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Abstract

Due its good properties, Magnesium (Mg) is a metal widely used in industrial applications and in biomedical field. 
However Mg is highly reactive and its wear and corrosion resistance are low. Plasma electrolytic oxidation (PEO), 
also known as microarc oxidation (MAO), is a favorable technique which can be used to produce coatings of MgO/
Mg(OH)2 in a controlled way with specific morphology, thickness and composition by the modification of the opera-
tion parameters of the system such as voltage, current density, time and electrolytic solution. The aim of this paper 
was to study the effect of some additives in the base electrolyte solution composed of silicate and potassium hydrox-
ide. Sodium fluoride was chosen since this is a commonly used additive and it was compared with two unreported 
organics compounds, hexamethylenetetramine and mannitol. Anodic system was operated under galvanostatic and 
potentiostaic mode. Curves voltage-time and current density-time were obtained and analyzed. After that, those 
results were correlated with SEM images of the surfaces and cross-sections in order to know the effect of these 
changes on the thickness and morphology of the coatings. Finally it was possible to conclude that coatings obtained 
by addition of sodium fluoride were compact and for hexamethylenetetramine and mannitol the coatings consisted 
of interconnected pores. Additionally it was observed that with an increment in the current or voltage applied to the 
system, increment in both the thickness and porous sizes were obtained. 

Key words: Anodizing, magnesium, hexamethylenetetramine, mannitol, sodium fluoride, galvanostatic, potentio-
static, silicate
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1. Introduction

Magnesium (Mg) is a lightweight metal widely used in industrial applications due its properties such as high ductil-
ity and machinability, relatively low elastic modulus, low density, good electromagnetic shielding, good damping 
capacity and high strength [1–4]. This material also is consider as a good option in the biomedical field where tem-
poral implants are required, which is the case of fixation screws for bones i.e [5,6]. Despite this, Mg is highly reac-
tive and its wear and corrosion resistance are low [7,8]. Currently, this problem has been handled through basically 
two strategies, the first is by the incorporation of other elements in the Mg-matrix (Mg-alloy) in order to generate 
new phases that can improve the performance of the material at mechanical and corrosion resistance level. The 
second option is by modification of the material either by changing the physicochemical properties of the material 
or by producing of a protective coating [9,10]. In this last context, plasma electrolytic oxidation (PEO), also known 
as microarc oxidation (MAO), is a favorable option due it is a simple, low cost and reproducible technique. In PEO 
the material is oxidized in a controlled way allowing to obtain surfaces with specific morphology, thickness and 
composition by the modification of the operation parameters of the system such as voltage, current density, time 
and electrolytic solution [11–13]. In PEO the system can be operated under different modes, galvanostatic, in which 
the current density is fixed and remains constant during all the process and the changes in the voltage during the 
process are registered; or under potentiostatic mode, where the voltage remains constant and the changes in the 
current density are recorded [11,14]. Coatings obtained under both processes differ in terms of dimensions and mor-
phology. Another important parameter which plays a major role in the formation and composition of the films is 
the electrolytic solution composition. Anodization of Mg should be in alkaline solutions where the material is more 
stable, according with this, KOH and NAOH are compounds widely used as base solution in order to reach adequate 
pH values. Furthermore, the addition of compounds base on silicate, aluminate or phosphate to the base solution is 
commonly reported [13,15–18]. Additionally and with the purpose to modify either the composition or structure of 
the coating, other additives can be added to the electrolyte. The aim of this work is to compare the coatings obtained 
when three additives were added separately to the electrolytic solution and operated in different mode (galvano and 
potentiostatic mode). The chosen additives were one inorganic, sodium fluoride (NaF-NAF), which was previously 
studied and reported for other authors and two organics, hexamethylenetetramine (C6H12N4-HMT) and mannitol 
(C6H14O6-MAN), non-reported before for anodization of Mg.

