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Abstract: The authors present a review of their research work on the application of X-ray photoelectron spectroscopy
(XPS) to characterise thin (~ 3 nm) natural oxide films that spontaneously form on the surface of magnesium and its
alloys in contact with the oxygen in air, and thick (> 1 um) corrosion films rich in carbonates and other species that form
during exposure to a humid atmosphere. The results obtained can provide much useful information about the protection
mechanisms of these materials. Emphasis is placed on the relationship between the alloy's Al content and the
characteristics of the natural oxide film and the relationship between segregation of calcium impurities from the bulk to
the outer surface of the metal and repercussions on electrochemical behaviour. The natural oxide film may alone be
sufficiently protective in less aggressive environments, making it of interest to know its characteristics. A detailed study
will also be made of the changes in chemical composition that may occur in this passivating film with increasing exposure
time to a humid atmosphere, deteriorating or reinforcing its anticorrosive properties. In particular, an attempt will be made
to research the effect on corrosion behaviour of: (a) the time the different specimens are exposed to the aggressive agent
(humid atmosphere); (b) the possible formation during corrosive attack of layers that are rich in carbonates and other

species; and (c) the presence of aluminium (alloying element) on the protective properties of the corrosion layers.
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1. INTRODUCTION

This study focuses on Mg-Al alloys, a material that has
aroused great scientific and technical interest in the last two
decades. From a practical point of view, magnesium is the
structural metal of the lowest density, which makes it highly
attractive for use in the automotive, aerospace, IT and other
industries where weight plays a decisive role. However,
magnesium is also one of the most chemically active metals,
and its corrosion resistance is one of the key limits to its use
in service. From a scientific point of view this is an issue of
great current relevance, as is witnessed by the choice of Mg
alloys as one of the four research fronts within the field of
corrosion by the prestigious ISI Web of Knowledge
scientific database in its 2008 version.

Mg-Al alloys, and in particular those containing 8-10%
Al, are among the most corrosion resistant magnesium
alloys. The effect of aluminium as an alloying element on
the corrosion resistance of magnesium has been studied by
many authors in a wide range of experimental conditions:
exposure to dry oxygen [1, 2]; to environmental atmospheres
[3-5], to atmospheres with a high degree of humidity [6-10];
in immersion in distilled water [11]; in saline solutions or
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atmospheres [12-28], etc. In Mg-Al alloys the greater affinity
of aluminium for oxygen tends to produce passivating films
of aluminium oxides or mixtures of Mg and Al oxides,
making the exposed surface especially stable [14, 17-19].
The literature has paid particular attention to the effect of
phase (Mg;;Al);) precipitates in Mg-Al alloys, which can act
as a barrier to inhibit the corrosion process [9, 14, 20, 21].
This effect is typical in alloys with high aluminium contents
(e.g. ~ 9 wt% Al), like the highly studied AZ91 alloy [2, 9,
10, 13, 20, 21].

Many researchers have studied the relationship between
the microstructure of the alloy (amount and distribution of 8
phase precipitates), or the Al content in the bulk alloy, and
its corrosion resistance [9-29]. Fewer researchers have
considered the chemical composition of the thin passivating
films on the outer surface of the alloy (thickness of the order
of 3 nm) which form in contact with the atmosphere or in
solutions of low aggressivity [1-6, 30, 31]. The performance
of a particular material is often controlled by the protective
qualities of the surface oxide which forms [32]. This study
presents the highly promising results obtained with the XPS
technique, which allows the analysed thickness to be reduced
to only 3 nm and supplies information on the oxidation state
of the detected element. This capacity means that this
technique can provide useful information on the nature and
composition of passive oxide films, allowing a better
understanding of the corrosion process that takes place at an
atomic scale [32].
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Electrochemical methods, and in particular electro-
chemical impedance spectroscopy (EIS), have been shown in
innumerable studies to be an efficient and convincing tool
for studying the corrosion behaviour of metals. Their most
outstanding and well-known advantages are that they allow
continuous monitoring of the progress of corrosion, with
instantaneous measurements of the corrosion rate, and can
provide information on the reactions and mechanisms of
electrochemical deterioration. However, when this technique
is used to study the progress of the corrosion of complex
materials of special technological interest, such as magne-
sium alloys, limitations and complications are encountered
when it comes to interpreting the various arcs plotted in the
impedance diagrams and the evolution of the electrochemical
parameters deduced from these with time. Given that EIS
and XPS are two techniques which provide information on
the surface of the material, this research has attempted to use
them to interpret the behaviour of magnesium alloys. EIS
measurements in a saline solution have been used to verify
the protective character of the products previously analysed
by XPS on the surface of the material after its exposure to
the humidity test.

The passivating films that form spontaneously on the
surface of magnesium in contact with the air seem to be
comprised mainly by mixtures of MgO and Mg(OH), [30].
In the case of Mg-Al alloys, besides the presence of
magnesium oxides/hydroxides we have also observed strong
Al segregation towards the outer surface, probably due to the
alloy manufacturing process. The Al concentration can
increase by a factor of 2-3. The surface enrichment of this
element (which appears in the form of Al,O3) is around 15
wt% for Mg-Al alloys with aluminium contents of 2 to 10
wt.% in the bulk analysis.

