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ABSTRACT 
 
The low density and high specific strength of magnesium alloys have created a great 

deal of interest in the use of these alloys in the automotive and aerospace industries 

and in portable electronics. All of these industries deal with applications in which 

weight is extremely important. However, an obstacle to overcome when using 

magnesium alloys in engineering applications are their unsatisfactory corrosion 

properties. This thesis is devoted to the atmospheric corrosion of the two magnesium 

alloys AZ91D and AM50, in particular the ways the microstructure and exposure 

parameters of these alloys influence their corrosion behaviour. The work includes both 

laboratory and field studies. The results obtained show that the microstructure is of 

vital importance for the corrosion behaviour under atmospheric conditions.  

The microstructure of magnesium-aluminium alloys contains different intermetallic 

phases, e.g. Al8Mn5 and β-Mg17Al12. The local nobility of these intermetallic phases 

was measured on a submicron level in an atmospheric environment. It was shown that 

particles of the Al-Mn type exhibit the highest Volta potential among the 

microstructure constituents of the AZ91D magnesium alloy. Further, it was shown that 

the Volta potential was highly dependent on the aluminium content of the magnesium- 

aluminium phases in the surface layer.  

When thin electrolyte layers are present, CO2 diffuses readily to the surface forming 

magnesium carbonate, hydromagnesite. The CO2 lowers the pH in areas on the surface 

that are alkaline due to the cathodic reaction. This stabilises the aluminium-containing 

surface film, the result being increased corrosion protection of phases rich in 

aluminium. Both in the laboratory and under field conditions the corrosion attack was 

initiated in large α-phase grains, which is explained by the lower aluminium content in 

these grains. The thin electrolyte film, which is formed under atmospheric conditions, 

decreases the possibility of galvanic coupling of alloy constituents located at larger 

distances from each other. Thus the cathodic process is in most cases located in the 

eutectic α-/β phase close to the α-phases, instead of in intermetallic Al-Mn particles, 

even though the driving force for the initiation of the corrosion attack in Al-Mn 

particles should be high, due to their high nobility.                   .          
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1   INTRODUCTION AND AIM 
 
Magnesium alloys have low density and high specific strength, and these properties 

have created a great deal of interest in the use of these alloys in the automotive and 

aerospace industries and in portable electronics. All these industries deal with 

applications in which weight is extremely important. Reducing the weight of vehicles 

benefits the environment, since it lowers their fuel consumption and thus their 

emission of CO2. In recent years a number of research programmes have been 

implemented both in the European Union (EU) and in Sweden with the aim of 

increasing the use of magnesium as a structural material. The Corrosion and Metals 

Research Institute (KIMAB) has participated in a number of these programmes 

together with partners from industry. In the project “Mg-Chassis”, under the EU’s 

Fifth Framework Programme, and the national “VAMP 32” programme, implemented 

by VINNOVA, the corrosion properties of magnesium alloys have been investigated. 

These two research programmes have contributed to the financing of this thesis. 

European cars on average contain around 4 kg magnesium (1). In some cars the 

amount is as high as 14-26 kg, and experts are talking about an annual growth of 10-

20% (2). As an engineering material in the automotive industry, magnesium alloys are 

mostly utilised in structural components shielded from the exterior environment, for 

example dashboard, steering wheel, and gearbox housing. This is due to the poor 

corrosion properties of magnesium alloys in atmospheric environments. Our 

understanding, however, of the atmospheric corrosion of magnesium alloys is limited, 

and understanding the corrosion properties is therefore of vital importance if 

magnesium alloys are to extend their use as suitable alternatives in lightweight 

automotive components. 

 

Most earlier investigations of magnesium deal with an electrochemical approach in 

solution, and the aim of this thesis is to extend the area of research by studying the 

fundamental processes that govern the atmospheric corrosion behaviour of magnesium 

alloys.   
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2 PROPERTIES OF MAGNESIUM  

2.1 Physical and chemical properties of magnesium 

With a density of 1.74 g/cm-3, magnesium is one of the least dense metals. The density 

of magnesium is two-thirds of the density of aluminium and a quarter of the density of 

steel. Magnesium has a high strength/weight ratio and can be easily cast. These are 

important properties in materials design. The melting point of magnesium is 649.5oC, 

and its boiling point 1107oC. Supplies of magnesium are practically unlimited. Sea 

water contains 0.13% magnesium, which means that one km3 of sea water contains 1.3 

million tonnes of magnesium. Magnesium is also widespread in the earth’s crust in 

various ores, the most common of which are dolomite (MgCO3·CaCO3) and magnesite 

(MgCO3).   

 

2.2 Corrosion properties of magnesium 

With an electromotive force of –2.38 V (SHE), Magnesium has the lowest standard 

electrode potential of all engineering metals (Table 1). This low electromotive force 

enables magnesium to displace hydrogen even at high pH values.  

Table 1: The standard electromotive force potentials (reduction potentials) of some 
metals.  

Reaction 
Half-reaction standard 

potential E° (volts vs. SHE) 

Au3+(aq)+ 3e- -> Au 1.50 

Ag+(aq) + e- -> Ag(s) 0.80 

Fe3+(aq) + e- -> Fe2+(aq) 0.77 

O2 + 2H2O + 4e- -> 4OH- (pH 14) 0.40 

Cu2+(aq) + 2e- -> Cu(s) 0.34 

2H+(aq) + 2e- -> H2(g) 0 

Ni2+(aq) + 2e- -> Ni(s) -0.23 

Fe2+(aq) + 2e- -> Fe(s) -0.41 

Zn2+(aq) + 2e- -> Zn(s) -0.76 

2H2O(l) + 2e- -> H2(g) + 2OH-(aq) -0.83 

Mn2+(aq) + 2e- -> Mn(s) -1.19 

Al3+(aq) + 3e- -> Al(s) -1.66 

Mg2+(aq) + 2e- -> Mg(s) -2.38 
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The cathodic reaction in the corrosion of magnesium alloys is thought to be both water 
and oxygen reduction (3). A thin film of water is always present under atmospheric 
conditions. The thickness of this water layer depends on the relative humidity, the 
temperature and the amount of water-soluble compounds present on the surface. 
Oxygen can often be easily transported through the water film during atmospheric 
corrosion. Thus the oxygen supply is not a limiting factor in the corrosion, and oxygen 
reduction (Equation 2 below) is favoured. In contrast, the supply of available oxygen  
is limited in bulk water, and thus the cathodic reaction is shifted towards water 
reduction (Equation 1 below). Water reduction takes place more readily at lower pH 
values.  
  
Cathodic reaction: 
   
Water reduction:  
2H2O + 2e- � H2 + 2OH-     (1) 
 
Oxygen reduction: 
O2+ 2H2O + 4e- � 4OH-     (2) 
 
Anodic reaction: 
Mg � Mg2+ + 2e-      (3) 
 
In aqueous solutions, magnesium dissociates by electrochemical reaction with water to 
produce a crystalline film of magnesium hydroxide and hydrogen gas, a reaction that is 
relatively insensitive to oxygen concentration. Reaction 4 describes the overall 
reaction.    

