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Magnesium alloys usually have desirable properties including high chemical stability, 
easy processing and manufacturing, and also lightweight. Magnesium alloys weigh 

about 70% of aluminum alloy weight and 30% of iron and steel weight. Most of these 
alloys are used for fabrication of structures in aerospace industries. Magnesium 

belongs to the second main group of the periodic table of elements (alkaline earth 
metal) and therefore can’t be found in pure state in nature and only exists as a 

chemical composition. This book collects new developments about magnesium alloys 
and their use in different industries.
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Preface

Magnesium alloys usually have desirable properties including high chemical stability, easy
processing and manufacturing, and also lightweight. Magnesium alloys weigh about 70% of
aluminum alloy weight and 30% of iron and steel weight. Most of these alloys are used for
fabrication of structures in aerospace industries. Magnesium belongs to the second main
group of the periodic table of elements (alkaline earth metal) and therefore can’t be found in
pure state in nature and only exists as a chemical composition. Pure magnesium has an ir‐
regular hexagonal crystal structure, and hence it is not suitable for cold forming. However,
most of the magnesium alloys show good processing ability, and complex shapes can be
easily produced. Magnesium is highly reactive and high shrinkage occurs during the casting
of magnesium. High shrinkage and thermal expansion coefficient (10% more than alumi‐
num) limited the applications of magnesium alloys. The mentioned negative properties lead
to a rejection of magnesium alloys as a competitive alternative to aluminum or steel. There‐
fore, attempts to improve features of magnesium have been made by adding different alloy‐
ing elements.

This book collects new developments about magnesium alloys and their use in different in‐
dustries. I would like to thank all contributors to this book for their high-quality manu‐
scripts. I wish open-access publishing of this book helps all researchers to benefit from this
collection.

Dr. Mahmood Aliofkhazraei
Tarbiat Modares University, Iran
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Laser Welding of Magnesium Alloys: Issues 
and Remedies

Masoud Harooni and Radovan Kovacevic

Additional information is available at the end of the chapter

Abstract

Automotive industry tends to use lightweight alloys to save on mass in order to have 
more economic and environment friendly automobiles. A variety of alloys have been 
used in automotive industry such as magnesium, aluminum, and galvanized steel. 
Magnesium is the lightest structural metal that can significantly help decrease the body 
structure weight. Laser welding is one of the main joining processes used in automotive 
industry due to its superior joint properties. In the current study, the main issue that 
was pore formation during the laser welding of magnesium alloy is investigated. First, 
the process was performed using different process parameters to study their effect on 
the weld quality. Then a variety of approaches were used to mitigate pores in the weld. 
The results showed that these approaches could effectively mitigate pore formation 
in the weld bead. In addition, the pore formation issue was nondestructively detected 
using real‐time methods such as spectrometer and high speed charge‐coupled device 
(CCD) camera. The results showed that there was a good correlation between pore for‐
mation and the real‐time‐monitoring detected data.

Keywords: laser welding, magnesium alloy, porosity, spectrometer, online monitoring, 
numerical modeling

1. Introduction

One of the main concerns for the automotive industry is the CO2 emission targets requested 
by governments globally. One reaction to this demand is a renewed focus on mass savings. 
Lightweight components improve human life quality by two aspects: providing more eco‐
nomic means of transportation and a cleaner environment due to less greenhouse gas 
generation [1, 2]. A mass reduction of 10% in an automobile will reduce 7% of the fuel 
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consumption [3]. Magnesium is one of the most favorite selections for mass savings since 
it is the lightest structural metal and has the best strength‐to‐weight ratio among commer‐
cial metals. The density of magnesium is 36% less than aluminum and 78% less than steel. 
The production of magnesium increased by 390% from 1995 to 2007. This increase demon‐
strated the growing demand for magnesium in different industries [3]. Repots reveal that 
automotive industry achieved an average of 25% reduction in fuel consumption between 
1990 and 2005 [4].

Magnesium alloy consumption takes different shapes and forms for different industries [1]. 
To satisfy the production of different shapes to fit industry needs, it is necessary to study the 
joining processes of this alloy [5]. Different joining processes such as laser welding [1, 6], arc 
welding [1], hybrid laser‐arc welding [1, 7], friction stir welding (FSW) [1, 8], resistance spot 
welding [1, 9], and electromagnetic pulse welding [1, 10] are used for welding magnesium 
alloys. Among these processes, laser welding is paid more attention due to its advantages. 
High power density, low heat input, and consequently a narrow fusion zone and heat‐affected 
zone (HAZ), a high depth‐to‐width ratio, and suitability for joining complex shapes are some 
of the advantages of laser welding [1]. Previous authors’ studies on laser welding of magne‐
sium alloys are summarized in Table 1.

2. Joining of magnesium alloys

There are a variety of methods that has been used for joining of magnesium alloys. In the 
following section, a brief description of each method along with its advantages and disadvan‐
tages is discussed.

Title Ref.

Mitigation of pore generation in laser welding of magnesium alloy AZ31B in lap joint configuration [11]

Studying the effect of laser welding parameters on the quality of Zek100 magnesium alloy sheets in lap 
joint configuration

[12]

Effect of process parameters on the weld quality in laser welding of AZ31B magnesium alloy in lap joint 
configuration

[13]

Dual‐beam laser welding of AZ31B magnesium alloy in zero‐gap lap joint configuration [14]

Detection of defects in laser welding of AZ31B magnesium alloy in zero‐gap lap joint configuration by a 
real‐time spectroscopic analysis

[15]

Pore formation mechanism and its mitigation in laser welding of AZ31B magnesium alloy in lap joint 
configuration

[16]

Two‐pass laser welding of AZ31B magnesium alloy [17]

Experimental and numerical studies on the issues in laser welding of lightweight alloys in a zero‐gap lap 
joint configuration

[18]

Table 1. Authors’ previous studies on laser welding of magnesium alloys.
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2.1. Adhesive bonding

This method employs adhesive to make a bonding between two parts. It usually can be used 
for any material and it is suitable for complex shape and size. However, the surface of the 
alloys should be treated before applying the adhesive. This is one of the disadvantages of this 
method. The treatment includes degrease, abrasion, and chemical methods [1]. Again, this 
will take time and needs an extra operation which is not desirable for production industry. 
After treatment, the adhesive should be applied evenly and sometime small plastic spheres 
are added to adhesive to assure the consistent gap between two parts.

After applying the adhesive on between two parts, it should be cured. The curing process 
could be performed in room temperature or by using heat [1]. This might take few minutes 
to several hours based on the type of the applied adhesive. This could be a time‐consuming 
step that is not advantageous for industry. Overall, this method is desirable because it saves 
on mass for joining parts and also it does not melt the base metal. On the other hand, it is rela‐
tively long process and it is not suitable for mass production joining processes.

2.2. Frictions stir welding

This is a solid‐state welding process that does not use heat source to melt the base metal. 
Instead, joining process is performed using a plastic deformation in the base metals. 
Generally, this process can be compared with forming manufacturing processes. This pro‐
cess was mainly applied for aluminum alloys at the beginning, but it was used for other 
alloys later. This method is a solid phase process; therefore, issues that occur during the 
fusion welding such as solidification cracking, distortion, spatter, and radiation are not a 
problem during the friction stir welding (FSW) [1]. Due to the same property of this method, 
the microstructure of the metal after FSW process have fine grains which results in a supe‐
rior mechanical property. However, this method is not suitable for complex shapes and thin 
metal sheets that are commonly used in industry. This method also uses a tool which has a 
limited life and in comparison with laser welding which is noncontact is considered a more 
expensive process [1].

2.3. Resistance spot welding

This method is one of the main processes used in automotive industry to join metals, but it is 
not performed for magnesium alloys. This process is at the stage of research mainly but needs 
more work and efforts to get to production levels for this alloy. This method is considered one 
of the most economic processes in automotive industry to join sheet metal in body structure. 
The generated heat is based on the electrical resistance of the metal, and the process should be 
performed very fast to avoid heat dissipation in the whole part. This rapid local heat genera‐
tion results in high solidification rate that finally produces dendritic microstructure [1]. Due 
to low corrosion resistance property in magnesium alloy, mainly a coating layer is used on 
the surface of the metal sheet. This layer is not conductive and should be removed prior to 
resistance spot welding [1]. In addition, magnesium is very reactive metal and can form oxide 
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layer on its surface rapidly that will affect its weldability in this method. It should be noted 
that this method is suitable for complex shapes and geometries. It seems that this method is 
well developed for aluminum but requires more research on magnesium alloys.

2.4. Laser

Laser is a high intensity heat source that can be used for different processes such as cladding, 
welding, and heat treatment. Laser welding is one of the most efficient joining processes hav‐
ing high power density which is used to join similar and dissimilar materials. One of the main 
advantages of laser welding is the relatively high welding speed compared to other fusion 
welding processes. This helps industries to reduce their mass production cycle time. Heat 
input is one of the main causes of metallurgical issues in the welding of metals. This param‐
eter shows that to achieve a nominal weld depth, how much heat should be inserted to the 
workpiece. Since laser has a high intensity (power/beam area at focus), a higher depth could 
be achieved using a lower heat input compared to other welding methods. As a result, the 
high depth‐to‐width ratio of the weld bead shape in laser welding introduces a better weld 
quality due to the limited size of the HAZ [18].

3. Issues in welding of magnesium and the suggested remedies

3.1. Porosity

Among a variety of issues in welding of magnesium alloys, porosity has a major effect upon 
the weld joint mechanical properties. There are several reasons for pore formation in the 
welding of magnesium alloys. Therefore, it is important to understand the pore formation 
mechanisms and their mitigation procedures during the welding process. Different mecha‐
nisms cause pore formation in the laser welding process, including hydrogen pores [1, 19], 
unstable keyhole [20], preexisting pores, surface coating [1, 15, 16], gas entrapment [1, 21], and 
alloy elements with a low vaporization point [22].

3.1.1. Hydrogen gas

The only gas that can be dissolved in molten magnesium is hydrogen [6]. Hydrogen pores are 
formed by the difference in solubility of hydrogen in solid and liquid magnesium. As molten 
magnesium solidifies, hydrogen solubility sharply decreases and rejects the hydrogen gas 
resulting in pore formation in the weld bead [1]. Mikucki and Shearouse [19] concluded that 
the hydrogen content should be kept as low as possible in magnesium in order to prevent 
pore formation during the solidification process [19].

3.1.2. Preexisting pores

Preexisting pores are another cause of pore formation in the weld bead of magnesium alloys 
[1, 6]. The initial high gas content in magnesium alloys is one of the reasons for pore formation 
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in the weld bead, especially in alloys that are die‐casted [6]. The welding procedure provides 
the condition for the pores to coalesce and form larger pores [1, 6, 23]. It is noted that a higher 
welding speed reduces the available time to form and grow pores, resulting in fewer pores in 
the weld bead [23].

3.1.3. Oxidation and surface coatings

Surface coatings could generate pores during the laser welding process. The results showed 
that the existing oxide layer on the surface of magnesium alloy is the main cause of porosity in 
laser‐welded samples [11, 16]. It was concluded that the pore formation mechanism was due 
to magnesium hydroxide decomposition during the laser welding process.

3.1.4. Unstable keyhole

An unstable keyhole is one of the causes of pore formation in the laser welding process [6]. 
Keyhole stability depends on properties of the molten metal such as surface tension and 
vapor pressure [23]. The vapor pressure inside the keyhole forces the keyhole to be open, 
whereas surface tension tends to close the keyhole [23]. In laser welding of aluminum alloys, 
the keyhole oscillates and contributes to the pore formation [24]. However, magnesium has a 
much higher vapor pressure and lower surface tension than aluminum alloys [23] resulting in 
higher stability of keyhole during the laser welding process.

3.1.5. Gas entrapment

Gas entrapment in the molten pool is another reason for pore formation in the weld bead [6, 21]. 
Pores created by this mechanism are a result of the oscillation of the surface of the molten pool 
that entraps gases from the air [21]. The oscillation of the surface happens in the laser welding 
of magnesium because magnesium has an extremely low surface tension and viscosity [6]. In 
order to prevent gas entrapment in the laser welding of magnesium, it is suggested to use a 
shielding gas with the appropriate parameters [21].

3.2. Cracking

Cracking is another defect that is common in the welding of a magnesium alloy. Magnesium 
alloys are susceptible to two types of cracking during the welding process. Solidification 
cracking is one of them and the crack occurs during the solidification. The other one is liqua‐
tion cracking which mainly occurs in heat affected zone (HAZ). Hot cracking (solidification 
cracking) is reported to be the main crack type in magnesium alloys [6]. The coefficient of 
thermal expansion for magnesium is high (twice that of steel). Therefore, during the weld‐
ing process, thermal stress results in the deformation of magnesium sheets that finally cause 
cracking in the weld bead. Alloying elements in the magnesium alloy make the cracking 
even worse. Magnesium forms intermetallics with alloying constituents such as Mg‐Cu, 
Mg‐Al, and Mg‐Ni. These intermetallics have a low melting point in comparison to the 
magnesium melting point. Therefore, these intermetallics remain liquid among the grain 
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boundaries of solidified magnesium resulting in brittle boundaries that are susceptible to 
cracking [1]. In order to decrease cracking in the weld bead, different solutions such as 
back plating, adjusting the process parameters and the addition of alloying elements are 
suggested.

3.3. Oxidation

Magnesium is a very active material that can easily react with oxygen and be detrimental in 
the welding process. The magnesium oxide forms on the molten pool resulting in its irregu‐
lar shape and low mechanical properties. Therefore, providing sufficient shielding gas dur‐
ing welding process is essential. In addition, magnesium has a low vaporization point that 
causes some of its loss during the welding process. The melting point and boiling temperature 
of magnesium are 630 and 1090°C resulting in a limited temperature range around 460°C. 
Therefore, it is necessary to employ a low heat input source that is easily controllable. One of 
the best choices is a laser beam heat source that has low heat input and also can be controlled. 
Another solution is to substitute the loss of material with the addition of alloying elements or 
fluxes in order to increase the vaporization point [1].

4. A variety of methods to mitigate porosity

In this section, a variety of methods are performed in order to mitigate pore formation 
caused by oxide layer existing on the surface of magnesium alloy AZ31B sheets. Magnesium 
is a very reactive alloy and oxidation is inevitable [1]. The oxide layer may form during the 
manufacturing process or even when the alloy is exposed to atmosphere. Magnesium has a 
low corrosion resistance and recently oxide‐based coating is used to improve the corrosion 
resistance properties of this metal. AHC Surface Coating [25], Keronite [26], and Tagnite [27] 
are examples of coating processes that apply oxide‐based coating on the surface of mag‐
nesium alloys. To satisfy the wide application of magnesium alloy in different industries, 
it has been necessary to develop a reliable joining process such as welding. Also, based on 
what was discussed about the existence of oxide layer on the surface of magnesium alloy, it 
seems necessary to investigate the effect of oxide layer on the weld quality. So far, there is 
no report on a cost‐effective, efficient, and easy to‐apply welding procedure that is capable 
of joining magnesium alloys sheets without removing the oxide layer prior to welding. In 
this chapter, a variety of methods are introduced to mitigate pore formation caused by oxide 
layer. In addition, prior to using these methods to mitigate pore formation, authors studied 
the effect of laser parameters on the pore formation in another work which is not presented 
at this work [13].

4.1. Mitigation of pore formation using a plasma arc preheating

For evaluating the influence of the oxide layer on the weld quality, three different surface 
conditions are introduced: as‐received (AR) with the oxide layer remaining on the surface, 
mechanical removal (MR) of oxides by sand paper, and a heat‐treated surface by plasma arc 
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mechanical removal (MR) of oxides by sand paper, and a heat‐treated surface by plasma arc 
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(PA). In addition, in a separate experiment, a furnace is employed to compare results with the 
plasma arc preheating process. The results are discussed in detail in the following section.

4.1.1. Experimental setup

The laser welding experiments are performed using a 4‐kW fiber laser. The experimental 
setup including a six‐axis robot and a welding laser head is shown by the schematic view in 
Figure 1. As it is shown, a preheating source is used 100 mm prior to laser head. The nominal 
chemical composition of this alloy is shown in Table 2. Pure argon with a flow rate of 60 stan‐
dard cubic feet per hour (SCFH) is employed to shield the molten pool. In all experiments, 
the focused laser beam with a beam diameter of 0.6 mm is set up on the top surface of the 
overlapped sheets to perform the laser welding process.

4.1.2. Experimental results

Figure 2 shows the AR samples cross‐sectional views. It should be noted that the generated 
pores in the AR samples are mainly emanating from the faying surface of the two overlapped 
metal sheets. The presence of pores and also the arrangement of pores in the AR samples 
imply only that the source of pore generation might be the existing oxide layer on the surface 
of the AZ31B magnesium alloy sheet. That the oxide layer causes pore formation in the weld 
is also reported in literature [1, 6, 28, 29], however, without any discussion on how to mitigate 
its effect.

Figure 1. The schematic view of the experimental setup.

Element Al Zn Mn Si Fe Cu Ni Mg

Wt.% 2.46 1.70 0.58 <0.1 <0.005 <0.05 <0.005 Bal.

Table 2. The nominal chemical composition of the AZ31B magnesium alloy.
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In order to identify the oxide layer on the surface of the AZ31B magnesium alloy, energy‐dis‐
persive X‐ray spectroscopy (EDS) analysis is applied for the AR and MR samples. The results 
of EDS are shown in Figure 3(a) and (b). Considering these figures, the decrease in oxygen 
level is clearly shown on the surface of the MR‐treated sample. The result denotes that the 
oxide layer on the AR sample is a dense oxide layer. Magnesium begins to oxidize around 
450°C [6], and the oxide layer on AZ31B‐H24 is formed by hot rolling process during the 
manufacturing process [30].

Figure 2. Weld cross‐sectional views of AR samples with different laser powers (a) 800 W, (b) 900 W, (c) 1000 W, and 
(d) 1100 W.

Figure 3. EDS results of (a) as‐received and (b) mechanically removed samples.

Magnesium Alloys10



In order to identify the oxide layer on the surface of the AZ31B magnesium alloy, energy‐dis‐
persive X‐ray spectroscopy (EDS) analysis is applied for the AR and MR samples. The results 
of EDS are shown in Figure 3(a) and (b). Considering these figures, the decrease in oxygen 
level is clearly shown on the surface of the MR‐treated sample. The result denotes that the 
oxide layer on the AR sample is a dense oxide layer. Magnesium begins to oxidize around 
450°C [6], and the oxide layer on AZ31B‐H24 is formed by hot rolling process during the 
manufacturing process [30].

Figure 2. Weld cross‐sectional views of AR samples with different laser powers (a) 800 W, (b) 900 W, (c) 1000 W, and 
(d) 1100 W.

Figure 3. EDS results of (a) as‐received and (b) mechanically removed samples.

Magnesium Alloys10

The properties of oxide formed on metals are divided in two groups including protective and 
non‐protective coatings [1, 31]. This category is based on the Pilling‐Bedworth ratio (P‐B ratio) 
R that is defined by the (R = Wd/wD) formula. Where W is the molecular weight of oxide, w is 
the molecular weight of metal, D is the density of oxide, and d is the density of metal [1, 31]. 
Pilling and Bedworth perceived that for R less than 1, the oxide layer on the metal is porous 
and non‐protective [1]. As an example, aluminum and magnesium oxides are compared. The 
P‐B ratio of Al2O3/Al is 1.280 and it is well accepted that aluminum oxide is a protective layer 
on the surface. On the other hand, the P‐B ratio for MgO/Mg is 0.806, less than 1 [1]. Therefore, 
magnesium oxide is categorized under the porous and a non‐protective group that easily 
forms the non‐protective, porous, and thick oxide layer [1]. In order to clarify the P‐B ratio 
effect on the oxide layer formation, a schematic view is presented in Figure 4 [1].

The cross‐sectional views of MR‐treated samples are shown in Figure 5. The results show that 
by removing the oxide layer from the surface of the AZ31B magnesium alloy, pore formation 
is mitigated at the interface of the two overlapped metal sheets. This result implies that the 
source of pore formation is related to the oxide layer existing on the surface of the AZ31B 
magnesium alloy, as assumed.

Figure 4. Schematic presentation of surface oxide formation on (a) magnesium alloy and (b) aluminum alloy [1].

Figure 5. Welds cross‐sectional views of MR‐treated samples: (a) 1000 W and (b) 1100 W.
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PA‐treated samples cross‐sectional views are illustrated in Figure 6. The results show that 
pores are effectively mitigated at the interface of the two overlapped metal sheets. Preheating 
the samples results in a change in the oxide layer and indirectly mitigates the pore formation 
in the weld bead.

Magnesium oxide is categorized under porous metal oxides by the P‐B ratio and absorbs 
moisture from the air [6, 29, 32–35] as we discussed earlier in this section. Due to P‐B ratio 
[1], magnesium is categorized under the alloys that form a nonprotective oxide layer on 
its surface. When magnesium is in atmosphere with moisture, magnesium hydroxide 
(Mg(OH)2) is formed [6, 36, 37], as shown in Eq. (1). The decomposition temperature of 
magnesium hydroxide is about 200°C [36]. The water molecules will be released from mag‐
nesium hydroxide at this temperature [38]. The released water molecules have no escape 
path through the overlapped sheets. Instead, the water vapor escapes through the molten 
pool, resulting in pore formation inside the weld bead in the AR samples. In the PA‐treated 
samples, preheating is performed prior to laser welding in order to decompose the magne‐
sium hydroxide. Water molecules are then vaporized prior to laser welding at the faying 
surface of the two overlapped sheets. The stable keyhole in the laser welding acts as a chim‐
ney to vent the vaporized water to the atmosphere. Therefore, fewer pores are generated in 
the weld bead.

  Mg  (OH )  2   ⇄ MgO +  H  2   O  (1)

To compare the surface chemical composition of AR and PA‐treated samples, an XPS test was 
performed on the surface of both samples. The XPS survey spectra provided qualitative and 
quantitative surface composition information on samples of the AR‐ and PA‐treated samples. 

Figure 6. Welds cross‐sectional views of PA‐treated samples with different laser powers: (a) 800 W, (b) 900 W, (c) 1000 
W, and (d) 1100 W.
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The primary detected elemental components in both cases are Mg, O, and C. The XPS spec‐
trums of the two cases are shown in Figure 7.

The corresponding XPS surface composition results of AR and heat‐treated samples are 
shown in Table 3. To quantitatively verify the oxide layer, the O/Mg surface atomic ratios are 
calculated from the XPS results. The stoichiometric surface composition of the AR sample is 
characteristic of Mg(OH)2 (AR sample is 1.98, and Mg(OH)2 [theoretical] is 2.00). The stoichio‐
metric surface composition of the heat‐treated sample is characteristic of MgO on its surface 
(PA‐treated sample is 0.99, and MgO [theoretical] is 1.00). The above results indicate that 
the heat treatment converted the original Mg(OH)2 surface layer to MgO on the as‐received 
sample.

The detection of hydrogen on the surface of AR and heat‐treated magnesium alloy is not 
possible using the XPS or EDS methods due to atomic mass of this element. Reflected elec‐
tron energy loss spectroscopy (REELS) testing is performed in order to quantitatively detect 
hydrogen on the surface of the AR and heat‐treated samples. The results are shown in 
Figure 8. In Figure 8, the main peaks in the REELS spectra for the two samples are normal‐
ized to the same maximum intensity. Therefore, the observed differences in the intensity 
of the shoulders due to hydrogen on the main peaks illustrate true quantitative differences 
in the amount of surface hydrogen on the two samples. REELS confirmed the presence of 

Figure 7. The XPS spectrum of the different cases: (a) AR sample, and (b) PA‐treated sample.

Sample C O F Na Mg Fe

AR 29.7 46.3 – 0.6 23.4 –

Heat‐treated 11.5 43.6 0.3 – 44.0 0.3

Table 3. XPS survey spectra results (at.%).
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hydrogen, presumably as Mg(OH)2, on the surface of both samples. REELS indicated that 
the as‐received sample had more hydrogen present compared to the heated sample, which 
is consistent with the XPS results, indicating the presence of primarily Mg(OH)2 on the AR 
sample and Mg(OH)2 plus MgO on the heated sample. This is discussed in more detail in 
authors’ previous work [16].

To verify if the preheating process provide sufficient temperature and width, a 3D model 
was developed. A heat source model for the plasma arc is the surface heat flux with a 
Gaussian distribution [39] and the material properties considered temperature dependent 
[18]. Figure 9 shows the 3D view of the temperature field obtained by the numerical model 
in the plasma arc preheating procedure. It is good to check the isotherm of 200°C (mini‐
mum temperature for decomposition of magnesium hydroxide) for the two overlapped 
sheets. It is shown that the isotherm of 200°C reaches the interface of the two overlapped 
sheets.

Figure 10 shows the temperature history at the faying surface of the two overlapped sheets. 
The isotherm of 200°C shows that a width of 3.4 mm (1.7 mm each side) was preheated at the 
interface. Based on the experimental results achieved in Chapter 2, the maximum width of the 
weld pool at the faying surface of the two overlapped sheets in laser welding is 1.75 mm. This 
confirms that the preheated area reaching the temperature of 200°C could cover almost two 
times the width that is required.

The corresponding tensile test results are presented in Figure 11 showing that the average 
tensile‐shear loads of PA‐treated samples are greater than those of the AR‐ and MR‐treated 
samples. This is resulted from a lower level of pores in PA‐treated samples. The weld bead 
tensile‐shear load improves by 19% with PA‐treated samples.

Figure 8. The comparison of REELS spectra for AR sample and heat‐treated sample.
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Figure 9. 3D view of temperature history in two overlapped sheets with a plasma arc preheating process with scanning 
speed of 30 mm/s.

Figure 10. The temperature history of the preheating process at the interface of two overlapped sheets.
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4.2. Dual‐beam laser welding of magnesium alloy

4.2.1. Experimental setup

In order to join AZ31B magnesium sheets in a lap joint configuration, a dual‐beam laser was 
used to weld overlap samples. The single laser beam was changed to a dual‐beam laser by 
using an optical prism as seen in Figure 12. An optical prism can divide the single laser beam 
into two separate spots. The distance between the two split beams was 0.6 mm, and the ratio 
of the laser power for each of the spots could be adjusted.

4.2.2. Experimental results

Figure 13 presents the profiles of the weld bead obtained during the laser welding process 
with two beam configurations. It is shown that the surface quality of the weld bead with dual‐
beam laser is smoother than the top surface of the weld bead obtained by a single laser beam. 
The improvement of surface quality could be described by a nondimensional hydrodynamic 
Froude number as a ratio of dynamic force to gravitational force expressed by Eq. (2) [41]:

   F  r   =    V   2  __ lg    (2)

where V is welding speed, g is gravitational acceleration, and l is the characteristic length of 
the molten pool. Lower values of the Froude number corresponds to the improved quality 
of the surface [41]. By having two in‐line laser spots in dual‐beam laser welding, the length 

Figure 11. Tensile test results of laser welding AZ31B magnesium alloy.

Magnesium Alloys16



4.2. Dual‐beam laser welding of magnesium alloy

4.2.1. Experimental setup

In order to join AZ31B magnesium sheets in a lap joint configuration, a dual‐beam laser was 
used to weld overlap samples. The single laser beam was changed to a dual‐beam laser by 
using an optical prism as seen in Figure 12. An optical prism can divide the single laser beam 
into two separate spots. The distance between the two split beams was 0.6 mm, and the ratio 
of the laser power for each of the spots could be adjusted.

4.2.2. Experimental results

Figure 13 presents the profiles of the weld bead obtained during the laser welding process 
with two beam configurations. It is shown that the surface quality of the weld bead with dual‐
beam laser is smoother than the top surface of the weld bead obtained by a single laser beam. 
The improvement of surface quality could be described by a nondimensional hydrodynamic 
Froude number as a ratio of dynamic force to gravitational force expressed by Eq. (2) [41]:

   F  r   =    V   2  __ lg    (2)

where V is welding speed, g is gravitational acceleration, and l is the characteristic length of 
the molten pool. Lower values of the Froude number corresponds to the improved quality 
of the surface [41]. By having two in‐line laser spots in dual‐beam laser welding, the length 

Figure 11. Tensile test results of laser welding AZ31B magnesium alloy.

Magnesium Alloys16

of the molten pool increases, and as a result, the Froude number decreases; that is, the top 
surface of the weld bead improves. An increase in the welding speed increases the Froude 
number resulting in a reduction of quality of the top surface of the weld bead, as confirmed 
by the authors in their earlier work [12].

Four different beam energy ratios were chosen in combination with two laser power and 
welding speed settings and the results compared to those from a single beam in order to eval‐
uate the effect of the split beam configuration. The baseline cross‐sections from a single‐beam 
exhibited pores emanating from the faying interface for both combinations of laser power and 
welding speed, refer to Figure 14(i)–(j). Introducing the split beam at relatively high ratios 
of lead to lag beams for process conditions of 900 W at 30 mm/s and 1000 W at 50 mm/s also 
exhibited pore formation emanating from the faying interface in the weld cross‐section; refer 
to Figure 14(a)(c) and (e)(g), respectively. Not until the ratio was reduced to 20:80 was the 
pore formation at the faying interface of the weld cross‐section effectively mitigated; refer 
to Figure 14(d) and (h), for process conditions of 900 W at 30 mm/s and 1000 W at 50 mm/s, 
respectively. Thus, a split beam ratio of 20:80 for the leading beam power to lagging beam 
power appears to be an optimum for mitigating pore formation at the faying interface.

Figure 12. Schematic view of a dual‐beam fiber laser head [40].
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Figure 13. The profiles of the weld bead achieved under a welding speed of 30 mm/s and a laser power of 1000 W with 
(a) single‐beam laser, and (b) dual‐beam laser with a 20:80 split beam energy ratio [14].
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As shown in Figure 14, pores are mitigated by a dual‐beam laser for only an optimized beam 
ratio which indicates that there may be another mechanism involved in the mitigation of pore 
formation besides increasing of the molten pool size. As discussed previously, when the lead 
beam contains 20% of the laser power for preheating, the remaining 80% of laser power is 
used for welding and is sufficient to form a stable keyhole. The stable keyhole then serves as 
a chimney to vent the hydrogen gas from the decomposed magnesium hydroxide as shown 
in Figure 15. For the other beam ratios, the lead beam provides more than enough energy to 
preheat the sample; however, the lag beam is not able to form a stable keyhole thus increas‐
ing the probability of the hydrogen gas to be entrapped in the solidified weld pool. Thus, two 
mechanisms are necessary in order to achieve a high‐quality weld. The first is the preheating 
procedure to decompose the magnesium hydroxide accomplished by the lead beam prior to 
laser welding. The second is the formation of a stable keyhole to vent the hydrogen gas during 
laser welding by the lagging beam. With a beam ratio of 20:80, the preheating procedure and 
formation of a stable keyhole provide an optimal distribution of heat resulting in a high‐qual‐
ity weld. Figure 15 shows the schematic view illustrating the mechanism that mitigates pore 
formation in the weld bead during dual‐beam laser welding.

In order to study the dynamic behavior of the weld pool, a high‐speed CCD camera assisted 
with a green laser as an illumination source is used. Figure 16 is composed of weld pool 
images captured by a CCD camera during the laser welding of AZ31B magnesium alloy with 
a laser power of 1000 W and welding speed of 30 mm/s with both single‐beam and dual‐beam 
laser configurations. No keyhole formation is observed during the single‐beam laser welding 
process resulting in an unstable welding process refer to Figure 16(a) and (b). In contrast, 
the images of the dual‐beam laser weld pools exhibit a keyhole refer to the shiny dot at the 
center of the molten pool in Figure 16(c) and (d). Although there was some instability in the 

Figure 14. Cross‐sectional views of the welds with a different beam ratios and laser process parameters (a)–(d) and (i) P= 
900 W, V= 30 mm/s, (e)–(h) and (j) P = 1000 W, V = 50 mm/s.
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formation of the keyhole during dual‐beam laser welding, the instability was significantly 
less than for the case of single‐beam laser welding. When the single‐beam is used, the mag‐
nesium hydroxide decomposes and releases the water vapor into the molten pool resulting 
in collapse of the keyhole, turbulent flow in the molten pool, and porosity in the solidified 
weld. However, in the case of applying the dual‐beam laser welding, the lead beam pre‐
heats the interface of the two overlapped sheets resulting in decomposition of the magnesium 
hydroxide. The lag beam with sufficient laser power then generates a stable keyhole, shown 
in Figure 16(c) and (d), leading to mitigation of porosity.

Figure 17 presents the images of the laser‐induced plasma plume captured during the laser 
welding of an AZ31B magnesium alloy with single‐beam and dual‐beam laser configurations. 
It is found that the plasma plume is more stable during the dual‐beam laser welding process. 
Figure 17(a) presents the images of the plasma plume in the single‐beam laser welding pro‐
cess. It is shown that the plasma plume is not stable and fluctuates during the laser welding 
process caused by water vapor at the faying surface of the two overlapped sheets. The plasma 
plume was extinguished during the welding process caused by the collapse of the unsta‐
ble keyhole. The images of the plasma plume captured during the dual‐beam laser welding 
(Figure 17(b)) show that the plasma plume exhibited greater stability than that obtained by 
single‐beam laser welding. This is also reported by Xie [42].

Figure 15. The pore formation mitigation mechanism during the dual‐beam laser welding process.
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Figure 16. Images of the weld pool obtained with CCD camera with the laser power of 1000 W and welding speed of 30 
mm/s (a), (b) single‐beam, and (c), (d) dual‐beam (lead/lag beam power ratio 20:80).

Figure 17. Images of laser‐induced plasma plume captured during laser welding with laser power of 1000 W and 
welding speed of 30 mm/s with (a) single‐beam laser, and (b) dual‐beam laser with a 20:80 split beam energy ratio.
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4.3. Nondestructive detection of defects using a spectrometer

4.3.1. Experimental setup

To observe the presence of pores, the weld bead had to be destructively sectioned in last two 
sections. In this part, spectroscopy is proposed as a nondestructive means to detect thepres‐
ence of pores in a lap joint configuration of a laser‐welded AZ31B magnesium alloy as shown 
in Figure 18. The calculated electron temperature by the Boltzmann plot method was corre‐
lated to the presence of pores in the weld bead. Utilizing BeamView™ software, a CCD camera 
with a rate of 15 fps was also used in order to capture the intensity distribution of the laser‐
induced plasma. This device captures the intensity distribution in the laser and light sources.

In order to ensure that all conditions were the same for each run, the oxide layer was partially 
removed along the welding path, as schematically presented in Figure 19.

In the laser welding process, a collision of free electrons in the plume region produces 
plasma that contains useful information, as discussed earlier. The plasma electron tem‐

Figure 19. Schematic top view of partially removing the oxide layer on AZ31B magnesium alloy sheets.

Figure 18. Schematic view of the laser welding process [15].
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perature can be calculated by the Boltzmann plot method. This method includes some 
important assumptions that should be considered prior to obtaining the final results. It 
is assumed that the laser‐induced plasma with a homogeneous distribution should be 
optically thin and in local thermal equilibrium (LTE) for laser welding process [43]. By 
this assumption, the distribution of energy in the plasma region follows Maxwell's equa‐
tion. Also the collision of particles is dominant to the radiation process [43–45]. The LTE 
assumption can be satisfied when the population of electrons in the unit volume is suf‐
ficiently high [43],

   N  e   ≥ 1.6 ×  10   12   T  e    
1 __ 2      (  ΔE )     3   ( cm   −3  )  (3)

where Ne is the electron density, Te is electron temperature, and ∆E is the largest energy gap in 
the atomic energy level system. The integrated spectrum of emission‐line intensities is given 
as [43],
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where g is the degeneracy, k is the Boltzmann constant, and E is the emitted energy. The 
electron temperature can be calculated for a chosen pair of emission lines by the following 
equation [43]:
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where R is the ratio of two populations.

By knowing the emission‐line parameters, Eq. (5) can be applied to calculate the electron tem‐
perature of the laser‐induced plasma. This method is advantageous because the calculations 
are relatively straightforward and can be easily implemented for the laser welding process. 
The upper energy levels for the selected emission lines, Em1 and, Em2 has to be satisfied by the 
following expression, Em1 − Em2 > KT [47] (see Table 4).

4.3.2. Experimental results

The oxide layer is partially removed by a mechanical procedure prior to laser welding, as seen 
in Figure 19. As shown in this figure, one part is without an oxide layer followed by the part 
with the as‐received oxide layer intact. Figure 20 shows the top, bottom, and cross‐sectional 
views of the weld bead achieved with laser power of 1200 W under two conditions: with and 
without an oxide layer.

Selected element Wavelength (nm) Energy of the upper 
level (cm−1)

Statistical weight Transition probability 
(S−1)

Mg I 383.83 47957.027 5 4.03e7

Mg I 517.26 41197.403 3 3.37e7

Table 4. Spectroscopic information of selected elements [46].
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As clearly shown in Figure 20, there are discernable changes on weld bead, top and bottom 
view between two cases (with and without oxide layer). It is also clear that the presence of the 
oxide layer at the faying surface results in higher laser energy absorption that is discussed in 
detail in the work published by author [15] as well as Section 2.4.2. of this chapter.

The spectrum intensity of laser‐induced plasma during the laser welding process is shown in 
Figure 21. Comparing the two cases regarding the presence of the oxide layer at the faying 
surface, it can be observed that the spectrum intensity is slightly less in the case with the oxide 
layer. As discussed earlier, the presence of the oxide layer at the interface had a dominant 
effect on the penetration depth. By considering the fact that the laser beam energy input to 
the metal sheets is constant, having greater penetration or a larger bead width means that 
more energy was absorbed by the metal and less was available to form a laser plume on top of 
the weld bead. The spectrum intensity for other laser parameters with more details could be 
found in the work that was done by authors [15].

In order to verify the intensity of the laser‐induced plasma plume for the two surface con‐
ditions, with and without an oxide layer, a laser beam CCD device was used to view and 
capture images of the plasma plume in real time. This device is capable of capturing the 

Figure 20. Top, bottom, and cross‐sectional views of the weld with laser power of 1200 W for two different conditions at 
the faying surface of overlapped sheets (a) without oxide layer and (b) with oxide layer.

Figure 21. The spectrum intensity of laser induced plasma with laser power of 1200 W in the laser welding process.
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intensity distribution images from almost any light or laser source. Figure 22 shows the 
images captured during the laser welding of AZ31B magnesium alloy. Figure 22(a) and (b) 
presents the images of the plasma plume captured in the section without an oxide layer 
at the interface. Figure 22(c) and (d) shows the captured images of the plasma plume in 
the section with an oxide layer at the faying surface. As shown in this figure, the intensity 
is higher in the section without an oxide layer. This result confirms the recorded spec‐
trum intensity results presented in Figure 21. The captured plasma plume images also 
revealed that the plasma plume is narrow and tall for the without‐oxide section, although 
it is thicker and shorter for the section with an oxide layer. This result confirms that the 
laser‐induced plasma plume was more stable during the welding of the section without an 
oxide layer.

The calculated electron temperature from the spectrum intensity presented in Figure 21 is 
shown in Figure 23. The electron temperature results exhibits varying levels and amounts of 
fluctuation along the weld bead. When the oxide layer is removed from the faying surface, 
the electron temperature shows a lower and uniform value with low fluctuation. The electron 
temperature shows a higher value with high fluctuation with an oxide layer at the faying 
surface. With an oxide layer at the faying surface, the keyhole is not stable due to the release 
of water molecules caused by magnesium hydroxide decomposition. This phenomenon was 
observed by a high‐speed CCD camera, shown earlier in Figure 3 of the work published 
previously by the authors [15]. When the keyhole is not stable, the formation of a plume 
and plasma at the top of the molten pool is not stable. In addition, the presence of spatters 
in the case with an oxide layer at the faying surface disturbs the plasma plume resulting in 
a decrease in the spectrum intensity (see Figure 21). These spatters increase the magnesium 
concentration in the plasma plume region causing a higher value for the electron temperature. 
This shows that basically there is a good correlation between pore formation in the weld bead 
and the calculated electron temperature.

Figure 22. Captured images of laser induced plasma plume in real‐time during laser welding with two surface conditions 
at the faying surface (a), and (b) without oxide layer, and (c), and (d) with oxide layer.
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4.4. Two‐pass laser welding of magnesium alloy

From the earlier discussions, it is understood that welding as‐received AZ31B magnesium 
alloys with a single‐beam configuration results in pore formation in the weld bead (see 
Figure 2). In this section, a new method is introduced to use laser for preheating and welding. 
A defocused laser preheats the surface and in second pass, the focused laser beam welds two 
magnesium alloy sheets.

4.4.1. Experimental setup

The schematic view of two‐pass experimental setup is shown in Figure 24. It can be seen that 
a larger defocused laser beam is applied to perform preheating before laser welding process. 
After that, a smaller focused beam is used to weld magnesium sheets (Figure 24(b)). The time 
between the first and second pass was about 10 s. Table 5 shows the process parameters used 

Figure 23. The calculated electron temperature for laser induced plasma with laser power of 1200 W.
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in preheating and welding processes. The preheating parameter effect was evaluated on the 
weld quality. The laser welding power and speed were set at 1000 W and 30 mm/s which were 
used from authors’ previous work [16].

A spectrometer was employed also to study the laser induced plasma plume during the laser 
welding process as it was discussed in detail in Section. 2.3. The detected spectra was then 
used to calculate electron temperatures for the two different processes, two‐pass laser welding 
(TPLW) and one‐pass laser welding (OPLW). The electron temperature was used to compare 
the stability of the laser welding process for two experimental conditions. The spectrometer 
wavelength resolution was 0.4 nm, its integration time was 3 ms, and the slit width was 50 
µm. The selected elements used as well as all equations for electron temperature calculation 
are as same as the one in Section 4.3.

4.4.2. Experimental results

Figure 25 presents the cross‐sectional views of the welds. The laser power and welding speed 
(for either single pass or the second pass of a two‐pass process) were the same for all cases, 
refer to Table 5. From observation of Figure 25(a–d), it is clear that using an optimum pre‐

Figure 24. Two‐pass laser welding process schematic view (a) preheating by a large defocused beam and (b) welding by 
a small focused beam.

Preheating power 
(W)

Preheating speed 
(mm/s)

Focal distance 
(mm)

Laser welding 
power (W)

Laser welding 
speed (mm/s)

1 – – 0 1000 30

2 2000 100 +40 1000 30

3 3000 100 +40 1000 30

4 2000 100 +35 1000 30

5 3000 100 +35 1000 30

Table 5. The preheating process parameters.
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heating parameter set, a good quality of weld without pores can be achieved. These welds 
are achieved using a two‐pass laser welding process with different power levels and focal 
distances. We had to make sure that the faying surface of the two overlapped sheets pre‐
heated effectively since this was the source of pore formation. As it can be seen in Figure 25(c), 
pores are formed even though the preheating process was performed. This shows that to 
get a good weld quality, selecting optimum preheating parameters is critical. The viscosity 
of the molten magnesium is significantly low [6]. Therefore, when the weld bead was fully 
penetrated, the molten material dripped out at the bottom of two overlapped sheets caused 
pore formation. It can be observed from Figures 25(a–d) that when a higher preheating power 
is used, a shallower weld penetration was achieved. This can be discussed due to the differ‐
ence between laser energy absorption on the surface magnesium alloy. The area of preheating 
between two overlapped sheets (upper sheet) is shown in Figure 26. The preheated region 
is lighter in color compared to its surrounding. Based on discussion in previous sections, 
the lighter area and non‐preheated area (darker area) were assumed to be magnesium oxide 
(MgO)and magnesium hydroxide (Mg(OH)2), respectively. Based on previous researches [48] 
magnesium hydroxide has a higher absorption coefficient in comparison to magnesium oxide 
[49]. Therefore, using a higher preheating laser power resulted in a greater rate of magne‐
sium hydroxide decomposition at the faying surface. Then, this caused a lower level of power 
absorption leading to a less weld bead penetration. As a result, Figure 25(a–d) preheating with 
higher laser power resulted in less absorption in the second pass and a shallower penetration.

The top view of the two‐pass samples acquired with different focal distances is displayed in 
Figure 27. The blowholes were seen in the sample that used less focal distance. The preheat‐
ing process should not melt the substrate; however, when +20 mm focal distance was used, 
the energy density was high enough to melt substrate. As mentioned earlier, the viscosity 

Figure 25. Polished cross‐sectional views of magnesium sheet lap‐shear laser welds. (a)–(d) Two‐pass process with 1000 
W and 30 mm/s welding parameters and preheat parameters of 100 mm/s and (a) 2000 W and 40 mm focal distance, 
(b) 3000 W and 40 mm focal distance, (c) 2000 W and 35 mm focal distance, and (d) 3000 W and 35 mm focal distance.

Figure 26. The preheated area with a lighter color on the upper sheet.
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and surface tension of molten magnesium is significantly low, which makes magnesium sus‐
ceptible to weld defects like humping, or blowholes [6]. At a focal distance of +20 mm, due to 
higher level of preheating power, the mentioned properties of magnesium lead to have a low 
surface quality as shown in Figure 27(b).

The spectrum intensity from plasma plume single pass and two‐pass welding processes is 
shown in Figure 28. Higher plasma plume intensity is achieved during the two‐pass laser 
welding process (see Figure 28(b)). This can be due to a more stable plasma plume which can 
be resulted from a steadier welding condition which results in a higher weld quality. This 
stability was higher in two‐pass compared to single pass. As discussed earlier, the stability is 
the result of optimum preheating which resulted in decomposition of magnesium hydroxide. 
Magnesium oxide (MgO) has a lower beam absorption that leads to higher plasma plume 
intensity since a greater amount of energy was available to form the plasma plume.

The electron temperature was calculated for both the single pass and two‐pass laser weld 
spectrum intensities as shown in Figure 29. The single pass laser welding process was less 
stable as expected and discussed in Figure 25 which resulted in pore formation in the weld. 
The calculated electron temperature showed higher values when the single pass laser weld‐
ing was performed. During the single pass laser welding process, the plasma plume intensity 

Figure 27. Comparison of focal distance: (a) +35 mm, and (b) +20 mm, and the effect it has upon the upper weld surface 
quality under the same preheating condition (3000 W, and 100 mm/s), laser power is 1000 W and welding speed is 30 
mm/s.