2. Materials and methods

2.1 Sample processing  
Square samples of 99.9% commercially pure magnesium (c.p Mg) of dimensions of 1 cm x 1 cm and approximately 1 
mm thickness were mechanically polished with silicon carbide paper up to 1000 grade. All specimens were cleaned 
in distilled water and then degreased with acetone in an ultrasonic bath for 30 minutes. 

2.2 Modification of Mg samples by plasma electrolytic oxidation
Samples were processed in an electrochemical cell where the c.p Mg was set as anode and a stainless steel beaker 
was used as cathode. The electrolyte was an alkaline solution based on KOH and sodium silicate with addition of 
other compounds such as sodium fluoride (NAF), hexamethylenetetramine (HMT) and mannitol (MAN) Table.1. A DC 
power supply (Kepco BHK 500-0.4 MG) was used for sample anodization. For the potentiostaic mode, the system was 
operated under the maximal values of voltage (500V) and current (0.4A) and according with the curve described, 
breakdown voltage, critical voltage and maximal reached voltage were chosen for evaluation in each one of the 
electrolytes.
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Table 1. Electrolyte solutions used to anodize c.p. Mg surfaces

Data were recorded electronically by a Labview 8.1 software (National Instruments) interface. Samples were pro-
cessed under both constant current (galvanostatic mode) and constant voltage (potentiostatic mode) as summarized 
in Table 2. After anodizing, samples were removed from the system and stored at room temperature. 

Table 2. Galvanostatic and potentiostatic conditions tested for anodizing c.p Mg surfaces in various 
electrolytes. In all cases anodization was carried out during 600 s.

2.3 Surface characterization
The coatings obtained in the above experiments were observed and the thicknesses measured by scanning electron 
microscopy (SEM) (JEOL JSM 6940LV). For thickness observation, cross-sections were mounted in epoxy resin and 
cured at room temperature for 24 h. Samples were manually abraded using silicon carbide paper 1000 grade and 
then polished with 0.25 μm diamond paste. 

3. Results

Morphology and dimensions of the obtained coatings were highly influenced by the electrolyte and the operation 
conditions of the system. Generally, in both types of modes, galvanostatic and potentiostaic, three regions are ob-
served in the respective curves, which are closely related with the formation and morphology of the coatings. In 
the first part, the oxidation process is initiated and a compact and uniform layer (barrier layer) is formed at the 
electrolyte-metal interface. For galvanostatic mode, the voltage start increasing in a linear way and in potentiostatic 
mode the maximal current density is reached almost instantly and remains constant during a short time. Posteriorly, 
in the second stage, the breakdown voltage of the layer is exceeded, a decrement in the slope of the voltage-time
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curve is observed, which is characterized by big and bright microdischarges on the sample surface. In this stage, a 
porous layer is formed as a consequence of a continuous melting and oxidation of the material which have a strong 
effect on the morphology and topology of the coating. Consequently, during the third stage, the voltage remains 
in the maximal value for galvanostatic mode and current decrease to the minimal value in potentiostatic mode. 
This electric behavior is correlated with the increase of the resistance of the coating by the new formed oxide mate-
rial. In this stage, the sparks decrease in size and intensity and the voltage and current density remain constant in 
time. At this point the thickness of the coating can increase with the time of the process [18]. The formation of the 
coatings under the conditions described previously and the description of the stages of each individual process are 
summarized in Table.3. In general, for all the evaluated electrolytes, the system was highly stable and with a high 
reproducibility.

Table. 3. Electrical parameters of the anodizing stages and coating thickness for the different electro-
lytes. Vmax, the maximum voltage [V] reached in the stage for galvanostatic tests, imax the maximum 
current density [mA·cm-2] achieved in the stage for potentiostatic tests and t the duration of the stage 
[s].