 
Mg + 2H2O � Mg(OH)2 + H2          (4) 

 
As the corrosion attack proceeds, the metal surface experiences a local pH increase, to 
about 11, due to the formation of Mg(OH)2. The protection of the film is therefore 
highly dependent on the conditions of exposure. For example, magnesium is very 
resistant to corrosion in small volumes of water in the absence of species aggressive to 
the Mg(OH)2 film (4, 5).     
 
 
2.3 Galvanic corrosion 

Magnesium is the most corrosion-active of the metals used in engineering applications. 

It corrodes so readily in some environments that magnesium alloys often serve as 
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sacrificial anodes in structures such as ships’ hulls and buried pipelines. The low 

nobility of magnesium means that alloys of magnesium are highly susceptible to 

galvanic corrosion.  

 

An electrochemical cell is formed when any two metals are coupled with each other. 

This electrochemical cell consists of an anode, a cathode, an ion conductor 

(electrolyte) and an electron conductor (metal). The metal with the more negative (or 

“active”) potential has a greater excess of electrons than the metal with the less 

negative potential. The more active metal in a bi-metal couple will suffer anodic 

dissolution or corrosion: 

  

Mg  →  Mg2+ + 2e-       (5) 
 
Hence, the more noble metal is cathodically protected from corrosion. Figure 1 shows 

a corrosion test plate exposed under airport coaches in Stockholm city for 12 months. 

Carbon steel fasteners were attached in a piece of the magnesium alloy AM50. The 

corrosion of the magnesium alloy is severe.  

 

Figure 1: Galvanic corrosion on magnesium alloy AM 50, after one year of mobile 

exposure under airport coaches in Stockholm. 
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2.4 Influence of alloying elements and metallurgical factors 
 
Pure magnesium is seldom used in engineering applications: an alloy is nearly always 

used. Different alloying elements give magnesium alloys a wide range of different 

values as regards their casting properties, mechanical properties, and corrosion 

properties. The alloying elements often form secondary phases and intermetallic 

particles in the alloy. These secondary phases and intermetallic particles can form 

cathodic and anodic areas on the surface, resulting in a higher corrosion rate that arises 

due to microgalvanic coupling. The most common alloying elements for magnesium 

alloys and their influence on the corrosion properties of the alloys are described below.  

 

Aluminium is an element that is commonly used to create magnesium alloys, and it is 

the basis of the two alloys that are most widely used in magnesium casting: AZ91 and 

AM50. Aluminium is generally said to play a beneficial role in the corrosion 

behaviour of magnesium alloys (6-10). The increasing corrosion resistance with 

increasing Al content is explained by the aluminium-containing microconstituents in 

the magnesium alloys, such as the presence of β-phase and eutectic α-/β-phase (10, 

11). Increasing the aluminium content of an alloy, however, introduces some 

undesirable changes to the properties of the alloy. It increases the tendency of the 

material to “creep”, a term used to describe the time-dependent strain that occurs when 

the alloy is stressed. Creep develops in materials at elevated temperatures. Creep in 

Mg-Al and in Mg-Al-Zn alloys takes place mainly by sliding of grain boundaries in 

the β phase (12).  

 

Zinc is added to Mg-Al alloys in order to increase the strength of these alloys. During 

manufacturing zinc also improves fluidity and castability. The amount of zinc that can 

be added is limited by a tendency of the alloy to undergo “hot cracking” and by a 

tendency to develop microporosity during solidification. Corrosion tests show that zinc 

has little beneficial effect on the corrosion resistance of magnesium alloys. Zinc, 

however, slightly increases the corrosion potential of Mg-Al alloys, which is 

beneficial, since the galvanic difference between the intermetallic particles and the 

matrix is reduced (7).  
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Iron, Copper and Nickel have highly detrimental effects on the properties of 

magnesium alloys. Hanwalt and co-workers (13) have shown that the rate of corrosion 

increases rapidly if limits known as the “tolerance limits” for these elements are 

exceeded. The tolerance limits are 5, 170 and 1,300 ppm for nickel, iron and copper, 

respectively. Iron, copper and nickel are all more noble than magnesium, and these 

elements thus form microgalvanic sites in the matrix. Iron is the most troublesome 

element, since it is easily introduced by crucibles used in the casting process. The 

presence of intermetallic particles containing iron leads to a very high rate of 

corrosion. This is closely related to the electrochemical properties of Al-Mn-Fe phases 

present in the cast material (14).  

 

Manganese improves the corrosion resistance of magnesium (15). Manganese often 

forms intermetallic phases such as Al6Mn(Fe) and Al3Mn(Fe) together with iron. The 

improvement in corrosion resistance may be the result of two phenomena associated 

with these intermetallic phases: (1) the manganese may combine with the detrimental 

iron and sink with it to the bottom of the melt; (2) the intermetallic phases formed by 

manganese and iron are not as sufficient as local cathodes.  
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3 EXPERIMENTAL 
 
3.1 Methodology  

 

3.1.1 Materials 

Magnesium alloys are identified in accordance with a standard naming convention. 

The main components of the alloy are indicated by two of the following letters: A 

aluminium, E rare earth, F iron, H thorium, K zirconium, M manganese, Z zinc. A 

number follows the letter code and gives the weight percentage of each alloying 

element in the nominal composition. The test materials studied in the experiments 

described here were die-cast AZ91D and AM50 magnesium alloys. The D in AZ91D 

refers to a variation in composition within the specified range. The chemical 

compositions of these two alloys are given in Table 2. 

 

Table 2: Composition of magnesium alloys supplied by Hydro Magnesium and Dead Sea 
Magnesium (DSM) according to ASTM B94-94 M for die-cast magnesium alloys 

  Al Zn Mn Si Ni Cu Fe ppm Be Mg 

Hydro                   
AZ91D 9.0 0.79 0.23 0.02 0.0007 0.0027 0.0014 5 remainder
AM50 5.0 0.013 0.28 0.016 0.0004 0.0016 0.0008 6 remainder
DSM                   

AZ91D 8.9 0.75 0.26 0.009 0.0008 0.0019 0.0027 - remainder
AM50 4.9 - 0.37 0.008 0.0005 0.0012 0,0012 - remainder

 
 
Magnesium alloys from two different suppliers were used in the experiments, viz. 

Hydro Magnesium, Porsgrund, Norway and Dead Sea Magnesium (DSM), Ltd., Beer 

Sheva, Israel. The magnesium alloys were delivered as corrosion test panels of 

dimensions 130 x 100 x 3 mm. A 5-mm-wide band was removed from all edges of the 

panels after delivery. The plates were machined to obtain smaller coupons (typical 

dimensions 45 x 15 x 3 mm), and a hole with a diameter of 0.4 mm was drilled in each 

coupon. The area of the samples was approximately 6.6 cm2. The field exposure 

samples were machined to obtain coupons with a size of 100 x 43 x 3 mm. The area 
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was approximately 43 cm2. The samples were polished with silicon carbide (SiC) 

paper in ethanol using grits of grades up to 1200 mech. The samples were degreased in 

acetone, cleaned with ethanol in an ultrasonic bath, dried in air, and stored in a 

desiccator over silica gel.  

