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Abstract: This study aims to examine the effect of clay micro particles addition on the microstructure, wear and 
corrosion behavior of PEO coatings on AM 50 magnesium alloy. PEO coatings were prepared using an aluminate-based 
electrolyte with and without the presence of 5 g/L clay particles. The structure and composition of the coatings were 
evaluated using SEM, EDS and XRD. The wear investigations were conducted using a ball-on-disk tribometer at 2, 5 
and 10 N loads. The corrosion behavior of the coatings was examined using polarization and EIS tests in 0.5 wt.% NaCl. 
The results revealed that the addition of clay particles deteriorated the wear resistance of the coatings under the loads of 
5 and 10 N. The SEM examinations of the worn surfaces indicated that a combination of adhesive and abrasive wear 
mechanisms was activated for the coating with clay particles. The poor wear performance of the clay-incorporated 
coating was related to its lower adhesion strength and higher roughness. The potentiodynamic polarization examinations 
revealed that the addition of clay particles slightly decreased the corrosion rate of the coatings. Corrosion resistance of 
the clay-containing coating was attributed to its compactness, as indicated by the results of EIS tests. 
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1 Introduction 
 

Magnesium and its alloys are promising 
materials for use in many applications due to their 
unique properties such as high specific strength, 
high dimensional stability and good machining and 
recycling ability [1−4]. The application of Mg 
alloys in various industries including automobile, 
aerospace and communications can bring great 
benefits of weight reduction and lower cost [5−7]. 
However, the applications of Mg alloys is often 
restricted by their poor corrosion and wear 
properties [1,8−11]. To cope with these 

disadvantages, different surface treatments have 
been established for protection of Mg alloys. The 
latest important advances in different conversion, 
deposition, mechanical and functional coatings 
applied for Mg alloys have been recently reviewed 
in Refs. [12,13]. In this respect, plasma electrolytic 
oxidation (PEO) has gained great technical interest 
for Mg alloys in recent years [14,15]. PEO is a 
relatively new surface treatment, and it is a 
modified version of the traditional anodic  
oxidation [16]. PEO is a rather inexpensive and 
environmentally friendly method with many 
advantages such as less pre-treatment process and 
easier operation [15]. In this surface treatment, an  
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extremely adhesive oxide coating is formed on the 
surface due to occurrence of a plasma discharge and 
partial fusion of the oxide film [17]. The PEO 
coatings are able to significantly improve the wear 
and corrosion behavior of the Mg alloys. 

In recent years, many studies have focused on 
the PEO coatings on Mg alloys. For instance, LI  
et al [18] reported that the addition of carbon 
spheres in the silicate electrolyte during PEO 
process improved the wear and corrosion resistance 
of the PEO coatings. CUI et al [19] fabricated a 
PEO/polymethyltrimethoxysilane (PMTMS) hybrid 
coating on AZ31 alloy and reported that the 
corrosion resistance of the coating was enhanced 
due to self-healing behavior of PMTMS. In another 
work by ZHANG et al [20], the corrosion behavior 
of the PEO coating was investigated in an 
electrolyte of phosphate buffer saline (PBS) 
containing bovine serum albumin (BSA). It was 
found that the adsorption of BSA improved the 
corrosion resistance of the PEO coating. According 
to LI et al [21,22], the corrosion resistance of the 
PEO coated AZ31 Mg alloy was improved by 
doping the antimony tin oxide or deposition of 
tantalum oxide nanofilm on PEO coating. 

PEO coatings have also been used in duplex 
treatments for improving the wear and corrosion 
resistance. For instance, it has been reported that 
the cold spray process with high hardness and a 
compact structure improved the corrosion resistance 
of AZ31 Mg alloy in Hank’s solution [23]. Also, the 
cold spray process followed by PEO treatment 
enhanced the wear and corrosion resistance of Mg 
alloys [24,25]. 

It is well known that the PEO treatment of Mg 
can be carried out in silicate, aluminate or 
polyphosphate-containing alkaline electrolytes [26]. 
Depending on the electrolyte and treatment 
parameters (current density, frequency and current 
type), the PEO coatings on Mg alloys are composed 
of amorphous and crystalline phases [27]. Many 
investigators have focused on exploring and/or 
optimizing the electrolyte composition and/or 
electrical parameters to improve the wear and 
corrosion of PEO coatings [28]. However, the 
presence of discharge channels and porosity is the 
main concern for such PEO coatings. The in-situ 
incorporation of nano/micro particles into the PEO 
coatings by adding the particles into the solution 
appears to be a promising direction of PEO process 

development in recent years [2,29−31]. The 
electrophoretic deposition, melting and plasma 
thermo-chemical reactions are the main phenomena 
controlling the incorporation of particles into the 
coatings [32]. Different aspects of the particles 
addition in PEO electrolytes were recently 
presented and reviewed by FATTAH-ALHOSSEINI 
et al [33]. 

