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Abstract

The authors present a review of their recent research work in an endeavour to interpret
the influence of native oxide films on the corrosion behaviour of commercial AZ31
and AZ61 magnesium alloys or on the oxidation kinetics in air at 200°C. The tendency
of some of these thin films to be sufficiently protective in mild or weak corrosive
environments is examined. For obtaining oxide films with different protective
properties, some of the specimens are tested with the surface in the as-received
condition, while others are tested immediately after mechanical polishing. The
technique applied to characterise thin (thickness of just a few nanometres) oxide films
present on the surface of alloys has basically been XPS (X-ray photoelectron spectro‐
scopy) in combination with ion sputtering. Oxidation resistance of the alloys is
quantified by thermo gravimetric (TG) curves and their corrosion rate is evaluated by
Electrochemical Impedance Spectroscopy (EIS) and hydrogen evolution measure‐
ment in chloride solutions with different aggressivity. Emphasis is placed on the
possible effects of: (a) the different thickness of the native oxide films formed on the
polished surfaces on the corrosion behaviour of the alloys; and (b) the different film
homogeneity and uniformity on the oxidation results. Finally, an attempt will be made
to learn more about the influence of the native oxide films that cover the substrate on
the subsequent growth and protective behaviour of the sol–gel coatings.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

This chapter focuses on Mg–Al alloys, a material which has been transformed from a topic of
scientific interest to a material of broad technological and commercial significance in the last
two decades. From a practical point of view, Magnesium (Mg) is a promising structural
material for transportation industries due to its low density (1.74 g/cm3), high strength-to-
weight ratio, good castability and mechanical properties, making it attractive for use in the
automotive, aerospace and electronics industries, where light weighting is increasingly
important. Especially for automotive industry, using lightweight materials like Mg can
improve the fuel economy and have a positive impact on the emission of greenhouse gases
and environment [1]. Unfortunately, magnesium and its alloys intrinsically have high chemical
reactivity, which makes them susceptible to oxidation in various corrosive environments. The
poor corrosion resistance of the magnesium alloy restricts its widespread application [2]. A
better understanding of their corrosion mechanism, and of the factors influencing their
corrosion behaviour, is expected to lead to more corrosion-resistant Mg alloys [3].

There are many scientific works that have studied the relationship between the microstructure
of the alloy (quantity and distribution of the β-phase precipitates) or between Al content in the
bulk of the alloys and their corrosion resistance [4-10]. Far fewer researchers have studied the
chemical composition of the thin passivating layer on the outermost surface (thickness of about
3nm) which spontaneously grows in contact with the atmosphere or after short heat treatments
at low temperature [11-15]. As it has been recently noted by Song [16], the rupture of an initially
formed film can to a great extent influence the film growth behaviour in a later stage; the pitting
distribution on a metal surface in an early stage will affect the final corrosion morphology; the
initial surface cleanness of steel may sometimes determine the steel passivity. It is of great
interest to learn how, when and where the transition suddenly starts. Predicting the occurrence
of the transition on a metal surface is difficult, but it is a challenging goal that must be attained
in corrosion research.

Like other metals, magnesium oxidises rapidly when exposed to the air or in an aqueous
solution, giving rise to the formation of passivating oxide films of just a few nanometres
thickness. According to Mott and Cabrera's theory on the growth of very thin oxide films
[17], the electric field associated with the presence of oxygen ions adsorbed on the metal surface
is enormous at first, but quickly weakens as the film thickness grows, and after a few minutes,
the reaction virtually ceases. In dry air, at room temperature, the oxide reaches a limited
thickness of about 4 nm, but can grow in thickness owing to the formation of magnesium
hydroxide in a humid atmosphere and/or at a higher temperature.
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From a scientific point of view, the literature contains controversial views relating to the effect
of thin native oxide films characteristics on the corrosion performance of magnesium alloys.
Chen et al. [18] reported that unlike other active light metals, such as Al and Ti, Mg alloys do
not form a naturally passivating oxide film. In contrast, Nordlien et al. [19] and [20] and Lunder
et al. [21] suggested that the oxide formed naturally on Mg–Al alloy surfaces is stable and
protective and responsible for the passivity of the surface in the presence of an aqueous
environment. Santamaria et al. [15] report that the films formed soon after mechanical
treatment and immersion in aqueous electrolyte have a bilayer structure, consisting of an ultra-
thin MgO inner layer (similar to 2.5 nm) and a Mg(OH)2 external layer. Recently, Atrens et al.
[22] proposed the partially protective surface film (PPSF) mechanism for Mg corrosion that
assumes that the Mg surface is covered by a partially protective film, even in a concentrated
chloride solution. However, the chemical composition and microstructure of the oxide films
and their protection properties are still not clear [23].

According to Jeurgens et al. [24] and Saleh et al [25], 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. Furthermore, there is no
comprehensive knowledge of the effect of the concurrent processes of chemical segregation
and preferential oxidation on both the developing oxide-film microstructure and the induced
compositional changes in the alloy subsurface.

Czerwinski [26] studied the oxidation behaviour of AZ91D Mg alloy at different temperatures.
His results showed that AZ91D exhibited protective oxidation only at a temperature of 197°C,
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.

