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ABSTRACT: The purpose of this study has been to advance in knowledge of 

the chemical composition, structure and thickness of the thin native oxide film 

formed spontaneously in contact with the laboratory atmosphere on the surface 

of freshly polished commercial AZ31 and AZ61 alloys with a view to furthering 

the understanding of protection mechanisms. For comparative purposes, and to 

more fully describe the behaviour of the native oxide film, the external oxide 

films formed as a result of the manufacturing process (as-received condition) 

have been characterised. The technique applied in this research to study the 

thin oxide films (thickness of just a few nanometres) present on the surface of 

the alloys has basically been XPS (X-ray photoelectron spectroscopy) in 

combination with ion sputtering. Corrosion properties of the alloys were studied 
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in 0.6M NaCl by measuring charge transfer resistance values, which are 

deduced from EIS (electrochemical impedance spectroscopy) measurements 

after 1 hour of exposure. Alloy AZ61 generally showed better corrosion 

resistance than AZ31, and the freshly polished alloys showed better corrosion 

resistance than the alloys in as-received condition. This is attributed to a 

combination of (1) higher thickness of the native oxide film on the AZ61 alloy 

and (2) greater uniformity of the oxide film in the polished condition. The 

formation of an additional oxide layer composed by a mixture of spinel 

(MgAl2O4) and MgO seems to diminish the protective properties of the passive 

layer on the surface of the alloys in as-received condition. 

Keywords: Magnesium alloys, native oxide film; chemistry and structure; 

corrosion properties; XPS 

 

 
1. Introduction 

The chosen study materials are Mg-Al alloys, which have aroused great 

scientific and technological interest over the last two decades. From a practical 

point of view magnesium is the structural metal of lowest density, which makes 

it highly attractive for use in the automotive, aerospace, IT and electronics 

industries, as well as in the development of new biomaterials for orthopaedic 

and cardiovascular applications where weight plays a decisive role. However, 

as magnesium is one of the chemically most active metals, insufficient 

resistance to atmospheric and aqueous corrosion sometimes limits its 

applications. Thus it is desirable to have as complete as possible information on 



3 
 

the factors that influence the corrosion of these materials. This work seeks to 

contribute to such information. 

Many researchers have carried out studies to find relationships between the 

alloy microstructure (amount and distribution of β-phase precipitates) or the Al 

content in the bulk alloy and its corrosion resistance [1-12]. A much smaller 

number of researchers have studied the characteristics of the thin passivating 

layers on the surface of the metal, which are formed in contact with the 

atmosphere or in solutions of low aggressivity [13-26]. 

In immersion tests in saline solution, during the early stages of exposure (before 

the formation of visible black spots on the surface), the protective properties of 

the alloy seem to depend mainly on the chemistry and structure of thin native 

oxide films spontaneously formed in contact with the atmosphere. As Nordlien 

et al. [8, 9] and Lunder et al [10] suggested, the original air-formed film is a 

highly stable form of oxide and preserves its properties when the specimen is 

exposed to the aqueous environment. Santamaria et al. [17] report that, in 

aqueous solution, a Mg hydroxide layer can grow while an ultra-thin MgO layer 

is maintained at the metal interface. 

One of the main obstacles to obtaining information on the native oxide film is 

that of its small thickness (just a few nm), which is often too small to produce a 

sufficient signal for conventional materials characterisation techniques 

(SEM/EDX, XRD or TEM) [27]. In the present study highly promising results 

have been obtained with the surface analysis technique (XPS), which allows the 

analysed thickness to be reduced to only 3 nm and supplies information on the 

oxidation state of the detected element. Another drawback is that, as a result of 
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the high affinity of magnesium to O2, H2O, CO and CO2, magnesium alloys 

react with the ambient atmosphere contaminating the surface. The outer layer 

of the native oxide film is spontaneously covered by a layer of hydroxyl and 

carbonate groups and destructive depth profile techniques such as ion 

sputtering have to be used. This technique may cause some artefacts as 

enrichment of elements in multi-component materials (preferential sputtering) 

[28], bond breaking and decomposition of oxides, phase formation, segregation, 

roughness formation [29]. Despite the possible bombardment-induced damage, 

in this study it will be shown that useful chemical and structural information has 

been obtained on the outer oxide films formed in the manufacturing process or 

on freshly polished surfaces and the innermost regions of the oxide film by 

depth profiling with XPS in combination with ion sputtering. 

