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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, 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 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 

changes in the alloy microstructure (amount and distribution of β-phase 

precipitates) with long term heat treatments (T4 (solution treatment) or T6 

(aging treatment)) [1-10] and changes in corrosion resistance. In the literature a 

great deal of attention has been paid to the role of the β-phase in the corrosion 

mechanism of magnesium/aluminium alloys. A generally accepted idea is that 

this phase acts as an effective cathode and/or barrier against corrosion, 

depending on its size and distribution [1].  

Oxide film formation and properties like protectiveness may be sensitive to the 

conditions in which the film grows. Laboratory tests normally refer to the 

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

order for metallographic observation and to remove the impurities and 

oxidation/corrosion product layers formed during the manufacturing and 

subsequent storage of the alloy. However, it is of particular technological 
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interest to obtain information on the chemical composition of the surface in as-

received condition (untreated surface), because these alloys are normally used 

with most of the surface intact and the cost of polishing treatment limits its 

industrial application [11].  The literature contains controversial views relating to 

the effect of skin characteristics on the corrosion performance of magnesium 

alloys [11]. Song et al. [12] reported that the skin of die cast AZ91D showed 

better corrosion resistance than the interior. The opposite conclusion was 

obtained by Yu and Uan [13] and Zhang et al [14]. Recently, Song and Xu [15] 

have observed an improvement in the corrosion performance of AZ31B Mg 

alloy sheet by surface polishing.  

 In a previous study [16], XPS analysis revealed notable differences in the 

chemical composition, structure and thickness of the external oxide films on the 

surface of AZ31 and AZ61 alloys in as-received and freshly polished conditions. 

In the joint analysis of XPS and EIS data, attention was drawn to the significant 

decrease in the corrosion resistance value of the alloys in as-received 

conditions In immersion test in saline solution, during the initial stages of 

testing, considerable higher corrosion rates were obtained in as-received 

specimens compared to the freshly polished surfaces. The formation of an 

additional thin (thickness of just a few nanometres) and non-uniform external 

oxide layer (in the form of islands)  composed by a mixture of spinel (MgAl2O4) 

and MgO as a result of the manufacturing process seemed to diminish the 

protective properties compared to the more perfect and uniform films formed on 

freshly polished surface. An economic and simple method to generate on a 

material a protective barrier against the effects of aggressive environments is to 

expose it to a thermal treatment in an oxygen rich atmosphere [17]. Following 
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up the idea that the initial external oxide film plays an important role in the 

resistance to magnesium corrosion initiation and its propagation [1,16,18], in the 

present research it is studied the possibility of improving its protective properties 

by short time low temperature heat treatments in air.  

From a scientific point of view, Jeurgens et al. [19] noted that the thermal 

oxidation of metallic alloys at low temperatures (e.g. at T < 600 K) and for short 

times has only scarcely been investigated. The detailed chemical composition 

and constitution of the oxide films formed on such alloy surfaces at low 

temperatures for short heating times are unknown and there is no 

comprehensive knowledge of the effect of the concurrent processes of chemical 

segregation and preferential oxidation on the developing oxide-film.   

Czerwinski [20] studied the oxidation behaviour of AZ91D Mg alloy at different 

temperatures. The results showed that AZ91D exhibited protective oxidation 

only at a temperature of 197ºC, while at higher temperatures the behaviour was 

non-protective and associated with the formation of oxide nodules and their 

coalescence into a loose fine-grained structure. On the basis of these results, 

we have selected a low-temperature heat treatment process at 200ºC to study 

the possibility of improving the protective properties of the external oxide film on 

the surface of AZ31 and AZ61 Mg alloy in as-received condition. 

