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Abstract: The effect of the addition of graphite nanoparticles into the electrolyte used to produce plasma electrolytic oxidation  

(PEO) coatings on AZ91 and AZ80 magnesium alloys was studied. The corrosion and wear resistances of the obtained coatings were 

investigated. A solution that contained both phosphates and silicates was used as electrolyte. Moreover, two different PEO treatment 

times were studied. The corrosion resistance was analyzed with potentiodynamic polarization and EIS tests; the wear resistance was 

investigated with a flat on ring tribometer. The results were related to the morphology, microstructure, elemental composition and 

thickness evaluated with SEM analysis. The presence of the graphite nanoparticles increased the thickness, produced a densification 

of the coating and sealed the pores on the surface, thus improving both the corrosion and wear resistance. The increase in the 

corrosion and wear resistances was more evident for AZ91 than for AZ80 due to the higher aluminum content. 
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1 Introduction 
 

The use of magnesium alloys in engineering 

applications has increased in the last years due to the 

attractive combination of low density and high strength 

specific ratio [1,2]. The main problems that affect these 

alloys are the corrosion and wear resistances that resulted 

very low. This behaviour is attributed in literature to the 

high chemical activity of magnesium and to the unstable 

imperfect natural oxide film on its surface [3,4]. 

Plasma electrolytic oxidation (PEO) treatment of 

metals, derived from traditional anodizing, is a process 

that induces the formation of an oxide ceramic coating 

on metal surfaces thanks to the application of high 

voltages and high current densities [5,6]. The PEO 

coatings are harder than the magnesium substrate and are 

characterized by higher wear and corrosion resistance [7]. 

In fact, PEO coatings are adherent to the substrate and 

contribute to reducing the wear of magnesium alloys. In 

particular, the presence of secondary phases into PEO 

coating can improve the wear resistance of the samples. 

However, during dry sliding experiments, it was 

found that the friction coefficient of PEO coatings is 

higher than that of the magnesium substrate [8−10]. So, 

one objective of the scientific research in recent years 

was the development of composite PEO coatings 

characterized by higher tribological performance and 

lower friction coefficient. The addition of additives into 

the electrolyte induces significant changes in the 

resistance of the coatings. The introduction of zirconia 

particles was tested by some authors [11−13] in order to 

increase the hardness of the coating. More recent 

researches show that a good way to increase the 

tribological properties of PEO layers is the reduction of 

the friction coefficient by the introduction a solid 

lubricant into the coating. In this case, particles of solid 

lubricant, such as graphite, polytetrafluoroethylene 

(PTFE), MoS2, and WS2, are added directly into the 

electrolyte and dispersed with mechanical stirring or 

using special additives. During the formation of the  

PEO coatings the solid lubricant can be incorporated  

into the oxide ceramic coating. Using this approach  

some authors produced graphite- or MoS2-containing 

coatings on aluminum alloys using different types of 

electrolytes [14−16]. Other authors studied the effect of 

electric parameters on the embedding of Si3N4 

nanoparticles into TiO2 coatings [17,18]. 
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As discussed above, many papers can be found 

regarding the preparation of self-lubricant PEO coatings 

on aluminum and titanium alloys, but works regarding 

magnesium alloys are lacking. 

In this work, graphite nanoparticles were added into 

the PEO electrolyte in order to reduce the wear and 

friction coefficient of the magnesium alloy. The graphite 

nanoparticles were preferred to graphite particles 

because, as reported by LV et al [19], smaller graphite 

grains could be adsorbed more easily on the coating 

surface and thus embedded to the coatings. PEO process 

was performed at high current densities and with short 

treatment time using AZ91 and AZ80 magnesium alloys 

as substrates. Moreover, the influence of the addition of 

graphite nanoparticles on both the corrosion resistance 

and the microstructure of the obtained samples was 

evaluated. 

 

2 Experimental 
 

The samples of AZ91 and AZ80 magnesium alloys 

were used as substrates for PEO coatings. The samples 

were cut from ingots and, before PEO treatment, were 

polished by standard metallographic techniques and then 

degreased in ultra-sonicated acetone. The PEO 

electrolyte was an aqueous alkaline solution with 50 g/L 

of Na5P3O10, 50 g/L of Na2SiO3, 40 g/L of NaOH and   

3 g/L of graphite nanoparticles. The nanoparticles were 

dispersed in acetone before their addition to the PEO 

electrolyte. Samples without the addition of graphite 

were also produced to compare the results. 

A TDK-Lambda DC power supply of 400 V/8 A 

capacity was used during the plasma electrolytic 

oxidation process. 

A TEM image of the as-supplied graphite 

nanoparticles (<100 nm) is shown in Fig. 1. 

