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ABSTRACT 

 

This thesis is mainly focused on the study of magnesium alloy’s fatigue behavior. The 

experimental material is obtained from racing wheels.  

 

Racing wheels manufactured from metal are cast, forged, machined, or manufactured from a 

combination of these methods. For many years, aluminum was chosen as the material of 

racing wheels because it is relatively convenient to manufacture and more economical. 

However aluminum wheels are relatively heavy because of the density to strength ratio of 

the element. Therefore it is necessary to choose a lighter and stronger material for solving 

this problem. Introducing magnesium alloy would be a recommended way as magnesium 

alloy wheels can be used on racing vehicles. 

 

However, magnesium alloy wheels have some drawbacks. First of all, magnesium is 

relatively expensive. In addition, magnesium is a quite brittle metal due to the fact that it 

does not have five different slip systems available at room temperature and it does not satisfy 

Von Mises criterion for full plasticity. There would be considerable risks involved with 

failure if it is not being designed and manufactured to provide adequate strength. 

 

This study will cover the microstructure of magnesium alloys and the fatigue properties of 

magnesium. The specimens are mainly provided by Dymag who manufacture magnesium 

racing wheels. The microstructure has been examined by optical microscopy. Electron 

imaging methods such as Scanning Electron Microscope (SEM) and Electron Backscattered 

Diffraction (EBSD) have been used to characterize the microstructure. Fatigue testing has 

been performed by a rotating-bending test machine (or Gill machine). The fatigue fracture 

was also been examined by electron microscopy to determine the fatigue mechanism. 

 

The results show that fatigue behavior differs through the whole wheel cross section. After 

microstructures of different locations of the specimen have been examined by microscopy, it 
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is found that these differences were caused by manufacture method. Therefore, future works 

will mainly focus on techniques to improve the fatigue behavior.  

 

In order to further understand the mechanical performance of the magnesium alloys studied 

here, the properties of the different phases in the microstructure have been determined by 

nanoindentation testing. This has allowed the Young’s modulus and hardness of the -Mg 

and -Mg17Al12 phases to be determined. The results are discussed in terms of the 

implications for the fatigue performance of the material. 
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Chapter 1. Introduction 

 

Magnesium (Mg) alloy is an attractive alloy to find practical applications in many fields. 

Magnesium alloys are recommended in a wide range of engineering uses, principally 

because of their lightness, machinability, excellent castability, good weldability, superior 

damping characteristics and wide availability. It is generally accepted that modern 

applications require materials with specific combinations of properties that cannot be met by 

conventional metal alloys. This is particularly important for materials needed in advanced 

aerospace and automotive applications. Therefore, material and structural engineers continue 

to seek practical materials that have low densities and which are strong, stiff, and could 

efficiently resist abrasion and impact. One possibility to achieve these requirements for 

automotive applications is reducing the vehicle weight. Magnesium alloys and composites 

have the potential to reduce vehicle weight because of their low density [1]. 

 

1.1 Magnesium element 

 

Magnesium is a chemical element in the periodic table that has the symbol of Mg and atomic 

number 12 with an atomic weight of 24.305. It is the eighth most abundant element and 

constitutes about 2% of the Earth’s crust by weight, and it is the third most plentiful element 

dissolved in the seawater. It can be obtained from minerals including magnetite and dolomite. 

Commercially, it is produced by electrolysis of fused magnesium chloride derived from 

brines, wells and seawater. It is usually tarnishes when exposed to air.  

 

For magnesium, its most outstanding characteristic is its density – 1.7 g/cm3, which is the 

lowest of all the structural metals. Therefore, its alloys are used where light weight is an 

important requirement. In addition, magnesium is relatively soft, and has a low elastic 

modulus – 45 GPa. This gives magnesium good flexibility. At room temperature magnesium 

and its alloys are difficult to form because of their lack of plasticity owing to the crystal 

structure which is HCP (see section 1.5). Consequently, most fabrication is by casting or hot 

working at temperatures between 200ºC and 350ºC. Similarly to aluminium, it has a 

moderately low melting temperature. Chemically, magnesium alloys are relatively unstable 

and especially susceptible to corrosion in marine environment. Fine magnesium powder 

ignites easily when heated in air; consequently, care must be carried out when handling it in 
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this state [2]. 