Thus, special objective of this research is to study the effect of the type of alloy 

and heating time at 200ºC on the chemistry of the outer thin films formed on the 

surface of magnesium alloys after short heat treatments and their corrosion 

resistance in saline solution. 
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2. Experimental 

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 

3 mm thick plates by Magnesium Elecktron Ltd, UK, Manchester. This research 

compares the behaviour of specimens of the above alloys in the two following 

surface conditions: specimens in as-received condition, which means that the 

surface of the samples was untreated and had only been cleaned with distilled 

water and dried with hot air, and freshly polished specimens, which were dry 

ground with successive grades of silicon carbide abrasive paper from P600 to 

P2000 followed by finishing with 3 and 1 μm diamond paste, cleaned in water 

and dried with hot air. The following nomenclature is used in the remainder of 

the paper to designate the four dual combinations tested: AZ31-O, AZ31-P, 

AZ61-O, and AZ61-P, where the letters O and P, that accompany the alloy type, 

denote: O = original surface condition (i.e. as-received); P = polished surface 

condition. 

The two alloys were oxidised in identical conditions in a thermogravimetric 

analyser (TGA) (TA instruments Q600 SDT) using cylindrical specimens of 4 

mm in diameter by 2 mm in height (weight approximately 100 mg). The 

apparatus was capable of accommodating a specimen with a maximum weight 

of 0.5 g and had a measurement accuracy of 0.1 μg. The reaction temperature 

was monitored by a Pt/Pt–Rh thermocouple. Weight change kinetics were 

measured in air under isothermal conditions at a temperature of 200°C. The 

heating rate before reaching the isothermal condition was 50°C/min. For 

reference, thermogravimetric measurements of weight change versus time are 

also shown for freshly polished AZ31 and AZ61 alloys in an air environment. In 
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this case, the as-received specimens 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, rinsing in water and drying with hot 

air. 

The thermal treatment was very simple, consisting of the horizontal exposure of 

2 cm x 2 cm square specimens of the AZ31 and AZ61 alloys in a convective 

stove at 200°C in air for 5,  20 and 60 minutes. 

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. 

Photoelectron spectra were recorded using a Fisons MT500 spectrometer 

equipped with a hemispherical electron analyser (CLAM 2) and an Mg Kα X-ray 

source operated at 300 W. The specimens were fixed on small flat discs 

supported on an XYZ manipulator placed in the analysis chamber. The residual 

pressure in this ion-pumped analysis chamber was maintained below 10-8 torr 

during data acquisition. Spectra were collected for 20-90 min, depending on the 

peak intensities, at a pass energy of 20 eV, which is typical of high-resolution 

conditions. The intensities were estimated by calculating the area under each 

peak after smoothing and subtraction of the S-shaped background and fitting 

the experimental curve to a combination of Lorentzian and Gaussian lines of 

variable proportions. Although specimen charging was observed, it was 

possible to determine accurate binding energies (BEs) by referencing to the 

adventitious C 1s peak at 285.0 eV. The atomic ratios were computed from the 

peak intensity ratios and reported atomic sensitivity factors [21]. The 
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measurements were performed at take-off angles of 45° with respect to the 

specimen surface. The sampled areas were 1 x 1 mm2. 

Electrochemical impedance measurements were conducted in 0.6 M NaCl after 

1 hour, 1 day, 7, 14, 21 and 28 days of exposure at room temperature (25°C). 

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. 

Also, the corrosion of the magnesium alloys was estimated by determining the 

volume of hydrogen evolved during the corrosion process. Samples for 

hydrogen gas collection were cut into square coupons with dimensions of 2 cm 

× 2 cm x 0.3 cm and horizontally immersed in 700 ml of quiescent test for 11 

days in a beaker open to laboratory air at 20 ± 2 °C. The hydrogen evolved 

during the corrosion experiment was collected in a burette by a funnel above the 

corroding sample, as described by Song et al [12, 22, 23]. The experiments 

were run simultaneously and each sample was subjected to essentially the 

same temperature and exposure history. 

  

The morphology of the attack on the corroded surface was examined at low 

magnification and a camera was used to take the photographic images. Once 

the test was finished, the corroded specimens were were pickled in chromic acid 
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to remove the corrosion products, then rinsed with isopropyl alcohol and dried in 

hot air in order to study the corrosion morphology 
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3. Results 

3.1. Thermogravimetric analysis 

Figure 1 compares the evolution in weight gain values with heating time at 

200°C in air on the AZ31-O, AZ31-P, AZ61-O and AZ61-P specimens. AZ31-O 

specimen presents a linear increase in weight gain values with time, whereas 

AZ61-O specimen shows a strong decrease in weight gain values, which are 

approximately 4 times lower at the end of the test (60 min) than the 

corresponding values for the AZ31-O specimen (Fig. 1). In contrast to the great 

differences observed between the AZ31-O and AZ61-O specimens, it is 

interesting to note the very similar weight gain values found for the AZ31-P and 

AZ61-P specimens (Fig. 1). 