Figure 28. Laser‐induced plasma intensity spectrum captured during laser welding under two conditions: (a) single pass 
and (b) two‐pass laser welding.
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was affected by the release of hydrogen into the molten pool caused an unstable welding 
condition. This unstable condition advanced to the spatter formation as well as molten metal 
ejection from the molten pool. As also reported by other researchers [50], this can lead to an 
elevated level of concentration of molten metal in the plasma region leading to an increase in 
electron temperature. On the other hand, the electron temperature calculated from the two‐
pass laser welding process was lower. This reveals that the preheating was effective in releas‐
ing hydrogen gas prior to laser welding. This was resulted in a better stability in the weld. 
Less spatter formation and a more stable condition of the weld pool were both contributed to 
a lower electron temperature values in the two‐pass laser welding process.

To find out about the mechanical properties of the welds, tensile strength testing was per‐
formed on both single pass and two‐pass laser welded sample groups. Five samples were cut 
for each group. The experimental results of lap‐shear strength test are shown in Figure 30. 
The tensile load of was significantly greater for two‐pass samples compared to the single pass 
laser welded samples. This shows that during the two‐pass laser welding process, less pores 
are formed. Also, the greater variation in the as well as lower strength values both reveals that 
the single pass weld had less stable condition which was caused by release of hydrogen in 
molten pool as discussed earlier. Therefore, by performing an optimum preheating process 
during the two‐pass welding process, pore formation could be effectively mitigated. More 
details about this study were published previously in earlier authors’ work [17].

Figure 29. Calculated electron temperature during the laser welding process with different conditions: single pass and 
two pass.
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5. Conclusions

(1) The as‐received oxide layer on the surface of magnesium alloy causes pore formation in the 
weld bead, resulting from decomposition of the magnesium hydroxide at the faying surface 
of the two overlapped sheets. Pore formation could be mitigated effectively by introducing 
a plasma arc preheating source to decompose magnesium hydroxide prior to laser welding.

(2) Dual‐beam laser welding with a 20:80 split beam energy ratio provides an improved 
weld bead quality with respect to porosity.

(3) The top surface quality of the weld bead obtained with dual‐beam laser welding is 
smoother and more uniform than the quality obtained from single‐beam laser welding 
as a result of less humping.

(4) The results of on‐line monitoring the molten pool and laser‐induced plasma plume revealed 
that the dual‐beam laser welding is relatively more stable than single‐beam laser welding.

(5) There was a good correlation between the calculated electron temperature detected from 
the laser‐induced plasma and the presence of laser weld bead defects during the laser 
welding process.

(6) Two‐pass laser welding mitigated pore formation in the weld bead. The calculated elec‐
tron temperature is lower for two‐pass laser welding compared to single pass laser weld‐
ing indicating that the two‐pass process is more stable.

Figure 30. Average tensile shear load of laser welded AZ31 sheet in an overlap configuration with and without 
preheating.
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Abstract

In practice, some problems connected with undesirable mechanical vibrations or interrup‐
tion of acoustic bridges may be solved using high damping materials. Especially, trans‐
port industry needs high damping light materials with proper mechanical properties. 
Magnesium alloys and magnesium alloys‐based metal matrix composites may be consid‐
ered as materials exhibiting such behaviour. Damping of mechanical vibrations and their 
conversion to the heat (internal friction) is conditioned by the movement and redistribu‐
tion of various defects in the crystal lattice. Generally, internal friction depends on the 
material microstructure and conversely changes in the material microstructure may be 
studied using the internal friction measurements. The strain amplitude‐dependent inter‐
nal friction was investigated at room temperature in commercially available Mg alloys 
and Mg alloys‐based composites with the aim to identify changes in the microstructure 
invoked by thermal and mechanical loading. The temperature‐dependent internal fric‐
tion indicated the following effects: (a) mechanisms connected with dislocations and grain 
boundaries in the microcrystalline pure Mg, (b) precipitation and phase transformations 
in alloys and (c) generation as well as relaxations of thermal stresses in composites. The 
internal friction was measured in the bending mode in two frequency regions: I.: units and 
tens of Hz and II.: units of kHz.

Keywords: magnesium alloys, magnesium alloys‐based composites, amplitude‐dependent 
internal friction, temperature‐dependent internal friction, dislocations, solute atoms, 
thermal stresses
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1. Introduction

Internal friction is an anelastic relaxation connected with dissipation of the mechanical 
energy carried by the sonic or ultrasonic wave in a material and their conversion mostly 
into heat. In a solid material, it is manifested by deviations from Hooke's law and stress‐
strain hysteresis in the case of cyclic loading. Defects in the microstructure as point defects, 
grain boundaries, phase transformations, electrons, phonons or redistribution of the heat 
are responsible for internal friction. The general quantities describing the internal friction is 
the specific damping capacity Ψ = ΔWdiss/Wmax, or the loss factor η = ΔWdiss/2πWmax, where ΔWdiss 
is the mechanical energy dissipated in a material during one cycle of the applied stress, and 
Wmax is the maximum mechanical energy stored in it. In real experiments depending on 
the apparatus used, various quantities are measured: the mechanical loss factor tanϕ, the 
logarithmic decrement δ or the reciprocal value of the quality factor Q. These quantities are 
simply proportional:

  Ψ = η / 2π = tan ϕ = δ / π =  Q   −1 .  (1)

It should be mentioned that such proportionality is valid for small values of damping Ψ<<1, 
which is valid for most metallic materials. Very effective sources of internal friction are 
dislocations. If a material containing dislocations is submitted to a harmonic applied stress 
σ = σ 0 sinωt with an angular frequency ω = 2πf, the lost energy ΔWdiss depends only on the 
anelastic strain. In the case of an anelastic dislocation strain

  Δ  W  diss     =  ∮  ε  d   dσ.  (2)

The maximum stored energy can be well approximated by the maximum elastic stored energy

   W  max     =    ∫ 
0
  
 σ  0  

   σd  ε  el    =     1 __ 2      J  el      σ  0  2 ,  (3)

where Jel is the elastic compliance related to the shear modulus G‐1=Jel. Mechanical loss factor 
due to the presence of dislocations in the material may be written as

  tan ϕ  =   1 _____ π  J  el    σ  0  2 
    ∮  ε  d   dσ.  (4)

The logarithmic decrement, δ, as another damping quantity, is given as

  δ  =     1 __ n     ln   
 A  i   ____  A  i+n  

  ,  (5)

Magnesium Alloys38



1. Introduction

Internal friction is an anelastic relaxation connected with dissipation of the mechanical 
energy carried by the sonic or ultrasonic wave in a material and their conversion mostly 
into heat. In a solid material, it is manifested by deviations from Hooke's law and stress‐
strain hysteresis in the case of cyclic loading. Defects in the microstructure as point defects, 
grain boundaries, phase transformations, electrons, phonons or redistribution of the heat 
are responsible for internal friction. The general quantities describing the internal friction is 
the specific damping capacity Ψ = ΔWdiss/Wmax, or the loss factor η = ΔWdiss/2πWmax, where ΔWdiss 
is the mechanical energy dissipated in a material during one cycle of the applied stress, and 
Wmax is the maximum mechanical energy stored in it. In real experiments depending on 
the apparatus used, various quantities are measured: the mechanical loss factor tanϕ, the 
logarithmic decrement δ or the reciprocal value of the quality factor Q. These quantities are 
simply proportional:

  Ψ = η / 2π = tan ϕ = δ / π =  Q   −1 .  (1)

It should be mentioned that such proportionality is valid for small values of damping Ψ<<1, 
which is valid for most metallic materials. Very effective sources of internal friction are 
dislocations. If a material containing dislocations is submitted to a harmonic applied stress 
σ = σ 0 sinωt with an angular frequency ω = 2πf, the lost energy ΔWdiss depends only on the 
anelastic strain. In the case of an anelastic dislocation strain

  Δ  W  diss     =  ∮  ε  d   dσ.  (2)

The maximum stored energy can be well approximated by the maximum elastic stored energy

   W  max     =    ∫ 
0
  
 σ  0  

   σd  ε  el    =     1 __ 2      J  el      σ  0  2 ,  (3)

where Jel is the elastic compliance related to the shear modulus G‐1=Jel. Mechanical loss factor 
due to the presence of dislocations in the material may be written as

  tan ϕ  =   1 _____ π  J  el    σ  0  2 
    ∮  ε  d   dσ.  (4)

The logarithmic decrement, δ, as another damping quantity, is given as

  δ  =     1 __ n     ln   
 A  i   ____  A  i+n  

  ,  (5)

Magnesium Alloys38

where Ai and Ai+n are the amplitudes of the ith cycle and (i + n)th cycle, respectively, separated 
by n periods of the free vibrations of the specimen.

In experiments, three types of dependences can be estimated:

(i) Amplitude (strain/stress) dependence of damping capacity;

(ii) Temperature dependence of the damping capacity;

(iii) Frequency dependence of the damping capacity.

Because the damping capacity is in many cases connected with the atomic jumps, Arrhenius 
equation may be used

   f =  f  0   exp  (− ΔG / kT ) ,  (6)

where f is frequency, f0 a constant, ΔG the Gibbs free energy, k the Boltzmann constant and 
T the absolute temperature. In this way, the frequency dependence of the damping capacity 
may be converted to the temperature dependence.

The dynamic strain dependence of the damping capacity can be divided into a strain‐inde‐
pendent and a strain‐dependent component. If the logarithmic decrement is measured, the 
experimental finding can be expressed as

  δ =  δ  0   +  δ  H   (ε),  (7)

δ0 is the amplitude‐independent component, found at low amplitudes. The component δH 
depends on the strain amplitude and it is usually caused by the presence of dislocations in 
the material. The strain amplitude dependence of the logarithmic decrement suggests dislo‐
cation‐unpinning processes. Dislocations‐solute atoms interactions may be explained using 
the Granato‐Lücke (G‐L) theory of dislocation internal friction. In the G‐L theory [1, 2], the 
dislocation substructure exhibits longer segments with the lengths of LN along which weak‐
pinning points (solute atoms) are randomly distributed. The mean distance between two 
weak‐pinning points is ℓ assuming that ℓ« LN. The mean total density of dislocations is ρ. 
Shorter dislocation segments vibrate under the periodic stress σ = σ0sinωt carried with the 
sonic or ultrasonic wave. At T = 0 K and at sufficiently high stress, the dislocation is able to 
break away from the weak‐pinning points which may be point defects (solute atoms) or their 
small clusters. The longer segments LN are assumed to be determined by unbreakable pin‐
ning points, for example, the nodes of the Frank‐Read sources. Dislocations break away from 
weak‐pinning points under stress that is determined by the largest double loop in a segment. 
The length of this double loop is strongly dependent on the distribution of the solute atoms. 
The stress necessary for the break‐away decreases with increasing temperature because the 
break‐away process is thermally activated [3]. At higher temperatures, the break‐away can 
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occur at lower stresses than necessary in pure mechanical process, but higher activation ener‐
gies are required because the break‐away is simultaneous from several neighbouring pinning 
points. In the high temperature and low frequencies approximation, the stress dependence of 
the decrement component δH can be expressed as [3]

   δ  H     =     
ρ  L  N  2  

 ____ 6       
 ν  d   __ ω       (    3πkT _____ 2  U  0  

   )     
1/2

      (    
 ℓ   3   σ  0  2  ____  U  0   G

   )     
1/2

  exp   [  −   4 _ 3       
 U  0   _ kT       (    

 U  0   G _  ℓ   3    )     
1/2

      1 _  σ  0     ]   ,  (8)

here G is the shear modulus, σ0 is the amplitude of the applied stress and ω its angular fre‐
quency, ν is the dislocation frequency, U0 is the activation energy, kT has its usual meaning. 
This relationship has a similar form as the original formula given by Granato and Lücke [1, 2]. 
The δH component depends exponentially on the stress amplitude. The amplitude‐indepen‐
dent component δ0 may be in the frame of G‐L theory expressed as

   δ  0     =      
ΩBρ  ℓ   4  ω

 _______  E  L    b   2    , (9)

where Ω is an orientation factor, B is the coefficient of dislocation friction, EL is the tension 
in a dislocation line and b is the Burgers vector of dislocations. The critical strain εcr at which 
the internal friction becomes amplitude dependent may be used to calculate the effective 
critical stress amplitude corresponding to the micro‐yield stress according to the following 
equation:

   σ  cr   = E   ε  cr    , (10)

where E is Young's modulus. The stress necessary for a thermal break‐away of dislocation 
loops σT at a finite temperature is given by [3]

   σ  T   =  σ  cr   =  σ  M    [  1 −   (    kT _  U  1  
   ln A )     

2/3

  ]     (11)

with

  A =   2 __ 3       ν __ ω       
 σ  M  

 ___  σ  0         (    kT ___  U  1  
   )     

2/3

 .  (12)

σM is assumed to be break‐away stress in pure mechanical process. For a double loop with the 
loop length ℓ1 and ℓ2, it occurs at the stress

   σ  M     =     
2  F  m  
 ______ 

b   (   ℓ  1   +  ℓ  2   )   
  .  (13)

Here, Fm is the maximum force between the dislocation and the pinning point. U1 = 4/3(Fm
3/Φ)1/2, 

where Φ is a constant.

While amplitude‐dependent component of internal friction is only due to the presence of dis‐
location in the material, amplitude‐independent part is influenced by several contributions as 
dislocations, grain boundaries, precipitates, interfaces, or heat transfer. The damping capacity 
of materials is a function of the microstructure, stress, temperature, or frequency. The anelas‐
tic strain can result from the motion of structural defects, such as point defects, dislocation, 
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grain boundaries, and phase transformations, and conversely the internal friction can be used 
to study such motions. Two basic dependencies were measured: amplitude‐dependent inter‐
nal friction (ADIF) and temperature relaxation spectrum of internal friction (TDIF).

It is often stated in the literature that magnesium and magnesium alloys have good damping 
properties. Damping depends on many factors: purity, grain size, alloy composition, ther‐
momechanical treatment of magnesium materials; their microstructure and substructure, 
temperature, frequency and the stress amplitude. Therefore the universal statement that mag‐
nesium and magnesium alloys have high damping capacity is not true. Experiments are nec‐
essary to establish to what extent damping occurs for each particular case. The first internal 
friction effect observed in magnesium was established by Kê [4]. One relaxation peak found 
at 490 K was attributed to the grain boundary sliding. Similar results of polycrystalline mag‐
nesium and magnesium alloys were found by several authors [5–11]. Internal friction peaks 
measured at low temperatures in magnesium by Fantozzi et al. [12] and Seyed Reihani et al. 
[13] were attributed to the so‐called Bordoni relaxation, that is, the intrinsic mobility of dislo‐
cations through the Peierls barriers. Relaxation peaks found in the vicinity of 0.4 Tm observed 
by Nó et al. and Trojanová et al. were attributed to dislocation glide in the non‐compact slip 
planes [14–16]. Ageing effects in magnesium alloys were studied using ADIF [17, 18] and also 
TDIF [19]. The influence of microplastic and cyclic deformation on the damping capacity was 
studied in Mg and Mg alloys using ADIF [8, 20, 21]. Formation of new interfaces in magne‐
sium alloys via precipitation [22], mechanical twinning [23] or an adding of ceramic particles 
or fibres [24, 25] may substantially increase the damping capacity. Materials with the high 
damping capacity are known as HIDAMETS (HIgh DAmping MEtalS) or HIDAMATS (HIgh 
DAmping MAterialS) among them magnesium materials have an important place. Thermal 
cycling of magnesium alloys reinforced with ceramic fibres or particles may substantially 
deteriorate microstructure and mechanical properties [26].

2. Amplitude‐dependent internal friction

2.1. Cast alloys

Gravity cast magnesium alloys AM20, AX41 and AZ31 were annealed step by step for 20 min 
at increasing temperature of the thermal cycle. The temperature step was 20°C. Immediately 
after thermal cycling, amplitude dependence of internal friction was measured. Amplitude 
dependences of decrement estimated for AM20 alloy are introduced in Figure 1a–c for vari‐
ous upper temperatures of the thermal cycle. The amplitude dependences of decrement are 
practically identical for thermal cycling with the upper temperatures up to 200 °C. Thermal 
cycling with higher temperatures between 200 and 260 °C causes a decrease in the amplitude 
dependent component while the amplitude independent component remains unchanged. 
Thermal cycling with the upper temperatures between 260 and 400 °C causes an increase in 
the amplitude dependent component. The amplitude dependence of decrement obtained at 
400°C achieved similar values as in the case of the as‐cast sample.

According to Eq. (8), the δH component of decrement depends exponentially on the stress 
amplitude. The experimental curves were fitted according to formula (8) in the form
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  δ  =    δ  0     +     C  1   ε  exp (−  C  2   / ε ) ,  (14)

Here, the C1 parameter is proportional to ℓ      2/3   and the C2 is proportional to ℓ      −2/3  . Discussion of 
the C2 parameter is simpler because it depends only on the length of the small dislocation 
segments ℓ and the activation energy U0. Assuming that the activation energy is in the first 
approximation the same (all measurements were performed at room temperature), we may 
attribute observed temperature dependence of the C2 parameter to changes in the microstruc‐
ture. The typical feature of the microstructure of AM20 magnesium alloy is the formation of 
Mg17Al12 intermetallic phase particles as it is obvious from Figure 2a. The estimated param‐
eters C2 are shown in Figure 1d.

The temperature dependence of the C2 parameter slightly increases up to 200°C, then rapidly 
decreases with increasing upper temperature of the thermal cycle, and starting from a tem‐
perature of 260‐280°C, it again increases. The length of dislocation segments ℓ is done by the 
interaction of the solute atoms with the dislocation line. Although the concentration of solute 
atoms in the alloy is lower than the solubility limit, solute atoms in the as‐cast alloy are not 

Figure 1. Amplitude dependence of decrement measured in the AM20 alloy after thermal cycling: lower (a), medium (b), 
higher (c) upper temperatures of the thermal cycle, temperature dependence of the C2 parameter (d).
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The temperature dependence of the C2 parameter slightly increases up to 200°C, then rapidly 
decreases with increasing upper temperature of the thermal cycle, and starting from a tem‐
perature of 260‐280°C, it again increases. The length of dislocation segments ℓ is done by the 
interaction of the solute atoms with the dislocation line. Although the concentration of solute 
atoms in the alloy is lower than the solubility limit, solute atoms in the as‐cast alloy are not 

Figure 1. Amplitude dependence of decrement measured in the AM20 alloy after thermal cycling: lower (a), medium (b), 
higher (c) upper temperatures of the thermal cycle, temperature dependence of the C2 parameter (d).
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homogeneously dispersed. At temperatures between 200 and 320°C, solute atoms are movable 
and the solute solution is purified due to precipitation process in the alloy. Concentration of 
weak pinning points (solute atoms) decreases, and if the dislocation density is constant, the 
effective length ℓ of dislocation segments increases. The C2 parameter is proportional to C2 ∝ 
ℓ⁻2/3, thus with increasing annealing temperature, the values of C2 parameter decreases. Above 
320°C, the C2 slightly increases; this can be caused by several reasons: a decrease in dislocation 
density, ρ, thermal stresses and the interaction of dislocations with precipitates. The observed 
increase of C2 parameter at temperatures up to 160°C could be caused by segregation of solute 
atoms at dislocations. Such processes were observed during plastic deformation of various Mg 
alloys [27, 28]. The strain‐ageing phenomena are due to dislocation‐solute atom interaction. 
After a homogenisation treatment (413°C for 18 h), free solute atoms occupy dislocation lines. In 
the G‐L model, dislocations are pinned at some place and the free elastic segments move under 
the oscillating stress. Damping of these oscillations is controlled by interactions with phonons 
and electrons. In concentrated alloys, the dislocation line is strongly pinned by high number of 
solute atoms and their small clusters, which occupy the dislocation line. Because of very short 
distance between the weak pins (solute atoms), the force necessary for break‐away of disloca‐
tion is very high. At T = 0, the dislocation starts to glide when the Peach‐Koehler force achieves 
the value of the binding force between the dislocation line and solute atoms; the dislocation seg‐
ment Lc (Lc is the pinning correlation length) is released. Then, the critical stress σc is done [29] as

   σ  c     =     (    
 n  p  2   f  p  4  ____ γ   )     

1/3

   if   f  p     < < γ   n  p    b   3 ,  (15)

where np is the density of dislocation pinning points (solute atoms or their small clusters), fp is 
the elementary pinning force and γ is the dislocation elastic energy γ =   K ¯    Gb2 where b is the 
Burgers vector magnitude,   K ¯    is a constant of the order of 0.5. The collective pinning energy 
may be estimated as

Figure 2. Microstructure of the as‐cast alloy (a); temperature dependence of the C2 parameter in the homogenised alloy 
alloy (homogenised is also in the picture above) alloy (b).
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When the stress (strain) amplitude reaches its critical value, the dislocation motion has 
features typical for avalanche motion. Long free dislocation segments may operate in 
the slip plane and damping rapidly increases. Such collective pinning is obvious from 
Figure 3a for AX41 alloy. The critical strain (stress) for break‐away of dislocations depends 
only slightly on the thermal treatment, that is, the microstructure is very stable due to 
the formation of Mg2Ca precipitates which are more thermally stable in comparison with 
Mg17Al12. The constant length of shorter dislocation segments is manifested by a nearly 
constant C2 parameter as it was observed in the homogenised AM20 and AX41 alloys 
(Figures 2b and 3b).

Different results were found in the case of an AZ31 alloy in the as‐cast state (see Figure 4a, b). 
The alloy was thermally treated in the similar way as the AM20 alloy. ADIF measured 
in the as‐cast sample and after the thermal cycling up to 240°C showed no changes in 
the microstructure (Figure 4a). Thermal treatment at higher temperatures influenced both 
the amplitude‐independent as well as amplitude‐dependent components of the decrement 
(Figure 4b). Both increased with increasing upper temperature of the thermal cycle. A rapid 
increase of the δ0 component indicates some microstructural changes in the sample. The 
microstructure of the sample after the measurement series is shown in Figure 5. Tiny pre‐
cipitates situated in the grain boundaries are the characteristic feature in the microstructure 
(Figure 5). The formation of precipitates is connected with the purification of the grains 
interior. A decrease of the solute atom concentration inside of grains increases the effec‐
tive length of dislocation segments ℓ. The δ0 component is very sensitive to ℓ, as it follows 
from Eq. (8); it means the internal friction rapidly increases in the amplitude‐independent 
component.

Figure 3. Amplitude dependence of decrement measured in AX41 alloy after thermal cycling (a) and temperature 
dependence of the C2 parameter (b).

Magnesium Alloys44



   U  c   =  (γ  n  p    f  p        2   b   6  )   1/3 .  (16)

When the stress (strain) amplitude reaches its critical value, the dislocation motion has 
features typical for avalanche motion. Long free dislocation segments may operate in 
the slip plane and damping rapidly increases. Such collective pinning is obvious from 
Figure 3a for AX41 alloy. The critical strain (stress) for break‐away of dislocations depends 
only slightly on the thermal treatment, that is, the microstructure is very stable due to 
the formation of Mg2Ca precipitates which are more thermally stable in comparison with 
Mg17Al12. The constant length of shorter dislocation segments is manifested by a nearly 
constant C2 parameter as it was observed in the homogenised AM20 and AX41 alloys 
(Figures 2b and 3b).

Different results were found in the case of an AZ31 alloy in the as‐cast state (see Figure 4a, b). 
The alloy was thermally treated in the similar way as the AM20 alloy. ADIF measured 
in the as‐cast sample and after the thermal cycling up to 240°C showed no changes in 
the microstructure (Figure 4a). Thermal treatment at higher temperatures influenced both 
the amplitude‐independent as well as amplitude‐dependent components of the decrement 
(Figure 4b). Both increased with increasing upper temperature of the thermal cycle. A rapid 
increase of the δ0 component indicates some microstructural changes in the sample. The 
microstructure of the sample after the measurement series is shown in Figure 5. Tiny pre‐
cipitates situated in the grain boundaries are the characteristic feature in the microstructure 
(Figure 5). The formation of precipitates is connected with the purification of the grains 
interior. A decrease of the solute atom concentration inside of grains increases the effec‐
tive length of dislocation segments ℓ. The δ0 component is very sensitive to ℓ, as it follows 
from Eq. (8); it means the internal friction rapidly increases in the amplitude‐independent 
component.

Figure 3. Amplitude dependence of decrement measured in AX41 alloy after thermal cycling (a) and temperature 
dependence of the C2 parameter (b).

Magnesium Alloys44

2.1.1. Summary

From the ADIF investigations in AM, AX and AZ magnesium alloys, it can be concluded that 
changes in the microstructure of alloys may be detected using the internal friction measure‐
ment. Thermodynamic processes occurring in the alloys change the effective length of the 
dislocation segments. These processes take place mainly at temperatures higher than 200°C. 
Free solute atoms occupy the dislocation line and the stress necessary for the break‐away of 
dislocations is very high. Avalanche release of dislocation lines (and also their length) leads to 
a rapid increase in the internal friction.

2.2. Magnesium alloys‐based composites reinforced with short fibres

Metal matrix composites (MMCs) are materials combining two or more components with differ‐
ent physical and chemical properties. The commercial Mg alloys AZ91, ZC63 were reinforced by 

Figure 5. Microstructure of the AZ31 alloy after the thermal cycling.

Figure 4. Amplitude dependence of decrement measured in AZ31 alloy for various upper temperatures of the thermal 
cycle: lower temperatures (a) and higher temperatures (b).
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δ‐alumina short fibres (Saffil®, 3 μm in diameter with the mean length of about 87 μm) applying 
the squeeze‐cast technology. The preform consisted of short Saffil fibres and a binder system 
(containing Al2O3 and starch). Fibres exhibited a planar isotropic fibre distribution. The preform 
was preheated to a temperature higher than the melt temperature of the alloy and then inserted 
into a preheated die. The pressure was applied in two stages. Composites based on AZ91, ZC63 
alloys were exposed to the T4 heat treatment (AZ91: 413°C/18 h; ZC63: 440°C/8 h). Microstructure 
of the AZ91+14.6% Saffil fibres composite is introduced in Figure 6a. The sample was cut so that 
the fibres plane was parallel to the section plane. It can be seen that the distribution of fibres is 
not ideal and many fibres were broken during the squeeze‐casting process.

Figure 7a shows the plots of the logarithmic decrement against the strain amplitude for 
the ZC63 magnesium alloy reinforced with 24.9 vol.% Saffil fibres before and after thermal 
cycling between room temperature and an increasing upper temperature of the thermal cycle. 
Figure 7b shows results obtained for higher temperatures. From Figure 7a,b, it can be seen 
that the strain dependencies of the logarithmic decrement exhibit two regions in good accord 
with Eq. (7). The values of δH in the strain amplitude‐dependent region increase very strongly 
with increasing upper temperature of the thermal cycle up to 260°C, and then above 260°C, 
the values of δH again decrease with the upper temperature. Similar results were found for 
other composites based on magnesium alloys; only the critical temperature TC at which the 
original increase of the amplitude‐dependent decrement component turns to the decrease is 
different for various magnesium alloys. Similar results were found for the AZ91+14.9 vol.% 
Saffil short fibres (Figure 8a, b). The critical temperature TC was in this case found to be 280°C. 
This critical temperature was found for ZC63/Al2O3 260°C (temperature 280°C was not mea‐
sured), ZE41/ Al2O3 300°C. The critical temperature for QE22 was about 360°C and for AX41/
Al2O3 310°C, depending on the melting point of the matrix alloy.

In the lower‐strain amplitude region, the decrement is only weakly dependent on the strain 
amplitude. In the second region, for higher strains (or stresses, according to Hooke‘s law 
they are proportional), the decrement increases strongly with increasing strain amplitude. 

Figure 6. AZ91/Saffil composite before mechanical cycling (a) and cracks in the vicinity of the fatigue fracture plane after 
mechanical cycling (b).
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A number of possible damping mechanisms can be identified in MMCs. Interfaces present 
in composites are very effective source of damping (interfacial frictional sliding, local dis‐
sipative interfacial processes and interfacial diffusion). Grain boundary sliding can occur in 
the same way as in the unreinforced materials. A finer grain size, which is typical for most 
MMCs, means that there this process may occur with the higher intensity. On the other hand, 
ceramic reinforcements exhibit low dislocation density, then dislocation motion and grain 
boundary sliding are limited; the damping effect from these mechanisms will be reduced 
in proportion to the remaining volume fraction of the matrix. All these effects (dislocation 
damping, interface and grain boundary damping) may influence the amplitude‐independent 
δ0 component, while the amplitude‐dependent component δH is caused by dislocation motion 
in the material.

The experimental data were analysed using relationship (14). Values of the C2 parameter are 
introduced in Figure 9 for ZC63 (a) and AZ91 (b) alloys reinforced with Saffil fibres. Note 
that good correlation with the theory presented was found only for temperatures higher than 

Figure 8. Amplitude dependence of decrement measured for AZ91 alloy reinforced with 14.6 vol.% of Saffil fibres after 
thermal cycling: lower upper temperatures of the thermal cycle (a) and higher temperatures of the thermal cycle (b).

Figure 7. Amplitude dependence of decrement measured for ZC63 alloy reinforced with 24.9 vol.% of Saffil fibres after 
thermal cycling: lower upper temperatures of the thermal cycle (a) and higher temperatures of the thermal cycle (b).
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50–100°C. Decreasing values of the C2 parameter with the upper temperature of the thermal 
cycle up to temperatures 240–260°C indicate that the length of shorter dislocation segments 
ℓ increases with increasing upper temperature. Further cycling at temperatures higher than 
240–260°C again increased C2 parameter, that is, the length of dislocation segments ℓ decreased.

Metallic matrices and ceramic reinforcement are in the equilibrium at the manufacture tem‐
perature. Cooling to the room temperature induces thermal stresses [30]. The coefficient of 
thermal expansion (CTE) of ceramic reinforcement is lower than that of most metallic matrices. 
This means that when the composite is subjected to a temperature change, thermal stresses 
will be generated. Generally, these thermal stresses may be formulated in the following form:

   σ  t   = f(C,  r  i   ) ΔαΔT,  (17)

where f(C,ri) is a function of the elastic constants C, and geometrical parameters ri, Δα is the 
absolute value of the difference in the expansion coefficients of the components, and ΔT is the 
temperature change. Typically there is a large difference between the thermal expansion coef‐
ficient (CTE) of the matrix and the reinforcing phase. Even small temperature changes may 
generate thermal stresses. These internal stresses generated by thermal cycling of composites 
can be reduced by various relaxation mechanisms: dislocations production, their glide, by 
decohesion or sliding of the matrix‐reinforcement interface, by diffusion of solute atoms in 
the matrix. Density of newly created dislocations created in the vicinity of the reinforcement 
is significantly higher than elsewhere inside of the matrix. The dislocations generated dur‐
ing cooling from an elevated temperature below a certain temperature Tcr can glide inducing 
plastic deformation into the matrix.

The observed results may be explained if we consider that during cooling and also during 
thermal cycling new dislocations are created due to the difference in the CTE. This process 

Figure 9. Temperature dependence of the C2 parameter in the AZ63 alloy with 24.9% of Saffil fibres (a) and AZ91 alloy 
with 14.6% of Saffil fibres (b).

Magnesium Alloys48



50–100°C. Decreasing values of the C2 parameter with the upper temperature of the thermal 
cycle up to temperatures 240–260°C indicate that the length of shorter dislocation segments 
ℓ increases with increasing upper temperature. Further cycling at temperatures higher than 
240–260°C again increased C2 parameter, that is, the length of dislocation segments ℓ decreased.

Metallic matrices and ceramic reinforcement are in the equilibrium at the manufacture tem‐
perature. Cooling to the room temperature induces thermal stresses [30]. The coefficient of 
thermal expansion (CTE) of ceramic reinforcement is lower than that of most metallic matrices. 
This means that when the composite is subjected to a temperature change, thermal stresses 
will be generated. Generally, these thermal stresses may be formulated in the following form:

   σ  t   = f(C,  r  i   ) ΔαΔT,  (17)

where f(C,ri) is a function of the elastic constants C, and geometrical parameters ri, Δα is the 
absolute value of the difference in the expansion coefficients of the components, and ΔT is the 
temperature change. Typically there is a large difference between the thermal expansion coef‐
ficient (CTE) of the matrix and the reinforcing phase. Even small temperature changes may 
generate thermal stresses. These internal stresses generated by thermal cycling of composites 
can be reduced by various relaxation mechanisms: dislocations production, their glide, by 
decohesion or sliding of the matrix‐reinforcement interface, by diffusion of solute atoms in 
the matrix. Density of newly created dislocations created in the vicinity of the reinforcement 
is significantly higher than elsewhere inside of the matrix. The dislocations generated dur‐
ing cooling from an elevated temperature below a certain temperature Tcr can glide inducing 
plastic deformation into the matrix.

The observed results may be explained if we consider that during cooling and also during 
thermal cycling new dislocations are created due to the difference in the CTE. This process 

Figure 9. Temperature dependence of the C2 parameter in the AZ63 alloy with 24.9% of Saffil fibres (a) and AZ91 alloy 
with 14.6% of Saffil fibres (b).

Magnesium Alloys48

may be influenced by the thermodynamic processes occurring in the matrix during the ther‐
mal cycling. Chmelík and co‐workers [31] measuring the acoustic emission from the ther‐
mally treated composite (without any applied stress) have shown that new dislocations are 
formed in the cooling part of the thermal cycle. Higher dislocation density decreased the 
effective length of dislocation segments considering that the number of pinning points is con‐
stant. Number of free foreign atoms or their small clusters can be modified by thermodynamic 
processes in the matrix. A redistribution of solute atoms may be studied by electrical resistiv‐
ity measurements. Residual resistivity ratio RRR (RRR‐1 = ρe(77 K)/ρe(293 K)) measured for 
step‐by‐step annealed sample at increasing temperature is introduced in Figure 10a for ZC63/
Al2O3 MMC. A sharp drop in RRR‐1 detected in the temperature range from 160 to 240°C 
may be explained by the solute redistribution. This decrease of the resistivity reflects very 
complex processes; precipitates of various types can be formed in the matrix. The absence of 
the expected ageing effect might be due to the massive CuMgZn consuming a high amount 
of alloying elements. Electrical resistivity measurements have shown that the precipitation 
processes occur in some Mg‐based MMCs approximately between 200 and 300°C [32–34]. 
Similarly, the matrix alloy is purified from the free solute atoms also in the AZ91 alloy as it 
will be shown in Section 3.3.

From Figure 9a, b, it is obvious that the C2 constant decreases with increasing upper tem‐
perature of the thermal cycle. This tendency finished at temperatures between 200 and 300°C 
(depending on the matrix alloy) and then it again increases with temperature. Such behaviour 
may be explained by the formation of plastic zones which may accommodate thermal stresses 
produced at the matrix/ceramic fibre interfaces.

The radius of this plastic zone is given by the following approximate relationship [35]:

   r  plz     =    r  f     [    
4Δα  E  M  

 _______ (5 − 4ν )    σ  y  
   . ΔT ]     

1/2

 ,  (18)

Figure 10. Temperature dependence of the residual resistivity ratio in ZC63 alloy and composite (a) and critical strain in 
the AZ91+14.6% of Saffil fibres (b).
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where Ef and EM are Young's moduli of fibres and matrix, respectively, ν is Poisson constant 
and σy the yield stress in the matrix, rf is the radius of fibres. Similarly, it is possible to express 
the volume fraction of the plastically deformed matrix [35]

   f  plz     =  f  [    
4Δα  E  M  

 _ (5 − 4ν )  σ  y  
   . ΔT − 1 ]   .  (19)

If the volume fraction of the plastified matrix increases above a certain value, the plastic 
zones may overlap. In the overlapped zones, the dislocation loops formed near the inter‐
faces have the opposite sign on both sides of the fibre. At higher temperatures, the yield 
stress in the matrix is lower than internal stress and at temperatures higher than 260–340°C, 
the tensile stresses change to compression ones. At this moment, dislocations move in the 
plastic zones and annihilation of dislocations can occur and hence the dislocation density 
decreases.

Chmelík and co‐workers [31] have measured acoustic emission of samples thermally cycled 
between room temperature and an increasing upper temperature of the thermal cycle. At ele‐
vated temperatures from 200°C (in the case of AZ91 MMC) to 280°C, permanent elongation of the 
sample was detected, followed by rapid shortening of the sample after cycling at temperatures 
higher. These characteristic temperatures were different for various magnesium alloys used as 
the matrix alloys, but in each case, the critical temperature at which the sample became to be 
shorter accords with the critical temperature obtained in the internal friction experiments (AZ91/
Al2O3 280°C, ZC63/Al2O3 260°C (temperature 280°C was not measured), ZE41/Al2O3 300°C, QE22/
Al2O3 360°C). A decrease of the amplitude‐dependent component of the decrement is observed in 
the region where the sample is plastically deformed by thermal stresses. Acoustic emission signal 
was detected only in the cooling parts of the thermal cycle while high‐temperature strain of the 
sample was completely noiseless.

The temperature dependence of the critical strain εcr is shown in Figure 10b. All measure‐
ments were performed at ambient temperature. Thus, we can assume that parameter A and 
the activation energy U1 in Eq. (11) are, in the first approximation, independent of thermal 
treatment. Then, the critical strain εcr depending on the length of dislocation segments ℓ fol‐
lows the same tendency as the C2 parameter.

2.2.1. Summary

Thermal stresses are generated after the thermal cycling of magnesium alloys reinforced 
by short Saffil fibres. These stresses may be relaxed by anelastic as well as plastic strain. 
Internal friction measurements can detect newly created dislocations in the vicinity of 
fibres ends.

Internal friction measurements showed that changes in the microstructure start at tempera‐
tures above about 200°C. Precipitation processes and solute atoms migration are respon‐
sible for these changes. Thermal internal stresses generated at temperatures higher than 
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220–280°C are high enough to invoke motion of newly created dislocations. Thermal cycling 
at temperatures higher than ~300°C causes movement and annihilation of new dislocations 
(which are only slightly pinned and well movable) in the matrix, under appearing compres‐
sive thermal stresses, which leads to a decrease of internal friction.

2.3. Influence of mechanical cycling on ADIF

The same composite as in Section 2.2, that is, AZ91 alloy with 14.6% of Saffil fibres, was 
mechanically cycled in the same apparatus in which the ADIF was measured. The sample 
vibrated certain number of cycles at the resonant frequency, and then the amplitude depen‐
dence of decrement was measured.

The end of the fatigue life of the sample was manifested by the rapid increase of the resonant 
frequency. The sample was cycled up to the sample failure. It was reached at N = 2.19 × 108 
cycles, the maximum strain amplitude was 1 × 10‐3.

The amplitude‐dependent internal friction curves determined in the as‐received state and 
after definite numbers of cycles are introduced in Figure 11a. A rapid increase of the decre‐
ment was observed between the first measured curve for N = 0 and the second measured 
curve after 1 min of cycling, corresponding to N = 4.02 × 103 cycles. The logarithmic decrement 
estimated in the amplitude‐independent region for the strain amplitude ε = 2 × 10‐4 is shown 
in Figure 11b. A saturated region, where the decrement is more independent of the number 
of cycles, was found from N = 4 × 103 to approximately 1 × 106 cycles. Further cycling led to 
a rapid decrease of the decrement and then again an increase followed with the fracture of 
the sample. A rapid increase of the amplitude‐independent component of decrement δ0 was 
observed for number of cycles N = 4 × 107 − 9 × 107 as it is demonstrated in Figure 12a. After 
further cycling, local maxima appeared in the amplitude‐independent part of the curves as it 
can be seen in Figure 12b.

Figure 11. Strain amplitude dependences of the logarithmic decrement for as‐received state and after certain number of 
cycles (a) and resonant frequency and damping measures after N cycles (b).
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Changes in the composite response upon cyclic loading are primarily caused by plastic defor‐
mation in the matrix [36]. The cycling response in the material containing particles impen‐
etrable for dislocations leads to a rapid increase in the dislocation density during cyclic 
loading until a saturated state is reached. Composites typically exhibit a higher dislocation 
density compared with their monolithic counterparts. The dislocations have to circumvent 
the impenetrable ceramic fibres and in the case of the AZ91 alloy also precipitates Mg17Al12. 
New dislocations are generated at the matrix/obstacles interfaces. According to Eq. (9), the 
amplitude‐independent component of the logarithmic decrement depends on the dislocation 
density and the length of the shorter dislocation segments ℓ. The observed increase of the dec‐
rement at the onset of the cycling process is a result of the increase in the dislocation density. 
Because the number of the pinning points is constant and the effective length of the shorter 
dislocation segments ℓ is higher, the decrement increases. During further cycling, the disloca‐
tions are trapped by the interface, and induce disordered three dimensional dislocation struc‐
tures with a few dislocations extending in the matrix. The density of movable dislocations is 
reduced. Shuttling of these dislocations accommodates the imposed strain but the damping 
decreases as it is obvious from Figure 11a, b. A rapid increase of the logarithmic decrement 
for the number of cycles higher than 4.7 × 107 (Figures 11b and 12a) indicates nucleation and 
growth of fatigue cracks. We observed also influences of the number of cycles on the sample 
resonant frequency. A rapid increase of the damage parameter of the specimen after N cycles, 
D(N), can be defined [37] as

  D  (  N )    =  1 −   
 E  N  

 ___  E  o  
   = 1 −   

 f  N  2  
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A smooth local maximum in the amplitude dependence of the logarithmic decrement was 
observed after very high numbers of cycles (see Figures 11a and 12b). This maximum is caused 
by the formation of cracks in the fatigued matrix. A simple rheological model taking into account 
the crack origin of damping was developed by Göken and Riehemann [38]. According to the 
model, one elementary crack is assumed to be represented by a frictional grip that is attached 
in series to a spring E1 representing the loss of modulus due to opening of the crack. This fric‐
tional grip is absolutely firm for stresses lower than its critical stress σ<σci. In this stress region, 
the spring E1 and frictional grip σc1 attached parallel to another spring Er are elongated by an 
amount of εc1 with σc1=(Er+E1)εc1. The grip is separated at σ=σc1 where the spring E1 is released 
and the strain increases according to σc1=Erε because only Er representing the relaxed modulus 
is elongated. In this process, the elementary crack opens at the critical strain and the mechani‐
cal energy ΔW is converted to heat by the displacement of the two crack surfaces, by emission 
of dislocations at the crack tips, or by crack growth. The mechanical loss can be written as

  η =   1 ___ 2π     ΔW ____ W     ≅     
 E  i   __  E  r  
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 σ  c   __ σ   )     

2
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for ε≥εc and η = 0 for ε<εc. Introducing n combinations of grips σci and springs Ei with I = 1…n, 
the damping behaviour of n cracks can be modelled. The local maximum in the amplitude 
dependence of the logarithmic decrement was caused by the distribution of cracks length 
and their orientations leading to a nearly continuous distribution of the critical strains σc. All 
occurring local maxima could be fitted with good accuracy when a lognormal distribution 
of critical stresses σc was assumed. In Figure 12b, the local maximum after 9.9 × 107 cycles is 
shifted to slightly higher damping and higher strain amplitude after additional cycles leading 
to a total number of 1.02 × 108 cycles. This may indicate that new smaller cracks are created or 
dislocation damping increases again during this period. The latter could already be observed 
in the high amplitude region from 8.8 × 106 to 9.9 × 107cycles. Fatigue cracks were found after 
mechanical cycling in the composite microstructure as it is demonstrated in Figure 6b.

2.3.1. Summary

Fatigue can successfully be studied by the measurement of strain amplitude‐dependent 
damping after increasing numbers of mechanical cycles. For mechanical cycling of AZ91/Saffil 
composite mainly dislocation effects could also be found for cycle numbers up to 4.7 × 107. 
For further cycling, a strong increase of damping can be attributed to nucleation and growth 
of cracks leading to fracture of the sample. Smooth relative maxima appearing on the damp‐
ing versus strain curve can be explained and evaluated by a rheological model of the effect of 
cracks on damping.

2.4. Magnesium zirconia nanocomposite

Magnesium with 3 vol% of zirconia nanoparticles was prepared by powder metallurgical route. 
Powder from Mg was mixed with ZrO2 nanoparticles (the mean size of 14 nm) and milled 
together for 1 h in a planetary ball mill. The mixture was subsequently pre‐compressed followed 
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by hot extrusion at a temperature of 350°C under a pressure of 150 MPa. After extrusion, the 
originally more or less equiaxial grains changed into elliptical grains with the long axis par‐
allel to the extrusion direction. The grain size in the cross section was about 3 μm and in the 
extrusion direction 10 μm. ADIF was measured after mechanical cycling at room temperature. 
Experiments were performed in similar way as in the case of AZ91/Saffil composite. Decrement 
estimated for two strain amplitudes depending on the number of cycles is shown in Figure 13a.

Mechanical cycling in the region from 3 × 103 to 2.4 × 106 leads to the decrement increase. 
Observed increase of decrement is very probably a consequence of the dislocation density 
increase and also an increase of the effective length between weak pinning points. Further 
cycling up to 2.9 × 107 cycles decreased the decrement. This drop is caused by a decrease of the 
dislocation density, which is a consequence of interactions between dislocations. The higher 
dislocation density limited the slip length of vibrating dislocation segments. Rapid increase 
of the decrement is caused by the cracks creation. Rapid decrease of the damage parameter 
shown in Figure 13b observed for the number of cycles of N>107 and the decrease of the reso‐
nant frequency at the end of the fatigue process indicates loss of the stiffness as a consequence 
of the creation and propagation of cracks.

2.4.1. Summary

Magnesium zirconia nanocomposite was cycled at room temperature and after certain num‐
ber of cycles the logarithmic decrement was measured. Plastic deformation during cycling 
increased the dislocation density and also the measured decrement. The loss of stiffness at the 
end of the fatigue process is a consequence of the cracks formation and propagation.