 

3.1.2 Salt deposition   

The magnesium surfaces were contaminated by different amounts of NaCl (typically 

14, 70, 140, and 250 µg cm–2) before being exposed in corrosion tests. The surfaces 

were contaminated using 95%, 90% and 80% ethanol/water mixtures saturated with 

NaCl. The salt solutions were deposited onto the surfaces using a pipette. Care was 

taken to contaminate the whole surface of a sample in a uniform way. All samples 

were then dried using cool air. The amount of NaCl present on a surface was 

determined gravimetrically after 24 h in dry conditions.  

 

3.1.3 Exposure conditions 

The samples were placed in desiccators where the humidity was controlled using 

saturated salt solutions to achieve 75%, 85% and 95 % RH (Table 3) (16). Some 

experiments were carried out at 25oC and the others at 35oC. The samples were 

suspended either vertically, using a polytetrafluoroethylene (PTFE) holder, or 

horizontally for the droplet test. 

  

Table 3: Salts used to control the humidity 

Relative Humidity, % Temperature, 
oC 75 85 95 

25 NaCl KCl K2SO4 

35 NaCl K2CrO4 K2SO4 
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3.1.4 Field exposure conditions 

The samples were exposed at three field stations with different types of atmospheric 

environment: urban, rural and marine. The urban test site is located in Stockholm on 

the roof of the Corrosion and Metals Research Institute. The rural field station is 

located in Ruda 100 km west of Stockholm. The marine field station is located 3-5 

meters from the Atlantic shore in Brest, France, at the facilities of Institute de la 

Corrosion. For each exposure time 3 replicas were used. The exposure time was 2 

weeks, 1 month, 3 months and 12 months, respectively. The panels were mounted on 

racks with a 45° declination facing south. At the marine field station both AZ91D and 

AM50 were exposed, but at the rural and urban field stations only magnesium alloy 

AZ91D. Climatic data for the field stations have been compiled and are presented 

elsewhere (17).  

 

 

3.1.5 Pickling  

The samples were pickled several times at ambient temperature in a solution of 200 g/l 

CrO3 and 10 g/L AgNO3, then rinsed with water and ethanol and  dried, as specified in 

the ISO 8407 standard. The metal loss was calculated by weighing the samples after 

pickling. 

 

3.2 Scanning Electron Microscopy with X- ray microanalysis (SEM-EDX) 

A light microscope uses radiation in the visible region of the spectrum, and the 

resolution is limited to approximately 1 µm. A scanning electron microscope, SEM, 

uses electrons instead of visible light to illuminate the sample and form the image, 

which makes it possible to achieve a much higher resolution. The SEM consists of an 

electron gun that emits a narrow beam of electrons with energies around 15 keV.  

 

Electromagnetic lenses focus the beam of electrons. When this beam hits the 

specimen, the interaction between the electrons and the specimen generates a number 

of particles and types of electromagnetic (EM) radiation. These are emitted from the 

surface of the specimen and include backscattered electrons, Auger electrons, 
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secondary electrons, X-rays and fluorescent light. These particles and EM radiation 

can be detected. The backscattered and secondary electrons are used to create the SEM 

image. Further, the primary electrons may eject an electron from one of the inner 

shells of an atom in the specimen. An electron from one of the higher shells of the 

atom will subsequently fill the vacancy that is thus caused, emitting energy in the 

process. The atom can emit this energy in one of two ways, either by emitting an X-ray 

photon, or by emitting an “Auger” electron (Figure 2). The X-ray emitted has an 

energy that is unique for the type of atom from which it was emitted. A small portion 

of the X-ray signal generated from the sample can be made to impinge onto an 

analysing crystal, which determines the energy of the X-ray, and thus the identity of 

the atom from which it was emitted.  

 

 

 

Figure 2: The Auger and X-ray processes in the atom. 

 

For the experiments described in this thesis two SEMs were used. Element and line 

analysis was performed using a SEM model JSM6400 (ASEM), equipped with both an 

Energy Dispersive Spectrometer (EDS) and a Wavelength-Dispersive Spectrometer 

(WDS). The acceleration voltage was set at 15 KeV. In addition, a Field Emission Gun 

Scanning Electron Microscope (FEG-SEM) was used. The model of this instrument 

was LEO 1530, equipped with Energy Dispersive Spectrometry (EDS) model INCA-

energy, from LINK. The acceleration voltage was set at 15 kV.  
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3.3 Scanning Kelvin Probe (SKP) 

The scanning Kelvin probe (SKP) technique measures the surface distribution of the 

Volta potential in a non-destructive manner. The scanning Kelvin probe has been used 

in corrosion science since the 1980s, when Stratmann et al. demonstrated that the 

corrosion potential depends on the Volta potential under a thin electrolyte layer in a 

linear manner (18-20). Other authors have shown that this is the case also under 

different conditions (21, 22). The scanning Kelvin probe is a non-destructive device 

that measures the Volta potential of a metal or a polymer.  

 

Using a commercial scanning Kelvin probe (a vibrating condenser from “UBM 

Messtechnik, GmbH”, Ettlingen, Germany) the change in Volta potential was 

measured over time at a single point above the surface. The reference electrode was a 

Ni-Cr alloy with a tip diameter of about 50 µm. The air gap between the probe and the 

sample was 50 µm. The lateral resolution of the probe was in the range 80 -100 µm. 

The probe was calibrated in humid air (95% RH) above a Cu/CuSO4 saturated 

electrode, and the experimental potentials measured are presented here as values 

relative to the standard hydrogen electrode scale. The samples were exposed to air at a 

controlled relative humidity. The theory of the Volta potential and the detection 

principle of the scanning Kelvin probe can be found in the references (22-24).  

 

 
3.4 Atomic Force Microscope (AFM) and Scanning Kelvin Probe Force Microscopy 

(SKPFM)   

The atomic force microscope (AFM), utilises a sharp probe that moves over the 

surface of a sample in a raster scan. The sharp probe is affected by the atomic 

interactions between the tip of the probe and the specimen. The tip is mounted on the 

end of a cantilever beam that obeys Hooke's Law (25) for small displacements. These 

displacements arise as a result of the interaction between the tip and the specimen. A 

laser is directed onto the cantilever (Figure 3), and cantilever displacements caused by 
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the tip-specimen interactions can be recorded by a detector (A and B in Figure 3) that 

detects displacement of the laser beam. 

 

 
Figure 3: The cantilever in the AFM 

 
Scanning Kelvin probe force microscopy (SKPFM) is a development of the AFM. 

SKPFM has been used since the late 1980s, mainly by physicists to investigate the 

behaviour of thin films (26, 27). Frankel et al. were the first to use SKPFM in the 

corrosion field, to study intermetallic particles in aluminium alloys (21, 28). The 

resolution of the SKPFM technique is much higher than that of the SKP technique, 

better than 0.1 µm (21). The high resolution is a consequence of the small separation 

of the scanning tip and the specimen, approximately 100 nm. The scanning Kelvin 

probe, in contrast, has a tip-sample separation of 50 µm and a resolution of 

approximately 100 µm. 

 

The detection principle of SKPFM is slightly different from that of the SKP. The small 

separation of the tip and the specimen in SKPFM leads to its higher resolution. This 

resolution means that the Volta potential signal is collected from a far smaller area 

than that of the SKP technique, and the value of the Volta potential determined will 

contain contributions from fewer different species. The Volta potential does not 

depend on the distance between the tip and the sample (23), but this distance does 

affect the experimental results at the very high levels of resolution of SKPFM . This is 
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because Van der Waal’s forces become significant at distances closer than 100 nm, in 

addition to the electrostatic forces (Figure 4).  

