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The effect of electrolyte stirring rate and concentration of nanoparticles on alumina nanoparticles absorption in
the coating fabricated by plasma electrolytic oxidation on magnesium substrate was investigated. Microstruc-
ture, corrosion resistance and wear behavior of the nanocomposite coating were analyzed by scanning electron
microscopy (SEM), potentiodynamic polarization and electrochemical impedance spectroscopy, and pin-on-disk
tests, respectively. The results showed that the highest amount of nanoparticle absorption happened at the stir-
ring rate of 100 rpm, and decreased at higher stirring rates because of the high turbulence of the electrolyte,
which washes the nanoparticles away from the surface of the anode. The effect of alumina concentration in
the electrolyte on the alumina nanoparticles' absorption was also analyzed, and the results indicated that by
increasing the concentration of nanoparticles in the electrolyte, the absorption of nanoparticles increased up to
30 g/L, and then reached the saturated level. Also the best corrosion resistance the lowest wear ratewas obtained
in the stirring rate of 100 rpm at a concentration of 30 g/L of alumina nanoparticles.
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1. Introduction

Due to the high strength to weight of magnesium alloys, they have
high potential to be used in the industrial applications [1]. However,
magnesium is one of the most active metals due to its low standard po-
tential. So magnesium and its alloys have poor corrosion resistance,
which leads to limitations in their use in corrosive environments [2,3].
Magnesium and its alloys are extremely susceptible to galvanic corro-
sion that decreases their mechanical stability and thus creates unpleas-
ant appearance. With regard to magnesium's working conditions,
surface processes are essential for its alloys [4]. So far, various methods
of coating have been studied to protect magnesium against corrosion;
they include electrochemical plating, PVD and CVD, conversion coating
anodizing and polymer coatings. Among them, conversion and anodiz-
ing coatings are the most common [5]. Anodizing is a relatively simple
and inexpensive method but the coatings fabricated in this way are
thin and porous and cannot provide the required corrosion resistance
in corrosive environments [6–8].

Parallel to various efforts to create advanced anodizing processes in
the '70s and '80s in the Union of Soviet Socialist Republics (USSR), the
possibility of fabricating oxide on different metal surfaces is analyzed
by surface electrical discharges [9]. Due to the relatively new process
of PEO and its high potential to create high-quality coatings and highly
dares.ac.ir (M. Aliofkhazraei).
desirable properties, the need to do research on it is strongly recom-
mended [10].

Plasma electrolytic oxidation (PEO) is based on anodic polarization
in an electrolyte solution under plasma discharge conditions on the
anode surface [11]. This process can be used for metals such as alumi-
num, titanium, magnesium and their alloys (valve metal). There is a
high tendency to use these coatings due to the high rate of the process,
being economically affordable, and possible using for components in
any form or size. The process products may be quite dense and hard
[12]. An important feature of these coatings is that the hard oxide
layer grows inward on the substrate surface; therefore, it is possible to
achieve coatings with good adhesion and dimensional stability on the
surface of the substrate. Unlike the super-hard coatings, it is possible
to obtain coatings with a thickness over 100 μm in this approach.
These features expand the usage of these coatings in different applica-
tions such as abrasion resistance, wear resistance, corrosion resistance,
electrical insulation, thermal protection, etc. [13].

Nanocomposite coatings have at least two different phases in their
structure; one of them is in nano scale. They can be obtained by plasma
electrolytic oxidation process. Among the nano composite coatings
include plasma electrolytic oxidation coatings with nanoparticles [14–
16]. The use of nanoparticles improves the physical and mechanical
properties of the coatings. Several researchers have reported the
increase in corrosion resistance and wear in coatings with alumina
nanoparticles [17–19]. The optimum concentration of nanoparticles is
among the important factors in these types of coatings. Of course,
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Fig. 1. TEM image of alumina nanoparticles.