2.5. Ultra‐fine‐grained magnesium

Ultra‐fine‐grained magnesium (UFG‐Mg) samples were prepared by ball milling of powder 
in an inert atmosphere and subsequent consolidation and hot extrusion. The linear grain size 

Figure 13. The logarithmic decrement measured for two amplitudes depending on number of cycles (a) and damage 
parameter versus number of cycles (b).
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of specimens estimated by X‐ray line profile analysis was about 100–150 nm. Samples were 
cyclically loaded until failure with bending vibrations in the apparatus also used for damping 
measurements. The resonant frequency of the system ranged from 59 to 62 Hz. The end of 
the fatigue life of a sample was manifested by a rapid decrease of the resonant frequency. The 
sample was cycled up to failure, which was reached at N = 2.74 × 108 cycles.

The amplitude‐independent component, δ0, and the damping value at the maximum 
amplitude, δmax, plotted against the cycle number are shown in Figure 14a. It can be seen 
that the decrement is more or less constant at the onset of the cycling process. Cycling in 
the region between 107 and 108 cycles leads to an increase of the decrement. The observed 
increase of the decrement indicates a rapid increase of the dislocation density and also an 
increase in the distance between weak pinning points. This increase of the decrement, on 
the other hand, is accompanied by a decrease of the resonant frequency. Figure 14b shows 
the damage D (defined by Eq. (20)) plotted against the cycle number N. A rapid increase 
of D occurred for N > 108. The measured decrease of the resonant frequency at the end of 
fatigue process indicates a stiffness loss due to the formation of cracks and may also be 
caused by an increase of the number of bowable or moveable dislocations as a function 
of cycling. A rapid increase of the amplitude‐dependent component of the decrement at 
the end of the sample life is due to rapid nucleation or growth of cracks and a resulting 
strong local increase in the free dislocation density. Newly created dislocations at cracks 
tips accommodate these stresses.

2.5.1. Summary

The accumulation of plastic deformation mainly due to an increase of the dislocation density 
is the significant feature of the fatigue process. Cycling higher than 108 cycles led to nucleation 
and growth of cracks. Newly created and propagated cracks increased the logarithmic decre‐
ment and damage parameter.

Figure 14. Amplitude dependence of decrement measured in UFG‐Mg for two amplitudes (a); damage parameter 
depending on the number of cycles (b).
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3. Temperature relaxation spectrum of internal friction

3.1. Microcrystalline Mg

Microcrystalline magnesium was prepared using the powder metallurgical route. The tem‐
perature dependence of the loss angle tan ϕ estimated over a wide range from room tempera‐
ture up to 480°C is given in Figure 15a for three measuring frequencies of 0.5, 5 and 50 Hz. 
Two peaks showing different intensities have been found: the weak low‐temperature peak and 
the more intense high‐temperature peak. It can be seen that both peaks shift to a higher tem‐
perature with increasing frequency, indicating that they may be relaxations peaks. Positions of 
peaks in the temperature scale are for three measuring frequencies introduced in Table 1. The 
curves shown in Figure 15a were measured during one heating course in the multi‐frequent 
mode. Repeating of the thermal measuring cycles did not change the height and position of 
peaks. The internal friction peaks are assumed to be imposed by a background IFb expressed by

  I  F  b   = A + B exp   (    
−  C  b   _ kT   )    ,  (22)

where k is the Boltzmann constant and T is the absolute temperature, A, B and Cb are con‐
stants. After subtracting the background by using a fitting programme PeakFit, the maximum 
temperature TP was estimated for both the relaxation peaks. Exact temperatures of both peaks 
estimated for various frequencies are given in Table 1. The peak widths are broader than that 
for a Debye peak, characterised by single relaxation time. The internal friction peak appears 
at the condition ωτ = 1 [39], with

   ωτ = ω τ  0   exp (  ΔH / kT )  ,   (23)

where ω is the angular frequency (=2πf, f is the measuring frequency), τ is the mean relaxation 
time, τ0 the pre‐exponential factor, and ΔH is the mean activation enthalpy. Figure 15b shows 
the semilogarithmic plot of the frequency versus reciprocal value of the peak temperature 
TP—the so‐called Arrhenius plot.

From the slope and intercept of the straight line, the mean activation enthalpy ΔH for the low‐
temperature peak has been obtained and its value is 1.02 ± 0.05 eV. Internal friction in magne‐
sium has been studied by several authors. Their results are summarised in Table 2. The peaks 
found above room temperature up to 100°C were described to dislocation effects. As far as the 
peak observed may have a dislocation nature, prestraining of the sample at a low temperature 
should influence the height of the peak. Deformation by rolling at room temperature (ε≈2%) 
increased the strength of the low‐temperature peak. This result is different from an estimation 
presented in the paper [14], where probably the identical peak PD vanished after annealing 
at 570 K. Similar peak was found by Trojanová and co‐workers [40, 41] for ultra‐fine‐grained 
magnesium prepared by ball milling and hot extrusion.

In the case of a relaxation processes linked to dislocation motion, the activation area A = V/b 
(b is the Burgers vector and V activation volume) is the area that a dislocation has to move in 
order to activate the process, this means to overcome the barrier. Therefore, the product Vσ* 
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f/Hz P1 (°C) P2 (°C)

0.5 84.7 325

5 133.9 377.4

50 142.2 445.2

Table 1. Peak temperatures observed for various frequencies.

Material T (°C) f (Hz) ΔH (eV) References

Mg99.999% 76.8 1–2 Seyed Reihani [42]

Mg99.97% 219.8 0.46 Kê [4]

Mg99.9999% 67 1 Nó et al. [14]

Mg99.9999% 157 1 Nó et al. [14]

High purity Mg 146.8 Fantozzi et al. [43]

Mg99.9999% 148.8 1 1.00 Nó [44]

μ‐Mg 84.8 0.5 1.02 This work

μ‐Mg 325 0.5 1.40 This work

UFG‐Mg 102 1 0.95 Trojanová et al. [40]

UFG‐Mg 358 1 1.77 Trojanová et al. [40]

UFG‐Mg+3nGr 78 1 1.08 Trojanová et al. [45]

Table 2. Occurrence of the internal friction peaks in magnesium prepared by various routs .

Figure 15. Temperature dependence of the loss angle measured at three frequencies (a) and Arrhenius plots constructed 
for low‐ and high‐temperature peaks (b).
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represents the work done by the applied stress to promote the dislocation motion over the 
local barrier. Neglecting the entropy term, the activation volume can be expressed as

  V  =   −   ∂ ΔH ____ ∂ σ     = − k  ln   (  ω τ  0   )        
∂  T  p   ____ ∂ σ   ,  (24)

using Eq. (23) and the condition ωτ = 1 for peak appearance. Figure 16a shows the internal 
friction spectrum measured at different strain amplitudes ε (from 8.3 × 10‐5 to 2.3 × 10‐4). As 
the strain amplitude increases the peak shifts towards higher temperatures and its height 
increases while the background increases moderately. Taking for ln(ωτ0) = ‐31.33 (τ0 = 7.9 × 
10‐15 s, ω = π Hz), and for ∂Tp/∂σ = (1/E)1.84 × 104 (linear regression from Figure 16b, σ = Eε, E 
is the Young modulus), we obtain for the activation volume V(exp) = 1.5 × 10‐28 m3 and disloca‐
tion activation volume Vd = ψVexp = 7.2 × 10‐28 m3 = 22 b3 (E = 42 GPa, and the Taylor factor ψ = 
4.8). Considering geometrical interpretation of the activation volume

  V = bd  ℓ  D   = bA,  (25)

where the energy barrier has a width d. ℓD is the length of the dislocation segment between 
barriers. Parameters of the thermally activated process (activation enthalpy and activation 
volume) are typical for certain barriers and their experimental estimation gives a possibility 
to identify the main barriers relevant for dislocation motion. Usually, the thermally activated 
process is studied in plastic deformation. On the other hand, the inelastic behaviour of metallic 
materials can be considered as the thermally activated dislocation motion.

Figure 16. Temperature dependence of the low‐temperature peak measured for various strain amplitudes (a) and 
amplitude dependence of peak temperatures (b).
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The main deformation mode in magnesium is basal slip of <a> dislocations. The secondary con‐
servative slip may be realised by <a> dislocations on prismatic and pyramidal planes of the first 
kind. Couret and Caillard studied by TEM prismatic glide in magnesium in a wide temperature 
range [46, 47]. They showed that the screw dislocations with the Burgers vector of    1 __ 3      [  11  ̄  2 0 ]     are 
able to glide on prismatic planes and their mobility is much lower than the mobility of edge dis‐
locations. The deformation is controlled by thermally activated glide of these screw dislocation 
segments. A single controlling mechanism has been identified as the Friedel‐Escaig mechanism. 
This mechanism assumes a dissociated dislocation on a compact plane (0001) that joins together 
along a critical length Lr producing double kinks on non‐compact plane. The activation energy 
for this process is

  U = 2  U  K   + 4  U  C   + 2  U  R    (26)

where 2UK , 4UC and 2UR are the formation energies of the kink pair, of the four constrictions 
and of the two recombined segments, respectively. The activation area is proportional to the 
critical length between two kinks and it should be small.

  A ∝  L  r   b.  (27)

The theoretical prediction leads to a value of 2UK superior to 1.2 eV and to an activation 
area of about 15 b2. This mechanism should give an internal friction peak similar to the 
Bordoni relaxation. The Friedel‐Escaig mechanism is also sometimes called as pseudo‐
Peierls mechanism. Additionally, in this model the maximum of the internal friction peak 
must increase with increasing oscillating stress (strain amplitude) from a certain criti‐
cal value. Thus, the comparison between the theoretical predictions and the experimen‐
tal results leads to the conclusions that the observed relaxation is very probably pseudo 
Bordoni relaxation based on glide of screw dislocations on non‐compact planes controlled 
by the Friedel‐Escaig mechanism.

The high‐temperature peak has been observed at temperature ~325°C (0.5Hz). The cold prestrain‐
ing of the sample did not affect the strength of the high‐temperature peak. Position and height 
of the peak are very stable during heating as well as cooling. The activation energy was obtained 
from the frequency dependence of the peak temperature (Arrhenius plot) to be 1.40 ± 0.05 eV (see 
Figure 15b). Existence of the high‐temperature peak in magnesium has been reported by Kê [4] 
and other authors [5, 6, 10, 11]. They described this peak as being related to the grain boundary 
relaxation. Grain boundary sliding is realized by the slip and climb (providing a maintenance 
of vacancy sources and sinks) of grain boundary dislocations. Since both modes of dislocation 
motion must occur simultaneously, the slower one will control the grain boundary sliding. The 
climb mode involves jog formation and grain boundary diffusion and both modes may be affected 
by the interaction with impurities segregated in grain boundaries. According to ref. [48], grain 
boundary dislocation segments vibrate under applied cyclic stress, restoring force K is assumed 
to be from the elasticity of the limiting grains at triple junctions. According to this theory, the 
relaxation strength is for small grains not depending on the grain size:
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 _____ C  ,  (28)

where ρs is the dislocation grain boundary surface density (total dislocation length per unit 
of grain boundary area), G is the shear modulus and C is a constant. The relaxation time in 
this model is

  τ  =     kT _______  b   2   C  j   D K     exp   (    
Δ  H  j   + Δ  H  GB  

 _ kT   )     =    τ  0     exp   (    ΔH _ kT   )   ,  (29)

where Cj is the linear density of jogs along the dislocation line, D is the diffusion coefficient, 
ΔHj, ΔHGB are the activation enthalpies for the jog formation and the grain boundary diffusion, 
respectively. The activation enthalpy for grain boundary diffusion in the coarse‐grained mag‐
nesium is 0.95 eV [49]. Comparing with the estimated activation enthalpy value of 1.40 eV, the 
possible jog formation energy should be approximately 0.45 eV, which seems to be a reason‐
able value. Similar peaks describing the grain boundary sliding are introduced in Table 2. Peak 
observed by Kê [4] was found at 219.8°C and by Trojanová [41] at 358 °C. This is very probably 
due to the fact that microcrystalline and ultra‐fine magnesium were prepared by milling in 
the protective Ar atmosphere containing 1% of oxygen. MgO particles in the grain boundaries 
together with the alumina nanoparticles may influence grain boundary diffusion characteristics.

3.1.1. Summary

Microcrystalline magnesium was prepared by milling and hot extrusion. Internal friction was 
measured as a function of temperature with three frequencies 0.5, 5 and 50 Hz. Two relaxation 
peaks were observed: a peak at 85 (0.5 Hz) with activation energy of 1.02 eV, and a peak at 
325°C (0.5 Hz) with activation energy of 1.40 eV. The estimated small values of the activation 
volume and the peak sensitivity to the stress amplitude lead us to conclude that the low‐tem‐
perature peak is due to the screw dislocation motion on the prismatic plane controlled by the 
Friedel‐Escaig mechanism. Grain boundary sliding is probably the reason for appearing at the 
high‐temperature peak.

3.2. Mg‐Gr nanocomposite

The Mg with 3 vol% of Gr nanoparticles was prepared by the similar procedure as the micro‐
crystalline Mg (see Chapter 3.1). The Mg micropowder with a median particle diameter of 
about 40 μm was mixed for 8 h with 3 vol.% of graphite powder and milled for 8 h in the plan‐
etary ball mill in a sealed argon atmosphere. The composite was encapsulated in an evacuated 
Mg container, degassed at 350°C, and extruded by the preheated (350°C) 400 t horizontal 
extrusion press. The material was studied in a transmission electron microscope; the mean 
grain size of the material was found to be about 200 nm. Temperature relaxation spectra of 
internal friction were measured in a DMA 2980 (TA Instruments) apparatus while heating 
and cooling. In a temperature range from room temperature up to 480°C, the measurements 
were performed in the multi‐frequency mode at three frequencies 0.5, 1 and 2 Hz. Throughout 
the measurements, the strain amplitude was 1.2 × 10‐4. The heating as well as cooling rate was 
1 K/min. No grain growth during heating up to 480°C was observed.
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where Cj is the linear density of jogs along the dislocation line, D is the diffusion coefficient, 
ΔHj, ΔHGB are the activation enthalpies for the jog formation and the grain boundary diffusion, 
respectively. The activation enthalpy for grain boundary diffusion in the coarse‐grained mag‐
nesium is 0.95 eV [49]. Comparing with the estimated activation enthalpy value of 1.40 eV, the 
possible jog formation energy should be approximately 0.45 eV, which seems to be a reason‐
able value. Similar peaks describing the grain boundary sliding are introduced in Table 2. Peak 
observed by Kê [4] was found at 219.8°C and by Trojanová [41] at 358 °C. This is very probably 
due to the fact that microcrystalline and ultra‐fine magnesium were prepared by milling in 
the protective Ar atmosphere containing 1% of oxygen. MgO particles in the grain boundaries 
together with the alumina nanoparticles may influence grain boundary diffusion characteristics.

3.1.1. Summary

Microcrystalline magnesium was prepared by milling and hot extrusion. Internal friction was 
measured as a function of temperature with three frequencies 0.5, 5 and 50 Hz. Two relaxation 
peaks were observed: a peak at 85 (0.5 Hz) with activation energy of 1.02 eV, and a peak at 
325°C (0.5 Hz) with activation energy of 1.40 eV. The estimated small values of the activation 
volume and the peak sensitivity to the stress amplitude lead us to conclude that the low‐tem‐
perature peak is due to the screw dislocation motion on the prismatic plane controlled by the 
Friedel‐Escaig mechanism. Grain boundary sliding is probably the reason for appearing at the 
high‐temperature peak.

3.2. Mg‐Gr nanocomposite

The Mg with 3 vol% of Gr nanoparticles was prepared by the similar procedure as the micro‐
crystalline Mg (see Chapter 3.1). The Mg micropowder with a median particle diameter of 
about 40 μm was mixed for 8 h with 3 vol.% of graphite powder and milled for 8 h in the plan‐
etary ball mill in a sealed argon atmosphere. The composite was encapsulated in an evacuated 
Mg container, degassed at 350°C, and extruded by the preheated (350°C) 400 t horizontal 
extrusion press. The material was studied in a transmission electron microscope; the mean 
grain size of the material was found to be about 200 nm. Temperature relaxation spectra of 
internal friction were measured in a DMA 2980 (TA Instruments) apparatus while heating 
and cooling. In a temperature range from room temperature up to 480°C, the measurements 
were performed in the multi‐frequency mode at three frequencies 0.5, 1 and 2 Hz. Throughout 
the measurements, the strain amplitude was 1.2 × 10‐4. The heating as well as cooling rate was 
1 K/min. No grain growth during heating up to 480°C was observed.
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Figure 17a shows the temperature dependence of the mechanical loss angle tanφ measured at 
three frequencies during first heating sub‐cycle. Two types of peak have been found: the weak 
low‐temperature peak and the more pronounced two high‐temperature peaks. While the low‐
temperature peak position in the temperature scale depends on the measuring frequency, 
position of both high‐temperature peaks does not depend on the frequency. Figure 17b shows 
the temperature dependence of mechanical loss angle measured during cooling. It is seen 
that the two high‐temperature peaks developed into one peak. Position of this peak is not 
depending on frequency and it remained constant in the next heating‐cooling cycles. The low‐
temperature peaks extracted from the internal friction spectrum subtracting the background 
damping are introduced in Figure 18a, b which shows the Arrhenius plot for the low‐temper‐
ature peak. An estimated activation enthalpy of 1.08 ± 0.05 eV is close to activation enthalpies 
found for μMg and UFG‐Mg as it is given in Table 2. This fact and together with found peak 
temperature from a range of 67–102°C indicates that the low‐temperature peak is due to the 
reversible screw dislocation motion on the prismatic plane controlled by the Friedel‐Escaig 
mechanism as it was described in paragraph 3.1.

Figure 17. Temperature relaxation spectrum of internal friction measured for three frequencies while heating (a) and 
cooling (b).

Figure 18. Subtracted low‐temperature peaks (a), Arrhenius plot and activation enthalpy obtained for the low‐
temperature peak (b).
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Observed independence of the high‐temperature peak on the frequency indicates that this 
peak has no Debye nature. Its existence is due to newly created dislocations and their motion. 
An increase in the dislocation density near reinforcement with the different CTE compared 
with the matrix has been calculated according to Arsenault & Shi [50]

  ρ =     
B  V  f   ΔαΔT

 ________ 
b  (  1 −  V  f   )   

       1 ___  t  min  
  ,   (30)

where Vf is the volume fraction of the reinforcing phase, tmin its minimum size, b the magnitude 
of the Burgers vector of dislocations, B a geometrical constant, Δα the absolute value of the CTE 
difference between the matrix and the reinforcement, ΔT the temperature difference. Rawal 
[51] studied the interface in the cast Mg‐Gr composite. He found, using the transmission elec‐
tron microscopy, enhanced dislocation density near the interface. Dislocations were generally 
linear and corresponded to available basal slip systems in hcp Mg matrix. Dislocation density 
measurements made using the weak beam imaging technique indicate an average dislocation 
density of 1.6 × 1013 – 6 × 1014 m‐2. High density of dislocations may be attributed to the residual 
stress state generated because of differential contraction between the Gr and matrix during the 
fabrication process. In the Mg/Gr composite studied in the present work, the CTE value of high 
purity Mg matrix is 26 × 10‐6 K‐1 and that of the Gr is approximately 4.0 × 10‐6 K‐1 (the value for 
carbon fibres is –1.4 × 10‐6 K‐1 [52]). It is expected that such large difference could generate a 
high density of dislocations during heating as well as cooling of Mg/Gr system. The residual 
strain, or strain accumulation, produced by the thermal mismatch may be calculated from

  ε = ΔαΔT.  (31)

In the absence of thermal stresses, the vibrating dislocation segments do the dislocation damp‐
ing IFd. If the composite material is heated, compressive thermal stresses σth are generated in 
the matrix and induce a long‐range movement of dislocation, which is superimposed on the 
oscillatory motion induced by the apparatus. Several models are reported in the literature to 
describe the mechanism(s) responsible for damping in composites due to dislocation motion 
in the vicinity of reinforcing phase. Mayencourt and Schaller [24] have reported a non‐lin‐
ear dependence of the internal friction in MMCs with the cooling rate, measuring frequency 
and strain amplitude. Dislocation motion near the interface is controlled by the solid friction 
mechanism and break‐away of dislocation from solutes. Vincent and co‐workers [53] devel‐
oped a model where a coupling between the thermal‐induced strain and the alternating shear 
stress of the apparatus is considered. Carreño‐Morelli and co‐workers [25] developed a model 
based on the growing plastic zones around the reinforcement. Wei et al. [54] studied internal 
friction in Al with Gr particulates. An internal friction peak was found at about 260°C. The 
internal friction peak is attributed to the thermal dislocations, the thermal stress coupled to 
the exciting stress, and the interaction between the dislocations and the cyclic applied stress.

3.2.1. Summary

Mg with 3 vol.% of Gr nanoparticles prepared by milling and hot extrusion has been char‐
acterised by mechanical spectroscopy during continuous heating as well as cooling. Internal 
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friction was measured as a function of temperature with three frequencies ranging from 0.5 
to 2 Hz. Two internal friction peaks were observed in the temperature relaxation spectrum. 
The peak observed in the vicinity of ≈ 80°C, having the activation energy of 1.08 eV, has been 
described to the reversible screw dislocation motion in the Mg grains on the prismatic plane 
controlled by the Friedel‐Escaig mechanism. Thermal stresses generated due to thermal mis‐
match during heating as well as cooling are very probably the reason for the peak observed at 
≈ 300°C. Position of this peak is insensitive to the measuring frequency. Increased dislocation 
density induced by thermal stresses and movement of dislocations under the thermal stress 
as well as the applied stress is the reason for the existence of this peak.

3.3. AZ magnesium alloys

TDIF was measured in cast magnesium alloys AZ31, AZ63 and AZ91 after homogenisation 
treatment (22 h at 390°C). The resonant frequency and damping analyser (RFDA) was used 
to determine the damping and resonant frequency. The measurements were performed in 
a wide temperature range from room temperature up to 400°C. The prism‐shaped samples 
75 × 20 × 10 mm3 were excited to vibrations in the resonant frequency using a small striker. 
Damping of the sample‐free vibrations was registered with a microphone and processed 
using special software. The resonant frequency exhibiting ~8 kHz was estimated by means of 
Fourier transform. The linear heating rate was chosen in the range from 1 to 4 K/min. The AZ 
alloys are formed by the solid solution of Al and Zn atoms in Mg (δ‐phase) and the Mg17Al12 
intermetallic compound (γ‐phase). Precipitates existing in these alloys may be of two kinds: 
discontinuous precipitate (DP), which is formed by lamellae γ + δ, and continuous precipi‐
tate (CP) having usually a form of small discs or spheres. Microanalysis of all three alloys 
showed the presence of the γ‐phase in the AZ31 alloy while the discontinuous precipitate 
was observed only rarely. In the AZ63 alloy, electron compound Mg17Al12 was found beside 
discontinuous precipitate. AZ91 alloy exhibits similar microstructure as AZ63 alloy, only with 
the different proportional representation of individual phases.

The temperature dependences of the logarithmic decrement measured at the heating rate of 2 
K/min for AZ31, AZ63 and AZ91 alloys are introduced in Figure 19a. The temperature depen‐
dence of the logarithmic decrement was measured in the AZ91 sample after the homogenisa‐
tion treatment while heating is introduced in Figure 19b. The heating rate was 60 K/h, the 
cooling rate was not controlled. The temperature record showed the linear decrease of tem‐
perature up to 120–140°C. When room temperature was reached, a new measurement was 
started. The measurements were repeated three times. It is obvious from Figure 19b that the 
decrement is more or less constant up to approximately 220°C, and then it increases with 
increasing temperature. At temperature ~320°C, a local maximum of the logarithmic decre‐
ment is observed. The height of this maximum decreases in the second and third run of the 
measurement. The position of maximum in the temperature axis is the same for all runs.

The temperature dependence of the logarithmic decrement was measured for three heating rates 
as it is shown in Figure 20a. Note that before each measurement, a new homogenisation treat‐
ment was performed. Only the first runs of the measurements are given in Figure 20a. The higher 
heating rate, the higher temperature of the local maximum is observed. The height of the maxi‐
mum simultaneously decreases with the increasing heating rate. To reveal the physical nature 
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of the observed local maximum in the temperature dependence of the logarithmic decrement, a 
sample with the smaller thickness was tested. Maximum position in the temperature scale was 
not shifted for the measurement with the resonant frequency of ~7 kHz (see Figure 20b). This 
fact indicates that the observed maximum is not of the Debye type. Some transitory effects must 
be considered.

In the temperature dependence of the logarithmic decrement, four characteristic points were 
selected: 220, 320, 360 and 390°C. Samples were subjected to the homogenisation treatment 
and then put into a furnace with the predetermined heating rate of 1 K/min. Reaching the 
chosen temperature, samples were step by step removed from the furnace and quenched into 
water of 60°C. Scanning electron microscopy (SEM) observations were performed at room 
temperature. After heating of the sample with the heating rate of 1 K/min up to 220°C super‐
saturated solid solution decomposed; DP appeared in the vicinity of grain boundaries as it 
is obvious from Figure 21a, small precipitates visible as light points are CP, their size slowly 

Figure 20. Temperature dependence of the logarithmic decrement while heating performed in three runs for the heating 
rate 1 K/min (a) and for three heating rates (b).

Figure 19. Temperature dependence of the decrement measured for three AZ alloys (a) and AZ91 alloy in three runs (b).

Magnesium Alloys64



of the observed local maximum in the temperature dependence of the logarithmic decrement, a 
sample with the smaller thickness was tested. Maximum position in the temperature scale was 
not shifted for the measurement with the resonant frequency of ~7 kHz (see Figure 20b). This 
fact indicates that the observed maximum is not of the Debye type. Some transitory effects must 
be considered.

In the temperature dependence of the logarithmic decrement, four characteristic points were 
selected: 220, 320, 360 and 390°C. Samples were subjected to the homogenisation treatment 
and then put into a furnace with the predetermined heating rate of 1 K/min. Reaching the 
chosen temperature, samples were step by step removed from the furnace and quenched into 
water of 60°C. Scanning electron microscopy (SEM) observations were performed at room 
temperature. After heating of the sample with the heating rate of 1 K/min up to 220°C super‐
saturated solid solution decomposed; DP appeared in the vicinity of grain boundaries as it 
is obvious from Figure 21a, small precipitates visible as light points are CP, their size slowly 

Figure 20. Temperature dependence of the logarithmic decrement while heating performed in three runs for the heating 
rate 1 K/min (a) and for three heating rates (b).

Figure 19. Temperature dependence of the decrement measured for three AZ alloys (a) and AZ91 alloy in three runs (b).

Magnesium Alloys64

increased. Tiny CPs are situated primarily in the annealing twins, the matrix in the vicinity of 
twins is purified, density of CPs is in these places lower (Figure 21b).

When temperature increased up to 320°C, decomposition of DPs started, and then the grow‐
ing of CPs (Figure 22a) followed. Original lamellae were reshaped into small discs as it is 
visible in Figure 22b. CPs depicts the twin; small discs of CPs are ordered in twin/grain 
boundaries. Note that a temperature of 320°C corresponds to the peak temperature in the 
temperature dependence of decrement.

Figure 21. Microstructure of the alloy observed homogenisation and linear heating up to 220 °C: discontinuous 
precipitates (a), small continuous precipitates (b).

Figure 22. Microstructure of the sample subjected to homogenisation treatment and annealed up to 320 °C: decomposition 
of discontinuous precipitates (a), continuous precipitates situated in twins.
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Microstructure of the sample annealed up to 360°C (local minimum in the temperature depen‐
dence of decrement) is characterised by the growth of CP (Figure 23a). Light points are small 
Mn particles; small content of Mn (0.24 wt.%) was used for grain refining. In the vicinity of grain 
boundaries, purified places were established (Figure 23b). Meander‐like grain boundaries are 
decorated with larger precipitates (Figure 23a, b).

At 390°C, the transformation of DP into CP is finished. The CPs decorate the grain boundar‐
ies (Figure 24a), DP vanished as it is obvious from Figure 24b and the size of CP increased. It 
is possible to conclude from the microstructure observations that, in the temperature range 
from 220 to 360°C, a transformation of DP originally formed up to 220°C stepwise passed 
off. Disc‐shaped CP changed into small spheres and at the highest temperatures into larger 
particles with a complex shape. Increasing the heating rate, time for the transformation of 
DP into CP is shorter. It is very probably the reason why the maximum height decreases 
with increasing heating rate and at the same time, the maximum is shifted to higher tem‐
peratures. DPs are formed when the grain boundary diffusion is dominant, whereas the 
CPs are formed at higher temperatures from solid solution when volume diffusion becomes 
faster. As it was shown in previous paragraphs, internal friction is very sensitive to the 
material microstructure, volume fraction and distribution of structural defects. Any modifi‐
cation in the microstructure induces changes in the internal friction course. Thus, the inter‐
nal friction measurements may provide information about processes occurring at the atomic 
scale. Internal friction maxima were found in the AZ magnesium alloys by several authors. 
Lambri and co‐workers [11] found the internal friction peak at about 152°C using the mea‐
suring frequency of 1 Hz. Authors ascribed this peak to the grain boundary sliding. The 
peak height may be controlled by a decrease in solute atoms due to precipitation process. 
The activation energy estimated from the Arrhenius plot was evaluated as 1.13 eV. Similarly, 
Liu and co‐workers [55] found the internal friction peak situated at 165°C and a frequency 
of 1 Hz. They determined the corresponding activation energy of 1.26 eV. The peak was 

Figure 23. Microstructure of the sample after homogenisation treatment and annealed up to 360 °C: growing continuous 
precipitates (a), purified place free of precipitates in the upper right corner (b).
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ascribed to the grain boundary relaxation. Two internal friction peaks were observed in 
[19]. P1 peak estimated at 165°C was characterised by the activation energy of 1.31 eV and 
the high temperature P2 peak was found to be sensitive to the heating rate and insensitive 
to the measuring frequency. Analogous peak to the P2 internal friction peak was estimated 
also by Soviarová et al. [28] at 320°C, frequency of 20.4 kHz and a heating rate of 1 K/min. 
Theoretical models of the internal friction consider that transformations in the solid state 
may be manifested by internal friction peaks. Damping mechanism can be associated with 
the kinetics of atoms diffusing to evolving precipitates [56]. Observed independence of the 
maximum position on frequency indicates that the Arrhenius equation cannot be considered 
in this case, that is, the interface relaxation and diffusion processes may be excluded as the 
reason for the maximum occurrence. During the IF measurement, the movable γ‐Mg17Al12/δ‐
Mg interface consumes the work. When a new interface forms, defects (solute atoms and 
vacancies) diffuse and accumulate in the interface which leads to the gradual pinning of 
the interface. The movable space is a function of heating time, that is, the heating rate. The 
mobile interface stabilises, so that the internal friction decreases.

3.3.1. Summary

Internal friction measurements of the AZ31, AZ63 and AZ91 alloys showed an exponen‐
tial increase of the logarithmic decrement with temperature. In AZ63 and AZ91 alloys, this 
increase is modulated by a local maximum at about of 320°C. The maximum height decreased 
in the second and third run while the maximum temperature remained the same. The posi‐
tion of the local maximum was sensitive to the heating rate and insensitive to the frequency. 
Increasing heating rate shifted the peak temperature to higher temperatures. The occurrence 
of the internal friction maximum is connected with the transformation of discontinuous pre‐
cipitates to continuous ones. Strain (stress)‐supported flux of solute atoms and movement of 

Figure 24. Microstructure of the sample after homogenisation treatment and annealed up to 390 °C: continuous 
precipitates in grain boundaries (a), particle of γ‐Mg17Al12 phase (b).
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the γ‐Mg17Al12/δ‐Mg interface are very probably the reason for the absorption of mechanical 
energy carried by an ultrasonic wave.
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Abstract

Before the surface treatment of magnesium alloy, it is necessary to consider the degree
of electrical resistance, the apparent surface condition, and the degree of corrosion
resistance, so that the most appropriate method could be used for the surface to be
treated. Magnesium alloy also follows the basic rule of metal, and the best method is to
process after mechanical and chemical cleaning.

Keywords: Mg alloy, surface treatment, plasma electrolytic oxidation, AZ31, AZ91,
Aluminum, hard coating, porous

1. Introduction

The application of Mg alloy is expected, in particular involving motion or portability of a
component,  to  increase  in  the  future  because  of  its  high  strength‐to‐weight  ratio  and a
relatively high stiffness.  Magnesium and its alloys are increasingly used in a number of
components  where  weight  reduction  is  of  great  concern.  However,  the  poor  corrosion
resistance of  Mg and its  alloys has limited their  applications in corrosive environments.
Recently, the creep behavior of Mg‐alloy has attracted much attention due to its useful value
in practice. However, the conventional magnesium alloy has a relatively low resistance to creep
at elevated temperatures in contrast to Al alloy, which has restricted the development of Mg
alloy. In addition, magnesium alloys possess many good properties that make them ideal
materials for a large number of applications. However, poor corrosion resistance and high
chemical reactivity have hindered the wide applications of magnesium alloys. This chapter
describes the process of surface treatment of the magnesium alloy.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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2. Mechanical cleaning

First, this process is performed after removing oil from the surface. The processes of mechanical
cleaning are as follows:

1. Grinding and rough polishing

This process uses a belt and a grinding surface. It is used for surface treatment of the
product by low‐pressure casting.

2. Dry‐abrasive blast cleaning

This method falls in the sandblasting category and uses 25 or 35 AFS silica sand method.

3. Wet‐abrasive blast cleaning

This method is used prior to metal coating.

4. Barrel or bowl abrading

This process is required for the manufacture of pressure casting.

3. Chemical cleaning

Different types of chemical cleaning methods are as follows:

1. Solvent cleaning and vapor degreasing.

2. Emulsion cleaning.

3. Alkaline cleaning.

4. Acid picking.

5. Fluoride anodizing.

4. Mechanical finishing operations

This method is performed as the last step after the chemical treatment or coating. The different
types of mechanical finishing operations are as follows:

1. Mass (barrel) finishing.

2. Vibratory finishing.

3. Polishing and buffing.
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5. Chemical conversion treatment

This method is used for improving the conversion of the magnesium surface of the neutral
state to the state of an alkali. The primary reason is that takes place between the well is
combined with other coating materials. It is used in the current processing methods, except in
the light range of chromium. If the corrosion resistance is of excellent quality, the method based
on the chromate‐treated surface comes to mind as the first method.

1. Chrome‐pickle treatment

This method is used to remove the oxide formed on the surface of the total chromium and
magnesium, and it can be expressed in gray and gold colors.

2. Dichromate treatment

This method forms an oxide layer (2 µm) thicker than that formed after chrome‐pickle
treatment and this thick oxide layer is formed due to the characteristic high electrical
resistance.

3. Chrome‐manganese treatment

– The processing method, including chrome‐manganese developed by Magnesium
Electron Company, is carried out at a temperature of 93℃.

– It has good coating efficiency, as in chromate treatment.

– In addition, this method is conducted in low temperature.

4. Ferritic nitrate picking

– This method is used for cleaning the magnesium alloy surface before the organic
coating process. And the method is used for etching.

5. Phosphate treatments

– This method uses indium treatment of magnesium alloys.

6. Anodic treatments

Anodic treatment uses the battery or other direct current power source, but corresponds to the
negative terminal, while the passive load corresponds to a positive electrode terminal.
Electronic tube proceeds from the anode along the tube out of the cathode, and anions in
electroplating cell are accumulated on the cathode, the places where the anodes accumulate
in the electrochemical oxidation.

1. Chemical treatment nr. 9

– Applying a low DC voltage to the thin film growth.
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– It can make a black or dark brown coat color.

2. Chemical treatment nr. 17

– Used for all types of magnesium alloy.

– Low DC voltage is applied → 5 µm degree of the oxide film layer is formed.

– And dark green colors used in the amorphous structure are implemented.

3. HAE treatment

– When you use a two‐phase coating on the surface of magnesium alloy.

4. Keronite

– This is a familiar method of forming a coating layer of electrically oxidized magne‐
sium alloy.

– The method to form the oxide film layer of the 10–60 µm degree.

The amount of the metal in accordance with industrial requirements has been increasing.
However, raw material prices have been rising rapidly due to the limited available resources
useful to secure stable resources of these metals and it is recognized as a key element of national
competitiveness and sustainable economic growth. In particular, recent increase in the social
and industrial requirements for the development and commercialization of resource recycling
technology for reuse by recovery of metal from the waste that occurs during the life cycle of
the metal resources is strengthening the resource weaponization policy of resource‐rich
countries, including China and Russia [1–7]. Mg is said to be of the lightest weight among
structural metal products and possesses characteristics such as nasal degrees, nonrigid,
castability, machinability, impact properties, vibration absorption capability, etc. Weight
reduction is required in transport equipment, electronic appliances, sports leisure, medical
equipment, military products, industrial equipment, and robotics. Mg is added to the second
and third element in order to reduce weight and improve performance during practical use.
If you want to increase the strength of the alloy heat resistance, and creep resistance (resistance‐
creep) is improved. In the case of aluminum, zinc (AZ) series alloy addition of the zinc
improves the strength, castability, workability, corrosion resistance, weldability, etc., depend‐
ing on the addition amount of zinc [8–17]. In particular, the addition of rare earth elements
such as Ce and Nd has high strength at 200–250℃. The creep (creep‐resistance) characteristics
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– It can make a black or dark brown coat color.

2. Chemical treatment nr. 17
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oxide (AAO), generally called aluminum country [18–21]. AAO barrier‐type oxide produced
according to the conditions (barrier type film; BTF) and the porous oxide type (porous type
film; PTF) is divided into two types. BTF is made to proceed if the anodizing electrolyte is at
pH 5 or more, and PTF is created when the anodizing proceeds in an electrolyte pH of less
than 5. Figure 1(a) shows a passivation oxide layer having a uniform thickness of the same
structure. At this time the minimum value decreases in the form of look and measure the
current density exponential. This is because the thickness of the oxide layer thickened the ion
moving rate of the reduction and reduces the electric field strength. This relationship is
shown in Eq. (1):

exp fBE
i A

d
æ ö

= ç ÷
è ø

(1)

where i (A/cm2) is the current density, Ef is the voltage difference between the aluminum and
the electrolyte, d represents the thickness of the oxide layer, and A and B are the coefficients.
The current density (i) and electric field (Ef) are the exponential functions that take place from
a high electric field in the process of moving ions in the aluminum oxide layer and the boundary
surface. PTF is created in the electrolyte, including sulfuric acid, phosphoric acid, and oxalic
acid. PAA is formed to a structure (Figure 1(b)). For PAA, the thickness of the oxide layers,
unlike the BTF, as well as the anodizing voltage, anodizing time, and current density, is known
to be affected by the kind of electrolyte. PTF is not to have a minimum value, continuously
decreasing as the current density in the form of exponential function when the predetermined
time when the BTF is stabilized after the increase (Figure 2).

(a) (b)

Figure 1. The image of barrier type film and porous type film. (a) Barrier type film; (b) porous type film.
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Figure 2. The anodic oxidation current density images. During BTF and PTF are formed over time.

The structure of the PAA was first discovered by F. Keller in 1953, since then many studies
have been published. PAA is typically well aligned with a regular hexagonal dense structure
(Figure 3(a)). Looking at the state of alumina grow in a perpendicular direction on the
aluminum surface, there is a cell in a hexagonal shape as shown in Figure 3(b) and has a pore
in the center of the cell. Pore size of the cells is determined by the temperature and the kind of
voltage applied to the electrolyte during the anodic oxidation process, and the size of the pores
can be controlled in several tens of nanometers to several hundred nanometers. Observing the
cross‐section PAA, one end of the structure is blocked in a cylindrical way. A porous oxide
layer with a pore layer referred to as a barrier layer of an oxide layer of aluminum is in contact
with the hemispherical surface.

Figure 3. Schematic of Porous Anodic Alumina (PAA). (a) PAA overall appearance, (b) PAA surface appearance, and
(c) PAA sided appearance.
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Figure 4 shows the surface of the cross‐sectional image of the observed PAA.

Figure 4. PAA of FESEM image of (a) cross section and (b) surface.

PAA is shown in Figure 5. First, as shown in Figure 5(a) PAA is made up of pores with irregular
arrangement and size. The PAA is thus anodized over time. The size, as shown in Fig‐
ure 5(b), is constant and the changes in appearance are well aligned. This process is called self‐
alignment of the information on the magnetic alignment of PAA. During the forming of PAA
in the anodizing process, self‐alignment, voltage, and the type of electrolyte are known to be
affected by the temperature of the electrolyte [22, 23]. In the case of the anodizing voltage
expressions (2) and (3) and it is known that as determining the distance between the pore size
of the PAA and the pores with the pore, where D‐pore, Dint, D‐cell the size of each pore, the
pore , denotes the size of the cells, U is Empty indicate the anodizing voltage:

pore 1.29D U= ´ (2)

cell 2.5 D D tò = = ´ (3)

Figure 5. FESEM images of (a) the initial PAA anodized surface and (b) after anodic oxidation under PAA surfaces.
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7.2. Mg plasma electrolytic oxidation

The areas that are focused on research and development in each country are different. In Japan,
it is used in the development of automation technology, plating equipment, developing speed
and partial screen technology, plating, and developing precision and advanced technology in
plating bath. In the United States, it is used in purity control, alloy and composite technology
development and evaluation, and coating technology, such as high heat‐resistant special
coating technology, additives development technology, and environmental protection coating
technology. There has been rapid progress in the dry surface treatment sector of the developed
countries, vacuum plasma technology‐based industries, and related high‐tech industries.
Therefore, the development of surface treatment technology has been applied in the mechan‐
ical industry, automobile industry, and electrical electronic industry [24–27]. It is extensively
applied to the functional surface treatment for various sectors ranging from the aviation
industry to large industrial type. Especially in developed countries, vigorous research has been
done in developing highly functional products of high‐added value of the industrial upgrading
progresses interested in the industry for dry surface treatment technology. Also, dry coating
surface treatment process has been applied in LCD, sensor, electronic components, plasma,
ion beam, etc. using metal, ceramics, and synthetic resins. High‐performance surface treatment
technology is also actively applied in the glass and electronics industry. Plasma electrolytic
oxidation surface treatment of magnesium alloys are currently only four UK Kero night and
henkelsa Germany has a unique blend of solutions. Figure 6 shows an electrolytic oxidation
process diagram of typical magnesium alloys.

Figure 6. The schematic of PEO device.

8. Surface treatment types

8.1. Chemical treatment (chemical conversion)

Cr(VI)(CrO3) is generated by the ions in the Cr2O7 (DOW1, 7, 20, 21 chromate method). This is
a practical solution to many of the chemical conversion treatment method using a magnesium
croissant mating. Dow Chemical developed a chromic acid solution for surface coating using
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Cr‐free chemical conversion solution and its use thereof is restricted. In a typical example using
the chemical conversion treatment solution containing KMnO4 amorphous Mg oxide (or
hydroxide) and Mn oxide (or hydroxide) it is formed in the surface coating. This reported to
also have little in the KMnO4 solution containing HCl Na2B4O7 and boron oxide in the coating
film produced having a corrosion resistance comparable to the chrome mating method, a
change in pH significantly influences the quality of the surface coating. Corrosion resistance
for NH4

+ ions and PO4
3‐ ions in the Cr6+ instead harmless Cr3+ treatment using the ion solution

purpose utilized for automobile parts of 1 g/L, by 10 g/L, respectively, a (NH4) been reported
2SO4 + H3PO4 solution have. Metal phosphate is insoluble and chemically stable, and heat
resistance promises a chemical treatment method; however, a drawback is that the corrosion
resistance is lower than the croissants mating in the water. As a way to improve this method,
forming a composite film by a complex process that combines steam treatment and phosphate
treatment of magnesium hydroxide (Mg(OH)2) and phosphate (NH4Mg(PO4)⋯H2O) has been
developed [28–31].

The pure Mg, AZ31 and AZ91D alloy is happening initial general corrosion then dipped in
molten salt corrosion occurs Phil Reform (filiform corrosion) of the fiber with the generation
of hydrogen bubbles caused by the corrosion reaction. As a technique to prevent this corrosion,
after treatment in solution 1–10% NaCl + 10% NaOH (pH 12) is performed. If the heat treatment
(corrosion‐oxidation) in air at 673–773 K generated in the alkali solution Mg(OH)2 in the oxide
film is heat‐treated, Phil reform corrosion is prevented by changes to MgO.