More specifically, voltage-time curves for the samples treated with NAF differ basically in the first and second stages 
of the process (Fig.1.left). Curve of NAF¬G1 present the higher slope in comparison with the others indicating that 
this could be either the most compact or thicker coating. On the other side, NAF¬G2 and NAF¬G3 had a similar slope 
but NAF¬G3 took longer to start the third stage, for this reason it is expected this coating to be thicker in comparison 
with NAF¬G1 and NAF¬G2. The dielectric breakdown commenced at a 60V for NAF G1 and at 90V for NAF G2 and NAF 
G3. As voltage is directly related with the electrical resistance of the coting, which at this stage is due to the barrier
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layer, it is expected that the NAF-G1 coating is more compact than NAF G2 and NAF G3.

Those curves showed extensive voltage oscillations (pronounced picks) which are associated with the sparking oc-
curred when the potential reached the breakdown point. This behavior have a direct effect on the morphology of the 
coatings affecting the porosity and uniformity of the film. 
In the case of samples treated with HMT in galvanostatic mode (Fig.1.center), the breakdown voltage started at 90V 
for HMT G1 and HMT G2 and at 130V for HMT G3. Samples HMT¬G1 and HMT¬G2 presented almost the same behavior 
and both stabilized around 400V whereas for sample HMT¬G3 the maximal voltage was about 457V. It is expected 
that this coating be thicker and with bigger pores in comparison with the others two. The voltage-time curve become 
asymptotic at around 70s for HMT G1 and HMT G2 whereas for HMT G3 this happens a lot earlier at about 30 s. After 
that point, for HMT G1 and HMT G2 samples the voltage increases nearly following a straight line. In the case of HMT 
G3, after some time of nearly linear increase of the voltage, it is observed a rise in the slope at around 70 s; the slope 
decrease once more about 150 s after that and remain more or less constant until the end of the process. This varia-
tion in the voltage-time curve slope has been related with changes either in the crystal structure of the film material, 
changes in the surface morphology or both[19].
Samples treated under galvanostatic mode for MAN solution (Fig.1.right) had dielectric breakdown at a 70V for MAN 
G1, at 110V for MAN G2 and at 150V for MAN G3. The sample MAN¬G1 showed an asymptotic increment in the voltage 
until reaching around 340V in around 165s; from that point the voltage increases with a very low slope. Curves for 
MAN¬G2 and MAN¬G3 had a similar behavior between them, in those cases voltage increases more rapidly com-
pared with MAN¬G1, becoming asymptotic at a much shorter time (around 50s), although the maximum voltage is 
just slightly higher than MAN¬G1. In addition, similar to what was observed in the sample HMF-G3, MAN¬G2 and 
MAN¬G3, voltage after 50s increased but with a very low slope until about 150s and then the slope increased until 
around 400-450 s, when once more the slope of the curve become very low. A similar explanation can be considered 
for this event as discussed for HMF-G3.

Fig.1 Anodization of c.p Mg under galvanostatic mode with NAF, HMT and MAN

The current density vs time curves for the samples treated under potentiostaic mode are shown in Fig.2. It is ob-
served how NAF¬P1 had a smoother curve in comparison with NAF P2, which showed a curve with large oscillations, 
particularly towards the end of the process. The current density decreased rapidly until reaching values of around 18 
mA.cm-2 for NAF¬P1 whereas for NAF P2 the minimal current density registered was around 50 mA.cm-2. As it was 
explained before, this effect can be related with the failure in the coating which affect the resistance of the coating.
For samples treated with HMT at potentiostatic mode (Fig.2.center), after the rapid fall in the current density in all 
samples a surge is observed, which is a lot most pronounced for HMT¬P3; for HMT¬P1 it took place at around 30 s, 
for HMT¬P2 it was at around 40 s and for HMT¬P3 it occurred at about 70 s. In addition, the minimum current den-
sity attained towards the end of the process was a very low for HMT¬P1 and HMT¬P2 in comparison with HMT¬P3 
(see Table 3). This could be an indication of a lower electrical resistance in the latter sample as it is expected to be 
thicker than the other two coatings.
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Finally for the MAN electrolyte treated under potentiostatic mode (Fig.2.right), all the curves showed a similar be-
havior, only some difference was observed for MAN¬P2, where after the sudden reduction in the current density, 
a lot more oscillations were registered even until the end of the process. Additionally, sample MAN¬P1 reached a 
slightly lower final current density. According with these results it is expected that MAN¬P1 present the higher 
electrical resistance of the three samples despite of being the thinnest coating, according to the potentials employed 
in each case.