 

 

Figure 4: Atomic forces between the scanning tip of the AFM and the specimen surface.  

 

Van der Waals forces lead to a rapid increase in surface potential at distances closer 

than approximately 100 nm. The feedback signal between the tip and the control 

circuits becomes out of phase with the scanning control when scanning rough surfaces, 

and the tip comes too close to the sample. This gives peaks in both the topographic 

signal and the Volta potential signal. An electric conductive cantilever is given an 

electrostatic bias relative to the specimen in SKPFM. This bias results in an 

electrostatic force between the cantilever and the surface of the specimen. The voltage 

between the tip and the specimen as a function of time (V(t)) is given by:  

 

V(t) = Vdc – Vs + Vacsin(ωt)    (6) 

 

where Vdc is the DC offset potential, Vs is the surface potential (the Volta potential) of 

the sample, and Vac is the amplitude of the applied AC voltage with frequency ω. The 

electrostatic force between the tip and the sample can then be expressed as: 

 

F = q*E = q*V/d = C*V2/d     (7) 
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where q is the charge, E the electric field, d the tip to sample distance, and C is 

capacitance. 

 

Combining Equations (6) and (7) gives: 

 

F(t) = (C/d)*V2(t) =      (8) 

 

(C/d)* [(Vdc – Vs)2 + ½Vac
2]     (9a) 

 

+ 2*(C/d)*(Vdc – Vs)*Vacsin(ωt)     (9b) 

 

- ½(C/d)* Vac
2cos(2ωt)      (9c) 

 

The total deflection signal, representing the force between the tip and the sample 

consists of three independent parts: a DC part, an AC part with a frequency of ω, and 

an AC part with a frequency of 2ω. Vdc and Vac in Equation 9b are known, but it is not 

possible to separate the contributions from the capacitance and the surface potential. 

However, the 2ω signal can be obtained from Equation 9c, and thus the contribution 

from the Vs signal (surface potential) can be obtained. The surface charge causes the 

deflection of the cantilever. This deflection is then recorded in the normal AFM mode.  
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3.5 Fourier Transform Infrared Spectroscopy (FTIR)  

 

The bonds within and between molecules vibrate at specific frequencies, and these 

frequencies can be analysed by infrared spectroscopy, using radiation of wavelengths 

between 100 µm and 1 µm. Energy will be transferred to a molecule placed in an 

electromagnetic field when Bohr’s frequency condition is satisfied:    

 

∆E= hν      (10) 

 

where ∆E is the difference in energy between two quantised states, h is Planck’s 

constant and ν is the frequency of the light. The energy that is absorbed by the 

molecule is transformed into vibrational energy. Other frequencies that do not fulfil 

Bohr’s condition will be propagated through the sample. An energy versus frequency 

graph can be plotted by analysing the frequencies of the radiation that are propagated 

through the sample. (In practice, wave number is more commonly used than frequency 

and wavelength (25).)  

 

The vibrational spectrum of a molecule is a unique physical property that is 

characteristic of the molecule. Thus, the spectrum can be used to identify a molecule 

by comparing the spectrum of an unknown molecule with previously recorded spectra. 

Furthermore, the frequencies of the absorption make it possible to determine whether 

various chemical groups are present in a molecule (29, 30). 

 

The FTIR spectrometer used in the experiments was a model Bio-Rad 175C, equipped 

with a DTGS detector. FTIR microspectroscopy was carried out using a Bio-Rad 

UMA 500 microscope.  

 

IR spectroscopy is used most often for qualitative analysis, but quantitative IR can be 

used to analyse mixtures of organic and inorganic compounds. Transmission spectra of 

solids are often obtained by using a method known as the KBr method. The finely 

ground specimen is mixed with dry KBr powder in a mortar at a ratio of about 1:100 
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(specimen:KBr). The mixture is then compressed in a die to form a transparent pellet. 

The concentration of a compound can be determined using Beer’s law: 

  

A= b·E·c        (11) 

 

where A is the absorbance of the specimen at a specified wave number, b is the 

thickness of the pellet, E is the absorptivity of the component at this wave number, and 

c is the concentration of the component (31, 32).  

 

3.6 Confocal Microscopy (CM)  
 
Confocal microscopy (CM) is an optical imaging technique that makes it possible to 

obtain a three-dimensional image of the surface of a sample. In Confocal microscopy a 

laser beam is used to image the surface of the sample. An image is obtained for each 

focal plane (as seen in Figure 5). By moving the detector in the z direction a number of 

step images of different focal planes are obtained. These images are compiled into a 

three dimensional image of the surface in the software of the instrument.   

 

Figure 5: Schematic image of confocal microscopy. 

 

The advantages of CLSM (confocal laser scanning microscopy), compared to other 

profilemetry measurement techniques, are the short measurement times, and the high 
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magnification. The high magnification is achieved due to the short wavelength of the 

blue laser. In the materials science field the technique has mainly been used to 

investigate wear and in the context of surfaces. A few studies have been made using 

CLSM in the corrosion science field (33-36). The technique is better described in the 

literature (37). The Confocal microscope used in this work was of the model "LEXT 

OLS3000”, manufactured by Olympus. The light source in that instrument is a blue 

laser with a wavelength of 408 nm. 
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4 RESULTS AND DISCUSSION  

4.1 Influence of the environment on corrosion behaviour  

4.1.1 Influence of exposure parameters (papers I and III) 

The influence of exposure parameters, such as temperature and relative humidity (RH), 

and the importance of NaCl were investigated on magnesium alloys AZ91D and AM50 in 

a controlled laboratory environment. The two alloys AM50 and AZ91D were exposed for 

28 days to humid air (75%, 85% and 95% RH) at two different temperatures, 25°C and 

35°C, in the presence of NaCl (14, 70, 140 and 250 µg/cm2). The AM50 alloy corroded 

more rapidly than the AZ91D alloy, while corrosion was more localised on the AZ91D 

alloy than on the AM50 alloy. The better corrosion resistance of AZ91D was also 

observed in the field. The relative humidity strongly influenced the corrosion rate of the 

alloys, since a higher relative humidity increases the thickness of the electrolyte layer. The 

corrosion rate was approximately twice as high at 95% RH than it was at 75%. The 

corrosion rates at different field exposure sites were considerably lower than the corrosion 

rates observed in the laboratory. The highest corrosion rate, 8.4 µm/year, was seen on the 

AM50 alloy exposed in a marine environment. The corrosion rate of AZ91D, measured in 

µm/year, was after 12 months of exposure 4.2, 2.2 and 1.8 for marine, rural and urban 

exposure, respectively.  

Table 4: Corrosion rates of magnesium alloys AZ91 and AZ61, given in µm/year, in 

different corrosion tests. Also included in the table are corrosion rates found in the 

literature (38, 39) of field-exposed magnesium alloys. 

