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The Effect of BN or SiC Addition on PEO Properties of Coatings Formed  
on AZ91 Magnesium Alloy

Currently, due to the economic and ecological aspects, light alloys are increasingly important construction material, in particular 
in the transport industry. One of the popular foundry magnesium alloys is the alloy AZ91, which among others due to mechanical 
properties and technological features, is used, for example, for light structural parts. 

The paper presents the results of research on modification of the AZ91 alloy surface layer in the plasma electrolytic oxida-
tion process. The change of usable properties of the produced coatings was obtained by introducing additions of silicon carbide 
or boron nitride. The thickness and hardness of the protective layers produced, resistance to scratches and corrosion resistance 
were determined. Moreover, the friction coefficient of the coating-steel pair was investigated. The quality of the connections made 
between the coating and the substrate, i.e. the magnesium alloy, was also evaluated. The results obtained for coatings with silicon 
carbide or boron nitride additives were always compared to the results obtained for unmodified samples.

On the basis of the obtained results, it was shown that the introduction of boron nitride additive to the AZ91 alloy coating 
produced in the plasma electrolytic oxidation process significantly improves the resistance to: (i) corrosion and (ii) abrasive wear 
of the coating. 

Keywords: composite oxide film; abrasive wear resistance; corrosion behavior; scratch resistance; protective coatings

1. Introduction

The progress of civilization is manifested, inter alia, in 
the continuous improvement of manufacturing technology and 
the development of new, innovative materials. It is also one of 
the factors increasing people’s awareness, among others in the 
scope of: (i) environmental protection, e.g. by reducing green-
house gas emissions during the manufacture or operation of 
products, (ii) searching for alternative solutions to reduce the 
use of non-renewable energy sources and raw materials, and 
(iii) technologies aimed at waste-free manufacturing of products 
with considering their recycling. These economic and ecological 
aspects are of particular importance in the broadly understood 
transport industry. For this reason, in recent years, many sci-
entific centers have been conducting intensive research on the 
modification of light alloys, among others on the magnesium 
matrix. Magnesium alloys allow for a significant reduction in 
the weight of components, e.g. in comparison to standard steel 
products, while maintaining excellent strength properties [1]. 

This advantage is extremely important, especially in construc-
tions, which are expected to significantly reduce the cost of fuel 
consumption, including airplanes, spacecraft or public utility 
vehicles [2,3]. In addition, magnesium alloys also exhibit bio-
compatibility, useful in medical applications [2]. On the other 
hand, it is a material that tends to corrode under certain condi-
tions. This effect is particularly observable when the material is 
exposed in moist and polluted air since the oxide layer formed 
on the surface is then leaky. In addition, magnesium generally 
corrodes in an environment of pH <10.5. That is why numerous 
studies have been conducted to increase its usefulness, among 
others by applying protective coatings. 

Such coatings can combine the functions of both effective 
magnesium protection against corrosion and increased wear re-
sistance, e.g. abrasive. It is important that the coating produced 
on the surface of the alloy is characterized by uniformity, continu-
ity, non-porous and good cohesion with the substrate. The materi-
als of some of the new generation coatings may also exhibit the 
so-called ability to self-healing. Until recently, the most common 
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way to protect magnesium against corrosion was: (i) applying 
metallic galvanic coatings (e.g. chrome plating, nickel plating) 
or (ii) coating with conversion coatings (e.g. phosphate) [4]. 
These methods are very well known and provide relatively 
good corrosion protection. However, it should be remembered 
that regardless of the type of coating produced, the process of 
applying such a layer should be relatively inexpensive and safe 
for both people and the environment. These aspects constitute 
the greatest disadvantage of the aforementioned methods of 
applying protective coatings. That is why in recent years there 
has been a rapid development in the world of issues related to 
surface engineering aimed at developing alternative, more secure 
processes that enable the production of effective protection bar-
riers among others on magnesium alloys [5,6]. One of the more 
developing techniques that allow the formation of coatings on 
metals that are a dielectric oxide layer [7] and the modification 
of their surface is Plasma Electrolytic Oxidation (PEO). This 
process is also called Plasma Anodizing (PA) or Micro Arc 
Oxidation (MAO) [8].