Fig.2 Anodization of c.p Mg under potentiostatic mode with NAF, HMT and MAN
In Fig. 3 pictures of surface and cross-section of samples treated with NAF at galvanostatic mode are shown. It was 
observed that in this case, thin coatings were obtained with an increment in thickness with the voltage. The surface 
images of the three samples revealed big defects located randomly and with size of 4.7±2.1μm; the density of them 
decreased with the increment of current applied. In addition to this defects, higher magnification images showed 
that sample NAF-G1 presented an almost compact structure whilst in samples NAF-G2 and NAF-G3 a typical porous 
formation for the PEO technique was observed. The surface of NAF-G1 showed a fine texture. The pore size for NAF-
G2 and NAF-G3 ranges from 0.4 to 0.5 μm. The cross section images of samples NAF¬G1 and NAF¬G3 show that the 
coating is formed by individual layers superposed one on the other. This was not appreciated in NAF¬G2, however 
the defects observed on the surface suggested a similar structure. Barrier layer were in the order of 0.5μm for all the 
samples.

Fig. 3 Top-view SEM image of the surface (1000X and 5000X) and cross-section of samples anodized with NAF solution 
under galvanostatic control.
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Under potentiostatic mode for NAF (Fig. 4), bigger thickness were obtained in comparison with those obtained under 
galvanostatic mode. NAF P1 was homogeneous and nearly defect free, however NAF P2 showed even more holes 
with an average diameter of 5.8±1.4μm, which were bigger in comparison which the defects on samples under 
galvanostatic mode. These features could have relationship with the large oscillations observed in the curves of Fig. 
2. Higher magnification images of the surface, revealed a particular texture on both samples, similar to that observed 
on NAF-G1. The morphology of these defects are not similar to what is normally observed in PEO coatings. It is not ap-
parent for neither sample, presence of smaller porosity. Also for these samples the same structure of layers one over 
another can be observed, with a barrier layer of a about 0.3μm for NAF-P1 and 0.4μm for NAF-P2. Looking at these 
cross sections, it is not clear the existence of passing through porosity, it seems that the defects penetrate only the 
first layers of anodic material. This could be an indication that this layered morphology is related with the electrolyte 
composition employed.

Fig. 4 Top-view SEM image of the surface (1000X and 5000X) and cross-section for samples of c.p Mg 
anodized under potentiostaic mode in NAF solution. 

On the other hand samples treated with HMT (Fig. 5), showed a different behavior compared with NAF. Under gal-
vanostatic mode, surfaces of the samples treated with HMT showed a morphology consisted of well-defined pores, 
with volcano shape as typically observed in PEO coatings. The surface of HMT G1 presented pores with a size of 
1.2 ± 0.1μm, which are not uniformly distributed on the sample. In sample HMT-G2 were the coating present a 
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more uniform distribution of the porous features with a size slightly augmented of 1.4 ±0.3μm. In sample HMT G3 
big craters of around 7μm were observed surrounded of small pores of 2.1±0.5μm, indicating that larger discharges 
were produced in those points causing the melting of the material. Cross-section for all the coatings showed the 
presence of large pores through the layer connecting the inner layer with the outer part of the coating. On the 
surface of HMT-G3 some particulate material can be observed which can be related with the materials liberated 
from the coating when the sparks occurred.

Fig. 5 Top-view SEM image of the surface (1000X and 5000X) and cross-section pictures of samples of c.p 
Mg treated with HMT at galvanostatic mode.  