One of the main obstacles to characterise the thermally oxidised film formed on the surface of
magnesium alloys after heating at low temperatures (200°C) is its small thickness. As Czer‐
winski [26] reported, the maximum oxide thickness achieved during heating (as converted
from weight gain data) was equal to 64 nanometres for 197°C. This film thickness is too small
to produce a sufficient signal for conventional materials characterisation techniques (Optical
microscopy, SEM/EDX, XRD or TEM) [27]. The use of the XPS surface analysis technique makes
it possible to reduce the analysed thickness to only 3 nm and supplies information on the
oxidation state of the detected element.

One of the most effective ways to prevent corrosion of metals is to separate the metallic surface
from the corrosive medium by mean of coating films. In this context, the sol-gel coatings have
received considerable attention over the years, but recently there has been an upsurge of
interest in these technologies due to the urgent necessity of searching an alternative way to the
use of conventional primer coatings and pretreatments based in the use of Cr(VI) compounds.
The great growth of the attention devoted to the sol-gel coatings is in part due to the new
environmental protection legislation which restricts the use of chromium Cr(VI) salts because
of their being highly toxic and carcinogenic. In the scientific literature, one can find valuable
review papers that can be a good approach guide to understand the problems associated with
the sol-gel science and technology [28-31].
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The development of hybrid organic–inorganic sol-gel coating for protecting aircraft light alloys
and improving environmentally benign surface treatments for aerospace alloys are topics of
high priority around the world. In this way, Vreugdenhil et al. since 2001 described a process
to develop Self-assembled NAnophase Particle (SNAP), which was based on the use of
glycidylpropyltrimethoxysilane and tetramethylorthosilicate [32]. Afterwards, in 2003, these
authors described a new route to improve the SNAP coating process. This new process was
based on the use of amino-silanes as crosslinking agents 3-aminopropyltrimethoxysilane, 3-
(2-aminoethyl) aminopropyltrimethoxysilane and 3-(trimethoxysilyl) propyldiethylenetria‐
mine [33]. In a recent work, Li et al. have prepared a series of hybrid organic–inorganic coatings
based on silica–epoxy composite coatings with the sol-gel method by using the amino-silane
3-aminopropyl triethoxysilane as a coupling agent and tetraethoxysilane to afford chemical
bonding to form silica networks organic–inorganic hybrid coatings [34].

The production of hybrid sol-gel coatings is based in the co-hydrolysis and polycondensation
of two organopolysiloxane precursors. One of them is the precursor of inorganic chain and
another one is the former of the organic chain of the sol-gel network. Tetramethylorthosilicate
and tetraethylorthosilicate are typically used as precursors of silica network [28-31]. On the
other hand, aminopropyltrimethoxysilane, glycidylpropyltrimethoxysilane, methacryloylox‐
ypropyltrimethoxysilane are commonly used as precursors of the organic chain. These
molecules contain active groups that can react chemically with both the inorganic and organic
substances, which can be used to design tailored multifunctional coatings with multiple
properties (scratch, wear and corrosion resistance, superhydrophobicity, bioactivity and
biocompatibility, environmentally benign antifouling, etc.) [28-31]. The use of mercapto silanes
as the 3-mercaptopropyltrimethoxysilane can also be a good choice for preparing sol–gel
coatings for light alloys [35].

Garcia Heras et al. have also prepared sol–gel coatings based on siloxane bonded units by
starting from an organic–inorganic hybrid coatings by using as precursors γ-methacryloxy‐
propyltrimethoxysilane and tetramethylorthosilicate for corrosion protection of zinc sub‐
strates Cerium nitrate hexahydrate in three different concentrations was added. The
anticorrosive performance of the Ce3+ ions entrapped in the resulting hybrid silica sol–gel
network occurs by means of the inhibitor effect and the self-healing mechanism (probably due
to the Ce(OH)3 precipitation) [36]. Recently, Harb et al. have reported a similar study where
they also correlated the structural properties of cerium doped organic–inorganic hybrid
coatings with their efficiency for the corrosion protection of carbon steel. The films were
prepared via the sol–gel route from radical polymerisation of methyl methacrylate with 3-
methacryloxy propyltrimethoxysilane followed by acidic hydrolysis and condensation of
tetraethoxysilane [37]. A promising research line consists in introducing phosphorus precur‐
sors into organic–inorganic hybrid sol–gel coatings. In this way, El Hadad et al. have intro‐
duced triethylphosphite in sol–gel coatings based on mixtures of γ-
methacryloxypropyltrimethoxysilane and tetramethylorthosilicate, not just for improving the
corrosion protection properties of the coatings but also their biocompatibility [38].

Before, Khramov et al. had also used hybrid organic–inorganic coatings with phosphonate
functionalities for evaluating their corrosion protection performance when they are used as
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surface treatments for magnesium materials. These coatings have been processed via a sol–gel
route by hydrolysis and condensation of a mixture of diethylphosphonatoethyltriethoxy-
silane and tetraethoxy-silane obtaining very promising results [39]. In line with this idea,
Lamaka et al. have synthesised hybrid organic–inorganic sols by copolymerisation of epoxy-
siloxane and titanium or zirconium alkoxides by also using tris(trimethylsilyl) phosphate as
additive to confer additional corrosion protection to magnesium-based alloy [40]. Barranco et
al. have also evaluated the behaviour against corrosion of four optimised sol–gel coating
systems (inorganic, hybrid organic–inorganic, containing zirconium and containing cerium
ions) on magnesium alloys. These coatings were obtained by the sol–gel process from tetra‐
methoxysilane and diethoxydimethylsilane as organopolysiloxane precursors and were
doped with Ce3+ to make evident their usefulness as autonomous protective coatings as well
as a pretreatment prior to acrylic topcoat [41].To finish this section it might be interesting to
mention a recent paper published by the group of Murillo-Gutierrez. These authors proposed
the use of bilayer architectures as a strategy to improve the protection properties of sol–gel
coatings on magnesium alloys. Because of the high reactivity of the magnesium alloys, a sol–
gel coating based on a single layer presents defects consisting of macro-pores and protuber‐
ances, which opens access for corrosive species to reach the metallic substrate. This undesired
effect can be overcome by using a sol–gel coating based on a bilayer architecture. For such a
purpose, they use sol–gel formulations based on 3-glycidyloxypropyl-trimethoxysilane and
aluminium-tri-sec-butoxide [42].