 Rural Industrial Marine Urban Acc. Tests 

Paper III 2.18  4.15 1.75  

Godard 1 (38) 4.3 15.7 22   

Southwell et al.2 (39) 12.6  19,2   
1  Magnesium alloy AZ91A-T6 ; 2  Magnesium alloy AZ61X 

  

Table 4 shows the corrosion rates of field-exposed AZ91D, and for the sake of 

comparison corrosion rates found in the literature are also included (38, 39). The 

weight loss of the magnesium alloys exposed in the field were shown to be linear with 

time. This has also been observed in the laboratory (II) and reported in the literature 
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(38, 40). This indicates that the layer of corrosion products works poorly as a physical 

barrier against corrosion attacks.  

 

The results from the laboratory show that the corrosion of the magnesium alloys 

AZ91D and AM50 depended in a linear manner on the amount of salt present. The 

corrosion rate was negligible in all experiments if salt was not present. Under 

atmospheric conditions the NaCl, which is deliquescent above 75% RH, forms an 

electrolyte on the surface with high conductivity. Since the salt is in equilibrium with 

the surrounding atmosphere more salt on the surface results in increased thickness of 

the electrolyte layer, and not in a higher concentration of Cl- in the electrolyte layer. 

On the magnesium samples a corrosion product in the form of white crust was formed 

on the surface. Since the corrosion product can reveal information about the corrosion 

process, it was further investigated using FTIR.  

 

4.1.2 Formation of corrosion products in the laboratory and the field (papers II and 
III ) 
 

Through investigation of the corrosion products the mechanisms of the corrosion 

process can be understood as well as the influence of atmospheric pollutants and other 

environmental parameters. The corrosion products formed, both in the laboratory and 

under field conditions, were determined. In the laboratory the magnesium alloy 

AZ91D was exposed to humid air at 95% relative humidity for periods between 6 

hours and 28 days in the presence of 70 µg/cm-2 NaCl. The corrosion products formed 

after different exposure times were analysed using FTIR spectroscopy, both the KBr 

pellet method and FTIR microspectroscopy. 

 

The initial NaCl-induced atmospheric corrosion process gave corrosion products that 

consisted mainly of magnesium carbonate. The main corrosion products formed after 

28 days of exposure in air at 95% RH in the presence of 70 µg/cm2 NaCl were 

hydromagnesite (Mg5(CO3)4(OH)2·4H2O) and brucite (Mg(OH)2). When investigating 

the corroded surface using FTIR microspectroscopy, brucite could not be found on any 

part of the surface, but evidently, according to the KBr pellet method, Brucite was 
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present. Therefore a cross-section of a pit was made by carefully polishing the side of 

the sample.  

  

 
Figure 6: Right: Optical micrograph of the surface of AZ91D after 10 days exposure at 
95% RH in the presence of  70 µg/cm2 NaCl. Scale bar 0.5 mm. Bottom: SEM image of 
the cross-section of the same area.  Top: FTIR spectra of points A (cross-section) and B 
(top-view). 

 

Figure 6 shows, to the right, an optical image of a top-view of the AZ91D alloy 

exposed for 10 days. At the bottom a cross-section of the same area can be seen. It 

reveals that beneath the corrosion crust a pit has been formed. Figure 6 also shows the 

FTIR spectra of both the cross-section and the top-view of the surface. The FTIR 

spectra clearly show that there are large amounts of magnesium carbonates on the 

surface, mainly hydromagnesite (Mg5(CO3)4·(OH)2 4H2O) and nesquehonite 

(MgCO3·3H2O). A sharp peak at a wave number of 3704 cm-1 in the spectrum of point 

A in Figure 6 shows that brucite (Mg(OH)2) is present in the cross-section. The 
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formation of brucite in the areas with localised corrosion attacks is associated with the 

formation of a crust of corrosion products, which inhibit the transport of CO2 and O2 to 

the active magnesium surface.  

 

Just as in the laboratory the main corrosion product formed at all field exposure sites, 

on both AZ91D and AM50, was magnesium carbonate hydromagnesite. On some of 

the panels nesquehonite could also be found. However, peaks originating from brucite 

could not be found on any of the panels. The results allowed us to propose a reaction 

sequence involving different magnesium carbonates and brucite. The NaCl-induced 

atmospheric corrosion attack at 95% RH initially proceeds by the anodic dissolution of 

the magnesium alloy to give brucite. This is rapidly transformed into magnesite in the 

presence of CO2. Magnesite is subsequently transformed to nesquehonite after 2-3 

days of exposure. Longer exposures resulted in the formation of hydromagnesite. If the 

acceleration of the corrosion process is high or the corrosion is proceeding 

undisturbed, the limited transport of CO2 to the surface allows the formation of brucite 

under the magnesium carbonate layer.  

 

In the literature sulphur-containing corrosion products, such as MgSO4 6H2O, have 

been reported to form on magnesium at urban industrial sites (38) as well as in 

laboratories (41, 42). In this study sulphur-containing corrosion products were not 

found at any of the field sites, thus indicating that SO2-induced corrosion does not 

have any great impact on the exposed panels, probably due to low SO2 levels in the 

atmosphere at the exposure sites.  
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Figure 7: Left: Light micrograph of magnesium surface AZ91D after 48 h exposure at 
95% RH in the presence of 70 µg/cm2 NaCl. Scale bar: 0.5 mm. Left: FTIR spectra of 
points A, B and C. 

 

Using FTIR microspectroscopy the surface of the corroded samples could be 

investigated. Figure 7 shows a magnification of part of the magnesium surface 

exposed for 48  hours at 95% RH in the presence of 70 µg/cm2 NaCl. The 

corresponding FTIR spectra recorded at different points labelled A, B and C are also 

given in the same figure. No corrosion products were found at A, outside of the 

droplet. Nesquehonite and magnesite formed at points B and C, inside the droplet. The 

corrosion attack starts in areas with a higher chloride content. However, a closer 

optical examination of a sample exposed for 72 hours under the same conditions 

indicates that on the micro-level the microstructure plays a vital role in the corrosion 

attack. See Figure 8.  
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Figure 8: Optical micrograph of a sample exposed for 3 days at 95% RH in the presence 
of 70 µg/cm2 NaCl. The initiation of the corrosion attack is influenced by the micro-
structure of the alloy. Scale bar: 10 µm. 

 

4.2 Influence of microstructure on corrosion behaviour 

4.2.1 The microstructure of AM50 and AZ91D (paper VI) 

In engineering applications magnesium is seldom used in its pure form. Instead 

magnesium is alloyed with various elements. These alloying elements tend to form 

different phases. To the left in Figure 9 the microstructure of AZ91D can be seen. The 

microstructure typically consists of a matrix of primarily α-phase grains with the β-

phase (Mg17Al12) surrounding the α-phase grains. The composition of the β-phase 

(Mg17Al12) was approximately 71 at% Mg and 27 at% Al. The β-phase can be seen as 

white areas between the grains. The α-phase grains have a lower aluminium content of 

around 4-6%  In between the α-phase and β-phase a eutectic mix of these two phases 

occurs. The aluminium content of the eutectic phase varies and is higher than that of 

the α-phase. The width and the variation of the aluminium content of the eutectic zone 

are dependent on the solidification rate. 

 

 

 

 



27 

 

Figure 9: Left: The microstructure of AZ91D. Right: The microstructure of AM50. The 
aluminium content of lines 1 and 2 are given in Figure 10.       
  