125M. Asgari et al. / Surface & Coatings Technology 309 (2017) 124–135
coating parameters can affect the optimum concentration and absorp-
tion of nanoparticles. Many parameters are effective in plasma electro-
lytic oxidation process. It can be stated that almost all parameters
influencing the chemical electrolysis processes, are important in the
PEO process. Basically, the properties of the fabricated coatings by this
method are affected by the substrate, alloying elements, type of source
power, applied current density, anode voltage range, electrolyte compo-
sition and concentration, electrolyte temperature, the distance between
anode and cathode, electrolyte stirring rate, etc. [20]. The most impor-
tant parameter affecting the coating properties is the absorption of
nanoparticles, and the main factors effective in the absorption of nano-
particles are electrolyte stirring rate and type of stirring in the electro-
lyte [21]. There are a variety of ways to create flow and turbulence in
the electrolyte; one of them is the use of magnetic stirrers [22,23].

Based on our knowledge, the effect of stirring rate on nanoparticle
absorption in the PEO coating has not been investigated yet, therefore,
in this study, the effect of electrolyte stirring rate by magnetic stirrers
Fig. 2. Effect of alumina nanoparticles concentration in the elect
and the concentration of nanoparticle, on their absorption, and conse-
quently, microstructure, corrosion resistance and wear resistance of
the fabricated coating are investigated.
2. Experimental

In this study, oxide layers were created on AZ31B magnesium
alloy by PEO method. Sample preparation was done by sanding and
degreasing. For this purpose, the rough-to-soft- sanding papers were
used, and alcohol solution (96%)was employed for degreasing. For coat-
ing treatment, the direct current DC and rectangular stainless steel-304
cathode with the dimensions 50 × 80 mm were used. To perform the
process, simply dilute alkaline solutions with different concentrations
alumina nanoparticles were employed. The TEM image of alumina
nanoparticles is shown in Fig. 1. The approximate composition of the
electrolyte used in the experiments includes sodium phosphate
(Na3PO4·12H2O) (5 g/L) and potassium hydroxide (KOH) (2 g/L). PH
of the solutions was measured as 12–12.5, and in performing the pro-
cess, the heater stirrerwas used to smooth the solution; one of the stud-
ied variables was the stirring rate that varied between 50, 100, 300, 500
and 700. Another important parameter was the optimization of the alu-
minananoparticles added to the solution at the concentrations of 10, 20,
30 and 40 g/L. For dispersing the nanoparticles in the electrolyte, they
were added to the deionized water and dispersed on the stirrer for
24 h; then they were dispersed ultrasonically for 1 h. The coatings mi-
crostructure was studied by the scanning electron microscopy (SEM);
and the corrosion resistance of the layers was analyzed in the conven-
tional solution of sodium chloride 3.5 wt% (pH = 7.6, exposure
time= 15min) using potentiodynamic polarization and electrochemi-
cal impedance spectroscopy (EIS) tests. The EG & G device (model
A273) was used for electrochemical analysis. Then the test was per-
formed in standard electrochemical cell on the three-electrode mode
in which platinumwas used as the counter electrode, saturated calomel
was the reference electrode, and the coated substrate was used as the
working electrode. The potentiodynamic polarization test was per-
formed with a scan rate of 1 mV at 0.2 V lower than OCP to 0.8 above
it. EIS test was done in the frequency range of 65 kHz to 0.01 Hz at a fre-
quency of 10mV and in open-circuit potential. Pin-on-disk test was car-
ried out to investigate the wear behavior of the coatings. The employed
pin was made of a polymer material, called POLYBON, and the applied
force and velocity were 45 N and 100 rpm respectively. The travelled
distance for all specimens was the same equal to 200 m.
rolyte and stirring rate on the adsorption of nanoparticles.