3.2. Morphology and microcomposition of the oxide layer formed on the surface 

of the AZ31 and AZ61 magnesium alloys after the heat treatment for different 

times. 

Figure 2 compares the surface morphologies on the non-heated and heated for 

different times AZ31-O and AZ61-O specimens. As can be seen, the metallic 

surface of the non-heated AZ31-O specimen appears to be covered by a large 

number of white precipitated particles (Fig. 2a), whereas in the surface of the 

non-heated AZ61-O these particles are not apparently visible (Fig. 2b). After 5 

minutes of the heat treatment, attention is drawn to the significant presence of 

black zones on the surface of the oxide layer formed on the AZ61-O specimen 

(as marked by circles in Fig. 2d).  In contrast, these black zones are hardly 

observed on the surface of the oxide layer formed on the AZ31-O specimen 

(Fig. 2c). By comparing Fig. 2d with Fig 2f and 2h for the AZ61-O specimen, it is 



10 
 

apparent that the fraction of the surface covered by the black zones decreases 

gradually with the heating time.  

 

EDX analysis of the AZ31-O specimen surface after heating for 60 minutes was 

performed for points labelled in Fig. 3 in order to investigate possible 

differences in composition between the white precipitated particles and the 

larger darker regions associated with the α-Mg matrix. Atomic percentages and 

Al/(Al+Mg)x100 ratios of the white particles obtained by EDX are presented in 

Table 2 and compared with the measurements made in the darker regions. In 

EDX analyses obtained on the white particles, attention is drawn to the increase 

in the Al, Zn and Mn content and the decrease in the Mg content compared to 

the darker regions.   

Fig. 4 compares the variation in the Al/(Al+Mg) x 100 atomic ratio of the darker 

regions obtained by EDX on the surface of the AZ31-O and AZ61-O specimens 

as a function of the heating time     

3.2. Changes in the chemistry of thermally oxidised films formed on AZ31 and 

AZ61 alloys in as-received condition with heating time 

Figure 5 compares the atomic percentages of O, Mg, Al and Zn obtained by 

XPS on the surface of the AZ31-O and AZ61-O specimens and their variation 

with heating time.   

Figure 6 compares the Al/(Al-Mg) x 100 atomic ratios obtained by XPS on the 

surface of the non-heated AZ31-O and AZ61-O specimens with those resulting 

from the heat treatment at a temperature of 200°C for different times. The 



11 
 

Al/(Mg+Al) x 100 ratio determined by XPS is about 11 for the non-heated AZ31-

O specimen surface (Fig. 6), which is much higher than the 3% content in the 

bulk alloys (Table 1). Heat treatment times of 60 minutes promotes an increase 

in this ratio on the surface of the AZ31-O specimen (Fig. 6). On the other hand,  

an important decrease is detected in the Al/(Mg+Al) x 100 ratio in the surface of 

the AZ61-O specimen heated for 5 minutes (Fig. 6), which suggests the 

preferential growth of a magnesium-rich film (magnesium oxides or hydroxides) 

that covers the non-heated surface. Longer heating times (20 and 60 minutes) 

lead to an increase in the Al/(Mg+Al) x 100 ratio on the AZ61-O (Fig. 6) that 

may be related with the enrichment in Al of the outer oxide layer formed at the 

shortest heating times. This significant aluminium enrichments detected by XPS 

on the surface of the AZ61-O specimen heated for 20 and 60 minutes respect to 

the AZ61-O specimen heated for 5 minutes (Fig. 6) are consistent with the 

decrease in the fraction of the surface covered by the black zones observed by 

SEM (Figs. 2d, 2f and 2h). In contrast, it is interesting to note the absence of 

significant variations of the Al/(Al+Mg) ratios detected by EDX in the oxide layer 

formed on the surface of the AZ61-O specimens with the heating time (Fig.4). It 

is worth mentioning that, while XPS gives the composition information of the 

very top surface oxide layer (thicknesses of only few nanometers), EDX gives 

information of the bulk of this layer (thicknesses of several micrometers). 