It has been reported that the addition of low 
melting point particles in the electrolyte of PEO 
treatment can be beneficial in filling the pores by 
occurrence of the melt re-flow and liquid phase 
sintering [34]. In this regard, low-melting-point 
clay particles (<1200 °C) have been used in some 
works to fill the discharge channel. First successful 
incorporation of clay particles into the PEO 
coatings on magnesium alloy has been reported by 
BLAWERT et al [34] using phosphate and silicate 
based electrolytes. They have demonstrated that the 
PEO coating with clay produced in phosphate 
electrolyte exhibited a more compact structure 
compared to coatings produced in silicate based 
electrolyte. In the work by RAPHEAL et al [32], 
the influence of current densities on the 
microstructure and corrosion of phosphate-based 
PEO coatings with clay addition was investigated 
and it was found that higher current densities 
(120 mA/cm2) led to the formation of a more 
defective barrier layer and high porosity in the outer 
porous layer. LU et al [30] focused on the corrosion 
behavior of PEO coatings produced in phosphate 
electrolyte containing montmorillonite clay 
particles. They reported that the clay particles are 
able to incorporate into the PEO coating in a 
reactive manner. In a newer study by this     
group [29], the corrosion and wear resistance of the 
PEO coatings prepared in phosphate-based 
electrolyte with and without addition of particles 
with different melting points including clay, SiO2, 
Si3Ni4 and SiC micro-sized particles were 
investigated. They have reported that the melting 
point of the particles is a key factor influencing the 
incorporation mechanism under the same PEO 
parameters. Their results showed that the addition 
of clay can improve the corrosion and wear 
behavior of the coatings due to its reactive 
incorporation. However, more details on the wear 
behavior of coatings (such as wear of counterpart) 
were not reported. 

Dry sliding wear behavior of PEO-coated 
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magnesium alloys, is important to consider in terms 
of widespread use of magnesium alloys in the 
automotive industry applications (including 
automotive brakes, guide bars, bearing plates, seat 
supports, and engine components (piston and 
cylinder brakes)). It needs to note that magnesium 
alloys show very poor tribological behavior in the 
absence of lubricants [35]. PEO treatment is able to 
improve the wear resistance of Mg alloys by 
formation of a thick and hard ceramic-like oxide 
coating [36]. 

Although considerable investigations have 
been carried out on the wear of PEO coatings 
reinforced by particles with a relatively high 
melting point, the studies on the wear behavior of 
the PEO coatings incorporated with low melting 
particles like clay are still in the infancy stage. In 
this study, the microstructure, wear behavior and 
corrosion performance of the clay incorporated 
PEO coatings produced in an aluminate-based 
electrolyte were investigated systematically. To our 
knowledge, no one has studied the wear and 
corrosion behavior of the aluminate-based PEO 
coatings with clay particles. 
 
2 Experimental 
 
2.1 Materials 

Square plates with dimensions of 25 mm × 
25 mm × 4 mm were machined from the AM50 
magnesium alloy (4.74 wt.% Al, 0.383 wt.% Mn, 
0.063 wt.% Si, 0.065 wt.% Zn, 0.002 wt.% Fe, 
0.002 wt.% Cu and balance Mg). Before PEO 
treatment, the specimens were ground with emery 
papers up to 1200 grit, then cleaned with ethanol 
and finally dried in compressed air flow at room 
temperature. 
 
2.2 PEO treatment 

PEO treatment was conducted in an 
aluminate-containing electrolyte (NaAlO2 (12 g/L), 
Na3PO4 (8 g/L) and KOH (1 g/L) using a pulsed DC 
power source (Elektro-automatik EA-PS 8720-15 
720 V) at a constant current density of 65 mA/cm2 
for the treatment time of 10 min. The clay particles 
with the average size of 12 µm (Rockwood 
Nanofil® 116, natural montmorillonite (about 100% 
bentonite) were used to produce PEO coatings 
containing clay. The pulse ratio was ton:toff = 
2 ms:18 ms. The specimens and a stainless steel 

tube were used as the anode and cathode, 
respectively. According to the experiences of our 
group and our previous papers [30,32], 5 g/L clay 
particles were dispersed into the PEO electrolyte. 
The corresponding coatings were named PEO 
(without clay particles) and PEO-Clay (with clay 
particles), respectively. Table 1 summarizes the 
composition, conductivity and pH of the 
electrolytes used in this work. 
 
Table 1 Specification of PEO electrolytes used to coat 
samples 

Sample 
Composition/(g·L−1) 

KOH NaAlO2 Na3PO4 Clay 

PEO 1 12 8 0 

PEO-Clay 1 12 8 5 

Sample Conductivity/(mS·cm−1) pH 

PEO 23.7 12.5 

PEO-Clay 23.2 12.6 

 
A cooling system was utilized to maintain the 

temperature of the electrolyte bath constant at 
(20±2) °C. The conductivity and pH value of the 
electrolytes were measured using a Mettler Toledo 
Inlab 730 probe and a Metrohm 691 pH meter, 
respectively. Also, a bubble generator was used to 
keep the particles suspended during the treatment. 
 
2.3 Characterization 

The surface morphology and cross section of 
each coating were identified using a Tescan Vega3 
scanning electron microscope (SEM) equipped with 
energy dispersive X-ray spectroscopy (EDS). In 
order to observe the morphology of the coatings in 
cross section view, the coated samples were 
embedded into resin, polished successively up to 
2500 grit emery sheets and finally polished using 
the diamond paste (1 μm). X-ray diffraction (XRD) 
technique (GIXRD, D8 Advanced Bruker AXS 
using a Cu Kα source wavelength of 1.54056 Å in 
the range from 10° to 80°) was used to determine 
the phase composition. The surface roughness of 
the coatings was determined using a Hommel 
profilometer (HOMMEL TESTER T1000). 
 