During the exposure of pure magnesium to the air the
thin  magnesium oxide/hydroxide film reacts with
atmospheric CO, to form magnesium carbonate, which tends
to reduce the attack of the material. In a previous study [30]
it was observed that as the aluminium content in the bulk
alloy rises, so the magnesium carbonate content increases
and the MgO and Mg(OH), content on the alloy surface
decreases for similar atmospheric exposure times. On the
surface of AZ91D and AZ80 alloys, XPS data suggested
similar magnesium carbonate contents to the Mg oxide or
hydroxide contents. In subsequent exposure to the humidity
cabinet, an important effect of the aluminium alloying
content was seen on the corrosion rate, which tends to
decrease significantly as the Al content increases. An inverse
correlation was seen between the carbonate percentage
formed as a result of atmospheric exposure and subsequent
corrosion in the humidity condensation test. It seems likely
that the aluminium atoms found in solid solution in the bulk
alloy play a decisive role in both phenomena [30].

In another previous study [31], assessing AZ31 alloy in
humidity condensation tests, an important reduction in
corrosion was measured compared to that experienced by a
pure Mg reference specimen. Practically all of the aluminium
content in the AZ31 alloy (3 wt%) is in solid solution, and
thus the beneficial effect of this alloying element cannot be
explained in terms of microstructural changes. Furthermore,
no passivating aluminium oxide enrichment of the resulting
corrosion layers was observed. However, what was seen was
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that the magnesium oxide signal persisted throughout the
testing time in the case of the AZ31 alloy surface but not
with the pure Mg. In this case the greater chemical stability
of the oxide/hydroxide film formed on the AZ31 alloy than
that formed on the Mg results in significantly lower
corrosion of the former in exposure to testing in a humid
atmosphere.

In this paper the authors present a review of their
research work over the last three years on the application of
the XPS technique to clarify how different parameters may
affect the protection mechanisms of magnesium and Mg-Al
alloys. Most of the experimental information and results has
been taken from published works by the authors [30, 31]. On
the following pages, information is presented in relation with
the following points:

(@  Thickness determination of the natural oxide film that
forms spontaneously on the surface of magnesium
and Mg-Al alloys. Effect of the presence of alloying
elements on the thickness of this layer.

(b)  Segregation of impurities contained in the bulk
material to the surface and their influence on the
protective properties of the outer surface.

(c) Study of the changes that can take place in the
chemical composition of the natural oxide film with
exposure time, deteriorating or reinforcing its
anticorrosive properties.

2. EXPERIMENTAL
2.1. Test Materials

The chemical composition of the tested magnesium
alloys, namely AZ31, AZ61, AZ80 and AZ91D, are listed in
Table 1. Unalloyed commercially pure Mg was used as the
reference material. Pure Mg and AZ31 and AZ61 alloys
were manufactured in wrought condition, whereas AZ80 and
AZ91D alloys were manufactured by a casting process. All
the materials were supplied by Magnesium Elektron Ltd.

2.2. Humidity Test

The tests were carried out in a high relative humidity
environment of 98% at 35°C for 30 days, simulated by a
CCK 300 climate cabinet (Dycometal).

2.3. EIS Measurements

Electrochemical impedance spectroscopy (EIS) was used
to obtain charge transfer resistance values after 1 hour of
immersion in 0.005 M NaCl for the materials in unexposed
condition and after exposure to the humidity condensation
test. This low aggressivity solution was selected due to the
exceptionally high corrosion rate of the pure magnesium
specimen, which is attacked and disintegrates in just a few
days of testing in 3% NaCl. 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, OCP. A three-electrode set-up was
employed: Ag/AgCl and graphite were used as reference and
counter electrodes, respectively, and the working electrode
Wag the material under study with an immersed area of 1
cm-®,
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Table 1. Chemical Composition of Pure Mg and of the Mg-Al Alloys
Material Al Zn Mn Si Cu Fe Ni Ca Zr Others
Mg (99%) 0.006 0.014 0.03 0.019 0.001 0.004 <0.001 0.0026
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
AZ80 8.2 0.46 0.13 0.01 <0.001 0.004 0.0013 <0.30
AZ91D 8.8 0.68 0.30 0.01 <0.001 0.004 <0.008 0.0014 <0.30

2.4. Surface Analysis

Photoelectron spectra were acquired using a Fisons
MT500 spectrometer equipped with a hemispherical electron
analyser (CLAM 2) and an Mg Ko X-ray source operated at
300 W. The specimens were mechanically fixed on small flat
discs supported on an XYZ manipulator placed in the
analysis cabinet. The residual pressure in this ion-pumped
analysis cabinet was maintained below 10°® 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 mix of Lorentzian and
Gaussian lines of variable proportion. Although specimen
charging was observed, accurate binding energies (BE) could
be determined by referencing to the adventitious C1s peak at
285.0 eV. Atomic ratios were computed from peak intensity
ratios and reported atomic sensitivity factors [33].