 

 

Fig. 1 TEM image of graphite nanoparticles 

 

During the process, the sample of magnesium alloy 

worked as anode whereas for the cathode a carbon steel 

mesh was used. The electrolyte was agitated with 

magnetic stirring and was kept at room temperature 

using a cooling bath. The treatments were carried out at a 

constant current density of 0.5 A/cm2 and the voltage 

variations were measured. Two different treatment times 

were used: 1 min and 3 min. 

The initial and final voltages, achieved during the 

treatment, were 70 and 100 V, respectively. The PEO 

coated samples were washed three times with a solution 

of deionized water and ethanol and then dried with 

compressed air. The coated samples were cut and the 

resulting cross-sections were mounted in epoxy resin and 

polished by standard metallographic techniques. The 

morphological features, the thickness of the coating and 

the elemental composition of both the surface and the 

cross-section of samples were investigated using a 

Cambridge Stereoscan 440 scanning electron microscope, 

equipped with a Philips PV9800 EDS. 

The analysis of the phases of the coatings was 

performed using a Siemens D500 X-ray diffractometer 

with a monochromatic Cu Kα radiation source (λ= 

0.15405 nm), working at 40 kV and 30 mA. 

In order to understand the influence of treatment 

time and graphite nanoparticles on the mechanical 

strength of the PEO layers, Vickers micro-hardness 

(HV0.1) was measured on polished cross section to avoid 

substrate contributions. 

Dry sliding tests were carried out on untreated and 

PEO-treated samples (5 mm × 5 mm × 70 mm) using a 

flat-on-cylinder tribometer (block-on-ring contact 

geometry, ASTM G−77 [20]), described in further detail 

elsewhere [21]. A 100Cr6 (AISI 52100) bearing steel 

cylinder was used as counter material, with a surface 

hardness of HRC 60 and a roughness of Ra=0.2 μm. 

Sliding tests were performed under conditions of ambient 

temperature and humidity (relative humidity ranging 

from 50% to 60%), at a fixed sliding speed of 0.3 m/s, a 

sliding distance of 500 m, and a normal load of 5 N. 

Friction force values were continuously recorded during 

each test as a function of sliding distance, by means of a 

bending load cell. Friction values were averaged over the 

steady state regime for each test and then averaged again 

over the 3 repetitions of each test. 

After the tests, wear scar depths and widths on 

sliders and cylinders were separately evaluated by stylus 

profilometry (tip radius: 5 µm). Wear depth values were 

obtained by averaging at least 3 profiles on each wear 

scar and then averaging again the mean values of each 

scar over the 3 repetitions of each test. Worn surfaces 

and wear debris were observed by Hirox KH 7700 

3D-digital microscope and SEM−EDS, in order to 

identify the dominant wear mechanisms. 

Potentiodynamic and electrochemical impedance 

spectroscopy (EIS) tests were carried out to study the 

corrosion resistance of the coatings. The potentio- 
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dynamic experiments were performed with an AMEL 

2549 potentiostat in a solution containing 0.05 mol/L 

NaCl and 0.1 mol/L Na2SO4, using as reference electrode, 

a saturated calomel electrode (SCE) and as counter 

electrode, a platinum electrode, with a scan rate of    

0.5 mV/s. The EIS tests were carried out in the same 

solution described above, at the value of the open circuit 

potential and in a frequency range between 1×105 Hz and 

1×10−2 Hz, using a perturbation amplitude of 10 mV. The 

impedance tests were recorded with a Materials 

Instrument Spectrometer coupled with the 2549 

potentiostat and the ZView software was employed for 

the fitting of impedance spectra. 

 

3 Results and discussion 
 

The samples of AZ91 and AZ80 magnesium alloys, 

treated at different treatment time, with and without 

graphite nanoparticles (as described in the experimental 

section) were characterized, by SEM observation, before 

corrosion and tribological testing. 

 

3.1 Surface analysis 

The SEM images of the cross section and surface of 

PEO-coated AZ91 samples are shown in Fig. 2 

(treatment without graphite nanoparticles) and Fig. 3 

(treatment with graphite nanoparticles). Both the 

treatments, performed for 1 and 3 min, produced a 

continuous coating, characterized by the typically porous 

surface of PEO-treated samples. Cross-section SEM 

images showed good bonding at the interface between 

the substrate and the coating in all treated samples. 

The main difference among the samples was the 

thickness of the PEO layer, which is summarized in 

Table 1. 