Figure 7 shows the O1s (a) Mg 2p (b) Al 2s (c) and Zn2p3/2 (d) XPS high 

resolution spectra obtained on the surface of the AZ31-O specimen after 5 

minutes of heating. These spectra are representative of the similar spectra 

obtained on the surface of non-heated AZ31 and AZ61 alloys and after other 

heating times. The O1s spectrum (Fig. 7a) show the most intense component at 
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a binding energy of 531.2 eV, associated to the presence of oxygen in the form 

of magnesium oxide, MgO [24-26], and another less intense component at a 

binding energy of 533.2 eV, which may be attributed to the presence of oxygen 

in magnesium hydroxide or Al(OH)3.[27]. The Mg 2p spectrum (Fig. 7b) 

presents one single component associated to the presence of magnesium in the 

form of magnesium oxide or hydroxide (51.0 eV). [28, 29]. The Al 2s spectrum 

(Fig. 7c) may be fitted to one component at 119.5 eV due to the presence of 

Al3+. Finally, The Zn2p3/2 high resolution spectrum (Fig. 7d) may be fitted to one 

component with a binding energy of 1022.0 eV associated with the presence of 

Zn2+. 

3.3. Electrochemical impedance measurements 

The evolution of the corrosion process of the heat treated AZ31-O and AZ61-O 

specimens has been monitored by means of impedance measurements with the 

specimens immersed in 0.6 M NaCl solution. Nyquist diagrams (Figs. 8) show 

the presence of a capacitive loop at high frequencies (HF). In the literature 

about the corrosion of magnesium alloys is normal to associate the diameter of 

this capacitive loop with the charge transfer resistance (Rt) of the corrosion 

process [30-32], value which is inversely related to the corrosion current (icorr) 

through the Stern-Geary equation [33]:                      

                                          Icorr  =  B/ Rt                               (1) 

B being a constant. Empirical determinations of constant B for the experimental 

conditions of this study has yielded values of about 65 mV for the AZ31 alloy 

and 120 mV for the AZ61 alloy, values used in the calculations.  
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Fig. 9 shows the evolution of the Rt values deduced from the capacitive loop at 

high frequencies in function of immersion time in 0.6M NaCl solution. Rt data 

together with equation (1) have enabled electrochemical calculations of 

corrosion rate. This way, the results depicted in Fig. 10 were determined, which 

show the corrosion rate variations with time over 28 days immersion. Taking the 

values for the non-heated or heated for 5 minutes AZ31-O specimens as 

reference, heat treatment for 20 and 60 minutes increases markedly the 

corrosion rate values (Fig. 10 a), while in the case of AZ61-O specimens (Fig. 

10b), little effect or a moderate decrease in the corrosion rate is observed. Fig. 

11 is instructive in showing the differences in the hydrogen volume data 

between alloys AZ31 and AZ61 over 7 days of immersion in 0.6 M NaCl. It is 

interesting to note that similar trends regarding the corrosion behaviour are 

deduced from these hydrogen evolution that from the electrochemical ones. 

Fig. 12 compares the macroscopic surface appearance of the corroded non-

heated and heated for 60 minutes AZ31-O specimens after 7 days of immersion 

in NaCl 0.6M and after corrosion product removal. In the test samples one can 

observe uniform attack on large areas of the exposed surface of the non-heated 

AZ31-O specimen (Fig. 12a). However, after 60 minutes (Fig. 12b) of heat  

treatment, some wide pits seem to cover the specimen surface. In general, 

there is a qualitative agreement between the presence or absence of pits on the 

surface of the corroded specimens (Fig. 12) and the corrosion data (Fig. 11a).      
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4. Discussion 