On the other side, the coatings obtained under potentiostaic mode in HMT (Fig. 6), showed more homogeneous po-
rous surfaces in comparison with the described for galvanostatic mode. In HMT☆P1 an early stage of the production 
of the coating was observed, where pores presented diameters of around ~0.4μm±0.1. In HMT P2 the dimension 
of those pores increased, reaching around 1.4±0.2μm. Similar characteristic were found in the sample treated with 
HMT-P3, where the average porous size was of 1.8μm ± 0.2. The thickness of the coatings increased with the incre-
ment in the voltage applied. The coating consisted of a porous outer layer and a thin compact inner barrier layer. The 
pores of the coating appear to be interconnected.
For the samples treated with MAN solution in galvanostatic mode, the most uniform and well distributed porous 
surface was MAN G1 (Fig. 7). In MAN-G2 and MAN-G3 some big defects were observed, indicating that big discharges 
took place which are not evident in the voltage-time curve. With respect of the thickness of the coating, the dimen-
sions of these coatings were around twice in comparison with NAF-G and HMT-G. The internal morphology of the 
coatings showed interconnected porous in the outer layer and presence of a barrier inner layer. Size of the porous 
for MAN G1, MAN G2 and MAN G3 were of 2.1μm ± 0.4, 1.1μm ± 0.3 and 1.5 ± 0.3μm, respectively. Cross sections 
for these samples showed a non-homogeneous distribution of the pores among the outer layer, oppositely the inner 
layer was dense and compact. Large pores were observed in all the samples, the number and size of those increased 
with the increment of the current density applied. Passing through pores can be observed in the coatings, particu-
larly for samples MAN-G2 and MAN-G3. Features observed at the substrate/coating interface are considered related 
with artifacts formed during preparation of the cross-section.
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Fig. 6 Top-view SEM image of the surface (1000X and 5000X) and cross-section of samples of c.p Mg 
treated with HMT solution at potentiostatic mode.

Fig. 7 Top-view SEM image of the surface (1000X and 5000X) and cross section of modified samples of 
c.p Mg by using MAN at galvanostatic mode. 

For potentiostatic mode in samples treated with MAN (Fig. 8), more uniform and homogeneous coatings were 
observed in comparison with the galvanostatic mode. MAN-P1 showed a coating with uniform distributed pores 
with size of 1.2±0.3μm, the structure of this remains similar for the MAN P2 with a small increase in pores size with 
a value of 1.5±0.1μm. For MAN P3 a big increase of the pores size was observed, with an average of 2.5±0.8μm. 
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With respect of the thickness, it was expecting a progressive increase with the increment of the applied voltage, 
however this effect was not that strong as it was with the others additives; all the coatings were in the range of 4.-
4.9μm. internal morphology of the coatings consisted of interconnected pores in the outer layer with a barrier layer 
of a about 0.7μm which was similar to the obtained in HMT.

Fig. 8 Top-view SEM image of the surface (1000X and 5000X) and cross-section of c.p Mg treated with 
MAN at potentiostatic mode. 

In Fig. 9, it has been plotted either the anodizing current density (galvanostatic tests) or the anodizing voltage 
(potentiostatic tests) against the thickness of the coating obtained in the different conditions studied here. As 
observed there is a direct relationship between both parameters (current density and voltage) and the thickness 
for all electrolytes. It is also seen how the additive employed and the anodizing method have a great effect on the 
rate of coating growth. For galvanostatic control, MAN induces the higher growth rates (see Fig. 9 Left), whereas 
for potentiostatic anodization, NAF leads to thicker coatings, despite of employing lower anodizing voltages (see 
Fig. 9 Right). This could be explained as NAF has the higher electrical conductivity of all the solutions employed.

Fig. 9 Coating thickness vs either applied voltage (potentiostatic mode) (Right) or current density (gal-
vanostatic) (Left) for anodizing of c.p Mg in various electrolytes.
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The ratio between thicknesses of coatings and the charge density passed through the system was calculated as an 
approach to the electrical efficiency of the systems. Results are summarized in Table.4.