Image of Fig. 1
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3. Results and discussion

3.1. Nanoparticle absorption

Various factors affect the absorption of nanoparticles inside the coat-
ing including the concentration of nanoparticles in the electrolyte, as
well as the stirring rate. Since nanoparticles are of oxide type, they are
not ionized inside the electrolyte. Thus their absorption in the coating
cannot be due to the electrochemical reactions. Researchers believe
that absorption of nanoparticles in the coating is mostly due to the elec-
trophoretic and mechanical forces of the electrolyte stirring rate [24–
27]. Accordingly, entering of the particles into the PEO coating area ad-
jacent to the anode requires an outside force to transfer the nanoparti-
cles toward the interface of coating/electrolyte. After the distribution
of the particles in the electrolyte and combination with the hydroxide
ions, the particles are negatively charged, and due to strong electric
field between the anode and the cathode, they are sent to the anode
side, and during the process, they are absorbed inside the coating struc-
ture [11]. Thus, it can be concluded that the electrolyte stirring rate
Fig. 3. SEM images of coated samples at different alu
affects the absorption of nanoparticles in the coating. Also creation of
discharges during the coating process [28] as well as electrolyte evapo-
ration due to the high temperature of themicro dischargers [29] are ef-
fective in the absorption of nanoparticles in the coating. Furthermore,
according to Aliofkhazraei et al. [30], factors such as agglomeration of
nanoparticles in the pores, coating density, and eruption of molten
oxide from the substrate to the surface of the coating can be the main
obstacles to the entering of nanoparticles into the coatings. The effect
of alumina nanoparticles concentration in the electrolyte and stirring
rate on the adsorption of nanoparticles is shown in Fig. 2. Since the
other variables such as concentration of other electrolyte components
have been considered fixed in this study, thus the changes in the coat-
ings weight are caused by the changes in the nanoparticles' absorption;
higher changes in weight indicate higher nanoparticle absorption. In
this study, six different concentrations (between 0 and 40 g/L) of alumi-
na nanoparticles as well as five stirring rates (50, 100, 300, 500 and
700 rpm) have been used. The first effect that can be explored is the ef-
fect of nanoparticles concentration in the electrolyte on their absorp-
tion. As shown in Fig. 2, by increasing the concentration of alumina
mina concentration and different stirring rates.

Image of Fig. 3
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nanoparticles in the electrolyte, at all stirring rates, firstly, the concen-
tration of nanoparticles in the coating is increased up to 30 g/L, and
then it reaches a constant value. This constant value can be considered
as the saturation limit such that nanoparticles cannot be absorbed any
more at higher levels. Reaching this value of saturation may be caused
by the saturation of the nanoparticle absorption sites. In PEO coating,
the preferred sites of nanoparticles' absorption in the coating are stress-
ful coating sites such as cracks ormicro-cracks [24]. These nanoparticles
fill the structural defects and porosity. By filling these preferential sites
of nanoparticles, the site selection factor of coating is reduced, and
nanoparticle absorption in the coating reaches a saturation value. An-
other reason that has been reported in the literature is agglomeration
of nanoparticles at high concentrations that leads to reaching a satura-
tion point of the presence of nanoparticles in the coating [31]. One
more factor can be the effect of electrolyte stirring rate on the absorp-
tion of nanoparticles. As it can be observed under a fixed nanoparticles
concentration in the electrolyte (Fig. 2), the highest absorption of nano-
particles has occurred at a rate of 100 rpm, and at lower stirring rate
(50 rpm) the strength of stirring is not enough for absorption of high
amount of alumina nanoparticle; thus at this stirring rate, low amount
of nanoparticle was absorbed in the PEO coating. By increasing the
Fig. 4. Cross sectional SEM images of coated samples at diffe
electrolyte stirring rate, the nanoparticles' absorption level is decreases,
so that the lowest absorption of nanoparticles occurs at the highest
electrolyte stirring rate. Reduced concentration of nanoparticles at
higher stirring rates can be due to collision factor [32] such that at
higher stirring rates, alumina nanoparticles are removed from the
anode surface due to high turbulence, and the amount of nanoparticles
absorption in the coating is reduced. Also, based on the Foster model
[33], by increasing the stirring rate, the force applied on the nanoparti-
cles on the electrode surface increases; this, in turn, reduces the nano-
particles absorption at higher stirring rate.