For the acquisition of concentration profiles (distribution
of elements as a function of specimen thickness) the surface
was sputtered by argon ion bombardment (AIB).
Bombardment was performed using an EXO5 ion gun
incorporated into the equipment, provided with a scanning
unit to track the beam, and operating at a voltage of 5 kV, an
intensity of 10 mA and a pressure of 1x10” Torr. The
specimen current was 1 pA during bombardment. As it will
be commented later, this current was equivalent to a
sputtering rate of about 0.15 nm/min.

3. RESULTS AND DISCUSSION

3.1. Information on Characteristics of the Natural Oxide
Film Formed on the Surface of Magnesium and Mg-Al
Alloys

3.1.1. Thickness Determination of the Natural Oxide Film
Formed in Contact with the Air

High-resolution O1s spectra of the oxide films formed
spontaneously on pure magnesium and Mg-Al alloys are
presented in Fig. (la-m). The spectra obtained on the
original surface (Fig. 1a-e) are fairly similar, containing one
single component at a binding energy of 532.2 eV associated
with the presence of oxygen in hydroxide form [1, 3]. Fig.
(1f, j) show the spectra obtained after 10 minutes of
sputtering. These spectra show the most intense component
at a binding energy of 531.2 eV associated with the presence
of oxygen in the form of magnesium oxide, MgO [34] and
another less intense component at a binding energy of 533.2
eV which may be attributed to the presence of oxygen in

Al,O3 or hydroxide groups not eliminated by the sputtering.
The O1s spectra obtained after 20 minutes of sputtering (Fig.
1k-m) were similar to those acquired after 10 minutes (Fig.
1h-j).

The evolution with argon ion bombardment time of the
Mg2p high resolution XPS spectra obtained on the oxide
films formed spontaneously on pure magnesium and Mg-Al
alloys is presented in Fig. (2a-m). The spectra obtained on
the original surface (Fig. 2a-e) are fairly similar, containing
one single component at a binding energy of 50.8 eV
associated with the presence of magnesium in hydroxide
form [34]. Fig. (2f-j) show the spectra obtained after 10
minutes of AIB. On the pure Mg (Fig. 2f) and AZ31 (Fig.
20) surfaces these spectra show the most intense component
at a binding energy of 48.6 eV associated with the presence
of magnesium in metallic state and another less intense
component at a binding energy of 50.8 eV which may be
attributed to the presence of magnesium in oxide form. It is
interesting to note the considerably lower intensity of the
metallic magnesium signal on the AZ61 (Fig. 2h), AZ80
(Fig. 2i) and AZ91D (Fig. 2j) specimens than on the pure
Mg (Fig. 2f) and AZ31 (Fig. 2g) specimens. This data is
interpreted as being due to the greater thickness of the
natural oxide film on the surface of the first three alloys in
contact with oxygen in the air.

The thickness of the natural oxide film on the surface of
the magnesium specimens was calculated using the
expression given by Strohmeier [35]:

do (nm) = xoxide sin 6 In [onide X Xmetal X Nmetal)/( Imetal X xoxide X
Noxide) + 1]

where d, is the thickness of the magnesium oxide layer (in
nm); 0 is the photoelectron output angle (45°); Imetar and loxige
are the intensities of the magnesium components in metallic
state and as oxide from the Mg 2p peak (Fig. 2f-m); Ameta
and Aige are the mean free paths of photoelectrons in the
substrate and the oxide layer; and Npetar and Noyige are the
volume densities of magnesium atoms in metal and oxide
[36]. The values of Ameta and Aoxige are 3.0 [37] and 2.6 nm
[38], respectively [39], and an Npea/Noxige ratio of 1.0 was
used [40]. On the pure Mg and the AZ31 alloy an important
increase was observed in the intensity of the Mg signal after
10 minutes of AIB (Fig. 2f, g). However, the fact that the
intensity of the component associated with metallic
magnesium (Imetar) IS practically negligible on AZ61, AZ80
and AZ91D after 10 minutes of AIB (Fig. 2h-j) implies a
problem for the thickness determination of the surface oxide
layers. The sputtering rate can be estimated by the above
equation when the metallic Mg emerges after a certain
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Fig. (1). Evolution of O1s high resolution XPS spectra obtained on the oxide film formed spontaneously on pure Mg and on Mg-Al alloys

with argon ion bombardment time.

sputtering time (Fig. 2k-m) [34]. The sputtering rate of the
natural oxide films for Mg and Mg alloys is about 0.15
nm/min. This value is close to the sputtering rates obtained
by [34] for Mg in air and previous results by the authors on
interstitial-free (IF) steels [41]. Fig. (2f, g, k-m) show the
oxide layer thickness values calculated from the above
equation plus the bombardment time necessary for a
significant metallic magnesium component to appear in the
Mg2p peak (Fig. 2f, g, k-m)) multiplied by the sputtering
rate. The values obtained are similar to those observed in the
literature [3, 4, 42]. It is interesting to note that the thickness
of the spontaneous oxide film on alloys AZ61 (Fig. 2k),
AZ80 (Fig. 2I) and AZ91D (Fig. 2m) is approximately twice
that observed on the pure Mg (Fig. 2f) and AZ31 (Fig. 29)
specimens. These results show a certain similitude to those
observed by Splinter and Mclntyre [6], who found that the
rate of oxide nucleation and growth is enhanced on Mg-Al
surfaces compared to pure Mg surfaces, especially at higher
Al contents. Moreover, the natural oxide film thickness on
AZ80 (Fig. 2l) is greater than that observed on AZ61 (Fig.
2k) and AZ91D (Fig. 2m). Another paper currently in
preparation will clearly show a tendency for the R; values to
rise and the corrosion rate values to drop as the natural oxide
film thickness (doxige) determined by XPS increases.