 

As mentioned above, although magnesium is commercially available with purities exceeding 

99.8%, it is rarely used for engineering applications in its natural form. Generally, most of 

the alloying elements present in commercial magnesium alloys are aluminum, zinc, 

manganese, zirconium, cerium, yttrium and silver. These alloying elements are added to 

improve mechanical strength and other properties such as fatigue resistance and corrosion 

resistance.  
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1.2 Magnesium alloys 

 

The choice of materials is the basis for the construction, then the function and, finally, the 

success of a new product. Due to the light-weight, low density (around 2/3 of aluminum) and 

good corrosion resistance (this is obtained by alloying magnesium with other metals such as 

aluminum and zinc), magnesium is potentially an excellent material compared with other 

metallic alloys. A chart of material selection (also known as Ashby chart) is presented in Fig 

1.1 below. 

 

 

Fig 1.1 Material selection chart 

 

 

From the material selection chart it can be seen that magnesium has the lowest density 

within similar strength values among the metals and alloys (magnesium alloys are 

highlighted by black color within the pink family of metals and alloys). Therefore, for 

automotive industries involved in producing racing wheels, the characteristic of 
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magnesium’s good damping ability and low inertia would make it the perfect material for 

mechanical component which undertake frequent and sudden changes at high speed. In 

addition, the light-weight of magnesium would enable the vehicle to reach a higher speed 

especially for racing. Furthermore, its relatively good impact and dent resistance can lead to 

improvements in components’ overall lifetime [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



University of Leicester M.Phil Thesis 2009 
 

5 
 

1.3 Manufacturing method – Casting 

 

Casting is a process by which a fluid melt is introduced into a mold, hardening within the 

mold, and then ejected or revealed to make a fabricated part or casing. The basic four 

elements required in the casting process are pattern, mold, cores and the part. This process 

allows for the rapid and massive production of parts, which might have to be produced by 

using time consuming and expensive machining operations in other processes. In practical 

applications, many difficulties may be encountered because of the general affinity of all 

molten metals for oxygen and other atmospheric gases. In addition, there is the problem of 

cooling contraction, the possibility of reaction between the molten or hot solid metal with the 

mould material and any fluxes which might be used. Therefore, a relatively limited range of 

metals can be cast to produce a useful component [4]. 

 

For most casting processes, porosity problems can arise and it can be difficult to predict 

when and where porosity will arise, but even a small amount of porosity in the final product  

can significantly reduce the mechanical properties of the castings. As a result, the casting 

will have to be scrapped. Most porosity in castings process is believed to be a result of the 

combination of solidification shrinkage and a decrease in the solubility of gases during 

solidification. It is essential for engineers to research the mechanisms of porosity formation 

and other effects of gases in castings [4]. Fig 1.2 shows porosity distributed in a casting 

magnesium alloy. 

 

 

Fig 1.2 Porosity in casting alloy 

 

In Fig 1.2, porosity are dark and smooth regions. These defects would affect the continuity 

and the mechanical properties of the material. 
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1.4 Manufacturing method – Forging 

 

Today many of the applications for Mg-alloys are based on casting processes. Though 

modern casting processes enable the production of light weight parts with quite complex 

geometries, the material properties are still not optimal. To achieve improved material 

properties the forging technology for magnesium alloys is introduced as an alternative 

method for mass production. Homogeneous microstructures without porosity, fine grain 

structure and near net-shape processing are described as advantages [5]. 

 

In a forging operation, a single piece of preheated metal is deformed mechanically by 

applying of successive blows or by continuous squeezing. Processes of raising, sinking, 

rolling, swaging, drawing and upsetting are essentially forging operations although they are 

not usually so-called because of the special techniques and tools they required. Generally, 

forging covers any method where work is applied to the material. Ingots of cast material can 

be forged but forging is also commonly applied to bar material which is already in the forged 

condition. The techniques of rolling, drawing, extruding, are all forms of forging. 

 

Forging processes for Mg-alloys, as a net-shape forming technology, has the potential for 

increasing the final properties of products for light weight applications. Forging has the 

potential to significantly increase the ability to produce components for the automotive and 

aerospace industries which have high demands on structural integrity and performance. Not 

only aluminum or steel parts, but also plastic or fiberglass components could be replaced by 

magnesium alloys. However, the material characteristics of Mg-alloys, require specific 

process skill and knowledge, which it not widely available yet. Therefore Mg-forging 

processes are still reserved to a small group of forging companies [5]. 