2.4 Bonding strength 

Bonding strength of the coatings was 
measured using a Hounsfield H25KS universal 
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testing machine, according to ASTMC-633 [37]. 
Parallel aligned cylinders were glued to the coated 
and back sides of the coupons by 3M Scotch 
Weld-2214 epoxy resin. The load required to detach 
the coating from the substrate with tested contact 
area (3.14×12.52 mm2) was measured. The coating 
adhesion strength was obtained by dividing the load 
by the surface area. Measurements were repeated 
three times and the average of bonding strength was 
calculated. 
 
2.5 Wear tests 

Dry sliding wear behavior of the PEO coatings 
was examined with a ball-on-disc tribometer 
(TRIBO technic−France). An AISI 52100 steel ball 
with 6 mm in diameter was used as the static sliding 
counter body. All the studies were carried out in air 
at a temperature of (25±2) °C and a relative 
humidity of 30%. The wear tests were performed 
under 2, 5 and 10 N loads with oscillating 
amplitude of 10 mm and at a sliding velocity of 
5 mm/s for 60 min. The wear tracks and the worn 
ball surfaces were examined using SEM and EDS. 
All tests were performed at least three times to 
ensure reproducibility. 
 
2.6 Corrosion tests 

The corrosion performance of the coated 
samples was studied using a computer controlled 
potentiostat system (Gamry Interface 1000) in 
0.5 wt.% NaCl at room temperature. A three- 
electrode electrochemical cell system was used for 
potentiodynamic polarization tests. Saturated 
Ag/AgCl electrode, platinum mesh and coated 
specimens were used as reference, counter and 
working electrodes, respectively. The tested 
surfaces were 0.5 cm2. The potential of working 
electrode continuously increased from −250 mV to 
+500 mV vs. Ag/AgCl with respect to the open 
circuit potential (OCP) at a scan rate of 0.5 mV/s  
in potentiodynamic polarization tests. Tafel 
extrapolation method was used for extracting the 
corrosion parameters. 

EIS measurements were conducted at room 
temperature with the 0.01 V amplitude of sinusoidal 
voltage after 1 h immersion in 0.5 wt.% NaCl, in 
the frequency range from 100 kHz to 10 mHz. The 
corrosion tests were repeated at least three times for 
each sample. 

 
3 Results and discussion 
 
3.1 Microstructure 

The surface morphologies of PEO and 
PEO-Clay coatings are shown in Fig. 1 and Fig. 2, 
respectively. As can be seen, the surface of both 
coatings exhibited the characteristic features of the 
PEO coatings consisting of pores and cracks within 
the coating. The open pores in PEO coatings were 
formed due to eruption and subsequent rapid 
solidification of the coating materials. The pore size 
and coating roughness were strongly affected by 
addition of clay particles. Without clay particles,  
the coating was smoother which was proven     
by roughness (Ra) values of (1.4±0.1) μm and 
(2.56±0.1) μm for the PEO and PEO-Clay coatings, 
respectively. This trend is in accordance with the 
previous works on the clay-incorporated PEO 
coatings [34]. In agreement with our previous 
works [29,34], the addition of clay particles 
decreased the size and the number of open pores. 
This behavior can be related to the low melting 
point of clay particles which can reduce the 
viscosity of the melt and increase the melt volume. 
The addition of clay particles led to the formation 
of some bigger closed pores [34]. It can be deduced 
from Fig. 2 that the size of the filled pores is larger 
than the size of open pores. It seems that there was 
not the possibility of closing the pores by liquid 
melt before solidification of the formed open  
pores [34]. It has been demonstrated that a fully 
reactive incorporation of clay particles occurred to 
improve the PEO coatings [38]. Also, the formation 
of micro-cracks in the coatings can be attributed to 
the presence of thermal stresses and the phase 
transformations (in the oxide films) during 
treatment [39]. 

Surface compositions of PEO and PEO-Clay 
coatings were investigated using EDS examinations 
and the results are presented in Table 2. These 
results confirmed the presence of O, Na, Mg, Al 
and P on the surface of both coatings. The presence 
of Si in the PEO-Clay coating was due to successful 
incorporation of clay particles. It should be noted 
that clay particles were the only source of Si. 

In order to obtain more information on the 
surface composition of the coated specimens, the 
EDS elemental maps of PEO and PEO-Clay 
coatings were achieved and presented in Fig. 1(c−g)  
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Fig. 1 Surface morphology (a, b) and EDX maps (c−g) of PEO coating 
 
Table 2 EDS results of top surface of coatings (wt.%) 

Coating O Na Mg Al P Si 

PEO 33 3 24 27 13 0 

PEO-Clay 34 2 19 24 13 8 
 
and Fig. 2(c−h), respectively. A uniform distribution 
of elements was observed across the coatings. A 
similar result has been observed in the work by 
TOULABIFARD et al [40] for the PEO coating 
obtained in the aluminate electrolyte. It needs to 
note that the low concentration of Na on the top 
surfaces can be due to the low mass fraction of this 
element in the electrolyte. However, except in the 
open pores, both coatings were rich in other 
elements. 