The thickness of the protective layer increased with 

the treatment time (in this time range), which was in 

agreement with Refs. [22−24]. Moreover, a comparison 

between the samples produced with and without graphite 

nanoparticles, showed that the presence of graphite in the 

electrolyte contributed to producing thicker coating. This 

behavior can be linked with the electrical conductivity of 

the graphite particles, which influenced the discharge 

processes during PEO treatment [19]. Moreover, the 

presence of the graphite nanoparticles produced 

microstructural changes in PEO coatings: in fact, in 

accordance with Ref. [19], a densification in the coating 

was observed. 

EDS spectra in Figs. 3(e) and (f) show that the 

barrier layer is rich in phosphates, whereas the porous 

layer is rich in silicates. 

The comparison of higher magnification cross- 

section images of the PEO layers on AZ91 samples is 

shown in Fig. 4. 

Cross-section analysis shows that, for the samples 

treated for 3 min, the typical microstructure of PEO 

coatings was obtained; in fact, as seen in Figs. 4(c) and 

(d), both the inner barrier layer and the external 

porous/technological one are clearly visible. Conversely, 

in the samples treated for 1 min, only the presence of the 

 

 
Fig. 2 SEM images of cross section (a, c) and surface (b, d) of PEO-treated AZ91 samples after being treated for 1 min (a, b) and   

3 min (c, d) (Both treatments were performed without graphite nanoparticles in electrolyte) 
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Fig. 3 SEM images of cross section (a, c) and surface (b, d) of samples after being treated for 1 min (a, b) and 3 min (c, d) and EDS 

spectra of Points A (e) and B (f) in Fig. 3(c) (Both treatments were performed with graphite nanoparticles in electrolyte) 

 

Table 1 Thickness and micro-hardness of PEO coatings on 

AZ91 and AZ80 magnesium alloys as function of treatment 

conditions 

Alloy Lubricant 
Thickness/μm  Hardness (HV0.1) 

1 min 3 min  1 min 3 min 

AZ91 
Without graphite 20±4 35±5  320±5 333±6 

With graphite 30±4 70±5  450±6 566±7 

AZ80 
Without graphite 30±3 50±5  370±4 437±5 

With graphite 35±6 60±5  400±5 468±4 

 

external layer was observed, due to the low thickness of 

the barrier layer (Figs. 4(a) and (b)). Figure 4 also clearly 

shows that the graphite nanoparticles filled the pores of 

PEO coating, as confirmed by EDS micro-analysis.  

For the AZ80 alloy, the results in terms of thickness 

and morphology of the oxide ceramic coating were 

similar to those obtained for AZ91 and the SEM images 

of the cross sections at high magnifications are shown in 

Fig. 5. 

Also for AZ80 alloy, the typically porous surface of 

PEO coatings can be observed in all the samples. All the 

coatings showed good uniformity and good bonding  

with the substrate. Only in the sample treated without 

graphite for 1 min, some adhesion problems were found, 

probably due to the metallographic preparation. Average 

thickness values for all the PEO-treated AZ80 samples 

are summarized in Table 1. Also in this case, the 

thickness of the PEO layer increased with the increase of 

the treatment time in the presence of graphite 

nanoparticles. Moreover, the densification of the coating 

occurred due to the presence of graphite nanoparticles. In 

analogy with the results obtained for AZ91, the graphite 

particles filled the pores that characterize the PEO layer, 

as confirmed by EDS analysis. The typical layered 

structures of the PEO coatings were observed in the 

samples treated for 3 min (Figs. 5(c) and (d)), whereas in 

the samples treated for 1 min (Figs. 5(a) and (b)), the 

inner barrier layer was less visible, due to the lower 

thickness. 
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Fig. 4 SEM images of cross sections of AZ91 alloy PEO-treated for 1 min (a, b) and 3 min (c, d) with (a, c) and without (b, d) 

graphite nanoparticles, and EDS spectrum of Point A in Fig. 4(c)  
 

 

Fig. 5 SEM images of cross sections of AZ80 alloy PEO-treated for 1 min (a, b) and 3 min (c, d) with (a, c) and without (b, d) 

graphite nanoparticles 
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In order to identify the phases formed on 

PEO-treated AZ91 and AZ80 alloys with graphite 

nanoparticles, XRD analysis was performed. The pattern 

of AZ91 is shown in Fig. 6 and the coating was mainly 

composed of MgO, Mg2SiO4 and Mg3(PO4)2. The 

presence of Mg was due to the reflection from the 

substrate, whereas the peaks of graphite were not 

observed, due to low amount. The results were similar 

for AZ80. 

 

3.2 Corrosion resistance 

The polarization curves for the samples of AZ91 

and AZ80 are shown in Fig. 7 and the values of corrosion 

current densities and corrosion potentials, extrapolated 

from the curves in Fig. 7, are summarized in Table 2. 