3.2. Morphology, composition and porosity

Electrolyte composition and presence of various particles in the elec-
trolyte and their absorption in the coating have a significant effect on
themorphology and porosity of the coating [34]. Surface and cross-sec-
tional SEM images of the coated specimens at different concentrations
of alumina nanoparticles in the electrolyte, and different stirring rates
are presented in Figs. 3 and 4, respectively. As clearly shown in the fig-
ures, there are pancake-shaped structures in most of the figures with
different pores; these pancakes are evenly distributed across the entire
rent alumina concentration and different stirring rates.

Image of Fig. 4


Fig. 5. Coating thickness variation curves as a function of stirring rate of electrolyte and the concentration of nanoparticles in the electrolyte.
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surface. Also in some specimens, the pores of the surface are completely
closed. It is believed that the formation of these pancake-shaped struc-
ture andmicro-pores on the coating is due to the formation of discharge
channels on the coating surface. The discharges ormicro-sparks can im-
pose high pressure and temperature on the surface by high energy,
whichmelts thematerial in the discharge area, and themolten is rapidly
frozen when faced by the cold electrolyte, also a pancake structure is
formed with a micro pore at the center of each pancake and discharge
is made within that micro-pore [35,36]. As presented in Fig. 3, at a con-
stant stirring rate, by increasing the concentration of nanoparticles in
the electrolyte, most of the pores on the surface are closed, and the
Fig. 6. EDS analysis and elemental mapping of sample c
porosity is reduced. Generally, it is believed that nanoparticles penetrate
into and fill the pores [37,38], this filling improves other properties such
as corrosion resistance of the coating (that is discussed in the later sec-
tions). Sarbishei et al. [39] analyzed the effect of alumina nanoparticles
on the morphology and the amount of porosity, and concluded that by
increasing the percentage of nanoparticles in the electrolyte, the per-
centage of surface porosity decreases. Furthermore, at very high stirring
rates, and high concentrations of nanoparticles in the electrolyte, the
percentage of surface porosity is high due to desorption of nanoparticles
from the electrode surface because of high tolerance flow. The reason
for of high porosity of the fabricated coating at 50 rpm is low absorption
oated at 100 rpm and 30 g/L alumina nanoparticle.

Image of Fig. 6
Image of Fig. 5


Fig. 7. XRD pattern of sample coated at 100 rpm and 30 g/L alumina nanoparticle.

129M. Asgari et al. / Surface & Coatings Technology 309 (2017) 124–135
of alumina nanoparticle in this stirring rate due to low stirring strength.
Another reason of high surface porosity of the coating at 500 and
700 rpm and of 40 g/L concentration of alumina nanoparticles is the
synergic effect of the possibility of agglomeration at high concentrations
of nanoparticles in the electrolyte and high toleranceflowof the electro-
lyte at high stirring rates. In such conditions, absorption of nanoparticles
into the pores decreases and surface porosity increases significantly.

The cross-sectional images of the coatings are also shown in Fig. 4. It
is observed that inmost cases, there is a good cohesion and adhesion be-
tween the coating and the substrate. In most situations, the thickness is
between 15 and 25 μm. Coating thickness variation curves as a function
of the stirring rate of the electrolyte and the concentration of nanopar-
ticles in the electrolyte are shown in Fig. 5. By increasing the concentra-
tion of nanoparticles in the electrolyte, the coating thickness increases
up to 30 g/L in all stirring rates and then it reaches to a constant value.
These data are in accordance with the data of coating weight variations.
But an important difference observed in the data regarding weight gain
and increased thickness of the coating is the impact of stirring rate. The
stirring rate has no significant impact on the thickness of the coating has
also little effect on the thickness of the coating; however, as mentioned
Fig. 8. Potentiodynamic polarization curves of samples coated in e
before, by increasing the stirring rate, theweights gain of the coatingde-
crease. Thus, by considering the approximate constant thickness of coat-
ing as a result of changes in the electrolyte stirring rate, it can be
concluded that the coating porosity is lower at lower stirring rates,
which is a reason for the higher absorption of nanoparticles at lower
electrolyte stirring rates.