In this chapter, the authors present a review of their research work over the last three years on
the correspondence between the chemical composition and physical characteristics of mag‐
nesium oxide layers present on the surface of commercial Mg–Al alloys and a series of metal
properties including its microstructure, corrosion resistance, oxidation performance and sol–
gel film formation. Most of the experimental information and results have been taken from
published works by the authors [27, 43-47].

In the subsequent paragraphs, focused on the native oxide film, information is presented in
relation with the following points:

1. Correspondence between thickness of the naturally formed oxide films on the surface of
AZ31 and AZ61 alloys and a series of properties connected with the type of magnesium
alloy, presence of second-phase particles in the magnesium matrix and the manufacturing
conditions.

2. The corrosion resistance of the native oxide film in saline solutions of different aggres‐
siveness.

3. The homogeneity and uniformity of the surface layer, which is closely related to the
resistance by the magnesium alloys to the thermal oxidation.

4. The chemical changes in the native oxide surface film of the AZ61 alloy induced by the
thermal oxidation at low temperatures and for short times, reinforcing its anticorrosive
properties.

5. The behaviour of a silane hybrid sol–gel coating designed to be applied onto magnesium
alloy surfaces for their corrosion protection.
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2. Experimental section

Samples of wrought magnesium aluminium alloy (AZ31 or AZ61) in plates of 3 mm thickness
were supplied by Magnesium Elektron Ltd, Manchester, UK. The chemical compositions of
the tested magnesium alloys, AZ31 and AZ61, are listed in Table 1.

Alloy
Chemical Composition (wt%)

Al Zn Mn Si Fe Ca Mg

AZ31 3.1 0.73 0.25 0.02 0.005 0.0014 Balance
AZ61 6.2 0.74 0.23 0.04 0.004 0.0013 Balance

Table 1. Chemical composition of AZ31 and AZ61 alloys (wt%).

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, which
accompany the alloy type, denote: O= original surface condition (e.g. as-received condition);
P= polished surface condition.

This research compares the behaviour of specimens of the above alloys in the following surface
conditions:

Specimens in the as-received condition, where the untreated surfaces were only cleaned with
distilled water and dried with hot air.

Freshly polished specimens were dry ground through successive grades of silicon carbide
abrasive paper, from P600 to P2000, followed by finishing with 3 and 1 μm diamond paste,
cleaned in distilled water and dried with hot air.

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 thermal treatment was very simple, consisting of the horizontal exposure of 2 cm × 2 cm
square specimens of the AZ31 and AZ61 alloys in a convective stove at 200 °C in air for 5, 20
and 60 min.

For preparation of sol–gel coatings, γ-methacryloxypropyltrimethoxysilane (MAPTMS) (98%
from Aldrich) and tetramethoxysilane (TMOS) (98% from Fluka) have been used as received.
Sols were prepared starting from a mixture of 4 mol of MAPTMS and 1 mol of TMOS. Ethanol
and water were added with the molar ratio (TMOS + MAP)/water/ethanol of 1/7/8 [47]. The
organic–inorganic hybrid coatings were deposited on the AZ31 and AZ61 by using a dip
coating technique with a withdrawal speed of 9 cm/min and holding time of 60 s. The coated
MAPTMS/TMOS-AZ31 alloy and MAPTMS/TMOS-AZ61 alloy systems were then placed in a
furnace for 2 h at 120°C for curing. The rest of MAPTMS/TMOS sol was placed 12 h at 120 °C
and crushed to convert it into a powder form [47].

AZ31 and AZ61 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
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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.

The microstructure and chemical composition of the magnesium alloys were examined by the
scanning electron microscopy (SEM, Hitachi S-4800) and by energy dispersive X-ray spectrosco‐
py (EDS, Oxford energy dispersive X-ray microanalysis system) attached to SEM, respectively.

The surface topography of the specimens was measured ex situ by atomic force microscope
(model 5100 AFM/SPM from Agilent Technologies) in taping mode with a resolution of 512 ×
512 points.

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
energies of all spectra were referenced to the C 1s peak at 285.0 eV. For acquiring the concen‐
tration profiles (distribution of elements as a function of specimen thickness), the surface was
sputtered by argon ion bombardment (AIB) with a sputtering rate of 5 nm/min based on a
SiO2 reference. The data were analysed using a Xpspeak 4.1 software.

The morphology of the attack on the corroded surface was examined at low magnification and
a camera was used to take the photographic images.

To measure the corrosion rate of magnesium alloys during immersion, hydrogen evolution
detection tests were conducted at ambient temperature. The specimens were put in the beaker
and then a funnel was located over the samples to collect the volume of evolved hydrogen
during the corrosion process in a burette above the funnel.