Based on the cross section of the PEO coatings 
(Figs. 3(a, g)), it can be deduced that the addition of 
clay particles did not have a significant effect on the 
coating thickness. In other words, the growth rate of 
the coatings was similar in the presence and 
absence of the clay particles. Similar behavior was 

reported for other particles [14,41]. According to 
RAPHEAL et al [32], a uniform uptake of clay 
particles occurred across the cross section and also 
the clay particles might migrate through the 
interlinked pores into the interface of the coating/ 
substrate. SAH et al [42] showed that a pore band 
was formed due to the penetration of the melted 
material into inner part of the PEO coating. It seems 
that the large discharge channels were not filled and 
this led to the formation of the pore bands [30]. As 
can be seen in Fig. 3, the pore bands were formed in 
both coatings but the volume of pore bands was 
increased in the coating with clay particles. 
BLAWERT et al [34] stated that the formation of 
thicker pore bands in the PEO-Clay coating was 
related to the formation of gas inclusions and higher 
plasma discharges during PEO-Clay treatment. In 
contrast, it seems that the pores and porosities in the 
outer layer of PEO coating were more than those 
formed in the PEO-Clay coating. 

In order to identify more details of        
the particles distribution of the coatings, the EDS  
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Fig. 2 Surface morphology (a, b) and EDX maps (c−h) of PEO-Clay coating 
 

 
Fig. 3 Cross-section (a, g) and elemental maps (b−f, h−m) of PEO coating (a−f) and PEO-Clay coating (g−m) 
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mapping was conducted on the cross section. For 
both coatings, a uniform distribution of O, Mg, P, 
Na and Al elements was observed across the whole 
layer. For PEO-Clay coating, a homogenous Si 
layer was also formed across the cross section. It 
can be deduced that some particles were intact on 
the outer layer of the surface. In other words, there 
might be a different up-take mechanism for the 
incorporated clays on the outer layers. It needs to 
note that the clay particles with low melting point 
were melted easily by short-lived discharges and 
subsequently reacted with other components [43]. 

Figure 4 shows the phase composition of the 
prepared coatings. It can be seen that MgAl2O4 was 
the main crystalline phase of both coatings. This 
phase was formed due to the reaction of Al2O3 
(from the electrolyte) and MgO (from the substrate) 
during sparking process at high temperature [43]. 
The appearance of the Mg peaks is related to the 
penetration of X-ray into the thin coatings. 
However, the intensity of MgAl2O4 peaks in the 
case of PEO-Clay coating was weaker compared to 
that observed for the particle-free coating. This 
means that the addition of clay particles decreased 
the crystallinity of the PEO coating. Thus, the 
PEO-Clay coating probably contained a mixture of 
the amorphous and crystalline phases. Due to the 
low amount of Si (Table 2) in the PEO-Clay  
oating, no clear amorphous peak was observed. 
 

 
Fig. 4 XRD patterns of PEO and PEO-Clay coatings 
 
3.2 Tensile adhesion test results 

Figure 5 depicts the load–displacement curves 
obtained from the uniaxial tensile adhesion test. The 
adhesion strength of a coating is considered as one 
of the main mechanical aspects of this coating 

system. The applied load reaches the maximum as 
soon as the failures occur or the coating is broken. 
Due to the high level of the adhesion strength of 
both coatings, a cohesive debonding within the 
thickness of both coatings occurred. Cohesive 
strength of the PEO and PEO-Clay coatings were 
11.40 and 9.32 MPa, respectively. Lower cohesive 
strength of PEO-Clay coating can be attributed to 
the agglomeration of the clay particles which 
triggered to the poor adhesion between the matrix 
and clay particles, as reported previously [44]. 
 

 
Fig. 5 Load−displacement curves of coated specimens 
 
3.3 Wear assessment 

The plots of friction coefficient against sliding 
distance for examinations at 2, 5 and 10 N loads  
for PEO and PEO-Clay coatings are illustrated in 
Fig. 6. It can be seen that the addition of clay 
particles significantly affected the wear behavior of 
the coatings. At 2 N, the PEO coating showed a 
steady-state friction coefficient of 0.47 after an 
initial 9 m of sliding. The periodic material transfer 
due to adhesive wear can be considered as the main 
source of the appearance of fluctuations leading to 
the formation of transfer layer and subsequent 
formation of wear debris by fracture of this transfer 
layer [45]. In comparison to PEO coating, the 
PEO-Clay coating exhibited a very similar friction 
coefficient at 2 N load and no drop in friction 
coefficient was observed. This means that the PEO 
and PEO-Clay coatings were both resistance against 
wear at 2 N load for 18 m wear evaluation. 
However, the steady-state friction coefficient value 
of PEO-Clay was a bit higher than that recorded for 
the PEO coating. This behavior can be related to  
the rougher surface of the PEO-Clay coating. Under  
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Fig. 6 Variation of friction coefficient for PEO (a) and 
PEO-Clay (b) coatings at 2, 5 and 10 N loads 
 