For AZ91, all the PEO-treated samples displayed an 

improved corrosion resistance compared with the 

untreated sample. In fact, all the PEO-treated samples 

were characterized by a corrosion current density, which 

is directly linked with the corrosion rate in the Faraday 

law, over one order of magnitude lower than that of the 

untreated sample. Moreover, also an increase in the 

corrosion potential was observed in the PEO-treated 

samples. The comparison among all the PEO-treated 

 

 

Fig. 6 XRD pattern of AZ91 alloy PEO-treated for 3 min with 

graphite nanoparticles 

 

samples showed that the sample treated for 3 min   

with graphite nanoparticles in the electrolyte was 

characterized by a considerable improvement in the 

corrosion performance: this sample, in fact, showed an 

ennoblement in the corrosion potential of 0.5 V and a 

corrosion current density of two order of magnitude 

lower  than  that  of  the  other  PEO-treated  samples 

 

 

Fig. 7 Potentiodynamic polarization plots of AZ91 (a, b) and AZ80 (c, d) samples PEO-treated for 1 min (a, c) and 3 min (b, d)  

(Test solution: 0.1 mol/L Na2SO4 + 0.05 mol/L NaCl) 
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Table 2 Corrosion potentials and corrosion current densities obtained for different PEO-treated samples from potentiodynamic 

polarization tests 

Material Treatment Corrosion current density/(A·cm−2) Corrosion potential/V 

AZ91 Untreated 4.0×10−5 −1.87 

AZ91 PEO 1 min, with graphite 6.0×10−7 −1.72 

AZ91 PEO 3 min, with graphite 4.1×10−9 −1.18 

AZ91 PEO 1 min, without graphite 2.0×10−6 −1.70 

AZ91 PEO 3 min, without graphite 6.0×10−7 −1.75 

AZ80 Untreated 3.5×10−5 −1.82 

AZ80 PEO 1 min, with graphite 3.5×10−6 −1.70 

AZ80 PEO 3 min, with graphite 2.0×10−7 −0.67 

AZ80 PEO 1 min, without graphite 2.2×10−6 −1.72 

AZ80 PEO 3 min, without graphite 9.0×10−6 −1.56 

 

(Fig. 7(b)). This behavior was related to the surface 

morphology, previously described. The coating in the 

samples treated for 3 min with graphite was thicker than 

all the other PEO coatings and the characteristic PEO 

pores present on the surface, were filled by the graphite. 

Moreover, the coating obtained with graphite 

nanoparticles was denser, thus improving the barrier 

effect of the oxide ceramic coating. These effects were 

less remarkable for the samples treated for 1 min with 

graphite (Fig. 7(a)), probably due to the thinner coatings. 

In fact, the sample treated for 1 min with graphite 

nanoparticles showed a corrosion resistance of only one 

order of magnitude lower than the one of the sample 

treated without graphite nanoparticles. 

For the AZ80 alloy, the anodic polarization plots are 

shown for the samples treated for 1 min in Fig. 7(c) and 

for the samples treated for 3 min in Fig. 7(d). Also for 

this alloy, all the PEO-treated samples exhibited an 

improved corrosion resistance compared with the 

untreated samples, with a decrease of more than one 

order of magnitude in the corrosion current density and 

an ennoblement in the corrosion potential. Also in this 

case, a remarkable improvement in the corrosion 

resistance was observed for the sample treated for 3 min 

with graphite nanoparticles, with a decrease of one order 

of magnitude in the corrosion current density and an 

increase of about 1.1 V in the corrosion potential, in 

comparison with other PEO-treated samples. The 

corrosion performance was correlated with the surface 

morphology, and in particular with the thicker, denser 

and “graphite filled” oxide ceramic coating of the sample 

obtained with the treatment of 3 min with graphite 

nanoparticles in the electrolyte. 

EIS tests were performed to better understand the 

corrosion behavior of different samples. The equivalent 

circuits shown in Fig. 8 were used to fit the experimental 

data with the software Z-view. The Randles circuit   

(Fig. 8(a)) was employed for the untreated substrates, 

since only the natural oxide layer was present, whereas 

for the coated samples, the circuit shown in Fig. 8(b) was 

used. This circuit was ordinarily used to fit EIS data 

coming from PEO-coated samples [25,26], where R1 is 

the resistance of the solution; R2 is related to the 

polarization resistance of the external porous layer; R3 

represents the polarization resistance of the internal 

barrier layer. In the circuit a constant phase element 

instead of a capacitance was used, since often the 

measured capacitance is not ideal. In this case, CPE1 is 

correlated with the porous layer, whereas CPE2 with the 

barrier layer. 