Oxide film formation and properties such as its protectiveness may be sensitive 

to the conditions under which it grows. Laboratory tests normally refer to the 

behaviour of surfaces that have been mechanically polished prior to testing, in 

order for metallographic observation and the removal of impurities and 

oxidation/corrosion product layers formed during the manufacturing process and 

subsequent storage of the alloy. However, it is of practical interest to obtain 

information on the chemical composition of the surface of the alloys in as-

received condition (untreated surface). In many applications magnesium alloys 

are used without further treatments [30], while on the other hand surface 

modification treatments such as conversion coating treatment are generally 

applied directly on the as-received surface, which may influence the formation 

and properties of these coatings [31]. From a scientific point of view, the 

literature contains controversial views relating to the effect of skin 
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characteristics on the corrosion performance of magnesium alloys [32]. Song et 

al. [3] reported that the skin of die cast AZ91D showed better corrosion 

resistance than the interior. The opposite conclusion was obtained by Yu and 

Uan [33] and Zhang et al [30]. Recently, Song and Xu [34] have observed an 

improvement in the corrosion performance of AZ31B Mg alloy sheet by surface 

polishing. In general, these studies correlate corrosion properties with the 

microstructure of the skin layer and the impurity concentration. 

The effect of aluminium as an alloying element on improving the corrosion 

resistance of magnesium has been studied by numerous researchers in a wide 

range of experimental conditions, such as exposure to dry oxygen [13, 35], to 

the ambient atmosphere [14, 15, 36], to an atmosphere with a high degree of 

humidity [37-41], in immersion in distilled water [42], in saline solutions or 

atmospheres [1-5, 11, 12, 43-48], etc. In Mg-Al alloys, the greater affinity of 

aluminium for oxygen tends to produce surface films enriched in passivating 

aluminium oxide or mixtures of Mg and Al oxides, thus affording their outer 

surface special stability [2, 8, 9]. Nordlien et al. [2] and Anik et al. [49] observed 

that these changes are particularly significant when the aluminium content of 

the alloy is increased above 4%, while further increases of aluminium above this 

threshold result in minor improvements. This threshold is characterised by a 

significant improvement in corrosion resistance. 
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2. Experimental 

2.1. Materials. The chemical compositions of the tested magnesium alloys, 

AZ31 and AZ61, are listed in Table 1. They were fabricated in wrought condition 

and supplied in plates of 3 mm thickness by Magnesium Elecktron Ltd.  

Essential points of the metallurgical preparation of the sheet magnesium alloys, 

that may influence surface properties in the as-received condition, include heat 

treatment and hot rolling operations. Unfortunately, it has not been possible to 

obtain supplier’s information on the various stages of manufacturing of the 

purchased AZ31 and AZ61 sheets used in the research. In the work we have 

tried to characterize the as-received conditions by analysis of XPS results, 

which are compared with those for the corresponding polished surfaces. 

2.2. Surface conditions. The research compares the behaviour of specimens of 

the above alloys in the following surface conditions: 

- Specimens in as-received condition, which means that the surface of the 

samples was untreated, only cleaned with distilled water and dried with 

hot air. As these were commercial specimens, we do not know the exact 

time of exposure to the atmosphere between manufacturing and 

characterisation. 

- Freshly polished specimens. They were dry ground through successive 

grades of silicon carbide abrasive papers from P600 to P2000 followed 

by finishing with 3 and 1 µm diamond paste, cleaned in water and dried 

with hot air. Due to the high affinity of magnesium to the ambient 

atmosphere, it was attempted to keep the exposure time to the 
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atmosphere before characterisation of the specimens to a minimum, 

around 1 hour. 

2.3. Metallographic characterisation. 

Two etching reagents were used: (a) nital 2%, 2 ml HNO3 + 98 ml H2O, to 

reveal the constituents and general microstructure of alloy AZ61, and (b) 4.6 g 

picric acid + 10 ml acetic acid + 70 ml ethanol + 10 ml H2O to reveal the grain 

boundaries of alloy AZ31. 

The tested specimens were examined by scanning electron microscopy (SEM) 

using a JEOL JXA 840A unit operating with Rontec EDR288 software for EDX 

spectra acquisition and image digitalisation. 