5 N load, a distinctly different wear behavior was 
identified for the PEO and PEO-Clay coatings.  
When the PEO coating was resistant against wear,  
a sharp drop in friction coefficient was recorded 
after about 11 m of sliding for the PEO-Clay. 
Furthermore, the friction coefficient of both 
coatings was increased under 5 N when compared 
to that under 2 N. This increase can be attributed to 
enhancing the contact area between the specimen 
and steel ball by filling the cavities with the wear 
debris [46]. In the wear examinations under 10 N 
load, the friction coefficients were almost similar to 
those at 5 N load. However, a large drop in friction 
coefficient of both coatings was observed, which 
demonstrated the abrupt failure of the coatings at 
10 N load. As shown in Fig. 6(b), the drop of the 
friction coefficient of the PEO-Clay coating 
occurred at shorter time (in less than 3 m of sliding) 
compared to that reached in the PEO coating. The 
friction coefficient of PEO-Clay coating dropped to 
around 0.35 after failure which corresponds to the 

untreated magnesium alloy (slide against steel ball 
contact) [14]. This means that the addition of clay 
particles deteriorated the wear behavior of the 
coating. 

The wear rates of both coatings after wear 
examination at different loads were calculated and 
illustrated in Fig. 7. For all loads, a higher wear loss 
for the PEO-Clay was observed when compared to 
the PEO coating. Also, PEO-Clay coating revealed 
the highest wear rate of 2.84×10−4 mm3/(N·m) after 
testing at 10 N load. It is obvious that the 
incorporation of clay particles could deteriorate the 
wear resistance of the coatings, specifically for the 
coatings under heavy load [8], leading to a higher 
penetration of counter face material [1]. The 
inferior wear resistance of the PEO-Clay can be 
attributed to a low adhesive strength, lower load 
bearing capacity [47] and stress concentration on 
surfaces [48]. 
 

 
Fig. 7 Wear rates of PEO and PEO-Clay coatings 
 

In order to obtain more details of the wear 
mechanisms, the wear tracks were investigated by 
scanning electron microscopy. As shown in Fig. 8, 
with the load further increasing to 10 N, the wear 
tracks become larger than those of the coating 
tested under lower load. Very similar worn surfaces 
with wear scars were observed for both PEO and 
PEO-Clay coatings at a load of 2 N. Both coatings 
were intact and the original coatings were observed 
without severe failure. In terms of the wear tracks 
under loads of 5 and 10 N, a distinct difference can 
be observed between the PEO and PEO-Clay 
coatings. The PEO coating was still intact at 5 N, 
while the PEO-Clay coating was found to undergo a 
more severe wear with large amounts of wear debris 
during the wear test. A higher magnification SEM 
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Fig. 8 Wear track morphologies (SEM images) of PEO (a, c, e) and PEO-Clay (b, d, f) coatings after sliding against 
steel ball under 2 N (a, b), 5 N (c, d) and 10 N (e, f) loads 
 
micrograph of the worn surface of the PEO-Clay 
coating tested under 5 N load is illustrated in 
Fig. 9(a). In this case, many cracks could be seen in 
the wear track. High amount of Fe in the wear track 
of Fig. 9(a) (as displayed in EDS in Fig. 9(c)), can 
be attributed to the material transfer between the 
friction pairs [49]. The worn surfaces of the    
PEO and PEO-Clay coatings revealed that the 
coatings were completely removed during the  
wear examinations at 10 N load. However, the 
appearance of the wear tracks under 10 N load was 
different for the PEO and PEO-Clay coatings. It can 
be seen that the width and volume of the worn 
surface of PEO-Clay coating were larger than those 

of the PEO coating tested under 10 N load. The 
wear tracks were associated with parallel grooves or 
ploughing lines, which were identified as the main 
signs of abrasive wear occurring at 10 N. After  
the removal of coating, the bare metal surface 
experienced both abrasive and adhesive wear 
mechanisms [14]. Figures 9(b, d) show the higher 
magnification SEM micrograph of the worn surface 
of PEO-Clay coating tested at 10 N load and the 
point EDX analysis result of the box region in 
Fig. 9(b), respectively. As can be seen, granular 
wear debris was formed around the wear track. The 
dominant wear mechanism can be abrasive wear 
associated with three body mechanism action of  
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Fig. 9 SEM images (a, b) and corresponding EDS analysis results (c, d) of worn surfaces of PEO-Clay coating after 
sliding against steel ball under 5 N (a, c) and 10 N (b, d) loads 
 
worn debris between coating and steel ball. The 
presence of O can be linked to the formation of 
magnesium oxide and iron oxide in the wear  
debris [50]. The results confirm that the porous 
nature of these coatings is detrimental to wear 
resistance [45]. 

