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 A B S T R A C T 

Anodized AZ31 Magnesium Alloys was synthesized via 
electrodeposition processes. The aim of this work was to determine 
the mechanical and tribological response of the anodized AZ31 
Magnesium alloy with different current densities immersed under 
cement concrete paste with different solidification times. The samples 
of the anodized alloy were characterized by microindentation so, the 
mechanical properties (micro-hardness) was increased by 32 % when 
the magnesium alloy was anodized with a current density of 25 
mA/cm2, in this sense the friction coefficient between the anodized 
AZ31 magnesium (MgO) obtained with the highest current density 
and the metallic AZ31 alloy exhibited a reduction of 54.5 %. The 
scratch test and wear rate (abrasive sliding of cement concrete) show 
an increase in the critical load and a reduction of weight loss as a 
function of the applied current density around of 49 % and 92.3 %, 
respectively. Scanning electron microscopy was performed to analyze 
morphological surface changes on the anodized AZ31 alloy after 
tribological tests. The tribological behavior of the anodized 
AZ31/MgO system indicates that the AZ31/MgO coatings can have a 
promising future in applications for the civil construction industry. 
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1. INTRODUCTION  
 
Every day the construction of civil works demands 
more novel processes that allow meeting the high 
demand applications in the construction industry. 
Therefore, civil structures based on cement set 
require procedures that guarantee a fast pouring 
and drying, which implies that the cement set 

(concrete ceramic) contain additives such as super 
plasticizers that help the rapid solidification. 
Furthermore, the devices that allow to give an 
established geometrical shape to the cement in its 
fresh state or scaffold must also have 
characteristics that allow a fast solidification of the 
concrete and an easy demolding to obtain the 
solidified structure [1,2]. Taking into account the 
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above, the magnesium scaffold (forms) arise as an 
alternative that meets the requirements in the 
demolding process; however, they are wear and 
adhesion problems between the magnesium 
scaffold and the solidified, hardened concrete [3,4]. 
In this sense the tribological wear in magnesium 
forms presents a problem in the industrial sector 
due to its high use in the civil constructions works. 
Moreover, various authors have reported the 
abrasive and adhesive wear suffered by 
magnesium alloys under various conditions such 
as casting alloys and molds for concrete hardening 
[5,6]. Taking into account the above, when the 
wear effect is severe it reduces the industrial 
applications, therefore, the need arises to apply a 
treatment on the magnesium alloy’s surface to 
increase the ranges of application, then the 
anodizing processes have been an alternative for 
improving the properties of AZ31 alloys. Thus, the 
anodizing process result produces, among other 
effects, a MgO layer which, due to its the ceramic 
nature, cooperates in the wear resistance by 
generating severe slip, thus reducing the excessive 
wear rates [7,8]. To obtain the stable, resistant and 
durable MgO layer, the variables in the anodizing 
process are fundamental; consequently, the 
current densities, the immersion time, and the 
type of alkaline solution can modify the thickness, 
the mechanical properties, wear and corrosion 
resistance when the AZ31/MgO system is exposed 
in aggressive environments under corrosive 
solutions and under products obtained by ceramic 
concrete solidification [9-11].  However, in 
scientific literature few studies have focused on 
the anodized Mg (AZ31) alloy and its interaction 
with solidified cement concrete (ceramic paste). 
Therefore, this research studied anodized MgO 
coatings which were obtained on metallic 
AZ31substrates using different current densities 
for the anodizing process. The AZ31/MgO system 
was analyzed under abrasive wear conditions 
through the wear in inclined plane, by sliding the 
fresh concrete (ceramic paste) onto the anodized 
alloy surface in order to determine its possible 
applications for the civil construction industry. 