Table.4 Relationship between film thickness measured and the charge density passed during forma-
tion of the anodic films.

The ratios presented in Table 4 indicate how much charge was employed to increase the coating thickness in one mi-
crometer. Therefore, the lower the ratio, the more efficient the anodization process. The reduction in the process ef-
ficiency could be due to gas evolution, high dissolution rate of the coating in the electrolyte solution or both. Samples 
processed under galvanostatic mode presented the higher ratios in comparison with the potentiostatic, particularly 
for anodization in NAF and HMT; galvanostatic anodization in MAN appears to be the more efficient of this mode with 
ratio values about half of the other two processes. Potentiostatic coatings in HMT seems to be the more efficient 
process of all, in this treatment the lower amounts of charge were consumed despite generating coatings of similar 
thickness to the rest of potentiostatic tests. On the other hand, the efficiency of the potentiostatic processes in NAF 
and MAN decreased as the anodizing voltage was raised whereas for HMT it remained nearly constant. Therefore, 
considering all the different conditions employed in this study, the more efficient way to form PEO coatings on c.p Mg 
was using as additive HMT and anodizing under potentiostatic control. 
Discussion
Magnesium anodization should be carried out in alkaline solutions to avoid dissolution of the material [20–22]. NaOH 
and KOH has been extensively used due to they generate environment friendly solutions, with low toxic elements 
thinking in biomedical applications. These solutions generally are supplemented with silicates, aluminates or phos-
phates in order to improve the corrosion resistance and to generate some species according to the required appli-
cation [16,18,22]. Additionally, other additives can be added to increase the solution conductivity, to optimize the 
coating formation and/or to promote the incorporation of the foreign atoms into the growing oxide. Previous studies 
has reported the use of other additives such as borate, sulfate, sodium citrate, ammonium, phosphate, among others 
[13,20,23–25]. For instance, according with studies by X. Guo et al [9], the addition of benzotriazole to a silicate base 
solution, allowed the formation of an absorption layer on the surface of the material, generating a smooth, compact 
and uniform anodized film. The present work aimed to study the effect of three additives in the formation and mor-
phology of the anodic films. NAF is a compound often used to improve the resistance of the material [26–28], and 
other organics additives such as glycerol, ethylene glycol, among others [29,30] are also frequently used; however, 
HMT and MAN have not been studied before as additives for anodization of magnesium alloys.
On the other hand, in the process of anodization of c.p Mg, factors such as applied current, treatment time, con-
ductivity and composition of the electrolyte, played a crucial role in the determination of the characteristics of the 
coatings. During the process of PEO, both formation and dissolution of the coating, occur simultaneously. This phe-
nomena is highly dependent of the reactions that appear in the interface electrolyte-material, which at the same 
time depend on the composition of the electrolyte solution. In this context, the additives used for the present study, 
affected the conductivity of the base solution which was of 23.20 mS·cm-1 but after the addition of NAF, it increased
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to 35.90 mS·cm-1. Similar results were observed by other authors as reported by Yerokhin et al [14]. According with 
this, if the conductivity is high, the electrical requirements of operation (current and voltage) are lower [17]. Con-
ductivity of the solution has a direct influence on the ion transport in the electrolytic solution. At high conductivity 
the differential ion mobility is improved and the breakdown potential is lower. Opposite effect was observed when 
HMT and MAN were added, where the conductivity slightly decreased to 18.98 mS·cm-1 and 21.40 mS·cm-1, respec-
tively. The effect on the pH of the electrolyte can be also very influential in the anodization process as it determines 
the stability of the species formed during the surface treatment. On that respect, none of the additives induced an 
important change on the electrolyte; only HMT induced a small increment in the pH value of around 0.8 pH units.
The increase in conductivity caused by addition of NAF resulted, as expected, in lower anodizing voltages and a 
lot less surface porosity, compared to the other electrolytes. In fact, when the anodizing voltage was maintained 