 

2.4. XPS analysis.  

XPS analysis was performed with a Perkin-Elmer PHI 5400 spectrometer 

equipped with a Mg Kα excitation source (hν = 1253.6 eV) and a beam size of 1 

mm diameter. The spectrometer was calibrated using copper, gold and silver 

standards. Typical operation conditions were: X-ray gun, 15 kV, 20 mA; 

pressure in the sample chamber ~ 10-9 Torr; pass energy, 89.50 eV for general 

spectra (0-1100 eV) and 35.75 eV for high resolution spectra. In order to take 

into account the charging effects on the measured binding energies, these 

energies have been determined by referencing to the adventitious C 1s peak at 

284.8 eV. The intensities were estimated by calculating the area under each 

peak after smoothing and removing the background using the modified method 

of Shirley and adjusting the experimental curve to a Gaussian-Lorentzian ratio 
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variable curve using an iterative algorithm. The measurements were performed 

at take-off angles of 45° with respect to the sample surface. The analysis area 

was 1 mm x 1 mm, therefore, Gray Munro et al. [21] indicate that with this 

analysis area XPS results give an average surface chemistry over all phases of 

the material. 

Composition-depth profiling was performed by sequential XPS surface analysis 

and ion sputter etching using a 4.0 keV argon ion flux. Calibration of the ion 

sputter etching rate (5 nm.min-1) was achieved by depth profiling a SiO2 thin 

film of known thickness. The actual sputtering rate was determined from the 

change in oxide film thickness. Pressure in the sample chamber during this 

process was ~10-7 Torr. (bombardment). C1s, O1s, Mg2p, Al2s and Ca2p high 

resolution XPS spectra were obtained on the surface of the samples in as-

received condition after 0.5, 1.25, 2, 3, 4.25, 5, 6.5, 10, 15, 17, 20, 25, 30 and 

40 minutes of ion sputtering. 

2.5. EIS measurements. Electrochemical impedance measurements were 

conducted in 0.6 M NaCl after 1 hour of exposure at room temperature (25ºC). 

An AUTOLAB potentiostat, model PGSTAT30, with frequency response 

analyser (FRA) software was used. The frequency ranged from 100 kHz to 1 

mHz with 5 points/decade, whereas the amplitude of the sinusoidal potential 

signal was 10 mV with respect to the open circuit potential. A typical three-

electrode set-up was employed: Ag/AgCl and graphite were used as reference 

and counter electrodes, respectively, and the material under study was the 

working electrode. 

2.6. Low Angle X-Ray diffraction measurements  
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X-ray diffraction (XRD) measurements were carried out with a Bruker AXS D8 

diffractometer in grazing incidence condition.  In the setup used, a X-ray Co 

tube is equipped with a Goebel mirror optics to obtain a parallel and 

monochromatic X-ray beam.  A current of 30 mA and a voltage of 40 KV were 

employed as tube setting.  XRD data were collected with a beam incidence 

angle of 1º and 2 scan between 20 and 110º with a step size of 0.03ºand a 

counting time of 4 s/step 

 

3. Results and discussion 

3.1. Microstructure of the tested materials 

As can be seen in Figure 1, the microstructure of alloy AZ31 is formed almost 

entirely of the α-matrix (Fig. 1b), whereas in the microstructure of alloy AZ61 a 

considerable part of the aluminium has precipitated in the form of β-phase at the 

grain boundaries (Fig. 1a). 

3.2. Mg 2p XPS spectra 

The evolution with sputtering time of the Mg2p high resolution XPS spectrum 

obtained on the native oxide film formed spontaneously on the surface of alloys 

AZ31 and AZ61 in polished condition is shown in Figures 2a-2h. The spectra 

obtained for other sputtering times are fairly similar and are not shown. 

Throughout the work, in order to avoid repeating similar spectra, only those 

necessary to support the corresponding facts are displayed. The spectra 

obtained on the non-sputtered surface (Figs 2a-2b) are fairly similar, containing 

one single component at a binding energy of 50.8 eV associated with the 
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presence of magnesium in the form of magnesium hydroxide/carbonate [22]. 

Figures 2c-2d show the spectra obtained after 3 minutes of sputtering. This was 

the shortest sputtering time necessary for the appearance of a small shoulder, 

at a binding energy of 49.7 eV, associated with the presence of magnesium in 

metallic state in alloy AZ31 (Fig 2c). In contrast, no such shoulder is seen on 

alloy AZ61 (Fig. 2d). After 5 minutes of sputtering, the intensity of the metallic 

magnesium component is similar to that of Mg2+ in the case of alloy AZ31 (Fig. 

2e) or lower in the case of alloy AZ61 (Fig. 2f). During these first 5 minutes of 

sputtering, the absence of significant changes in the binding energy of the 

Mg2+ signal tends to support the claim that sputtering does not alter the 

oxidation states of surface species. After ten minutes of sputtering (Figs. 2g-2h) 

a shift of approximately 0.6 eV towards lower binding energies of the second 

component which may be associated with an artefact of sputtering due to bond 

breaking and decomposition of magnesium oxides. 