 
 
2. METHODS AND MATERIALS 

 
AZ31 magnesium alloy samples were deposited 
into a square area of 2 mm2, and the working 
surface was submerged in electrolyte (1 mm2); 
moreover, the samples were polished with 
abrasive papers, followed by emerging them in 

isopropyl alcohol. All anodizing experiments were 
performed in 250 mL of modified Harry 
Evangelides (HAE) solution which contained KOH 
(132 g/L), Al(OH)3 (27.2 g/L), K2F2 (27.2 g/L), 
Na3PO4 (27.2 g/L), and KMnO4 (15.2 g/L) [12]. The 
anodizing processes were carried out at current 
density values of 15, 20 and 25 mA/cm2, 
performed at 30°C in 60 min. Morphological 
surface properties in the anodized magnesium 
were studied by scanning electron microcopy 
(SEM) using a JSM 6490LV JEOL. The mechanicals 
properties (Vickers hardness) were carried out by 
using a microindenter, (ZWICK Roell Indectec) 
with a pyramid-shaped diamond tip and a base 
angle of 136°. A constant load of 0.2 kg was applied 
and a holding time of 20 seconds to observe the 
indentation trace by means of a microscope with a 
400X magnification; the average of the diagonals of 
the square footprint was determined to perform 
the hardness calculation in agreement with ASTM 
E384 [13]. Tribological characterization was done 
by means of a Microtest, MT 400-98 tribometer, 
using an alumina (Al2O3) ball with 6 mm in 
diameter as a pin in order to make reference to the 
fact that the tribological pair corresponds to 
surfaces of a ceramic nature. The applied load was 
0.5 N with a total running length of 800 m. The 
layer’s adherence was studied by using a Scratch 
Test Microtest MTR2 system, applying a scratch 
length of 6 mm and a raising load of 0 N –60 N. The 
ceramic paste formulation was made taking into 
account the optimal water - cement ratio and the 
dosage used to make the ceramic paste (mortar) 
for the mechanical tests are presented in Table 1. 
 
Table 1. Dosing of the ceramic paste (concrete 
cement or mortar) used in the tensile tests to 
determine the adhesive behavior between the AZ31 
alloy and the cement concrete. 

Specification for ceramic 
paste design 

Value 
ASTM 
(Ref.) 

Water/cement ratio 0.67 
 

C-187-86 
[14] 

Aggregate/cement ratio 3 
Cement 32.8 g/cm3 

Accelerator (% cement weight) 1% 
Sand granulometry   

Maximum nominal size 2.4 mm  
C-136:2005 

[15] 
Type of sand Angular 

Fineness module 2.61 
Features fresh (ceramic paste)   

Fluency 115 
C-230-90 

[16] 
Mechanical properties 

(ceramic paste) 
  

Mechanical resistance (7 days) 16.96 MPa 
C-230-90 

[16] 
Mechanical resistance (28 

days) 
22 MPa 
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                                    (a)                                           (b) 

Fig. 1.  Experimental assembly of the wear simulation 
of anodized AZ31 alloy at different current densities 
with fresh concrete. (a) design scheme used in wear 
simulation and (b) wear in inclined field 
photography. 

 
The wear by sliding on an inclined plane of fresh 
concrete was carried out with the aim of 
performing a test that simulates the anodized 
magnesium application, where wear occurs 
when fresh concrete slides on the surface of 
anodized samples obtained at different current 
densities [17]. This experimental setup is 
showed in the Fig. 1. From this test, the mass 
loss suffered by the different types of samples 
under 100 cycles of sliding concrete was 
measured by gravimetry, which has a fresh bulk 
density of 2.04 ± 0.01 g/ml in room temperature 
( ̴25 °C). The experimental assembly includes a 
track for concrete pouring, a sample holder and 
a concrete collector.  
 
 
3. RESULTS  

 

3.1 Mechanicals properties 
 
From microindentation measurements, the 
Vickers micro-hardness values for the AZ31 alloy 
substrate and the different anodized alloys were 
obtained, in agreement with ASTM E384 standard 
[13]. In Fig. 2, the optical microscopy shows the 
micrographs for indentation traces which were 
taken at 50X. It is noticeable that the indentation 
trace’s size was reduced when the AZ31 alloy was 
set to the superficial anodizing process.  
Therefore, when the current density increased in 
the anodizing process to form the ceramic MgO 
layer, an increase in layer density occurred, as 
was analyzed from the SEM results showed in the 
previous work [18]; thus, a reduction in the 

indentation trace size was observed in the 
AZ31/MgO system obtained with the highest 
current density. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2. Optical micrographs of microindentation traces 
taken at 50X by Caicedo et al. in 2019 [18]: (a) Mg metal 
alloy (AZ31), (b) metal alloy (AZ31) anodized (MgO) 
with 15 mA/cm2, (c) MgO anodized with 20 mA/cm2 
and (d) MgO anodized with 25 mA/cm2. 
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Fig. 3.  Surface micro-hardness behavior from the Mg 
alloy and MgO as a function of the anodizing current 
density by Caicedo et al. in 2019 [18]. 