4.1. Changes in chemical composition of the oxide layers grown on the surface 

of AZ31 and AZ61 alloys in as-received condition after heat treatment at 200°C  

Figure 1 shows that the polished AZ31 and AZ61 specimens present much 

lower increases in weight gain during heat treatment than the corresponding 

specimens in the as-received surface condition. As can be seen in figure 1, 35-

60 minutes of heating at 200ºC produces a very small weight gain, around only 

0.6 µg/cm2, which is similar for the two alloys. It is generally accepted that the 

growth of compact MgO films is controlled by solid sate diffusion through 

adherent oxide areas followed by the reaction with oxygen at the oxide/gas 

interface, hence a lack of easy-paths for fast Mg transport could be a possible 

explanation for a highly protective behaviour [20]. From Eq. (2) [34]: 

DL = 1.0 x 10-6 exp( - 150000/ RT)  m2 / s (2) 

Diffusivity (DL) of Mg within the MgO lattice at 473 K is as low as 2.67 x 10-23 

m2/s justifying negligible weight gains.  

 

This behavior is not detected in the case of the AZ31-O and AZ61-O specimens 

(Fig. 1) which tends to suggest that the increase in weight gain with the heat 

treatment is dependent of the initial surface condition of the studied alloys. As 

Table 3 shows, roughness values of the AZ31-O and AZ61-O specimens are 

more than ten times greater than for the AZ31-P and AZ61-P specimens. 

Nanometric scale details of the typical surface roughness exhibited by the 

tested specimens are given in Fig 13. The difference in weight gain with heating 

time between the as-received and polished surfaces (Fig. 1) may be in 
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agreement with the very heterogeneous and likely defective surface layer 

present on the as-received surfaces (Fig. 13) compared to the continuity of the 

oxide films formed on the polished specimens. Similarly, in previous work [16, 

18, 35]  with the same alloys in 0.6M NaCl saline solution, an inhibiting effect of 

the homogeneous and continuous native oxide surface film formed on freshly 

polished samples was observed. 

One point emerging from the set of the weight gain values (Fig. 1) is the clear 

tendency for AZ31-O specimen to present higher values than the AZ61-O 

specimen throughout the heat treatment.  

It is important to note the close relationships between the difference in 

increases in weight gain values with heating time for AZ31-O and AZ61-O 

specimens and the differences in chemical composition observed by XPS and 

EDX in the oxide films formed on the surface of these alloys during heat 

treatment. Thus, figure 1 shows a very significant increase in the weight gain 

values and the EDX (Fig.4) and the XPS data (Fig.6) indicates an increase in 

the aluminium contents, while for the AZ61 alloy the increase in weight gain 

values is relatively small (Fig. 1) and only a slight increase in aluminium is 

detected on its surface (Figs. 4 and 6).This relationship appears to suggest that 

some common factor is acting on the mechanisms that determine both 

magnitudes. One immediate idea is that they may be directly related with the 

ease of diffusion of aluminium atoms towards the aforementioned surface. 

Moreau et al [36] have found that the volume diffusion coefficient for aluminium 

in magnesium can be determined using: 

DL = 3.39 x 10-4 exp( - 135000/ RT)  m2 / s (3) 
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which gives a value of  4.112 x 10-19 m2/s at 200ºC. On the other hand, 

diffusivity of Al in the grain boundaries of the magnesium alloys is as high as 

9.263 x10 -12 m2/s at 200ºC [37]. The obtained values show that the volume 

diffusion coefficient is approximately 7 orders of magnitude less than the 

diffusion coefficient for the grain boundary. At 200ºC the process of Al surface 

segregation is controlled by grain boundary diffusion.  

 

The microstructure of the non-heated AZ31 alloy is formed practically by an α 

matrix with Al in solid solution surrounded by grain boundary free of precipitates 

of β phase (Fig.14a). In contrast, the aluminium is distributed, forming part of 

the chemical composition of the β-phase precipitates in the grain boundary of 

the AZ61 alloy (Fig.14b). Available literature [38, 39] mentions that the presence 

of stable intermetallics at the grain boundary reduces the activity of atom 

diffusion along the grain boundary.  It is likely that  blockage of the grain 

boundaries in the AZ61 alloy due to preferential precipitation of β phase inhibits 

the diffusion of aluminium solute along the grain boundary of the magnesium 

matrix at 200ºC  compared to the AZ31 alloy. Also, this can probably explain the  

initial presence of the called” white spots” with high Al content on the surface of 

the AZ31-O specimen as a result of the manufacturing process and their 

absence on the AZ61-O specimen (Fig. 2).  