3.1.2. Effect of Surface Heterogeneities on the Thickness
of the Oxide Layer Formed Spontaneously in Contact with
the Air

Thickness differences (of nm order) in the oxide layer
that forms spontaneously on the surface of 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 [4, 6, 43, 44]. On the
commercial magnesium alloys tested in this work there also
seems to be direct correspondence between the thickness of
the natural oxide film and the microstructural complexity of
the surface upon which it is formed. Fig. (3) shows a very
significant presence of B intermetallic phase on the AZ80
(Fig. 3d) and AZ91D (Fig. 3e) alloy surfaces. In contrast
with its absence on alloy AZ31 (Fig. 3b) and pure Mg (Fig.
3a). Chill casting promoted a biphasic microstructure in the
AZ80 alloy, with an a-Mg solid solution and discontinuous
precipitation of B-phase (Mg;7Aly;) in lamellar form (Fig.
3d). On the other hand, the ingot casting process produced a
coarse eutectic dendritic microstructure in the AZ91D alloy
and a lower percentage of the magnesium surface coated by
intermetallic phases (Fig. 3e) [16].
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Fig. (2). Evolution of Mg2p high resolution XPS spectra obtained on the oxide film formed spontaneously on pure Mg and on Mg-Al alloys

with argon ion bombardment time.

3.1.3. Segregation of Impurities from the Bulk Material to
the Outer Surface

Many papers have reported impurity element segregation
at or near the surface of magnesium and magnesium alloys
as a result of the casting process. When minor contaminant
elements (Fe, Ni and Cu) exceed their solubility limit they
precipitate at the surface as intermetallic phases, where they
may act as a galvanic cathode and accelerate the corrosion
process of the alloy [26, 29]. In contrast to other impurities,
and despite the fact that calcium is one of the commonest
contaminants in many metals, no references have been found
to superficial calcium enrichment on magnesium or
magnesium alloys as a consequence of the casting process.
The greatest setback to obtaining information on this
phenomenon is that the segregation of Ca impurities (few
ppm) to the surface takes place in very thin layers (one
monolayer), so thin that it is often inappreciable by
conventional materials characterisation techniques (SEM/
EDX or TEM) [45]. In the present study highly promising
results have been obtained with the XPS technique.

Table 2 compares the Ca/(Ca+Mg) atomic ratios obtained
in the bulk of pure Mg and Mg-Al alloys by chemical
analysis and on the outer surface by XPS. Attention is drawn
to the presence of significant amounts of Ca on the surface
of all the studied alloys. The atomic fraction of Ca

segregated to the surface is almost 1500 times the atomic
fraction in the bulk. The Ca/(Ca+Mg) atomic ratios obtained
by XPS on the surface of the pure magnesium reach values
close to 0.28, which could mean that calcium covers
approximately one third of the surface. XPS analysis of the
outer surface of pure Mg shows twice as much calcium
content as that observed on the surface of the AZ31, AZ61
and AZ80 and AZ91D alloys. This proportion observed on
the surface coincides practically with that identified in the
bulk of these materials (Table 1). It seems likely that the
observed superficial calcium enrichment has come from the
calcium contained as an impurity in the bulk alloy. It is
notable that other alloying elements such as Zn, Mn and Si,
with a higher content in the bulk material, are not
encountered on the surface of the studied alloys (Table 1).

Fig. (4) shows the evolution of Ca2p high resolution XPS
spectra observed on the pure Mg surface with AIB time.
These spectra are representative of the Ca2p spectra
observed on the surface of the other materials. The Ca2p
high resolution spectrum contains a single doublet with a
binding energy of 347.0 eV (Fig. 4). This binding energy is
typical of Ca as Ca’* [46]. Therefore, the significant Ca
content observed by XPS on the surface of the material
would be found as CaO. The literature mentions a tendency
for outer layers of CaO to form during the annealing process
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Fig. (3). Scanning electron micrographs (BSE mode) of (a) pure Mg, (b) AZ31 alloy, (c) AZ61 alloy, (d) AZ80 alloy and (e) AZ91D alloy.

of MgO(100) crystals that contain calcium as an impurity
[47-49]. This enrichment is favoured because the relative
Gibbs free energy per equivalent (AGg/n) for the formation
of calcium oxide is more positive than that for MgO. The
effect is similar to that observed in magnesium alloys with
calcium additions as an alloying element [46, 50-52].