The metallic Mg at 49.7 eV could originate from either bulk metallic magnesium 

or islands of metallic magnesium beneath the oxide films, depending on the 

uniformity of this outer film [22]. XPS in combination with ion sputtering data 

may resolve this ambiguity. If the Mg2p emission at 49.7 eV was from metallic 

islands within the oxide film, the ratio of its intensity to that of the oxide peak 

would not vary significantly with ion sputtering, otherwise the intensity should 

increase as the sputtering time increases. The Mg2p spectra in Fig. 2 

demonstrates that the ratio of the area of metallic Mg2p at 49.7 eV to that of the 

oxide Mg2p peak at 50.8 eV increases with sputtering time. This suggests that 

the emission at 49.7 eV is mainly from metallic magnesium beneath the 

magnesium oxide thin film, rather than from the surface islands of metallic 
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magnesium, which is consistent with the layer by layer film growth mechanism 

discussed by Yao et al. [22]. Also, the rapid and continuous increase in the 

magnesium content and the reduction in the oxygen content after sputtering 

(Figs. 3a and 3b) tend to suggest that the MgO layer formed spontaneously in 

contact with the laboratory atmosphere on the surface of the AZ31 and AZ61 

alloys as a result of the polishing process is a fairly homogeneous film [19]. 

 

3.3. Al2s  XPS spectra 

Due to strong overlap between the second bulk plasmon of the metallic Mg2p 

peak and the Al2p peak observed in our measurements, we have measured the 

Al2s peak instead of the Al2p peak [50]. The evolution with sputtering time of 

the Al2s high resolution XPS spectrum obtained on the oxide film formed 

spontaneously on the surface of alloys AZ31 and AZ61 in freshly polished 

condition is compared in Figures 4a-4h. The spectra obtained on the non-

sputtered surface (Figs. 4a-4b) contain one single component at a binding 

energy between 119.3-119.7 eV associated with the presence of aluminium in 

the form of Al3+. In contrast to alloy AZ31 (Fig. 4c), attention is drawn to the 

presence of a significant metallic Al signal, which appears at approximately 

117.3 eV, in the spectrum obtained on alloy AZ61 after 3 minutes of sputtering 

(Fig. 4d), whose intensity tends to rise with sputtering time (Figs. 4f and 4h). On 

alloy AZ31, no appreciable changes have been observed in the shape or 

position of the spectra after longer sputtering times (Figs. 4e and 4g). The 

evolution of the oxidation state of aluminium, observed by XPS, in the Mg-Al 

alloys with depth profiling has been assessed in very few studies. We have not 
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found data about alloy AZ61, only metallic Al peaks have been detected on 

AZ91 alloys  by  Liu et al. [51] and Wang et al. [52], and significant quantities of 

Al2O3 have been detected on AZ31 alloys after prolonged sputtering by  Wang 

et al [53-56] and, Wang [57]. 

Of relevance to understanding the corrosion behaviour of aluminium alloying 

elements is their chemical state, and particularly whether they are in a metallic 

state in solid solution or forming aluminium oxide particles in the outer region of 

the material. Alloy AZ61, which contains 6%Al (Table 1), could have accessed 

this aluminium in metallic or free form (Fig. 4h) for surface enrichment during 

the subsequent corrosion process. In alloy AZ31, which contains 3%Al (Table 

1), the absence of a significant metallic aluminium signal (Fig. 4g) suggests the 

absence of a significant amount of this element within the detection limits of the 

XPS spectrometer, perhaps because a large part of the Al is not in solid solution 

but present as aluminium oxide particulates. This difference seems to 

correspond with the significant increase in the Al content detected on the 

surface layers formed during the corrosion process when the alloy's aluminium 

content is increased above 4% [8] and Anik et al. [49]. 