So far, it is concluded that the lowest coating porosity and the
highest coating absorption are in the electrolyte containing 30 g/L of
alumina nanoparticles and in the electrolyte stirring tare of 100 rpm.
Thus this coating was selected to analyze the coating composition.
EDS analysis from the cross-section of fabricated coating at this stirring
rate is represented in Fig. 6, it is seen, themajor elements in the coating
areMg, Al, P and O.Mg is originated fromphases that formed during the
PEO process, and P is originated from the used phosphate base electro-
lyte. The source of Al is absorption of alumina nanoparticle from the
electrolyte into the coating. Also it is seen from the elemental mapping,
that all elements are distributed uniformly across the coating. X-ray dif-
fraction (XRD) spectrum for this specimen is shown in Fig. 7. Some
peaks of MgO, Al2O3 and Mg3(PO4)2 are marked in the XRD pattern.
MgO peak is associated with the created oxide layer formed on the
lectrolytes with different alumina nanoparticle concentration.

Image of Fig. 8
Image of Fig. 7


Table 1
Results of polarization test for samples coated at different alumina concentration.

Alumina concentration
(g/L)

βa

(mv/decade)
βc

(mv/decade) i corr (μA/cm2)
Rp

(kohm·cm2)
Corr rate
(mpy)

E
(mV vs. SCE)

0 298.801 151.626 18.89172 2.314899 7.423 −1561
10 196.708 195.401 12.35414 3.449861 8.81 −1529
20 112.951 44.055 2.179618 6.322093 1.981 −1478
30 63.64 35.849 0.652102 15.28934 0.5924 −1509
40 112.523 89.572 2.791083 7.768863 2.536 −1500
Bare Mg alloy 113.473 65.727 31.01911 0.583366 28.17 −1483
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substrate during the process. Since in PEO process, substrate is consid-
ered as the anode, under strong electric field, Mg dissolution is based
on reaction 1, and magnesium ions are formed.

Mg→Mg2þ þ 2e− ð1Þ

Oxide film formation onMg is due to the outward penetration of the
formed magnesium ions and the inward penetration of oxygen and
phosphate ions in the electrolyte. In such conditions, the reactions 2
and 3 lead to the formation of magnesium oxide and magnesium phos-
phate respectively [40]:

Mg2þ þ O2−→MgO ð2Þ

3Mg2þ þ 2PO3−
4→Mg3 PO4ð Þ2: ð3Þ

Alumina peak is related to the alumina nanoparticles existing in the
coating, and due to their high concentrations in the electrolyte and coat-
ing, their amount is also high in the XRD pattern. Apart from the peaks
associated with magnesium oxide and alumina, there are peaks in the
XRD pattern the formation of which is based on reaction 3; and since
its level is low in the coating, it presents low and weak peaks in the
XRD pattern. It is noteworthy to say that MgO and Mg3(PO4)2 phases
are caused by the reactions between the ions originating from the sub-
strate aswell as the electrolyte ions. Thus the presence of these peaks in
the XRD spectrum indicates the reaction between electrolyte and sub-
strate, and also their participation in the coating formation process.
Fig. 9. Variation of Ra as a function of alumina
3.3. Corrosion resistance

3.3.1. Potentiodynamic polarization
As mentioned previously, the highest nanoparticle absorption oc-

curred at the electrolyte stirring rate of 100 rpm; thus to study the cor-
rosion resistance, this electrolyte stirring rate (100 rpm) was
considered, and the effect of different concentrations of nanoparticles
at this stirring rate on corrosion resistancewas studied. The polarization
curves of the coated specimens in different concentrations of alumina
nanoparticles are shown in Fig. 8. Corrosion current density, corrosion
potential and polarization resistance are important parameters in eval-
uation of corrosion behavior. The results of calculation of corrosion cur-
rent density, polarization resistance and corrosion potential of
polarization curves are shown in Table 1. By comparing the uncoated
specimens and the specimens coated at different concentrations of
nanoparticles, it can be concluded that the corrosion resistance of the
substrate is improved by applying the coating. It is also observed that
the corrosion potential of the coated specimens is more positive than
that of the uncoated specimen that means less corrosion tendency of
the coated samples [41]. Improved corrosion resistance due to adding
nanoparticles to the electrolyte and absorption of nanoparticles in the
coating has also been reported by other researchers [42]. It can be
noted that by increasing the concentration of nanoparticles in the elec-
trolyte up to 30 g/L, the corrosion current density decreases; however, it
increases in the specimen coated in 40 g/L. The oxide film formed on the
surface increases the corrosion resistance of the metal surface by limit-
ing the corrosive ions penetration and reducing the transmission of the
ions in the metal-electrolyte interface. The corrosion resistance is influ-
enced by the characteristics of the oxide film such as oxide layer
nanoparticle concentration in electrolyte.