8.2. Anodizing

It has been switched from a conventional chromium‐/fluoride‐based electrolyte in terms of
environmentally friendly even anodizing with phosphoric acid (H3PO4), sodium silicate‐based
(NaSi), and potassium permanganate‐based (KMnO4) electrolyte. In the plasma electrolyte
oxidation surface treatment of ammonium phosphate was added, contributing to Mg3(PO4)2

improved corrosion resistance that is detected in the positive electrode film and ammonia,
alcohols, and amines, and contributes to the densification of the film and flattening by the
discharge spark. In addition, because the case of phosphate electrolyte contains magnesium
alloy containing Al MgO, MgAl2O4, is formed Mg3(PO4) coating the low melting point
composite compounds of two gas discharge easily in the coagulation process. The higher the
Al content, a dense coating with low porosity is formed. The phosphate solution containing
aluminate ions to form a coating layer similar to the anodized aluminum film shown in the
anodic oxidation of aluminum, the corrosion resistance is greatly improved by the addition of
small amount of silicates. In addition, the corrosion resistance is greatly improved even when
repeated with KOH + Al(OH)3 and then using a mixed electrolytic solution for 5 min, the
waveform of a minute unit cell lower voltages. After chemical conversion surface treatment
with a phosphoric acid solution as a method of improving the corrosion resistance and coating
adhesion at the same time in addition to (K2SiO3 + KOH + KF) after anodizing by electrolyte,
to form a forsterite (Mg2SiO4) as a multistage process for performing 100°C H2O sealing
treatment method by which method, using a mixed solution of phosphoric acid anodizing
solution and an aqueous ammonia solution for antistatic and electromagnetic shielding of the
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electronic circuit of the electronic equipment to obtain a conductive film of 0.4 Ω or less has
been developed. Recent use of discontinuous oxidation reaction accompanying the spark
discharge at a high voltage of several hundred volts beyond the area of the anodizing electro‐
lytic plasma oxidation method [plasma electrolytic oxidation (PEO)] has been noted. In
Applying a high voltage between the electrodes reaches the micro‐arc oxidation (MAO) area
occurs in the vibration of the breakdown by slight discharge from a material immersed in the
electrolyte after the voltage is increased linearly from the anodizing area. The MAO region is
formed with a relatively thick porous film and is expected to use as a surface treatment for
wear resistance, corrosion resistance, heat resistance, and the like. AZ91D alloy K2ZrF6 (10
g/L)‐Na2SiO3 (10 g/L)‐KOH (4 g/L), an electrolytic solution (pH 12.86) at 300 V of voltage for 5
min, was added to form that coating of the surface and cross‐section image in the PEO peculiar
typical porous as shown in the film. And the oxide layer is grown on only 12.9 µm in only 5
min to form a pore in the vicinity of the surface layer (outer layer) and a dense inner coating
layer (inner layer), Mg2SiO4, ZrO2, MgF2, and SiO2 composite film consisting of a corrosion
resistant component at 60°C or more. PEO dispersing the porous polytetrafluoroethylene
(PTEE) nanoparticles in an alkaline electrolyte solution, the addition of a phosphate surfactant
in a method of charging a food material within the pores of the film are reported statutes PEO
to form a film on the pulsed supply. In addition to the hydrophobic effect and lubricating effect
of the PTFE component, improvement in wear resistance is effective in improving the corrosion
resistance of magnesium vulnerable to moisture. In a similar way to the method CeO2 particle‐
containing coating using the PEO‐based electrolyte Na2SiO3, self‐assembled nanophase
particle (SNAP). The PEO + SNAP coating method using a solution has been reported. In This
Recent study, on the PEO process various additives on the corrosion resistance of PEO coating
in KOH containing alkali silicate electrolyte (NaAlO2, Na2B4O7, Na3PO4, K2TiF6, CO(NH2)2,
etc.), PEO coatings + polymer film composite layer the corrosion resistance, the effect of the
current mode and the discharge form on the corrosion resistance of PEO coating, monocrys‐
talline sol gel‐forming effect for sealing (pore filling) of the PEO film, the microstructure and
corrosion resistance to a wide variety of ideas of preprocessing PEO film by laser the results
are presented to verify [32–34].

8.3. Diffusion coating (diffusion coating) and Sol‐gel coating method

The Diffusion coating is a process of diffuse coating component and the material component
and the excellent adhesive force with a strong metallic bond and thermal resistance between
the thermal chemical reaction substrate and the film to a surface treatment method for forming
a coating material, while it is in contact with another phase (phase), abrasion resistance, it is
possible to control properties such as electrical conductivity, electromagnetic wave shielding
ability, and heat conductivity. The Mg diffusion coating of Al is used a lot. Al is used due to
its easy generation of the Mg and the corrosion resistance and excellent abrasion resistance
between the metal compounds (Mg17Al12, Mg2Al3, etc.), AZ91 and AZ30, including excellent
recycling of large magnesium alloys containing 3–10% of Al. Formation of the intermetallic
compound film by diffusion of Al is by processing at temperature 437°C or less. The compound
being the diffused surface of Al forms Mg‐Al solid solutions, between γ‐Mg17Al12 metal, and
depending on the Al concentration increases the surface of the Mg‐Al that has been created.
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The β‐Mg2Al3 is generated when Al is increased above the equilibrium concentration. At 437°C,
a two‐phase structure of the Mg + Mg17Al12 is distributed in a fair response to the Mg17Al12

discontinuous phase. Diffusion coating method is an example of magnesium pack cementation
(PC) method, a melting of two‐stage process has been reported. PC as heated metal powder is
provided in the device to perform the simple method of forming a film by spreading the
powder onto the substrate surface element and fewer process ratios are easy to apply to the
parts of complex shapes. In the diffusion coating of the AZ91D alloy using the Al powder, a
750µm (γ + δ‐Mg‐Mg17Al12) thick film is formed in 1 hour at 450°C, which improves the
hardness remarkably. The diameter of the AZ91D alloy capacitive loop (loop capacitive)
indicates the size of the polarization resistance as a plot obtained by treatment of 1.5 hours at
420°C; corrosion resistance of the film improves remarkably than the Al diffusion treatment.
Using Al + Zn powder mixture as a method for lowering the diffusion temperature is effective
to form a film when Al‐Zn solid solution is formed with low melting point in the creation of
Mg‐Al‐Zn three alloy in surface Al/Zn powder layer and in the Mg base the concentration
gradient between the spread is facilitated. The result is a surface vicinity of excellent corrosion
resistance, Al/Zn‐rich τ differently, creating different Mg‐rich β side of the substrate. The
addition of Zn has an effect of preventing sintering of the Al powder and the addition of
ethylene glycol in Al powder promotes the adhesion between the base materials.

In halide activators (activator) such as NH4Cl or ZnCl2 in Al powder to precipitate the activated
Al halide activation method for forming a composite film of Mg17Al12, MgZn2, Zn3Mg7 (Hal‐
aide pack cementation; HAPC), by treatment in a vacuum alumina vacuum to lower the
diffusion temperature to 400°C, a film containing as a main component a β‐Mg17Al12 easing
laws have been proposed. Melting is a method for forming a corrosion‐resistant coating film
by immersing the material in the molten salt bath of the halide. When using a low melting
point mixed with salt AlCl3 + NaCl, formulas (1) and (2) between the coating compound Mg‐
Al‐based metal is formed by the precipitation and diffusion of the Al produced by the reaction.
Eq. (5) presents the spread of Al 523–673 K thermal conductivity differences in the ΔG«0 and
it occurs at about 100°C or lower temperature than the pack cementation, where G is the
thermal conductivity:

3 4AlCl + NaCl  NaA lCl® (4)

l4 l23Mg + 2NaAlC 2Al   + 3MgC + 2NaCl® (5)

Pack cementation activates Al from the Al powder in a low‐temperature. It is difficult to
produce the film by a high‐temperature process since it is a discontinuous process (α‐Mg + γ‐
Mg17Al12) and the melt activates even at low temperatures as the Al is generated by interdif‐
fusion occurring and continuing as intermetallic compound of Mg. Two‐step method for
surface mechanical attrition treatment of the surface by mechanical abrasion is used. After the
formation of the nano‐crystalline layer on the surface, PC SMAT treatment method has been
reported. Plastic deformation is repeated by SMAT processing surface and is formed by
deformed layer of about 1500 µm thick. Surface of about 100 µm thickness have been used to
produce ultrafine nano‐crystalline layer having an average of 30 ± 5 nm hardness and reaches
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about two times of the bulk. Diffusion coating of AZ91D alloy of the temperature is lowered
to 380°C. Microstructure with the A and B regions of the film results from diffusion coating at
400°C and a γ‐solid solution of Mg and Mg17Al12 coexist, C region is a Mg solid solution phase.
The concentration of γ‐Mg17Al12 nano‐crystalline layer area A is higher than B zone, B zone,
the γ‐Mg17Al12 and Mg solid solution is in lamellar structure, such as perlite to increase wear
resistance. In addition to two‐stage process, it has been proposed to improve the bonding
strength and corrosion resistance of a resistance component and a coating component into the
substrate due to interdiffusion after forming the coating layer by spraying heat treatment.
These two processes are the same as the development of practical skills is expected to increase
in the effective removal of defects, adhesion strength, and corrosion resistance. Sol‐gel coating
method is a method to form a film by simple operation of heating and drying after dipping
the coating in the sol‐gel solution. There is no evaporation or decomposition of organic matter
of a liquid precursor to form a thin film, even a complicated shape has been used as a coating
of the oxide. Magnesium has the effect of various oxide; sol‐gel coating the ZrO2, SiO2 has been
reported. ZrO2 sol Zr (NO3)4⋯5H2O precursor, improving agent (acetyl acetone), methanol 1:4;
which is a method for producing blended in a molar ratio of 8 to see, in the ZrO2 coating applied
to the AZ91D alloy after the sol‐gel treatment the annealing temperature the higher the greater
the corrosion resistance is to form a dense film. For a SiO2 coating, the tetraethyl Ortho‐silicate
(TEOS) as the precursor is used, in combination with ethanol, water, acetic acid, etc., herein to
prepare a sol [35, 36].

A silane coupling agent (triethoxy‐vinylsilnae; VTEO) is added to ethylene to prevent the
aggregation of SiO2 sol (CH2‐CH‐) and it has been reported to be effective in improving the
corrosion resistance.

8.4. Surface treatment techniques for metallic luster and coloring

The above‐mentioned chemical treatment, anodic oxidation, diffusion coating, etc. are used
for surface treatment of corrosion resistance of magnesium for products with an emphasis on
aesthetics, such as cameras used in moderate environments gloss or color in the castle design.
Magnesium metal gloss surface also has a close relationship with the surface roughness
(roughness).

Expression (6) shown below

( )/  / , , ,oR R f ms l y q= D (6)

measures the angular width of the formula incident angle (R), a light receiver from the σ / λ,
and theoretically mirror measurement results of the gloss square average square also (δ) to
quantify gloss, root mean square slope (m) by analysis with respect to the control of the surface
roughness and thickness it has been developed acidic solution treatment expressing metallic
luster. Here, R is the mirror reflectivity of the sample, Ro is the specular reflectance of a complete
smooth surface, λ represents the wavelength of incident light.
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roughness and thickness it has been developed acidic solution treatment expressing metallic
luster. Here, R is the mirror reflectivity of the sample, Ro is the specular reflectance of a complete
smooth surface, λ represents the wavelength of incident light.
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Eq. (6) controls the thickness of the colored film or microstructure of the surface without the
use of a film formation is possible by the addition of a dye in the various color dyes in the
anodizing solution to get the desired color.

8.5. Mg alloy properties

8.5.1. The main composition

Mg alloys have liquidity compared with Al alloy, and it also has small and easy to micro‐
shrinkage riser effect to occur. Therefore, pressure resistance of small pinhole is not generated.
Thus, the factors equipped with cast Al alloy is more difficult. The occurrence of pinhole being
the most problematic in the Al alloy castings is the only feature that is not a problem for Mg
alloys [37].

Mg alloy is not permition the flow of the molten metal also not so easy to good thermal capacity
to cool a molten metal is decreased to a high temperature. Therefore, there is a problem with
the minimum thickness of the casting, the minimum thickness must be 4 mm, and the optimal
thickness must be 8 mm.

8.5.2. Dimensional accuracy

Mg alloy die‐castings and the addition of antioxidants, and the like for molding the molding
sand, if the CO2 detective obtains a desired dimensional accuracy of the casting because it uses
a relatively coarse sand or increase applied to the mold can be improved relatively in dimen‐
sional accuracy. The degree of finish applied to the casting is shown in Table 1.

Casting size 150 mm 150–600 mm 600 mm

Degree of roughness ∇ ∇∇ ∇∇∇ ∇ ∇∇ ∇∇∇ ∇ ∇∇ ∇∇∇

Separate values of roughness 2.0 2.5–3.5 2.5–3.5 3.0–4.0 3.0–4.0 3.0–4.0 5.0 below

Table 1. Surface roughness values in casting.

Table 2 displays the tolerance to be considered in the casting. However, the tolerance may be
improved by examining the methods of casting required.

8.5.3. Good appearance

According to the foregoing, the molding sand is rough, the strength of a molding sand of the
casting surface is lower than the casting for use, and Al is not necessarily satisfactory in the
kitchen state. Also, because often use the fill, and also in many cases establishing the riser
directly on top of the product, the casting surface is often the finishing touches according to
the degree required. After finishing because irradiation of the surface with sand blast, short
blast, may generally be obtained a surface roughness of 50–30 µm.
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Dimensional space Parallel in spilt plane Right angel in spilt plane

50 below

50–100

100–200

200–300

300–500

500 below

±0.8

±1.0

±1.5

±2.0

±2.5

±3.5

±1.3

±1.8

±2.5

±3.3

±4.0

‐

Difference in thickness

5 below

5–10

10–20

Slope

±0.5

±1.0

±1.5

2℃

Table 2. Dimensional tolerances of the Mg alloy die‐castings (unit: mm).

9. Conclusion

Magnesium is a metal element belonging to the second tribe, the alkaline earth metal of the
periodic table and is the lightest structural metal. Magnesium is known originally by the
compound, such as magnesium sulfate, magnesia, magnesium carbonate alkali, etc. The
application of Mg alloy is expected, in particular involving motion or portability of the
component, to increase in the future because of the material’s high strength‐to‐weight ratio
and a relatively high stiffness. Magnesium and its alloys are increasingly implemented into a
number of components where weight reduction is of great concern. However, the poor
corrosion resistance of Mg and its alloys has limited their applications in corrosive environ‐
ments. Recently, the creep behavior of Mg alloy has attracted much attention due to its useful
value in practice. However, the conventional magnesium alloy has a relatively low resistance
to creep at elevated temperatures in contrast to Al alloy, which has restricted the development
of Mg alloy. Also, magnesium alloys have many good properties which make them ideal
materials in a number of applications. However, poor corrosion resistance and high chemical
reactivity have hindered the wide applications of magnesium alloys.
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Abstract

This chapter introduces a novel, chemical-free “steam coating” method for preparing 
films on magnesium (Mg) alloys and assesses their effectiveness in improving the corro-
sion resistance of two different Mg alloys. A film composed of crystalline Mg(OH)2 and 
Mg-Al layered double hydroxide (LDH) was successfully formed on AZ31 Mg alloy, and 
its corrosion resistance was evaluated through electrochemical measurements and immer-
sion tests in an aqueous solution containing 5 wt.% NaCl. An anticorrosive film was also 
formed on Ca-added flame-resistant AM60 (AMCa602) Mg alloy via the same steam coat-
ing method and found to be composed of crystalline Mg(OH)2 and Mg-Al layered double 
hydroxide (LDH). Its corrosion resistance was also investigated, and the effectiveness of 
the steam coating method for improving the corrosion resistance of Mg was fully explored.

Keywords: magnesium alloy, steam coating, corrosion resistance, surface treatment, 
composite film

1. Introduction

Magnesium (Mg) alloys have excellent physical and mechanical properties, including a high 
specific strength, excellent formability, good vibration adsorption, and high damping capac-
ity [1–5]. However, the greatest advantage of Mg alloys is their lightweight, which has made 
it possible to achieve energy savings in automobiles, ships, trains, and airplanes through the 
use of steel-based hybrid materials. In such applications, Mg is superior to aluminum and 
CFRP (carbon fiber reinforced plastics) in terms of its density and specific strength but offers 
a much lower corrosion resistance. Various surface treatments have therefore been developed 
to produce protective coatings on Mg alloys through anodizing, chemical conversion, plasma 
electrolytic oxidation, or polymer films [6–12].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chemical conversion has already been used with automotive Mg components because of its 
ease of operation and low cost, with chromate-based systems the most popular and effective 
option for producing a protective layer on various metal surfaces [13–15]. The use of chro-
mate, however, is becoming increasingly more regulated due to the high toxicity of hexava-
lent chromium compounds [16]. Other chemical conversion methods for imparting Mg alloys 
with a high corrosion resistance have been developed around using tin, rare earth salts, phos-
phates/permanganates [17–22], vanadium, or composite films of molybdenum-lanthanum or 
zinc-phosphate-calcium [23, 24].

Films produced by anodizing have also been used to improve the corrosion resistance of 
Mg alloys, with good results being achieved through the use of micro-arc oxidation (MAO) 
[25–27]. Using this method, a high anodic voltage (>200 V) is used to locally melt the surface 
of the Mg alloy and create a ceramic coating [27]. Alkaline electrolytic solutions containing 
aluminate [28–31], silicate [32–38], or phosphate [39–45] are often used during the MAO of 
Mg alloys, but the need to treat the liquid waste before disposal creates a risk of environ-
mental pollution due to heavy metal ions. Furthermore, their use may inhibit the recycling 
of post-use Mg product scraps into Mg ingot. There is therefore a need for an environmen-
tally friendly surface treatment method that is capable of improving the low corrosion resis-
tance of Mg alloys.

A chemical conversion method that creates a protective film of Mg-Al layered double hydrox-
ide (LDH) has recently been used to significantly improve the corrosion resistance of Mg 
alloys [46–50]. The layered structure of the LDH consists of positively and negatively charged 
substances with a general molecular formula of [M1−x

2+Mx
3+(OH)2]x+[Ax/n

n−] · mH2O [51], where 
M2+ and M3+ represent divalent and trivalent metal cations, respectively; An− is an anion such 
as CO3

2−, SO4
2−, or OH−; and x has a value of between 0.2 and 0.33 [51]. This structure serves to 

store and release corrosion inhibitors on demand, thereby creating anion exchange between 
these inhibitors and chloride ions. This, in turn, results in a self-healing and corrosion-resistant 
film [52–54]. Tedim et al. reported that LDH nanocontainers loaded with different corrosion 
inhibitors such as vanadate, phosphate, and 2-mercaptobenzothiazolate (MBT) can improve 
active corrosion protection [55], with the release of MBT from LDH nanocontainers in a sol-
gel film preventing degradation at the metal/film interface. They have also since developed 
a novel self-healing protective coating using LDH nanocontainers with corrosion inhibitors 
[56] formed directly on 2024 aluminum alloy via a conversion reaction. Montemor et al. dem-
onstrated that using LDHs loaded with mercaptobenzothiazole in combination with cerium 
molybdate hollow nanospheres filled with 2-mercaptobenzothiazole results in a synergistic 
corrosion inhibition effect that has self-healing potential [57].

Though it is clear that LDHs loaded with corrosion inhibitors are effective in substantially 
improving corrosion resistance, it has also been reported that LDHs devoid of any corrosion 
inhibitor could also be effective in delaying corrosion by trapping anions such as chloride ions 
in LDHs [58, 59]. Lin et al., for example, have shown that the CO3

2− in carbonate Mg-Al LDH 
has Cl− anion-exchangeability in a corrosive environment and so can protect Mg alloy against 
corrosion [58]. Tedim et al. have also reported that Cl− ions in a corrosive environment can 
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be trapped in the interlayer of Zn-Al LDH intercalated with nitrate anions and that the addi-
tion of this LDH to a polymer layer drastically reduces the permeability of corrosive Cl− ions 
through the protective coating. This confirms that LDHs are a promising material for improv-
ing corrosion resistance [59], but anticorrosive films containing LDHs are usually prepared 
by a multistep process in which LDHs are first synthesized in powder form and then incor-
porated into a film for corrosion protection [53]. For industrial applications, it is important to 
develop an environmentally friendly surface treatment method for achieving an anticorrosive 
film containing LDHs in a single step.

This chapter presents experimental results pertaining to the preparation and corrosion resis-
tance of magnesium hydroxide films containing Mg-Al LDH on two types of Mg alloy: AZ31 
and a flame-resistant Ca-added AM60 (AMCa602). A comparison is also made of the corro-
sion potentials and corrosion current densities obtained by polarization curve measurements 
in 3.5 mass% NaCl aqueous solution of films prepared on AZ31 alloy by various methods 
such as physical vapor deposition, chemical vapor deposition, anodization, chemical con-
version, plasma electrolytic oxidization (PEO), spin coating, and a newly developed steam 
coating method for producing a hydroxide film containing Mg-Al LDH [10–12, 23, 24, 60–65]. 
As shown in Table 1, steam coating produces a relatively positive corrosion potential and 
the lowest corrosion current density of all the films tested, which indicates that this method 
imparts superior corrosion resistance. Furthermore, the direct growth of such films from the 
Mg alloy itself can greatly improve their adherence and mechanical stability when compared 
to other methods such as spin coating and dip coating [66].

Treatment method Main component in each 
film

Corrosion potential 
(V vs. Ag/AgCl)

Corrosion current 
density (A/cm2)

Ref.

PVD Al2O3 −1.51 9.20 × 10−5 [60]

PVD TiO2 −1.50 1.29 × 10−4 [61]

CVD SiOx −1.37 1.58 × 10−7 [62]

CVD SiOx −1.59 4.3 × 10−7 [63]

Anodization Mg-Al LDH + MgO −1.19 3.82 × 10−7 [10]

Chemical conversion MgO + Mg2SiO4 + Al2O3 −0.06 9.47 × 10−6 [12]

Chemical conversion Vanadium −1.05 8.60 × 10−6 [23]

Chemical conversion Mo/La −1.54 1.15 × 10−7 [24]

PEO Zn3(PO4)2 −1.76 1.04 × 10−7 [60]

PEO MgO + Mg3(PO4)2 −1.50 4.00 × 10−8 [64]

PEO Mg2SiO4 + CeO2 −1.20 2.00 × 10−8 [65]

Spin coating TiO2 + MgAl2O4 −1.26 4.90 × 10−6 [74]

PVD, plasma vapor deposition; CVD, chemical vapor deposition; PEO, plasma electrolytic oxidation.

Table 1. Corrosion potentials and corrosion current densities obtained by polarization curve measurements in 3.5 mass% 
NaCl aqueous solution for films prepared by various methods.
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2. Preparation of Mg-Al layered double hydroxide films on AZ31 Mg 
alloy

In this section, we introduce a method for preparing a protective magnesium hydroxide film con-
taining Mg-Al LDH on specimens of AZ31Mg alloy (composition: 2.98% Al, 0.88% Zn, 0.38% Mn, 
0.0135% Si, 0.001% Cu, 0.002% Ni, 0.0027% Fe, remainder Mg) measuring 20 × 20 × 1.5 mm. These 
AZ31 substrates were prepared by ultrasonically cleaning them in absolute ethanol for 10 min and 
then drying with inert Ar gas. Once clean, the substrates were set on a substrate stage in a 100 ml-
capacity, Teflon-lined autoclave, which had 20 mL of ultrapure (resistance of 18.2 MΩ cm) located 
at the bottom to produce steam. The distance between the water surface and substrate stage was 
c.a. 3 cm. The autoclave was heated to a temperature of 423–453 K and then held at this tempera-
ture for 1–8 h before being allowed to cool naturally to room temperature. After this steam coating 
treatment, the samples were ultrasonically cleaned in ethanol for 10 min and dried with Ar gas.

The appearance of the samples after steam coating (Figure 1) reveals that all the substrates 
treated at 423–443 K were uniformly covered with film, regardless of the treatment time. 
However, as partial detachment of the film was observed in the case of the substrates treated 
at 433 K for 8 h and at 453 K for 3 and 4 h, these treatment conditions are not considered suit-
able for preparing an anticorrosive film. The detachment of the film was also found to become 
more prominent with an increase in the treatment time.

The GAXRD patterns of the films formed on AZ31 with different treatment times (423, 433, 
443, and 453 K) shown in Figure 2 reveal clear peaks attributable to the Mg alloy substrate at 
treatment times less than 2 h with all treatment temperatures. An additional peak at around 

Figure 1. Digital photographs showing the surface of 2 × 2 cm-sized samples prepared under different conditions of 
temperature and duration [reproduced by permission of the Royal Society of Chemistry, Journal of Materials Chemistry 
A, 2013, 1, 8968–8977].
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2θ = 18° assigned to the 0 0 1 diffraction peak of brucite-type Mg(OH)2 is present in samples 
treated at 423 and 433 K for 2 h and at 443 and 453 K for 1 h. A diffraction peak consistent with 
[1 0 1] reflection at around 2θ = 38°, which has the highest intensity according to the JCPDS file 
number 44-1482, becomes stronger with increasing treatment time at all treatment tempera-
tures, which suggests the formation of hexagonal Mg(OH)2. With an increase in treatment time, 
several reflection lines at 2θ angles of approximately 18, 33, 38, 51, 58, 62, 68, and 72° are clearly 
observed in all the GAXRD patterns, and these can be assigned to the 0 0 1, 1 0 0, 1 0 1, 1 0 2, 
1 1 0, 1 1 1, 2 0 0, and 2 0 1 reflections of brucite-type Mg(OH)2, respectively. When the treatment 
time is increased to more than 3 h at any of the treatment temperatures, then one or two peaks 
attributable to a hydrotalcite (HT)-like structure are also observed. These are attributed to the 
formation of Mg1−xAlx(OH)2(CO3)x/2·nH2O (Mg-Al LDH) intercalated with carbonate anions. The 
two peaks at 2θ angles of around 11° and 22° were assigned to the [0 0 3] and [0 0 6] reflections 
of Mg1−xAlx(OH)2(CO3)x/2·nH2O, respectively (JCPDS No. 41-1428). Based on these XRD results, 
it is concluded that the most suitable treatment conditions for preparing a film composed of 
Mg(OH)2 and Mg-Al LDH are 423 K for 6–8 h, 433 K for 4–6 h, 443 K for 3–4 h, and 453 K for 2 h.

Figure 2. XRD patterns of samples treated at (a) 423 K, (b) 433 K, (c) 443 K, and (d) 453 K [reproduced by permission of 
the Royal Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].
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The most dominant feature of the FT-IR spectra of the samples treated at 423, 433, 443, and 
453 K in Figure 3 is an intense sharp peak at 3696.9 cm−1. It has been reported that pure 
Mg(OH)2 exhibits a single band at 3698 cm−1 due to the high basicity of its O—H groups [67], 
and this peak was clearly presented in those samples treated at 423 K for more than 4 h, 433 K 
for 2–6 h, 443 K for over 2 h, and 453 K for 2 h. These results are in agreement well with their 
respective XRD profiles. The peak and shoulder bands observed at 950, 781, and 558 cm−1 
can be attributed to Al—OH translation modes [68], while the bands at 1370–1520 cm−1 are 
attributed to symmetric and asymmetric stretching modes of CO3

2− in the interlayer [68, 69]. 
These peaks and bands could only be detected in the spectra of samples which exhibited 
peaks attributable to Mg-Al LDH in their XRD pattern. An additional band at 1630–1650 cm−1 
was assigned to the bending mode of water molecules in the interlayer. A shoulder band at 
3080 cm−1 revealed the presence of hydrogen bonding between water and CO3

2− in the inter-
layer [68]. These results indicate that the films treated at 423 K for more than 4 h; at 433 K for 
2, 4, and 6 h; at 443 K for more than 2 h; and at 453 K for 2 h were composed of crystalline 
Mg(OH)2 and carbonate Mg-Al LDH.

The SEM images in Figure 4 show the surfaces of samples treated at 433 K, in which we see 
that steam coating for 2 h led to a rougher and more nodular surface than the untreated AZ31. 
Several pores of up to several hundred nanometers in diameter were also observed on the sur-
face. When the preparation time was prolonged to 4 h, granular structures were formed and the 
film was found to be denser than after 2 h. However, a number of pores measuring several hun-
dred nanometers in diameter were still observed on the surface. With the sample treated for 6 h, 
the film was found to be denser than after 4 h of treatment, with no pores evident on the surface.

Figure 5 presents SEM images showing the sample surfaces treated at 443 K. Note that when 
the deposition time was less than 1 h, there was only a very low localized surface coverage of 
the film. However, the surface became fully covered with film when the treatment time was 
extended to more than 2 h, and this coverage became denser with increasing treatment time. 
As such, the sample treated for 4 h had a denser film than the sample treated for 3 h, which 
means that surface topography could be effective way of improving the corrosion resistance.

Figure 6 shows a cross-sectional SEM image and EDX spectrum of the sample treated at 443 K for 
4 h, as well as elemental mapping images for Mg, O, and Al. As shown in Figure 6(a), the film pro-
duced on this sample had a thickness of about 52 μm, whereas treatment at 423 K for 4 and 6 h, at 
433 K for 4 and 6 h, at 443 K for 3 h, and at 453 K for 2 h produced film thicknesses of about 5, 35, 
20, 68, 19, and 7 μm, respectively, based on their cross-sectional SEM images. The elemental map-
ping images in Figure 6(b) revealed that the film mainly consisted of Mg and O, which indicates 
that it was comprised of magnesium hydroxide. This is in agreement well with the XRD results 
and FT-IR spectrum for the sample. A trace amount of Al was also detected, which provides 
evidence that Mg-Al LDH exists slightly and locally in the film. The XRD, FT-IR, and SEM-EDX 
results reveal that steam coating method can produce Mg-Al LDH in the resulting surface film.

Based on these results presented thus far, a model for the formation of the film is proposed as 
follows. In the closed reaction vessel, steam is produced from water by thermal energy until 
the vessel becomes saturated. The high pressure and temperature mean that this water vapor 
has a high kinetic energy and reactivity, which leads to the dissolution of Mg and Al metal 
into Mg2+ and Al3+ ions. It is considered likely that Mg(OH)2 crystallites grow via a dissolu-
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tion-precipitation mechanism, as Nordlien et al. have suggested that amorphous platelets of 
Mg(OH)2 are initially formed by the precipitation of Mg2+ or other soluble Mg species [70]. In 
addition, Mg2+ and Al3+ ions might react with the steam to form carbonate Mg-Al LDH, with 
carbonate ions being sourced from CO2 present in the enclosed autoclave atmosphere prior to 
steam treatment. The water vapor can also penetrate the composite film due to the difference 
in pressure and its high kinetic energy, where it can then react with the Mg alloy substrate. 

As a result, a film composed of magnesium oxide/hydroxide and carbonate Mg-Al LDH is 
prepared directly on the AZ31 substrate. This direct growth of a film from a substrate is a 
strong advantage over other methods, as this can greatly improve the mechanical stability 
and adherence of the film. It has also been reported that the existence of Mg-Al LDH in a film 

Figure 3. FT-IR spectra of samples treated at (a) 423 K, (b) 433 K, (c) 443 K, and (d) 453 K [reproduced by permission of 
the Royal Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].
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prevents metals such as Al and Mg from occurring the corrosion reaction, and so the films 
produced here are expected to provide a high corrosion resistance.

Figure 4. SEM images of samples treated at 433 K for (a) 2, (b) 4, and (c) 6 h [reproduced by permission of the Royal 
Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].

Figure 5. SEM images of samples treated at 443 K for (a) 1, (b) 2, (c) 3, and (d) 4 h [reproduced by permission of the Royal 
Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].

Magnesium Alloys98



prevents metals such as Al and Mg from occurring the corrosion reaction, and so the films 
produced here are expected to provide a high corrosion resistance.

Figure 4. SEM images of samples treated at 433 K for (a) 2, (b) 4, and (c) 6 h [reproduced by permission of the Royal 
Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].

Figure 5. SEM images of samples treated at 443 K for (a) 1, (b) 2, (c) 3, and (d) 4 h [reproduced by permission of the Royal 
Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].

Magnesium Alloys98

The corrosion resistance of the films formed on AZ31 Mg alloy was investigated via potentiody-
namic polarization curve measurements, i.e., the lower the polarization current, the better the 
corrosion resistance. Figure 7 shows the potentiodynamic polarization curves for the samples 
treated at 423, 433, 443, and 453 K and untreated AZ31. The corrosion potentials (Ecorr) and cor-
rosion current densities (icorr) for samples treated under different conditions are listed in Table 2. 
The Ecorr and icorr values for the bare AZ31 were estimated to be ca. −1.43 V vs. Ag/AgCl and 
5.39 × 10−5 A/cm2, respectively. The anodic region of the curve for the bare AZ31 can be divided 
into three fields: (i) first region beginning from Ecorr (low anodic over potential) that exhibits a 
linear increase in current density with potential; (ii) a range of abrupt increase in current density 
from −1.4 V, where the dissolution of Mg to Mg+ or Mg2+ ions predominantly occurred [71]; and 
(iii) a current plateau at more positive potentials, where the electrode surface is covered with a 
film identified as Mg(OH)2 [72]. In the cathodic branch, hydrogen evolution is more dominant 
at negative potentials than Ecorr, resulting in an increase in the cathodic current density. The cur-
rent densities of the anodic and cathodic branches of all samples decreased with film formation, 
which indicates that the films are effective in improving the corrosion resistance of AZ31 alloy.

At all treatment temperatures, the Ecorr tends to shift in a positive direction with increasing 
process time. Furthermore, at potentials more positive than Ecorr, clear passive ranges can be 
presented in the curves of the samples treated at 423 K for over 6 h, at 433 K for more than 4 h, 
at 443 K for more than 2 h, and at 453 K for 2 h. This existence of a long passive range means 
that the film coatings on AZ31 exhibit highly corrosive-resistant properties in solutions con-
taining Cl− ions. An abrupt increase in current density at more positive potentials than Ecorr 

Figure 6. (a) Cross-sectional SEM image of the sample treated at 443 K for 4 h and (b) the corresponding EDX spectra. 
(c) Elemental maps for (c) Mg, (d) O, and (e) Al [reproduced by permission of the Royal Society of Chemistry, Journal of 
Materials Chemistry A, 2013, 1, 8968–8977].
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could be seen in the polarization curves of the samples prepared at 423 K for more than 6 h, 
at 433 K for 4 h, at 443 K for more than 2 h, and at 453 K for 2 h. For example, the samples 
treated at 423 K for more than 6 h show an increase in current density at approximately −0.7 
and 0.3 V, respectively. This increase of current density could be ascribed to pitting corrosion, 
which would imply that the electrolytic solution permeated through the film due to the pres-
ence of cracks or pores. Similar behavior has been reported before, even in aluminum alloys 
[73]. However, there was no evidence of pitting corrosion in the curve of the sample treated at 
433 K for 6 h, which had Ecorr and icorr values estimated to be −0.161 V and 4.824 × 10−11 A/cm2, 
respectively (Table 2). These values represent the most positive potential and lowest current 
density of all the samples, indicating that these conditions produced the best corrosion resis-
tance. We therefore subsequently investigated the durability of the corrosion resistance of a 
sample treated at 433 K for 6 h when immersed in a 5 wt.% aqueous NaCl solution.

Figure 8(a) shows the XRD patterns of samples treated at 433 K for 6 h before (black line) and 
after (dashed red line) immersion in 5 wt.% aqueous NaCl solution for 240 h. The only clear 
difference in peak intensity is attributable to 0 0 1 reflection of the Mg(OH)2 crystallite, which 
is much stronger after immersion. This indicates that immersion in a 5 wt.% NaCl solution 
changes the orientation of the film. The SEM images in Figure 8(b and c) show this change in 

Figure 7. Polarization curves of samples prepared at (a) 423 K, (b) 433 K, (c) 443 K, and (d) 453 K. Polarization curve of 
bare Mg alloy is also exhibited in respective figure. The scanning rate for all measurements was 0.5 mV/s [reproduced by 
permission of the Royal Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].
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the orientation of the Mg(OH)2 film, with immersion making the film aligned at fairly steeply 
inclined angles with respect to the surface.

Temp. 1 h 2 h 3 h 4 h 6 h 8 h

423 K Ecorr V vs.  
Ag/AgCl

– −1.427 – −1.446 −1.389 −0.316

icorr A/cm2 – 1.23 × 10−5 – 3.22 × 10−5 5.29 × 10−5 1.29 × 10−7

433 K Ecorr V vs.  
Ag/AgCl

– −1.425 – −0.376 −0.161 –

icorr A/cm2 – 1.28 × 10−5 – 1.79 × 10−7 4.82 × 10−11 –

443 K Ecorr V vs.  
Ag/AgCl

−1.427 −1.421 −0.899 −0.265 – –

icorr A/cm2 3.33 × 10−6 2.48 × 10−7 1.90 × 10−9 9.84 × 10−8 – –

453 K Ecorr V vs.  
Ag/AgCl

−1.405 −1.104 – – – –

icorr A/cm2 1.21 × 10−5 7.71 × 10−9 – – – –

Table 2. Fitting results for potentiodynamic curves in 5.0 wt.% NaCl solution of films formed by steam coating at 
different temperatures.

Figure 8. (a) XRD profile of the sample prepared at 433 K for 6 h before and after immersion in 5 wt.% NaCl aqueous 
solution for 240 h. SEM images of film-coated AZ31 (b) before and (c) after immersion in 5 wt.% NaCl aqueous solution 
for 240 h [reproduced by permission of the Royal Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 
8968–8977].
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Figure 9. SEM images of the sample prepared at 433 K for 6 h (a) before and (b) after immersion in 5 wt.% NaCl aqueous 
solution for 240 h. (a) and (b) are photographs showing the appearance of the sample surface. (c) Polarization curves of 
the sample prepared at 433 K for 6 h before and after immersion in 5 wt.% NaCl aqueous solution for 240 h [reproduced 
by permission of the Royal Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].

The SEM images in Figure 9 show the sample treated at 433 K for 6 h before and after its 
immersion in 5 wt.% NaCl solution for 240 h. The visible appearance of these samples is 
shown in the inset images and reveals that although no physical damage occurred as a result 
of immersion, there was a slight change in the color of the film. The SEM images show that 
there was a slight microscale change following immersion, with submicron pores being 
formed on the surface. A morphological change in the film surface was also observed, with 
small amounts of nanosheets becoming aligned at fairly inclined angles relative to the surface. 
This nanosheet formation is in agreement with the XRD patterns and is likely the result of 
dissolution caused by the film being in contact with the NaCl solution. Figure 9(c) presents 
potentiodynamic polarization curves for the sample treated at 433 K for 6 h before and after 
immersion in 5 wt.% NaCl solution for 240 h. From this, we see that the Ecorr after immersion 
was approximately −0.65 V, which represents a considerable negative shift due to the change 
in the physicochemical properties of the film. The icorr value, on the other hand, was almost 
the same before and after immersion. A clear passive region at c.a. 650 mV was observed after 
immersion, and though there was a slight variation in the current density, this indicates that 
the film exhibits high corrosion resistance even when immersed in a 5 wt.% NaCl solution for 
240 h, as shown by the SEM image in Figure 10(a).

Figure 10(b–e) shows the EDX spectra obtained at spots (i), (ii), (iii), and (iv) in Figure 10(a). 
At spots (i) and (ii), there are two peaks attributable to Cl and Al but no peak for Na, whereas 
no Cl was detected at spots (iii) and (iv). The presence of Al at spots (iii) and (iv) indicates 
that the Mg-Al LDH layer was still present, which suggests that CO3

2− ions in the Mg-Al LDH 
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layer were partially exchanged for Cl− anions. From the XRD patterns and EDX spectra, it is 
evident that Mg-Al LDH is able to trap some Cl− ions within its structure, which has been 
reported to delay the degradation of protective coatings [59]. It is also apparent that carbon-
ate Mg-Al LDH has a weak anion exchangeability. This is significant given that Williams 
et al. have found LDHs loaded with carbonate and nitrates are more effective than a blank 
coating in preventing the corrosion of a metallic substrate during filiform corrosion tests [74].

This section has shown that a protective magnesium hydroxide film containing Mg-Al 
layered double hydroxide (LDH) can be produced on Mg alloy via a simple, environmentally 
friendly, inexpensive, and chemical-free steam coating method. Subsequent XRD and FT-IR 
studies revealed that these films are composed of Mg(OH)2 and carbonate Mg-Al LDH, and 
a formation mechanism was proposed based on the results of XRD, FT-IR, SEM, and EDX 
measurements. Potentiodynamic measurements and immersion tests in 5 wt.% NaCl aqueous 
solution revealed that a film prepared on AZ31 alloy at 433 K for 6 h provides the greatest 
corrosion resistance. Increasing the immersion time induced a change in the orientation of the 
crystalline Mg(OH)2 structure, but no change was observed in the appearance of the sample. 
With a growing demand for Mg alloys and an increasing focus on environmental issues, it 
is believed that this steam coating method can provide an effective means of improving the 
corrosion performance of large, complex-shape Mg alloy components.

Figure 10. SEM image of the sample treated at 433 K for 6 h after immersion in 5 wt.% NaCl aqueous solution for 240 h. 
(b), (c), (d), and (e) show EDX spectra obtained at spots (i), (ii), (iii), and (iv) in Figure 9 (a), respectively [reproduced by 
permission of the Royal Society of Chemistry, Journal of Materials Chemistry A, 2013, 1, 8968–8977].
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3. Formation of Mg-Al layered double hydroxide films on flame-resistant 
AM60 Mg alloy

In the previous section, we characterized the properties of an anticorrosive film composed of 
Mg(OH)2 and Mg-Al LDH that is formed on commercial AZ31 Mg alloy by steam coating. In this 
section, we report on the formation and properties of the anticorrosive film that is produced in 
a similar manner on Ca-added AM60 Mg alloy (AMCa602), which is one of the most important 
lightweight materials for transportation components because of its flame-resistant nature. This 
unique trait is the result of the fact that Ca will oxide before Mg ignites [75], which increases the 
ignition temperature from 200 to 300 K and greatly restrains the inherently combustible nature 
of Mg alloys. However, as this addition of Ca does not improve the low corrosion resistance of 
Mg alloy, there is still a need to develop a suitable surface treatment technology.

Although anodized, chemical conversion and polymer films have all been applied to Mg 
alloys [6–9, 76–81], there have been few reports pertaining to the surface treatment method of 
flame-resistant Mg alloys. Xia et al. did find that the corrosion resistance of Mg-4.0Zn-0.2Ca 
alloy is improved by micro-arc oxidization (MAO) treatment in basic aqueous solutions con-
taining Na4SiO4, NaF, and NaOH due to the formation of a film composed mainly of MgO 
and MgF2 [82]; however, the presence of fluorine atoms in such coatings creates a risk of 
environmental pollution. Mori et al. reported on the preparation and corrosion resistance of 
a plasma electrolytic oxidation layer on nonflammable Ma-Al-Mn-Ca Mg alloy (AMCa602), 
which was mainly composed of Mg2SiO4 and MgO [83]. The liquid waste produced during 
this anodization process, however, needs to be treated prior to disposal. There is therefore 
still a need for an environmentally friendly surface treatment capable of improving the low 
corrosion resistance of flame-resistant Mg alloys.

Specimens of AMCa602 Mg alloy (composition in wt.%: 5.92% Al, 0.36% Mn, 1.99% Ca, 
<0.01% Si, <0.01% Cu, <0.005% Ni, <0.005% Fe, balance Mg) measuring 20 × 20 × 1.5 mm in 
size were supplied by Fuji Light Metal Co., Ltd. These Mg alloy substrates were ultrasonically 
cleaned in absolute ethanol for 10 min and then dried with inert Ar gas. Once clean, they were 
placed on a substrate stage in a Teflon-lined, 100 ml-capacity autoclave, into which 20 mL of 
ultrapure water containing 0, 2, 20, or 200 mM Al(NO3)3 · 9H2O was added to the bottom to 
produce steam. The distance between the surface of the water and the substrate stage was 
around 3 cm. The autoclave was heated to a temperature of 433 K, where it was held for 6 h 
before being allowed to cool naturally to room temperature. Following this steam treatment, 
the samples were ultrasonically cleaned in ethanol for 10 min and dried with Ar gas.

Figure 11 shows the GAXRD patterns of the films formed on AMCa602 at 433 K over a 6 h 
period from aqueous solutions containing 0, 2, 20, or 200 mM of Al(NO3)3 · 9H2O in 20 mL of 
ultrapure water. A weak peak attributable to the Mg alloy substrate is visible at a 2θ angle of 
approximately 34° in all the patterns. A diffraction peak corresponding to 1 0 1 reflection at 
approximately 2θ = 38°, which has the highest intensity according to JCPDS No. 44-1482, appears 
slightly weaker with an increase in the Al(NO3)3 concentration. In addition, several peaks were 
observed in all the GAXRD patterns at 2θ angles of approximately 18, 33, 51, 58, 62, 68, and 72° 
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that can be attributed to the 0 0 1, 1 0 0, 1 0 2, 1 1 0, 1 1 1, 2 0 0, and 2 0 1 diffraction peaks of bru-
cite-type Mg(OH)2, indicating the formation of hexagonal Mg(OH)2. In addition to these peaks, 
one or two peaks attributable to a hydrotalcite (HT)-like structure can be distinguished that are 
assigned to Mg1−xAlx(OH)2(NO3)x·nH2O intercalated with nitrate anions [84]. These diffraction 
peaks are indexed according to 3R symmetry, and so the two peaks at around 2θ = 11° and 22° 
are attributed to the 0 0 3 and 0 0 6 reflections, respectively, of Mg1−xAlx(OH)2(NO3)x·nH2O [51, 85, 
86]. This suggests that the treated surfaces were crystallized with a preferential hexagonal ori-
entation along the (0 0 3) plane, which is a characteristic feature of the spontaneous texture axis 
of Mg1−xAlx(OH)2(NO3)x·nH2O. Furthermore, these XRD profiles reveal that all films were com-
posed of crystalline Mg-Al LDH and Mg(OH)2, regardless of the Al(NO3)3 concentration used.

The appearances of the samples after steam coating at 433 K for 6 h using aqueous solutions 
containing Al(NO3)3 at concentrations of 2, 20, and 200 mM are shown in Figure 12(a–c). Note 
that in all cases the substrate were uniformly covered with film, but the color of this film 
did change with Al(NO3)3 concentration. The SEM images in Figure 12(d–f) show the same 
samples, from which we see that an aqueous solution containing 2 mM Al(NO3)3 produces a 
relatively smooth surface with only a few minute pores measuring several hundred nanome-
ters in diameter. The surface of the sample prepared using an aqueous solution containing 
20 mM Al(NO3)3, on the other hand, was quite rough and had a small number of nanosheets 
that were slightly inclined with respect to the surface.

Figure 11. GAXRD patterns of films formed on AMCa602 at 433 K for 6 h from aqueous solutions with Al(NO3)3 
concentrations of (a) 0, (b) 2, (c) 20, and (d) 200 mM [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.corsci.2014.11.031. 
Copyright @ELSEVIER (2015)].
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As shown in Figure 13, elemental mapping by EDX revealed traces of elemental Mg, Al, and O 
primarily in areas where nanosheets existed, which is consistent with the presence of Mg-Al 
LDH. Aggregated particles are also clearly discernible in these images, which likely formed 
during steam treatment and condensed on the substrate, and it is on these particles that the 
nanosheets formed. The sample prepared from an aqueous solution containing 200 mM 

Al(NO3)3 was smooth and dense compared to that produced from a 20 mM Al(NO3)3 solution, 
and although small nanosheets were formed that were slightly inclined with respect to the 
surface, no cracks were found in the film.