According to the previous works on the PEO 
coatings with clay particles [51,52], the clay 
nanoparticles agglomeration and poor adhesion 
between the matrix and clay particles were reported 
as the main factors triggering abrasion damage in 
the coating with clay particles. Also, the particle 
size is a key factor influencing the wear behavior of 
the PEO coatings [53]. LU et al [29] reported that 
the addition of clay particles can improve the  
wear resistance of phosphate-based PEO coating. 
However, the use of clay micro particles (12 µm) in 
this work led to negative effect on the wear 
performance of the PEO coating. It seems that   
the removed particles from the PEO surfaces acted 
as a third body and consequently promoted 
additional abrasive load during the wear tests [53]. 
The higher roughness of the PEO-Clay coating  

was also an important factor in relation to poorer 
wear resistance of this coating. The effect of  
coating roughness on the wear properties has also 
been studied [14,40,54]. Moreover, the abrasive 
wear performance strongly depends on the  
ductility of the material and the fraction of the 
reinforcement in the composites [51,55]. SRINATH 
and GNANAMOORTHY [55] showed that the 
addition of the clay gives brittleness to a polymer 
clay nanocomposite and less ductility makes less 
wear resistance. In the present case, it seems that 
the addition of the clay decreases the ductility of the 
PEO coating. As the ductility reduces, the energy to 
rupture the coating also decreases and therewith 
increases the material removal from the surface. So, 
this causes the enhancement in the abrasive wear 
for PEO-Clay coating more than PEO coatings 
without clay particles especially at high loads. 

Figure 10 exhibits the wear depth profiles of 
the PEO and PEO-Clay coatings examined under 
different loads. The results were consistent with 
friction coefficients and wear track morphologies. 
As can be seen in Fig. 10(a), it was difficult to 



Farideh DAVOODI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3719−3738 3729

 

 
Fig. 10 Wear depth profile under different loads for PEO (a) and PEO-Clay (b) coatings 
 
measure the depth in the wear track of PEO 
coatings at 2 and 5 N loads, while for 10 N load, the 
width and depth of the wear track were about 750 
and 35 µm. For the wear depth of PEO-Clay 
coating (Fig. 10(b)), a similar trend with PEO 
coating was noticed at 2 N load but with more 
non-uniformity. For PEO-Clay coating, the width 
and depth of the wear tracks under 5 and 10 N loads 
were about 750 and 38 µm and 1100 and 55 µm, 
respectively. The maximum non-uniformity was 
observed in the case of PEO-Clay coating after 
wear testing at 10 N load. This behavior can be due 
to the higher roughness and occurrence of the 
abrasive and adhesive wear [56]. 

Figure 11 shows the SEM micrographs of the 
steel ball surfaces sliding against PEO and 
PEO-Clay coatings under different loads. The balls 
did not suffer from severe wear damage running 
against the PEO coating. They were almost smooth 
with some deep scoring on the worn surfaces. Under 
the 5 N load, the dominant mechanism of wear was 
abrasive. At 10 N load, extensive ploughing and 
detachment of debris suggested three-body abrasive 
wear for the clay-free coating. In addition, white 
wear debris on the sidelines of the ball surfaces and 
the existence of elements from the PEO coating 
(Mg, Al, P, Na) were obtained from EDS results of 
dashed line area of the worn ball surface (Fig. 12), 
thereby confirming the occurrence of an adhesive 
wear mode. It can be deduced that the activation of 
adhesive wear mechanism led to transfer of coating 
materials/debris from the coating to the balls. In 
Fig. 11 for PEO coating with clay particles, the 
abrasion with abrasive grooves was commonly 

observed under all loads. In order to get more 
information regarding the wear mechanisms at 10 N 
load, in which the contact surface of the ball 
became very rough, the worn surface of the steel 
ball and EDS results were also assessed, as 
presented in Fig. 13. In Region B, there was white 
wear debris, demonstrating the slight transfer of 
coating material to the ball according to the EDS 
results (Fig. 13(b)) and ball wear scar was uneven 
with many grooves. Nevertheless, abrasive wear 
between hard steel counter-face material (with 
hardness of around 900 HV) and PEO-Clay coating 
was fundamental mechanism in this region. In the 
Region C, dark contrast corresponds to material 
transfer by adhesive wear. The results of EDS 
analysis from this region is shown in Fig. 13(c), 
which revealed the presence of Mg, Al, Na, P and Si 
transferred from the PEO-Clay specimen along with 
Fe and Cr from the steel ball. The presence of 
oxygen is also detected due to the oxidation of 
surfaces [45]. In the case of Region D for worn 
steel ball and EDS results of this area in Fig. 13(d), 
only the elements Mg, O and Al can be observed 
and there is no Fe peak. So, the coating removal 
process is dominated by heavy and localized plastic 
deformation [57]. Indeed, due to less hardness of 
MgO than steel ball, the outer porous layers of the 
coatings during sliding were removed and stuck to 
the counterpart. In addition, by examination of this 
region, it may be concluded that magnesium oxide 
is formed on the worn surface of the ball during 
wear test. Furthermore, oxidative wear mechanism 
is obvious [48]. Also, Region D displayed a typical 
severe adhesive wear morphology, which was 
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Fig. 11 SEM micrographs of steel ball wear tracks against PEO (a, c, e) and PEO-Clay (b, d, f) coatings under loads of 
2 N (a, b), 5 N (c, d) and 10 N (e, f) 
 

 

Fig. 12 SEM image (a) and EDS spectrum (b) of steel ball wear track against PEO coating under load of 10 N 
 
ascribed in the study of ZHANG et al [49] to the 
typical influence of “instantaneous welding” 
because of the high temperatures in the contact area 

between the steel ball and specimen. This indicates 
that the PEO-Clay coating in this area is completely 
damaged. 
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Fig. 13 SEM image of steel ball wear track against PEO-Clay coating under load of 10 N (a) and EDS spectra of  
Areas B (b), C (c) and D (d) 
 
3.4 Corrosion performance 

In this work, the corrosion performance of 
PEO and PEO-Clay coatings was evaluated by  
open circuit potential (OCP) behavior (Fig. 14), 
potentiodynamic polarization (Fig. 15) and   
electrochemical impedance spectroscopy (EIS) 
measurement (Fig. 16). 