 

Most engineering metals and alloys can be forged readily, including most steels, 

aluminum/magnesium and copper alloys and certain titanium alloys. The forging process 

would usually change the grain structure of the original material. This can be illustrated in 

Fig 1.3. 
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Fig 1.3 Forging process [36] 

 

In this project, the relationship between the grain structure and the fatigue behavior will be 

investigated for cast and forged magnesium racing wheels. 
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1.5 Mechanical failure 

 

To investigate the fatigue behavior of magnesium alloy, it is important to understand the 

material’s mechanical properties. The mechanical properties of hexagonal close packed 

(HCP) metals, like magnesium for instance, are determined by the relative strength of a 

series of slip and twinning modes [1].  

 

Metals with an FCC or BCC crystal structure have a relatively large number of slip systems, 

therefore these materials deform by a ductile mechanism due to plastic deformation is. 

However, metals with an HCP structure such as magnesium are more brittle because of their 

few active slip systems [2]. Fig 1.4 illustrates the three slip planes in a HCP structure. Plastic 

deformation by dislocation motion occurs only with a limited geometry. Therefore if only 

one slip system operate, then only one type of simple shear deformation can occur. For a 

homogeneous deformation of a polycrystalline material to occur by dislocation motion, a 

number of independent slip systems must operate according to Von Mises criterion [38] 

 

  (1.1) 
 

Where σ1, σ2 and σ3 are principle stresses along x y z directions. K is the shear yield stress. 

For plasticity to occur easily, Von Mises criterion states that 5 independent slip systems are 

required . Mg does not have enough available slip systems at room temperature– only 3 slip 

systems can be found in Mg. Deformation of a magnesium alloy is influenced by several 

factors. Firstly, temperature could affect the available slip system. At room temperature, only 

basal slip would be involved. Prismatic slip and pyramidal slip may occur at higher 

temperature [3]. Secondly, texture in the bulk material can also affect the deformation. For 

HCP materials, slip happens most easily along the basal slip plane. Hence materials that have 

several basal slip planes aligned along with the loading direction will deform more easily. 

Finally the chemical composition has influence on the material’s deformability [4]. 
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Fig 1.4 Slip planes in HCP structure 

In addition to slip, deformation by twinning is another mechanism that can accommodate 

plastic deformation in metallic materials. Twinning occurs when an applied shear stress 

results in atomic displacement such that the atoms on one side of a plane (twin boundary) 

mirror the atoms on the other side [2]. Fig 1.5 shows the change of atoms by twinning. 

 

Fig 1.5 Twinning results from a shear stress 

Twinnings differ from slip where the orientation of atoms above and below the slip plane 

remain the same, twinning re-orientate the atomic direction across twin planes [2]. 

Furthermore, slip occurs in distinct atomic spaces. For twinning, the atomic displacement is 

less than the atomic separation. Of the three common crystal structures: BCC, FCC, and 

HCP, the HCP structure is the most likely to twin. For magnesium alloys, tensile twinning 

and de-twinning can be easily activated, which leads to rapid texture and hardening 

evolution [5]. 

To analyse the texture of magnesium alloys, especially to establish the dominant failure 

mechanism, microscopy techniques will be utilised. This includes both optical and electron 

microscope examination, and electron backscattered diffraction (EBSD). 
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1.5.1 Crack initiation 

For fatigue fracture, three distinct stages are involved in the failure process. The first stage is 

crack initiation. In this stage, a small crack is initiated at a stress raiser. After the crack has 

formed, crack propagation occurred. Each stress cycle would lead to the incremental crack 

advance. The last stage is final failure, which happens rapidly once the propagating crack 

reaches a critical size. Therefore, the total number of cycles to failure (also known as fatigue 

life Nf) can be expressed as the sum of the number of cycles of crack initiation Ni and the 

number of cycles of crack propagation Np. 

 

Nf=Ni+Np    (1.2) 

 

Crack initiations for fatigue failure usually form/nucleate on the surface of a component at a 

point of stress concentration. These include surface defects, sharp corners, holes and other 

discontinuities. Furthermore, cyclic loading can lead to microscopic surface discontinuities 

caused by dislocation slip. This can be also treated as stress raiser. Once the crack has 

initiated, it propagates slowly along crystallographic planes in polycrystalline metals. 

Normally cracks penetrate only several grains during the stage of initiation. The fatigue 

surface is then formed that has a flat and featureless appearance. Fig 1.6 shows continuous 

procedure of crack propagation.  

 

Fig 1.6 A diagram showing continious stages of crack propagation 
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After the first stage, the crack propagation stage takes over. In this stage, the crack extension 

rate increases dramatically. In addition, there is also a change in propagation direction to one 

that is roughly perpendicular to the applied load. The crack propagates with each subsequent 

cyclic load until eventually some critical crack dimension is achieved which precipitates the 

final failure step and results in catastrophic failure. 