The plasma oxidation technology is based on a similar 
principle to the classical anodizing process, but it uses high 
voltage up to a thousand volts. In addition, in both processes the 
oxidized object is an anode immersed in the electrolyte but with 
the difference that acid electrolyte is used for classical anodiz-
ing, while alkaline electrolyte during the plasma oxidation. The 
electrolyte must be continuously cooled during the process due 
to the exothermic nature of the process. The overheating of the 
electrolyte may result in cracking of the oxide coating produced. 
It is also recommended to continuously mix the electrolyte in 
order to maintain a constant concentration of ions in the entire 
electrolyte volume. Proper selection of the parameters of the 
entire process allows the creation of a ceramic coating coherent 
with the substrate, which is characterized by high hardness and 
decorative functions. In addition, they are homogeneous and 
resistant to galvanic corrosion [2,9,10]. The process of plasma 
oxidation was developed to remove, among other defects and 
imperfections of classical anodizing. The most important of 
them is the possibility of producing much thicker coatings and 
modifying their composition and thus their properties. Another 
advantage of PEO is the reduction of the number of processes 
preceding the stage of the coating production itself. In the case 
of plasma oxidation, the purification of the layer is limited to 
decreasing, which allows saving both time and the amount of 
equipment necessary to carry out the processes compared to 
classical anodizing. Based on the available research results, it 
is possible to predict the influence of the applied PEO process 
parameters on the properties and morphology of the coatings 
produced on magnesium, aluminum or titanium alloys [11-15]. 
There is also information on the influence of the structure and 
concentration of individual magnesium alloy components on 
the properties of protective layers obtained in the PEO pro-
cess [16-18]. On the other hand, limited information can be 
found on the materials in which PEO coatings were modified 
with additives [19-23] during production. The development of 
such a technology can be important both in order to improve 

the anti-corrosion and tribological properties of alloys. The 
research results presented in the article concern the impact of 
the use of boron nitride (BN) or silicon carbide (SiC) additives, 
introduced into the electrolyte composition, on the morphology, 
anti-corrosion and tribological properties of coatings made on 
the AZ91 alloy in the PEO process. 

2. Materials and Methods

The PEO process was carried out on an AZ91 magnesium 
alloy containing: Al 8.10 ÷ 9.30 wt.%, Zn 0.40 ÷ 1.00 wt.%, 
Mn 0.17 ÷ 0.35 wt.%. Cylindrical samples with dimensions: 
25.4 × 5 mm were used for the tests. Prior to the PEO process, 
magnesium alloy specimens were ground and polished using suc-
cessive grades of SiC coated abrasive papers up to 1200 grit to 
achieve a smooth surface. Next, samples were cleaned, in acetone 
for 10 min, ultrasonically, then washed in distilled water and 
finally rinsed in alcohol. The aqueous electrolyte solution con-
tained Na2SiO3x5H2O. The modified electrolytes were prepared 
by adding 5 g/L BN or SiC particles with an average diameter of 
2 µm and 3 µm, respectively to the base electrolyte. The volume 
fraction of BN or SiC added to the electrolyte was 0.14 vol.% and 
0.93 vol.% respectively. A PEO treatment electrolyte without the 
BN or SiC particles was utilized as a reference. During the PEO 
process, the samples and the wall of the stainless steel container 
were used as the anode and the cathode, respectively. A constant 
current density was maintained at 5.0 A/dm2 by modulating the 
positive and negative voltages. A maximum voltage of 400 V 
was set for the PEO process. The temperature of the electrolyte 
solution was always kept at ambient temperature by a cooling 
system. After the PEO treatment, each coated sample was washed 
thoroughly in distilled water and dried in the air immediately. 

The designation of the samples used in the tests, depending 
on the method of their preparation, is presented in TABLE 1. 