Electrochemical impedance measurements were conducted in 0.006 M NaCl and 0.6 M NaCl
at room temperature (25 °C). An AUTOLAB potentiostat, model PGSTAT30, with frequency
response analyser (FRA) software was used. A three-electrode cell was used employing the
magnesium alloy as working electrode with an exposed area of 1.0 cm2, a graphite electrode
as counter electrode and a saturated Ag/AgCl (saturated KCl) electrode as reference electrode,
respectively. The impedance data were collected at the open circuit potential with a 10 mV
sinusoidal AC perturbation over a frequency range of 100 kHz to 1 mHz. The Nyquist shapes
of the completed experiments are fitted using the Zview program [48], and the impedance data
are acquired from the fitting results using the equivalent electrical circuit.

3. Results and discussion

3.1. Characterisation of magnesium alloys

3.1.1. Morphology and structure of the outer oxide layer formed on AZ31 and AZ61 magnesium alloys
with different surface conditions

Figure 1 compares the surface morphologies on the as-received (O) and polished (P) surface
conditions for: (a, c) AZ31 alloy and (b, d) AZ61 alloy. As can be seen, the metallic surface of
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the AZ31-O specimen appears to be covered by a large number of white precipitated particles
(Figure 1a), whereas in the surface of the AZ61-O, these particles are not apparently visible
(Figure 1b). In a previous study [45], we obtained EDX analyses on the white particles and an
increase in the Al, Zn and Mn content and the decrease in the Mg content compared to the
darker regions was observed. SEM examinations of the specimens in as-received condition
(Figures 1a and 1b) revealed a rough surface covered with non-uniform features, very different
to that of the polished surface (Figures 1c and 1d).

(a)
50 µm 50 µm

AZ31 alloy

(as-received surface)

10 µm10 µm

Mg-Al-Zn
(a)

(d)(c)

(b)

AZ61 alloy

(as-received surface)

AZ31 alloy

(polishedsurface)

AZ61 alloy

(polishedsurface)

Figure 1. (a, b) SEM morphologies of the surfaces in the AZ31-O and AZ61-O and (c, d) AZ31-P and AZ61-P specimens
(figure adapted from [45] and [46]).

Table 2 compares the surface roughness values on the AZ31-O and AZ61-O specimens with
those corresponding to the AZ31-P and AZ61-P ones. Nanometric scale details of the typical
surface roughness exhibited by the tested specimens are given in Figure 2.

SPECIMENS RMS (nm)

AZ31-O
AZ61-O

150.0
138.6

AZ31-P
AZ61-P

7.3
5.6

Table 2. Roughness values obtained with atomic force microscope. The values are average of four determinations.

Figure 3 shows the SEM microstructure of the tested materials. Both alloys have an equiaxed
grain structure typical of wrought magnesium alloys. The average grain sizes are approxi‐
mately 5-100 μm (Figure 3a) and 40-100 μm (Figure 3b) in AZ31 and AZ61, respectively, but
in AZ61 irregular-shaped divorced eutectic β-Mg17Al12 phases were seen at grain boundaries
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(Figure 3b). Microstructural features often promote the formation of points of attack on the
surface of the specimens exposed to the test solution due to the discontinuities that are caused
in the oxide film. In the case of AZ61, the small amounts of β-phase (Mg17Al12), which is formed
at the grain boundaries (Figure 3b), can act as a galvanic cathode accelerating the corrosion of
the α-Mg grain [49] and [50]. In contrast, it can be found that the alloying element Al in AZ31
alloy is completely dissolved into Mg matrix and no precipitation of β-phase is observed
(Figure 3a). As will be seen later, the rate of corrosion is strongly influenced by the micro‐
structure of the tested specimens.

3.1.2. Surface chemistry of the AZ31 and AZ61 magnesium alloys with different surface conditions

Figure 4 compares the C1s (a-d), O1s (e-h), Mg 2p (i-l) and Al 2s (m-p) XPS high-resolution
spectra of the oxide films formed spontaneously on the surface of the AZ31 and AZ61 alloys
after 5 minutes of sputtering. Attention is drawn to the absence of carbon on the surface of the
specimens (Figures 4a-4d). The O 1s spectra (Figures 4e-4h) can be fitted to two components,
which include the high binding energy component at 533.2 eV corresponding to the Al2O3 for
the case of AZ31-P and AZ61-P specimens (Figures 4e and 4f), or MgAl2O4 for AZ31-O and
AZ61-O specimens (Figures 4g and 4h) [51], and the low binding energy, most intense
component at 531.2 eV relating the MgO [52].There are two components of similar intensity in
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Figure 2. (a, b) Atomic-force Microscope (AFM) images of the surfaces in the AZ31-O and AZ61-O and (c, d) AZ31-P
and AZ61-P specimens.
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the Mg2p peak observed on the AZ31-P specimen (Figure 4i), in which the low binding energy
component at 48.6 eV is attributed to metallic Mg, and the broader high binding energy peak
centred at 50.8 eV corresponds to magnesium oxide (MgO). It can be seen that the ratio of the
intensity of magnesium oxide component to the intensity of metallic magnesium component
on the surface of the AZ61-P specimen (Figure 4j) is higher than on the AZ31-P specimen
(Figure 4i). This is explained by accepting that the oxide film thickness on the AZ61-P specimen
is greater. For AZ31-O and AZ61-O specimens (Figures 4k and 4l), the spectra are fairly similar,
containing one single component at a binding energy of 50.8 eV associated with the presence
of magnesium in the form of MgAl2O4 [51]. The Al2s spectra obtained on the AZ31-P, AZ31-
O and AZ61-O specimens (Figures 4m, 4o and 4p) show a broad peak centred at 119.3–119.7
eV which indicates the presence of Al oxide and/or Al hydroxide. Attention is drawn to the
presence of a significant metallic Al signal, which appears at approximately 117.3 eV, in the
spectrum obtained on AZ61-P specimen (Figure 4n). The absence of a significant metallic
aluminium signal on the AZ31-P, AZ31-O and AZ61-O specimens (Figures 4m, 4o and 4p)
suggests that no appreciable quantities of Al0 are located in the outer region of the material.
In contrast, this aluminium is in metallic or free form on the surface layers of the AZ61-P
specimen (Figure 4n).