at 140 V, the anodic film obtained appears to be nearly free of pores and in general, NAF samples appear to have 
pores only towards the surface of the anodic film. In addition, to the best of our knowledge, there is no other study 
showing similar structures of superposed layers as those obtained in the present study in NAF. Despite the higher 
conductivity, the film thicknesses in the NAF samples are of the same order than for the other samples. The lower 
conductivity of HMT and MAN electrolytes, much certainly is responsible for the larger sparks formed in those 
cases, which lead to the formation of larger pores. For the organic additives, although there was much difference 
on the surface morphology of the films, it is clear that the anodizing process in some way depends on the kind of 
additive. It is clearly observed when looking at the film thickness and electric charge values obtained for each case 
(Table 4). 
During the growth process, microdischarges visualized as sparks occurred randomly on the surface. The number, 
size and duration of the sparks change through the different stages of the anodization and are highly influenced 
by the composition of the electrolyte. As product of this reaction, gas evolution, composed of oxygen and aqueous 
vapor is observed around the anode. Sparks occurrence also have an effect in the increase of the local temperature 
at certain points on the surface. Anodization in NAF resulted in formation of some particulate material in the elec-
trolyte which was higher for samples treated under galvanostatic mode than potentiostatic. This event was also 
observed by Němcová et al. [31] who related this with the intensity of the sparks and the constant melting and 
ejection of the material from the coating influenced by the addition of fluoride which affect the melting point and 
the viscosity of the coating. However, according to the much higher voltages involved in the anodizing process in 
HMT and MAN, which are consistent with the morphology of the film surfaces, with a lot bigger pores and showing 
signs of melting of the anodic film material, more energetic sparks are expected to take place during anodizing in 
these two electrolytes than in NAF.
It is clear that, besides pH, conductivity and the electrical parameters (voltage/current), the results of the anodizing 
process depends on the chemical composition of the electrolyte employed. Fluoride containing electrolytes have 
been used for anodizing of Mg alloys [26-28]. Similar results were founded by Hwang et al, who study the effect of 
potassium fluoride in the anodizing of a Mg alloy and obtained similar results[32].
Our results were consistent with other studies, in which the addition of fluoride in a silicate base solution leads to 
an increase in the overall conductivity of the solution which implies a reduction in the work and final voltage [33]
[14]. As a consequence of this, the size of the sparks also decreased producing pores with smaller size but higher 
density on the outer layer of the coating [33]. Other studies reported the use of NaF in the electrolytic solution 
with the purpose to improve the final appearance of the samples regarding to the texture, opacity and color [34]. 
Although the presence of fluoride changes the structure of the obtained coatings, being these more compact than 
those obtained in the absence of this compound, the dimensions of the thicknesses are not significantly affected 
[34]. By the addition of fluoride, an insoluble magnesium fluoride (MgF2) film is growing on the surface of the ma-
terial inducing its passivation and avoiding the excessive dissolution of the Mg during the anodization process [33]
[35]. This film entails an improvement in the harness, wear and corrosion resistance of the coating [33].
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On the other hand, the addition of organic compound to a silicate base solution during the Mg anodizing process, it 
is related with the mechanism of the film formation but not changing its composition by the formation of additional 
phases. Contrary, it was reported that organic compounds only may cause changes in the intensity of the peaks of 
the existing phases [36]. 
For instance, HMT, which is a nontoxic and water soluble amine, it has been used as an additive or buffering com-
pound during the anodizing process of Mg [34]. HMT is used as arc suppression in anodization of Mg-alloys which is 
directly proportional to the concentration of the compound in the solution [37]. HMT is also used to remove cracks by 
the reduction of the thermal stress during solidification of the molten oxide. This effect have a direct impact in the 
improvement of the corrosion resistance of the coating [37]. It was also showing that the presence of HMT improves 