TABLE 1

The designation of the samples used in tests depending  
on the type of coating applied

No Sample designation The type of coating
1 AZ91 No coating 

2 PEO AZ91 Coating made in PEO process  
on the AZ91 alloy

3 PEO AZ91 SiC Coating with the addition of SiC, made 
in the PEO process on the AZ91 alloy 

4 PEO AZ91 BN Coating with the addition of BN, made 
in the PEO process on the AZ91 alloy 

The cross-sectional morphologies of coatings were exam-
ined using the scanning electron microscope (SEM, JSM5510LV).

The potentiodynamic polarization tests were performed 
using ATLAS 0531 UI&IA potentiostat cooperating with 
AtlasCorr05 software. Measurements were carried out in the 
environment of a 3.5% NaCl solution at an ambient temperature 
according to the methodology described in [24].
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Roughness measurement was performed by using the Mitu-
toyo Surftest SJ-301 profilometer. The measurement was made on 
a distance of 350 μm. The pressure of the head on the analysis ma-
terial was 0.75 mN. The moving speed of the head was 0.5 mm/s. 
Five tests were carried out for each of the samples tested. 

Microstructural observations were conducted using a Nikon 
Eclipse ME600 optical microscope with digital image recording.

The dry sliding wear properties of materials were investi-
gated using a ball-on-disk friction method. The T-01M device 
was used and two different rotational speeds of the disk – 0.2 m/s 
and 0.02 m/s. For each measurement, the friction distance was 
500 m, and the applied load was 10 N. As a counter-sample 
a 1.3505 bearing steel ball, with a 6 mm diameter, was used. 

The hardness test was carried out using the Rockwell 
method, on the F scale (using the Innovatest 600 MBDL device). 
While HV1 microhardness measurements were made using the 
Innovatest 400 device. Ten measurements were done for each 
variant of the sample. 

The assessment of the adhesion of the coating to the sub-
strate and its resistance to scratches in the micro-scale was made 
using a scratch test (using the MST3 device, Anton Paar). During 
the measurement, the pressure of the diamond indenter increased 
in a linear manner from 0.5 N to 5 N, at a rate of 4 N/min. The 

test was carried out on a 5 mm distance. The following param-
eters were registered: normal force, acoustic emission, and 
penetration depth.

3. Results and Discussion

All coatings produced in the PEO process were character-
ized by a good adhesion-diffusion bond with the substrate. The 
obtained coatings uniformly covered the surfaces of the samples 
and were homogeneous. Their thickness was about 10 μm, which 
was presented on representative areas of the coatings of the 
samples designated as PEO AZ91 and PEO AZ91 BN (Fig. 1). 

What is important, the coating surface, regardless of its vari-
ant, was characterized by a fine and homogeneously distributed 
porosity (Fig. 2). Thanks to this, it creates a compact barrier that 
protects the base material against the impact of the environment. 

Obtained results indicate a lack of significant influence of 
BN or SiC additives added to the electrolyte composition on: 
(i) the PEO process and (ii) the quality of the coatings produced. 
Moreover, they confirm that the oxidation process was carried 
out correctly. Coatings of similar morphology obtained in their 
research, among others Wang et al. [13].

Fig. 1. Cross-section microstructures of sample: a) PEO AZ91, b) PEO AZ91 BN. BM – base material, C – coating

Fig. 2. Surface morphology of the PEO coating modified with the addition of: a) BN, b) SiC



150

The results of roughness measurements of the tested sam-
ples are presented in TABLE 2. 