For AM50 alloy, the φocp values initially 
increased and then decreased slowly and followed 
by a steady state condition. The increase and 
decrease of the potential can be related to the 
formation and dissolution of the Mg(OH)2 film in 
the presence of Cl− ions [58]. 

The results reveal that the PEO coating with 
and without clay particles did improve the OCP 
values when compared to the AM50 substrate. 
Fluctuations in the OCP data of coated specimens 
were observed during the early stages of immersion. 
Rapid decrease of the OCP values of coatings may 
be due to the penetration of the solution into the 
pores [59]. Among different tested specimens, the 
PEO-Clay exhibited the highest OCP, which means 
the lower corrosion tendency of this coating. 

The corrosion potential (φcorr) and corrosion 
current density (Jcorr) values were extracted from the 

 
Fig. 14 OCP variation of substrate and coated samples in 
0.5 wt.% NaCl solution 
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Fig. 15 Polarization curves of coated samples in 0.5 wt.% 
NaCl solution 
 
polarization plots and listed in Table 3. The 
hydrogen reduction and the dissolution of 
magnesium are the main cathodic and anodic 
reactions, respectively [30]. As can be seen, from 

polarization curves, the corrosion current density of 
the coating loaded with clay particles was lower 
than that obtained for PEO coating. These results 
are in accordance with previous findings [29,30] in 
the case of clay-incorporated coating in phosphate 
PEO treatments. Other than oxidation coatings, 
positive effect of clay particles in improvement of 
corrosion resistance of polymeric composites [60], 
sol gel coatings [61] and bioactive nano- 
composites [62] has been also confirmed. It needs 
to note that the corrosion current density obtained 
for both coatings was lower than that of the cold 
forging/PEO [63] and higher than that of cold 
spray/PEO [64] duplex treated coatings. 

In order to obtain more details on the corrosion 
process, the EIS evaluations were carried out on the 
coated specimens. Figure 16 shows the Nyquist and 
Bode curves of different coatings. Similar shapes of 
the Nyquist and Bode plots confirmed that similar 
results and corresponding mechanism of corrosion  

 

 
Fig. 16 Bode (a), phase angle (b) and Nyquist (c, d) diagrams of two coated samples after 1 h immersion in 0.5 wt.% 
NaCl solution 
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Table 3 Corrosion current densities and corrosion 
potentials obtained for PEO and PEO-Clay coatings from 
polarization tests using Tafel extrapolation method 

Sample Jcorr/(nA·cm−2) φcorr (vs Ag/AgCl)/V 

PEO 99.6 −1.6176 

PEO-Clay 32.8 −1.5459 
 
process can be presented for the coatings with and 
without clay particles. The high frequency and low 
frequency spectra correspond to the outer porous 
layer and the inner compact layer of the plasma 
electrolyte oxidation coatings, respectively [65]. 
Dense inner layer plays the most important role in 
corrosion resistance of the coating [66]. Based on 
the Nyquist curves, the appearance of a larger 
capacitive loop for the PEO-Clay coating 
demonstrated that the addition of clay particles 
improved the corrosion resistance of the PEO 
coatings. Also, the more increase of the phase angle 
aperture after applying the PEO-Clay coating on the 
Mg substrate can be attributed to the more 
protective performance of this coating than coating 
without particle [3]. This behavior can be due to  
the formation of more closed pores and compact 
inner layer of the PEO coating with clay particles. 
Generally, it has been reported that the corrosion 
resistance of PEO coatings is related to the  
porosity [67]. Lower porosity and smaller pore size 
can lead to an enhancement in the corrosion 
resistance. Thus, superior corrosion resistance of 
the PEO-Clay coating can be due to the formation 
of smaller pores (Fig. 2(b)) which decreased the 
penetration of the solution to the interface. On the 
other hand, the formation of big pores and higher 
porosity of PEO coating can lead to the penetration 
of solution into the pores and acceleration of the 
corrosion [67]. 

Also, the formation of the amorphous phase in 
the PEO-Clay coating can be another positive factor 
in improving the corrosion resistance [68]. It is 
known that the amorphous materials exhibit a very 
good corrosion resistance due to lack of long-range 
order characteristics [69]. It has been reported that 
the amorphous layers helped to improve the 
corrosion resistance of the PEO coatings on Al [70] 
and Mg [59] alloys. It has also been found that the 
amorphous layers act as diffusion barriers and 
improve the corrosion resistance [70]. 