 
Figure 3 shows the increase in micro-hardness as 
a function of the anodizing current density, where 
it is possible to analyze that an increasing current 
density in the anodizing process increases the 
micro-hardness of the AZ31/MgO system in 
relation to the metallic Mg-alloy substrate (AZ31).  
In this sense, the interacting mechanisms 
between the metallic AZ31 alloy and ceramic 
AZ31/MgO with high density produced a 
mechanical adjustment that restricted the 
propagation of deformation energy when the load 
was applied [19]. Furthermore, the grain size 
reduction by the MgO densification observed 
from the SEM results [18] contributed in 
generating an increase in hardness as a function 
of the current density increasing. 
 

3.2 Tribological properties 
 
3.2. 1 Pin on disc test 
 
Figure 4 shows the friction coefficient as a 
function of the sliding distance for the metallic 
AZ31 Mg alloy (substrate) and the different 
anodized alloys, varying the current density from 
15, 20 to 25 mA/cm2. All of the curves showed 
two typical stages: stage I, where the friction 
coefficient increased to a high value, and stage II, 
where there was a decay of the friction coefficient 
to a stabilizing zone.  The friction coefficient 
increase is attributed to the period of time which 
gives a strong interaction between the two rough 
surfaces on the tribological pair, leading to the 
detachment of particles which are generated by 
surface wear [20]. Therefore, stage II is known as 
the stable zone or sliding distance. Once the 
roughness of both surfaces is smoothed, the 
surface of the less hard material, in this case the 

coated system AZ31/MgO (AZ31 anodized), is 
molded to the surface of the harder material 
(alumina pin), thus reducing the friction 
coefficient until the start of the steady state [21, 
22]. Figure 4b shows the friction coefficient 
variation as a function of the anodizing current 
density. In this case, a reduction in the friction 
coefficient is observed when the current density 
increases. This is related to the frictional model 
proposed by Archard (Eq. 1) which contemplates 
the surface roughness contribution, the pin 
nature and the coating hardness [23].
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where μ is the friction coefficient of the 
tribological pair, Ck is an adjustment constant 
that depends on the test conditions, R(s, a) is the 
coating roughness, σt(H, E) is a variable that 
depends on the mechanical properties of the 
system (hardness H or elasticity modulus E). 
 

 
(a) 

 
(b) 

Fig. 4.  Tribological tests for the non-anodized and 
anodized magnesium alloy AZ31/MgO: (a) friction 
coefficient as a function of the sliding distance, (b) 
friction coefficient reduction as a function of the 
anodizing current density by Caicedo et al. in 2019 [18]. 
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Figure 5 shows the SEM micrographs for the 
wear tracks obtained for the anodized AZ31 
alloys with different current densities, which 
evidence the abrasive wear produced by the 
continuous passage of the (Al2O3) pin on the 
AZ31/MgO surface, generating micro-fractures. 
So, the micro-fractures when are detached from 
the substrate form wear tracks in the surface 
material. For the anodized alloys, a 
recombination of the metal surface can be 
evidenced with the MgO coating caused by 
abrasive wear. When the current density 
increased in the anodizing process, the 
mechanical properties increased, and the 
friction coefficient as well as the width of the 
wear track decreased.  The wear reduction 
indicates that the MgO densification reduced the 
severe wear which is attributed to the fact that 
the anodized AZ31 alloy with a current density 
of 25 mA/cm2 supported the weight of the load 
and the friction generated by the sliding of the 
ceramic alumina pin on the AZ31 surface. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. SEM micrograph of the wear track: (a) metallic 
AZ31 alloy, (b) anodized AZ31 alloy with 15 mA/cm2, 
(c) anodized AZ31 alloy with 20 mA/cm2 and (d) 
anodized AZ31 alloy with 25 mA/cm2. 