TABLE 2

Results of the AZ91 alloy roughness measurement, depending  
on the type of PEO coating applied and before it was made

No Sample Ra [µm] Rz [µm] Rq [µm]
1 AZ91 0.55 ± 0.04 3.74 ± 0.59 0.69 ± 0.01
2 PEO AZ91 0.95 ± 0.03 6.78 ± 0.71 1.21 ± 0.08
3 PEO SiC 0.96 ± 0.08 6.74 ± 0.64 1.21 ± 0.04
4 PEO BN 0.97 ± 0.01 6.99 ± 0.76 1.23 ± 0.01

The AZ91 alloy surface prepared for the PEO process 
was characterized by Ra and Rz parameters. Their values were 
0.55μm and 3.74 μm, respectively. Regardless of the electrolyte 
composition, after the oxidation process, the surface layer of the 
samples achieved a similar roughness, the Ra coefficient of about 
0.96 μm and Rz about 6.8 μm. This quality of the surface can be 
compared to the material›s roughness, which is obtained after 
using typical types of chip machining, for example, milling, 
cutting or drawing. The effect of surface roughness increase 
after the PEO process is related to the mechanism of coating 
growth, involving the electro-, thermal-, and plasma-chemical 
reactions, in particular, the occurrence of micro-porosity on its 
surface (Fig. 2) [25-28].

Fig. 3 presents the results of measurements of the HRF 
hardness and microhardness of the AZ91 alloy and samples with 
the produced protective layers. 

Fig. 3. Hardness and microhardness of the tested materials. Samples 
designation as described in Table 1

Based on the obtained results, it was found that the nature 
of registered dependencies of hardness changes on the type of 
samples tested was similar regardless of the measurement method 
used. The measured values have unambiguously confirmed that 
the use of plasma oxidation techniques increases the hardness 
of the magnesium alloy. In addition, the addition of additives 
in the form of BN or SiC to the coating allows an additional, 
about 18%, increase in the hardness of the material, which is 
particularly evident during microhardness measurements. Dur-

ing HRF measurements the hardness differences are less visible, 
which is a consequence of using a much larger penetrator and 
loading force, therefore the substrate affected the result more 
than oxidized thin surface layer.

Figures 4 and 5 show a comparison of changes in the coef-
ficient of friction depending on the rotational speeds of the disk 
used, 0.02 m/s and 0.2 m/s respectively. 

Fig. 4. The friction coefficient as a function of the sliding distance for 
the AZ91 magnesium alloy (without or with a coating) – steel 1.3505 
rubbing pair, using a rotational speed of 0.02 m/s

Fig. 5. The friction coefficient as a function of the sliding distance for 
the AZ91 magnesium alloy (without or with a coating) – steel 1.3505 
rubbing pair, using a rotational speed of 0.2 m/s

Based on the recorded results, it was found that the AZ91 
magnesium alloy without a protective coating exhibits a similar 
level of friction coefficient of approx. 0.3, regardless of the rota-
tional speed used. The increase in the coefficient of friction vis-
ible on the curves in the initial measuring range is most probably 
related to the process of piercing and removing the thin oxide 
layer spontaneously formed on the surface of the magnesium 
alloy. However, the formation of an oxide coating on the sur-
face of AZ91 alloy in the PEO process allowed for a significant 
reduction of the coefficient of friction. Values of approximately 
0.15 and 0.13 were obtained for the applied speeds of 0.2 m/s 
and 0.02 m/s, respectively. In addition, it was observed that the 
change of the coefficient of friction during ball-on-disc tests 
takes place on the way around 370 m for the speed of 0.02 m/s 
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and 100 m at the speed of 0.2 m/s. The introduction of SiC or 
BN additives into coatings made the material tested behave quite 
differently in the analyzed friction pairs. The presence of the 
SiC addition in the coating caused a continuous increase of the 
coefficient of friction from the beginning of the measurement 
until its stabilization, which followed the movement of about 
50 m regardless of the rotational speed used. The observed ef-
fect occurring in the initial stage of tests indicates the process of 
removing the produced coating during the measurement. This is 
confirmed by the fact that the stabilized value of the coefficient 
is about 0.3, and is practically identical to the value registered 
for the reference sample without coating.