Image of Fig. 9


Fig. 11. Bode curves of samples coated in electrolytes with different alumina nanoparticle concentration.

Fig. 10. Nyquist curves of samples coated in electrolytes with different alumina nanoparticle concentration.
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Image of Fig. 11
Image of Fig. 10


Fig. 12. Equivalent circuit fitted for evaluation of EIS data.
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composition, thickness and flaws in the structure, and composition of
the corrosive environments. As stated in the nanoparticles absorption
section, by increasing the concentration of nanoparticles in the electro-
lyte, their absorption in the coating increases to 30 g/L, and then reaches
a constant value. These nanoparticles reduce the possible entrance
routes of corrosive ions to the surface (such as micro-pores and
micro-cracks); this prevents the entrance of corrosive ions to the sub-
strate and increases corrosion resistance. It is obvious in the SEM images
that by increasing the concentration of nanoparticles in the electrolyte
and thus increasing their absorption, many coating pores are closed,
and the corrosion resistance increases.

Another factor affecting the corrosion resistance of coating is the sur-
face roughness. It is, generally, accepted that the rougher surface ismore
susceptible to corrosion. The amount surface roughness curve as a func-
tion of the concentration of alumina nanoparticles is shown in Fig. 9. It is
observed that by increasing the concentration of nanoparticles in the
electrolyte to 30 g/L and higher absorption of nanoparticles, surface
roughness is reduced; however, it increases at the level of 40 g/L. The
reason for reduced surface roughness at 30 g/L is the filling of surface
pores by the nanoparticles, which improves the corrosion resistance
as well.

3.3.2. Electrochemical impedance spectroscopy
To further study the corrosion behavior of the coatings fabricated in

different concentrations of alumina nanoparticles and also confirming
the results of potentiodynamic polarization, accurate electrochemical
impedance spectroscopy studies were performed on the specimens.
The studies were conducted on solution NaCl 3.5 wt% at room tempera-
ture. The Nyquist curves and the Bode curves of different specimens are
shown in Figs. 10 and 11 respectively. As can be seen, by increasing the
concentration of nanoparticles in the electrolyte, the diameter of the
Nyquist curves, which indicate polarization resistance, are increased
up to 30 g/L, then it is decreased at the concentration of 40 g/L. So it
can be concluded that the corrosion resistance of the coating is in-
creased to a concentration of 30 g/L and then it is decreased. There is a
good relationship between the polarization curves and the Nyquist
curves' data. Also in the Bode curves, the highest value of total imped-
ance at low frequencies, which represents the overall resistance of the
coating, is observed at a concentration of 30 g/L; this confirms the
highest corrosion resistance of these specimens.

To estimate the parameters associatedwith EIS, an equivalent circuit
was fitted for the data (Fig. 12). The parameters relating to EIS are also
shown in Table 2; there are two constants phase elements in the equiv-
alent circuit: the first constant phase element in the lower range is asso-
ciated with the formation of dense layer in the anodizing process, and
Table 2
EIS fitted results for samples coated at different alumina concentration.