 

The EDX (Fig.4) and XPS analyses (Fig.6) suggests a considerable superficial 

aluminium species enrichment of an AZ31 alloy that has been heat treated. This 

is surprising since the magnesium content in the bulk alloy is approximately 
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thirty times higher than the aluminium content (Table 1) and, it has greater 

affinity for oxygen. Based on the value of activation energy in magnesium for 

grain boundary self diffusion (about 90 kJ mol-1) [40], the diffusivity of Mg in the 

grain boundaries of the magnesium alloy was calculated to be 1.06 x10 -12 m2/s 

at 200ºC. The obtained value is approximately similar to the diffusion coefficient 

for Al in magnesium, previously commented. Since differences between these 

two diffusion coefficients cannot justify the preferential diffusion of aluminium, 

additional effects accounting some non-equilibrium segregations solution should 

be invoked [41,42]  

 

The SEM micrographs for the non-heated AZ31-O specimen show second 

phase particles dispersed evenly on the surface (Fig. 2a) and mainly composed 

of Mg, Al and Zn (Table 2), presumably the (Al,Zn)49Mg23 phase [43,44]. This 

result is attributed to the non-equilibrium solidification caused by the cooling 

rate of the casting process [45]. 

  

In the case of the AZ61-O specimens, it is apparent that the fraction of the 

surface covered by black areas increases significantly after 5 minutes of heating 

(Fig. 2d). In the commercial magnesium alloys tested in this work there seems 

to be a direct relationship between the formation of MgO on the AZ61-O 

specimen during the initial stages of the heating process and the degree of 

microstructural complexity of the surface upon which it forms. Fig. 14 shows a 

very significant presence of β intermetallic phase on the boundary of AZ61 (Fig. 

14b) compared to its absence on AZ31 (Fig. 14a), suggesting that the two-

http://www.sciencedirect.com/science/article/pii/S0169433211007045#fig0005
http://www.sciencedirect.com/science/article/pii/S0169433211007045#fig0005
http://www.sciencedirect.com/science/article/pii/S0169433211007045#fig0005
http://www.sciencedirect.com/science/article/pii/S0169433211007045#fig0005
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phase nature of the alloy may play a significant role in the early stages of oxide 

formation [46].    

4.2. Relationship between the chemistry of the oxide layers formed on the 

surface of magnesium alloys as a result of the heat treatment and their 

corrosion resistance in saline solutions. 

It seems likely that some of the differences that have been revealed in the 

composition and characteristics of the oxide layers formed on the surfaces of 

the AZ31-O and AZ61-O specimens as a result of the heat treatment may have 

an impact on their corrosion behaviour. As commented earlier, the more 

significant features that have been observed on the oxide layer, depending on 

the type of alloy and heat treatment time, have been (a) the aluminium 

enrichment of the surface of the AZ31-O alloy after prolonged heat treatment 

time and (b) the absence of similar enrichments in the AZ61-O alloy. 

 

Electrochemical impedance results (Figs. 9 and 10) and hydrogen evolution 

versus time curves (Fig.11) have provided information on the effect of 

experimental variables on the corrosion resistance of the specimens tested. For 

times of more than 1 hour up to the end of the immersion test, it is clear the 

trend of the AZ31-O specimen heated for 20 and 60 minutes to present lower Rt 

and higher corrosion rates than the other tested specimens for the same 

immersion times (Fig.9a and 10). Many studies mention the beneficial effect of 

Al [47-53], which may become the essential factor in determining the passivity 

of the surface, improving the resistance to local breakdown of the oxide and 

reducing the chance of chloride ions penetrating as far as the surface. In the 
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literature [54], it is presumed that the Al2O3 component forms a continuous 