Figure 14 shows the FT-IR spectra of samples steam coated at 433 K for 6 h using aqueous 
solutions containing 2, 20, or 200 mM of Al(NO3)3. The most dominant spectral feature is the 
intense sharp peak observed at 3696.9 cm−1, which is in good agreement with the XRD data 
in that pure Mg(OH)2 has been reported to exhibit a single band at 3698 cm−1 due to the high 
basicity of its O—H groups [67]. The shoulder band at 781 cm−1 can be ascribed to the Al-OH 
translational mode [68], while the bands at 1370–1520 cm−1 are attributed to the symmetric and 
asymmetric stretching modes of CO3

2− in the interlayer [69, 84]. The peak at approximately 
1385 cm−1 is attributed to the ν3 vibrational mode of NO3

− with D3h symmetry in the interlayer 
[46]. These peaks and bands were present in the spectra of all samples that had peaks attribut-
able to Mg-Al LDH in the irrespective XRD patterns. An additional band at 1630–1650 cm−1 is 
assigned to the bending mode of water molecules in the interlayer, which are confirmed by 

Figure 12. Appearance of samples after steam coating at 433 K for 6 h using aqueous solutions containing Al(NO3)3 at 
concentrations of (a) 2, (b) 20, and (c) 200 mM. (d–f) SEM images of the samples shown in (a–c) [Corrosion Science, 2015, 
92, 76–84, doi:10.1016/j.corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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the shoulder band at 3080 cm−1 and means that hydrogen bonding can occur between H2O 
and carbonate ions in the interlayer [84]. These results demonstrate that all films were com-
posed of crystalline Mg(OH)2, nitrate-based Mg-Al LDH (Mg1−xAlx(OH)2(NO3)x·nH2O), and 
carbonate-based Mg-Al LDH (Mg1−xAlx(OH)2(CO3)x/2·nH2O).

Figure 15(a) presents a cross-sectional SEM image of the film prepared at 433 K for 6 h from 
an aqueous solution containing 200 mM of Al(NO3)3, which reveals that it had a thickness 
of about 197 μm. In comparison, the films prepared under the same conditions from 2 and 
20 mM Al(NO3)3 solutions were estimated to be about 308 and 193 μm, respectively. All of the 
films formed from an aqueous solution containing Al(NO3)3 were much thicker than the 53 μm 
achieved with only H2O, which implies that the existence of Al(NO3)3 in a closed autoclave 
accelerates film growth. The elemental mapping images in Figure 5(b–d) reveal that the films 
contained mostly Mg and O, implying that they were composed mainly of Mg(OH)2. This 
result is in agreement well with the XRD profiles and FT-IR spectra obtained from each of the 
samples. A small trace of Al was also detected, demonstrating that Mg-Al LDH is presented 
locally in the film. Based on these XRD, FT-IR, and SEM-EDX results, it is concluded that steam 
coating is capable of forming Mg(OH)2 and Mg-Al LDH on both AMCa602 and AZ31.

From the results presented in this section, the proposed mechanism by which films are 
formed by steam treatment can be described as follows. First, an aqueous solution containing 

Figure 13. Elemental mapping images of AMCa602 Mg alloy after steam coating at 433 K for 6 h using an aqueous 
solution containing 20 mM Al(NO3)3: (a) O, (b) Mg, (c) Al, and (d) Ca [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.
corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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Al(NO3)3 is heated in the electric oven to generate steam containing Al3+ and NO3
− ions that 

then saturates a closed reaction vessel. When this steam makes contact with the AMCa602 
Mg alloy, the Mg metal it contains is readily dissolved into Mg2+ ions due to the high tem-
perature and pressure. It is likely that Mg(OH)2 crystallites are subsequently formed via a 
dissolution-precipitation mechanism, resulting in the formation of Mg(OH)2 on the surface 
of the AMCa602 substrate. This is predicated on a notion by Nordlien et al. that amorphous 
platelets of Mg(OH)2 are initially formed by the precipitation of Mg2+ or other soluble Mg 
species [70]. In addition, Mg2+, Al3+, and NO3

− ions have the potential to react with the steam 
and form nitrate-based Mg-Al LDH. Any carbonate ions generated from CO2 present in the 
enclosed autoclave atmosphere before steam treatment can result in the formation of carbon-
ate-based Mg-Al LDH. Thus, along with Mg(OH)2, both nitrate- and carbonate-based Mg-Al 
LDHs can form on AMCa602. Even if these reactions only occur at the surface, they can still 
progress at the interface between AMCa602, and the overlying film as the steam is able to pen-
etrate thanks to the difference in pressure and its high kinetic energy. The end result is that a 
film composed of Mg(OH)2 and Mg-Al LDH is directly formed on AMCa602. A porous film 
formed during the early stage of the process will allow more steam to pass through, resulting 

Figure 14. FT-IR spectra of AMCa602 Mg alloy after steam coating at 433 K for 6 h using aqueous solutions containing 
(a) 2, (b) 20, and (c) 200 mM of Al(NO3)3 [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.corsci.2014.11.031. Copyright 
@ELSEVIER (2015)].
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in a thicker final film. In contrast, it is difficult for steam to easily penetrate a dense initial film. 
Thus, the film thickness is considered to be dependent on the preparation conditions.

The corrosion resistance of the film formed on the AMCa602 Mg alloy at 433 K for 6 h from 
aqueous solutions containing 0, 2, 20, and 200 mM Al(NO3)3 was estimated from the potentio-
dynamic polarization curves shown in Figure 16. For reference, the potentiodynamic polar-
ization curve of untreated AMCa602 is shown in Figure 6. The corrosion potentials (Ecorr) 
and corrosion current densities (jcorr) of the untreated AMCa602 and samples prepared under 
various conditions are listed in Table 3 along with the Tafel slopes (βa, anodic; βc, cathodic) 
obtained from the polarization curve for each sample. The Ecorr and jcorr values for the untreated 
AMCa602 were estimated to be −1.524 V vs. Ag/AgCl/sat.-KCl and 4.214 × 10−5 A cm−2, respec-
tively. In the cathodic region of the bare AMCa602, hydrogen evolution dominated at potentials 
that were more negative than Ecorr (i.e., negative potentials with magnitudes above 1.524 V), 
resulting in an increase in the cathodic current density. The anodic region of the curve for the 
bare AMCa602 can be distinguished into two ranges. The first of these starts from Ecorr (low 
anodic overpotential, −1.524 V) and is defined by an abrupt linear increase in the logarithm of 

Figure 15. (a) Cross-sectional SEM image of the film prepared at 433 K for 6 h from an aqueous solution containing 
200 mM Al(NO3)3 and elemental mapping images for (b) Mg, (c) Al, and (d) O [Corrosion Science, 2015, 92, 76–84, 
doi:10.1016/j.corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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the current density, with a shift toward a positive voltage in the potential. It is in this region 
that dissolution reaction of Mg to Mg+ or Mg2+ ions is most likely to have occurred [71]. As the 
potential moved toward values more positive than −1.4 V vs. Ag/AgCl/sat.-KCl (i.e., negative 
potentials with magnitudes below 1.4 V and positive potentials), a current plateau occurred as 
a result of the electrode surface being covered with Mg(OH)2 [72]. It has been reported that the 
anodic region of the polarization curves for AZ31 can be distinguished into three ranges [72], 

which means that the overpotential for the dissolution of metallic magnesium to magnesium 
ions (Mg+ and/or Mg2+) for AMCa602 is lower than that of AZ31. This improved dissolution 
might have resulted from the addition of Ca, as this is more reactive than Mg.

Figure 17 shows the potentiodynamic polarization curves for the bare AMCa602 and the sam-
ples that were treated at 433 K for 6 h from aqueous solutions containing 0, 2, 20, and 200 mM 
Al(NO3)3. Note that the current densities in the anodic and cathodic regions for all film-coated 
samples were lowered compared to the bare AMCa602 (Figure 6) and reproducibly low 
(Figure 7), demonstrating that all films improved the corrosion resistance of AMCa602. The 
Ecorr also shifted toward a more positive value independent of the Al(NO3)3 concentration. 
At potentials more positive than Ecorr, extended passive regions were clearly observed in the 
curves of the samples prepared from aqueous solutions containing 0 and 200 mM Al(NO3)3, 
as shown in Figure 6. These perfect passive regions imply that the film effectively protected 
AMCa602 in a solution containing Cl− ions. The jcorr values decreased with an increase in the 
Al(NO3)3 concentration, and this was independent of the film thickness. Any increase in the 

Figure 16. Potentiodynamic polarization curves of samples treated at 433 K for 6 h using aqueous solutions containing 
0, 2, 20, and 200 mM of Al(NO3)3. The scanning rate was 0.5 mV s−1 [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.
corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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thickness and/or density of a film is generally beneficial to improving corrosion resistance 
by inhibiting contact between the metal surface and a corrosive solution. In this case, the 
film prepared from an aqueous solution containing 2 mM Al(NO3)3 was the thickest of all of 
the samples, and so this is expected to provide the best corrosion resistance. However, the 

Ecorr (V vs. Ag/AgCl) jcorr (A/cm2) Tafel slope (mV/decade)

Untreated AMCa602 −1.524 4.21 × 10−5 ± 4.82 × 10−5 ba: 21.2

bc: −178.7

Film coated AMCa602 
prepared from ultrapure 
water

−0.385 1.85 × 10−9 ± 9.85 × 10−10 ba: 198.7

bc: −66.9

Film coated AMCa602 
prepared from 2 mM 
Al(NO3)3

−0.322 7.86 × 10−8 ± 7.68 × 10−7 ba: 278.1

bc: −164.0

Film coated AMCa602 
prepared from 20 mM 
Al(NO3)3

−0.316 1.16 × 10−9 ± 2.39 × 10−9 ba: 235.4

bc: −56.2

Film coated AMCa602 
prepared from 200 mM 
Al(NO3)3

−1.007 9.56 × 10−11 ± 2.17 × 10−10 ba: 288.6

bc: −198.0

Table 3. Fitting results for potentiodynamic polarization curves in 5.0 wt.% NaCl solution for films formed using 
different concentrations of Al(NO3)3.

Figure 17. Potentiodynamic polarization curves for AMCa602 Mg alloy treated at 433 K for 6 h using aqueous solutions 
containing 0, 2, 20, and 200 mM of Al(NO3)3. Each system represents three repeat polarization curves (labeled 1, 2, and 
3) measured under identical conditions to demonstrate reproducibility [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.
corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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low density of this film produced the highest jcorr value, as explained earlier in the discus-
sion regarding the formation mechanism. Thus, although the films prepared from aqueous 
solutions containing 20 and 200 mM Al(NO3)3 were of comparable thickness, their jcorr values 
suggest that they had very different densities.

An increase in current density at approximately 0.3 and 0 V vs. Ag/AgCl/sat.-KCl was observed 
in the polarization curves of the samples prepared from aqueous solutions containing 2 and 
20 mM Al(NO3)3, which suggests that the corrosive solution permeated through cracks or pores 
in the film and initiated pitting corrosion. Similar behavior has been reported even in alumi-
num alloys [73], but in this case, the increase in current density was suppressed to produce 
a passive-like behavior with a shift in potential toward more positive values. This behavior 
suggests that the film might have some degree of self-healing functionality, which has been 
reported with Zn-Al LDH films formed on Al substrates that exhibited an increase in passive 
current density to initial values after immersion in a corrosive electrolyte [87]. In contrast, there 
is no evidence of pitting corrosion in the curve of the sample prepared from an aqueous solu-
tion containing 200 mM Al(NO3)3, which had Ecorr and jcorr values estimated to be −1.007 V vs. 
Ag/AgCl/sat.-KCl and 9.560 × 10−11 A cm−2, respectively, as shown in Table 3. This jcorr value was 
the lowest of all the samples, and as this is closely related to the rate of corrosion, this would 
suggest that a film prepared from 200 mM Al(NO3)3 offers the best corrosion resistance.

The correlations between the Mg-Al LDH content of the films, Al(NO3)3 concentration in solu-
tion, and corrosion current density are shown in Figure 18. The Mg-Al LDH content of the films 
was roughly estimated from the XRD peak intensity ratio of the (0 0 3) plane of Mg-Al LDH, 
ILDH-003, to that of the (1 0 1) plane of Mg(OH)2, IMg(OH)2-101, i.e., ILDH content = ILDH-003/IMg(OH)2-101. The 
peak intensities for these planes correspond to the strongest intensities in the standard powder 
diffraction data for Mg(OH)2 and Mg-Al LDH. As the Al(NO3)3 concentration in the aqueous 
solution increased, the ILDH content increased and the corrosion current density decreased, 
suggesting a strong relationship between the two. It has been reported that carbonate-based 
Mg-Al LDH shows anion exchangeability, whereby Cl− ions are incorporated from NaCl solu-
tion and CO3

2− ions are exhausted [51]. Moreover, nitrate-based Mg-Al LDH can abstract Cl− by 
ejecting NO3

− and so has an anion exchangeability that is higher than that of carbonate-based 
Mg-Al LDH. The Mg-Al LDH content of the films is therefore considered to have a significant 
effect on the corrosion current density, which is closely related to the rate of corrosion.

The durability of the corrosion-resistance performance of the sample prepared from an aque-
ous solutions containing 200 mM Al(NO3)3 was investigated by immersing it in a 5 wt.% NaCl 
solution. Figure 19 shows the surface of the sample before immersion and after intervals of 5, 
12, 24, 48, and 72 h. Note that the beige color of the film surface appeared to change slightly 
upon immersion, but no corrosion product or physical change in the appearance of the film 
was observed for up to 12 h. After 24 h of immersion, however, some spotty contrasts emerged 
that are likely the result of the film being damaged by the corrosive solution. An increase in the 
immersion time from 48 to 72 h led to a slight dissolution of the AMCa602 substrate at the corners 
of the sample, which is believed to be the progression of corrosion initiated by corrosive medium 
coming into contact with the substrate through a pit or minute pore in the film. Additionally, as 
corrosion resistance is known to be closely related to the film thickness, it is possible that the film 
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was simply thinner at the corner than at other points on the sample. This nonuniformity in film 
thickness could have occurred through differences in crystal growth at the edge of the substrate.

The SEM images in Figure 20 show the sample surface before and after immersion in 5 wt.% 
NaCl solution for 24 and 72 h. It is evident from this that with an increase in immersion time, 
there was a change in the surface morphology and nanosheets that were slightly inclined 
with respect to the surface were more likely to be noticed on the surface. The EDX spec-
trum in Figure 20(d) revealed that there were two peaks attributable to Cl and Al at spot (i) 
in Figure 20(c), but no evidence of a Na peak, which supports the earlier assertion that the 
Mg-Al LDH layer remained in the film and exhausted CO3

2− and NO3
− in exchange for Cl− 

anions. Similarly, the absence of Cl and the presence of Al at spot (ii) also indicate that the 
Mg-Al LDH layer remained, which means that the nitrate or carbonate anions in the Mg-Al 
LDH layer were partially replaced with Cl− anions.

Figure 21(a) presents XRD patterns obtained from the film-coated AMCa602 before and after 
immersion in 5 wt.% NaCl solution for 24 to 72 h. This shows that the peak attributable to the 

Figure 18. Correlation between Mg-Al LDH content of the film, Al(NO3)3 concentration in the aqueous solution, 
and corrosion current densities. The standard deviation of jcorr data for the samples obtained from aqueous solution 
containing 0, 2, 20, and 200 of mM Al(NO3)3 was 9.85 × 10−10, 7.68 × 10−7, 2.39 × 10−9, and 2.17 × 10−10 A cm−2, respectively 
[Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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(1 0 1) plane of the Mg(OH)2 crystallite decreased slightly in intensity with an increase in immer-
sion time, whereas that attributable to the (0 0 3) plane of the Mg-Al LDH crystallite increased 
in intensity. This indicates that even though the Mg(OH)2 film was slightly dissolved in the 
corrosive solution, the Mg-Al LDH crystallite remained intact. The potentiodynamic polariza-
tion curves for the film-coated AMCa602 before and after immersion are shown in Figure 21(b), 
from which the Ecorr and jcorr values were determined to be −0.348 V vs. Ag/AgCl/sat.-KCl and 
1.821 × 10−9 A cm−2, respectively, after 24 h immersion, and −0.065 V vs. Ag/AgCl/sat.-KCl and 
1.326 × 10−9 A cm−2 after 72 h. The Ecorr shifted toward a more positive value with an increase in 
immersion time, which is possibly a result of the change in the ratio of anodic to cathodic sites 
on the surface that is caused by the dissolution of Mg(OH)2 in the film. The jcorr value of the film-
coated AMCa602 increased after immersion, indicating an increase in the corrosion rate that 
agrees well with the results of the immersion tests. This increase, however, was independent 
of the immersion time, with the jcorr value almost comparable after 24 and 72 h of immersion.

From the XRD patterns, SEM observations, EDX spectra, and polarization curve measure-
ments, the mechanism by which a film produced by steam coating provides corrosion resis-
tance to AMCa602 alloy can be explained as follows. At first, Mg(OH)2 from the Mg(OH)2/
Mg-Al LDH composite film formed earlier on AMCa602 is dissolved to some extent through 
contact with a corrosive solution. This dissolution of Mg(OH)2 causes the amount of Mg-Al 
LDH with anion exchangeability present on the film surface to increase gradually, leading to 
an increase in the intensity of the 0 0 3 reflection of Mg-Al LDH, as shown in Figure 21(a). Due 
to the presence of Mg-Al LDH on the film surface, Cl− ions can become trapped in the Mg-Al 
LDH, as shown in the EDS analysis, resulting in delaying corrosion. These results support the 

Figure 19. (a) Surface of AMCa602 Mg alloy after steam coating at 433 K for 6 h using an aqueous solution containing 
200 mM Al(NO3)3 before immersion in a 5 wt.% NaCl aqueous solution. Same surface after immersion in a 5 wt.% NaCl 
aqueous solution for (b) 5, (c) 12, (d) 24, (e) 48, and (f) 72 h. All scale bars are 1 cm [Corrosion Science, 2015, 92, 76–84, 
doi:10.1016/j.corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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Figure 19. (a) Surface of AMCa602 Mg alloy after steam coating at 433 K for 6 h using an aqueous solution containing 
200 mM Al(NO3)3 before immersion in a 5 wt.% NaCl aqueous solution. Same surface after immersion in a 5 wt.% NaCl 
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hypothesis that the Mg-Al content of a Mg(OH)2/Mg-Al LDH composite film is an key factor 
in improving the durability and corrosion resistance of the film. Moreover, steam coating 
produces a film that is thick and has a high density due to the presence of two phases of dif-
ferent sizes, namely, Mg(OH)2 and Mg-Al LDH, which further contributes to improving the 
corrosion resistance of the film.

In conclusion for this section, a film composed of Mg(OH)2 and Mg-Al LDH was success-
fully formed on combustion-resistant AMCa602 Mg alloy by using an environmentally 
friendly steam coating method. Subsequent XRD and FT-IR studies confirmed that the film 
was composed of Mg(OH)2 in combination with nitrate- and carbonate-based Mg-Al LDHs. 
The film thickness varied from 52 to 308 μm depending on the Al(NO3)3 concentration. 
A mechanism for the formation of such films was proposed based on the results of XRD, 
FT-IR, SEM, and EDX measurements, and the corrosion resistance was estimated by poten-
tiodynamic measurements and immersion tests in 5 wt.% NaCl solution. A film prepared 
by steam coating at 433 K for 6 h using an aqueous solution of 200 mM Al(NO3)3 was found 
to have the highest corrosion resistance of all samples tested. The correlation between the 
Mg-Al LDH content of the film, Al(NO3)3, its corrosion current density, and the concentra-
tion of the aqueous solution used to create it was investigated, which revealed a strong 
correlation between the Mg-Al LDH content and corrosion current density. Based on the 
results achieved here with flame-resistant Mg alloy, we believe that our steam coating tech-
nique is an effective method for improving the corrosion resistance of both existing and 
future-generation Mg alloys.

Figure 20. SEM images of sample surface (a) before and after immersion in 5 wt.% NaCl solution for (b) 24 and (c) 72 h. 
(d, e) EDX spectra obtained at spots (i) and (ii) in (c) [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.corsci.2014.11.031. 
Copyright @ELSEVIER (2015)].
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4. Conclusion and outlook

This chapter has presented the results of experimental studies into the formation and corro-
sion resistance of an anticorrosive film composed of Mg(OH)2 and Mg-Al LDH produced on 
AZ31 and AMCa602 Mg alloys by steam treatment. The physicochemical properties of the films 
were investigated using XRD, SEM, EDX, and FT-IR, and a mechanism for their formation was 
proposed based on these results. The corrosion resistance of the films produced on AZ31 and 
AMCa602 was estimated based on potentiodynamic measurements and immersion tests in 
5 wt.% NaCl solution, which revealed that corrosion resistance of both alloys was improved by 
steam treatment. The Mg-Al LDH content of the films was also found to be strongly related to 
the corrosion current density. As Mg alloys are one of the more promising materials for reducing 
vehicle weight, thereby lowering fuel consumption and reducing CO2 emission, any improve-
ment in their inherently low corrosion resistance is of great value to increasing their wider-scale 
use. Thus, although there has already been a great deal of academic work and commercial inter-
est in surface treatments for Mg alloys, we believe future work should focus on developing the 
steam coating process described here to greatly improve the corrosion resistance of a range of 
Mg alloys.

Figure 21. (a) GAXRD patterns and (b) potentiodynamic polarization curves of film-coated AMCa602 Mg alloy 
before and after immersion in 5 wt.% NaCl solution for 24 to 72 h [Corrosion Science, 2015, 92, 76–84, doi:10.1016/j.
corsci.2014.11.031. Copyright @ELSEVIER (2015)].
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Abstract

An attempt was made to estimate the corrosion rate of AZ31 and AZ61 magnesium
alloys  immersed  in  0.6  M NaCl  during  long‐term exposure  using  electrochemical
impedance spectroscopy (EIS). The EIS results were compared with the corrosion rate
independently assessed by the hydrogen evolution test. A correlation was established
between the integration of the polarization resistance (Rp) and charge transfer resistance
(Rt) over time, as evaluated by EIS and hydrogen gas measurements. Regardless of the
immersion time, a strong link was found between the Rt and Rp values determined by
EIS. This relation seems to depend on the composition of the alloy. The influence of
immersion time on the estimated corrosion rate reliability was investigated. The typical
deviations of the measurement methods are apparently decreasing upon prolonging
the immersion time. No significant errors were obtained in the measurement of the
corrosion  rate  when  using  Rt  or  Rp  determined  by  EIS  with  their  corresponding
“apparent” Stern‐Geary coefficient values compared with the real values determined
by gravimetric measurements.

Keywords: Magnesium, weight loss, electrochemical impedance spectroscopy, corro‐
sion rate, hydrogen evolution

1. Introduction

Mg‐Al alloys have aroused great scientific and technological interest in recent decades. From a
practical point of view, their high strength‐weight ratio makes them ideal alloys for automotive,
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aerospace and electronics applications, where weight reduction is of significant concern [1]. The
usage of magnesium alloys in automotive applications can significantly contribute to greater
fuel savings and environmental conservation [2]. Also, magnesium and its alloys have been
investigated recently by many authors as a suitable biodegradable biomaterial [3]. However,
their corrosion performance at the current stage of development is still not good enough for
increasingly diverse their practical applications [4]. Given the growing use of Mg alloys as
structural alloys, an accurate assessment of corrosion is imperative and the unambiguous
determination of electrode kinetics in the case of Mg electrodes is essential [5].

Electrochemical impedance spectroscopy (EIS) has been shown in innumerable studies to be
an efficient and accurate tool for investigating the nature of surface films and the associated
corrosion mechanisms of metals and alloys [6]. The most outstanding and well‐known
advantages of EIS are that it allows continuous monitoring of the corrosion with measurements
of the instantaneous corrosion rate. Such measurements of the corrosion rate require only
minor disturbance in the system because a very small AC signal is applied [7]. The use of
electrochemical impedance spectroscopy (EIS) to assess electrochemical corrosion behavior of
magnesium and its alloys is of great technical relevance. Since stationary values take significant
time to become established, it should be noted that short‐term measurements may give rise to
misleading comparisons of corrodibility of the magnesium alloys [8]. As James et al. [9] noted,
EIS is an ideal method for monitoring the long‐term corrosion behavior and ranking the
corrosion protective ability of Mg and its alloys. The term “long term” is used to distinguish
it from the standard electrochemical corrosion studies, which are performed within the first 1
or 2 h [9].

Many Mg corrosion studies assign the first capacitive semicircle, appearing at high frequencies,
to the charge transfer reaction of Mg‐Al alloys with a partial protective oxide/hydroxide layer
formed as the corrosion product in the test solution [6, 9–14]. The charge transfer resistance Rt

is determined by the diameter of this capacitive loops [15–20]. The corrosion rate of freely
corroding metal in the absence of coverage effects is inversely proportional to polarization
resistance as described by the Stern‐Geary relationship [21, 22]:

B=corr
t

i
R (1)

where B is the Stern‐Geary constant and can be determined using anodic (βa) and cathodic
(βc) Tafel slopes [23] (B = (1/2.303) × (βa.βc/(βa+βc)).

The determination of the anodic Tafel slope is not trivial because the magnesium electrode can
sustain very high anodic current with minimal anodic polarization, accompanied by substan‐
tial hydrogen evolution and local alkalinization, producing a large Ohmic drop in the prox‐
imity of the electrode surface [24]. Anodic potentiodynamic polarization of Mg and Mg alloys
initially exhibits a very low apparent Tafel slope, representative of an ideally non‐polarizable
electrode behavior, followed by the bending of the curve [22, 24–26].
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In our previous studies [15, 19, 20], due to the uncertainty in the βa values from the polarization
curves commented above [22, 24–26], it was decided to use the constant B estimated empirically
from the correlation between electrochemical and gravimetric measurements [15]. Previous
investigation [27] yielded B values of around 65 mV for the AZ31 alloy and of around 120 mV
for the AZ61 alloy. Cumulative weight loss after an extended period of time was determined
by the integration of the weight changes for individual exposure periods. In this way, the
average corrosion rates of the specimens after 14 days of exposure to the 0.6 M NaCl solution
were obtained from EIS, which were similar to that determined from hydrogen evolution and
gravimetric measurements [28].

Recently, King et al. [22] and Bland et al. [26] have shown that the determination of polarization
resistance, Rp, at the zero frequency limit as evaluated from analysis of impedance data,
provided excellent correlation between the volume of hydrogen collected and mass loss, for
both commercially pure Mg and the AZ31 alloy. King et al. [22] critically address previous
studies which have utilized the impedance behavior of magnesium and which claim electro‐
chemical tests may underestimate the corrosion rate of Mg; in most cases by a factor of 2 or
more, while attempting to use a charge transfer resistance at intermediate frequencies and do
not account for the electrochemically justified inductive behavior. Later, Curioni et al. [24] have
revealed that the reciprocal of the values of resistance estimated by EIS is linearly correlated
with the corrosion current measured by hydrogen collection. The experimentally measured
proportionality constant provides an “apparent” Stern‐Geary coefficient that can be used to
evaluate the corrosion current from EIS data [24].

In these studies [22, 24, 25], impedance measurements were taken during free corrosion while
monitoring in real time the amount of hydrogen evolved from the corroding electrodes to
obtain instantaneous values of corrosion current of pure magnesium and the AZ31 alloy in
NaCl solutions. As Curioni et al. [24] commented, the lack of reproducibility of the corrosion
current is due to statistical variation in the corrosion process, but the combined measurement
of the corrosion rate by impedance spectroscopy and hydrogen evolution is reliable. From a
practical viewpoint, however, the possibilities of obtaining “apparent” Stern‐Geary coefficients
from the relationship between independent hydrogen evolution and electrochemical impe‐
dance spectroscopy measurements are of interest since the experimentation is easy to replicate
and to implement; although long exposure times may be involved, the relatively simple
procedure reduces the propensity to introduce systematic errors.

The effect of exposure time to the corrosive solution is important since there are frequent cases
in which the corrosion rate of Mg tends to change significantly with the immersion time [8,
29–34]. Typically, the initial corrosion rate is less, and then the corrosion rate accelerates to a
steady state [35–38]. Due to the high protective nature of the pre‐existing native oxide film
formed on the polished surfaces of some magnesium alloys, significant fractions of uncorroded
silvery regions can be found even after 24 h immersion in 3.5% NaCl aqueous solution [29,
32]. Bland et al. [26] noted that because of the rapid corrosion rates normally observed for the
Mg system, the Tafel characteristics can change dramatically between a short‐ and long‐term
test. Hsieh et al. [39] examined the relationship between weight loss (WL) measurements and
polarization resistance measurements of corrosion in metals and metal alloys (mild steel,
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aluminum, copper, and cupronickel) commonly used in industrial cooling systems. The
experimentally measured proportionality constant B', based on the correlation between
electrochemically and gravimetric measured corrosion rates, changes with the exposure time
until steady state is reached, which may take up to 3 days. At longer immersion times (>3
days), the B’ value begins to stabilize and changes little with the corrosivity of water. For this
reason, long‐term exposure to saline aqueous solutions was selected (AZ31 specimen after 4
days and AZ61 specimen after 14 days of testing) for the measurement of an “apparent” Stern‐
Geary coefficient for these alloys. The purpose of this study is to report new results within a
broader study carried out on the factors affecting the estimation of the corrosion rate in
magnesium alloys by EIS [31]. The ultimate aim is to expand our overall understanding of such
phenomena and improve the reliability of the experimental results by devising better study
designs.

The summary of main results of corrosion rates of pure Mg and magnesium alloys evaluated
from electrochemical measurements [5, 16, 17, 22, 24, 26, 32, 38, 40–46] can be seen in Table 1.

Authors Work title Main aspects Reference

Makar L, Kruger J Corrosion Studies of Rapidly
Solidified Magnesium Alloys

The charge transfer resistance could be used to
accurately measure the corrosion rates of
magnesium alloys.

[17]

Kirkland NT, Birbilis
N, Staiger MP

Assessing the corrosion of
biodegradable magnesium
implants: A critical review of
current methodologies and their
limitations

EIS also does not directly yield a corrosion rate of
magnesium implants.

[40]

Pebere N, Riera C,
Dabosi F

Investigation of magnesium
corrosion in aerated sodium
sulfate solution by electro‐
chemical impedance spectroscopy

The electrochemical determination of the
corrosion rate are in agreement with those
obtained by atomic absorption spectroscopy.

[16]

Liu M, Schmutz P,
Uggowitzer PJ, Song
GL, Atrens A

The influence of yttrium (Y)
on the corrosion of Mg‐Y binary
alloys

The corrosion rate evaluated by electrochemical
impedance spectroscopy was somewhat smaller
than that evaluated from H evolution.

[41]

King AD, Birbilis N,
Scully JR

Accurate electrochemical
measurement of magnesium
corrosion rates; a combined
impedance, mass‐loss and
hydrogen collection study

The determination corrosion rate from EIS
polarization resistance correlated to the mass loss
and volume of hydrogen collected.

[22]

Qiao ZX, Shi ZM, Hort
N, Abidin NIZ, Atrens
A

Corrosion behaviour of a
nominally high purity Mg ingot
produced by permanent mould
direct chill casting

The corrosion rate measured using
electrochemical techniques was consistently
lower than that measured independently by
weight loss or hydrogen evolution.

[42]

Bland LG, King AD,
Birbilis N, Scully JR.

Assessing the corrosion of
commercially pure magnesium

The integration of the polarization resistance
over time, as evaluated from EIS provided

[26]

Magnesium Alloys132



aluminum, copper, and cupronickel) commonly used in industrial cooling systems. The
experimentally measured proportionality constant B', based on the correlation between
electrochemically and gravimetric measured corrosion rates, changes with the exposure time
until steady state is reached, which may take up to 3 days. At longer immersion times (>3
days), the B’ value begins to stabilize and changes little with the corrosivity of water. For this
reason, long‐term exposure to saline aqueous solutions was selected (AZ31 specimen after 4
days and AZ61 specimen after 14 days of testing) for the measurement of an “apparent” Stern‐
Geary coefficient for these alloys. The purpose of this study is to report new results within a
broader study carried out on the factors affecting the estimation of the corrosion rate in
magnesium alloys by EIS [31]. The ultimate aim is to expand our overall understanding of such
phenomena and improve the reliability of the experimental results by devising better study
designs.

The summary of main results of corrosion rates of pure Mg and magnesium alloys evaluated
from electrochemical measurements [5, 16, 17, 22, 24, 26, 32, 38, 40–46] can be seen in Table 1.

Authors Work title Main aspects Reference

Makar L, Kruger J Corrosion Studies of Rapidly
Solidified Magnesium Alloys

The charge transfer resistance could be used to
accurately measure the corrosion rates of
magnesium alloys.

[17]

Kirkland NT, Birbilis
N, Staiger MP

Assessing the corrosion of
biodegradable magnesium
implants: A critical review of
current methodologies and their
limitations

EIS also does not directly yield a corrosion rate of
magnesium implants.

[40]

Pebere N, Riera C,
Dabosi F

Investigation of magnesium
corrosion in aerated sodium
sulfate solution by electro‐
chemical impedance spectroscopy

The electrochemical determination of the
corrosion rate are in agreement with those
obtained by atomic absorption spectroscopy.

[16]

Liu M, Schmutz P,
Uggowitzer PJ, Song
GL, Atrens A

The influence of yttrium (Y)
on the corrosion of Mg‐Y binary
alloys

The corrosion rate evaluated by electrochemical
impedance spectroscopy was somewhat smaller
than that evaluated from H evolution.

[41]

King AD, Birbilis N,
Scully JR

Accurate electrochemical
measurement of magnesium
corrosion rates; a combined
impedance, mass‐loss and
hydrogen collection study

The determination corrosion rate from EIS
polarization resistance correlated to the mass loss
and volume of hydrogen collected.

[22]

Qiao ZX, Shi ZM, Hort
N, Abidin NIZ, Atrens
A

Corrosion behaviour of a
nominally high purity Mg ingot
produced by permanent mould
direct chill casting

The corrosion rate measured using
electrochemical techniques was consistently
lower than that measured independently by
weight loss or hydrogen evolution.

[42]

Bland LG, King AD,
Birbilis N, Scully JR.

Assessing the corrosion of
commercially pure magnesium

The integration of the polarization resistance
over time, as evaluated from EIS provided

[26]

Magnesium Alloys132

Authors Work title Main aspects Reference

and commercial AZ31B by
electrochemical impedance, mass‐
loss, hydrogen collection, and
inductively coupled plasma
optical emission spectrometry
solution analysis

correlation to the cumulative mass loss, ICP‐OES
solution analysis, and volume of hydrogen
collected for commercially pure Mg and for
AZ31.

Shkirskiy V, King AD,
Gharbi O, Volovitch P,
Scully JR, Ogle K,
Birbilis N.

Revisiting the electrochemical
impedance spectroscopy of
magnesium with online
inductively coupled plasma
atomic emission
spectroscopy

In real time, electrochemical impedance
spectroscopy (EIS) was coupled with online
atomic emission spectroelectrochemistry
(AESEC) to simultaneously measure Mg
corrosion.

[5]

Curioni M, Scenini F,
Monetta T, Bellucci F

Correlation between
electrochemical impedance
measurements and corrosion rate
of magnesium investigated by
real‐time hydrogen measurement
and optical imaging

A very good correlation between values of
resistances estimated by EIS and corrosion
currents obtained from real‐time hydrogen
measurement was found.

[24]

Shi ZM, Cao FY, Song
GL, Atrens A

Low apparent valence of Mg
during corrosion

The values of the corrosion evaluated
from EIS data were typically not good
measurements of the corrosion
rate of Mg as measured
by weight loss.

[43]

Atrens A, Song GL,
Cao F, Shi Z,
Bowen PK.

Advances in Mg corrosion and
research suggestions

The reliability of corrosion rate obtained by EIS
is questionable.

[38]

Shi ZM, Liu M,
Atrens A

Measurement of the corrosion
rate of magnesium alloys using
Tafel extrapolation

In principle, the electrochemical measurement
hypothesis for Mg can be disproved.

[44]

Cao FY, Shi ZM,
Hofstetter J,
Uggowitzer PJ,
Song GL, Liu M,
Atrens A.

Corrosion of ultra‐high‐purity Mg
in 3.5% NaCl solution saturated
with Mg(OH)(2)

The amount of dissolution under
electrochemical control was a small amount of
the total dissolution.

[45]

Atrens A, Song GL,
Liu M, Shi Z, Cao F,
Dargusch MS

Review of recent developments in
the field of magnesium corrosion

Good values of the Tafel slopes are needed to
EIS measurements of the corrosion rate.

[32]

Frankel GS,
Samaniego A,
Birbilis N

Evolution of hydrogen at
dissolving magnesium surfaces

Cathodic reaction of magnesium is enhanced
during dissolution

[46]

Table 1. Summary of previous studies about the estimation the corrosion rate using electrochemical techniques.
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2. Materials and methods

AZ31 and AZ61 magnesium alloys manufactured under wrought conditions with the chemical
composition indicated in Table 2 (as detailed by the manufacturer, Magnesium Elektron
Company) were used in the present study. Samples were cut into test strips, 2 ×2 cm squares
with a thickness of 0.3 cm and then mechanically dry grounded successively with finer and
finer abrasive paper up to P2000 SiC grit papers and polished to produce a uniformly flat
surface with mirror‐like reflectivity. All samples were rinsed in distilled water and dried in air
stream as the final step.

Alloy Al Zn Mn Si Fe Ca Mg

AZ31 3.1 0.73 0.25 0.02 0.005 0.0014 Bal.

AZ61 6.2 0.74 0.23 0.04 0.004 0.0013 Bal.

Table 2. Chemical composition of AZ31 and AZ61 alloys (wt. %).

The corrosion rate of magnesium alloys was calculated from the volume of collected hydrogen
during the corrosion test. Specimens were immersed in a beaker containing 700 ml of 0.6 M
NaCl. The beaker was covered with an inverted funnel, and the released gas was collected in
a graduated burette. All experiments were conducted at room temperature. The hydrogen
evolution was measured for 4 days in the case of the AZ31 specimen and for 14 days in the
case of the AZ61 specimen. Three replicated specimens were tested to confirm reproducibility
of the results. Also, the corrosion rates were determined from the weight loss of the tested
specimens, after removing all the corrosion products from the sample surface using chromic
acid (200 g L‐1 CrO3 + 10 g L‐1 AgNO3).

Electrochemical experiments were performed using an AUTOLAB PGSTAT30, with a fre‐
quency response analyzer. EIS scans were acquired from 100 kHz to 0.005 Hz with 5 points
per decade and an AC amplitude of ±10 mV. A three electrode configuration was used in which
the sample was the working electrode, a graphite rod was the counter electrode, and an Ag/
AgCl (Sat.) electrode was the reference electrode. The tested specimens exposed an area of
9.0 cm2 to the 0.6 M NaCl solution. Measurements were performed in triplicate to ensure the
reproducibility of the results. ZView software was used for equivalent circuit fitting to the
impedance plots obtained in these experiments [47].

3. Results and discussion

3.1. Influence of the immersion time on the error margin of the hydrogen evolution and
electrochemical impedance measurements in 0.6 M NaCl solution

Figure 1 compares the time evolution of the corrosion current measured by the hydrogen
collection method of tested materials immersed in 0.6 M NaCl solution. The corrosion current
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for the AZ31 alloy initially increased slowly during the first day of immersion, after which it
increased approximately linearly with the immersion time. This can be attributed to an
incubation period in which the initial surface films were partially protective and break down,
leading to the steady state corrosion indicated by the later linear trend [48]. The AZ31 alloy
was completely dissolved after 4 days of immersion. In contrast, for the AZ61 alloy (Fig‐
ure 1b), the corrosion current measured by the hydrogen evolution was relatively small for
the whole immersion duration (14 days). This difference may be due to the strong protective
effect of the oxide film that forms spontaneously on the polished AZ61 alloy surface, much
more perfect and protective than the film on the AZ31 alloy [29, 31, 49]. The absence of
significant variations in the corrosion current measured by the hydrogen evolution for the
AZ61 alloy (Figure 1b) indicates the presence of a very protective film in this case.

Figure 1. Time evolution of the corrosion current obtained from hydrogen measurement during immersion in 0.6 M
NaCl.

Figure 1 also presents the error bars, which indicate the data variability, as deduced from three
parallel measurements. It is interesting to note that the error tends to decrease quickly with
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immersion time. The observed variations in the error bars‐time behavior are attributed to a
larger quantity of evolved volume of hydrogen with increasing immersion time, which
improves the scale‐reading precision [50]. On the other hand, hydrogen gas is very soluble in
aqueous environments [22, 51], so it is likely that some H2 was lost by dissolution in the first
stages of experimentation [52].

The Nyquist diagrams (Figure 2) obtained for the AZ31 and AZ61 specimens immersed in 0.6
M NaCl show the presence of a capacitive loop at high frequencies (HF) and an inductive loop
at low frequencies (LF). Figure 3 shows the representative impedance spectra of the tested
specimens in term of Bode plots.

Figure 2. Variation in Nyquist plots for AZ31 and AZ61 samples with immersion time in 0.6 M NaCl solution.
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specimens in term of Bode plots.

Figure 2. Variation in Nyquist plots for AZ31 and AZ61 samples with immersion time in 0.6 M NaCl solution.

Magnesium Alloys136

The impedance spectra fitted with the equivalent circuit, as shown in Figure 4, were reported
by King et al. [22]. Rs represents the electrolyte resistances, C1 and C2 are associated with the
oxide/hydroxide layers capacitance and the double layer capacitance at the metal/electrolyte
interface, respectively. R1 is related to the initial metallic corrosion step, and R2 represents the
discharge of the intermediate adsorbed species formed in the initial step [53, 54]. Finally, L
accounts for the variation in the extension of active anodic regions during the sinusoidal
polarization, and R3 represents the resistances associated with local environmental changes
(precipitation of gels, presence of bubbles) nearby the anodic and cathodic regions [24]. In full
compliance with the suggestions of King et al. [22], for the analysis of EIS data, in this work,
we have included capacitors in the place of constant phase element (CPE) for the representation
of the capacitive elements.

Figure 3. Variation in Bode plots for AZ31 and AZ61 samples with immersion time in 0.6 M NaCl solution.
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The Nyquist and Bode plots in Figure 5 include the measured data along with a fit employing
the equivalent circuit proposed and validated by King et al [22]. Generally, the simulated and
experimental impedance spectra were closely similar, and the center of the Nyquist plots does
not appear depressed, which is a near ideal capacitive behavior [22, 26]. Polarization resist‐
ance (Rp) can profile the corrosion rate with time [55]. According to King et al. [22], the Rp can
be evaluated as the zero frequency impedance (f → 0) at ‐Z″ = 0 [56]. On the other hand, Rt is
defined as the value corresponding to Z' when −Z″ = 0, which is commonly obtained at
intermediate frequencies [56]. The Rp [22, 26] and Rt values have been determined using the
following equations derived from the equivalent circuit:

1 2 3

1 1 1

pR R R R
= +

+ (2)

1 2= tR R R+ (3)

Figure 4. Equivalent circuit used for fitting experimental EIS spectra of the samples.

Figure 5. Example of Nyquist and Bode plots with respective fitting for AZ31 and AZ61 alloys with different immer‐
sion times in 0.6 M NaCl solution.
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The quantitative results from spectra fitting are given in Tables 3 and 4, in which the data
represent the mean values for the three parallel measurements, and the standard deviation
suggests the reproducibility of the EIS measurements.

Immersion

time

C1

(µF cm−2)

R1

(kΩ cm2)

C2

(µF cm−2)

R2

(kΩ cm2)

L

(kΩs cm2)

R3

(kΩ cm2)

Rp
(kΩ cm2)

Rt

(kΩ cm2)

IH2

(mA cm−2)

1 h 5 ± 0.2 0.09 ± 0.03 3 ± 1 0.64 ± 0.15 0.50 ± 0.18 0.41 ± 0.17 0.25 ± 0.09 0.75 ± 0.18 0.13 ± 0.05

4 h 13 ± 6 0.09 ± 0.02 15 ± 12 0.27 ± 0.09 0.26 ± 0.06 0.29 ± 0.12 0.15 ± 0.02 0.37 ± 0.10 0.25 ± 0.01

7 h 16 ± 1 0.12 ± 0.05 20 ± 5 0.31 ± 0.08 0.61 ± 0.19 0.42 ± 0.22 0.21 ± 0.09 0.43 ± 0.13 0.24 ± 0.00

1 day 20 ± 2 0.11 ± 0.02 26 ± 5 0.28 ± 0.10 1.26 ± 0.34 0.19 ± 0.04 0.13 ± 0.03 0.39 ± 0.12 0.25 ± 0.01

2 days 28 ± 2 0.07 ± 0.01 31 ± 6 0.13 ± 0.04 0.61 ± 0.19 0.07 ± 0.01 0.05 ± 0.01 0.20 ± 0.05 0.32 ± 0.01

3 days 25 ± 2 0.08 ± 0.01 45 ± 3 0.11 ± 0.02 0.82 ± 0.10 0.14 ± 0.01 0.08 ± 0.01 0.20 ± 0.03 0.37 ± 0.01

4 days 24 ± 1 0.08 ± 0.01 41 ± 2 0.09 ± 0.01 0.77 ± 0.14 0.14 ± 0.02 0.08 ± 0.01 0.18 ± 0.02 0.40 ± 0.01

Table 3. Fitting results for the EIS measurements performed in 0.6 M NaCl and corrosion current densities obtained
from independent measurement of hydrogen evolution for the AZ31 alloy.