The microstructure of die-cast AM50 is similar to that of the AZ91D alloy, with grains 

of α-phase surrounded by areas with a higher aluminium content. These areas appear 

in dark grey colour in Figure 9, but since the aluminium content is lower in the AM50 

alloy than in the AZ91D alloy, the β-phase (Mg17Al12) is rarely observed (43). In both 

the AZ91D and AM50 alloys aluminium and manganese give rise to intermetallic Al-

Mn particles, which can be seen as white spots in Figure 9 and are often of Al8Mn5 

type (43, 44). Since manganese has a tendency to bind iron, the iron content of the Al-

Mn particles can reach a few percent.  The dendrite cores solidify first and contain a 

low concentration of Al (43, 45). This concentration increases towards the dendrite 

periphery and interdendritic areas become supersaturated with aluminium (and other 

solutes). 

 

Figure 10: The aluminium content of line 1 and line 2, respectively, in Figure 9. 

L 2 

L 1 

L 1 

L 2 

0 5 10 15 20 25 30 35 40

4

6

8

10

12

14

16

18

20

22

24  AM50
 AZ91D

Al
um

in
um

 c
on

te
nt

 (%
)

Distance (µm)
0 2 4 6 8 10 12

5

6

7

8

9

10

11

12

13  AM50
 AZ91D

Al
um

in
um

 c
on

te
nt

 (%
)

Distance (µm)



28 

 

The aluminium content of the grains varies with their size. The two diagrams of Figure 

10 show the aluminium content of similarly sized grains in the AM50 and AZ91D 

alloys. The aluminium content of the large grain (to the left) is around 5-6% in the 

AZ91 alloy and around 3-4% in the AM50 alloy, i.e. 1-2% lower. In the small grain (to 

the right) the difference between the aluminium content of the two alloys is even 

greater. The small AZ91D grain has an aluminium content of around 8-9% in its 

middle, compared to 4-5% in the case of the equally small AM50 grain. Towards the 

grain boundaries the aluminium content increases in both alloys. In the large AZ91 

grain this content reaches 22%, i.e. close to the composition of the β-phase, while in 

the equally large AM50 grain it reaches 12-13%, forming a supersaturated α-phase.  

 

4.2.2 Nobility of the different phases (paper IV) 

The intermetallic phases that are formed during casting, as described in the previous 

chapter, have different electrochemical properties compared to the surrounding Mg 

matrix. Investigations have been performed (7, 9, 11, 46-48) on the electrochemical 

properties of synthetically prepared phases in solution. However these electrochemical 

properties are different in the atmosphere from what they are in solution. Using  the 

scanning Kelvin probe (SKP) and scanning Kelvin probe force microscopy (SKPFM), 

it is possible to investigate the nobility, i.e. the Volta potential, of these phases in the 

atmosphere. The SKP has a lateral resolution of around 80 -100 µm. The Volta 

potential measured with the SKP can easily be calibrated using a redox electrode with 

a known potential, such as a Cu/CuSO4 electrode. SKPFM, on the other hand, can 

measure this potential with a resolution that is higher than 1 µm, which makes it 

possible to measure the Volta potential in the microconstituents of the alloy under 

investigation. It is difficult, however, to calibrate the Volta potential measured by 

SKPFM. For this reason, three different phases, viz. Al8Mn5, β-Mg17Al12 and α-

magnesium, which precipitate in the AZ91D alloy, were synthesised from pure 

components by controlled solidification procedures. The Volta potential of the three 

phases was recorded by the scanning Kelvin probe (SKP). The values obtained were 

used to calibrate the SKPFM instrument.  
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Figure 11: Comparison of Volta potentials measured with the SKP and SKPFM . 

 

Figure 11 shows the Volta potential of the different phases, measured with the SKP 

and SKPFM, both of which show a good correlation of the Volta potential. Using the 

calibrated SKPFM instrument a typical grain within the microstructure of the AZ91D 

alloy was studied (Figure 12). The same grain was also examined using SEM-EDX, as 

can be seen in Figure 12.    
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Figure 12: Left: SKPFM image of the AZ91D alloy. Right: FEG-SEM image of the same 
area. The compositions and Volta potentials of points 1-4 are given in table 5.  

 
 

Table 5 : Compositions and Volta potentials measured by SKPFM (at 40% RH and at 
20°C) at points 1-4 in Figure 12 

Point Concentration (atom %) Phase Volta potential 

  Mg Al Mn    (mV vs. SHE)  
1 15.8 53.8 30.4 Al8Mn5 -640 

2 93.8 6.1 0.1 α-Mg -1025 

3 89.2 10.6 0.2 
Eutectic α/β-

phase 
-805 

4 71.2 28.7 0.1 β-Mg17Al12 -760 

 
The β-Mg17Al12 phase is present at the grain boundaries (point 4). Point 3 shows the 

eutectic phase with a lover aluminium content of 10%. The intermetallic particle 

Al8Mn5 is present at point 2. In the column to the right in Table 5 the corresponding 

Volta potentials for points 1-4 can be seen. Both the Al8Mn5 intermetallic particle and 

the β-Mg17Al12 phase in AZ91D have a more noble potential than the α-Mg phase. The 

variation of aluminium in the eutectic zone results in changes in the Volta potential 

that are large enough to be measured. However, it must be borne in mind that the 
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potential of the different constituents only shows the driving force for the process to 

take place, whereas nothing is said about the kinetics, which, as will be shown, are 

dependent on a number of factors.  

 

4.2.3 Influence of the Al-Mn particles on corrosion behaviour (paper V)  

To investigate the influence of the AZ91D microconstituents on the corrosion 

performance of this alloy the Confocal microscope was utilised. Prior to exposure 

interesting areas on the surface were identified with SEM (Figure 13).  

 

Figure 13: Microstructure of the AZ91D magnesium alloy. Arrows 1 and 2 point at 
intermetallic particles of the Al8Mn5 type.  
 

Marked by arrows in Figure 13, two intermetallic particles, 1 and 2, of the Al-Mn type 

could be seen. These particles contained 1.3 % and 1 % iron, respectively. The 

aluminium and manganese contents were 51% and 35%, respectively, for particle 1 

and 55% and 35%, respectively, for particle 2. This composition corresponded to 

particles of the η-Al8Mn5 type. The same areas were identified again, using confocal 

microscopy, after the samples had been exposed to humid air (95% RH) for 4 days. 

1 

2
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Samples exposed with 1 mg/cm2 NaCl were also investigated. The corrosion products 

were pickled after 4 days of exposure in order to reveal the corrosion attacks. As can 

be inferred from Figure 14, no corrosion attack could be detected in the vicinity of 

either of the two Al8Mn5 particles.  

 

Figure 14: Confocal image of the same area as seen in Figure 13. The area was exposed 
for 4 days in 95% RH and the corrosion products were removed through pickling. 
Arrows 1 and 2 point at intermetallic particles of the Al8Mn5 type.   
 