1.5.2 Stress concentration 

The basic principle of mechanical fracture is dependent upon the interacting forces between 

atoms. Theoretically, the mechanical strength is estimated as 10% of the elasticity modulus 

of the material. However, it is found in real applications the strength of the material is far 

below the theoretical value – from 10 to 1000 times. This significant difference can be 

explained by the presence of small cracks or flaws found either on the surface or within the 

material. They would lead to an amplification of the stress around the crack or flaw where 

the magnification is determined by the orientation and geometry of the crack. These cracks 

or flaws are named ‘stress raisers’. ‘Smooth’ components which have uniform sections and 

no irregularities have few sites for stress concentration to appear.  

 

In practical applications, the true stress applied on the material with cracks can be calculated 

from external load by introducing the stress concentration factor Kt as follows, 

 

     (1.3) 
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Fig 1.7 The geometry of a surface crack 

The magnitude of external applied stress is σ, the radius of the curvature of the crack tip is ρ, 

the length of a surface crack is a (half the value if it is a internal crack). One thing that 

should be noticed is that the amplification of stress level is not only restricted to the 

microscopic flaws, macroscopic internal discontinuities such as voids, sharp corners or 

shoulders may also result in stress concentration. 
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1.6 Fatigue 

 

Fatigue is a type of failure that occurs in structures subjected to dynamic and fluctuating 

stresses (e.g., bridges, aircrafts, and mechanical components). In these circumstances it is 

possible for failure to occur at a stress level considerably lower than the tensile or yield 

strength in static loadings. The term fatigue is used because this type of failure normally 

occurs after a period of repeated stress or strain cycling. These loadings can be caused by 

vibration, fluctuating power or loading requirement. Fatigue fractures “are responsible for up 

to 90 per cent of the mechanical failures which occur in service” [6]. Fatigue failure is 

brittle-like in nature even in normally ductile metals, there is very little gross plastic 

deformation associated with failure.  

 

In fatigue, the applied stress may be axial (tension-compression), flexural (bending), or 

torsional (twisting) in natural environment. Any of the loading modes can be combined 

together to generate a new type of stress/load. Stress cycles can be also classified into three 

types. The first and the simplest type is called reversed stress cycle. It is a sinusoidal or 

triangular wave where the maximum and minimum stresses have the same absolute value but 

only differ by signs. Tensile stress is normally considered positive, and compressive stress is 

negative. The second type is repeated stress cycle. It is the most common type in engineering 

applications where the maximum value and minimum value of stresses are asymmetric. It 

can be described as a reversed stress cycle but the mean level of stress is non-zero. A final 

type of cyclic mode is where stress and frequency vary randomly. It is very common for a 

bridge or an aircraft wing or any other components that experience changing loading patterns. 

In these variable-amplitude loadings, only those cycles exceeding some peak threshold will 

contribute to fatigue cracking. The three types of stress cycle are shown below in Fig 1.8. 
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Fig 1.8 Cyclic loading [2] 

(a)reversed stress cycle, (b)repeated stress cycle, (c)random stress cycle 

 

The symbols in the graph are stand for: 

a :  Stress amplitude (equals to max  in reversed cyclic loading) 

r :  Stress range 

max :  Maximum value of stress (equals to a  in reversed cyclic loading) 

min :  Minimum value of stress 

m :  Mean value of stress 
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It is determined that a material which has a fatigue failure can be examined by its fracture. 

Fatigue fractures usually have two distinctive regions. The first region can be identified as 

smooth or burnished according to the rubbing of the bottom and top of the crack. The second 

region is granular, due to the rapid failure of the material. Fig 1.9 shows a fracture by failure. 

A crack formed at the top edge. The smooth region also near the top crack initiation site. The 

granular region by rapid failure over the lower area. 

 

Fig 1.9 A diagram shows the fatigue fracture [2] 

 

For fatigue failure to be initiated, three factors should be considered. First of all, the loading 

curve must contain a maximum and a minimum peak values which are large enough for 

variation or fluctuation. Peak values could be in the range of tension or compression and 

changing along time, however, the loading cycles must be sufficiently large for fatigue to 

initiate. Secondly, the maximum value of stress must be in a sufficiently high level. If the 

stress level is not relatively high enough, the fatigue initiation will not be occurred. The last 

factor is that the material must undertake a great number of cycles with a given applied 

loading. 