It is interesting to point out that the Ca content observed
in the XPS analyses of the outer surface of Mg specimens
tends to decrease rapidly as the argon ion bombardment time
increases (Table 2 and Fig. 4). The significant calcium
content in oxide form is probably limited to the outer surface
of the material. This result is very similar to that obtained by
Souda et al. [48], who, working with MgO crystals including
210 ppm bulk Ca impurities, found that Ca ions exist only in
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the outermost layer, and no Ca enrichment occurs in the
deeper layers.

Table2. Comparison of the Ca/(Ca+Mg) Atomic Ratios
Obtained in the Bulk of the Pure Mg and the Mg-Al
Alloys by Chemical Analysis, and on their Outer
Surface by XPS
Cal/(Ca+Mg) Atomic Ratios
Material Determined in the Bulk Determined on
by Chemical Analysis the Surface by XPS
Pure Mg 15,8.10° 0.28
AZ31 8.8.10° 0.11
AZ61 85.10° 0.12
AZ80 8.6.10° 0.11
AZ91D 9.4.10° 0.07
Ca 2p peak

ca” | ORIGINAL
: SURFACE

+10 min AIB

+20 min AIB

+30 min AIB

342 345 348 351 354 357 360
Binding Energy (eV)

Fig. (4). Evolution of Ca2p high resolution XPS spectra observed
on the pure Mg surface with AIB time.

3.1.4. EIS Measurements of the Natural Oxide Film
Formed in Contact with the Air

It was of interest to clarify whether the presence of a
significant amount of calcium in oxide form on the outer
surface of magnesium affords a protective effect to the
metallic substrate. Gentle polishing of the pure Mg and
AZ31 alloy surfaces was performed (thickness removed

The Open Surface Science Journal, 2011, Volume 3 7

equivalent to 10 um determined from weight loss values) in
order to eliminate Ca surface segregation. Fig. (5) compares
the Nyquist diagrams obtained with the original magnesium
and AZ31 alloy specimens (a) and after gentle polishing (b).
Taking the original surface as the reference (Fig. 5a),
polishing tends to reduce the size of the high and medium
frequency arc in the Nyquist diagram (Fig. 5b), and thus the
charge transfer resistance (R;) value associated with this arc.
With regard to the importance of this effect, it is noted that
the reduction is approximately by 4 times with pure Mg and
by only 1.5 times with the AZ31 alloy. Bearing in mind that
the thickness of the natural surface oxide film coating pure
magnesium is very thin (Fig. 2f), and the logical absence of
aluminium oxides on this surface, it may be speculated that
the presence of a CaO layer on the magnesium surface is the
cause of the considerably higher R; value. This would agree
with the results of Jihua et al. [53] indicating that trace Ca
addition was beneficial to corrosion resistance improvement
of magnesium alloys.
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Fig. (5). Comparison of Nyquist diagrams obtained with the
original Mg and AZ31 alloy specimens (a) and after gentle
polishing (b).

3.2. Changes in Surface Chemistry and Corrosion
Resistance During Exposure of the Material to a Humid
Atmosphere

3.2.1. XPS Characterisation of Thick Corrosion Film from
the Humidity Condensation Test

The methodology used was based on qualitative and
quantitative XPS analysis of corrosion product films of
different thickness. The corrosion film formed after 30 days
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of exposure of the AZ61 alloy to the humidity condensation
test is analysed in detail. Similar analyses were performed
with the other specimens and film exposure times.

3.2.1.1. Curve Fitting of XPS Spectra for the Main Corrosion
Film Constituting Elements as a Function of Exposure Time

The active character of magnesium, its tendency to
oxidise and its high oxygen affinity may explain why a thin
film of highly hydrated magnesium hydroxide spontaneously
forms on the corrosion product layers present on the surface
of pure Mg and AZ31 and AZ61 alloys in contact with
oxygen from the air [31]. This film prevents XPS from
detecting aluminium (the main alloying element of these
alloys). However, the film's effect is limited to a very
superficial portion, since the removal of about 2 nm (10 min
sputtering) is sufficient to detect the presence of aluminium.
For this reason, the XPS spectra and the atomic percentages
of elements and chemical species referred to below
correspond to the surface obtained after 10 minutes of AIB.

Fig. (6a) shows the Cls high resolution XPS spectra of
the AZ61 alloy surface after 30 days of exposure to the
humid environment. The XPS spectra can be fitted with two
components of a similar intensity. The first peak, located at
285.0 eV, is associated with the presence of residual C-C/C-
H groups (adventitious hydrocarbon contamination) [41] not
completely removed by sputtering. At 290.5 eV another
component is observed which corresponds to carbonate
[1,42], suggesting the formation of a significant amount of
magnesium carbonate on the surface of the exposed
specimens (Fig. 6a).

The O1s high resolution spectra of alloy AZ61 after 30
days of exposure to the humid environment may be fitted
with two components (Fig. 6b). The first is situated at
approximately 531.0 eV and is normally interpreted as
oxygen in the form of magnesium oxide/aluminium oxide
[1,2,34]. At 533.2-533.4 eV a more prominent peak is
observed, which is attributed to the presence of MgCO;
and/or Mg(OH), [54].