3.4. C1s  XPS spectra 

Figure 5 shows a comparison of the high-resolution C1s XPS spectra for alloys 

AZ31 and AZ61. The spectra can be fitted using two components at different 

binding energies: at 285.0 eV, which may be associated with the presence of C

C/C H groups; and a less intense component about 4.5–5.0 eV higher 

which is associated with the presence of magnesium carbonate [22]. The first 

component, C C/C H groups, appears on the outer surface (<3 nm in 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THY-4TVHSF3-5&_user=4224930&_coverDate=01%2F15%2F2009&_alid=1353796037&_rdoc=2&_fmt=high&_orig=search&_cdi=5295&_docanchor=&view=c&_ct=22&_acct=C000048559&_version=1&_urlVersion=0&_userid=4224930&md5=912d0710287bf0ce94f717326f57cf50#bib30
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thickness) of almost any metal in contact with the atmosphere at room 

temperature, irrespective of its composition. Magnesium carbonate formation 

can be explained by the diffusion of CO2 from the environment and its reaction 

with the oxide film on the freshly polished surface [41]. Table 2 shows the area 

of the magnesium carbonate component calculated from the fitting of C1s 

spectra (Fig. 5). Due to the small differences in the atomic percentage of 

carbonate obtained from the C1s spectra on the surface of the AZ31 and AZ61 

alloys, we have chosen to compare the area of this component. It is important to 

note that the amount of magnesium carbonate was higher on the sputtered 

AZ61 alloy than on the AZ31 alloy. In a previous study [26] some 

correspondence was observed between the presence of β-phase (Mg17Al12) 

and the amount of magnesium carbonate formed on the surface after 

atmospheric exposure. The results of this work tend to support this behaviour. 

From the point of view of magnesium alloy protection mechanisms, the 

formation of a carbonate product layer, thicker than that observed in this work, 

provides better passivation of the surfaces and retards chloride-induced 

corrosion in the passivation zone [20]. 

 

3.5. Chemistry and structure of outer oxide surface layer formed on AZ31 and 

AZ61 alloys in as-received condition 

From the point of view of the chemical composition of the oxide layer, attention 

is drawn to the presence of significant amounts of Ca on the non-sputtered 

surface of alloys AZ31 and AZ61 in as-received condition and their absence in 

polished condition (Table 3). It is also important to note the absence of 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THY-4TVHSF3-5&_user=4224930&_coverDate=01%2F15%2F2009&_alid=1353796037&_rdoc=2&_fmt=high&_orig=search&_cdi=5295&_docanchor=&view=c&_ct=22&_acct=C000048559&_version=1&_urlVersion=0&_userid=4224930&md5=912d0710287bf0ce94f717326f57cf50#bbib12
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THY-4TVHSF3-5&_user=4224930&_coverDate=01%2F15%2F2009&_alid=1353810647&_rdoc=2&_fmt=high&_orig=search&_cdi=5295&_sort=r&_docanchor=&view=c&_ct=22&_acct=C000048559&_version=1&_urlVersion=0&_userid=4224930&md5=53a36eeb9e78a1ce8ab14d6f7dd79691#tbl2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THY-4TVHSF3-5&_user=4224930&_coverDate=01%2F15%2F2009&_alid=1353810647&_rdoc=2&_fmt=high&_orig=search&_cdi=5295&_sort=r&_docanchor=&view=c&_ct=22&_acct=C000048559&_version=1&_urlVersion=0&_userid=4224930&md5=53a36eeb9e78a1ce8ab14d6f7dd79691#fig2
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significant amounts, within the detection limits of our XPS spectrometer, of other 

alloying elements such as Zn, Mn, Si and Fe on the surface of the studied 

alloys. 

It is interesting to note that the Ca content observed in the XPS analysis of the 

outer surface of the as-received alloys tends to decline quickly with sputtering 

time (Table 3), probably because the presence of a significant calcium content 

in oxide form is limited to the outermost surface of the magnesium specimens 

[24,25]. This result is similar to that obtained by R. Souda et al. [58] who, 

working with MgO crystals including 210 ppm bulk Ca impurities, found that Ca 

ions were detected only in the outermost layer and that Ca enrichment did not 

take place in the deepest layers. 

The Al/(Mg+Al) ratio determined by XPS after 10 minutes of sputtering is about 

4 and 9 at% for the polished surfaces of alloys AZ31 and AZ61, respectively 

(Table 3). It should be noted that in as-received condition, and for the same 

sputtering time, this ratio is 29 at% for alloy AZ61, notably higher than in the 

polished condition. 

The O/(Mg+Al) atomic ratios obtained by XPS on the surface of alloys AZ31 

and AZ61 for increasing sputtering times (Table 3) provide an approximation to 

the Mg-Al-O stoichometry of the surface oxide [59]. O/(Al+Mg) ratios of 1.2-1.5 

are observed on the AZ61 and AZ31 alloys in as-received condition during the 

first 15 minutes of sputtering. These values are close to the theoretic value of 

1.33 for spinel (MgAl2O4), although if this compound were to form its proportion 

in the oxide film would be relatively small considering the Al/(Mg+Al)*100 ratios 

in Table 3, far from the theoretic value of 66 for spinel. Czerwinski [27] 
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commented that during gradual oxidation of an AZ91 alloy, Al reacts to form 

MgAl2O4 spinel. By using XPS analyses in combination with ion sputtering, 

Shih et al. [60] have observed the presence of an admixture of Mg-Al oxides or 

spinel (MgAl2O4) in MgO when characterising the surface of the solution-

treated AZ80 magnesium alloy.  