Immersion

time

C1

(µF cm−2)

R1

(kΩ cm2)

C2

(µF cm−2)

R2

(kΩ cm2)

L

(kΩs cm2)

R3

(kΩ cm2)

Rp
(kΩ cm2)

Rt

(kΩ cm2)

IH2

(mA cm−2)

1 h 4.18 ± 0.06 1.38 ± 0.02 4.08 ± 0.68 2.16 ± 0.49 43.43 ± 5.63 8.82 ± 1.70 2.53 ± 0.88 3.55 ± 1.82 0.028 ± 0.024

4 h 3.66 ± 0.16 1.25 ± 0.01 2.85 ± 0.08 3.39 ± 0.25 22.58 ± 0.41 16.63 ± 1.94 3.62 ± 0.95 4.64 ± 1.10 0.037 ± 0.005

1 day 3.18 ± 0.05 1.21 ± 0.18 2.25 ± 0.36 4.45 ± 1.32 34.60 ± 5.79 22.72 ± 0.34 4.51 ± 0.72 5.66 ± 1.15 0.034 ± 0.001

2 days 3.20 ± 0.17 1.67 ± 0.18 2.48 ± 0.09 4.31 ± 0.43 61.21 ± 0.54 22.04 ± 1.82 4.70 ± 0.46 5.98 ± 0.61 0.034 ± 0.003

3 days 2.94 ± 0.07 1.02 ± 0.36 2.30 ± 0.60 3.97 ± 0.83 51.80 ± 5.30 18.94 ± 5.40 3.86 ± 0.41 4.92 ± 0.45 0.032 ± 0.003

4 days 3.06 ± 0.04 1.00 ± 0.06 2.20 ± 0.32 3.54 ± 0.59 33.05 ± 2.70 10.66 ± 3.26 3.17 ± 0.55 4.55 ± 0.53 0.030 ± 0.002

7 days 3.03 ± 0.36 0.59 ± 0.21 2.24 ± 0.64 2.96 ± 0.15 31.05 ± 5.96 9.77 ± 0.39 2.60 ± 0.22 3.55 ± 0.36 0.029 ± 0.001

8 days 2.70 ± 0.19 0.33 ± 0.01 2.21 ± 0.17 3.34 ± 0.15 32.45 ± 2.08 8.87 ± 2.39 2.53 ± 0.19 3.68 ± 0.39 0.030 ± 0.000

9 days 2.91 ± 0.31 0.33 ± 0.03 2.34 ± 0.14 3.32 ± 0.19 29.91 ± 3.20 10.16 ± 1.11 2.68 ± 0.04 3.65 ± 0.22 0.030 ± 0.000

10 days 2.94 ± 0.17 0.37 ± 0.16 2.43 ± 0.13 3.53 ± 0.44 25.83 ± 3.79 9.81 ± 0.93 2.65 ± 0.41 3.90 ± 0.25 0.031 ± 0.000

11 days 3.18 ± 0.38 0.42 ± 0.17 2.50 ± 0.08 3.06 ± 0.02 39.67 ± 4.70 7.81 ± 1.29 2.39 ± 0.08 3.47 ± 0.18 0.031 ± 0.000

14 days 3.18 ± 0.35 0.51 ± 0.11 3.09 ± 0.01 3.10 ± 0.30 33.26 ± 2.43 8.43 ± 0.08 2.53 ± 0.11 3.11 ± 0.23 0.033 ± 0.000

Table 4. Fitting results for the EIS measurements performed in 0.6 M NaCl and corrosion current densities obtained
from independent measurement of hydrogen evolution for the AZ61 alloy.

The evolution of resistance (Rp and Rt) values as a function of immersion time in 0.6 M NaCl
solution is presented in Figure 6. After the first day of immersion test, the EIS data for the AZ31
specimen, illustrated in Figure 6a and c indicate that the resistance (Rp and Rt) values decreased
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markedly, approximately consistent with the linear increase in the corrosion current measured
by the hydrogen collection presented in Figure 1, suggesting that the corrosion product layer
formed on this alloy in 0.6 M NaCl is not particularly protective. In contrast, it is interesting
to note that there is little effect or a moderate increase observed in the case of the AZ61 specimen
over the 14 days immersion time (Figure 6b and d) in comparison to the high resistance (Rp
and Rt) values obtained after 1h of immersion. During the first 2 days of immersion, the AZ61
specimens present a slight increase in the resistance (Rp and Rt) values (Figure 6b and d), which
may be attributed to the growth of partially protective corrosion product film on the surface
[30, 57]. According to a previous study [29], filiform corrosion was initiated almost immedi‐
ately on the magnesium specimens after immersion, and the population of filaments expanded
in less than 1 day across the entire exposed surface.

Figure 6. Evolution of the resistance (Rp and Rt) values with immersion time in NaCl 0.6 M solution.

The standard deviations of the average resistance (Rp and Rt) values decrease quickly and
strongly with the immersion time indicating the formation of an homogeneous corrosion
layer, as it can be seen in Figure 6. Curioni et al. [24] observed significant variations in the
values of impedance measured under similar conditions attributed to the statistical nature
of the corrosion process and to the relatively small electrode size. Because EIS measure‐
ments in this study were made with a large (9.0 cm2) exposed area, it is reasonable to as‐
sume that the stochastic nature of the filament formation and growth processes initiated
immediately after immersion and expanded in less than 1 day across the entire exposed sur‐
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face, Samaniego et al. [29] contributed to this initial increase in the deviation of the resist‐
ance values. Increasing immersion time showed a decrease in the deviation of the resistance
values, probably due to the formation of a uniform corrosion layer on the surface.

3.2. Low‐frequency inductive behaviors

As already commented, the impedance diagrams in this study are characterized by a ca‐
pacitive loop at HF followed by a well‐marked inductive loop at LF. Numerous examples
of such inductive loops can be found in the literature. An inductive effect may be ex‐
plained by different reasons. In the corrosion of magnesium and its alloys, the low‐fre‐
quency inductive loop in the Nyquist plot has been interpreted as a manifestation of
localized corrosion damage of the magnesium substrate [58–67], produced by the relaxa‐
tion of adsorbed species such as Mg(OH)ads+ or Mg(OH)2 [9, 35, 68–73], to the formation
and precipitation of a salt film [74, 75], to the incorporation of elements with properties of
a semiconductor in the passive films [76] or most recently with accelerated anodic dissolu‐
tion [22, 77]. However, the species responsible for the inductive response are yet to be de‐
termined [22], and the physical interpretation of inductive behavior associated with
electrochemical processes is non‐trivial, and that is probably the reason why this inductive
behavior is often neglected [24].

The notable size of the inductive loops in this work may be seen in Figure 2. If the loop size
is expressed as the diameter of the semicircle that fits it, and δ is the ratio between the diam‐
eters of the inductive and capacitive loops, δ values of the order of 0.6–0.7 have been ob‐
tained throughout exposure with the AZ31 alloy but decrease significantly with alloy AZ61
approximately to 0.2–0.3. Our previous EIS data of the specimens corroded under experi‐
mental conditions similar to those in this work have produced similar Nyquist plots [8, 15,
27, 28, 29, 49]. Asmussen et al. [77] suggested that the change in EIS behavior seems to be
related somehow, with the alloy microstructure and subsequent distribution of the alloying
elements, especially Al. According to Song et al. [78], the inductive points could be associat‐
ed with the corrosion of the α phase while the inert β phase normally shows a capacitive
spectrum [79]. Figure 7 gives the microstructures of the AZ31 and AZ61 magnesium alloys.
In the case of AZ61, the electrochemical signals from small amounts of β‐phase (Mg17Al12),
which is formed at the grain boundaries (Figure 7b) may modify the α phase formation [78].
In contrast, it can be found that the alloying element Al in the AZ31 alloy completely dis‐
solved into the Mg matrix and no precipitation of the β‐phase is observed (Figure 7a).

Figure 8 illustrates the relationship between the Rp values and the Rt values obtained from
impedance measurements. It is evident that a linear relationship between Rp and Rt values was
observed for the two alloys. The absence of significant modifications in the shape of the
impedance diagrams throughout the test (Figure 2) may explain the high correlation between
measured Rp and Rt values. As it has been suggested by Curioni [24], the values of charge
transfer resistance (RCT) and corrosion product resistance (RCP) indirectly determine the
value of adsorption resistance (RA), and therefore also the zero frequency resistance.
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Figure 7. (a) SEM micrographs of AZ31 and (b) AZ61 magnesium alloys.
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Figure 8. Rt values as a function of Rp values (obtained from Tables 3 and 4).
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3.3. “Apparent” Stern and Geary values obtained from the correlation between independent
EIS and hydrogen evolution measurements

King et al. [22] and Bland et al. [26] have shown that the integration of the corrosion current
density over the exposure period via Eq. (4), and conversion of the volume of H2 gas evolved

to a corresponding anodic charge (2) via the ideal gas law and Faraday's Law, all resulted

in anodic charge estimations that are similar in value .

2
2
. .  . H

a H corr
BQ i t i dt dt
R

= = =ò ò (4)

where 2 is the corrosion current density obtained from hydrogen measurement, icorr is the

corrosion current density obtained via Eq (1), B is the Stern‐Geary coefficient, and R is the value
of resistance obtained from fitting of the EIS spectra. In our previous studies [19] and [28], we
have also observed high degree of similarity between the amounts of corroded metal deter‐
mined by hydrogen evolution, gravimetric, and electrochemical measurements.

Under the assumption that B does not change with time for a metal or a metal alloy in a certain
aqueous solution [39], one can obtain

( )
2

'  
1 .

H
aQB

dtR
=

ò
(5)

where B′ is the “apparent” Stern‐Geary coefficient.

The averages and standard deviations of charge values obtained from hydrogen evolution
measurements as a function of time‐integrated reciprocal of the polarization resistance Rp or
charge transfer resistance Rt values determined by EIS from 1 h and a maximum of 4 days
immersion for the AZ31 alloy and 14 days immersion for the AZ61 alloy were used in this
study to determine B’ values. The results are shown in Figures 9 and 10. These figures show
that for each alloy immersed in 0.6 M NaCl, charge values from hydrogen evolution measure‐
ments and time‐integrated reciprocal of the polarization or charge transfer values were
approximately proportional. Consequently, the value of B' for that particular system can be
directly estimated from the graphs of Figures 9 and 10 by considering the slope of the fitting
lines [24, 39]. A very good correlation between Rp or Rt values estimated by EIS and corrosion
currents obtained from independent hydrogen measurements was found. Due to the direct
dependence of both resistance values commented above and shown in Figure 8, the points in
the plots for the determination of the “apparent” Stern‐Geary coefficient appear similarly
scattered (Figures 9 and 10).
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Figure 9. (a) Charge values from hydrogen evolution measurements as a function of time‐integrated reciprocal of the
polarization resistance Rp or (b) charge transfer resistance Rt values determined by EIS for AZ31 alloy from measure‐
ment in 0.6 M NaCl (data from Table 3).
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Figure 10. (a) Charge values from hydrogen evolution measurements as a function of time‐integrated reciprocal of the
polarization resistance Rp or (b) charge transfer resistance Rt values determined by EIS for AZ61 alloy from measure‐
ment in 0.6 M NaCl (data from Table 4).
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polarization resistance Rp or (b) charge transfer resistance Rt values determined by EIS for AZ61 alloy from measure‐
ment in 0.6 M NaCl (data from Table 4).
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Clearly, depending on the resistance and the alloy selected for the calculation, the “apparent”
Stern‐Geary coefficient is different; 93 or 32 mV for the AZ31 alloy if the charge transfer
resistance or the polarization resistance is used and a value of around 126 mV or around 90
mV for the AZ61 alloy if the charge transfer resistance or the polarization resistance is used,
respectively. These values are significantly lower compared to the “apparent” Stern‐Geary
values of 223 mV for the Rt and 116 mV for the Rp previously obtained by Curioni [24] for pure
magnesium.

In the case of the AZ31 specimen, the “apparent” Stern‐Geary coefficient obtained when the
polarization resistance is used is significantly lower (approximately by a factor of 3) compared
to when the values of the charge transfer resistance are used (Figure 8), while in the case of
AZ61 specimen (Figure 9), little effect or a moderate decrease in the “apparent” Stern‐Geary
coefficient is observed. This behavior tends to suggest that the differences between the
“apparent” Stern‐Geary coefficients obtained from the polarization resistance and charge
transfer resistance are dependent on the different sizes of the inductive loops in the impedance
diagrams of the studied alloys (Figure 2).

A compilation of values of B quoted in the literature of AZ31 and AZ61 alloys arranged by
determination method, test solution, time of exposure, author and reference is given in
Table 5. Quoted B values obtained from Tafel determination method were 5–37 mV for the
AZ31 alloy [22, 27, 44, 61, 80–86]. In the literature for AZ61, the B values are quoted ranging
from 21 to 52 mV [27, 87–91]. The calculated B’ value of 31 mV for the Rp for the AZ31 alloy is
consistent with B values calculated by Bland et al. [26], Cao et al. [44], and Shi et al. [86]
(Table 5). On the other hand, the B' values of around 118 mV for the AZ61 alloy if the charge
transfer resistance is similar to that previously obtained by empirical estimation, from
electrochemical and gravimetric measurements [27] (Table 5).

Alloy B determination

method

Immersion time B (mV) NaCl

Conc

Author Ref

AZ31B Tafel extrapolation

method

60 min 7.0 0.6 M Tekin et al. [80]

AZ31 Fitting software 48 h 10.1 0.6 M Lim et al. [61]

AZ31 Tafel extrapolation

method

1800 sg 13.4 0.6 M Li et al. [81]

AZ31 Mg alloy Tafel extrapolation

method

16.2 0.6 M Shen et al. [82]

Bare AZ31 Mg

alloy

Tafel extrapolation

method

an initial delay of

5 min

16.5 0.6 M Einkhah et al. [83]

AZ31 alloy Fitting software 30 min of

exposure.

17.4 0.6 M Singh et al. [84]

AZ31 Fitting software 20.8 0.6 M Zhang et al [85]
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Alloy B determination

method

Immersion time B (mV) NaCl

Conc

Author Ref

AZ31 Tafel assumption 24 h 31.1 0.6 M saturated

with Mg(OH)2

Cao et al. [44]

AZ31 Tafel assumption 24 h 36 0.6 M King et al. [22]

AZ31 Tafel assumption 24 h 36.8 0.6 M saturated

with Mg(OH)2

Shi et al. [86]

AZ31 Empirical estimation

from electrochemical

and gravimetric

measurements

10 d 65 0.6 M Feliu et al. [27]

Mg6Al LEV method from

polarization curves

for 1 day 21.2 0.6 M saturated

with Mg(OH)2

Cao et al. [87]

Untreated AZ60 Fitting software 21.5 0.6 M Su et al. [88]

AZ61 magnesium

alloy

30 min immersion 24.2 0.6 M Rajabalizadeh and

Seifzadeh

[91]

AZ61 magnesium

alloy

30 min immersion 35.5 0.6 M Seifzadeh, and

Rajabalizadeh

[90]

Heat treated

Mg6Al02

LEV method 10 d 38.6 0.6 M saturated

with Mg(OH)2

Cao et al. [91]

Heat treated

Mg6Al02

LEV method 10 d 46.1 0.6 M saturated

with Mg(OH)2

Cao et al. [91]

As‐cast Mg6Al02 LEV method 10 d 46.7 0.6 M saturated

with Mg(OH)2

Cao et al. [91]

As‐cast Mg6Al01 LEV method 10 d 52.4 0.6 M saturated

with Mg(OH)2

Cao et al. [91]

AZ61 Empirical estimation

from electrochemical

and gravimetric

measurements

10 d 120 0.6 M NaCl Feliu et al. [27]

Table 5. A selection of B values obtained from the literature.

3.4. Estimation of the corrosion rate from EIS measurements

In Figure 11, the variations in EIS‐estimated corrosion rate using Eq. (4) and the “apparent”
B’ values obtained in this study with immersion time are compared with the corrosion rate as
determined from hydrogen collection. A decrease in the differences between the corrosion rate
values derived from impedance measurements and those derived from the hydrogen evolution
rate occurs with increasing exposure time. As commented previously, this might be associated
with the transformation of an air formed film to the steady corrosion layer for Mg specimens
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exposed to saline solutions and the lower hydrogen evolution rates at the beginning of the
immersion tests.

Finally, Figure 12 compares long‐term cumulative corrosion rates determined by mass loss,
measurement of the H2 evolved over the entire testing period and integration of the current
density (icorr) versus time data determined by the temporal evolution of Rp and Rt over time.
All resulted in corrosion rate estimations that are similar in value for each alloy. This corrob‐
orating outcome is similar to that from King et al. [22] and Bland et al. [26], indicating that the
comparison of unique methods not only provides good comparison for the corrosion rate of
magnesium alloys but validates the electrochemical approach as a standalone method.

Figure 11. Variation in corrosion rates (mA/cm2) as a function of immersion time obtained from EIS and hydrogen evo‐
lution measurements during 4 days immersion for AZ31 alloy (a) and 14 days of immersion for AZ61 alloy (b) in 0.6 M
NaCl.
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Figure 12. Comparison of corrosion rates (mA/cm2) obtained from EIS with weight loss and hydrogen evolution meas‐
urements after 4 days immersion for AZ31 alloy (a) and 14 days of immersion for AZ61 alloy (a) in 0.6 M NaCl.

4. Conclusions

1. In this research, it has been investigated the possible relationships between independent
hydrogen evolution and electrochemical impedance spectroscopy measurements during
long‐term exposure of AZ31 and AZ61 magnesium alloys in 0.6 M NaCl.

2. Linear relationships with high correlation coefficients have been obtained between time‐
integrated polarization resistance Rp or charge transfer resistance Rt values determined by
EIS and hydrogen evolution measurements.
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3. The changes of Rt values with the immersion time have shown a direct and close rela‐
tionship with the changes of Rp values determined by EIS, being the relationship charac‐
teristic of the microstructure of the alloy.

4. With immersion time, the system becomes more stable and the reproducibility of the EIS
data appears to be improved. Also, the average error for hydrogen measurements after
prolonged periods of exposure is usually smaller.

5. In this investigation, an empirical determination of the “apparent” Stern‐Geary coefficient
from the correlation between electrochemical and hydrogen measurements has yielded
values of around 118 mV for the AZ61 alloy if the charge transfer resistance is used and
of around 83 mV if the polarization resistance is used and values of around 97 mV for the
AZ31 alloy if the charge transfer resistance is used and of around 31 mV if the polarization
resistance is used.

6. No significant errors are obtained in the measurement of the corrosion rate when using
Rt or Rp with their corresponding “apparent” Stern‐Geary coefficient values.
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Abstract

Magnesium and its alloys present several advantages such as a high strength/weight
ratio and a low density. These properties allow them to be used for many aeronautical
applications but they are very sensitive to corrosion. In order to solve this problem,
chromium  VI  conversion  coatings  (CCC)  are  deposited  on  the  surface  before  a
protective top coat application. This process is now limited by several environmental
laws  due  to  the  high  toxicity  of  hexavalent  chromium.  However  the  chemical
mechanisms of CCC deposition will be detailed in this chapter in order to understand
the  chemical  properties  of  this  coating.  Pre-treatment  steps  allow  cleaning  and
preparing the surface for improving the coating deposition. A final layer of chromium
(III) oxide and magnesium hydroxide composes the coating allowing the protective
properties. Orthorhombic potassium chromate clusters trapped on the coating surface
give self-healing property to the coating. Alternative conversion coatings are based
onto  solutions  containing  chromium  (III),  permanganate,  phosphates,  Rare  Earth
Elements (REEs) or vanadium. The second part of this chapter will detail the deposition
and the protection mechanisms of  these promising processes of  CrVI substitution.
Among  them,  permanganate/phosphate-based  coating  presents  a  better  corrosion
resistance than CCC and REEs have very efficient self-healing properties.

Keywords: corrosion protection, magnesium, alternative coatings, chromium VI, elec-
trochemistry, surface analysis
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1. Introduction

Magnesium alloys possess the lowest density of all metallic constructional materials and have
good mechanical properties [1, 2]. They are suitable for the partial replacement of aluminium
alloys for motorsport and aerospace applications. This could imply non-negligible weight and
fuel savings in the aeronautical sector. Unfortunately, these materials are also very vulnerable
to corrosion, do not resist wear and are highly chemically reactive [3]. Other metals, such as
aluminium and lithium, have been added to pure magnesium to decrease its shortcomings [4],
which limit the use of magnesium and its alloys for computer parts and in the aerospace and
the automotive industries [5]. The poor corrosion resistance of magnesium is the consequence
of its standard potential (E° = −2.363 V/SHE (standard hydrogen electrode)), which makes it
extremely susceptible to galvanic corrosion [5].

In order to decrease their corrosion sensitivity, several processes can be used to deposit a
protective film on the surface of the alloy: anodizing, sol-gel process, gas-phase deposition
process and chemical conversion [6]. Among these methods, chemical conversion is the least
expensive and the easiest to perform [6, 7]. Protection is achieved by the immersion of the
concerned substrate in pre-treatment and treatment baths. The classical pre-treatment process
comprises a degreasing bath to clean the surface up [8] and several acidic baths to make the
alloy rough and reactive enough before the coating deposition. Afterwards, the piece is
immersed in the treatment bath for several minutes in order to deposit a protected coating on
its surface. Until now, chromate conversion coatings (CCCs) have been widely used, despite
the health concerns raised by the use of hexavalent chromium, because they offer the best
protection against corrosion [9, 10]. The implementation, in June 2017, of the Regulation on
Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) will prohibit
the use of such toxic compounds [11].

In the first part of this chapter, the chemical mechanism of chromate conversion is explored
on magnesium alloy EV31A as it appears to be a key point in the protection process. Some
assumptions suggested that polar oxo-Cr(VI) anions, present inside of the CCC coating,
annihilate the adsorption of depassivating anions such as chloride ions [12]. The presence of
trapped hexavalent chromium is responsible of the ‘self-healing’ ability of the coating under
corrosion which remains a tremendous advantage driven by this species [9]. The determination
and the control of the chemical form of hexavalent chromium in the coating are then the key
to understand the properties of the chromate films and to find out some equivalent coatings.
The mechanism is monitored over the whole pre-treatment and treatment steps. To describe
the coating composition during its deposition and its chemical properties, both the etching
solutions (pre-treatment) and the coatings (CCC treatment) were monitored by electrochem-
ical and spectrometric techniques. The chemical composition and the microstructure features
of the protective coated layers were next examined by scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS).

The second part of this chapter aims to compare the performance of some potential CCC
alternative coatings built up from different salts. The properties of these coatings are present-
ed in Table 1.
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Coating Properties References

Cr(III) • Cracked coating

• Small improvement of the corrosion resistance for bare alloy

[13]

Phosphate • Longer stability under salt-spray conditions than zinc phosphate coatingall

• Better corrosion resistance after painting than zinc phosphate coating

[14–16]

Zinc phosphate • Thicker than magnesium phosphate coating

• Fine zinc particles surrounded phosphate crystals and filled in the interstice of the

insoluble phosphate

• Microporous structure of the coating

• Better adhesion of paint on the zinc phosphate coating than on chromate conversion

coating

• Very susceptible under salt-spray conditions

• Better corrosion resistance than phosphate coating

[16–18]

PCC (permanganate

conversion coating)

• Nearly crack-free coating

• Average thickness of 230 nm after 90 s of immersion and increasing with

continued immersion

• Sufficient electrical conductivity

• Poor crystallinity, comparable to chromate conversion coatings

• Corrosion resistance inferior to chromate conversion coatings

[19, 20]

Permanganate/

phosphate

• Typical coating thickness, 4–6 μm

• Equivalent or slightly better passive capability than the conventional Cr (VI)-based

conversion treatment

[20–23]

Vanadium • Self-healing ability similar to CCCs for magnesium alloys

• Poor protection against corrosion

[24–28]

REEs (rare earth

elements–based

coating)

• Self-healing effect

• Two-layer structure for cerium conversion coating

• Adhesive weakness of the coating

• Homogeneous and uniform conversion coating

• Good adhesion to substrate with thickness of about 10 μm for lanthanum-based

conversion coatings

[7, 28–30]

Table 1. Existing CCC (chromate conversion coating) alternative coatings.
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On the basis of the identified chemical protection events, some existing and new alternative
solutions have been classified in this study into two categories, A and B. This classification is
done according to the chemical properties of the constitutive compounds of the treatment
solutions used for the coating deposition. Ten own-made solutions and three industrial
solutions commonly used for protection of light metal (Al-based) alloys have then been
considered in order to test their efficiency on specific EV31A magnesium alloy. The corrosion
protection properties in relation with the coating chemical composition were compared to CCC
ones on the basis of stationary voltammetry and X-ray photoelectron spectroscopy collected
data. They were evaluated in terms of their formation mechanism.

2. Chemical mechanism of chromate conversion coating

The well-known and currently used chemical process for magnesium protection consists in
three different steps: degreasing, pickling and treatment. The process synoptic is detailed in
Figure 1.

Figure 1. Etching process synoptic for the EV31A protection.

Each pre-treatment step participates in a chemical modification of the surface of the alloy
(Table 2). These chemical compositions, determined by XPS after a rinsing step, are particularly
important for the whole understanding of the deposit and the application of the future coating
and on the protection properties against corrosion.

For bare EV31A, only carbon (C 1s), oxygen (O 1s) and magnesium (Mg 2p) signals were
detected. The magnesium at the surface exits into two oxidation states: (0) and (+II), with Mg
2p components at 49.2 eV (Mg metal [31]) and around 50.5 eV corresponding to both
Mg(OH)2(s) and MgO(s) [32]. The examination of O 1s peak confirms the co-existence of the
oxide and hydroxide forms with two corresponding components at 530.7 eV (MgO(s)) and
532.6 eV (Mg(OH)2(s)). A small roughness (0.62 μm) is recorded in the tri-dimensional
representation of the bare EV31A alloy and a very low corrosion potential (-1.61 V/SCE) is
measured which confirms the fact that EV31A alloy has to be protected against corrosion.
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%At. Bare EV31A Alkaline
degreasing

Nitric acid
pickling

Chromic acid
pickling

Hydrofluoric acid
pickling

C 34.1 25.3 14.7 14.0 15.6

Cr  Cr2O3(s) * * * 6.5 2.7

 Cr(OH)3(s) * * * 5.1 1.3

 K2CrO4(s) * * * 4.7 0.4

F * * * * 14.0

Gd * * 0.1 * 0.1

Mg  MgO(s) 20.7 4.7 6.8 7.2 10.8

 Mg(OH)2(s)

 MgF2(s) * * * * 7.1

 Mg (in PO4

 environment)

* 15.1 * * *

 Mg0 9.9 0.7 21 * 1.1

N * * 2.4 * *

Na * 2.3 * 4.4

O 35.3 46.3 53.2 62.3 42.2

P * 5.5 * * *

Zn * 0.1 0.8 * 0.2

Zr * * 1 0.2 0.1

*Not present.

Table 2. XPS atomic composition (%At) of the coating during the pre-treatment process.

2.1. Cleaning of the surface

During the degreasing step, a redox reaction between the magnesium (0) of the EV31A alloy
surface and water causes the apparition of Mg2+ (reaction (1))

(1)

XPS results clearly evidenced this trend as atomic percentage of Mg0 (BE ∼49.5 eV) drastically
went down (∼10% for bare alloy and 0.7% after degreasing). Under alkaline conditions (pH =
11), Mg2+ ions then react with the hydroxide ions OH- to form Mg(OH)2(s).

Once withdrawn from the bath and before being rinsed, the surface of the alloy is kept in
contact with the atmosphere and Mg(OH)2(s) dehydrates into magnesium oxide MgO(s).

Na3PO4 of the degreasing bath seems to interact directly with the alloy as Mg in a PO4

environment was identified (BE ∼51.4 eV). This detection should indicate the formation of
Mg3(PO4)2(s), a compound responsible for the protection of the magnesium surface, in the case
of phosphate coatings [14, 15]. But no significant improvement or diminution of the corrosion
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resistance was observed: Ecorr = -1.65 ± 0.04 V after the piece is dipped in the degreasing alkaline
bath and the two rinsing baths, whereas Ecorr = -1.61 ± 0.08 V for the bare alloy. It means that
the layer of magnesium oxide /hydroxide formed at the surface would not act as a direct
protective layer of the alloy against the corrosion. The observation of the microstructure
confirms the absence of a surface modification (Figure 2b).

Figure 2. Surface of the EV31A alloy after being dipped in (a) bare alloy, (b) the alkaline-degreasing bath, (c) nitric
acidic-pickling bath, (d)–(f) chromic acidic-pickling bath, (g) hydrofluoric acidic-pickling bath, (h) treatment bath (after
5 s) and (i) treatment bath (after 14 min).

The role of the alkaline degreasing bath is to remove the contamination on the surface of the
alloy. The surfactant present in the bath is responsible for the removal of carbonated impurities
which is confirmed by the XPS data (see Table 2, at.%C clearly decreases under degreasing
process).

2.2. Increase of the surface roughness

With the nitric acidic-pickling bath, the magnesium in phosphate environment disappears
(absence of Mg 2p component at 51.4 eV) and the oxide/hydroxide layer is highly damaged
allowing the observation of the substrate (re-appearance of metal magnesium with Mg2p
component at 49.2eV). In these acidic conditions, a main redox reaction occurs between the
nitrate ions (E0 = 0.96 V) and the magnesium (0) (E0 = -2.36 V) at the surface of the alloy. This
oxidative process dissolves Mg and some minor elements of EV31A are then detectable (e.g.,
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Gd, Zn and Zr) (Table 2). Reaction (2), describing the oxidation of magnesium (0) by nitrate
ions, leads to the solubilization of magnesium (II) in the bath and the formation of gaseous
nitric oxide:

(2)

The important difference of potential between these two species explains high reactivity in this
bath and consequently the high surface roughness of the alloy surface (3.20 ± 0.40 μm instead
of 0.62 ± 0.07 μm for the bare alloy) and the important weight loss of 130 g/m2 measured after
immersion in this bath.

Afterwards, with the immersion in the consecutive rinsing baths at neutral pH, the formation
of Mg(OH)2(s) is renewed at the surface of the EV31A alloy.

Only a small improvement of the corrosion resistance is observed: ΔEcorr = +0.06 V in compar-
ison with the bare alloy. The annual corrosion thickness increases to 227.3 μm/year and
indicates a protection loss. This value could be correlated with the Mg0 content, which went
up to 21%. These data are in accordance with the previous conclusion discussing the minimized
role of Mg oxide/hydroxide layer in the alloy protection.

Surface modification can be confirmed by Figure 2c with the appearance of hexagonally shaped
grains of magnesium (red-dashed lines), the grain boundaries, rich in the previously cited
minor elements (purple circle), appearing clearer than the grain.

The role of the nitric acidic-pickling bath is to dissolve the grains of magnesium, to make the
grain boundaries denser by increasing the roughness; this would facilitate the deposition of a
future layer. Indeed, when the two phases of the alloy are bare, a micro-current forms at the
substrate surface due to a potential [33]. This difference of potential allows the preferential
dissolution of one of the phases of the coating.

2.3. Activation of the surface in order to make it adhesive

In a solution, hexavalent chromium could exist as hydrochromate (HCrO4
−), chromate

(CrO4
2−) and dichromate (Cr2O7

2−) ionic species. The proportion of each ion in the solution
would depend on the pH and the concentration. During the chromic treatment step, the pH
of the bath is 1.0 and the main species is Cr2O7

2− [34]. This species reacts with magnesium (0)
of the alloy (reaction (3))

(3)

The formed ions Cr3+ then react with H2O (due to the acidic conditions) to form Cr(OH)3(s)
which precipitates at the surface of the alloy due to its low Ks (10-29.8) [35]. This precipitation
begins at the centre of the magnesium grains (black-dotted circle) as seen in Figure 2d and e
confirming the preferential reduction of chromium (VI) by magnesium.
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The precipitation of Cr(OH)3(s) is minimal due to the low pH (below 2.0). For this reason, the
chromium-based layer would not cover the entire surface of the alloy but it is thick enough to
hide metal magnesium of the alloy (no XPS Mg (0) 2p component detected at 49.5 eV). This
coating reduces the weight loss to 13 g/m2 only and decreases the surface roughness (Ra): 1.80
± 0.20 μm strongly, whereas it was 3.20 ± 0.40 μm after the nitric bath. Once rinsed twice,
Cr(OH)3(s) dehydrates into Cr2O3(s). An oxide/hydroxide magnesium layer is also formed in
the same rinsing bath conditions. The atomic concentration in magnesium oxide/hydroxide is
about 7.2%.

The role of the chromic-pickling bath is to deposit a first layer of chromic species (Cr(OH)3(s),
Cr2O3(s) and K2CrO4(s)) at the centre of the grains of magnesium. These species are responsible
for the improvement of the corrosion resistance: ΔEcorr = +0.17 V/SCE in comparison with the bare
alloy and the corrosion thickness decreases to 57.4 μm/year.

This first deposition acts as a nucleation layer that improves further the deposition of the
protective coating.

Finally, in the last step of the pre-treatment process (hydrofluoric acidic-pickling bath), the
sodium bifluorure NaHF2(s) is dissociated into sodium Na+ and fluoride ions F- (XPS BE Na 1s
= 1071.7 eV [31]) and hydrofluoric acid HF. HF is classified as a weak acid (pKa = 3.20 [36]) and
releases F- and H+ ions. The fluoride ions react with the dissolved magnesium (reaction (1)) to
form MgF2(s) (B.E.= 50.9 eV) at the surface of the coating.

Due to weak value of their respective Ks (10-11.15 for Mg(OH)2(s) and 10-8.15 for MgF2(s)) [35], both
compounds are formed on the surface of the alloy (7.1 %At for MgF2(s) in the Mg 2p spectrum
beside 10.8 %At for Mg(OH)2(s) and MgO(s) components). The apparition of MgO(s) occurs
later as explained previously.

The decrease of the corrosion potential of the immersed specimen in the hydrofluoric acidic-
pickling bath (Ecorr = +1.54 ± 0.06 V/SCE) corresponds to the apparition of MgF2(s) into the coating
and the diminution of Cr(OH)3(s), Cr2O3(s) and K2CrO4(s) contents (species responsible for the
improvement of the corrosion resistance).

The detection in the XPS analysis of magnesium (0) and of minor elements (Gd, Zr and Zn)
constitutive of the EV31A and the rise of the alloy surface roughness (2.30 ± 0.50 μm) indicate
that the hydrofluoric-pickling bath has a similar role than the nitric acidic-pickling bath
exposing the grain boundary (purple circle in Figure 2g). However, it is also responsible of a
partial replacement of the layer of magnesium oxide/hydroxide with MgF2 without a complete
elimination of the chromic layer, which explains the very low weight loss (4.6 g/m2). MgF2

deposited on the surface is completely dissolved in the treatment bath, facilitating the depo-
sition of the protective coating.

The different steps of the pre-treatment process assessed the preparation of the surface for the
treatment step in order to make the coating adhesive on the alloy surface. They participated
in cleaning the surface and making it rough and reactive for the coating deposition.
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2.4. Coating deposition

The formation of the chromium coating needs several minutes to cover the entire magnesium
surface. The coating begins to appear after an immersion time of 5 s at the centre of the
hexagonally shaped magnesium grain, confirming the attack of dichromate on magnesium
(Figure 2h). This first deposit is the result of a redox reaction that occurs very quickly
(reaction (3)). This reaction induces a local pH raise at the alloy surface, favouring the precip-
itation of magnesium hydroxide and oxide with the deposition of chromium hydroxide and
oxide. This coating expands to the grain boundaries as seen during the immersion in the
chromic bath (Figure 2i)). The chemical composition of the coating is a function of the
immersion time (Table 3).

%At. 2 min 6 min 8 min 12 min 14 min

Fe 0.4

C 31.0 34.1 35.0 36.7 37.1

Cr Cr2O3(s) 3.4 4.6 4.6 4.7 4.0

Cr(OH)3(s) 2.6 3.3 3.1 2.9 3.0

K2CrO4(s) 1.1 1.7 2.2 1.1 1.4

F 7.8 0.3 0.1 0.4 0.4

K 0.2 0.6 0.4 0.1 0.4

Mg MgO(s) 5.9 3.3 3.3 3.1 3.3

Mg(OH)2(s)

MgF2(s)

Mg0 3.2

N 0.6 0.5 0.5 0.9 0.6

O 40.9 47.1 47.2 46.6 46.8

S 3.2 4.0 3.5 3.4 2.9

Zn 0.1 0.1 0.1 0.1 0.1

*Not present

Table 3. Atomic composition (%At) of the coating during the chromium conversion process on EV31A pieces after the
pre-treatment step.

The quick growth of the chromium coating leads to the disappearance of magnesium (0) and
the magnesium content tends to decrease from 17.9% (t = 0 min) to 5.9% after 2 min of
immersion and is down to 3.3% after 6 min of immersion in the treatment bath (Table 3) and
its replacement by chromium. Different chromium species exist (Cr(OH)3(s), Cr2O3(s) and
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CrO3(s)/K2CrO4(s) (hard to differ with the XPS as all these environments get the same XPS Cr
2p BE)) and become predominant after 6 min of immersion in the bath. Peak assignments are
made with respect to the reference compounds analysed in the same conditions, namely
Cr2O3(s), Cr(OH)3(s), CrO3(s), K2CrO4(s) and K2Cr2O7(s) [37, 38]. The concentrations of the
chromium species increase during the first 6 min of immersion before stabilizing, indicating a
complex surface chemical process and a homogeneous repartition into the coating.

Cr2O3(s) is issued from the dehydration of Cr(OH)3(s) after the rinsing and drying steps. This
dehydration gives the coating a surface morphology with plane domains separated with large
cracked frontiers (Figure 3, zone 1).

Figure 3. (a) High-resolution SEM image of large cracked frontiers (zone 1) and clusters (zone 2) on the surface after 6
min of treatment. (b) High-resolution SEM image of zoom in a cluster (zone 2).

The presence of K2CrO4(s) or CrO3(s) in the coating is attributed to re-crystallization at the
surface (Figure 3, zone 2). Actually, the Cr(VI) species trapped in the protective coating over
alloys are generally known to be responsible for the ‘self-healing’ effect of the considered
coating [12]. The presence of zinc in the coating remains minimal (around 0.1%).

At final, the deposition of the coating seems to occur during the first 6 min of immersion and
induces the decrease of the surface roughness from 2.3 ± 0.5 μm before treatment to 1.4 ± 0.2
μm after 6 min of immersion. During the two first minutes of immersion, the coating spreads
across the surface and covers it entirely. During the next 4 min, the layer thickens and keeps
growing to reach 11 μm after 14 min of immersion in the bath.

The corrosion resistance is improved to +0.2 V after 2 min of immersion in the chromium bath.
The final corrosion resistance presents a ΔEcorr = +0.3 V after 6 min of immersion and stabilizes
around this value with increasing immersion times. This corrosion potential and the annual
corrosion thickness stay low (Ecorr = -1.4 ± 0.1 V/SCE, e = 50 ± 10 μm/year) and the application of
a painting should be necessary to obtain a total protection against corrosion. Another way
could be the replacement of chromium by an alternative coating.
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3. Alternative conversion coatings

New alternative conversion coatings have been proposed since few years to replace CCCs due
to the recent limitations and the future interdiction of the use of chromium (VI) (Figure 4).
These coatings present proper action modes and their own mechanisms and properties for the
protection of Mg.

Figure 4. SEM (scanning electron microscopy) images of coatings obtained with treatment baths containing (a) Cr (VI)
[12], (b) Cr (III) [12], (c) zinc phosphate [10], (d) permanganate with HNO3 [19], (e) permanganate with HF [19], (f)
permanganate with HCl [19], (g) phosphate permanganate [23], (h) cerium [39], (i) lanthanum [30] and (j) vanadium
[24].

3.1. Cr(III)‐based coatings

Cr(III)-based coatings involve a redox reaction: the metal is oxidized by an oxidant added to
the bath. This oxidant (H2O, NO3

-, etc.) is simultaneously reduced as shown in reactions (1)
and (4) [40, 41]

(4)
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A local pH increase is caused by the hydronium ion consumption (reaction 4) or the OH-

formation (reaction 1). This pH variation causes the precipitation of trivalent chromium as an
insoluble hydroxide and then oxide.

An example of Cr(III) treatment gives a 90-nm coating made of 60% Cr(OH)3(s) and 40%
Cr2O3(s) (Figure 4b) [12]. The film presents a smooth and continuous structure with no cracks
[13]. Generally, the corrosion resistance is less effective with Cr(III) coatings than with CCCs
[6, 12]. This can be attributed to the difference in thickness of the two films and to the presence
of mobile Cr(VI) species in CCCs that allow the repassivation of flaws and corrosion pits [6, 12].

Actual commercial Cr(III) solutions are made with CrF3 and (NH4)2ZrF6. These solutions
present a better protection against corrosion: ΔEcorr = +0.60 ± 0.1 V. The annual corrosion depth
is about 11 ± 1 μm/year, whereas it is 50 ± 10 μm/year for chromium VI coatings.

Cr content is lower than Cr(VI) solution: 6–7 At% for commercial Cr(III) solution and 9–10 At
% for chromium VI bath. The main difference in the coating composition remains in the fluoride
content: 13–14 At% for commercial Cr(III) solution and 0.1–0.2 At% for chromium VI bath.
Could fluoride compounds with chromium or magnesium increase the protection against
corrosion? An MgF2 layer does not have this property as seen in the previous section, but a
mix of chromium and magnesium fluorides could increase this protection in comparison to
chromium and magnesium oxides and hydroxides.

3.2. Phosphate‐based conversion coatings

Phosphate coatings are more environmentally friendly than CCCs, and many scientists have
tested films deposited from phosphate solutions. Currently, this process is one of the most
studied alternatives to CCCs on magnesium alloys. Phosphate coating on zinc, steel and
aluminium is already a well-known process [42].

In contrast to Cr(VI), phosphate cannot oxidize the surface of an alloy. Phosphate can only
passivate alloy surfaces. Without the presence of an oxidant, the oxidation of magnesium only
occurs due to the reduction of water according to reaction (1).

To create an efficient film, it is necessary to add an oxidant to the bath to increase the rate of
magnesium alloy oxidation [43]. The main oxidants used are NO3

- or H2O2 [43]. Nitrites can
be added with nitrates to further accelerate oxidation.

In the phosphate bath, an equilibrium exists among all forms of the orthophosphoric acid that
can dissociate by successively liberating protons. The dominant form of orthophosphoric acid
depends on the solution pH. Phosphate baths are mainly around pH 3.0 [14, 17, 18]. In these
baths, H3PO4 and H2PO4

- are the primary species according to their pKa values: pKa1 = 2.15,
pKa2 = 7.20 and pKa3 = 12.35 [35].

Reactions (1) and (4) lead to a local pH increase at the alloy surface and, consequently, to the
modification of the phosphate species to HPO4

2- and PO4
3-. The phosphate ions PO4

3- react
with Mg2+ to form Mg3(PO4)2(s) (Ks = 10-25.2 [35]) as shown in reaction (5) [14]
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(5)

Another possibility for the formation of Mg3PO4(s) has been considered [42]. The chemical
reactions between the oxidized base metal Mg and the phosphate can be described by
reactions (6)–(8):

(6)

(7)

(8)

The value of the thermodynamic function H0 for Mg3PO4(s) and Mg(OH)2(s) is 3780.6 and 924.2
kJ/mol, respectively. Consequently, Mg2+ preferentially bonds with PO4

3-, which explains the
absence of Mg(OH)2(s) in the coating [14]. Mg3PO4(s) is so the main compound of the coating
and responsible for the corrosion protection in these kinds of coatings. Its density (2.74 g/cm3)
is two times lower than the Cr2O3 (5.22 g/cm3) [36]. This property could be a hypothesis to
explain the lower corrosion resistance of these coatings in comparison to CCCs (Table 4).

In the case of Mg-Li alloys, the deposition occurs mainly on the β-phase where the redox
reactions (1) and (4) occur. A conversion film forms as shown in reactions (5)–(8) [14, 15]. The
film grows until an equilibrium is established between film dissolution and formation [15].

If other divalent cations, such as Ca2+, are added to the bath and hydroxide ions are present at
the alloy surface, then HPO4

2- and PO4
3- preferentially bond to form insoluble CaHPO4,2H2O(s)

[14, 44].

To strengthen the corrosion resistance of the coating, Zn(II) salts are added to create an
insoluble layer of Zn3(PO4)2(s). Sometimes, ZnO is added to the bath because the addition of a
metallic oxide can influence the microstructure of a phosphate coating and make the coating
denser and thinner [18]. Generally, the compositions of all the zinc phosphate baths are similar:
a buffer made with orthophosphoric acid H3PO4, dihydrogen phosphate H2PO4

- and NO3
- with

NO2
- as an accelerating agent. The differences stay in the nature and the concentration of the

zinc salt.