The Mg2p XPS high resolution spectrum of alloy AZ61
after 30 days of humidity exposure is shown in Fig. (6¢). The
spectrum shows only one component which is associated
with the presence of magnesium as Mg?*. Due to the strong
overlap between the second bulk plasmon of the metallic
Mg2p peak and the AI2p peak observed in our
measurements, we have measured the Al2s peak instead of
the Al2p peak [55]. The high resolution Al2s spectrum for
the AZ61 alloy after 30 days of humidity exposure revealed
a single component at 120.5 eV typical of aluminium in the
form of Al,O3 (Fig. 6d) [56].

3.2.1.2. Elementary Composition of the Corrosion Film as a
Function of Exposure Time

Table 3 shows the element composition of the surfaces of
pure Mg, AZ31 and AZ61 alloys obtained by XPS before (0
days) and during the humidity test. The surface of the as-
received magnesium specimens (0 days) revealed a high
carbon content, indicating that the cleaning process did not
completely remove impurities from the outer surface, such as
oils used during the storage and transportation of these
materials. After one day in the humidity cabinet an important
reduction in the carbon content and a relative increase in
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oxygen and magnesium were detected. These changes may
be related with replacement of the initial metallic magnesium
surface by a corrosion layer that is less enriched in C-C/C-H
groups. Extended exposure times did not produce significant
changes in the atomic contents.

C1s peak (@) | Ofs peak (b)

C-CIC-H CO,”|  MgO/ALO,

280 284 288 292 [525 530 535
Mg2p peak (c) | Al2s peak (d)

45 50 55 115 120 125
Binding Energy (eV)
Fig. (6). Cls (a), O1s (b), Mg2p (c) and Al2s (d) high resolution

XPS spectra of the AZ61 alloy surface after exposure for 30 days to
the humid environment.

Important differences are found in the Al/(Al+Mg)
atomic ratios calculated from the XPS data obtained on the
unexposed specimen surfaces (0 days) and their evolution
with exposure time. The Al/(Al+Mg) atomic ratios observed
on the unexposed surfaces of the AZ31 and AZ61 alloys
(Table 3) are of the order of those mentioned in other papers
[2, 18, 24, 57] for Mg-Al alloys with aluminium contents of
~2-10 wt.% Al and suggest a moderate tendency towards
aluminium segregation, whose concentration may increase at
most by a factor of 2-3. In contrast with what was said above
for calcium, the Al/(Al+Mg) ratios obtained by XPS on the
unexposed surfaces of AZ31 and AZ61 specimens (Table 3)
is not proportional to the Al content in the bulk material
(Table 1), and seems rather to indicate saturation of the outer
surface of the specimens with aluminium, according to Table
3 around 15 wt.%.

In alloy AZ31 the Al/(Mg+Al)x100 ratio decreases
rapidly with humidity exposure until reaching a value, after
15 and 30 days of exposure, which is slightly higher (Table
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Tabla3. Element Composition of the Corrosion Film as a Function of Exposure Time
Sample | T(days) | %C | %0 | %Mg | %Al | Al/(Mg+Al)x100 | O/Mg | Most Probable Corrosion Compounds Obtained from the O/Mg Ratio
0 53 35 12 0 0 29
1 24 56 20 0 0 2.8
Pure Mg COsMg
15 18 61 21 0 0 2.9
30 21 62 17 0 0 3.6
0 48 37 12 2 15 3.1
1 25 52 21 2 9 25
AZ31 CO;Mg+MgO
15 22 55 22 1 4 25
30 20 56 22 1 4 25
0 43 31 22 4 15 14
1 29 43 24 4 14 18
AZ61 Mg(OH),
15 13 56 26 5 16 21
30 16 56 24 4 14 2.3

3) than the aluminium content in the bulk metal composition
(3%) (Table 1). Thus it seems that if there is some
aluminium enrichment, responsible for the higher corrosion
resistance, this only occurs in a thin oxide layer, presumably
near the metal/oxide interface but not in the corrosion layer.
This observation is in agreement with Lindstrom et al. [8],
who suggested that the significant improvement in corrosion
resistance of Mg-Al alloys may be attributed mainly to the
alumina component of the inner layer becoming the
dominant factor in determining the passivity of the surface.

Unlike the aforementioned behaviour for the AZ31 alloy,
the Al/(Mg+Al)x100 ratio detected by XPS in the corrosion
products layer formed on the surface of the AZ61 alloy is
similar to that observed in the initial unexposed film
(approximately 15%) (Table 3), greater than the aluminium
content in the bulk metal composition (6%) and does not
seem to vary with exposure time. This data tends to suggest
significant aluminium enrichment through the thick
corrosion film formed on the AZ61 alloy after exposure to
humid air.