 

Figures 3c and 3d show how the oxygen and magnesium contents observed on 

the alloys in as-received condition remain approximately stable during the first 

15 minutes of sputtering before subsequently decreasing and increasing, 

respectively, after longer times. According to Nakano et al. [61], in films with a 

thin homogeneous layer the intensity of chemical compounds present in the 

outer layer should decrease linearly with sputtering time. However, the decay 

for the 3-D islands structure shows a progressively steeper slope with time. In 

contrast to the presence of a fairly homogenous MgO layer noted above for the 

alloys in polished condition, this data tends to suggest that the outer layer that 

grows on the alloys in as-received condition has a heterogeneous islands 

structure. In the hypothesis that all the Al included in the data in Table 3 were to 

be dedicated to the formation of spinel islands thick enough to avoid the 

magnesium signal coming through, around 25-30% of the alloy AZ61 surface 

would be covered by spinel, a percentage that would be approximately halved 

in the case of alloy AZ31. 

SEM examinations of the AZ61 alloy in as-received condition (Fig. 6b) revealed 

a rough surface covered with non-uniform features, very different to that of the 

polished surface (Fig. 6a). In EDX analyses obtained on the surface of the 

alloys in as-received condition, attention is drawn to the increase in the Al 
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content and the decrease in the Mg content in spectra 1 and 4, compared to 

spectra 2 and 3 (Table 4, Fig. 6b). Furthermore, the Al percentage detected in 

spectra 1 and 4 is higher than its bulk content (6%). These figures tend to 

confirm, on the one hand, a non-uniform distribution of aluminium and 

magnesium, and on the other hand a surface enrichment of Al on the AZ61 

alloy in as-received condition, as previously observed by XPS. 

 

3.6. Oxide film thickness 

The thickness of the native oxide film on the surface of the magnesium 

specimens was calculated using the expression given by Strohmeier [62]: 

do (nm) = λoxide sin θ ln [Ioxide x λmetal x Nm)/( Imetal x λoxide x No) + 1] (1) 

where do is the thickness of the magnesium oxide layer (in nm); θ is the 

photoelectron output angle; Imetal and Ioxide are the intensities of the magnesium 

components in the metallic state and as oxide from the Mg2p peak; λmetal and 

λoxide are the mean free paths of photoelectrons in the substrate and the oxide 

layer; and Nm and No are the volume densities of magnesium atoms in metal 

and oxide. The values of λmetal and λoxide are 3.0 [63] and 2.6 nm [64], 

respectively, [65], and an Nm/No ratio of 1.24 was used [18]. Figure 7 shows the 

oxide film thickness as calculated from Eq. 1 for the Mg2p peak after 3 min 

(Figs. 2c and 2d), 4.25 min (not shown), 5 min (Figs. 2e and 2f) and 6 min of 

sputtering (not shown) in the polished condition; and after 17 min (not shown), 

20 min (Figs. 2s and 2t), 25 min (not shown), and 30 min of sputtering (Figs. 2n 

and 2v) in as-received condition. Following the approach proposed by 

McCafferty et al. [66], the oxide film thickness before sputtering was determined 
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by extrapolation of the linear portion of Figure 7 (thicknesses after ion 

sputtering) back to zero sputter time. 

It is interesting to note that the thickness of the oxide film on the AZ61 alloy is 

higher than that observed on the AZ31 specimens (Figure 7). Thickness 

differences (of nm order) in the native oxide layer formed spontaneously on 

metallic materials have been related with the presence of imperfections or 

heterogeneities where the film is more pervious to the movement of the reaction 

products [15, 27, 67]. In the commercial magnesium alloys tested in this work 

there also seems to be a direct relationship between the native oxide film 

thickness and the degree of microstructural complexity of the surface upon 

which it forms. Figure 1 shows a very significant presence of β intermetallic 

phase on the boundary of AZ61 (Fig. 1a) compared to its absence on AZ31 

(Fig. 1b). 