skeletal structure in an amorphous matrix, so that the film properties become 

predominantly determined by the protective properties of Al2O3, very superior to 

that of Mg(OH)2. Curiously in our study, an opposite effect seems to be 

observed. Comparing the corrosion data (Figs 9a, 10a and 11a) with the 

chemical composition determined by EDX (Fig 4) and XPS (Fig 6) on the 

surface of the oxide layers resulting from the heat treatment, one can clearly 

see a tendency towards an increase in the corrosion rate (Fig.10a) values and 

an in the hydrogen volumes evolved (Fig. 11a) as the Al/(Al+Mg) ratio increases 

(Figs 4 and 6). This correspondence suggests an influence of the said 

enrichment in aluminium oxide/hydroxide of the surface of oxide layer as a 

result of the heat treatment on the corrosion process in posterior immersion in 

0.6 M NaCl. Although the presence of the Al2O3 component can serve as 

diffusion barrier in compact scale, it seems likely that the aluminium surface 

enrichment observed in our study after the heating process had a 

heterogeneous island structure without any special effect for corrosion 

protection [16]. The atomic ratio Al/(Mg+Al) determined by EDX on the surface 

of the AZ31-O alloy after 20 and 60 minutes of heating reached values of 4% 

and 6%, which are two or three times higher than those non-heated or heated 

for 5 minutes specimens (Fig.4). It is probable that this surface enrichment in 

aluminium over prolonged heating periods contributes to a significant decrease 

in the aluminium content of the primary α-Mg matrix in the region close to the 

sheet surface. According with Song et al [5] and Zhou et al [8], it may be 

speculated that the development of an alloy layer of low Al content immediately 
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beneath the oxide film makes the α matrix more active causing an increase in 

the corrosion rate. 

Finally, in the case of the AZ61-O specimens, it is interesting to note the 

absence of significant variations in the corrosion rate, (Fig.10b) or in the 

volumes of hydrogen evolved (Fig. 11b) as a function of the heating time, where 

the EDX and XPS analyses (Figs.4 and 6,respectively) have revealed  Al 

contents on the heated specimens similar to those observed on the non-heated 

alloy or in the bulk alloy (Table 1). This fact tends to support the idea that the 

aluminium incorporation in the magnesium oxide film that covers the surface of 

the magnesium alloys after the heat treatment plays a fundamental part in the 

observed corrosion rate.  
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5. Conclusions 

SEM/EDX and XPS analyses have revealed notable differences in the oxide 

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

a result of their heating in air at a temperature of 200°C for a time of 5 minutes 

to 1 hour.  SEM and EDX analyses shows a larger fraction of the AZ31 alloy 

surface covered by precipitates, mainly composed by a mixture of Al2O3 and 

ZnO, than the AZ61 alloy surface. XPS analysis has revealed considerable 

superficial aluminium species enrichment of the AZ31 alloy owing to the heat 

treatment. Close to four times higher aluminium oxide contents have been 

found in these layers compared to the bulk content. Curiously, this phenomenon 

has not been detected in the AZ61 alloy subjected to identical treatment, which 

has higher aluminium content in the bulk composition    

It seems likely that the heterogeneous structure associated with the second-

phase played a decisive role in the enrichment phenomenon. The practically nil 

presence of β-phase on the AZ31 alloy favours the diffusion of aluminium atoms 

along the grain boundaries towards the outer surface, where they precipitate in 

the form of Al2O3. This result contrast with the presence of β-phase on the AZ61 

alloy, preferentially along the grain boundaries, which may act as a barrier for 

diffusion of aluminium towards the outermost surface through the heating 

treatment. 

EIS measurements in the interval of between 1 h and 28 days of immersion in 

0.6M NaCl solution have allowed to relate the chemical composition of the  

oxide  films formed as a result of the heating treatment with the corrosion 

resistance of the alloys. It is to point out the notable increase in corrosion rate of 
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the AZ31 alloy after 20 or 60 minutes of heat treatment compared to same alloy 

non-treated or only treated for 5 minutes. In contrast, no significant changes 

have been observed in the case of the heat treated AZ61 alloy 
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FIGURE CAPTIONS 

Fig. 1. Evolution of weight gain values obtained in the AZ31 and AZ61 in as-

received conditions alloys as a function of the time of heating at 200ºC in air 

compared with those of the same alloys in polished condition. 