The thickness of the native oxide film (d o) on the surface of the magnesium specimens was
calculated using the expression given by Strohmeier [53]

0
(     ) 

( ) sin 1
(    )

oxide metal metal
oxide

metal oxide oxide

I x x Nd nm ln
I x x N

l
l q

l
= + (1)

Figure 3. (a) SEM micrographs of AZ31 and (b) AZ61 magnesium alloys.
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where I oxide and I metal denotes the component intensities, λ metal and λ oxide the mean free paths
of photoelectrons of the metal atoms and the metal oxide, θ is the take-off angle for the analysed
electrons, θ = 45° in this work; and N metal and N oxide correspond to the number density of the
magnesium in metallic Mg and the surface layer. For the current investigation, an N metal/N oxide

ratio of 1.24 was used [54]. The λ values for magnesium metal and magnesium oxide were
kept as 3.0 and 2.6 nm [55-57], respectively. Figure 5 shows the oxide film thickness as
calculated from Eq. (1) for the Mg2p peak after 3 min and 4.25 min (not shown), 5 min (Figures
4i and 4l) and 6 min of sputtering (not shown) in AZ31-P and AZ61-P specimens; and after 17
min, 20 min, 25 min and 30 min of sputtering (not shown) in AZ31-O and AZ61-O specimens.
The thickness values have been determined by extrapolation to zero sputtering time.

From XPS analysis of oxide film thickness, it is observed that this value in the AZ61-P specimen
is some 2 nm thicker than on the AZ31-P specimen (Figure 5a). The differences in film thickness
among the two alloys are probably related with the degree of perfection of the oxide films and
differences in diffusion rate of the reaction products [13], [26] and [58]. The higher film
thickness values obtained with the AZ61 alloys, which contain more Al than AZ31 alloy, may
be related to the heterogeneous structure associated with the β-precipitation phase located in
the boundaries (Figure 3b). On the other hand, the presence of a coarse discontinuous outer
layer of magnesium and aluminium oxides on the original surface of the AZ31-O and AZ61-
O specimens (Figures 1a, 1b, 2a and 2b and Table 2) impedes the measurement of native oxide
film thickness.
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Figure 4. (a-d) Variation in the C1s, (e-h) O1s, (i-l) Mg2p and (m-p) Al2s high-resolution peaks obtained by XPS on the
surface of the specimens after 5 min sputtering as a function of surface conditions and alloy type (figure adapted from
[27]).
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3.2. Corrosion behaviour of magnesium alloys

The effect of native oxide films in chloride solutions at different times is described below.

3.2.1. Immersion tests

3.2.1.1. Hydrogen evolution measurements

Hydrogen evolution is dependent on the nature and composition of oxide films. Figure 6 shows
the hydrogen evolution versus time curves (direct measure of the corrosion rate) during
immersion in 0.006 M NaCl (a, d), 0.06 M NaCl (b, e) and 0.6 M NaCl (c, f) for 700 hours. No
significant differences were observed in these curves for the AZ31-P specimen compared to
the AZ31-O specimen, regardless the chloride concentrations of the solution (Figures 6a-6c).
In contrast with the AZ31 alloy, significantly lower hydrogen evolution data were observed
in the AZ61-P specimens during immersion in 0.006M (Figure 6d) and 0.06M NaCl (Figure
6e) than those corresponding to the AZ61-O substrate. Similar values of hydrogen volume
evolved were measured in the AZ61-P specimen compared to those of the AZ61-O specimen
during immersion in 0.6M NaCl (Figure 6f).

3.2.1.2. Electrochemical impedance measurements

The evolution of the corrosion process on the AZ31 and AZ61 alloys as a function of the surface
conditions has been monitored by means of impedance measurements. It will be observed
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Figure 5. (a) Oxide thickness obtained by XPS on AZ31-P and AZ61-P specimens alloy and (b) in AZ31-O and AZ61-O
specimens after sputtering (figure adapted from [27]).
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from Figure 7 that all Nyquist diagrams exhibit a capacitive arc at high frequencies and
intermediate frequencies (HF and MF) followed by an inductive arc in the low-frequency
region (LF).
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immersion in saline solutions with two different chloride ion concentrations.
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Figure 6. Comparison of the hydrogen evolution as a function of surface conditions and alloy type during 700 hours of
immersion in saline solutions with different chloride ion concentrations.
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In the literature about the corrosion of magnesium alloys, it is normal to associate the diameter
of the capacitive loop in the HF/MF region with the charge transfer resistance (RCT) of the
corrosion process [9, 59, 60] value which is inversely related to the corrosion current (icorr)
through the well-known Stern-Geary equation [61]:

corr
CT

Bi
R

= (2)

B being a proportionality constant which depends on the Tafel slopes, βa and βc. In this study,
due to the uncertainty in the βa values from the polarisation curves [45], it was decided to use
the constant B obtained empirically from the correlation between RCT measurements and
weight loss data [45]. Previous investigation [27] has justified the use of B values of 65 mV for
the AZ31 alloy and 120 mV for the AZ61 alloy.