On the other hand, the introduction of the BN additive 
into the PEO coating allowed not only to achieve the lowest 
friction coefficient among the tested surfaces, amounting to 
about 0.12 but more importantly its stabilization in practically 
the entire measuring range. Such an effect indicates very good 
sliding properties of the coating in conditions of technically dry 
friction with simultaneously high resistance to damage. During 
measurements at the rotational speed of 0.02 m/s, rapid changes 
in the coefficient of friction that may indicate damage to the 
coating were recorded after the distance of 440 m. However, 
the use of a speed of 0.2 m/s caused that the coefficient of fric-
tion on the distance up to 120 m in a very smooth way began 
to increase from 0.12 to 0.2, then it will remain stable until the 

end of the test. This value is still significantly lower than that 
obtained for the AZ91 magnesium alloy. The friction coefficient 
of the PEO BN – steel rubbing pair, can be compared to the 
values recorded in polyethylene – steel systems. 

Fig. 6 presents traces of the trajectory of the impact of 
the rubbing pair, left on the surface of the tested samples after 
the ball-on-disc tests. 

Only samples with PEO BN coating were characterized by 
negligible damage, in particular when the measurements were 
carried out at a rotational speed of 0.02 m/s (Fig. 6b). In addi-
tion, these samples were the only ones that showed slight weight 
loss after the tests. On all the other coatings produced, there are 
clear recesses associated with wiping the material through the 
counter-sample (Fig. 6c-d). The width of the marks formed is, 
however, slightly smaller compared to the abrasions visible on 
the surface of the AZ91 magnesium alloy base sample (Fig. 6a). 
It was also observed that the use of the speed of 0.02 m/s means 
that the traces created are irregular in character and additionally 
depressions are visible on their entire circumference. They testify 
to the accumulation in the trajectory of the abrasive movement of 
the material, which is then removed together with the adhesively 
bonded material. Such effects were not observed at the rotational 
speed of 0.2 m/s, which allows to state that the acting centrifugal 
force is so large that it removes abrasive products created on the 
surface of the material. 

Fig. 6. Traces of the trajectory of counter-sample interaction depending on the rotational speed used: 0.2 m/s – internal trace, 0.02 m/s – external 
trace for samples a) AZ91, b) PEO BN, c) PEO SiC, d) PEO 10



152

The assessment of the adhesion quality of the produced PEO 
coatings to the magnesium alloy was based on the scratch test 
results. Fig. 7 shows the acoustic emission (EA) change curves 
and the indentation (Pd) as a function of sliding distance and 
linear load increase (Fn) for all analyzed samples.

The most straight-line course of acoustic emission was 
recorded for the unmodified AZ91 alloy. Moreover, the process 
of sinking the diamond cone into this sample took place almost 
evenly throughout the whole test. For the remaining samples, 
regardless of the type of protective coating produced, two 
characteristic areas can be distinguished on the EA curves: (i) 

rectilinear, indicating no damage to the coating, and (ii) with an 
intensely changing amplitude of the measured signal, indicating 
the break of the surface layer continuity. The pierce of the shell 
can be read from the Pd curves in the area in which a sudden 
increase in the penetration depth of the indenter occurs. The re-
corded scratch test results showed that almost twice the load of 
the diamond indenter is required to damage the PEO BN coating 
as compared to the unmodified PEO layer (Fig. 7).

Fig. 8 presents Tafel›s curves of all analyzed samples. It is 
well known that the corrosion potential (Ecorr) is related to 
the thermodynamic feature, presenting the corrosion tendency, 

Fig. 7. Acoustic emission curves (EA) and indentation displacement (Pd) recorded during the scratch test as a function of distance and linear load 
increase (Fn) for sample: a) AZ91, b) PEO SiC, c) PEO BN, d) PEO 10

Fig. 8. Potentiodynamic polarization curves of investigated specimens 
in a 3.5% NaCl solution

while the corrosion current density (Icorr) explains the corro-
sion average rate of the area of the investigated sample. Gener-
ally, the lower the Icorr value, and the higher the Ecorr value, 
the corrosion resistance of the material is higher. This effect 
was observed for all samples with PEO coatings compared to 
the magnesium substrate. This phenomenon is commonly ob-
served and explained by the forming coating and/or the type of 
introduced particles that have high chemical stability [29-31]. 
Moreover, it is evident that the curves exhibit similar polarization  
behavior. 

