behavior of the PEO
coatings was assessed with a Tribotec ball-on-disc oscillating tribometer with an AISI 52100
steel ball of 6 mm diameter as static friction partner. The wear tests were performed at ambient
conditions (25 ± 2 °C and 30 % R.H.) under 1, 3 and 5 N load with oscillating amplitude of 10
mm and at a sliding velocity of 5 mm s−1 for a sliding distance of 12 m.
3. Results and discussion
3.1. Microstructure, phase and elemental composition of the coatings
The surface morphology of the PEO coatings is shown in Fig. 2. The coating surface has not
been influenced greatly by the particles, except that some tiny particles can be found for all
coatings produced from particle containing electrolytes. The roughness of the coatings in the

presence of particles is slightly higher than that of the particle free coating, for instance, 3.0 ± 0.3
µm for PPEO (clay), 3.1 ± 0.2 µm for PPEO (SiO2), 3.3 ± 0.1 µm for PPEO (Si3N4), 3.6 ± 0.4
µm for PPEO (SiC) in comparison to 2.8 ± 0.3 µm for PPEO. Fig. 3 exhibits the cross section of
the coatings. It is obvious that the growth rate of the coating has been reduced after incorporation
of particles, since the particle-free coating is the thickest (45 ± 5 µm) among all the coatings. The
coating (26 ± 5 µm) with addition of clay particles is thinner than the other coatings, namely, 33
± 4 µm for PPEO (SiO2), 35 ± 8 µm for PPEO (Si3N4) and 33 ± 5 µm for PPEO (SiC).
The element and phase composition of the coatings are shown in Fig. 4. According to the EDS
analysis (Fig. 4a), the content of the main elements (O, Mg and P) of the coating is similar. The
detection of Si indicates that all the particles have participated in the coating formation process
and are incorporated into the layer. However, the incorporated amount of the particles is different
for various coatings. The particle content (12 at. % Si) of PPEO (SiC) is the maximum among all
the coatings. The Si content (6 at. %) of PPEO (SiO2) is slightly higher than that of PPEO (clay)
(5.4 at. %) and PPEO (Si3N4) (5 at. %). It can be inferred that the uptake of particles is related
with the number and size of the pores, since PPEO (SiC) is more porous compared to the other
coatings. In terms of coating phase composition (Fig. 4b), a large broad bump with 2θ angle
distributed over 20°-35° is visible for all the coatings, which has been confirmed as phosphate
containing amorphous phase [33, 37]. Apart from that, small amount of MgO is detected in the
layer except PPEO (clay). It is worth to note that SiO2, Si3N4 and SiC particles are found in the
coating, while clay particles are not observed after PEO treatment. Therefore, low melting point
particles (clay particles) demonstrate fully reactive incorporation and particles with relatively
high melting point are mainly inertly incorporated into the coating, indicating that the melting
point of the particles influences its incorporation mode under certain energy input.