Table 3 compares the charge transfer resistance (RCT) values for the AZ31 and AZ61 alloy
specimens as a function of surface conditions and chloride ion concentration after one day of
immersion. The corrosion current densities (mA/cm2) obtained from Eq. (2) were converted
to corrosion rates (mm/y) in Table 3 based on Faraday’s law and the resulting equation:

   22.85 corrcorrosion rate i= (3)

Specimens Chloride ion concentration (M) RCT (Ω.cm2) Corrosion rate (mm/y)

AZ31-O

0.006

25000 0.06

AZ31-P 29000 0.05

AZ61-O 28000 0.10

AZ61-P 82000 0.03

AZ31-O

0.6

1500 1.0

AZ31-P 1100 1.3

AZ61-O 1000 2.7

AZ61-P 4000 0.7

Table 3. Variation in RCT and corrosion rate values as a function of alloy-type surface condition and chloride ion
concentration, after one day of immersion.

No significant differences in these values were observed in the AZ31-P specimen compared
with those corresponding to the AZ31-O specimen (Table 3). In contrast with the AZ31 alloy,
significantly lower corrosion rate values than the AZ61-O specimens were observed in those
corresponding to the AZ61-P specimens (Table 3). It is interesting to note that similar trends
regarding the corrosion behaviour are deduced from these electrochemical values as from the
hydrogen evolution ones in 0.006 M NaCl (Figures 6a, d) and 0.06 M NaCl ones (Figures 6b, e).
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The series of photographs in Figure 8 show that on the alloy AZ31 filiform corrosion is initiated
almost immediately after immersion, especially on the AZ31-O specimen. The population of
filaments expands in less than one day across the entire exposed surface. On the AZ61 alloy,
the initiation and evolution of filiform corrosion is significantly slower than on AZ31, and
clusters of propagating filaments do not appear until after 19 h of immersion on the as-received
surface or 70 h on the polished surface. The small points in Figure 8 for AZ6-P specimen after
1 hour of immersion correspond to hydrogen bubbles growing at and detaching from the
polished surface. In general, there is a qualitative agreement between the largest fraction of
the corrosion area of the samples (Figure 8) and the electrochemical measurements (Table 3).

1 Hour 2.5 Hours 19 Hours 70 Hours

AZ31-O

AZ31-P

AZ61-O

AZ61- P

10 mm

Figure 8. Photographic images of the evolution of corrosion morphology with immersion time for AZ31-O, AZ31-P,
AZ61-O and AZ61-P specimens immersed horizontally about 50 mm below the surface of test solution (figure adapted
from [44]).

As the results of the immersion tests, the native oxide film formed on the AZ31-P specimen
does not reveal any particularly significant difference in corrosion resistance compared to
those formed on the AZ31-O specimen (Figures 6a-c and Table 3).

Aluminium-rich particles containing high manganese, which are present in the alloy surface,
can be detrimental to the corrosion resistance of Mg–Al alloys [62] The attack can be initiated
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at points close to these particles which, acting as a galvanic cathode, accelerates alpha phase
corrosion. In the present work, the presence of abundant white particles has been observed on
the surface of the AZ31-O specimen (Figure 1a), while, these are practically irrelevant on the
surface of the AZ31-P ones (Figure 1b). Curiously, the corrosion results in Figures 6a-c, Figures
7a, c and Table 3 reveal no special effect of the initial presence or absence of these particles on
the surface of the AZ31 specimens.

In the immersion test in the 0.006 and 0.06 M NaCl, attention is drawn to the notably lower
corrosion rate on the AZ61-P specimens compared to the AZ61-O specimens over 30 days
testing (Figures 6d, e). This difference may be due to the strong protective effect of the oxide
film that forms spontaneously on the polished AZ61 alloy surface, much more uniform,
homogeneous and continuous than that on the as-received surfaces (Figures 1b, d, Figures 2b,
d and Table 2). As long as these properties do not noticeably deteriorate with testing time, said
film will prevent or slow the enhanced micro-galvanic action due to the abundant presence of
β-phase in this alloy (Figure 3b) in posterior immersion in saline solutions of weak (0.006 M
NaCl) or medium (0.06 M NaCl) aggressiveness.