Alumina concentration
(g/L)

Rs

(ohm·cm2) n2

COE2
(ohm−1·cm−2)

Bare Mg alloy 32 4.26 × 10−6

0 30 0.36 2.9 × 10−6

10 32 0.28 3.8 × 10−6

20 34 0.1 5.7 × 10−6

30 34.3 0.32 3.03 × 10−6

40 35 0.013 1.2 × 10−5
the second constant phase element in the range of high frequencies is
associated with the porous layer. In the equivalent fitted circuit, Rs rep-
resents solution resistance, R1 is porous layer resistance, CPE1 denotes a
constant phase element of porous layer, R2 represents dense layer resis-
tance and CPE2 is constant phase element of dense layer. In this study,
the constant phase element has been used instead of pure capacitor
due to the heterogeneous factor of the surface [43,44]. The impedance
element of constant phase is defined as follows:

ZCPE ¼ 1
T jwð Þn ð4Þ

where, T is the admittance constant, j denotes imaginary unit, ω indi-
cates angular frequency, and n is the experimental power CPE, which
varies between 0 and 1. 0 and 1values of n indicate pure resistance
and pure capacitance. In the Nyquist curves, an inductive loop is also ob-
served at lower frequencies range that are also presented in the equiv-
alent circuit. The presence of induction loop in the uncoatedmagnesium
specimen is consistent with previous studies; the reason of is the disso-
lution of the substrate and the porosity of magnesium substrate [45,46].
Similar behavior is also observed in the coated specimens. In general,
PEO coatings include a porous outer layer and a porous inner layer.
The presence of induction loop in the coated specimens within the
low frequency range indicates pitting corrosion during the electro-
chemical testing, which is because of the porous layer [46,47]. The exis-
tence of pores on the surface causes the heterogeneity of the surface and
a path for the entrance of the corrosive ions to the substrate; as men-
tioned before, when the concentration of nanoparticles in the electro-
lyte increases, the nanoparticles are placed in the pores to fill these
pores andmake the surface homogeneous and uniform. The homogene-
ity of the surface in the impedance curve data appears in “n”, and as this
value is closer to 1, the surface becomesmore homogenous. As shown in
the data, the highest value of “n” among the coated specimens is associ-
atedwith the specimen formed in the electrolyte containing 30 g/L; so it
can be expected that the most homogeneous surface is associated with
these specimens. This homogeneity is associated with the filling of the
pores by nanoparticles. So it can be concluded that the highest corrosion
resistance is associated with these specimens.

3.4. Wear behavior

To study the wear behavior of the coated specimens, the abrasion
pin on disk test was used. The sliding distance for all specimens is the
same and equals 200m. The abrasion testswere conducted on the spec-
imens with the concentrations ranging from 0 to 40 g/L of alumina
R2

(ohm·cm2) n1

CPE1
(ohm−1·cm−2)

R1

(ohm·cm2)

120 0.89 7.7 × 10−3 5
3500 0.62 3.5 × 10−4 250
3627 0.6 6.3 × 10−4 239.5
9900 0.55 7 × 10−4 50
35,000 0.72 1.5 × 10−4 5500
4184 0.65 5 × 10−4 265