Fig. 2.. SEM surface morphologies for AZ31 (a, c, e, g) and AZ61 magnesium  

in as-received conditions alloys  (b, d, f, h) non-heated (a, b) and heated for 5 

min (c, d), 20 min (e, f) and 60 minutes (g,h) at 200ºC in air, respectively. 

Fig. 3.. Micrograph illustrating locations of points for EDX spot analysis of the 

AZ31 magnesium in as-received condition alloy heated for 60 min at 200ºC in 

air. Spectrum 1, 2, 3 and 4 (white oxide nodules) and Spectrum 5 and 6 (Dark 

layer). 

Fig. 4.. Variation in the Al/(Al+Mg) x 100 atomic ratio of the dark layer obtained  

by EDX on the surface of the AZ31-O and AZ61-O specimens  as a function of 

the time of heating.   

Fig. 5.. Variation in the Oxygen (a), Magnesium (b), Aluminium (c) and Zinc (d) 

atomic percentages obtained by XPS on the surface of the AZ31-O and AZ61-O 

specimens as a function of the time of heating.   

Fig. 6.. Variation in the Al/(Al+Mg) x 100 atomic ratio obtained by XPS on the 

surface of the AZ31-O and AZ61-O specimens as a function of the time of 

heating.   

Fig. 7.. High resolution O1s (a), Mg2p  (b), Al2s (c) and Zn2p3/2 (d)  XPS peaks 

obtained by XPS on the surface of the AZ31 alloy after 5 minutes of heating. 
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Fig. 8.. Variation in Nyquist plot for AZ31-O and AZ61-O specimens with 

immersion time (hours or days on the Y-axis) and with times of heating. 

Fig. 9.. Variation in Rt values as a function of the time of heating and alloy type 

over 28 days immersion in 0.6M NaCl.  

Fig. 10.. . Variation in corrosion rates (mm/y) obtained from EIS as a function of 

the time of heating and alloy type over 28 days immersion in 0.6M NaCl.  

Fig. 11. Variation in H2 evolution volume values as a function of the times of 

heating and alloy type over 14 days immersion in 0.6M NaCl.  

Fig. 12.  Representative macroscopic surface appearance of corroded AZ31 

specimens after 14 days of immersion in NaCl 0.6M and after corrosion product 

removal. (a) non-heated alloy and (b) AZ31 alloy heated for 60 minutes  at 

200ºC in air. 

Fig. 13. AFM images of the surfaces in the original (O) and polished (P) surface 

conditions for: (a) AZ31 alloy and (b) AZ61 alloy. 

Fig.14. SEM micrographs: (a) AZ31 alloy and (b) AZ61 alloy. 
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Table  1.  Chemical composition of AZ31 and AZ61 alloys (wt. %). 

 

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.  Measurements of atomic composition by EDX on the surface of the 

AZ31-O heated for 60 minutes. 

 

 White spots Dark layer 

Element EDX (Average values from 

spectrum 1, 2, 3 and 4) 

(at%) 

EDXa (Average values from 

spectrum 5 and 6) 

(at%) 

O 37.28 ± 5.12 13.27 ± 0.11 

Mg 20.26 ± 7.68 81.73 ± 0.45 

Al 13.86 ± 5.88 3.91 ± 0.43 

Mn 1.75 ± 0.16 0.02 ± 0.03 

Zn 26.49 ± 5.70 1.02 ± 0.11 

Al/(Mg+Al)x100 41.39 ± 19.04 4.57 ± 0.50 
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Table 3. Roughness values obtained with atomic force microscope. The values 

are average of four determinations. 

SPECIMENS RMS (nm) 

ORIGINAL SURFACE 

AZ31 

AZ61 

AFTER POLISHING 

AZ31 

AZ61 

 

123.1 

109.6 

 

7.0 

8.4 

 