 

Under the effect of cyclic stresses, cracks will initiate and propagate. This process can lead 

to ultimate failure if unabated. For fatigue failure to be initiated, the applied cyclic load (also 

expressed as stress intensity factor ΔK), where 

 

     (1.3) 
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must be above a critical value – called threshold. Before ΔK reaches threshold, cracks in the 

material do not present propagation. Fig 1.10 presents the logarithm fatigue crack 

propagation rate versus logarithm stress intensity factor rage.  

 

Fig 1.10 Crack growth in different stages of a fatigue process 

The fatigue crack propagation behavior of many materials can be divided into three regions 

as shown in the image. Region I is the fatigue threshold region where the ΔK is too low to 

propagate a crack. Region II encompasses data where the rate of crack growth changes 

roughly linearly with a change in stress intensity fluctuation. In region III, small increases in 

the stress intensity amplitude, produce relatively large increases in crack growth rate since 

the material is nearing the point of unstable fracture.  
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1.7  Fatigue behavior of Magnesium alloys 

 

Magnesium alloys have been commonly used in engineering, such as aerospace and 

automotive applications in recent years. One of the most important research topics is the 

fatigue behavior of magnesium alloys, especially for applications to load-bearing 

components. Based on existing fatigue data in previous research done by Ogarrevic and 

Stephens between 1923 and 1990, magnesium alloys can be categorized into two classes: 

casting and wrought alloys [9]. Wrought alloys are generally defect-free. Unlike wrought 

alloys, defects such as porosity and cavities are usually present in the casting alloys. Thus 

the fatigue properties of casting alloys are affected significantly by the shape and dimensions 

of the component [8], as these influence the location and distribution of defects.  

 

In fatigue research, the SN curve is one of the important tools to visualize the time to failure 

of a specific material. Two typical types of material’s SN curve are ferrous alloys’ and 

nonferrous alloys’. It is widely accepted that for nonferrous alloys such as magnesium, a 

fatigue limit does not exist in the diagram [10]. For example, in the SN curve shown below 

(Fig 1.12), the ferrous alloys (curve A) has a clear fatigue limit shown by the knee preceding 

the horizontal line while the nonferrous alloys (curve B) have no easily identifiable fatigue 

limit. Therefore during fatigue tests, the number of stress cycles for magnesium is usually 

stopped at 107 cycles. The bending “knee” of the SN curve occurs around 106 cycles, for 

ferrous alloys.  

 

 

Fig 1.12 Comparison of ferrous/nonferrous alloys’ SN curve  
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There are many factors that affect the fatigue life of magnesium alloys. The first factor is 

stress concentration. When stress concentrations are present, the fatigue life of the material is 

normally decreased. It cannot sustain the same loads or stresses as the unnotched material 

does. When stress concentrations exist, the total stress (equals to the sum of applied stress 

and stress concentration) can easily exceed the material's theoretical strength. Thus, the life 

to failure is reduced. To deal with stress concentrations, surface treatments can be applied or 

the design can be altered. Reducing sharp corners, eliminating unnecessary drilling/stamping 

and shot peening can all be used to improve performance. Shot peening improves the fatigue 

life of material which occurring across the entire range of applied loads, growing larger as 

the applied loads decrease [11].  

 

The second factor affecting fatigue life is the applied load. The number of cycles to failure 

reduces when the applied load on specimen increases. This suggests that the 

working/operating condition of the component should be designed carefully, otherwise the 

fatigue life of the component would be exceed. Another factor that may affect the fatigue life 

of magnesium alloys is the composition. For example, the tensile strength and hardness 

would increase by increasing Mn content in the composition. This is because the grain size 

will decrease with increasing the Mn content. For Mn contents lower than 0.4wt%, grain size 

is decreased and the tensile strength and hardness increase. The addition of Mn improves the 

fatigue of Mg-Al-Zn up to Mn contents of 0.58%, thereafter, the addition of Mn causes large 

numbers of intermetallic precipitates to from. These act as crack nucleation sites and the 

fatigue life decreases. At Mn contents less than 0.58% the Mn is in solid solution and acts to 

refine the grains and keep grain sizes small. This is a result of a large number of precipitate 

intermetallic particles, which will degrade the crack growth resistance [12]. 

 

In the next chapter, detailed experimental process will be described. This includes specimen 

preparation, tensile and fatigue test and microscopy analysis.  
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Chapter 2. Experimental Methods 

 

2.1 Experimental materials 

 

The experimental magnesium alloys involved in this project are forged AZ80 and cast AZ81, 

the chemical composition of these alloys is listed in table 2.1 [13] [14]. 