In the anodic polarization curves, no passive regions were 
observed near the corrosion potential. Moreover, samples with 
produced PEO coatings were characterized by shifting the cor-
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rosion potential to a range of more positive values relative to the 
base alloy AZ91. Furthermore, the corrosion current of samples 
after plasma oxidation, regardless of their composition, is almost 
five orders of magnitude lower compared to the results registered 
for the unmodified magnesium alloy. However, the polarity 
resistance of materials after plasma oxidation increased by five 
orders of magnitude relative to AZ91 (TABLE 3). 

TABLE 3

Corrosion parameters of investigated samples

AZ91 PEO AZ91 PEO BN PEO SiC
Rpol [Ω*cm2] 71.5 5×106 10×106 3.3×106

Ecorr [V] –1.54 –1.34 –1.37 –1.38
Icorr [A/cm2] 4.0×10–4 7.8×10–9 2.6×10–9 1.3×10–8

The registered dependencies indicate increased corrosion 
resistance of materials with PEO coatings. The lowest corrosion 
current density and simultaneously the highest polarization re-
sistance value was measured for the PEO BN sample (TABLE 3). 
These results clearly confirm the highest corrosion resistance in 
NaCl solution of such a chemical composition of the coating. 
It was also observed that in the cathode range the potentiody-
namic curve of the magnesium alloy is smooth, whereas for all 
samples with coatings numerous peaks/refractions are visible 

(Fig. 8). The effect of introducing particles into the electrolyte 
on the produced PEO coating is not unequivocally explained and 
tested. Generally, it is postulated that the addition of appropriate 
particles can increase the corrosion resistance of the substrate 
made of magnesium or its alloys and improve its abrasion resist-
ance, strength, and hardness [31-34]. However, it depends on 
many parameters including: method of preparing the substrate, 
chemical composition of the substrate, zeta potential, particle 
size, volume fraction of reinforcement, melting point of particles, 
electrolyte composition, the energy of the discharges [35-37]. The 
enhancement of materials by the introduction of particles into the 
coating may also reduce the corrosion resistance of the created 
layer. Generally, it is a consequence of the loss of homogeneity 
of the coating as a result of the agglomeration of particles in the 
coating as a result of incorrectly selected process parameters or 
too high concentration of the reinforcement introduced into the 
solution. It has been shown that then numerous micropores can 
form in the coating, there may be a lack of cohesion between 
the introduced particle and the matrix or cracks appear on the 
surface of the coating [38-41]. As a result, they frequently lead 
to the formation of pitting corrosion.

Such a non-linear shape of curves indicates local loss of 
PEO coatings and the formation of corrosive cells. Microscopic 
observations of the areas affected by the 3.5% NaCl solution pre-
sented in Fig. 9, confirm the pitting corrosion of PEO coatings. 

Fig. 9. The surface of samples after potentiodynamic tests in a 3.5% NaCl solution (inside the red circle): a) AZ91, b) PEO BN, c) PEO SiC, 
d) PEO 10 
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4. Conclusions

Based on the obtained test results, it was found that among 
the three analyzed variants of coatings produced on the surface 
of AZ91 magnesium alloy, the best properties were character-
ized by layers to which BN was introduced in the PEO process. 
Such modification allowed obtaining a material with increased: 
(i) scratch resistance, (ii) microhardness, (iii) corrosion resistance 
in a 3.5% NaCl solution, and (iv) wear resistance by lowering 
the coefficient of friction under dry friction conditions – in 
comparison to the unmodified AZ91 magnesium alloy. 

Moreover, all PEO coatings were characterized by a good 
adhesion-diffusion bond with the substrate and a homogeneous 
distribution of thickness and roughness. 

It was also shown that the type of destruction of PEO coat-
ings, regardless of the type of additive added to them, in a 3.5% 
NaCl solution has a pitting character. 
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