 
According to the Archard model described 
above, when the MgO coating (anodized AZ31 
alloy) has high hardness the friction coefficient 
tends to decrease, which is related to the micro-
hardness results (Fig. 5). Therefore, by 
increasing the current density of the anodizing 
process, the friction coefficient shows lower 
values.  For the anodized AZ31 alloy with greater 
hardness, which was obtained with a current 
density of 25 mA/cm2, the friction coefficient 
decreased around 54.5 % with respect to the 
non-anodized (AZ31) magnesium alloy or 
without MgO coating (substrate). 
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Fig. 6. Mass loss behavior in the pin on disk test as a 
function of the current density in the anodizing 
process. 

 
Taking into account the above, the wear 
resistance was determined from the friction test 
results, when the AZ31/MgO system was 
subjected to a sliding distance of 800 m and 
taking as reference the weight loss value. By 
analyzing the wear tracks from the SEM 
micrographs, it was possible to identify the wear 
phenomena that were presented on the surface 
when there was a severe break in the continuity 
of the MgO coating. In Fig. 6 it is possible to see 
the mass loss presented by the AZ31/MgO 
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system in the friction test (pin on disk) as a 
function of the current density.  Moreover, it is 
possible to analyze that the weight loss is lower 
for the MgO coating obtained with higher current 
density due to the increase in coating thickness 
and hardness of the anodized alloys). 
 
3.2.2 Scratch Test 
 
From the scratch test, the adhesion strength of 
the anodized MgO coating was characterized 
taking into account two terms: the critical load 
LC1, which is defined as the load where the first 
cracks occur (cohesive failure); and the upper 
critical load LC2, where the delamination occurs 
at the edge of the scratch track (adhesive failure) 
[21,22]. Many authors have tried to find an 
expression that relates different variables that 
are present in the scratch test, such as 
Holmberg, who has proposed one model where 
the friction between the layer and the scratch 
indenter and the mechanical properties of the 
layer are taken into account [24].   
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Fig. 7. Friction coefficient curves as a function of the 
applied load for the anodized magnesium alloy AZ31 
anodized at different current densities exhibiting the 
cohesive failure (LC1) and adhesive failure (LC2). 

 
Figure 7 shows the critical load values for the 
anodized Mg/MgO system at different current 

densities. In Fig. 7 both loads are shown, where 
the dotted line indicates the critical load LC2. The 
different critical loads were determined from 
the area where the load becomes more 
independent of the friction coefficient. The first 
stabilization of the curve is attributed to the 
cohesive failure, while the second stabilization is 
attributed to the adhesive failure. 
 
In Fig. 8 it is possible to observe the critical load 
behavior when the current density was varied in 
the anodizing processes. The increase of the 
critical adhesive load of around 49% is due to 
the increase of the mechanical properties, as 
well as the reduction of the surface roughness 
and the friction coefficient reduction.  From this 
behavior it is analyzed that the mechanical 
properties (hardness) generated by the 
densification of the anodizing processes act as a 
block to the propagation of cracks, because of 
this the anodized AZ31 alloy (MgO) with high 
current densities supports greater loads 
preventing the coating delamination (adhesive 
failure) [25]. 
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Fig. 8. Critical load curves as a function of the current 
density in the anodizing processes for magnesium 
AZ31 alloy. 

 
Figure 9 shows the SEM micrographs taken of the 
wear tracks of the magnesium AZ31 alloys’ 
surface anodized at different current densities, 
where it is possible to distinguish the zones 
where the different critical loads generated the 
different failure types such as cohesive (LC1) and 
adhesive (LC2) failure. So, when the current 
density increased for the anodizing processes 
associated to 25 mA/cm2, the critical load value 
increased, so, the surface damage reduction was 
lower in relation to the other current densities; 
therefore, this phenomenon was attributed to the 
densification increase, the coating thickness 
variation and the mechanical properties increase. 
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(a) 

 
(b) 

 
(c) 

Fig. 9. Scanning electron microscopy of the wear track generated by the scratch test for the anodized magnesium 
AZ31 alloy: (a) 15 mA/cm2, (b) 20 mA/cm2and (c) 25 mA/cm2. 

 
3.2.3 Wear in inclined plane 
 
The wear in inclined plane for the anodized 
magnesium AZ31 alloy with different current 
densities under ceramic paste (concrete 
material) sliding was carried out with the 
experimental assembly taking into account the 
fluid speed, the concrete mixture properties and 
the sand granulometry (Fig. 1). Through the SEM 
micrographs and EDX, results were obtained to 
identify the wear produced on the anodized 
AZ31 alloys’ surface by passing the fresh 
concrete 100 times over the AZ31 alloys and 
obtaining the chemical composition of the 
products generated on the wear surface. 
 