The impedance representation of CPE is written as 
 

Z(CPE)=1/[Q(jω)n]                           (1) 
 

where ω is the angular frequency and Q is the constant 

phase element. The number n is an empirical exponent 

and can assume the value of 1 in the case of a perfect 

capacitor, and 0 in the case of a perfect resistor. If the 

value of n is less than 1, Q behaves as a capacitor. If the 

value of the exponent n is approximately 1, Q is similar 

to a pure capacitor and can be considered valid the 

well-known Eq. (2): 
 

C=ε0εA/dox                                  (2) 
 

where C is the capacitance; ε0 is the permittivisty of 

vacuum; ε is the dielectric constant; A is the effective 

area; dox is the thickness of the oxide layer. 

The results for the AZ91 magnesium alloy, reported 

in terms of Nyquist plots, and the results of the fitting of 

the experimental data (where a good fitting quality was 

obtained with a Chi square value that varied between 

0.001 and 0.01) are shown in Figs. 9(a) and (b) and  

Table 3. 

The reported EIS data confirmed the results coming 

from potentiodynamic polarization tests. The PEO- 

treated samples were characterized by higher corrosion 

performances if compared with the untreated ones. In  
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Fig. 8 Equivalent circuits employed for curve fitting of untreated sample (a) and of other treated samples (b) 

 

 

Fig. 9 Nyquist plots of AZ91 (a, b) and AZ80 (c, d) samples PEO-treated for 1 min (a, c) and 3 min (b, d) (Test solution: 0.1 mol/L 

Na2SO4 + 0.05 mol/L NaCl) 

 

Table 3 Fitting results of experimental data for AZ91 magnesium alloy samples after EIS tests 

Treatment R1/(Ω·cm2) R2/(Ω·cm2) R3/(Ω·cm2) Q1/(F·Hz1−n) Q2/(F·Hz1−n) n1 n2 

Untreated 19.2 67 − 1.9×10−5 − 0.91 − 

PEO 1 min, without graphite 22.4 401 8436 9.3×10−4 9.74×10−6 0.84 0.91 

PEO 1 min, with graphite 21.3 5623 50426 1.5×10−5 1.9 ×10−7 0.87 0.9 

PEO 3 min, without graphite 20.5 501 10868 2.1×10−5 9.86×10−7 0.87 0.96 

PEO 3 min, with graphite 24.3 8003 100580 3.9×10−5 3.6×10−8 0.86 0.86 
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fact, an increase of several orders of magnitude in the 

polarization resistance was recorded. The samples treated 

without graphite nanoparticles in the electrolyte showed 

a similar behavior to the sample treated for 3 min that 

was characterized by only slightly higher values of R2 

and R3. However, the difference in the thickness of the 

coatings, which was found during SEM analysis, was 

confirmed by the fact that the value of Q2 in the sample 

treated for 1 min is one order of magnitude higher than 

that of the sample treated for 3 min. The difference in the 

values of Q1 is less important. Considering the samples 

treated with graphite nanoparticles, for both the 

treatments (1 and 3 min), a remarkable increase in the 

corrosion resistance was recorded if compared with the 

samples without graphite treatment. An increase both in 

the values of R2 and R3 can be noted, together with a 

decrease in the values of Q2. This fact can be linked with 

the presence of graphite that closed the pores on the 

surface of the sample and caused a variation in the 

discharge mechanism allowing to obtain thicker and 

denser protective coatings, if compared with the 

corresponding samples treated without graphite. The 

sample with the best corrosion performance resulted   

to be the one treated for 3 min with graphite 

nanoparticles: this sample was characterized by the 

highest values of R2 and R3. Moreover, the sample was 

also characterized by the lowest value of Q2 and, thus, it 

was characterized by the presence of the thickest 

protective layer, confirming the results previously 

reported in Section 3.1 (surface analysis). It should be 

noted that with EIS analysis it was possible to appreciate 

the improvement in the corrosion resistance of the 

sample treated for 1 min with graphite in comparison 

with the sample treated for the same time, but without 

graphite nanoparticles. 

EIS tests were also performed on the AZ80 

magnesium alloy samples and the results, reported in 

terms of Nyquist plots, and the fitting of the 

experimental data (where a good fitting quality was 

obtained with a Chi square value that varied between 

0.008 and 0.01) are reported in Figs. 9(c) and (d) and 

Table 4. 

Also for AZ80 magnesium alloy EIS test was 

carried out to better evaluate the corrosion performance 

of different samples. The Nyquist plots showed that all 

the PEO-treated samples exhibited a remarkably higher 

corrosion performance than the untreated sample, with 

an increase of several orders of magnitude in the 

polarization resistance. 