However, both the Al-Mn particles in Figure 12 are embedded in areas where the 

aluminium content is high, i.e. the eutectic α/β-phase or the β-phase, and the Al-Mn 

particles are not located in the vicinity of the α-Mg phase. In fact, due to the 

solidification process the majority of the Al-Mn can be found in the areas of a eutectic 

α-/β-phase (43, 45). Thus in atmospheric environments, where the electrolyte layer is 

thin, the driving force between the eutectic α-/β-phase and the intermetallic Al-Mn is 

not strong enough for the initiation of a corrosion attack in the vicinity of the Al-Mn 

particles due to the high aluminium content in the eutectic α-/β-phase. For the field- 

exposed samples (Figure 15) the Al-Mn particles also play a minor role in the 

initiation process. Instead, as can inferred from Figure 14, it seems that the aluminium- 

2
1 
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containing phases, i.e. the eutectic α-/β-phase and the α-phase, play a more important 

role in the initiation process of a corrosion attack.  

 

4.2.4 Influence of phases containing magnesium and aluminium (papers III, V and 

VI)   

In Figure 14 it can be seen that the corrosion attack was initiated in the largest α-Mg 

grain. For further study of the importance of the Mg-Al phases, samples were 

investigated using SEM-EDX and Confocal microscopy.  

 

Figure 15: Left: SEM image of the corroded AZ91D surface exposed for 3 months in a 
marine environment. Right: Confocal image of the same area. Marked with an arrow is 
an intermetallic particle of the Al-Mn type.  
 

Figure 15 shows SEM and Confocal images of the same AZ91D surface area. The 

sample was exposed in a marine environment for 3 months. The Confocal image 

shows trenches that were formed at the boundary between the α-phase and the eutectic 

α-/β-phase. 
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Figure 16: Surface profile and aluminium content of part of the AZ91D surface seen in 
Figure 15 
 

Figure 16 shows the surface profile of part of the AZ91D surface area together with an 

element analysis of its aluminium content, as recorded by SEM-EDS. The lines for the 

depth profile and the aluminium content exhibit a close similarity.  It appears that the 

aluminium content in these trenches and in the rest of the grain is below 6%. In the 

eutectic area the aluminium content increases and so does the corresponding depth 

profile line, indicating that the corrosion attack is not very severe in eutectic areas. The 

formation of the trenches suggests that a galvanic couple was formed between areas 

with a high and a low aluminium content and that the anodic process takes place in 

areas with an aluminium content below 6%. The α-phase is also influenced by the 

processing parameters. The grain size and the variation of aluminium content in the α-

phase is dependent on the cooling rate and processing parameters. However the role of 

the aluminium content in the α-phase is somewhat disputed. It is reported that in 

solution with a high pH the anodic activity of the α-Mg phase increases, when the 

aluminium content is raised to a certain level (10, 11, 49).  
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In order to understand the initial steps of the corrosion process the Volta potential of a 

magnesium grain was examined by means of SKPFM measurement. A SEM image of 

part of the AZ91D surface can be seen in Figure 17, which also shows the 

corresponding Volta potential image.   

 

Figure 17: Left: SEM image of a grain in the AZ91D alloy. Right: the corresponding 
Volta potential image. Diagrams of the magnesium and aluminium contents and the 
Volta potential are given in Figures 18B and 19B. 

 

 

          A            B 
Figure 18A ( left): Magnesium and aluminium contents of line 1 of the SEM image  
(Figure 17). B (right): Volta potential of line 1 of the Volta potential map (Figure 17).   
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              A                 B 

Figure 19A (left): Magnesium and aluminium contents of line 2 of the SEM image 
(Figure 17). B (right): Volta potential of line 2 of the Volta potential map (Figure 17).   
 

A comparison between the EDS measurement of Mg and Al contents in Figure 18A 

and 19A and the Volta potential measurement along the same lines in 18B and 19B 

shows that the Volta potential follows the aluminium content in the grains and that 

areas with a higher aluminium content give a higher Volta potential. Moreover, the 

aluminium content in the different grains is dependent on the sizes of the grains. More 

accurately, the aluminium content in the grains is dependent on the cooling rate, and a 

high cooling rate results in small grains with a high aluminium content. In the same 

way the SKPFM measurement shows that the Volta potential for the same areas is also 

dependent on the grain size, the smallest grains giving the highest Volta potential and 

vice versa. Hence the lower potential of the larger grains explains why the corrosion 

attack primarily affects these grains. These results are contradictory to some results in 

the literature (10, 11, 49) which indicate that a higher aluminium content in the grains 

increases the corrosion rate of magnesium alloys in solution.  

 

However, the Volta potential should be dependent on the composition of the oxide 

rather than the bulk composition of the phases, and more surface specific Auger 

measurements indicated that the different phases of the oxide surface were enriched in 
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Al. The higher aluminium content in the surface layer of Mg-Al alloys is reported in 

other works (50, 51). The aluminium content taken from lines 1-4 of Figure 17 is 

plotted in Figure 20 against the Volta potential obtained from the corresponding 

points.  
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Figure 20: Volta potential vs. aluminium content at different points in lines 1-4 of Figure 
17. 

 

At first the Volta potential increases linearly with the aluminium content. However, at 

an aluminium concentration of around 10% the Volta potential levels out at a potential 

of around -800 mV. This makes it probable that the main part of the cathodic reaction 

takes place in the eutectic phase in the immediate vicinity of the α-phase. 

 

4.2.5 Difference between AZ91 and AM50 from a microstructural perspective (paper 

VI)   

As shown earlier the corrosion rate of AM50 is higher than that of AZ91D both in the 

laboratory and under field conditions. But it has also been shown that both alloys 

corrode in a similar way. The corrosion product formed in both cases is magnesium 

carbonate hydromagnesite, and the corrosion attack initially affects the α-phase with 

formation of trenches. In the case of the AZ91D alloy the initial stages of the corrosion 

process take place in areas where the aluminium content is lower than around 6%. In 
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the AM50 alloy the grains have a lower aluminium content and the corrosion attack is 

initialised in grains with an aluminium content lower than around 5%. The corrosion, 

as shown by the depth profile line in Figure 16, follows the aluminium content very 

well at the beginning of the attack. As discussed in the previous chapter, the higher 

aluminium content results in a surface film enriched in aluminium, and as the 

aluminium content in the grains rises towards 10%, the Volta potential increases and 

the protective ability of the aluminium-containing surface film is rapidly enhanced. 

Thus the phases found in the AM50 alloy are more prone to corrosion compared to 

those of the AZ91D alloy due to the lower aluminium content, both at the grain 

boundaries and in the grains, see Figure 21. Further, in the AM50 alloy the lower 

aluminium content in both small and large grains makes the grains work as efficient 

anodes when coupled to a supersaturated α-phase with an aluminium content around 5-

15%.  

 

 

Figure 21: Corroded surface of the magnesium alloys AZ91D (left) and AM50 (right) 
exposed for 3 months in a marine environment. 
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4.2.6 Model of the atmospheric corrosion process over time (papers II and VI)    

Based on the results of the present work a schematic model was produced, describing 

the influence of the microstructure on corrosion behaviour and the development and 

formation of corrosion products. This model is schematically presented in Figure 22.   