Figure 10 shows the micrographs obtained for the 
Mg AZ31 alloy without the anodizing process 
(substrate) and the anodized alloys (MgO coatings) 
obtained with different current densities. So, the 
abrasive wear can be observed in the micrographs, 
which shows reduction when the anodizing 
current density is increased. The reduction of wear 
phenomenon can be attributed to the increase in 

the mechanical properties of the coating (MgO). 
Therefore, it was possible to analyze that the non-
anodized AZ31 alloy (substrate) present a surface 
cracking phenomena due to the material 
detachment generated by the intense abrasion 
associated with the low mechanical properties 
(metallic alloy). Moreover, the concrete material 
(ceramic paste) had Cl- ions that were found in the 
ceramic mixture and this generated pitting 
corrosion on the alloy since it did not have MgO 
material as a protection layer [26,27]. 
 
On the contrary to the non-anodized AZ31 alloy 
(substrate), in the anodized alloys with different 
current densities it is shown that there was little 
detachment of the coating surface, evidenced by 
areas with changes in the gray scale, and in that 
sense less detachment can be observed when the 
current density in the anodizing processes was 
increased. Finally, the concrete material 
adhesion on the anodized alloy surface like 
incrustations can also be evidenced, and the 
adherence is less evident as the current density 
increased in the anodizing process [28]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 10. SEM-EDX micrograph of the wear surface 
showing the abrasion produced after 100 sliding 
cycles in the inclined plane of fresh concrete: (a) 
metal alloy (AZ31), (b) anodized metal alloy 
AZ31/MgO with 15 mA/cm2, (c) anodized AZ31/MgO 
alloy with 20 mA/cm2 and (d) anodized AZ31/MgO 
alloy with 25 mA/cm2. 

 
3.2.4 Mass Loss Analysis by Sliding on 

inclined plane 
 
In order to evaluate the wear rate on the non-
anodized (substrate) and the anodized AZ31 
alloy (AZ31/MgO coating) surface under the 

different cycles in the inclined plane sliding of 
fresh concrete (ceramic paste), the mass loss 
analysis was carried out.   
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Fig. 11. Wear rate analyzed by mass loss in the non-
anodized and anodized AZ31 alloy with different 
current densities under fresh concrete applied by 
sliding in an inclined plane. 

 
Figure 11 shows the mass loss as a function of 
the current density in the anodizing process, 
where it is clearly shown that the sliding 
concrete generates material loss [28-30]. Taking 
into account that the abrasive wear mechanism 
produces surface reduction, a mass loss 
reduction of around 92.3 % can be evidenced 
when the AZ31 alloy was anodized with the 
highest current density value. This reduction can 
be attributed to the coating thickness and the 
surface hardness increase by the anodizing 
processes with the current density applied. 
Additionally, a mass lost reduction in the pin-on-
disk test was also observed, with the friction 
coefficient reduction (Fig. 4) as a function of the 
current density increasing, which generates the 
wear resistance improvement and opening thus 
the possibility of future applications in the civil 
constructions field. 
 
 
4. CONCLUSION  
 
Microindentation results show the increasing for 
micro-hardness of around 32% due to the 
densification effect when the current density in 
the anodizing processes for AZ31/MgO alloy was 
increased from 15 mA/cm2 to with 25 mA/cm2. 

 
From the pin-on-disk analysis, a reduction in 
friction coefficient of around 54.5% was observed 
when the current density in the anodizing 
processes was increased, so it can be concluded 
that when the anodized AZ31 alloy (AZ31/MgO) 
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presented high density and higher surface 
hardness, the friction coefficient tended to 
decrease, which evidence greater wear resistance. 

 
From the scratch and the wear rate analysis by 
sliding fresh concrete in inclined plane on the 
AZ31/MgO system, an increase in the load for 
adhesive failure and a decrease in the wear rate 
could be observed for the anodized substrates 
when the current density in the anodizing 
process increased. This increase in the load 
favors the MgO coating adhesion on the AZ31 
alloy, reducing thus the wear associated to the 
mechanical properties increase and the friction 
coefficient reduction, evidencing longer useful 
life for the AZ31 alloy when it is used in metal 
forms applications. 
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