 

 Forged AZ80 Cast AZ81 

Chemical compositions 

Zinc (Zn) 0.2-0.8 wt% 0.7-1.0 wt% 

Manganese (Mn) >0.12 wt% >0.2 wt% 

Aluminium (Al) 7.8-9.2 wt% <7.5 wt% 

Silicon (Si) <0.1 wt% N/A 

Magnesium (Mg) Balance Balance 

Mechanical properties 

Tensile strength 345 MPa 276 MPa 

Yield strength 250 MPa 85 MPa 

Elongation in 50mm 5% 15% 

 

Table 2.1 Magnesium-Aluminium alloys 

[Magnesium Elektron data sheets DS441] 

 

According to mechanical properties of these two materials, AZ80 is a relatively high-

strength alloy for extrusions and forgings of simple design, while AZ81 has a moderate 

strength with good formability. The composition of the alloys is generally similar but the 

casting alloy has usually a higher zinc content and a lower aluminium content than the 

forged alloys to aid fluidity for casting. Magnesium alloys that have more than 2% 

aluminium in the composition have Mg17Al12 in the composition [34]. Thus, both of the 

alloys have a two phase microstructure consisting of -Mg grains and a -Mg17Al12 phase. 
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2.2 Tensile test 

 

Tensile testing is widely used to establish the mechanical properties of engineering materials. 

Such these properties include UTS (Ultimate tensile strength) which is the strength of the 

material when fracture actually occurs, and the ‘yield strength’ or ‘proof strength’ of the 

material [4]. The yield strength or ‘proof strength’ is the strength at which the material being 

tested stops being wholly elastic and becomes a plastic material.  

 

It is also possible to use tensile test to give an indication of the ductility of the material. The 

ductility can be found by measuring the length of the test piece accurately on its parallel 

length before and after application of the tensile load to cause fracture and/or the smallest 

diameter of the test piece after fracture has occurred. The results are reported as elongation, 

and reduction in area respectively. 

 

Factors involved in the tensile test which should be considered are specimen shape and 

dimension, grips and faces selection, specimen alignment and many more [39] [40]. 

 

A tensile test piece used can take various shapes but certain characteristics are common. The 

central portion must be parallel. Any lack of parallelism will result in failure occurring at an 

area which might not be representative of the material as a whole, and makes the estimation 

of the cross-sectional area very difficult. The portion of the test piece where failure is 

expected to occur must be smooth and free of all notched, machining defects or any other 

surface imperfections. It must gently merge with the larger diameter which is used to grip the 

test piece in the tensile machine [4]. 

 

Face and grip selection is a very important factor. Specimens may slip or even break on or 

inside the gripped or clamped area (also known as ‘jaw break’) if the system is not set up 

correctly. This would result in invalid results. The faces should cover the entire tab or area to 

be gripped. Serrated faces should not be used when testing materials that are very ductile. 

Sometimes covering the serrated faces with masking tape will soften the bite preventing 

damage to the specimen. 
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Another important factor that may affect the test result is the alignment of the specimen. This 

is to avoid side loading or bending moment generated in the specimen during the test. 

Mounting the specimen in the upper grip assembly first then allowing it to hang freely will 

help to maintain alignment for the test. 

 

When a tensile stress is applied, the material initially deforms in an elastic manner up until 

the material yield point after which it deforms both elastically and plastically. Young’s 

modulus can be determined from the slope of the stress-strain curve in the elastic region. In 

order to determine Young’s modulus, it is necessary to carry out tensile testing and to 

accurately plot the increase in length with increase of load.  
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2.3 Fatigue test 

 

In engineering applications, one of the most important research topics is the fatigue behavior 

of magnesium alloys, especially for applications to load-bearing components.  

 

Fatigue testing can be simply defined as applying cyclic loading to the test specimen to 

understand how it will perform under similar conditions to actual occasions. Instead of 

tension-compression fatigue test, which is carried out by hydraulic testing machine (such 

MTS series machine), the following fatigue test was achieved by rotating-bending machine 

(also known as Gill machine). 