the breakdown voltage of the coating. Gozuacik et al, observed an increment in the pore size after the addition of 
HMT in a silicate solution in the anodization process of AZ91 Mg-alloy, accompanied of a decrease in the thickness of 
the anodic films with respect of the solution without HMT [36]. 
On the other hand, Although MAN it has not been studied before in Mg anodizing similar compounds like glycerol has 
been reported previously. MAN and glycerol are nontoxic sugar alcohols which can be used to adjust the conductivity 
of the solution and avoid high discharges in the process. It has been reported that the unit area adsorptive capacity 
at the anode-electolyte solution interface can increase in presence of compounds such as glycerin [38][39][40]. Op-
posite to that reported for HMT, reduction in thickness of the coating are related with increment in the concentration 
of the compound in solution [38]. According with Herbert [41][42] the addition of low volatility  organic alcohols as 
glycerol or mannitol, in a silicate base solution, allows higher voltages to be attained for the same current density 
which increases the hardness of the obtained coating and improve its uniformity 
Mixture of silicate solution with either HMT or MAN acts as a hybrid organic/inorganic system where electron trans-
fer induce a specific growth of the anodic film which highly influence the final performance of the coating  related 
with tits wear  and corrosion resistance [43].
Regarding with the anodizing process, once the NAF solution was compared with HMT and MAN, it was observed 
that after the breakdown voltage, oxygen gas and products from the molten oxide were expelled out for the dis-
charged channels reaching the surface of the coating. As a consequence of this, interconnected pores were formed 
which were only present in the outer layer. An increment on the pore size was associated with the increment in the 
current/voltage applied. In addition, for the samples operated at potentiostaic mode except NAF-P2, it was possible 
to observe most uniform and free of defects films, compared with the treatments under galvanostatic mode. 
Examination of the cross-sections of the formed films revealed differences in the structure and dimensions of the 
layers according with variations in voltage/current applied. It was found that the thickness of the inner barrier layer 
was closely related to the additive employed, it was around 360nm for NAF, 560nm for HMT and 750nm for MAN; 
these values were in the range of other studies reported previously were PEO was used in Mg alloys by using electro-
lytic solutions containing potassium fluoride and silicate [44][32]. In general, the ratios (C.cm-2/µm) were lower for 
coatings obtained under potentiostaic mode than in galvanostatic showing higher efficiencies in the process for the 
first one. Samples treated with MAN solution presented the thicker anodic films in both modes whilst with NAF and 
HMT similar values were obtained. 
Regarding with the dimensions and structures of the coatings, it is expected that both compact and thicker anod-
izing films will present more favorable corrosion protection than porous coatings. Structures with pores and defects 
can lead the penetration of corrosive agents through the coating reaching the substrate. Corrosion products can be 
formed in the interface substrate-coating affecting the adhesion of the anodic film and producing the liberation of 
particles from it [45].

4. Conclusions
- Composition of electrolyte solution plays an important role in the characteristics of the obtained coatings. Addi-
tion of fluoride in the base silicate solution produce and increment in its conductivity, as consequence of this, the 
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breakdown voltage and the density and intensity of the sparks decreased, all these effects contribute to the compact 
characteristic of the anodic film obtained. Oppositely, by the addition of hexamethylenetetramine and mannitol, 
porous surfaces were obtained in a process high influenced by the gas evolution on the interface coating-electrolyte. 
- In general, at higher voltage/current applied, higher size porous (for NAF and MAN) and higher thickens of the 
coatings. Uniformity and thickness of the coatings depends directly of the charge applied and the mode operation. 
- Potentiostaic mode showed better results in terms of homogeneity and distribution of porous because in this pro-
cesses a lower charge was used in comparison with galvanostatic mode. 
- PEO is a simples, low cost and reproducible technique that allow the surface modification of Mg in which nontoxic 
and environmental friendly solutions are used. This is a good option to be used for modification of implants in bio-
medical fields. 
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