 

 

Figure 22: A schematic image of the corrosion process of the magnesium alloy AZ91D. A 
discussion of steps i to iii follows below.   
 

i) Initially, the anodic dissolution occurs at the location where electrolyte 

droplets are present on the surface and where the Cl- content is high. CO2 

diffuses through the water droplets, and reacts with the Mg(OH)2 formed by 

i) 

ii) 

iii) 
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the anodic dissolution of Mg.  This results in rapid formation of magnesium 

carbonate magnesite. As long as sufficient oxygen is present at the reaction 

sites on the surface, the cathodic reaction is probably to a large extent due to 

oxygen reduction. In the cathodic areas, the pH increases due to the 

formation of OH- by the cathodic reaction. The dissolution of CO2 in the 

surface electrolyte causes a pH decrease, which is favourable for the 

aluminium-containing surface film. Looking at the microstructure of the 

alloy the large grains are mainly attacked due to the lower aluminium 

content of these grains. A microgalvanic element is formed between the α-

phase and the eutectic α-/β phase, and this results in trenches in the α-phase 

where the aluminium content is low.   

 

ii) After some days of exposure the whole grain is corroded away, mainly due 

to the galvanic coupling between the α-phase and the eutectic α-/β phase, 

which results in deep pits seen already after a few days of exposure. The 

corrosion product magnesite is hydrated into nesquehonite. It is also 

possible that brucite starts to form due to a low CO2 content at the bottom of 

the pit at this stage.  

 

iii) After longer exposure periods the corrosion also starts to affect the grains in 

the vicinity, even the grains with a smaller size and a higher aluminium 

content and hence with higher corrosion resistance. The corrosion product 

nesquehonite is transformed into magnesium carbonate hydromagnesite, 

which forms a lid on the surface that hinders the transport of species such as 

CO2 and O2 through the crust. The low CO2 content in the pit explains why 

brucite is not transformed into magnesite, which would be the case in 

ambient atmospheres. Further, the absence of CO2 and the formation of 

brucite indicate that the pH is higher in the pits compared to the surface. The 

higher pH in the pits is unfavourable for the aluminium-containing phases, 

although aluminium is passive in neutral solutions. It has, however, an 

increased corrosion rate in alkaline solutions (9, 10). Hence the aluminium-
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containing phases, i.e. the eutectic α/β-phase and the β-phase, are affected 

by corrosion. More severe corrosion attacks can be seen when these phases 

are corroded away. Since water is present beneath the crust and the oxygen 

is probably depleted, the cathodic reaction is most likely dominated by 

water reduction. Closer to the bottom of the pit all components for the 

corrosion process are present, and hence the corrosion process can proceed 

with little exchange with the surrounding atmosphere. At this stage the 

corrosion attack is more of a general nature, with hemispherically shaped 

corrosion patterns.  
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5 CONCLUSIONS   
The results described in this thesis show that the microstructure is of vital importance 

for the corrosion behaviour under atmospheric conditions. The local nobility of the 

different microconstituents that precipitate in the magnesium alloy AZ91D, e.g. 

Al8Mn5 and β-Mg17Al12, was measured on a submicron level in atmospheric 

environments. Intermetallic particles of the Al-Mn type were shown to have the 

highest Volta potential of the microconstituents present in the alloy. The Volta 

potential of other aluminium-rich phases was found to be related to the aluminium 

content. As the aluminium content in the grains rises towards 10-12%, the Volta 

potential increases and the protective ability of the aluminium-containing surface film 

is enhanced.   

In ambient atmosphere carbon dioxide is always present and under atmospheric 

conditions CO2 diffuses readily through the thin electrolyte layer to the surface, 

forming magnesium carbonate, hydromagnesite. The CO2 lowers the pH in surface 

areas that are alkaline due to the cathodic reaction. This stabilises the aluminium- 

containing surface film that is present on the aluminium-rich phases and results in 

improved corrosion protection. Both in the laboratory and under field conditions the 

corrosion attacks were initiated in large α-phase grains, due to the lower aluminium 

content of these grains. Under atmospheric conditions the electrolyte layer is thin, 

which decreases the possibility of galvanic coupling of alloy constituents located at 

larger distances from each other. Hence the cathodic process is primarily located in the 

eutectic α-/β phase close to the α-phases instead of in intermetallic Al-Mn particles, 

even though the driving force for the initiation of the corrosion attack in Al-Mn 

particles should be high, due to their high nobility. 
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6 SAMMANFATTNING 

Magnesium är en mycket lätt metall. Densiteten är bara en fjärdedel av densiteten för 

järn. Magnesium är dessutom ett starkt material med mycket goda gjutegenskaper. 

Dessa egenskaper har gjort magnesium mycket intressant för transportindustrin, ett 

område, där vikten spelar en stor roll. Genom att minska vikten kan 

bränsleförbrukningen minskas, vilket också innebär att utsläpp av avgaser, som 

innehåller skadliga växthusgaser och kväveoxider, minskar. Men eftersom magnesium 

också är en mycket oädel metall, är korrosionsegenskaperna ett stort problem. 

Magnesium korroderar lätt i både luft och vatten. Målet med avhandlingen är att öka 

kunskapen om korrosion av magnesium i atmosfär. Magnesium används sällan rent i 

olika applikationer. Istället legeras oftast magnesium med andra metaller. Den 

vanligaste legeringsmetallen är aluminium. Sett på mikronivå utskiljs de olika 

legeringsämnena i olika faser och partiklar. Man talar om metallens mikrostruktur. 

Dessa faser och partiklar är ofta något ädlare än det magnesium som omger 

partiklarna. Denna avhandling visar att mikrostrukturen har en stor påverkan på 

magnesiumlegeringars korrosionsegenskaper. Det yttersta lagret på magnesium-

aluminium legeringar består av oxider som innehåller magnesium och aluminium. 

Aluminiuminnehållet i oxiderna är högre för faser som innehåller mer aluminium 

vilket ger ett bättre skydd mot korrosion. Dessutom varierar aluminiuminnehållet med 

storleken på kornen som finns i mikrostrukturen och korrosionen börjar i de största 

kornen vilka har lägst aluminiuminnehåll.  
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7 FUTURE WORK  

The demand for magnesium is expected to increase as a result of an increased usage of 

lightweight alternatives in the automotive and aerospace industries. The corrosion 

properties of magnesium are a major issue that must be considered in the light of the 

expected increase in the use of magnesium alloys. Magnesium alloys with rare-earth 

metals as alloying elements have proved to have good creep and corrosion properties, 

in fact better than those of the AZ91D alloy. The use of techniques similar to those 

described in this thesis would make it possible to investigate the mechanism behind 

the improved corrosion resistance of these types of alloys in atmospheric 

environments.   

The local pH changes in atmospheric environments would also be an area of interest. 

The different microconstituents in the magnesium alloys have either an anodic or 

cathodic function, as has been shown in this thesis. Using fluorescence confocal 

microscopy, the local changes in the pH can be monitored with a high resolution.  

Another interesting experiment would be to test different heat treatments of the 

magnesium alloy AZ91D in atmospheric environments. It has previously been shown 

that the corrosion rate of the alloy AZ91 in solution is higher in the artificially aged 

(T6) condition compared to the solution heat-treated (T4) condition (10). In the T6 

condition the precipitation of β-phase is almost continuous. Hence the aluminium 

content of the grains should be lower compared to that of the T4 condition. But 

according to the findings of this thesis the corrosion rate for the T4 condition, which 

has a high aluminium content in the grains, should have better corrosion resistance in 

atmospheric environments.   
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