Image of Fig. 12


Fig. 13. Variation of Friction coefficient of samples coated at different conditions.
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nanoparticles with the electrolyte stirring rate of 100 rpm. The Varia-
tions of friction coefficient of different samples are shown in Fig. 13. In
most cases, the wear process is regular; however, it is not regular in
the specimens without nanoparticles. During the wear test process,
we observed that the coating is fragmented and detached during testing
due to the poor areas and pores inside the coating, making the coating
non-uniform, proper areas for nucleation, and cracking in the coating
and their detachment. As illustrated in the SEM images in Fig. 3, the
proper areas are the pores without nanoparticles and the presence of
porosity in the coating or cracks at the interface of the coating and the
substrate. Yu et al. [48]; who studied improvement in the wear resis-
tance of the alloys at the presence of SiC nanoparticles, also reported
poor areas in the coating as the reason for the cracking and detachment
of the coating. Thewear rate curve as a function of alumina nanoparticle
concentration is represented in Fig. 14. The wear rate curve suggests
that the specimens with alumina nanoparticles have lower wear rate
than those without nanoparticles due to filling of the PEO porous
Fig. 14. Wear rate curve as a function of alumina n
pores; the amount of filling varies with different concentrations [49]
and confirmed by Gheytani et al. [14,16]. In most studies, adding nano-
particles increased abrasion resistance [50]. As seen in the sample wear
test graph, for the specimenswith the concentration of 30, 20 and 40 g/L
of alumina nanoparticle, the friction coefficient versus sliding distance is
upward but the curves of the sample 10 and 0 g/L alumina nanoparticle
friction coefficient is downward. For the specimen with the concentra-
tion of 30 g/L, the friction coefficient starts with 0.36, and after a short
drop, it starts to increase; and after reaching a maximum coefficient, it
is stabilized at the friction coefficient of 0.38. In the specimen with the
concentration of 20 g/L, the friction coefficient curve in termsof distance
starts with 0.34, and after a similar trend, it is stabilized at the friction
coefficient of 0.38. The curve of 40 g/L has the same processwith the dif-
ference that the coefficient of friction after a sudden and severe drop at
the beginning of the test starts increasing from 0.28 and reaches the
final constant friction coefficient level of 0.42. In the curve of 10 g/L of
alumina nanoparticles, the trend of changes in the friction coefficient
anoparticle concentration in the electrolyte.

Image of Fig. 14
Image of Fig. 13
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level is downward until it has reaches an almost fixed level; this curve
starts with the friction coefficient of 0.42 and ends with the friction co-
efficient of 0.26. In the specimen without nanoparticles, after almost
50 m, the friction coefficient reaches 0.24; this amount is not changed
until the end of the process. In the description of the five curves, it can
be mentioned that the sudden drop of friction of coefficient in 30, 40
and 20 g/L concentration of alumina is associatedwith the accumulation
of alumina nanoparticles in the coating at the end of reaction and their
failure to be absorbed by the coating; however, the constant increase of
the friction coefficient by increasing the distance might be due to the
fact that the nanoparticles are absorbed in the pores and the substrate
oxide, and by the passage of time and distance, these nanoparticles
are in contact with the pin; this increases the friction coefficient and re-
duces the abrasion. The related interpretations are presented in SEM
images in Fig. 3. It means that alumina nanoparticles in the pores and
magnesium oxide are clearly visible, implying that the nanoparticles
are uniformly distributed in the coating [51]. Regarding the downward
trend of curve 10, it can be noted that the amount of nanoparticles is too
low to increase the wear resistance and prevent the abrasion of the
coating, which is fixed after 125 m. Fluctuations in the friction coeffi-
cient are observed in all of these curves, probably due to the fine pieces
of the coating that are removed from the surface and are in contact with
the pin [48]. The changes in the wear rate are presented as a function of
the concentration of nanoparticles (Fig. 13), indicating that the lowest
wear rate is at the concentration of 30 g/L, and the amount of coating
loss is minimum. After that, the lowest wear rates are associated with
20, 40, 10 and 0 g/L specimens these amount of changes indicated that
by increasing the absorption of nanoparticles, thewear rate is decreased
[52,53]

4. Conclusions

In this study, the effect of electrolyte stirring rate and concentration
of alumina nanoparticles in the electrolyte on the absorption of nano-
particles in the coating fabricated by plasma electrolytic oxidation on
magnesium was investigated. The maximum amount of absorption of
nanoparticles was obtained at the stirring rate of 100 rpm. The results
showed that, at higher stirring rates, due to high turbulent current
andwashing of nanoparticles from the anode surface, the nanoparticles'
absorption level is decreased. Also, by increasing the concentration of
alumina nanoparticles in the electrolyte to 30 g/L, their absorption in
the coating is increased and then reaches saturated level. Furthermore,
high absorption of nanoparticles and decreased amount of porosity in
the coating at 100 rpm and 30 g/L concentration of nanoparticles lead
to the best corrosion resistance in the coating. The wear behavior stud-
ies indicated that the lowest wear rate is associated with the electrolyte
containing 30 g/L alumina nanoparticles.
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