Figures 7c-7d show the oxide film thickness as calculated from Eq. 1 for the 

Mg2p peak after 17 min (not shown), 20 min (Figs. 2s and 2t), 25 min (not 

shown) and 30 min of sputtering (Figs. 2u and 2v), for alloys AZ31 and AZ61 in 

as-received condition. With an oxide with non-uniform growth (island model), 

the oxide thickness and sputtering rate obtained can be used only as an 

estimate [62]. It is interesting to note the reduction in the sputtering rate of the 

alloys in as-received condition (1 Å/min) compared to the alloys in polished 

condition (3-5 Å/min). It is important to remember that the sputtering rate is 

different for different materials [19]. Nenadovic et al. [68] observed that the 

sputtering yield of Al2O3 is close to four times lower than the sputtering yield of 

MgO at 4 KeV (sputtering energy used in our work). From the results of the 

present work it would be possible to speculate that the important segregation of 
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Al to the surface to precipitate in the form of MgAl2O4 spinel-type oxide must 

have led to the reduction in sputtering rate values of the alloys in as-received 

condition. 

Figure 8 presents the low angle X-ray diffraction pattern for the AZ31 (a) and 

AZ61 alloys (b) in “as-received condition”. The diffractogram for the AZ31 and 

AZ61 alloys in polished condition were fairly similar to that acquired on the 

AZ31 alloys in “as-received condition” and are not shown.  In contrast with the 

other samples (Fig. 8a), the diffractrogram of the AZ61 alloy in as “received 

condition” seems to show a small intensity peak of periclasa (MgO) (Fig. 8b) 

due to the formation of a thicker oxide layer during the manufacturing process.  

 

3.7. Relations between the chemistry and structure of thin outer oxide films and 

the corrosion properties of commercial AZ31 and AZ61 alloys 

It seems likely that some differences revealed in the composition and 

characteristics of oxide films formed on alloys AZ31 and AZ61 may have an 

impact on the corrosion behaviour of the specimens. In this respect, attention is 

drawn to: (a) the uniformity of the oxide film; (b) its degree of heterogeneity; (c) 

its greater thickness; and (d) a higher percentage of surface covered by spinel. 

Table 5 (column 3) shows the occurrence of these features as a function of 

surface conditions and alloy type (column 1). 

Numerous studies in the literature support the use of impedance spectra to 

obtain information on the corrosion process. In the case of magnesium alloys, 

the diameter of the capacitive loop (RHF) in the high frequency region of the 

diagram (Fig. 9) is normally associated with the charge transfer resistance of 
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the corrosion process, for which reason it is inversely related with the corrosion 

rate. 

The lowest RHF value corresponds to the as-received surface of alloy AZ31, 

which, as a special feature, shows the presence of spinel islands in the 

outermost surface of the oxide film, the small fraction of spinel does not seem to 

exert any special effect for corrosion protection. In the same alloy, but for the 

freshly polished condition, the RHF value increases significantly (by a factor of 

~3.3), the absence of spinel and the uniformity of the oxide film is now the 

special features to notice. These data tend to suggest that the growth of an 

additional layer of spinel islands on the surface of the as-received alloy, which 

modify the structure of the native oxide film, making it more defective, may 

decrease its protective properties. Comparison between RHF values for alloys 

for alloys AZ31 and AZ61 both now in freshly polished condition shows a 

notably higher value for alloy AZ61 which presents a greater oxide film 

thickness. Finally, with the alloys in the as-received condition, the RHF value for 

AZ61 alloy is higher than that corresponding to AZ31. XPS analysis has 

revealed as a special feature a larger fraction of AZ61 alloy surface covered by 

islands of spinel. One may speculate, that the outer surface of the AZ61 alloy in 

"as-received condition" may be more restrictive for the diffusion of magnesium 

atoms from the alloy substrate during the posterior corrosion process.  

 

4. Conclusions 

Using XPS analysis, notable differences have been shown in the oxide films 

formed on the surface of AZ31 and AZ61 alloys in as-received and freshly 

polished conditions. Points to be noted are the degree of heterogeneity of the 
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films coating as-received surfaces compared to the uniformity of the films 

formed on freshly polished surfaces; the greater thickness of the oxide film on 

the polished AZ61 alloy surface; and, in the case of alloy AZ61, the presence of 

a higher proportion of spinel with the magnesium oxide that mainly forms the 

oxide film. 