 

2.3.1 Fatigue test machine 

 

The fatigue test machine (Gill machine) is combined of two parts: the rotating part and the 

loading part. The rotating part includes one motor and two holding shafts with clamps on 

each end. The loading part includes a sliding rail and the weight block. This machine can 

apply a fully-reversed fatigue cycle on the specimen. During the test, one of the specimen’s 

ends is clamped to the shaft connected to the motor. Another end in shaft is linked to the 

sliding rail by a flexible beam. The weight block applies load onto the specimen through the 

shaft. The value of load determined by how far along the block is moved. Due to the rotation 

of the specimen, a fully reversed load cycle is achieved. A sketch of the fatigue machine is 

shown below in Fig 2.1. 
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Fig 2.1 Schematic diagram of the Gill fatigue machine 

 

2.3.2 Fatigue test specimen 

 

An AZ80 alloy wheel was provided by Dymag in its raw form, which means that the wheel 

was produced to an approximate finished but the precise final machining has not been done 

yet. Blocks of AZ80 alloy are presented as its forged blank bulk and final wheel product as 

shown in Fig 2.2 and Fig 2.3: 

 

    

   Fig 2.2 Forged blank AZ80             Fig 2.3 Final AZ80 wheel by machining 

 

The forged wheel was produced under high pressure and temperature to change the non-

directional grain structure of the starting material to compacts the metal, eliminating porosity 

and the voids which could be a source for cracks. The material remains solid during the 

entire forging process as the forging dies change shape of round cast bars to cylindrical 

shape of wheels.  
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Every wheel begins as a block of magnesium alloy. With high pressure, the block is forged 

into the basic shape of a wheel. Heat treatment is applied once the material is forged to 

maximize mechanical strength. All wheels are precisely machined to make sure the shape of 

perfect round. This eliminates any runout in a wheel. This forged blank is then placed in a 

spin-forging machine to spin out and forge the rim section. Next, the ventilation and 

mounting holes are drilled. Finally, a mirror trimming operation will give the wheel a 

finished appearance. The whole process is illustrated on Fig 2.4. 

 

 

Fig 2.4 Forged wheel production 

 

For forging of magnesium, high forces and relatively high temperature are necessary because 

of the limited ductility. 

 

In order to manufacture fatigue specimens, the wheel was cross-sectioned in the radial 

direction, as illustrated in Fig 2.5: 

 

Fig 2.5 Cross-section of the wheel 
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To test the fatigue behaviour of the material from different positions of the wheel, specimens 

are cut through the cross section of the wheel. Three main distribution areas of specimens are: 

the rim, the spoke and the hub. The rim specimens were cut along the tangent direction of 

the wheel edge. The spoke specimens were cut through the radial direction. The hub 

specimens were cut along the transverse direction of the wheel plane. The distribution of 

specimens is shown below in Fig 2.6. 

 

Fig 2.6 Distribution of specimens 

 

As shown above, specimens were cut from positions of the hub, spoke and rim part of the 

wheel. Wheel stresses in service are primarily caused by circumferential bending forces 

where the spoke transmits a bending load to the rim. The mechanical properties and fatigue 

strength of the wheel are controlled by the microstructure and wheel design. Cast wheels 

have relatively large cross-section to amount for possible strength reduction from porosity. 

Forged wheels can be made with reduced cross-sections owing to their higher strength. 

However they are potentially influenced by microstructural effects from processing. In 

particular, the forging process can require large plastic strains which can mean that the 

material is effectively more brittle in service. The aim of the work in this thesis is to 

investigate the fatigue performance of the forged alloy and link this to microstructure.  

 

To verify whether the fatigue behavior of the magnesium wheel differs along its cross-

sectional position, fatigue test for different specimens will be carried out with the same 

loading level. The fatigue test results will be compared to the microstructure of the wheel. 

The results of the fatigue testing are given in chapter 3. 

 



University of Leicester M.Phil Thesis 2009 
 

26 
 

2.4 Microstructure examination 

 

Prior to examining the fatigue behaviour of the material, it is necessary to observe the 

microstructure of the material by microscopy. Before microscope examination, there are 

several steps need to be carried out in the following order [15]. 

 Cutting 

 Mounting 

 Grinding 

 Polishing 

 Cleaning/Etching 

 (Coating) – optional 

 

Magnesium is a difficult material in which to prepare good scratch free sections because it is 

relatively soft. Magnesium also oxidises readily which causes problems particularly for 

EBSD sample preparation. Thus the following steps were taken to prepare good 

metallographic specimens. 

 

2.4.1 Cutting 

 

Samples are cut from particular sections of the wheel for observation. Care is taken to ensure 

that the orientation of the sample from the wheel is known. Ideally any damage associated 

with cutting can be removed during the grinding and polishing stages.  