The samples treated for 1 and 3 min without 

graphite in the electrolyte had a similar corrosion 

behavior: only a slight increase in the value of R3 and a 

slight decrease in the value of Q2 were observed for the 

sample treated for 3 min, characterized by a thicker 

protective layer. The samples treated for 1 and 3 min 

with graphite showed a similar corrosion resistance and 

were characterized by a value of R3 almost one order of 

magnitude higher if compared with the samples treated 

without graphite. This fact can be explained with the 

presence of the graphite particles that filled the pores, 

increasing the barrier effect of the coating. Regarding the 

values of Q2, a comparison of the samples treated for the 

same time with and without graphite nanoparticles 

showed that the presence of graphite induced a decrease 

in the value of Q2 and so an increase in the thickness of 

the coating (in agreement with microstructural 

observations in Section 3.1). This fact was correlated 

with the modification in the discharge phenomena 

produced by the conductive graphite particles. Also for 

AZ80, EIS analysis allowed to better evaluate the 

corrosion resistance of different samples, due to its 

higher precision than anodic polarization tests: in 

particular, the behavior of the sample treated for 1 min 

with graphite particles was better explained. 

Comparing the above two different magnesium 

alloys, the effect of the PEO treatment on the corrosion 

performances was more important for the AZ91 samples 

than for the AZ80 ones. This fact is in accordance with 

the literature, regarding the influence of alloy 

composition on the characteristics of PEO coatings on 

magnesium alloys [27,28], where the authors reported 

that increasing the aluminum content in the alloy 

produced an increase in the corrosion and mechanical 

properties of the PEO-coated samples. 

 

3.3 Microhardness 

In order to understand the influence of treatment 

time and graphite nanoparticles on the mechanical 

properties of the PEO layers, Vickers microhardness 

(HV0.1) tests were carried out in polished cross section. 

The results of micro-indentation tests on both 

PEO-treated alloys are shown in Table 1. 
 

Table 4 Fitting results of experimental data for AZ80 magnesium alloy samples after EIS tests 

Treatment R1/(Ω·cm2) R2/(Ω·cm2) R3/(Ω·cm2) Q1/(F·Hz1−n) Q2/(F·Hz1−n) n1 n2 

Untreated 18.6 350 − 8.53×10−5 − 0.93 − 

PEO 1 min, without graphite 20.4 400 3940 7.4×10−5 9.2×10−5 0.93 0.88 

PEO 1 min, with graphite 19.2 476 19312 3.4×10−5 2.59×10−5 0.94 0.91 

PEO 3 min, without graphite 20.2 450 5365 1.67×10−5 2.03×10−5 0.92 0.91 

PEO 3 min, with graphite 19.6 2882 18459 5.1×10−5 4.5×10−6 0.96 0.96 
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For both the alloys, an increase in the treatment 

time produced an increase in the hardness of the coating, 

which is in agreement with literature data, indicating that 

an increase in the thickness of the coating produces an 

increase in the hardness [29]. Moreover, it was observed 

that the presence of graphite in the electrolyte produced 

an increase in the hardness in comparison with the 

samples obtained without graphite. This fact was related 

to microstructural changes in the coating: the presence of 

the graphite nanoparticles produced a densification of the 

coating and, usually, a denser coating is characterized by 

higher values of hardness. Similar behavior was found 

for graphite-containing PEO coating produced on 

aluminum alloys [19,30]. The increase in the hardness 

with the presence of the graphite nanoparticles was 

higher for AZ91 than that for AZ80 magnesium alloy. 

 

3.4 Tribological behavior 

Dry sliding tests were carried out on AZ91 and 

AZ80 samples according to different PEO process 

parameters (treatment time, presence or absence of 

graphite nanoparticles). Comparative tribological tests 

were also performed on the untreated alloys as reference. 

As regarding friction, representative plots of the 

coefficient of friction (COF) recorded during the test as a 

function of sliding distance for different samples 

(untreated substrate and PEO-treated samples after 1 min 

with graphite nanoparticles) are compared in Fig. 10(a). 

The plots for PEO treatments carried out for 3 min on 

AZ80 with or without graphite nanoparticles are shown 

in Fig. 10(b). In all sliding tests, the untreated substrates 

gave highly comparable friction results (i.e., nearly 

completely overlapping COF vs sliding distance plots), 

therefore, only one of the untreated substrates (AZ80) 

was added in these comparisons, so as to make Figs. 10(a) 

and (b) more readable. A full presentation of average 

COF data can be found in Figs. 11(a) and (b). 

The plots in Fig. 10(a) show that PEO-treatment 

increased the coefficient of friction of the alloys, due to 

the abrasive action of the rough and hard treated surface 

on the counterfacing steel. This COF enhancement on 

going from the untreated alloys (COF ~ 0.8 in dry sliding 

conditions [31] to the PEO-treated samples), was well 

documented in Refs. [32−34]. 