Table 3 also shows the O/Mg atomic ratios calculated
from the XPS data obtained on the unexposed specimen
surfaces, their evolution with exposure time by XPS, and the
most probable corrosion products obtained from this ratio.
With the pure Mg specimen an O/Mg ratio of close to 3 is
obtained, which tends to suggest the formation of CO3Mg as
the main compound in the corrosion product layer. The
O/Mg ratio in the AZ31 alloy (Table 3) reaches a value of
2.5 after 1 day of exposure and remains around this value
after 30 days of exposure. The lowering of this value
compared with the value of 3.0 corresponding to COs;Mg
could be directly related with the presence of MgO in the
corrosion products layer formed on the AZ31 alloy. The
value of the O/Mg ratio obtained in the corrosion products
layer formed on the AZ61 alloy (around 2.0) is lower than on
the AZ31 alloy and the pure Mg (Table 3). The O/Mg ratios
of = 2.0 reflect the existence of Mg(OH), as the major
component of the corrosion products layer formed on the
AZ61 alloy, probably related with the presence of a high Al
content.

3.2.1.3. Chemical Composition of the Corrosion Film as a
Function of Exposure Time

Table 4 compares the atomic percentages of C---C/C---H
and CO;~ groups obtained from the areas of the different
components used in the fitting of the C1s spectrum (Fig. 6a),
the atomic percentages of MgO/Al,O; and CO;/Mg(OH),
groups obtained from the areas of the different components
used in the fitting of the Ol1s spectrum (Fig. 6b), and the
atomic percentage of C and O observed by XPS on the
surfaces of the pure Mg, AZ31 and AZ61 alloys after
exposure to the humidity condensation test (Table 3). As the
Mg2p spectra (Fig. 6¢) and Al2s spectra (Fig. 6d) are fitted
with a single component, the atomic percentage of Mg and
Al shown in Table 3 could be mainly attributed to the
presence of Mg as Mg?* and Al as A"

After only one day of exposure the XPS analysis of the
pure Mg and the AZ31 and AZ61 alloy surfaces detects the
presence of considerable percentages of carbonates (between
6 and 9%) (Table 4). In a carbon dioxide (CO,) containing
atmosphere, when a thin electrolyte layer is presented on the
metal surface, CO, readily diffuses to the film surface and
tends to form magnesium carbonate.

For pure Mg, the detected CO;~ atomic percentage
obtained from the carbon and oxygen elements increases,
whereas the amount of MgO obtained from the oxygen
continuously decreases during the test and almost disappears
after 30 days of exposure to the humid environment. (Table
4). This result suggests that the magnesium oxide present on
the pure Mg surface does not prevent appreciable attack of
the material and readily reacts with CO, from the air to form
magnesium carbonate.

Different behaviour was revealed for the surface of the
AZ31 alloy, where the amount of MgO remained practically
constant between 15 and 30 days (Table 4). Regarding
carbonate content, while it slightly increased for pure Mg it
remained constant for the AZ31 alloy. The scarce variation
of these values suggests stabilisation of the surface
composition due to the presence of aluminium.
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Table4. Chemical Species Composition of the Corrosion Films as a Function of Exposure Time
Material Atomic Percent (Exposure Time in Days)

Element Chemical Species 1 15 30
C-C/C-H 15 8 9

Carbon
COs” 9 10 12

Pure Mg

MgO/Al,O3 19 16 6

Oxygen
CO3"/Mg(OH), 37 45 56
C-C/C-H 19 14 8

Carbon
COs” 6 8 8

AZ31 alloy
MgO/Al,O3 27 18 22
Oxygen —

CO3"/Mg(OH), 25 37 39
C-C/C-H 23 7 8

Carbon
COs” 6 6 8

AZ61

MgO/Al,O3 25 20 13

Oxygen
CO;3"/Mg(OH), 18 36 43

Unlike the absence of significant changes observed by
XPS on the AZ31 alloy, attention is drawn to the constant
decline in the MgO content and the rise in the
CO;7/Mg(OH), content observed on the AZ61 alloy surface
as the exposure time increases (Table 4). As has been
pointed out above, the CO3;/Mg(OH), species content in the
corrosion product layer on alloy AZ61 is due mainly to the
presence of Mg(OH),. Thus, the important variation in the
chemical composition observed after 30 days of exposure
seems to be linked to the formation of Mg(OH), from the
MgO present on the initial AZ61 alloy surface.

3.2.2. Electrochemical Impedance Spectra Analysis of the
Thick Corrosion Products Layer Formed After Different
Exposure Times

3.2.2.1. Initial Stage. Removal of Natural Oxide Film and
Characteristics of the Layer that Replaces it

Fig. (7) compares the Nyquist diagrams obtained with
pure magnesium (a), AZ31 (b) and AZ61 (c) alloys in
different surface conditions. These conditions were the
original surface after exposure to the laboratory atmosphere
for a long time (several months), the same surface after
exposure to the humidity condensation test for one day, and
finally the surface simply polished. The diagrams present a
single arc with an inductive tail at the lower frequencies. Fig.
(7) also shows the change in charge transfer resistance
values, R;, which are deduced from the high and medium
frequency arc of the Nyquist plots. The charge transfer
resistance value R, decreases from 2.26 kQ.cm? in the
unexposed AZ31 alloy to 1.25 kQ.cm? for the specimen after
1 day of exposure (Fig. 7b), and from 8.8 k Q.cm?® on the
unexposed AZ61 alloy to 4.67 kQ.cm® (Fig. 7c). The R
values obtained with the AZ31 and AZ61 alloys after 1 day
of exposure to the humidity condensation test are similar to
those obtained on the non-exposed polished samples (Figs.
7b, c). This data suggests the rapid removal, by the rinsing
effect of condensed water, of a very high percentage of the
initial air-formed film composed of MgO and CaO.