The charge transfer values, RHF, obtained from EIS measurements on the 

specimens after 1 hour of immersion in 0.6 NaCl solution have allowed possible 

relationships between surface characteristics and corrosion resistance to be 

explored. In the joint analysis of XPS and EIS data, attention is drawn to the 

increase in the RHF value on freshly polished specimens compared to the as-

received surfaces. This effect is especially seen on the AZ61 alloy. 
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Figure captions. 

Figure 1. SEM micrographs: (a) AZ31 alloy, (b) AZ61 alloy. 

Figure 2. XPS Mg 2p spectra of the AZ31 and AZ61 alloy in polished and as-

received condition. 

Figure 3. Element percentages obtained by XPS on the outer surfaces of the 

AZ31 and AZ61 alloy in polished and as-received condition and after sputtering. 

Figure 4. XPS Al 2s spectra of the AZ31 and AZ61 alloy in polished and as-

received condition. 

Figure 5. XPS C1s spectra of the AZ31 and AZ61 alloy in polished condition. 

Figure 6. SEM micrographs: (a) AZ61 alloy in polished condition, (b) AZ61 alloy 

in as-received condition. 
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Figure 7. Oxide thickness obtained by XPS on AZ31 and AZ61 alloy in polished 

and as-received condition after sputtering. 

Figure 8. Low angle XRD pattern for the AZ3 and AZ61 alloys in “as-received 

condition”. 

Figure 9. Nyquist plots for the AZ31 and AZ61 alloy in polished and as-received 

condition. 

 

 

 

 

 

 

 

 

 

Table 1. Chemical composition of Mg-Al alloys (wt%) 

Material Al Zn Mn  Si Cu Fe Ni Ca Zr Others 

AZ31 3.1 0.73 0.25 0.02 <0.001 0.005 <0.001 0.0014 <0.001 <0.30 

AZ61 6.2 0.74 0.23 0.04 <0.001 0.004 <0.001 0.0013 <0.001 <0.30 
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Table 2. Areas of CO3
2- from fitting of C1s peak (in CPS eV) 

 Polished condition 

Sputtering time 

(minutes) 

AZ31 alloy AZ61 alloy 

0 173 177 

0.5 179  204  

1.25 116  164 

2 63  91 
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Table 3. Atomic percentage observed by XPS on outer surface of alloys AZ31 and AZ61 

in polished and as-received condition, and variation with sputtering time 

 Sputtering 

time (min) 

%C %O %Mg %Al %Ca O/(Mg+Al) Al/(Mg+Al) 

x100 

Polished condition 

AZ31 0 51 35 12 2 0 2.5 14 

5 0 41 54 5 0 0.7 8 

10 0 19 77 4 0 0.2 4 

 

AZ61 0 37 47 13 3 0 2.9 19 

5 0 46 46 8 0 0.9 15 

10 0 23 70 7 0 0,3 9 

As-received condition 

AZ31 0 51 30 16 2 1 1.7 11 

5 0 55 40 5 0 1.2 11 

10 0 54 40 6 0 1.2 13 

15 0 54 40 6 0 1.2 13 

20 0 51 43 6 0 1.0 12 

30 0 46 48 6 0 0.9 11 

40 0 40 53 7 0 0.7 12 

 

AZ61 0 65 23 9 2 1 2.0 18 

5 0 60 28 12 0 1.5 30 

10 0 59 29 12 0 1.4 29 

15 0 57 32 11 0 1.3 25 

20 0 52 38 10 0 1.0 21 

30 0 44 49 7 0 0.8 12 

40 0 27 68 5 0 0.4 7 
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Table 4. EDX analyses of polished and “as received” surfaces of AZ61 alloys 

Sample Spectrum % Mg % Al %Zn 

     

AZ61 in 

Polished 

Condition 

1 93.51 5.61 0.88 

2 93.29 5.81 0.90 

3 93.29 5.64 1.06 

4 93.74 5.52 0.75 

     

AZ61O in “as 

received 

condition” 

1 91.75 7.50 0.75 

2 93.30 5.79 0.91 

3 93.36 5.76 0.88 

4 92.08 6.89 1.04 
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Table 5. Comparison of RHF values with XPS features 

Specimens EIS measurements Special features (*) 

(Inferred from XPS results) RHF (Ω.cm2) 

As-received AZ31 300 B 

Freshly polished AZ31 1000 A 

As-received AZ61 1200 B, D 

Freshly polished AZ61 4000 A, B, C 

 

(*) A=  uniformity of oxide film  

B= presence of spinel islands 

C= greater thickness 

D= higher percentage of surface covered by spinel  
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Figure 1. 
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Figure 2 
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Figure 3 
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Figure 9. 
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