Moreover, the plots in Fig. 10(a) show that both 

PEO-treated alloys (after 1 min of treatment, with 

graphite nanoparticles) underwent a transition from high 

to low friction values. In fact, at sliding distances of 

150−200 and 250−300 m, a sharp decrease of COF was 

recorded for AZ91 and AZ80, respectively. Such a 

transition is due to onset of damage of the PEO layer (as 

demonstrated also by wear depth values and wear 

morphologies, discussed below) and subsequent 

involvement of the magnesium alloy substrate in the 

 

 
Fig. 10 Comparison of coefficient of friction as function of 

sliding distance for PEO-treated alloys (both after 1 min 

treatment, with graphite nanoparticles) and for untreated 

substrate (AZ80) (a) and coefficient of friction as function of 

sliding distance for PEO-treated AZ80 after 3 min treatment, 

with or without graphite nanoparticles, compared to untreated 

substrate (b) 

 

contact: after coating failure, the COF values for both 

PEO-treated alloys decreased down to values which are 

typical of the untreated magnesium alloy vs steel contact. 

The higher sliding distance to friction transition (i.e., the 

longer life) of the PEO-treated AZ80 alloy, can be 

explained considering the higher thickness of PEO 

coating: 50 and 30 μm for AZ91, treated in the same 

conditions. 

When increasing the treatment time from 1 to 3 min 

(Fig. 10(b)), a friction increase in comparison with the 

untreated substrate can be observed, as already discussed 

for samples treated for 1 min. However, the addition of 

graphite in the electrolyte slightly decreased the COF, 

more noticeably when a steady-state condition was 

achieved (after about 150 m). The plots in Fig. 10(b) also 

show that, after 3 min treatment, no friction transitions 

(related to wear-induced failure of the PEO layer) took 

place during sliding, indicating a beneficial influence of 

treatment time prolongation on wear resistance. 

The average COF value as a function of treatment 

condition (treatment time and presence or absence of 

graphite) is shown in Figs. 11(a) and (b). 
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Fig. 11 Average coefficient of friction as function of PEO treatment time, with or without graphite nanoparticles, for AZ91 (a) and 

AZ80 (b) and wear scar depth as function of PEO treatment time, with or without graphite nanoparticles, for AZ91 (c) and AZ80 (d) 

 

The average COF data in Figs. 11(a) and (b) 

demonstrated that the addition of graphite nanoparticles 

was more effective in reducing friction in the case of the 

AZ91 alloy (Fig. 11(a)), for which also more remarkable 

variations of thickness, hardness and corrosion resistance 

were observed than for AZ80 (Fig. 11(b)). In detail the 

presence of graphite permitted to obtain a denser coating 

and work as solid lubricant reducing the friction 

coefficient. The effect was more visible in the alloy with 

higher content of aluminum (AZ91) in accordance with 

the results regarding the corrosion resistance and the 

hardness [27]. 

The average wear depth data are summarized in 

Figs. 11(c) and (d). As already pointed out when 

discussing friction data, a beneficial influence on wear 

resistance of treatment time prolongation from 1 to 3 min 

was observed: after 3 min PEO treatment, the wear depth 

was not detectable for all the coatings. In fact, in these 

conditions, profilometric measurements on wear scars 

only highlighted the presence of shallow and 

non-uniform polishing marks, combined with a thin 

transfer layer of iron oxides, due to tribo-oxidation of  

the steel counterface (as shown also by 3D digital 

micrographs in Fig. 12, where the iron oxide transfer 

layers appear red-brown). The images of wear scars in 

Fig. 12 also show that iron oxide tended to be less 

adherent on the surface of samples treated with graphite 

(Figs. 12(b)−(d)) than on the surface of samples without 

graphite (Figs. 12(a)−(c)), probably due to the lubricity 

of graphite. 

However, the increase of treatment time from 1 to  

3 min led to an increase of wear resistance for all the 

alloys, both with and without graphite nanoparticles. In 

fact, increasing treatment time generally increased the 

thickness of PEO layers (Table 1), which, in turn, 

directly influenced the load bearing capacity of the 

treated surface and thus played a significant role in 

preventing the adhesive/abrasive wear of the magnesium 

alloy substrate, as observed also by BLAWERT       

et al [32]. 