One point emerging from the corrosion rate values in Table 3 is the clear trend of the AZ61-P
specimen to present in the first day of immersion in presence of the highly aggressive 0.6 M
NaCl solution lower values than the AZ31-P specimen. Also, this effect seems to be reflected
in the series of photographs in Figure 8, where a large part of the surface of the AZ61-P
specimen retains for a quite some time the initial shin, while soon the surface of the AZ31-P
specimen appears affected by the corrosion. Comparing these results with the XPS determi‐
nations of oxide film thickness formed on the surface of the AZ61-P and AZ31-P specimens,
one clearly see a tendency towards a decrease in corrosion rate values as the thickness of the
spontaneously formed MgO film increases (Figure 5a). This correspondence between electro‐
chemical values and the native oxide film thickness suggests that said film somehow controls
the corrosive attack in the early stages of the immersion tests in the 0.6 M NaCl solution. It is
logical to relate a decrease in the corrosion rate with the strengthening of the oxide film that
usually protects the surface of magnesium alloys. Any increase in the native oxide film
thickness decreases the percentage of active points or oxide-free areas on the metallic surface,
inhibiting the tendency (stimulated by the presence of Cl- ions) for metallic ions to pass from
the reactive bare surface into the aqueous solution. It is important to mention that, after an
initial period which does not last for more than about 7 days, no effect attributable to the initial
surface condition of the AZ61-P specimen is generally seen (Figure 6f).

3.3. Isothermal oxidation

There is the possibility that some of the more significant changes observed in the composition
and specific characteristics of the metallic surface for the AZ31 and AZ61 alloys commented
on previously, may exert an appreciable effect on the alloy oxidation kinetics at low temper‐
atures. In this respect, attention is drawn to: (a) very thin MgO layer, only few nanometers
thick, grown on the surface of AZ31-P and AZ61-P specimens; (b) the lack of continuity of the
oxide film on the surface of AZ31-O and AZ61-O specimens resulting from the fabrication of
the wrought alloy.
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Figure 9 shows that the AZ31-P and AZ61-P specimens present much lower increases in weight
gain during isothermal oxidation than the corresponding AZ31-O and AZ61-O specimens. As
can be seen in Figure 9, 35–60 min of heating at 200 °C 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-state 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
[26]. From Eq. (4) [63]:

-6  150000=1.0x 10 exp   m2 / s
RTLD æ ö-

ç ÷
è ø

(4)

Diffusivity (DL) of Mg within the MgO lattice at 473 K is as low as 2.67 × 10−23 m2/s, justifying
negligible weight gain.

This behaviour is not detected in the case of the AZ31-O and AZ61-O specimens (Figure 9),
which tends to suggest that the increase in weight gain with the oxidation time is dependent
on the initial surface condition of the studied alloys. As Table 2 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. The difference in weight gain with heating time between the as-received
and polished surfaces (Figure 9) may be in agreement with the very heterogeneous and likely
defective surface layer present on the as-received surfaces (Figure 2) compared to the con‐
tinuity of the oxide films formed on the polished specimens.
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Figure 9. (a) Evolution of weight gain values obtained in the AZ31-O and (b) AZ61-O specimens as a function of the
time of oxidation at 200°C in air compared with those of the same alloys in polished condition (figure adapted from
[45]).
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The evolution with sputtering time of the Al2s high-resolution XPS spectrum obtained on the
oxide film formed on the surface of the AZ61-O and AZ61-P oxidised for 60 minutes in air at
200°C is shown in Figure 10. Attention is drawn to the high intensity of the Al0 signal on the
Al2s peak obtained on the AZ61-P specimen surface after 5 (Figure 10d) or 10 minutes of
sputtering (Figure 10f) compared to its absence on the AZ61-O specimen surface (Figures 10c
and 10e). This difference in trend suggests that a large part of the Al is in metallic state in the
subsurface layers of the oxidised AZ61-P specimens, and as aluminium oxide or MgAl2O4 type
species in the layers close to the outermost surface in the case of the heat-treated AZ61-O
specimens. Jeurgens et al. [24] have investigated the growth kinetics and the evolution of the
chemical composition and constitution of the initial oxide film grown on Mg-based MgAl
surfaces by dry thermal oxidation, and observed that within the grown oxide films adjacent
to the alloy/oxide interface, the interstitial sites were preferentially occupied by Al cations. In
the present study, it is speculated that the homogeneous, uniform and compact native oxide
layer present on the surface of the polished specimens (Figures 2c, d) inhibits significantly the
oxidation or solid-state diffusion of the Al alloying element within the exposure times and
temperature chosen in our study, inhibiting the growth of Al2O3 or MgAl2O4 type species [27].
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Figure 10. Variation of the Al2s high-resolution peak obtained by XPS on the surface of the AZ61-O and AZ61-P oxi‐
dised for 60 minutes as a function of the time of sputtering (figure adapted from [45] and [46]).

3.4. Native oxide film and sol–gel coating

In the XPS analysis of the external surface of the sol–gel coatings formed on the AZ31 substrate
after the curing process, attention is drawn to the detection of significant amounts of magne‐
sium (Table 4), which indicated the significant presence of discontinuities or pores in the
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coating that leave the substrate surface exposed. In contrast, the absence of magnesium
indicates that the surface of the AZ61 alloy substrate is completely covered by the sol–gel
coating.

Alloy %C %O %Si %Mg

AZ31 16 53 29 2

AZ61 14 56 30 0

Table 4. Atomic percentage observed by XPS of the external surface of AZ31 and AZ61 coated with sol–gel.

Figures 11 and 12 display optical images and AFM topography images which represent the
visual appearance and topography of the sol–gel coatings formed on the AZ31 substrate. It
can be seen that the surface is not uniform, presenting areas without apparent defects coex‐
isting with other areas with visible pores or defects. In contrast, the sol–gel coating formed on
the AZ61 alloy substrate looks far more perfect and uniform (Figures 11 and 12). The formation
of porous and non-uniform coatings during their deposition on magnesium alloys has been
reported by Song and Liu [64]. This behaviour appears to be a result of the hydrogen evolution
closely associated with the magnesium dissolution from the substrate.