To further confirm the incorporation of particles into PEO coating, EDS mapping analysis was
performed to identify the particle distribution (Fig. 5). The main elements (O, Mg and P) are
uniformly distributed across the whole layer. The Si distribution is different among the coatings,
as the Si signal of PPEO (clay) is much more homogenous in comparison to that of the other
coatings. Therefore, the micro-sized SiO2, Si3N4 and SiC particles are primarily inertly
incorporated into the layer, while clay particles have been melted resulting in an amorphous
coating. Our previous studies have proved that the size of the particles plays an important role in
the incorporation mode [37, 38]. Besides the size, the melting point of the particles is also crucial
to the incorporation mode of the particles and phase composition of the coating. The reactive
incorporation of clay particles verifies that low melting point particles are capable of being
melted by the short-lived discharges and subsequently react with other components, while high
melting point particles are hardly to be melted and transformed to new phases.
3.2. Corrosion performance
The corrosion resistance of PEO coatings was evaluated by potentiodynamic polarization (Fig. 6).
The corrosion potential (Ecorr), corrosion current density (icorr) and breakdown potential (Ebd)
derived from the polarization plots are summarized in Table 1. It is apparent that the corrosion
current density ((8.7 ± 2.2) × 10−6 mA.cm−2) of the coating loaded with clay particles are much
lower than that of the other coatings. The current density of coatings with SiO2, Si3N4 and SiC
addition is slightly higher than that of particle free coating, i.e., (1.2 ± 0.2) × 10−4 mA.cm−2 for
PPEO, (1.9 ± 0.7) × 10−4 mA.cm−2 for PPEO (SiO2), (1.8 ± 0.5) × 10−4 mA.cm−2 for PPEO
(Si3N4) and (2 ± 0.3) × 10−4 mA.cm−2 for PPEO (SiC), respectively. There is nearly no effect on
the corrosion potential of PEO coating after incorporation of SiO2, Si3N4 and SiC particles, since
the corrosion potential is almost equal (from -1552 ± 7 mV to -1588 ± 10 mV). However, the

coating in the presence of clay particles demonstrates relatively negative corrosion potential
compared to other coatings, which might be ascribed to the surface condition of the exposed
substrate and the environment in the pores. In addition, the breakdown potential (-1398 ± 8 mV)
of PPEO (clay) is slightly higher compared to that of the other coatings (from -1433 ± 6 mV to 1466 ± 17 mV). Note that polarization test only provides limited information and reflects the
short-term corrosion resistance of the layer, and thus long-term EIS measurements have been
performed to determine the corrosion performance of the PEO coatings. The EIS spectra (Bode
plots) of the coatings are presented in Fig. 7. It can be seen that all the coatings degrade
continually as a function of the immersion time. Two well-defined time constants can be
detected in all Bode plots at low (1 Hz) and high (104 Hz) frequency for the first measurement,
which was performed after immersion for 5 min. The coatings start to degrade afterwards due to
the penetration of the corrosive Cl- ions through the open pores/defects in the outer layer.
Therefore, the contribution of the outer porous layer to the high frequency impedance is
weakened, leading to a merged time constant with the low frequency which stands for the inner
layer. Meanwhile the corrosion process occurs at the metal/electrolyte interface with a sign of an
additional time constant at the low frequency range (0.01-0.1 Hz). The time constant related to
the outer layer disappears with further increase of immersion time. The impedance at the lowest
frequency (0.01 Hz) is used to represent the total corrosion resistance of the coating (Fig. 8) [37,
39, 40]. The initial corrosion resistance of particle-containing coatings is higher than that of the
blank coating. The corrosion resistance of PPEO (clay) is slightly higher in comparison to that of
the other coatings during the whole corrosion test, which is consistent with the polarization
measurements. The reactive incorporation of particles facilitates formation of a dense layer,
leading to the improvement of the corrosion resistance. However, the degradation process of the

coating is not influenced by the incorporated particles. Future work could be focused on the
incorporation of inhibitor-containing nanocontainers into PEO coating to provide active
corrosion protection for Mg surface.
3.3. Tribological performance
The wear tracks of the PEO coatings against a steel ball under 1 N load are shown in Fig. 9. The
surface of all the coatings is covered by wear debris, among which the wear track of PPEO (clay)
and PPEO (SiO2) appears to be more intact and the original coating is still visible without severe
damage. In terms of the wear track under 3 N (Fig. 10), the width and volume of the wear track
increase greatly and the original coating is hardly to be found. Besides, many cracks can be seen
in the wear track. With the load further increase to 5 N (Fig. 11), the wear tracks become bigger
and larger than that of the coating tested under lower load. Especially for PPEO and PPEO (SiC),
the substrate is exposed and the coating has been removed completely. Fig. 12a shows the wear
rate of the coatings under various loads. It is obvious that incorporation of particles could
improve the wear resistance of the coating, specifically for the coating loaded with clay and SiO2
particles. Due to the similar tendency under low loads (1 N and 3 N), the variation of the friction
coefficient during the wear test under load of 5 N is shown in Fig. 12b. In the case of the coating
without and with SiC particles, the friction coefficient rises from 0.12 to around 0.78 within a
relatively short period, which is followed by sharp fluctuations, suggesting a failure of the
coating. In contrast, the friction coefficient of the coatings with addition of clay, SiO2 and Si3N4
particles increases from 0.12 to a steady-state value of 0.7 ± 0.1 during 2 m and 12 m of sliding.
The enhancement of the wear resistance of the coating can be attributed to the newly formed
amorphous phase (reactive incorporation) and the inertly incorporated particles, leading to a
dense layer and/or high coating hardness. However, the wear performance of the coating can be