3.3. Second Stage. Effect of Aluminium on the Formation
of Passivating and Protective Layers as a Result of the
Exposure Process

No great differences have been seen in the general shape
of the impedance diagrams corresponding to pure Mg and
AZ61 alloy with exposure time to the humidity condensation
test. However, important differences were observed in the
charge transfer resistance values calculated from these
diagrams (Fig. 8a, b). Taking as reference the pure Mg and
AZ61 alloy surfaces exposed for 1 day, the exposure time
tends to increase the size of the high and medium frequency
arc in the Nyquist diagram, and thus the charge transfer
resistance value (R;) associated with this arc (Fig. 8a, b).
With regard to the importance of this effect, it may be noted
that after 30 days of exposure to the humidity condensation
test the R; value has increased by around 5 times with the
pure Mg (Fig. 8a) and around 8 times with the AZ61 alloy
(Fig. 8b). As for the protective efficiency of the corrosion
layer that is formed, it should be noted that it took 30 days of
exposure for the R, values observed with the pure Mg (Fig.
8a), to reach a similar value to that observed with the
unexposed AZ61 alloy (~ 8.8 kQ.cm?, Fig 7c).

As with the R; values, the magnesium carbonate content
observed by XPS in the surface film of pure Mg rises
constantly over the 30 days of exposure (Table 4). Therefore,
the increase observed in the R; values of pure Mg must be
related with the increase in the magnesium carbonate content
in the corrosion products layer formed in humidity exposure,
which would improve the anticorrosive resistance of pure
Mg.

The Ry values of the AZ61 alloy rise from a value of 4.67
kQ.cm? measured after 1 day of exposure, to a value of
43.50 kQ.cm? after 30 days of exposure (Fig. 8b). As has
been noted above, the XPS analyses obtained with this alloy
indicate a highly significant Al content and the constant
formation of Mg(OH), in the corrosion layer on AZ61 up to
30 days of exposure (Table 3). This data tends to suggest that
corrosion product layers constituted by mixtures of alumi-
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Fig. (7). Nyquist diagrams obtained with pure Mg (a), AZ31 (b) and AZ61 (c) specimens in different surface conditions.

nium oxide and Mg(OH), very significantly increase the

11

exposed AZ31 alloy tends to present two semicircles after 30

corrosion resistance of the AZ61 alloy.

Unlike the diagrams observed for pure Mg and the AZ61
alloy (Fig. 8a, b), the impedance diagram obtained with the

days (Fig. 8c). A semicircle related with the protective
character of the corrosion product layer is represented
at high frequencies, while at low frequencies the Warburg
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Fig. (8). Evolution of Nyquist diagrams obtained with pure Mg (a), AZ61 (b) and AZ31 (c) specimens after different exposure times.
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impedance appears in the form of an arc or diffusion tail. In
the impedance diagram for the AZ31 alloy after 30 days of
exposure, the appearance at low frequencies of a poorly-
defined second arc or tail of a much larger diameter than that
appearing at high frequencies may be attributed to the
influence on the frequency response of the diffusion process
through the corrosion products layer of finite thickness.
Unlike pure Mg, the MgO and magnesium carbonate
contents observed by XPS on the AZ31 alloy surface after 15
days of exposure does not show significant variations
compared with those seen after 30 days of exposure (Table
4). The scarce variation of these values shows that the
presence of the MgO layer on the AZ31 alloy prevents the
formation of magnesium carbonate. On the other hand, and
in contrast with the AZ61 alloy, the Al/(Mg+Al)x100 ratio
for the surface film of the AZ31 alloy after 15-30 days
(Table 3) is slightly higher than the aluminium content in the
bulk metal composition (Table 1). Therefore, according to
the XPS results there is no aluminium enrichment on the
outer surface of the corrosion products (~20 A). This data
suggests that the presence of the mixture of aluminium and
magnesium oxides in a thin oxide layer, presumably near the
metal/oxide interface and below the corrosion layer formed
by CO3;Mg, increases the corrosion resistance of the AZ31
alloy, acting as a barrier that impedes the diffusion of
aggressive species to the metallic substrate.

SUMMARY

This paper has summarised some of our work using XPS
in corrosion research of magnesium and Mg-Al alloys. With
respect to the thin passivating film that forms spontaneously
on the surface of magnesium and its alloys (thickness
between 3 and 7 nm), a technique like XPS provides
information on the oxide film chemical composition and its
thickness, film alloying element content and the presence of
impurities. The composition of the thick corrosion products
layer that forms subsequently during humidity exposure can
also be determined. In general, the information obtained by
the XPS technique leads to a better understanding of
corrosion phenomena and mechanisms.
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