 

 

 

. Optical pictures showing sol–gel coatings deposited on 
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Figure 11. Optical pictures showing sol–gel coatings deposited on AZ31 and AZ61 magnesium alloy substrates.

Figure 12. AFM topography images of the sol–gel coating formed on the AZ31 and AZ61 alloys substrates.
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In previous studies [27], [43] and [44] with the same alloys immersed in a 0.6 M NaCl saline
solution, we observed that the native oxide layer formed on the polished AZ61 surface was
more protective than that on the AZ31 surface in the early stages of testing. The difference
seemed to be due to the strong protective effect of the uniform, passive film of magnesium
oxide that is formed spontaneously on the as-polished surface of the AZ61 magnesium alloy.
At the beginning of the sol–gel coating formation, it is likely that this protective and homoge‐
neous surface layer initially present on the polished AZ61 alloy substrate had a greater
capability to isolate this alloy from the aqueous electrolyte environment and the effects of
hydrogen evolution compared to the AZ31 alloy, resulting in the growth of a more perfect sol–
gel coating than that of the AZ31 alloy.

It seems likely that some of the differences that have been revealed in the surface morphology
of the sol–gel coatings formed on the AZ31 and AZ61 alloys have an impact on the corrosion
behaviour. As commented earlier, the more significant changes that have been observed on
the surface of the sol–gel coating, is the presence of defects or pores as a result of the interactions
between coating and substrate during curing.

After less than 1 day of exposure, impedance measurements have revealed a significant
reduction in the R HF values of the coated AZ31 alloy substrate compared with those observed
at the start of exposure (Figures 13 and 14). The presence of microscopic defects or pores in the
coating formed on the AZ31 alloy (Figure 12) had the effect of decreasing its barrier properties,
with any relevant influence on corrosion protection being lost.

In contrast to the findings with the AZ31 alloy, the sol–gel coating significantly improves the
corrosion resistance of the AZ61 alloy as observed in the R HF values obtained in the coated
AZ61 samples, clearly exceeding the bare substrate values during the first seven days of
corrosion testing in the presence of the highly aggressive 0.6 M NaCl solution (Figures 13 and
14). It seems likely that the uniformity and the absence of visible defects on the sol–gel coating
formed on the AZ61 slow down the corrosion process by physically blocking the active sites
on the metal surface (i.e. the presence of β-phase), diminishing the rate at which Cl−ions are
transported through the sol–gel coating.

The results obtained in this study show that the native oxide films spontaneously developed
on AZ31 and AZ61 magnesium alloys prior coating exert a strong influence not just on the sol-
gel thin film formation but also on the posterior corrosion protection behaviour of these sol–
gel films when they are exposed to immersion tests to saline aqueous solutions. The chemical
composition of the Mg–Al alloy is also a determinant factor to explain the subsequent growth
of corrosion products on the metal substrates during immersion tests and the interactions of
the corrosion products with the sol–gel films, exerting a remarkable effect on their posterior
protection performance.

4. Conclusions

1. This chapter has summarised some of our work in an attempt to learn more about the
influence of the native oxide films on the surface of AZ31 and AZ61 commercial magne‐
sium alloys on their corrosion resistance in saline solutions of different aggressiveness.
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2. The strong protective effect of the native oxide film that forms spontaneously on the
polished AZ61 specimen, much more perfect and protective than the film on the as-
received surface, prevents the fast micro-galvanic corrosion process present on the two-
phase AZ61 alloy in weak or mild corrosive environments (0.006 M and 0.06 M NaCl
solutions). In presence of the highly aggressive 0.6 M NaCl solution, the expected
beneficial effect of the native oxide film has been shown in this investigation during the
first hours or days of corrosion testing.

3. In contrast to the AZ61 alloy, it is important to mention that no effect attributable to the
native oxide film is generally seen on the corrosion properties of the AZ31 alloy.
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4. The results suggest some kind of link between the thickness of the native oxide film formed
on the polished surfaces and the increase in the protective properties. From XPS deter‐
minations, it is found that the oxide film formed on the polished AZ61 alloy is some 1.4
nm thicker than on AZ31 alloy.

5. The difference in the isothermal oxidation behaviour at 200°C between the as-received
and polished surfaces may be in agreement with the very heterogeneous and likely
defective surface layer present on the as-received surfaces compared to the more uniform,
homogeneous and continuous native oxide film formed on the polished surfaces. The
native oxide layer present on the surface of the alloys inhibits significantly the oxidation
or solid-state diffusion of the Al alloying element within the exposure times and temper‐
ature chosen in our study, reducing the adverse effects on the protective properties
associated to the growth of Al2O3 or MgAl2O4 type species.

6. AFM, SEM and XPS analyses revealed that the sol–gel coatings formed on the surface of
AZ61 alloy are far more perfect, uniform and free from microscopic defects than those
formed on the AZ31 alloy. This behaviour is attributed to the effect of the native oxide
film initially present on the surface of the AZ61 alloy, which inhibits the attack of
magnesium. However, with the AZ31 alloy, the native oxide film is not sufficiently
protective to prevent magnesium dissolution and associated hydrogen evolution, causing
microscopic pores during the curing process of the sol–gel film formation.
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