For better understanding of the overall 

corrosion properties of the coatings, the impedance 
spectra were fitted by an appropriate electrical 
circuit, as shown in Fig. 17. The choice of the 
circuit was a compromise between a reasonable 
fitting of the experimental values and an 
appropriate description of the electrochemical 
system by maintaining the number of circuit 
elements at a minimum [71]. Based on the Nyquist 
plots (Fig. 16(c)), the large capacitive loops at low 
frequencies correspond to the more compact inner 
layers. In contrast, the small capacitive loops at 
high frequencies are related to the outer porous 
layers. The results of the fitting are reported in 
Table 4. Different parameters are used to describe 
different components of the coatings. In this circuit, 
Rs represents solution resistance; Rin and Rout 
correspond to the inner barrier layer resistance and 
outer layer resistance, respectively. CPEin and 
CPEout are related to the constant phase elements of 
the inner layer and the outer layer, respectively [72]. 
The previous studies [29,30] on long-term EIS 
measurements for PEO and PEO-Clay coated 
samples in phosphate electrolyte have shown that in 
the beginning of immersion, two well-defined time 
constants in low frequency and high frequency are 
observed which were relevant to the inner and outer 
layers, respectively. In agreement with these 
findings, it can be said that in this study after 1 h 
immersion, two time constants were recognized for 
both coatings: the time constant in low frequency 
which was related to the inner layer and the time 
constant in high frequency which was assigned to 
the outer layer. Figure 17 shows the equivalent 
circuit used in this work. In Table 4, the higher CPE 
value of the PEO coating without clay particles can 
be related to the higher porosity [73], so the low 
charge transfer behavior of the PEO-Clay coating is 
 

 
Fig. 17 Schematic representation of equivalent circuit of 
coatings degradation 
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Table 4 Fitting results of experimental data for coated samples after EIS tests 

Sample Rs/ 
(Ω·cm2) 

Rout/ 
(Ω·cm2) 

Rin/ 
( Ω·cm2) 

CPEout/ 
(μF·cm−2·Sn−1) 

CPEin/ 
( μF·cm−2·Sn−1) nout nin 

PEO 183.6 0.88×105 2.24×105 0.5 7.97 0.79 0.98

PEO-Clay 90.67 1.92×105 5.9×105 0.15 4.19 0.82 0.95

 
due to its lower porosity. The impedance modulus 
at low frequency for PEO and PEO-Clay coatings 
was 312.96 and 782.65 kΩ·cm2, respectively, which 
was more than that of PEO coating with other 
additives like phosphate [74] and less than that 
reported for the flash-PEO [75] or polymeric 
coatings [76]. 
 
4 Conclusions 
 

(1) Clay particles with low melting point were 
successfully incorporated into the PEO coatings. 
The addition of clay particles led to the formation 
of bigger closed pores on the surface and higher 
roughness. 

(2) The wear examinations showed that the 
PEO coating with and without clay particles 
exhibited very similar wear rate and friction 
coefficient at 2 N load. However, under 5 and 10 N 
loads, the coating with clay particles showed  
higher wear rate and higher friction coefficient. 

(3) SEM morphology of the worn surfaces 
revealed that activation of a three-body abrasive 
wear mechanism led to high wear rates for the 
coating with clay particles. The occurrence of the 
adhesive wear was also confirmed based on the 
EDS results for the coatings tested at 5 and 10 N. 
The SEM evaluations of the worn surfaces of the 
balls showed that the level of wear was increased 
by increasing the loads. 

(4) The addition of clay particles improved the 
corrosion resistance by enhancing the barrier 
resistance of the aluminate-based PEO coatings. 
However, the effect of clay was not so remarkable 
on the corrosion of these coatings. Also, the 
corrosion improvement of the PEO-Clay composite 
coating was attributed to the formation of 
amorphous phase in the surface. 

(5) The addition of clay micro particles can 
deteriorate the wear resistance of Mg alloys because 
of the increased roughness and brittleness of the 
PEO coatings. However, reactive incorporation of 
the clay particles into the aluminate-based PEO 

coatings improved the corrosion resistance of 
AM50. 
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摘  要：采用等离子体电解氧化(PEO) 在 AM 50 镁合金表面制备涂层，研究添加黏土微粒对涂层显微组织、磨

损和腐蚀行为的影响。采用铝基电解液制备 PEO 涂层，在电解液中添加 5 g/L 黏土颗粒，并与未添加的作对比。

采用 SEM、EDS 和 XRD 对涂层的结构和成分进行表征。磨损测试采用球-盘式摩擦试验机，载荷为 2、5 和 10 N。

在 0.5%(质量分数)NaCl 溶液中，采用极化和电化学阻抗(EIS)实验研究涂层的腐蚀行为。结果表明，在 5 和 10 N
载荷下，添加黏土颗粒使涂层的耐磨性下降。磨损表面的 SEM 结果显示，含有黏土颗粒的涂层其磨损机制为黏

着磨损和磨粒磨损。含黏土涂层的磨损性能较差，与涂层的黏结强度较低、粗糙度较高有关。动电位极化实验表

明，添加黏土颗粒使涂层的腐蚀速率略微降低。EIS 结果表明，含黏土涂层的耐腐蚀性归功于其较好的致密度。 
关键词：磨损；腐蚀；黏土颗粒；等离子体电解氧化；镁合金 
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