Wear data in Fig. 11 also show that, when the 

PEO-layers obtained by 1 min treatment failed, the wear 

depth became higher than that of the untreated substrates, 

due to the more efficient abrasive action of hard 

fragments from the PEO layer. This was demonstrated by 

extensive ploughing marks on the substrate, emerging at 

the center of wear scars after coating failure, as shown by 

SEM images in Fig. 13 (Region 3). When the coatings 
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Fig. 12 Wear scar morphologies (3D-digital micrographs) of PEO-treated surfaces obtained by 3 min treatment after sliding against 

100Cr6 steel: (a) AZ91, without graphite; (b) AZ91, with graphite; (c) AZ80, without graphite; (d) AZ80, with graphite 

 

 

Fig. 13 Wear scar morphologies (SEM images) of PEO (1 min)-treated surfaces after sliding against 100Cr6 steel: (a) AZ91, with 

graphite; (b) AZ80, without graphite; (c) AZ80, with graphite (AZ91 without graphite was not reported because it did not show a 

uniform and detectable wear scar depth. All the images were taken on the exit side of the wear scar, so as to show different regions: 

the unworn PEO layer, out of the wear scar (Region 1), the worn PEO layer (Region 2) and the worn substrate (Region 3), appearing 

in the center of the scar after the failure of the PEO layer) 

 

did not fail for all the durations of the test (i.e., in the 

case of all the PEO layers obtained by 3 min treatment), 

the wear depth of the treated alloys was two orders of 

magnitude lower than that of the untreated ones. 

In the case of AZ91 (Fig. 11(c)), the comparison of 

1 min PEO treatment with or without graphite 

nanoparticles, showed that samples treated with graphite 

displayed a higher wear depth than those without 

graphite. This was probably due to their relatively high 

hardness, not combined, at the lowest treatment time, 

with a thickness increase as high as that obtained at    

3 min. Therefore, in this case, the higher hardness of the 

PEO layer with graphite probably led to a more efficient 

micro-crack driven coating removal mechanism [35]. 

 

4 Conclusions 
 

1) Samples of AZ91 and AZ80 magnesium alloys 

were PEO-treated using silicate- and phosphate-based 

alkaline solutions. The influence of graphite 

nanoparticles and treatment time on microstructure, 

corrosion, microhardness and tribological behavior was 

investigated. 

2) The use of graphite nanoparticles produced 

PEO-layers with the pores almost totally filled up by 

graphite and the coatings were denser and harder than the 
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ones obtained without graphite. 

3) The coatings mainly consisted of magnesium and 

aluminum oxides, silicates and phosphates in accordance 

with the composition of the substrate and of the 

electrolyte. 

4) Anodic polarization and EIS tests showed    

that graphite nanoparticles improved the corrosion 

performance of the coatings, in comparison with the 

coatings treated for the same time but without graphite. 

The graphite-containing coatings are characterized by 

higher hardness if compared with the ones without 

graphite. 

5) Tribological tests showed that the prolongation of 

treatment time led to an increase of wear resistance. The 

addition of graphite nanoparticles to the electrolyte 

limited the formation of transfer layers on the worn 

surfaces and, mostly in the case of alloy AZ91, decreased 

the coefficient of friction by comparison with the 

PEO-treated surface without graphite. 

6) Considering the two different magnesium   

alloys, the increase in the hardness and the corrosion 

resistance with the addition of graphite nanoparticles is 

more relevant for AZ91 alloy, where the aluminum 

content is higher. Also the improvement in the 

tribological performances is higher for AZ91 than for 

AZ80. 
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AZ91 和 AZ80 镁合金表面含石墨纳米颗粒的 

PEO 涂层的摩擦和腐蚀行为 
 

L. PEZZATO1, V. ANGELINI2, K. BRUNELLI1, C. MARTINI2, M. DABALÀ1 

 

1. Department of Industrial Engineering, University of Padua, Via Marzolo 9, 35131 Padova, Italy; 

2. Department of Industrial Engineering, Alma Mater Studiorum, 

University of Bologna, V. le Risorgimento 4, 40136 Bologna, Italy 

 

摘  要：用等离子电解氧化(PEO)法在 AZ91 和 AZ80 镁合金表面制备涂层，研究在电解液中添加石墨纳米颗粒

对涂层的耐腐蚀性和耐磨性能的影响。所用电解液为含有磷酸盐和硅酸盐的碱性溶液，并采用两种不同的 PEO 处

理时间(1 min 和 3 min)。用动电位极化法和电化学阻抗谱(EIS)分析涂层的耐腐蚀性，用平面−盘式滑动摩擦实验

测试其耐磨性能。用扫描电镜及能谱仪(SEM−EDS)观察涂层的组织形貌、微观结构、元素组成和涂层厚度。结果

表明，石墨纳米颗粒增加了涂层的厚度，封闭了表面的孔隙，使涂层更致密，因此提高了其耐腐蚀性和耐磨性能。

由于 AZ91 具有更高的铝含量，其耐腐蚀性能和耐磨性能的提高比 AZ80 更显著。 

关键词：等离子电解氧化；耐磨性；耐腐蚀性；镁合金；石墨纳米颗粒 
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