The deposition mechanism of zinc phosphate coatings begins with the phosphate precipitation
on anodic areas [42, 47]. In these areas, metal alloy is oxidized while water is reduced from the
surface, leading to the increase of pH [42]. The local increase of pH allows the precipitation of
Mg3(PO4)2(s) (Ks = 10-25.2 [35]) and more especially of insoluble Zn3(PO4)2,4H2O(s) (Ks = 10-35.3

[35]) as shown in Eq. (9) [42]
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Alloy Bath characteristics Coating characteristics Ref
Compounds Concentration pH Composition jcorr (µA/cm2) Ecorr (V/SCE)

Mg-8.8Li NH4H2PO4 25 g/L 3 CaHPO4.2H2O(s) 0.2 -1.58 [14]

Ca(NO3)2 25 g/L Ca3(PO4)2(s) Mg3(PO4)2(s)

AM60 H3PO4 7.4 mL 3 n.d 10,000 -0.90 [42]

Na2HPO4 20 g/L

NaNO3 3 g/L

NaNO2 1.84 g/L

Zn(NO3)2 1.84 g/L

NaF 1 g/L

AZ91D H3PO4 17.5 g/L 3 Zn3(PO4)2.4H2O(s) [17]

ZnO 3.2 g/L Zn AlPO4(s)

NaF 1.7 g/L MgZn2(PO4)2(s)

NaNO3 0.17 g/L Mg3(PO4)2(s)

NaNO2 0.83 g/L

C4H4O6 2.2 g/L

Amine 0.18 g/L

AZ91D H3PO4 0.065 mol/L 2.4 Zn3(PO4)2.4H2O(s) n.d -1.17 [18]

ZnO 0.0029 mol/L Zn(s)

Zn(NO3)2 0.102 mol/L

NaF 0.040 mol/L

NaClO3 0.0028 mol/L

NH3 0.0034 mol/L

Amine 0.007 mol/L

AZ31 H3PO4 7.4 mL/L 3 Zn3(PO4)2.xH2O(s) n.d -1.37 [45]

NH4H2PO4 20 g/L

NaNO3 1.84 g/L

NaNO2 3 g/L

Zn(NO3)2 5 g/L

NaF 1 g/L

AZ31 H3PO4 0.10 mol/L 3.07 Zn3(PO4)2·4H2O(s) 0.54 × 10–5 n.d [46]

NH4H2PO4 0.034 mol/L MgHPO4·3H2O(s)

NaNO3 0.021 mol/L Mg3(PO4)2(s)

NaNO2 0.042 mol/L AlPO4(s)

Zn(NO3)2 0.068 mol/L Al2O3(s)

NaF 0.024 mol/L Al(OH)3(s)

MgO(s) and/or Mg(OH)2 (s)

Table 4. Composition of phosphate baths and their respective coating compositions and properties.
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Table 4. Composition of phosphate baths and their respective coating compositions and properties.
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(9)

More precisely, the resulting amorphous layer consists of mixed phosphates of zinc and alloy
magnesium (reaction 10). This first layer is the base for the development of crystal nuclei of
zinc phosphate Zn3(PO4)2,4H2O(s). This theory is based on the existence of ZnPO4

- resulting
from the formation (reaction (11)) and then the dissociation (reaction (12)) of Zn(H2PO4)2,2H2O
in the bath [17]

(10)

(11)

(12)

The coating (Figure 4c) has a double-layer structure, an inner amorphous layer and a crystal
outer layer. The inner layer consists of an amorphous dense inner layer made of
MgZn2(PO4)2(s), Mg(OH)2(s) and/or MgO(s) and some small amounts of AlPO4(s), Al2O3(s)
and/or Al(OH)3(s). The outer porous crystal layer is composed of crystal hopeite, Zn3(PO4)2(s)
[46]. This layer is generally porous due to the presence of cracks and flaws [48].

The detection of aluminium in the coating comes from its incorporation in several alloys. Its
presence in the coating slows down the formation of the phosphate films on magnesium
surfaces. Fluoride ions can be added to release Al complexes AlF6

3- from the cathodic sites.
This complexion influences the zinc phosphate film formation by increasing the number of
nuclei and allowing the formation of a more compact layer [42]. Sodium fluoride NaF precip-
itates aluminium ions in the solution to form Na3AlF6(s) [42].

Zinc phosphate improves the corrosion resistance relative to a simple phosphate coating [17,
18, 42, 45, 47]. Higher corrosion potentials are obtained with zinc phosphate baths (Table 4).
The density of this compound is 3.998 g/cm3 [36]. The presence of this compound in the coating
of magnesium phosphate increases the density of the layer and could be responsible for better
corrosion resistance.

The protection provided by phosphate alone is not equivalent to a CCC due to the formation
of a low dense layer of Mg3(PO4)3. On the other hand, the zinc phosphate coating seems to
provide better corrosion resistance than the CCC. Indeed, the corrosion potential is from -1.37
to -0.9 V/SCE for this coating, and it is of -1.4 ± 0.1 V/SCE for the Cr(VI) coating.

3.3. Permanganate‐based conversion coatings

The coatings based on permanganate solutions are named PCCs (permanganate conversion
coatings). These solutions contain Mn(VII) species acting as oxidant agents on the alloy. The
reduced Mn(IV) species coat and passivate the substrate as shown in Eqs. (13) and (14) [49].
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(13)

(14)

The protective species are MnO2 or Mn2O3 and have similar or superior densities (respectively
5.0 and 9.6 g/cm3) than Cr2O3 formed in the case of CCC [36]. The corrosion protection
properties are close but not better than CCC (Ecorr = -1.5 ± 0.1 V/SCE in comparison to Ecorr = -1.4
± 0.1 V/SCE for Cr(VI) coating). The annual corrosion depth is worse in the case of PCC (e = 100
± 10 μm/year in comparison to e = 50 ± 10 μm/year for Cr(VI) coating).

PCC baths still possess the advantage of not requiring the need to be heated [49]. Moreover,
PCC process does not form protective inorganic polymer coatings like CCC, which makes it
less affected by heat than CCCs and are more convenient for painting [49].

Table 5 groups the PCC baths that are usually tested on magnesium alloys. These baths
contain KMnO4 associated with different strong acids [19, 49]. The nature and the concentration
of the acid affect the structure and the composition of the coating [19]. Figure 4d–f shows the
different morphologies of PCCs. The addition of HNO3 affects the surface of the coating,
forming clusters of particles (Figure 4d) [19]. With the addition of HF (Figure 4e), the coating
has an amorphous structure. This film is thinner than the coating deposited in a bath contain-
ing HNO3, and the deposition rate is slower [19]. The thinner film can be explained by the
reaction of fluorine ions with magnesium to produce insoluble magnesium fluoride MgF2(s),
creating a passivating layer that prevents any further dissolution of magnesium [19]. Coatings
dipped in the HF and the KMnO4 solutions are composed mainly of MgF2(s) and manganese
oxides (MnO2(s), Mn2O3(s) and Mn3O4(s)), while the coatings formed in the HNO3/KMnO4 bath
contain Mg and Mn oxi-hydroxides. More cracks in the coating can be observed when HCl is
present in the solution (Figure 4f). The role of an addition of an acid to a permanganate bath
on the protective properties of the final coating has not been quantified but the coatings
characteristics (thinner film with HF, cracks with HCl and presence of clusters with HNO3)
may decrease the corrosion resistance of the coating.

Permanganate coatings provide an alternative to CCC but they do not provide good corrosion
resistance. Another problem that prevents PCCs from replacing CCCs is the stability of the
bath pH. Important pH variations occur when PCC baths are used and the alloys are dipped
in the solution. The attack of MnO4

- on Mg alloy surfaces consumes H+
aq ions (reactions 13 and

14), increasing the pH of the solution. The addition of Na2B4O7 to an HCl bath has a buffering
effect and stabilize the pH of the bath [19, 49]. However, the Registration, Evaluation, Author-
ization and Restriction of Chemicals added tetraborate products to the list of substances of
very high concern (SVHC), and their use is now limited and will be completely forbidden in
a few years. Other compounds must be found to stabilize the pH of PCC baths.
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Alloy Bath characteristics Coating characteristics Ref

Compounds Concentration mol/L Composition

AZ91D KMnO4

HNO3

0.02

0.02–0.2

MnO2(s) Mn2O3(s)

Mn3O4(s)

Mg oxide/hydroxide

[19]

AZ91D KMnO4

HCl

Na2B4O7

0.02

0.02–0.2

unknown

Mn oxide/hydroxide

B oxide/hydroxide Mg oxide/hydroxide

[19]

AZ91D KMnO4

HF

0.02

0.02–0.2

MnO2(s) Mn2O3(s)

Mn3O4(s) MgF2(s)

Mg oxide/hydroxide

[19]

Table 5. Composition of permanganate baths and their respective coating compositions and properties.

3.4. Permanganate/phosphate‐based conversion coatings

The combination of phosphate and permanganate has been considered as a solution to avoid
the pH increase in baths. In a potassium permanganate bath, monopotassium dihydrogeno-
phosphate (KH2PO4) or manganese hydrogenophosphate (MnHPO4) is added as a buffer [3].
The reactions of the deposit are the same as discussed previously: the oxidation of magnesium
and the reduction of Mn(VII) consume the H+

aq responsible for the pH increase, allowing the
phosphate species to precipitate at the metal surface (reactions (5), (13) and (14)) [23, 50].

The grain boundaries act as cathodes, and grains function as anodes, forming local cell effects.
Meanwhile, hydrogen and phosphate ions are consumed at the substrate/solution interface,
causing a pH increase. This phenomenon favours the formation of Mg3(PO4)2(s) deposits
(Figure 4g).

Mg(OH)2(s), MgO(s), MnO2(s) and Mn2O3(s) can be found in the coatings as detailed on
reactions (15) and (16) (Table 6). The presence of Al in the alloys leads to the formation of
Al(OH)3(s), Al2O3(s) and MgAl2O4(s) as shown in reactions (17) (Table 6) [22]

(15)

(16)

(17)

MnO4
- species is also detected in the coating (Table 6). It has been trapped during the formation

of the coating. Its presence could be responsible for a ‘self-healing’ effect as in the case of
chromium VI coatings. MnO4

- ions have not been detected in the ‘permanganate-only’ coatings.
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Bath characteristics Coating characteristics
Alloy Compounds Concentration

(g/L)
Immersion
time (s)

pH Composition jcorr

(µA/c
m2)

Ecorr

(VSCE)
e (mm/
year)

Thickness
(µm)

Ref

Mg alloy
(10%Li
1%Zn)

 KMnO4

 KH2PO4

40
50

1200 n.d Mg(OH)2(s)
MgO(s)
Mn2O3(s) MnO2(s)
K and P detected

n.d -1.57 n.d n.d [33]

AZ91D KMnO4

KH2PO4

H3PO4

40
150
n.d

600 3–6 MgO(s)
Mg(OH)2(s)
MnO2(s) Mn2O3(s)
KMnO4

585.8 –1.40 13.2033 7–10 [5]

EV31A KMnO4

MnHPO4

40
75

300 3.5 MgO(s)
Mg(OH)2(s)
MnO2(s) Mn2O3(s)
KMnO4

0.3 –0.38 7.0 × 10-3 n.d

EV31A KMnO4

MnHPO4

40
150

300 3.5 MgO(s)
Mg(OH)2(s)
MnO2(s) Mn2O3(s)
KMnO4

0.06 -0.24 1.3 × 10-3 n.d

AZ91D KMnO4

MnHPO4

20
60

600 n.d MgO(s)
Mg(OH)2(s)
MnO2(s) Mn2O3(s)
MgAl2O4(s)
Al2O3(s)
Al(OH)3(s)

18 -1.50 n.d n.d [22]

AZ91D MnHPO4.2H2On.d 1800 n.d Mn, O, P, Mg, Al n.d n.d n.d 10 [3]

AM60B NH4H2PO4

KMnO4

H3PO4

100
20
n.d

1200 3.5 n.d n.d n.d n.d n.d [21]

Table 6. Composition of permanganate/phosphate baths and their respective coating compositions and properties.

The coating thicknesses are between 7 and 10 μm [5]. The conversion coating thickness
decreased gradually with the increase of the pH value and the concentration of KH2PO4 in the
bath. Below pH 3, a non-compact surface layer is formed because manganese is under the
soluble Mn2+ form and not the protective MnO2. Around pH 5, the formation of the coating is
too slow due to the quick main precipitation of Mg3(PO4)2 [5, 51]. The conditions are optimum
when the concentration of KH2PO4 is maximum (150 g/L) and the pH fixed between 3.5 and
4.0 to form a coating made essentially with MnO2 and Mg3(PO4)2.

The good corrosion resistance of the permanganate-phosphate coatings allows considering
this solution as a serious alternative to chromium coatings. Indeed, the immersion for 10 h in
conventional corrosive electrolyte-artificial seawater (3.5 wt.% NaCl solution) does not present
any trace of corrosion whereas only 300 s of immersion of the bare alloy in the same solution
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is sufficient to observe corrosion pits on the surface of the alloy [33]. Chromium VI coating
presents several corrosion pits after less than 4 h in the same conditions.

The corrosion protection properties are clearly better than CCC (Ecorr = -0.3 ± 0.1 V/SCE in
comparison to Ecorr = -1.4 ± 0.1 V/SCE for Cr(VI) coating) (Table 6). The annual corrosion is also
better in the case of permanganate/phosphate coatings (e = 1–7 ± 10 μm/year in comparison to
e = 50 ± 10 μm/year for Cr(VI) coating).

The presence of aluminium in the final coating (when this element participates in the compo-
sition of the Mg alloys studied) does not disturb its corrosion resistance properties.

These results clearly indicate that permanganate/phosphate coatings present better corrosion
resistance properties than CCCs for the protection of magnesium alloys due to the dense
MnO2/Mn2O3 layer mixed with Mg3(PO4)2(s)

3.5. Vanadium‐based coatings

Self-healing properties similar to the CCCs can also be obtained by adding vanadium-based
oxyanions to the coating. Vanadium solutions are generally used as corrosion inhibitors in
many paints or pigments [27].

The coatings obtained with a vanadium solution of 50 g/L are uniform and compact (Figure 4j).
Their thickness is about 2.0 ± 0.5 μm [27]. The vanadium oxides that composed these coatings
are mostly unidentified.

Vanadium coatings present good corrosion protection properties. Indeed, the vanadium
coatings immersed in a 3.5% NaCl solution present, respectively, 15, 7 and 2 pits/cm2 for the
samples treated in 10, 30 and 50 g/L solution, whereas 50 pits/cm2 can be observed on the
surface of the polished alloy [26]. The size of the pits decreases also on vanadium coatings. The
vanadium species responsible for the corrosion resistance are vanadium oxides [40].

The optimal conditions are obtained with a 50 g/L vanadium solution and pH 7. An increase
of the pH from 7 to 9 had a negative effect on the corrosion protection performance of the
coating [27]. The vanadium layer loosely adhered to the substrate alloy and the surface was
severely corroded and covered with pits.

The increased corrosion resistance of the coated samples at 50 g/L and pH 7 is explained by
the self-healing action that blocked the pitted areas from corrosive attack and other surface
defects [27]. It seems that the formation of a vanadium oxide layer plays a distinct role in
healing cracks in coating surfaces and repairing pits, and hence improving the overall localized
corrosion resistance. Coatings formed in a 50 g/L vanadium solution are more effective than
the other treatments with lower vanadium concentrations in reducing the number of pits due
to the self-healing ability of the films and the ‘buffer effect’ of the vanadium-rich oxide layers
that reject the corrosive chloride ions from the surface of the magnesium substrate [27].

Vanadium coating seems to be one serious option for the replacement of CCC. The self-healing
ability of vanadium coatings due to their rich oxide layer is an important advantage. However,
vanadium coatings have been responsible for worsening the corrosion of the magnesium alloy
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EV31A [52]. This unexpected behaviour has been explained by the formation of multi-oxide
layers of vanadium in addition to the alloying elements Zr, Nd and Zn at the surface, resulting
in heterogeneous coatings [52]. The effectiveness of the coating directly depends on the
composition of the alloy. This phenomenon has been only observed for vanadium coatings and
not for the other alternatives to CCCs

3.6. Rare earth elements–based coatings

Among the 17 REEs, cerium and lanthanum are the most commonly used for conversion
coating. The corrosion resistance of magnesium is improved by adding a small amount of
REEs, although an excessive addition of REEs detract from the corrosion resistance. The
optimum REEs content is between approximately 0.3 and 0.5wt% of the alloy [29].

When the alloy is dipped in one of the conversion solutions (listed in Table 7), the preformed
hydroxide film on the substrate surface immediately dissolves. After that, the primary anodic
dissolution reaction of magnesium occurs simultaneously with the reduction of hydronium
ions [53]. The addition of oxidants, such as NO3

- or H2O2, can favour oxidation [40, 54]. At the
same time, the formation of OH- increases the pH at the interface between the substrate and
the solution.

Alloy Bath characteristics Coating characteristics
Compounds Concentration Immersion

time (s)
pH  Composition jcorr (µA/cm2) Ecorr (VSCE) Ref

Mg‐8.5Li Ce(NO3)3

La(NO3)3

KMnO4

2 g/L
2 g/L
2 g/L

300 4.0 La2O3(s) CeO2(s)
Mn2O3(s) MnO2(s)

n.d -1.5 [53]

Mg‐8Li La(NO3)3 5 g/L 1200 5.0 La(OH)3(s) -1.3 [30]

AZ63 CeCl3

H2O2

10 mg/L
50 mL/L

6 × 30 n.d n.d 1.05 × 103 -1.49 [39]

AZ31 Ce(NO3)3 0.05 mol/L n.d 3.6 CeO2(s) n.d n.d [29]

WE43 Ce(NO3)3 0.05 mol/L 300 3.6 n.d n.d n.d [56]

WE43 La(NO3)3 0.05 mol/L 300 3.6 n.d n.d n.d [56]

WE43 Pr(NO3)3 0.05 mol/L 300 3.6 n.d n.d n.d [56]

AZ31 Ce(NO3)3

H2O2

10 g/L
20 mL/L

300 n.d CeO2(s) CeO(s)
Ce2O3(s) MgO(s)
Mg(OH)2(s) Al2(s)

n.d n.d [40]

Table 7. Composition of REEs (rare earth elements–based coating) baths and their respective coating compositions and
properties.

For cerium baths, if the interfacial pH value is high enough, then Ce3+ precipitates on cathodic
sites to form Ce(OH)3(s) [40, 54]. Coating formation is fast, and it is mainly controlled by the
production of OH- at the surface of the alloy. As coating formation proceeds, the surface is
covered gradually with cerium hydroxide and then oxide. The rate of coating formation
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layers of vanadium in addition to the alloying elements Zr, Nd and Zn at the surface, resulting
in heterogeneous coatings [52]. The effectiveness of the coating directly depends on the
composition of the alloy. This phenomenon has been only observed for vanadium coatings and
not for the other alternatives to CCCs

3.6. Rare earth elements–based coatings

Among the 17 REEs, cerium and lanthanum are the most commonly used for conversion
coating. The corrosion resistance of magnesium is improved by adding a small amount of
REEs, although an excessive addition of REEs detract from the corrosion resistance. The
optimum REEs content is between approximately 0.3 and 0.5wt% of the alloy [29].

When the alloy is dipped in one of the conversion solutions (listed in Table 7), the preformed
hydroxide film on the substrate surface immediately dissolves. After that, the primary anodic
dissolution reaction of magnesium occurs simultaneously with the reduction of hydronium
ions [53]. The addition of oxidants, such as NO3

- or H2O2, can favour oxidation [40, 54]. At the
same time, the formation of OH- increases the pH at the interface between the substrate and
the solution.

Alloy Bath characteristics Coating characteristics
Compounds Concentration Immersion

time (s)
pH  Composition jcorr (µA/cm2) Ecorr (VSCE) Ref

Mg‐8.5Li Ce(NO3)3

La(NO3)3

KMnO4

2 g/L
2 g/L
2 g/L

300 4.0 La2O3(s) CeO2(s)
Mn2O3(s) MnO2(s)

n.d -1.5 [53]

Mg‐8Li La(NO3)3 5 g/L 1200 5.0 La(OH)3(s) -1.3 [30]

AZ63 CeCl3

H2O2

10 mg/L
50 mL/L

6 × 30 n.d n.d 1.05 × 103 -1.49 [39]

AZ31 Ce(NO3)3 0.05 mol/L n.d 3.6 CeO2(s) n.d n.d [29]

WE43 Ce(NO3)3 0.05 mol/L 300 3.6 n.d n.d n.d [56]

WE43 La(NO3)3 0.05 mol/L 300 3.6 n.d n.d n.d [56]

WE43 Pr(NO3)3 0.05 mol/L 300 3.6 n.d n.d n.d [56]

AZ31 Ce(NO3)3

H2O2

10 g/L
20 mL/L

300 n.d CeO2(s) CeO(s)
Ce2O3(s) MgO(s)
Mg(OH)2(s) Al2(s)

n.d n.d [40]

Table 7. Composition of REEs (rare earth elements–based coating) baths and their respective coating compositions and
properties.

For cerium baths, if the interfacial pH value is high enough, then Ce3+ precipitates on cathodic
sites to form Ce(OH)3(s) [40, 54]. Coating formation is fast, and it is mainly controlled by the
production of OH- at the surface of the alloy. As coating formation proceeds, the surface is
covered gradually with cerium hydroxide and then oxide. The rate of coating formation
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gradually slows down. A dense Ce-based conversion coating is obtained on the surface of
magnesium alloys. The conversion coating consists of a mixture of trivalent and tetravalent
cerium oxides. Exposure to the atmosphere causes the oxidation of Ce(OH)3(s) to Ce(OH)4(s)
and the dehydration of the hydroxides to oxides. Consequently, the Ce(IV) content is higher
at the coating surface than at the inside of the coating [29]. The conversion coating (Fig‐
ure 4h) consists of a mixture of CeO2(s) and Ce2O3(s) [30, 53]. The inside and surface layers
have different morphologies. It has been calculated that approximately 61% of the cerium
species in the coating surface and 45% of the cerium species in the inside area exist in a
tetravalent state [29].

When lanthanum (La) solutions are used, they contain La(NO3)3 in the range of 2–16.3 g/L [30,
55, 56]. The deposition mechanisms of these coatings are similar to those of the cerium coatings.
The conversion films (Figure 4i) consist of mixtures of La(OH)3(s), La2O3(s), Mg(OH)2(s),
MgO(s) and Al2O3(s) [30, 53]. Despite numerous studies on Ce coatings, the greatest corrosion
resistance was obtained with La, although the reproducibility of those results was poor [55].

One of the important effects of the REEs on corrosion resistance is the ‘scavenger effect'. Indeed,
REEs create intermetallic compounds with impurities, cancelling the influence of some minor
elements, such as Cl and Fe, on the corrosion resistance [55]. Indeed, the corrosion potential
of these coatings varies between -1.50 and -1.30 V as shown in Table 7, which is comparable
to the values found for CCCs (between -1.30 and -1.50 V) [29]. To improve the corrosion
resistance, the presence of the same REE in the alloy and in the conversion bath is advised [55].
The corrosion resistance of the coated alloy is improved if the REEs content in the alloy equals
0.3 wt% Ce or is less than 0.1 wt% La [55]. REE coatings are the only baths that provide this
‘scavenger effect’ with properties as interesting as the self-healing ability of CCCs. However,
an adhesive weakness of a cerium conversion coating on AZ31 alloy was noted where the
surface layer was easily peeled off with an adhesive tape [29]. The adhesion between the surface
layer and the inside layer of the coating was much weaker than between the inside layer and
the metallic substrate.

4. Conclusion

The actual process for the protection of magnesium alloys against corrosion uses chromium
VI baths. This process needs an initial four-step pre-treatment to obtain a high-performance
coating. This step is essential for preparing the surface to promote the anchorage of the
protective coating in the treatment bath. Then, the nitric acidic bath is responsible for a strong
attack of the alloy surface to increase the roughness of the surface in order to improve adhesion.
The chromic acid–pickling bath initiates the chromate coating deposition (thin layer) at the
centre of the magnesium grains. The hydrofluoric acid–pickling bath allows the deposition
of an MgF2 layer, making the surface more reactive for further coating deposition. The first
deposition of chromium (III) oxide is not completely removed by the hydrofluoric acidic
pickling and enhances further deposition of the coating during the immersion in the chromate
conversion bath.

Corrosion Protection of Magnesium Alloys: From Chromium VI Process to Alternative Coatings Technologies
http://dx.doi.org/10.5772/66604

181



The description of the coating deposition mechanism shows that the species responsible for
the protection of the alloy are trivalent chromium compounds: Cr(OH)3(s) and Cr2O3(s). The
presence of K2CrO4(s) or CrO3(s) trapped in the coating allows a unique ‘self-healing’ property
of the coating.

The chromate conversion coatings are actually the reference for the protection of magnesium
alloys, and their only disadvantage is the toxicity of its main compound. Alternative coatings
exist and present some difference with the chromium VI process. Naturally, considering the
data from the Cr(VI) coating deposition mechanism, Cr(III) could be considered as the
replacement for CCC. However, less corrosion resistance is obtained with Cr(III) coatings. This
is due to the deposition of a thinner layer and the absence of hexavalent species in the coating
that are responsible for the ‘self- healing’ effect. The phosphatization of metals is a well-known
process, and zinc can be added to the bath to increase the protection of magnesium to form
mixed Mg3(PO4)2 and Zn3(PO4)2 layers. Zinc phosphate has superior corrosion resistance, but
it presents no evidence of having the ability to ‘self-heal'.

REE coatings could be considered as a solution, but only alloys that contain REEs could benefit
from protection similar to CCCs. REEs and vanadium-based coatings possess a ‘scavenger’
and a ‘self-healing’ effect, respectively, that makes them comparable to the CCC. However,
REE salts are expensive, and the efficiency of vanadium coating is highly dependent on the
substrate composition.

Permanganate can be used alone or with phosphate to create an efficient protective coating
made essentially by a MnO2 layer with Mg3(PO4)2 when phosphate has been added in the
solution. The properties of the coating could also be linked to the manganese speciation in the
coating: Mn (IV) and Mn (VII). Mn (VII) gives the coating a self-healing property, like the
chromate conversion coatings. The protection against corrosion is also better than chromium
VI coatings when optimum conditions on phosphates concentration and pH are respected.
Table 8 presents a summary of the advantages and disadvantages of each alternative solution.

Coating Advantages Disadvantages
CCC Good corrosion resistance High toxicity of its main compound

Cr(III) Resistance to heating superior to CCC Less corrosion resistance than CCC
Thinner layer

Phosphate Less affected by heat than CCC Small improvement of the corrosion resistance

Zinc phosphate Corrosion resistance equal to CCC Problem of adhesion of the coating to the
substrate

PCC (permanganate
conversion coating)

No bath heating necessary, less affected
by heat than CCC

Need to stabilize the pH

Permanganate/phosphate Better corrosion resistance than CCC Need to stabilize the pH

Vanadium Scavenger effect Expensive

REEs (rare earth elements–
based coating)

Self-healing Corrosion protection sensitive to alloy
composition

Table 8. Summary of the advantages/disadvantages for each coating in comparison to the CCC (chromate conversion
coating).
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Such coatings mixing an oxidizing agent and a precipitating agent should be developed and
tested with different combinations to optimize the alternatives to chromate conversion
coatings for the protection of magnesium against corrosion. Moreover, in order to develop
more efficient coatings without any chromate, it will be necessary to take into account the entire
process with the pre-treatment steps and the possible interactions with the magnesium
substrate. They should then be validated by tests at industrial scale.
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Abstract

Therapy in cardiovascular medicine often relies on implantation of prosthetic materials
or application of stents. The diseases of many cardiovascular structures require their
complete and immediate repair by utilising prosthetic materials. The ideal cardiovascular
prosthesis involves good functional properties, capability of regeneration and does not
activate the host's immune system. Ideally, the graft can be applied for a temporary use
and degrades after a predefined period according to controlled degradation kinetics. Only
biological grafts would provide this spectrum of properties by today's level of knowledge.
However,  biological  prostheses  exhibit  some  relevant  drawbacks  as  well,  such  as
insufficient  mechanical  stability  or  restricted  availability.  Implants  or  supporting
structures of magnesium alloys would bridge this gap and would either provide a substrate
for innovative and temporary grafts or would—as supporting structures—transiently
add some missing properties to regenerative biological prostheses. This chapter reviews
the different fields of cardiovascular therapeutic applications of magnesium alloys. The
required properties of magnesium alloys and their preparation, fabrication and testing
will be discussed under the specific cardiovascular perspective.

Keywords: cardiovascular prostheses, cardiac surgery, aortic surgery, aortic aneur‐
ysm, congestive heart failure, coronary heart disease, sternum cerclage wires, cardiol‐
ogy, stents, degradation kinetics, magnesium alloys, coating, in vitro test, in vivo test

1. Introduction

The treatment of cardiovascular disease often requires the implantation of prosthetic material
[1–7] or insertion of stents [8–14]. The ideal cardiovascular prosthesis has good functional
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properties and the ability to regenerate, without activating the immune system of the host
organism [15]. In some cases, the implant should only remain in place for a limited period of
time in the patient, followed by controlled degradation. Up to date, only biological grafts meet
most of the spectrum of these relevant requirements (see Figure 1 and Table 1). However,
biological prostheses have specific disadvantages, such as insufficient mechanical stability or
limited availability (see Figure 1 and Table 1).

Figure 1. Rough estimation of the average characteristic and extent of relevant properties of grafts made of synthetic or
biological materials that influence sustainable and long‐term graft performance in cardiovascular applications (Proper‐
ties of individual grafts may of course deviate). + +, excellent/very high; +, good/high; o, medium/average; −, bad/low; −
−, insufficient/very low.

Tissue Application, success (+) and limitation (−) Year  Authors
Cardiac muscle Reconstruction RVOT (rat model)

+ Good functional and histomorphological
outomes
− Not applied in left ventricular high pressure
system

2012 Wainwright et al. [16]

Skeletal muscle Epicardial fixation of skeletal muscle (human)
+ Better vascularisation of myocardium
− No transmural reconstruction

1935 Beck et al. [17]

Pericardium Transmural reconstruction of right ventricle (rat model)
+ Vascularisation of patch and presence of
cardiomyocytes

2007 Chang et al. [18]
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Tissue Application, success (+) and limitation (−) Year  Authors
− Not applied in left ventricular high pressure
system

Diaphragm Epicardial fixation of autologous diaphgram
(dog model)
+ Optimised hemodynamics
− No transmural reconstruction

1973 Kusaba et al. [19]

Urinary bladder Transmural right ventricular reconstruction
(pig model)
+ Improved contractility, repopulation of patch
with host cells
− Not applied in left ventricular high pressure
system

2008 Ota et al. [20]

Peritoneum Epicardial fixation of stem cells and peritoneum
(rat model)
+ Improved left ventricular function,
immigration of cells
− No transmural reconstruction

2006 Huang et al. [21]

Myometrium Epicardial fixation of uterine myometrium
(rabbit model)
+ Good biological integration and angiogenesis
of patch
− No transmural reconstruction

2008 Taheri et al. [22]

Small intestine Transmural reconstruction of right ventricle
(pig model)
+ Improved contractility, cardiomyocytes found
in patch
− Not applied in left ventricular high pressure
system

2009 Tudorache et al. [5]

Stomach Epicardial fixation of stomach on left ventricle
(pig model)
+ Improved angiogenesis of infarcted area
− No transmural reconstruction

2003 Ruel et al. [23]

Aorta Decellularisation of xenogeneic aorta
segments (mouse model)
+ Adhesion of cells
− Small diameter, small animal model,
no implantation into circulation

2016 Song et al. [24]

Natural polymers Engineering of small diameter bypass grafts with
degradable polymers (rabbit model)
+ Cell infiltration, good graft patency
− Implantation in carotid position (lower stress
than in aorta)

2016 Antonova et al. [25]

Fibrin Engineering of vascular grafts with compacted
fibrin (human)
+ On‐the‐fly generation of regenerative grafts
− Mechanical stability up to 230 mm of mercury

2016 Aper et al. [26]

Induced pluripotent
stem cells

Abdominal aorta interposition of engineered blood
vessels from induced pluripotent stem cells (rat model)
+ No rupture of grafts, cellular proliferation
− 2 weeks observation period, small animal model

2016 Gui et al. [27]

Table 1. Overview of exemplary studies to test diverse biological materials as grafts for selected cardiovascular
applications.

Cardiovascular Applications of Magnesium Alloys
http://dx.doi.org/10.5772/66182

193



Structures of degradable magnesium alloys could temporarily compensate for such disad‐
vantages, through means of complementing some of those missing features of biological
prostheses (see Figure 2).

Figure 2. Schematic principle of temporarily stabilising biological grafts with degradable magnesium structures, result‐
ing in highly biocompatible, autologised, and therefore regenerative prostheses.

However, implants made of magnesium alloys remain in an outsider position with regard to
cardiovascular medicine so far. While the experimental application of coronary stents made
of magnesium alloys was performed for some decades [11], degradable magnesium has hardly
ever played a role in the development of other cardiovascular implants.

This chapter introduces scenarios for a beneficial application of degradable magnesium
implants or supporting structures in clinical settings. Desirable and essential requirements of
the materials are presented here as well as research emanating from experimentally well
studied alloys in other disciplines. This chapter does not claim to be exhaustive, but rather to
convey the essential principles that need to be considered in the development of cardiovascular
implants made of magnesium alloys for various application scenarios.

2. Fields of potential applications for magnesium alloys in cardiovascular
medicine

2.1. Coronary heart disease

Coronary heart disease (CHD) is associated with the pathological reduction in the lumen of
the coronary arteries, which can eventually lead to a total closure and thus the clinical picture
of the life‐threatening myocardial infarction. Cardiovascular diseases are among the most
common causes of death. According to WHO, in 2012, about 17.5 million people died from
cardiovascular disease, of which approximately 7.4 million can be attributed to a coronary
heart disease [28].

The treatment of coronary heart disease is dependent on the extent of the disease. The common
guidelines of the European Society of Cardiology and the European Society for Cardiothoracic
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Surgery recommend interventional balloon dilation of stenotic vessels or the application of
coronary stents for patients with one‐ or two‐vessel‐CHD [29]. For this purpose, a tubular metal
structure under X‐ray fluoroscopy is positioned into the affected coronary artery, usually
through a femoral arterial puncture. Subsequently, the initially crimped stent is dilated with
an inflatable balloon via the same catheter. The specific framework design and a partial plastic
deformation of the stent ensure that this does not collapse.

According to current studies, patients with left main coronary artery disease or two‐ or three‐
vessel‐disease benefit more in the long term from surgical coronary artery bypass grafting [12–
14, 30, 31]. Segments of autologous saphenous vein, radial artery or internal mammary artery
are herewith connected via a proximal anastomosis to the ascending aorta and via a distal
anastomosis to the affected coronary vessel behind the stenosis. This intervention takes place,
in most cases, using a heart‐lung machine. In heart‐lung machine interventions, systemic
anticoagulation with heparin is necessary to prevent clotting of blood along the long synthetic
tube surfaces of the machine. Patients who have to undergo a surgical revascularisation due
to a secondary closure of the inserted stent are subject to a higher perioperative risk of bleeding
because of chronic, medical, dual anticoagulant therapy with platelet inhibitors, and vitamin
K antagonists [32]. Furthermore, the surgeon is faced with a sealed coronary in such cases,
where—because of the inserted metal stents—only a few sites to connect the bypass graft
remain. But even in cases where no secondary surgical intervention is required, permanent
stents may have a chronically negative impact. This may lead to a long‐term endothelial
dysfunction, a permanent physical irritation, the release of toxic metal ions or a local chronic
inflammation [11]. Removal of these stents poses a significant risk to the patient and is
associated with high additional costs.

In the last two decades, therefore, innovative stents from polymers [33, 34] and degradable
metals such as iron and magnesium were developed, which initially ensure the openness of
the coronary vessel and are degraded without residue after a sufficient regeneration phase [35–
40]. The coating of degradable metal stents should slow the corrosion [35]. The hydrolytic
degradation in vivo of certain polymer coatings as PLA or PGA, however, leads to an accel‐
eration of the metal corrosion because of the acidic degradation products, such as carboxylic
acid acidifying the milieu, which promotes the oxidation of the magnesium alloys [41, 42].
Bioabsorbable stents made of magnesium alloys [43] with an absorbable polymer coating, from
which antiproliferative drugs are released represent a promising future treatment alternative.
With this combination, the in‐stent restenosis, which occurs in 20–30% of patients should be
prevented whilst exploiting the advantages of a transient implant.

2.2. Congestive heart failure

Heart failure is associated with an insufficient function of the heart whereby the heart is no
longer able to provide the required output. Between 800,000 and 1,600,000 people in Germany
suffer from heart failure [44]. According to the Federal Statistics Office, heart failure is currently
the third leading cause of death in Germany [45], resulting in costs of €3.2 billion in 2008 [46],
showing that heart failure is also of economic relevance. As a result of demographic change
and improved chances of survival from triggering diseases—for example, after a heart attack
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—this number is expected to increase in the future, leading to an increase in related health
expenditures [47].

Surgical treatment of severe heart failure focuses on regaining a sufficient pumping function
primarily of the left ventricle, which results from a physiological volume and the natural
geometry of the left ventricle [48]. Since the 1980s, therefore, myocardial reconstruction
according to Dor has been applied [6, 7] whereby, the damaged, non‐functioning heart tissue
is resected and reinforced by synthetic grafts such as Dacron. The use of grafts currently
available allows for reconstruction of the physiological volume of the left ventricle, but not the
ellipsoidal shape, which is required for an optimal pumping function [4]. In addition, the
currently available synthetic materials are neither capable of growth nor regeneration and do
not contribute actively to the left ventricular function. The dyskinetic cardiac tissue is therefore
replaced by equally dyskinetic grafts. Innovative surgical procedures that address the use of
regenerative materials, the physiological volume, and the physiological ellipsoidal shape are
therefore necessary in order to offer the patients a sufficient and sustainable therapy.

In this sense, the replacement of damaged myocardium has been tested with decellularised
bladder [49], skeletal muscle [50], intestinal mucosa [5], stomach [23, 51] (see Figure 3 and
Table 1) amongst others [52].

Figure 3. Transdiaphragmatic autologous transplantation of a vascularised segment of the stomach as a myocardial
patch for the anterolateral facies of the left ventricle. (A) Gastric patch; (B) apex cordis; (C) diaphgram; (D) spleen.

The feasibility of a clinical application of these potentially regenerative grafts has already been
shown for the replacement of right ventricular or atrial cardiac muscle tissue. However, the
mechanical strength of most of these biological grafts is too low for use in the left ventricular
high‐pressure area with up to 240 mmHg of blood pressure. Especially in the early phase after
implantation, there is a great risk for an aneurysm or even a fatal rupture of the delicate,
prosthetic tissue. Nevertheless, a physiological transformation process of heterotopically
applied tissue has been ascertained, which raises hope for an acquisition of specific cardiac
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functions, but also an increase in the mechanical stability [5]. Stabilising structures from
degradable magnesium structures could support biological grafts by attaining sufficient
mechanical stability through the physiological transformation, thus making regenerative
therapy options available to all needy patients [53].

Implants such as the Paracor HeartNet or the Acorn CorCap can be used for left ventricular
support and reduction in the wall load. The aim is to reduce the mechanical stress acting on
the (damaged) heart wall with reticular structures that span the epicardial layer of the myo‐
cardium, so that the high intraventricular blood pressure cannot further dilate the myocar‐
dial wall. The Acorn CorCap is a polyester net that is placed circumferentially from the apex
to the atrioventricular fossa around the heart. The network supports end‐diastolic resistance
and reduces left ventricular wall stress, thus preventing further dilatation of the ventricle
[54, 55]. The nitinol elastic Paracor HeartNet device acts in a similar manner [56, 57].

2.3. Aneurysm and dissection of the aorta

Congenital (Marfan syndrome, Ehlers‐Danlos Syndrome) and acquired (atherosclerosis)
disease of the aorta lead to about 7000 surgical procedures annually in Germany and thus to
a high demand for prosthetic material [58]. In acute aortic dissection, the true number of cases
is often underestimated because many patients die from unknown causes of death before
reaching the hospital [59]. The incidence of diseases of the aorta in 2011 consisted of 34 hospital‐
based main diagnoses per 100,000 inhabitants. Of this amount, 17.4% belonged to the group
of aortic dissection, which corresponds to an incidence of 5 per 100,000 inhabitants in Germany.

In particular, in many cases, aortic aneurysms (ballooning of the aortic wall) or aortic dissection
(tearing of the aorta) require surgical therapy. However, the surgical treatment of aortic disease
does not always lead to complete cure of patients. In a study over a period of 14 years, it was
shown that reoperation is required in approximately 13% of all performed surgical procedures
of the thoracic aorta. Reoperation may be required for progressive aneurysms, persistent or
recurrent aortic dissection or false aneurysms at the suture lines, on the one hand, while on
the other hand, stenoses and infections of implanted grafts may occur and proximal or
recurrent aneurysms distal to the grafts may be observed, requiring a reoperation [60].

2.3.1. Aortic prostheses and their limitations

In the last 50 years, aortic prostheses were produced essentially of polyethylene terephthalate
(PET, Dacron), polytetrafluoroethylene (PTFE, Gore‐Tex®) or polyurethanes (PU) [61]. The
disadvantages of synthetic vascular grafts include the risk of thromboembolism, a subsequent
stenosis and occlusion of the prosthesis by intimal hyperplasia. Infections resulting from
synthetic implants are difficult to handle. In addition, prostheses consisting of artificial
materials have no regenerative potential and are not able to grow [62, 63]. Finally, synthetic
grafts have a low elasticity, so that the function of Windkessel of the aorta, which is responsible
for the uniform and muted forwarding of the pulse wave, is restricted. Especially in cases of
the application of very extensive vascular grafts, there may occur refractory hypertension,
which can lead to further organ damage in the long term (see Figure 4).

Cardiovascular Applications of Magnesium Alloys
http://dx.doi.org/10.5772/66182

197



Figure 4. Operative situs following replacement of thoracic (with Dacron prostheses (A), left side) and abdominal (Per‐
icardium graft (B), right side) aorta. Now re‐operation because of graft infection.

Bio prostheses or hybrid grafts represent an alternative to synthetic implants [3, 64, 65]. The
gold standard for biological grafts is allogeneic native vessels made from fresh and cryopre‐
served human donor tissue. Fresh homografts, which tend to have a later expiration than the
cryopreserved homograft, bear the risk of forming aneurysms and are only of limited availa‐
bility. The cryopreserved homograft is prone to calcific degeneration approximately 10–15
years following implantation. Usage in younger patients therefore entails at least one reoper‐
ation [66, 67]. The long‐term degeneration of biological implants is thus far, a significant,
unresolved limitation of these prostheses [68].

2.3.2. The ideal vascular prosthesis

Artificial blood vessels, which consist of viable tissue, constitute the ideal vascular prosthesis.
An ideal prosthesis must have physiological mechanical resistance and compliance. The graft
should be non‐toxic and non‐immunogenic. The graft must be biocompatible and always
available in various sizes. In addition, the graft should be surgically easy to handle. It should
not, if possible, trigger any thrombogenic effects. The graft must integrate into the host tissue
and have the ability to grow, when used in children [69–71]. Furthermore, an easy manufac‐
turing process, the shelf life of the vascular prostheses and readily available supply for an acute
emergency, all play very important roles. According to the principles of tissue engineering,
innovative biological aortic prostheses can be produced, which can overcome the previous
limitations of available grafts. One option is the implantation of a decellularised allogeneic or
xenogeneic donor aorta. After the original cells have been removed from the donor tissue
chemically or enzymatically, these can colonise after implantation in vivo with cells of the host
organism. In this way, a regenerative, biological implant, which will not be attacked immu‐
nologically by the host, is converted successively to truly endogenous tissue in the course of
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the physiological remodelling. Tubular structures of fibrin and collagen can be constructed in
vitro as an alternative to decellularisation of preformed donor tissue [26, 72].

However, both grafts have a limited mechanical stability at the time of implantation. To avoid
premature rupture or aneurysm formation, a stabilising biodegradable clip of magnesium
could be placed around the biological graft until the latter reaches sufficient stability. Subse‐
quently, this support structure of magnesium should be degraded, preferentially in a biolog‐
ically inert manner.

2.4. Closure of sternotomy following cardiac surgery

In cardiac surgery, many procedures are already performed using minimally invasive ap‐
proaches that do not require traditional median sternotomy. But the indication for minimally
invasive access paths is still conservative due to the difficulty involved in the operation [73,
74]. In addition, most cardiac surgical interventions are not isolated, but combined procedures.
The average age of cardiac surgical patients is steadily increasing, and in many cases, the
requirement is not just for a single heart valve or bypass surgery, but rather a combination of
both procedures or the replacement of several valves all taking place in a single operative
session [75]. In such cases, the safest and most effective access path is the median sternotomy.
Here, the sternum is opened with an oscillating bonesaw starting from the xiphoid process—
the lowest point of the sternum—to the manubrium sterni. After the surgical treatment of the
heart, the separate halves of the sternum are brought together with non‐degradable metal wires
and fixed under tension. For this purpose, the wires are guided laterally from the sternum with
a needle through the intercostal spaces. Thereafter, the free ends of the wires are twisted with
pliers. The twisted ends are placed as flat as possible along the bony structures (see Figures 5
and 6).

Figure 5. Intraoperative situs. Closure of sternotomy (B) with conventional sternum cerclage wires (A). Cerclages al‐
ready inserted and just prior to fixing and drilling. Chest tubes in position (C).
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Figure 6. X‐ray of thorax in posterior‐anterior beam path with clearly visible sternum cerclage wires (arrow heads). (A)
Apex cordis; (B) diaphragm.

2.4.1. Limitations of current available sternal cerclage wires

In some cases, these wires lead to postoperative complications. Some patients perceive the
twisted ends of sternal cerclage as truly painful [76]. Other patients can get the twisted ends
with its tip to curve in the direction of body skin, and even penetrate it by mechanical stress
or remodelling of the bony skeleton. This leads to impairment of wound healing, wound pain
and wound infections, which, under unfavourable configuration can lead to secondary bone
or mediastinal infections. The latter require an extremely burdensome, tedious and sometimes
highly complex wound therapy often using reserve antibiotics. Multiple re‐operations for
rehabilitating serious findings in such cases constitute a very high‐risk stress factor for patients.
Even the development of sternal cerclage systems made of polyester did not lead to an
improvement of the postoperative complication rate or the subjective well‐being of the
patients [77].

2.4.2. Degradable sternal cerclage and release of active agent

Against this background, the ideal cerclage wire material consists of controllable degradable
metal. The healing of the bone to physiological stability following sternotomy requires about
3–6 months. A degradation process of resorbable sternal cerclage should lie roughly within
this time frame.

It is conceivable that the coating of degradable magnesium wires would not only provide an
additional protective layer for the magnesium but would allow the possibility for controlled
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with its tip to curve in the direction of body skin, and even penetrate it by mechanical stress
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highly complex wound therapy often using reserve antibiotics. Multiple re‐operations for
rehabilitating serious findings in such cases constitute a very high‐risk stress factor for patients.
Even the development of sternal cerclage systems made of polyester did not lead to an
improvement of the postoperative complication rate or the subjective well‐being of the
patients [77].
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Against this background, the ideal cerclage wire material consists of controllable degradable
metal. The healing of the bone to physiological stability following sternotomy requires about
3–6 months. A degradation process of resorbable sternal cerclage should lie roughly within
this time frame.