deteriorated when the layer becomes porous and defective with excessive amount of inertly
incorporated particles.
4. Conclusions
1) The incorporation mode of the introduced micro-sized particles mainly depends on their
melting point under certain energy input, i.e., reactive incorporation for low melting point
particles and inert incorporation for high melting point particles.
2) Reactive incorporation of clay particles contributes to formation of a dense layer and thus
improves the corrosion and wear resistance of the coating.
3) The wear resistance of PEO coating has been improved by the inertly incorporated SiO2
and Si3N4 particles, while the degradation process remains unchanged since the
microstructure and main phase composition of the layer is not modified in the presence of
particles. Incorporation of excessive amount of SiC particles is detrimental to the
corrosion and wear property of the coating.
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Figure captions
Fig. 1 Morphology and XRD patterns of the particles.
Fig. 2 Surface morphology of the coatings (a and b) PPEO, (c and d) PPEO (clay), (e and f)
PPEO (SiO2), (g and h) PPEO (Si3N4) and (i and j) PPEO (SiC).
Fig. 3 Cross section of the coatings (a) PPEO, (b) PPEO (clay), (c) PPEO (SiO2), (d) PPEO
(Si3N4) and (e) PPEO (SiC).
Fig. 4 (a) Surface composition determined by EDS, (b) XRD patterns of the coatings.
Fig. 5 Elemental distribution of the coatings with addition of particles (a) PPEO (clay), (b) PPEO
(SiO2), (c) PPEO (Si3N4) and (d) PPEO (SiC).
Fig. 6 Polarization curves of the coatings.
Fig. 7 Electrochemical impedance behavior of the PEO coatings (a) PPEO, (b) PPEO (clay), (c)
PPEO (SiO2), (d) PPEO (Si3N4) and (e) PPEO (SiC).
Fig. 8 Evolution of the impedance of the coatings at low frequency (0.01 Hz).
Fig. 9 Wear tracks of the PEO coatings against a steel ball under 1 N load.
Fig. 10 Wear tracks of the PEO coatings against a steel ball under 3 N load.
Fig. 11 Wear tracks of the PEO coatings against a steel ball under 5 N load.
Fig. 12 (a) Wear rate of the coatings under different loads and (b) variation of the friction
coefficient during the 12 m sliding in the oscillating wear tests under a load of 5 N.

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Table 1: Electrochemical data of the coatings from polarization test.
Coating

Ecorr (mV)

icorr (mA/cm2)

Ebd (mV)

-1588 ± 10 (1.2 ± 0.2)×10-4

-1449 ± 8

(8.7 ± 2.2)×10-6

-1398 ± 8

PPEO (SiO2) -1566 ± 36 (1.9 ± 0.7)×10-4

-1433 ± 6

PPEO
PPEO (clay)

-1680 ± 8

PPEO (Si3N4)

-1578 ± 9

(1.8 ± 0.5)×10-4 -1466 ± 17

PPEO (SiC)

-1552 ± 7

(2.0 ± 0.3)×10-4 -1455 ± 10