It is conceivable that the coating of degradable magnesium wires would not only provide an
additional protective layer for the magnesium but would allow the possibility for controlled
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local delivery of drugs. First, cardiac surgical patients immediately receive painkillers after
surgery to alleviate the pain [78]. It is conceivable that for a limited period of time, local
anaesthetics could be released from the coatings of magnesium wires. This could lead to
considerable local relief of postoperative pain and perhaps reduce the administration of
systemically acting analgesics. Second, the infection of the sternotomy wound is a common
complication after cardiac surgery, which is often associated with mediastinitis and the most
protracted wound healing problems with instability of the sternum [79]. A reoperation for
revision of the infected and unstable sternum is essential in such cases and not only provides
an extremely stressful engagement with additional risks and pain for the patient himself but
is usually directly associated with increased postoperative mortality [80]. Although sternal
infections are largely reduced to a minimum following utmost care and hygiene, this burden‐
some and costly complication cannot be avoided in all cases [81]. Particularly, elderly patients
or patients with an impaired immune system and diabetics are at an increased risk of infection
where wound healing processes are complicated due to microcirculatory disorders [82]. The
immediate postoperative period, commencing with the release of antibiotic or at least bacter‐
iostatic substances from the wire cerclages used in the closure of the sternum, could further
reduce the likelihood of wound infection [83]. Robinson et al. could show that—at least in in
vitro experiments—the degradation of magnesium and the degradation products exert an
inhibitory effect on the growth of bacteria. The local increase of pH in the medium as a result
of degradation corresponded approximately to the effect of an antibiotic [84].

3. Magnesium alloys for cardiovascular implants

Magnesium alloys are currently being investigated for use as biodegradable implants. The
implants should take over the desired function for the needed duration and then biologically
degrade as biocompatibly as possible. Magnesium, although a very promising material is, in
principle, far from being perfect material for implants because it is electrochemically highly
active and easily corrodes in biological milieus [85]. The corrosion of magnesium is therefore
to be controlled by alloying with other components. The most‐studied alloy components for
magnesium are calcium, aluminium, lithium and rare earth (RE) elements [39, 86]. Cardio‐
vascular implants will also benefit from the modification of magnesium by these alloys,
because a uniform and temporally controllable corrosion as well as a long‐term mechanical
stability or even elasticity is a common requirement for most implants.

Calcium is the most abundant mineral in the human body. It is mainly found in the bones and
teeth [39]. In the alloy with magnesium, there is a reduction in the tendency to dissolve. It also
leads to a refinement of the grain structure [39, 87]. Wan et al. found an increase in the
compressive and elastic moduli. Wu et al. were able to show that the addition of calcium to a
magnesium‐aluminium‐zinc alloy improved the corrosion properties of this alloy [88]. With
an alloy of 9 ma.‐% Al, 1 ma.‐% Zn, 1 ma.‐% REE and 1 ma.‐% Ca, they were able to achieve
the best results and to reduce the corrosion rate compared to the AZ91 alloy without calcium
by 19% [88]. Due to their good biocompatibility, good mechanical properties and desirable
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influence on the corrosion kinetics, magnesium‐calcium alloys constitute a particularly
attractive material for implant development.

Aluminium is used for alloying of magnesium, because it increases the corrosion resistance of
magnesium [89]. A corrosion product of aluminium in physiological solution is Al2O3, which
forms an insoluble outer protective layer on the alloy [87]. Moreover, aluminium tends to
precipitate and reduces the tendency to dissolve [39].

Alloys with rare earth elements also often show positive results, although these are not always
easy to reproduce. This is also because rare earth elements are often used as so‐called master
alloys for the production of a magnesium alloy, which already contains a mixture of many rare
earths [39]. While this system is used for industrial applications without major limitations, the
exact composition of the material must be known in the development of medical implants, as
even minor changes can dramatically impair the function and longevity of the product that is
used in a biological environment [90]. The effects of rare earth on solubility and precipitation
behaviour are mediated by the formation of intermetallic phases. This results in an improved
corrosion resistance, creep resistance, as well as an optimisation of the mechanical properties
[39, 88, 91]. Following the implantation of magnesium alloys, a foreign body reaction involving
macrophages and giant cells (giant cells) takes place. The pH in phagolysosomal vacuoles of
macrophages and giant cells can be as low as 3, therefore, their activity results in an acidifica‐
tion of the granulation tissue surrounding the magnesium implant after a short time. A low
pH of the environment in turn accelerates the oxidation of the magnesium. Therefore, lithium
is used in magnesium alloys in order to stabilise the corrosion layer on its alkalising effect [86].
This effect during the degradation of magnesium is further enhanced by the solution and
accumulation of magnesium hydroxide as the main degradation product [92].

4. Degradation of cardiovascular implants

The degradation of magnesium implants influences the host's organism through the (corroded)
surface, the release of degradation products such as magnesium ions, hydroxide ions and
hydrogen gas [87, 93]. Both the gas development and the alkalisation of the medium by the
released hydroxide ions lead to an enhanced localised corrosion as well as to a reduced cell
adhesion [85, 94].

There are four basic types of corrosion possible for Mg alloy biomaterials [95]. Galvanic
corrosion, also known as couple corrosion, occurs when two metals with differing electro‐
chemical potentials are in electronic contact in an ionic conduction fluid such as serum or
interstitial fluid [95]. This kind of corrosion plays only a minor role in cardiovascular appli‐
cations, because cardiovascular implants are basically made of only one alloy. Pitting corrosion
occurs when small, distinct areas of a material are rapidly corroded while most of the surface
remains unaffected. Corrosion pits can also cause crack formation, leading to further break‐
down. Magnesium is very susceptible to pitting corrosion. Corrosion fatigue takes place in
materials undergoing cyclic loading, such as the pressures that would occur under normal
blood flow past a stent. This form of corrosion is heavily dependent on a material's micro‐
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structure. Whether testing is carried out in a dry or aqueous environment strongly influences
a material's performance under cyclic loading conditions. Erosion corrosion occurs due to the
mechanical action of surrounding liquids or particles. Although not as influential as the other
corrosion types listed here, erosion corrosion must also be considered when discussing
biodegradable implants [95].

Corrosion rate and type are very important when evaluating an implant's performance. It is
of paramount importance that localised corrosion attack in stents is avoided, as localised
corrosion in the thin portions of the device can lead to premature loss of mechanical integrity
[96].

Moreover, the rapid corrosion of magnesium implants leads to undesirable formation of gas
bubbles in the tissue [37, 86, 97–99]. Song et al. determined a rate of 0.01 ml/cm2/day as a
conservative, acceptable level for the development of hydrogen gas in the human body [100].
The effects of gas generation vary with the implantation site. In a hardly flexible bony envi‐
ronment, the rapid development of high volumes of hydrogen gas undoubtedly has serious
effects on bone remodelling due to an increase in pressure. In an epicardial application of
magnesium structures, negative effects due to the development of higher gas volumes are
hardly to be expected because of the relatively larger space available in the pericardium and
mediastinum. In intraluminal stents, there is an immediate and effective removal of the
released gas through the blood. Adventitially fixed clips for stabilising biological, large lumen
aortic prostheses find sufficient thoracic as well as abdominal space into which the released
gas can diffuse without damaging the surrounding tissue [101].

5. Biocompatibility

Many of the early Mg‐based implants researched were pure magnesium. In truth, “pure” Mg
will always have some level of impurity. The characteristic impurities in magnesium alloys are
copper, nickel, iron and beryllium. The composition and production of the alloys will influence
the levels of these impurities [39]. In general, it is best to have as low an impurity level as
possible, not only because some of these impurities are considered carcinogenic or can become
toxic at higher levels, but also because having higher levels of uncontrolled impurities can
skew results. With impurities as well as alloying or coating elements, it is important to keep
in mind the tolerable upper intake levels of these elements in humans so that improved
strength or corrosion resistance does not come at the expense of biocompatibility. Pure Mg
alloys for biomedical applications have mostly been replaced by other alloys, though some
studies still contain pure magnesium, often as a control [102–105].

Pure magnesium is biocompatible in the highest degree. It is ubiquitous in the human body
and plays an important role as a cofactor in many enzymatic reactions [106]. Calcium is also a
cofactor for biochemical reactions and an essential component of bone metabolism. Therefore,
it shows a comparably higher biocompatibility as an alloying component.

Magnesium aluminium alloys were initially developed for non‐biomedical applications. As
such, their biocompatibility was initially not important. Naturally occurring aluminium in the
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human body is practically non‐existent. The inclusion of high concentrations of aluminium,
for example, in the metal working industry or with drugs, is associated with the aetiology of
neurodegenerative diseases [39, 107–109]. The required concentrations for those effects are not
to be expected during the degradation of relatively small cardiovascular implants made of
alloys that usually contain only small amounts of aluminium. Above all, the degradation
process ideally extends over a period of months, and only small amounts of aluminium are
released in given intervals [101]. Following the implantation of epicardial degradable support
structures of the magnesium alloy LA63, which contains lithium and aluminium, no adverse
effects on the surrounding myocardium were determined in a pig model [101]. Feyerabend et
al. found that aluminium and lithium exert toxic effects on perivascular cells only at concen‐
trations above 1000 micromole [90]. Except for gadolinium, rare earth elements are only toxic
at high concentrations, although calcium antagonistic effects could be shown, which in
principle could affect many biochemical reactions, particularly muscle and heart muscle
contractions as well as cardiac conduction [110]. Many RE elements have even been said to
show some anti‐carcinogenic properties [39].

In general, even cardiovascular implants made of magnesium alloys, and their degradation
products cause the usual foreign body reactions of the host. The foreign body reaction, which
is characterised as an inflammatory healing process through the activity of macrophages and
giant cells, represents the natural reaction to the implantation of magnesium alloys [111].

6. Developing innovative implants made of magnesium alloys for
cardiovascular application

6.1. Design and shapes

Magnesium is a versatile material that can be used for different cardiovascular implants of
almost any shape. Using finite element simulation, various geometric shapes and designs of
the stent or support structures can be analysed for possible weak spots [112]. The most
promising approaches can be identified with these simulations in many cases prior to costly
and tediously manufacturing them. Even the degradation of magnesium alloys can be
simulated to a certain extent, at least for in vitro experiments [113].

In support of biological myocardial prosthetic devices, degradable magnesium lattices can be
individually adapted to the patient's own geometry and anatomy of the damaged heart region.
The preforming of implants reduces the plastic deformation of the implants in vivo, which
induces high stress and consequently premature breakage of the implants [114]. Cardiac MRI
or CT data could thus be employed to adjust the geometry of magnesium structures to the
individual anatomy of each patient [114].

Magnesium alloys can be cut with a very high resolution into almost any shape by means of
water abrasive jet cutting, laser or plasma beam. Nevertheless, it is mandatory to take into
account the specific properties of each cutting process and its impact on the material. It is
certainly possible to achieve finest structures down to 0.1 mm kerf width with a laser beam
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[115]. However, the laser and plasma cutting bring about a significant heating of the sur‐
rounding material. The resulting melting and oxidation processes can significantly affect the
integrity of the structures, so that the a‐thermic water abrasive jet cutting, although consider‐
ably more complex and expensive, certainly is the gentlest method. Hence, the most precise
cuts can be performed with water abrasive jet cutting due to the lack of heat.

6.2. Increasing the corrosion resistance

Three experimental routes are essentially taken in order to control the magnesium corrosion
and to optimise the mechanical properties of the implants: The alloying of magnesium, the
manufacturing process such as the reduction of grain size and phase transitions and the
surface modifications and coatings [85]. Wang et al. provide a compact overview of the basic
methods available for surface treatment [35]. They hint to microarc oxidation [116], anodising
[117], evaporation [118], alkaline heat treatment [119], fluoride coating [120], electro deposi‐
tion [121], phosphate coating [122], shock peening [123], ion implantation [124], physical
vapour enrichment [125] and polymer coating [126]. The aim of the process is always to reduce
the oxidation tendency of the surface of the magnesium alloy or to provide the surface with a
protective layer. This protective layer may occur as the result of a reaction product of the alloy,
such as magnesium fluoride via immersion of the implant in hydrofluoric acid, or a dedicated
polymer layer, which is applied to the metal. To optimise cardiovascular implants made of
magnesium alloys, procedures should be used, which are satisfactory for the field of use and
are biocompatible. The adhesion of cells should also be made more difficult by an appropriate
surface modification, which can be unequivocally desirable for coronary stents as well as for
other applications.

6.3. In vitro and in vivo tests

As different alloys and coatings are developed to improve the mechanical and corrosion
behaviour of these implants, in vivo and in vitro testing techniques must be developed.
Unfortunately, since these techniques have not been standardised, it is difficult to compare
results from different studies. There is difficulty in establishing a set corrosion rate for
magnesium implants, because the experimental degradation varies based on so many varia‐
bles, including composition of alloy, manufacturing method, coating, implant shape, in vivo
location of implant, type of surrounding tissue, species of testing subject, temperature, local
pH, ions or proteins present in an in vitro solution and more [37, 85, 126–128]. The same alloy
tested in different in vitro scenarios can yield different corrosion rates, and often, in vitro
corrosion tests do not accurately predict in vivo behaviour [93, 129].

Although in vitro experiments are helpful to get a first indication of the desired properties of
the alloy, large animal experiments are essential to characterise the degradation of magnesium
alloys in vivo before it can be used clinically for humans.

Scientific discoveries in medicine have to be gradually shifted into practical application. This
path extends from basic research in the laboratory to preclinical models and ultimately to
clinical trials. Preclinical models allow a forecast of possible future clinical reality without the
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risks and costs associated with clinical trials [130]. Careful review of the biological responses
to the implant, and the surgical procedure is necessary especially with complex, in vitro‐
generated products. It is important to be aware of the overall reaction of the organism to the
implant, which may differ significantly from the tissue reactions that had taken place previ‐
ously, or that have been detected in in vitro tests. This applies in particular to possible
immunological reactions.

When choosing an animal model, many factors must be considered, including ease of opera‐
tion, cost of acquisition and upkeep, susceptibility to disease or infection and similarity to
human physiological mechanisms. Researchers may also need to consider the ethics of their
animal model choice; some animals, such as dogs, cats, non‐human primates, and perhaps
horses might fulfil the other requirements of an animal model, but are considered inappro‐
priate for medical research. No one animal model will be appropriate for all purposes, but no
model should be dismissed entirely [131, 132]. Animal model size is an important considera‐
tion. Larger animals may have more in common with humans, but they will also be more
difficult and expensive to care for.

To study cardiovascular implants, the pig can well be used as an experimental animal. The
vascular systems of humans and pigs show similar behaviour under acute stress, and the fine
structural elements of the porcine heart are particularly useful for morphological studies, given
the analogy to the human morphology. Another suitable animal model is provided by the
sheep, which serves as a model for rapid calcific degeneration. Degenerative changes can thus
be observed particularly well in the sheep model.

In the field of implant biodegradation, there is a further concern: the total amount of fluid in
the body seems to influence degradation rate, with less fluid leading to less corrosion.
Yamamoto et al. used this line of thinking to discourage the use of small animals as models for
implant corrosion studies [133]. Thus, they recommend not using small animal models to
perform corrosion studies.

Once a more accurate in vitro testing protocol is designed and implemented by as many
research groups as possible, magnesium alloy implant technology will finally be able to move
forward as a united front, rather than a plethora of loosely connected individual lines.

7. Conclusion and outlook

This chapter gives a brief overview of potential cardiovascular applications of different
magnesium alloys. Stents, grafts, support structures and sternal cerclage of degradable
magnesium provide innovative and promising approaches for combating cardiovascular
diseases, which are not only among the leading causes of death worldwide, but significantly
reduce quality of life of affected patients and represent a high financial burden on healthcare
systems worldwide. Cardiovascular implants made of magnesium alloys are currently still in
an experimental or preclinical stage, but have a high potential in the foreseeable future for
clinical applications, since magnesium can easily be processed and offers a good biocompati‐
bility.

Magnesium Alloys206



risks and costs associated with clinical trials [130]. Careful review of the biological responses
to the implant, and the surgical procedure is necessary especially with complex, in vitro‐
generated products. It is important to be aware of the overall reaction of the organism to the
implant, which may differ significantly from the tissue reactions that had taken place previ‐
ously, or that have been detected in in vitro tests. This applies in particular to possible
immunological reactions.

When choosing an animal model, many factors must be considered, including ease of opera‐
tion, cost of acquisition and upkeep, susceptibility to disease or infection and similarity to
human physiological mechanisms. Researchers may also need to consider the ethics of their
animal model choice; some animals, such as dogs, cats, non‐human primates, and perhaps
horses might fulfil the other requirements of an animal model, but are considered inappro‐
priate for medical research. No one animal model will be appropriate for all purposes, but no
model should be dismissed entirely [131, 132]. Animal model size is an important considera‐
tion. Larger animals may have more in common with humans, but they will also be more
difficult and expensive to care for.

To study cardiovascular implants, the pig can well be used as an experimental animal. The
vascular systems of humans and pigs show similar behaviour under acute stress, and the fine
structural elements of the porcine heart are particularly useful for morphological studies, given
the analogy to the human morphology. Another suitable animal model is provided by the
sheep, which serves as a model for rapid calcific degeneration. Degenerative changes can thus
be observed particularly well in the sheep model.

In the field of implant biodegradation, there is a further concern: the total amount of fluid in
the body seems to influence degradation rate, with less fluid leading to less corrosion.
Yamamoto et al. used this line of thinking to discourage the use of small animals as models for
implant corrosion studies [133]. Thus, they recommend not using small animal models to
perform corrosion studies.

Once a more accurate in vitro testing protocol is designed and implemented by as many
research groups as possible, magnesium alloy implant technology will finally be able to move
forward as a united front, rather than a plethora of loosely connected individual lines.

7. Conclusion and outlook

This chapter gives a brief overview of potential cardiovascular applications of different
magnesium alloys. Stents, grafts, support structures and sternal cerclage of degradable
magnesium provide innovative and promising approaches for combating cardiovascular
diseases, which are not only among the leading causes of death worldwide, but significantly
reduce quality of life of affected patients and represent a high financial burden on healthcare
systems worldwide. Cardiovascular implants made of magnesium alloys are currently still in
an experimental or preclinical stage, but have a high potential in the foreseeable future for
clinical applications, since magnesium can easily be processed and offers a good biocompati‐
bility.

Magnesium Alloys206

There is a significant need for temporary, degradable implants in cardiovascular medicine. The
drug‐eluting degradable magnesium stent is just the next logical development of the currently
available magnesium stents. Support structures using magnesium catalyse on the clinical use
of renewable biological myocardial prostheses enabling the survival of patients with terminal
heart failure who cannot receive a donor organ due to donor organ shortage. The same applies
to patients who have to undergo an aortic intervention. Biological aortic prostheses that might
exhibit low mechanical stability in the early phase after implantation could be made available
to a large number of patients through stabilising, degradable magnesium clips. Finally, some
months after successful bony healing of the sternum following sternotomy, it is in principle no
longer necessary that the sternal cerclages remain in the patient and bear risks such as pain,
infection and dermal puncturing. The development of degradable wires made of magnesium
alloys is therefore a predictable consequence of the ongoing highly active magnesium research.

The high variety of available alloys, coatings, manufacturing processes and the high variability
of the myriad of potential in vitro and in vivo test methods—including a plethora of different
result parameters to be investigated—currently complicate the comparability of studies for the
analysis of magnesium implants. The development of analytical standards would not only
unify magnesium research, making studies comparable, but would give an immense boost to
the field. With the expected advances in magnesium research, there is hope to offer reliable,
renewable and sustainable therapeutic options to the millions of patients with cardiovascular
disease in the near future.
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Abstract

Magnesium (Mg) as a biodegradable implant brings a revolution in medical field applica-
tion, especially in bone implant and stent application. Biodegradability of Mg has attracted
attentions of researchers to avoid secondary surgery to remove the implant materials after
healing process. Various advantages of Mgmake it suitable for medical application such as
density, good mechanical properties and biodegradation. However, Mg biodegradability
must be controlled to meet tissue-healing period of time because of the high degradation
in a physiological environment. Fast corrosion and high alkalinity due to hydrogen release
induce tissue inflammation, which limits its clinical applications. Many techniques are
applied to the Mg surface to improve surface biocompatibility and control its biodegrad-
ability. This chapter focuses on anodization of Mg and its alloys to improve corrosion
resistance and biocompatibility for orthopedic application. Mg coating with thin film
apatite could enhance the biocompatibility and increase osseointegration formation in the
bone fracture side. Evaluation of the required anodized film discussed in the chapter such
as chemical composition, biodegradability and biocompatibility.

Keywords: magnesium, anodization, SBF, b106048iocompatibility, biodegradable
metals

1. Introduction

Biodegradable metallic implant material has received considerable attention in biomedical
field such as blood vessels or orthopedic application as load-bearing implant [1, 2]. Mg is
suitable for implant application in human body, for example, Mg stent, bone fixation screw,
microclips in laryngeal microsurgery, bone fixation and wound-closing devices, as shown in
Figure 1. Mg has many appealing properties such as light weight, high strength-to-weight
ratio, good castability and osteoconductivity [3]. However, Mg has limitations mainly due to
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its high surface chemical reactivity resulting in high degradation rate [4]. The poor corrosion
resistance of Mg limits its clinical applications, as hydrogen evaluation is one of the corrosion
products that increase alkalinity of the surrounded media and causing inflammation of the
surrounding tissues due to the formation of gas pockets [5, 6]. The high degradation rate may
eventually hinder the bone formation and hamper the long-term success of the implants and
decrease its bioactivity as well as loss its mechanical properties [7]. Mg-based implants
exhibited rough surfaces as well as shallow pits and small cavities after one day of implanta-
tion, which formed during the on-going corrosion process to form cracks until the implant
totally dissolves [8]. The high purity of Mg finds to corrode uniformly in vivo [9]. Biodegrad-
able metals (BMs) are typically degraded through the corrosion process when exposed to a
corrosive media. For example, when BMs especially Mg implanted in human body, the corro-
sion/degradation process generated electrochemically in different reactions of metals with an
electrolyte and produced metal oxides and hydroxides [7]. Moreover, hydrogen gas evaluation
is a combined corrosion product; these reactions could be represented in the following chem-
ical equations at anodic dissolution of Mg and the cathodic reaction [10].

Mg ! Mg2þ þ 2e− ðanodic reactionÞ (1)

2H2Oþ 2ne− ! H2 þ 2OH ðcathodic reactionÞ (2)

2H2OþO2 þ 4e− ! 4OH− ðcathodic reactionÞ (3)

Mgþ 2H2O ! MgðOHÞ2 þH2 ðoverall reactionÞ (4)

Figure 1. Different applications of Mg-based implant material: (a) cardiovascular Mg stents, (b) MAGNEZIX screw, (c)
microclip for laryngeal microsurgery (pure magnesium), (d) biodegradable orthopedic implants and (e) wound-closing
devices (WZ21) [11].
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Surface modification is considered one of the most useful and effective methods to
control the initial degradation of Mg and its alloys [12]. Table 1 summarizes the
previous research on Mg coating with different applied techniques and chemical com-
position. Among these techniques, anodization is a widely and traditional process for
metal surface modification to improve the physiochemical properties of metals [13]. A
suitable electrolyte of anodization for the specific application of Mg is one of the
essential requirements when it employed. For example, hydroxyapatite (HA) is a bioac-
tive ceramic material which widely used in bone application [14]. HA could be
engineered to mimic the three-dimensional inorganic component of the bone which is
composed of 65% of bone. The structure of HA could provide the space and area
necessary for vascularization and tissue regeneration. In this chapter, HA coating with
different nanostructures (nanoplates/nanospheres) by means of anodization is discussed
with the associated mechanical integrity, biodegradability and biocompatibility. Forma-
tion of nanoplates could promote the osseointegration and eliminate the mismatching
of the implant material. Accordingly, using stimulated body fluid (SBF) finds to form
apatite film on the surface of Mg in a short duration.

Substrate Experimental and coating type Reference

Mg-Zn-Ca
alloy

Fabrication of hydroxyapatite nanorod on MAO coating to increase bioactivity and improve
the biodegradation behavior

[15]

Mg-1.0Ca
alloys

Sodium phytate (Na12Phy) used as an electrolyte with anodic coatings fabricated in an organic
phosphate containing solution on the Mg-1.0Ca alloys. In order to achieve a proper
degradation rate, acceptable biocompatibility and good antibacterial ability

[16]

AZ31B Different electrolytes such as KOH, Na2SiO3 and Na2B4O7 were used for pulsed DC micro-arc
oxidation (MAO) process

[17]

Mg-Zn-Ca A porous bioceramic containing tricalcium phosphate in (TCP) coating was prepared by
(MAO) at different voltages

[18]

Pure Mg Anodic oxide coatings were prepared using 0.3 M NaOH + 15 g/l ZrO2 and 3 M NaOH + 15 g/l
ZrO2

[19]

AZ31B A chemical conversion film on magnesium alloys is proposed based on the interaction of a
deep eutectic solvent (DES) with the substrate

[20]

Mg-3Zn A nanostructured hydroxyapatite (HA) coating was grown on through the electrophoretic
deposition (EPD) technique

[21]

ZK61 MAO coating film with low crystallinity is composed of MgO, Mg2SiO4 and Mg2Si2O6

employed
[22]

AZ31 A dopamine-induced hydroxyapatite coating was successfully developed on the AZ31 alloy [23]

AZ31 Use of a microwave-assisted coating technology to improve the in vitro corrosion resistance
and biocompatibility of AZ31Mg alloy

[24]

Pure Mg A simple strontium phosphate (SrP) conversion coating process was developed to protect
magnesium (Mg) from the initial degradation postimplantation

[25]

AZ31 A Si-doped calcium phosphate coating was achieved via pulse ED on the AZ31 alloy. A novel
dual-layer structure was observed with a porous lamellar-like and outer block-like apatite
layer

[26]

Table 1. Summary of Mg surface modification techniques.
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2. Anodization process

Anodization is an electrochemical process that converts the metal surface into a decora-
tive, durable, corrosion-resistant and anodic oxide finish [27]. The coating thicknesses can
range from 5 to 200 μm. Typically, anodic oxide layers grow depending on the process
time and applied voltages [28], leading to a direct dependence of the oxide thickness on
the applied voltage as shown in Figure 2. For metals and alloys with barrier-type anodic
oxide films, blocking electron conduction under anodic polarization an anodization can be
carried out at high voltages in aqueous solution [29]. Therefore, thick oxides that can be
grown on the conductive oxide layers on the metal surface by means of anodization are
limited to the applied voltage. The applied voltage is lower than that at which water can
dissociated with evaluation of oxygen, whereas, above that potential water tends to
decompose rather than thickening of the oxide layer. For example, Mg has potential and
conductivity; therefore, the resulting potential while anodization applied depends mainly
on the electrolyte composition [29]. The incorporation of electrolyte materials with grow-
ing oxide/hydroxide layers can form an oxide layers that have higher blocking efficiency

Figure 2. Illustrative diagram shows the mechanism of anodization technique. Mg acts as an anode where it converted to
Mg2+ then reacts with O2− to formMgO in the presence of OH ions, Mg(OH)2 formation on the metal surface and hydrogen
formed the surrounding cathode part.
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toward the corrosive ions. Therefore, thick and compact film is a challenge for Mg inter-
face anodization treatment, however, obtaining a low Pilling-Bedworth ratio for the
formed anodized film [30]. This could cause an internal stresses on the generated anodic
film and subsequently crack defects [31]. The degree of porosity and oxide layer quality
could be enhanced by anodization parameter adjustment. These parameters include elec-
trolyte composition, anodization voltage, current and time [32]. Anodization performed in
different baths, for example an alkaline electrolyte is based on potassium hydroxide,
phosphate, fluoride, or silicate-containing baths. Electrolyte composition plays a critical
role not only to enable anodization at high voltage but also to reduce Mg dissolution
during the process [33]. There are various methods and techniques with a wide range of
patents to produce such anodic films [34]. In addition to anodization approaches which
are mainly used to thicken the native oxide/hydroxide films on metal surfaces, dedicated
anodization approaches have been explored to obtain nanoporous oxide layers. Therefore,
the appropriate electrolyte composition leads to competition between Mg dissolution
during anodization and anodic oxide film growth. Thus, optimized parameters based on
the electrochemical process self-organized growth of nanoporous or nanotubular oxide
layers could performed; however, it is still at early stage for Mg and its alloys [35, 36].
Table 2 summarizes different Mg alloy anodization/PEO on different electrolytes with the
resulted film thickness and chemical composition and the mainly electrochemical corro-
sion parameters (Ecorr and icorr).

Substrate Electrolyte Thickness Layer composition icorr Ecorr Refs.

AZ91D PEO in NaOH + (NaPO3)6 +
Ca(H2PO2)2 solution

3–5 μm Mg, Al, P and Ca and
little crystallized MgO

X X [40]

AZ91D PEO in Na2SiO3 + (NaPO3)6
+ Ca(H2PO2)2 solution

8–10 μm Mg, Al, Si, P and Ca,
crystallized Mg2SiO4

and MgO

X X [2]

AM50 PEO in CaOH2 + Na3PO4

solution in different mass
ratios

in the range of
20–70 μm

MgO, Mg3(PO4)2,
amorphous Ca-phases,
CaH(PO4)2, CaO2

X X [41]

AZ91 NaOH 1–2 μm MgO and Mg X X [42]

ZK60 100 g/l NaOH + 20 g/l
Na2B4O7�10H2O + 50 g/l
C6H5Na3O7�2H2O + 60 g/l
Na2SiO3�9H2O

10–60 μm MgO and Mg2SiO4 1.829 ×
10−2 (mA/cm2)

−1.46 [43]

AZ31 SBF solution 5–25 μm MgO, Mg and
amorphous apatite

103 to 0.9 μA/cm2 −1.39 to
−1.45

[44]

AZ31 (ZrO2-NPs) dispersed in
SBF

X Mg, MgO, ZrO2, and
Mg2Zr5O12

−1.46 to −1.38 2.796 to
1.9

[45]

AZ31 (SBF solution + HA) then
hydrothermal in 5 M
NaOH at 60°C for 2 h

X Mg, MgO, CaO and
HA

7.6 to 1025 nA/cm2 1.52 to
1.31

[46]

Table 2. Anodization of Mg alloys in different electrolyte.
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3. Surface morphology and composition

The design of surface morphology structure of biodegradable implant is an important factor
since the interconnection of biomaterial interface with surrounding tissues is important for
implant engagement and cell attachment [37]. In bone implant, nanoplate and nanosphere
structure of HA coating as a biomimetic films are considered for the Mg coating interface,
which is characterized by mimicking that of bone [38]. Figure 3a shows the nanoplates
formation on the surface of AZ31 Mg alloy by the anodization method in SBF solution at 50
V and 30 mAwith a process time of 10 min followed by the hydrothermal process in NaOH
solution at 60°C for 2 h. However, adding HA powder to SBF solution resulted in
nanosphere structure. Natural bone consists of HA nanocrystals in a plate-like shape with a
length of 30–200 nm and a thickness of 2–7 nm [39]. As a result, designing HA films with the
specific orientation and morphology is an important approach to improve Mg biological
properties such as bioactivity and mimic that on natural bone. Furthermore, such nanoplates
can promote the porosity of the implant interface, as a result avoid a mechanical mismatch
between the hosts and implant interface, stress shield effect can be eliminated by altering
surface porosity.

The chemical composition of HA coating finds is composed ofMg, MgO, HA and CaO peaks as
shown in XRD peaks in Figure 4a. Furthermore, FT-IR spectra can indicate the outer HA film
formation as shown in Figure 4b. The bands at awave number of around 530 cm−1 is assigned to

PO3−
4 in HA at the vibration of (ν4) and at the vibration of (ν3) around peaks of 1070 cm−1. On the

other hand, hydroxyl group absorption of HA is located at 3703 cm−1 [47], in addition to the

Figure 3. Surface morphology of anodized AZ31 Mg alloy in different electrolytes followed by the hydrothermal process
in NaOH at 60°C for 2 h and SBF for 2 days at 37°C: (a) SBF as an electrolyte resulted in nanoplates morphology and (b)
(SBF-10 g/l HA) resulted in nanospheres structure.
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stretching ν(OH) that is observed at 3550, 3489 and 3412 cm−1. The bands at 1147, 1070, 986 and
877 cm−1 are assigned to the P-O stretching vibration in the HPO2−

4 groups, respectively. The

CO2−
3 group is located at 1386 cm−1 [26].

4. Mechanical integrity

Mechanical tuning is one of the most effective factors for biodegradable Mg implant in load-
bearing application and stent application [48]. Basically, implant materials act as a mechan-
ical support during the healing process thereafter degrade and loss their mechanical prop-
erties. Because of that the chemical and mechanical stabilities of implant materials during
the healing period are critically important. While implants are exposed to human body
fluid, it often experiences considerable loadings and, thus, may undergo environmentally
assisted cracking (stress corrosion cracking (SCC) and corrosion fatigue). Figure 5 shows the
mechanical behavior of Mg implant in vivo for 12 weeks of implantation and the resulted
tensile strength. The coated samples with HA indicated a higher mechanical stability than
uncoated samples. The degradation volumes of the bare and HA-coated Mg specimens after
6 and 12 weeks of implantation find that the coated samples have lower degradation with
addition protection (Figure 5b). The concept of the mechanically tuned with degradation
rate during tissue regeneration is illustrated in Figure 5c. In period of 1–7 days, inflamma-
tion process, hematoma formation with atypical inflammatory response, occurs. Next stage
repairs, hematoma, granulation tissue, connective tissue, cartilage, mineralization, woven
bone, continuous for 3–6 months depend on the fracture position and type. In the final
stage, remodeling, woven bone is replaced by cortical bone and the medullary cavity is
restored, which persists for several years.

Figure 4. XRD patterns and FTIR spectra of the surface treatment samples, two anodized samples in (i) SBF solution and
(ii) SBF/HA solution followed by the hydrothermal process according to reference [46].
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5. Biodegradation evaluation

5.1. Electrochemical evaluation

Electrochemical polarization is an efficient technique used to evaluate metal corrosion poten-
tial in a short duration. Metals are commonly performed using electrochemical corrosion tests
in SBF solution (pH = 7.4) at 37°C to mimic that of human blood plasma. The experimental
setup consisted of three conventional electrodes within a cell, which named as working elec-
trode, a saturated calomel electrode (SCE), or Ag/AgCl as a reference electrode, third is counter

Figure 5. (a) In vivo evaluation of the mechanical and degradation properties of Mg coated with calcium orthophosphate
coatings. (a) Optical images of the HA coated and bare samples at different implantation times at top and tensile strength
of the HA-coated Mg samples comparing to the bare one after interval time. Reprinted from reference [49]. (b) Degrada-
tion volumes of the bare and HA-coated Mg specimens after 6 and 12 weeks of implantation [50]. (c) The schematic
diagram of degradation behavior and the change of mechanical integrity of BM implants during the bone healing process
[51].
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electrode such as a platinum wire. The experiment is conducted and monitored the current
density as a function of the free open-circuit potential using the potentiostat of an electrochem-
ical device. Initially, the samples are exposed to the solution for 10–20 min, a scan rate (mV/s)
of the potentiodynamic polarization test is main parameter when test was performed. Corro-
sion current density (icorr) could be estimated from the linear fit and Tafel extrapolation to the
cathodic and anodic parts of the polarization curves. Thereafter, the corrosion rate can be
calculated based on Faraday's laws.

CR ¼ 3:2710−3
Ewicorr

ρ
(5)

where Ew is the equivalent weight of the corroding species in grams and ρ is the density of the
corroding material in g/cm3.

Faraday’s laws assume a uniform corrosion in terms of the penetration, here the corrosion
current (icorr) is an effective factor in the corrosion rate and therefore the resulted value does
not typically indicate an absolute corrosion rate for Mg. However, it represents indication of
the corrosion distortion, which occurs at a selected point in time, in terms of current density. It
is seldom in Mg and its alloys to degrade uniformly. The corrosion rate expressed with a
current density value is highly accurate and can be considered to have the highest resolution
of all methods. Current could be originating from a different local site on the surface and the
method is considered as short-term and destructive one. In addition to the potentiodynamic
polarization technique, it is essential to understand the mechanism of the corrosion rate; it may
not suitable as a good indication for long-term corrosion rates. Electrochemical impedance
spectroscopy (EIS) is a powerful tool that is used to evaluate a different application such as
biosensors and conductivity as well as corrosion resistance of different metals using the
frequency response of AC polarization [52]. EIS conducted with a range of low magnitude
polarizing voltages that cycle from a peak anodic to peak cathodic voltage spanning a spectra
of voltage frequencies. However, the technique has different components to understand the
corrosion resistance of a metal surface. The components such as capacitance and resistance are
obtained for each frequency and can then be used to explain a number of phenomena and
properties of the metal surface. A determination of the corrosion rate is possible when the EIS
determined polarization resistance (Rpolar) parameter at the zero frequency limit is used. The
Rpolar is inversely proportional to the current density (jcorr) as described by the Stern-Geary
relationship [44].

jcorr ¼
βaβc

2:303Rpolarðβaþ βcÞ (6)

where βa and βc are the anodic and cathodic Tafel slopes, respectively.

A corrosion rate can be determined by transferring the current using EIS, the primary function
of performing EIS on Mg and its alloys in an electrolytic solution is the identification and
quantification of the formation behavior of corrosion layers which produced by the corrosion
process. However, EIS results have some limitations as it can be affected by the Mg dissolution
at low frequencies and therefore the chosen equivalent circuit. As a result, to employ EIS
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properly, a deep understanding of the corrosion processes takes place through the process
and the best model. Figure 6a shows the potentiodynamic polarization curve of bare samples
and anodized ones in SBF and SBF/ZrO2 NPs as an electrolyte with the resulted potential and
current density. Moreover, EIS results in terms of Nyquist plot and bode diagrams are shown
in Figure 6b and c. Both techniques find corrosion resistance in anodized samples comparing
to the bare samples.

5.2. In vitro immersion test

In this technique, an in vitro degradation rate in terms of mass loss is evaluated, before sample
sterilization the initial weight of the samples was recorded. Then samples were immersed in a
ratio of 30:1 volume to a weight ratio of SBF solution or Dulbecco's modified eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) for 168 h (1 week) under cell
culture conditions (37°C, 20% O2, 5% CO2 and 95% humidity). The immersion medium
recommended to be changed every 2–3 days to mimic the semistatic immersion test and to

Figure 6. Corrosion evaluation of AZ31 Mg and anodizing samples in the SBF and SBF/ZrO2 NP electrolyte. Test was
performed in SBF solution at 37°C under a three-electrode system where Mg samples act as an electrode, platinum as a
counter electrode and Ag/AgCl as a reference electrode. (a) Potentidynamic polarization curves, (b) Nyquist plot and (c)
Bode plot diagrams.
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avoid saturation effects according to the standard ASTM-G31-72. After immersion time, the
formed corrosion products were removed by treating the corroded disc with chromic acid (200
g/L Cr2O3 + 10 g/L AgNO3) at least for 20 min at room temperature [52].

Finally, the degradation rate (DR) was calculated in mm/year using the equation [53]:

DR ¼ 8:76104
Δg
A:t:ρ

(7)

where Δg is the change in weight by grams, A is the exposed surface area of the sample in cm2,
t is the immersion time in hours and ρ is the density in g/cm3.

While exposure of the Mg substrate to aqueous solution generates H2 and OH− ions along the
process of its degradation reaction with the medium, because of that the fluid pH value tends
to be increase around the Mg surface. However, the instability of Mg occurs at pH values less
than 11, a soluble compound formation with most inorganic ions would inhibits the formation
of passive films of magnesium hydroxide in the biological environment. Moreover, the
released Mg ions are another factor to indicate the dissolution of Mg in the aqueous solution
process according to Eq. (8).

Mgþ 2H2O ! Mgþ2 þ 2OHþH2↑ (8)

There are various corrosion types during the Mg degradation process, including uniform
corrosion [54, 55], localized corrosion [54, 55], flow-induced corrosion [55], erosion corrosion
[56], galvanic corrosion [57], stress corrosion [58], atmospheric corrosion, hydrogen cracking
[59] and intergranular corrosion [60]. It is worth noting that localized corrosion is always a
source of stent fracture. In order to evaluate the biodegradability of Mg implant, a comparison
between the anodized and the bare samples under in vitro conditions using SBF solution at 37°
C up to 30 days usually is carried out. The corrosion rate based on mass loss and Mg2+ ions
release rate and pH value is shown in Figure 7a–c. Both two factors can indicate the biode-
gradability behavior of Mg and its alloys. The tendency of bare samples to corrosion is
significantly different from that of the anodized samples which has more corrosion resistance.
The formation of Mg(OH)2 as a corrosion product in bare samples generated once exposed to
aqueous solution. Similarly, more Mg ions release from bare samples resulted due to the high
degradation and high sensitive surface of Mg. When Mg exposed to a corrosive medium
similar to the human plasma corrosion product such as Mg(OH)2 and hydrogen release effect
on the pH value of the surrounded solution. In short immersion time, Mg interface exhibits
different features especially when treated with the CaP apatite film [61]. For example, when
the surface rich with labile ions of CaP it was found to form HA nanoplates, as shown in
Figure 7e; however, a pours structure formed in the case of apatite film enriched with ZrO2

NPs, as shown in Figure 7f. In contrast, the bare sample exhibits cracks and corrosion occur-
rence. These results can be attributed to the formation of a porous layer of nanoparticles/
plates/rods of the CaP compounds with corrosion products such as magnesium hydroxide
and calcium magnesium phosphate.
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Magnesium sample employed to the anodization technique is more stable in aqueous solutions
and corrosive media due to the formation of a thin ceramic layer on the Mg interface. There-
fore, Mg biodegradability can be controlled and delayed. An illustrative diagram in Figure 8b
illustrates a corrosion mechanism before and after anodization treatment in 0.9 NaCl solution.
First, the corrosive solution reacts with the substrate interface and starts to corrode and induce
cracks and pitting corrosion. Upon increasing the exposure time, anodized film penetrated and
the solution reached substrate surface. Thereafter, both the Mg(OH)2 andMgO by means of Cl−

ions penetration are converted and degraded according to the chemical equation:

MgOþH2O ! Mgþ2 þ 2OH− (9)

Instantaneously, the corrosive solution contact substrate surface Mg+2 ions released and hydro-
gen gas evaluation occurs. As a result, Mg (OH)2 will deposit and react with Cl− ions to form
MgCl2 leading to corrosion occurrence according to the chemical equation:

MgðOHÞ2 þ Cl− ! MgCl2 (10)

The pitting corrosion on the metal surface is due to chloride ions; therefore, the main
concept of anodization film is to block Cl− ions and retard corrosion occurrence on the Mg
surface [6].

Figure 8. Schematic illustration of the degradation process: (a) bare AZ31 Mg alloy and (b) anodized samples.
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6. In vitro biocompatibility

Biomaterials must be designed to be biocompatible; however, the majority of biomaterials
community has failed to understand the biocompatibility paradigm [62].

Basically, biocompatibility is a characteristic and a complex characteristic at a system and not a
material. There are different effects of materials in biological systems as, tissue processing
involved in wound healing, the endothelium in contact with intravascular implant devices and
the stem cells in bioreactors, the target cells in gene therapy, emphasize that there is no material
with complete biocompatibility characteristics [63]. In biodegradable implant such as Mg, bare
substrates without any surface modifications show few round shapes of cells on its surface. These
attributed to many factors which mainly show corrosion behavior with combined hydrogen gas
and induce toxicity to surround tissues. Moreover, surface tribology has additional effect, for
example, a rough surface has more cell attachment comparing to smooth one in nanoscale, which
behaves as accommodation for cells [64]. In addition, biomimetic nanostructure on the implant
surface can enhance biocompatibility and cell proliferation. The Mg substrate that employed to
surface modifications using the anodization/hydrothermal process with nanoplate structure
shows flat and well-spread features among the nanoplates, as shown in Figure 9. Cell prolifera-
tion of the extraction of HA nanoplates on theMg alloy surface finds higher cell proliferation. This
can conclude that cells canmodify their morphology to match the surface topography as shown in
the inset images in Figure 9. These findings indicate that how surface modification can influence

Figure 9. Figure shows the cell viability of anodized/hydrothermal treated Mg samples using cck-8 (a). FESEM images
show cell attachment after 5 days (b); naked (c); (SBF-HA) (d); and (SBF-HA)/HT samples. Cell proliferation is presented
in means ± STD (n = 4) based on ANOVA one-way test (*indicates p < 0.05).
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surface bioactivity and cell adhesion to the implant interface. Implant surface adheres with the
cells and eliminates the mismatch between the surface of the biomaterials and the connected
tissue [65]. Extraction of anodized layers shows more cell viability and proliferation as shows in
Figure 10 using confocal microscopic images comparing to the bare substrates extraction.

7. Conclusions

Magnesium and its alloys are exhibit biodegradable in physiological media as well as its stiffness
close to bone. In addition characteristics of Mg such as lowweight, high specific strength and good
biocompatibility bring a revolution in medical field toward new generation of biomaterials. How-
ever, the high degradation is accompanied by the hydrogen gas effect on the healing of the
surrounded tissues. During its healing period, Mg implants lose their mechanical integrity before
the bone heals due to the high degradation process. To overcome these limitations, different
methods and techniques have been proposed to control the degradation rate of Mg to acceptable
levels. Anodization as one of the surface modification techniques finds to increase the surface
bioactivity and control degradation rate. In bone substituteMg acts as amechanical support during
the healing process; moreover, the presence of apatite film on the surface of implant materials can
enhance osseointegration of the defected bone. Furthermore, more research studies are devoted to
Mg to be used in the future as implant materials in clinical application.

Figure 10. Microscopic florescent images for the live/dead cells of the (a) negative control, (b) positive control, (c) bare
sample, (d) AZ31 Mg alloy anodized in SBF at 37°C.
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