 

2.4.2 Mounting 

 

Generally, small pieces of specimen are mounted to make sure that they are supported by 

rigid medium for grinding and polishing. The medium can be selected as either cold resin or 

hot mounting compound. Hot mounting compound was the mounting medium chosen in this 

project, some common hot compression mounting resin could be found in appendix I. Hot 

mounting produced hard mounts in a short period of time. Three specimens (from each 

location) were mounted by the Struers LaboPress 3 mounting machine. The diameter of the 

mounting block was 40 mm. The specimens were mounted using a force of 15kN and a 

constant temperature of 180ºC. The cooling period was 5 minutes and the coolant was water. 



University of Leicester M.Phil Thesis 2009 
 

27 
 

2.4.3 Grinding 

 

The purpose of grinding is to remove the deformation layer introduced by sectioning. In 

addition, it also produces a flat surface for microscopic examination. In this project, 

specimens were ground with 220 grit Silicon Carbide (SiC) grinding paper. After the first 

grinding step, specimens were further ground in the order of 400, 600, 800 and 1000 grit SiC 

grinding paper. Each grinding step lasted for a maximum of 30 seconds. Water was initially 

selected as lubrication to flush the removed materials and make sure the sample surface was 

clean. However, to achieve a better finish surface for the following microstructure 

observation, another mixture was introduced instead of water (which may cause oxidation on 

the magnesium surface). The new lubricant was a mixture of glycerol and ethanol (50% to 

50% by volume).  

 

2.4.4 Polishing 

 

The table below gives the different steps used in the polishing process. The lubricant used 

was the same as for the grinding stages. Table 2.2 gives detailed information of each 

polishing steps. 

 

Step 1 2 3 4 

Diamond size 6µm 3µm 1µm Masterpolish 

Cloth type DP-DAC DP-MOL DP-NAP OP-CHEM 

Lubricant Propanol/Water Oil-based Oil-based Oil-based 

Rotating speed 150 rpm 150 rpm 150 rpm 100 rpm 

Rotation Contrary Complimentary Complimentary Complimentary

Applied force 15 psi 15 psi 15 psi 7 psi 

Period 5 mins 5 mins 5 mins 10 mins 

 

Table 2.2 Polishing steps 
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Between each step, the specimen was cleaned with ethanol under pressure. This is to prevent 

oxidation of the surface occurring. The ethanol spray was achieved by using an aerosol spray 

gun under pressure. It would spray ethanol with high velocity across the specimen surface to 

remove any surface debris and residue. 

 

The final stage of polishing (Masterpolish) involved both mechanical and chemical polishing. 

Colloidal silica was recommended to obtain the best final surface finish. However, one 

problem is that colloidal silica is an alkali medium. Therefore it would lead to chemical 

reaction with the Mg material (and possibly oxidation). To avoid this, a continuous stream of 

ethanol was applied to the specimen and the colloidal silica solution rather than water 

coolant. The recommended polishing cloth was OP-CHEM. Generally, the last step of 

polishing with colloidal silica should be proceeding on an automatic lap for anything from 

10 minutes to several hours depending on the material and the state of polishing. Typically, 

10 minutes was found to give good results. 

 

2.4.5 Ultrasonic cleaning 

 

Between each grinding and polishing steps, the specimens were ultrasonically cleaned to 

make sure no material debris was attached on the surface of specimen. It was important to 

avoid oxidation by maintaining the absence of water. This was achieved by submerging the 

specimens in an ethanol-filled container in the ultrasonic bath. 

 

2.4.6 Chemical etching 

 

Chemical etching (sometimes called chemical milling or wet etching) is the process of using 

acids, bases or other chemicals to dissolve away unwanted materials such as metals, 

semiconductors or glass [4]. Usually etching is used to reveal grain boundaries or other 

features of the microstructure. 

 

For SEM and optical microscope observation, the specimen must undertake chemical etching. 

This step is to reveal the grain structure of the. There are many solutions available to be 

selected for magnesium alloys. In this project, the etching solution was Nitric acid 2% in 

alcohol (HNO3 2% in CH3CH2OH). 
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2.5 Vickers hardness testing 

 

The Vickers hardness test is to observe the materials' ability to resist plastic deformation 

from a standard source. The unit of hardness given by the test is known as the Vickers 

Pyramid Number (HV). The hardness number is not really a true property of the material and 

is an empirical value that should be seen in conjunction with the experimental methods and 

hardness scale used.  

 

The preparation of the surface must be carried out carefully, so that this does not affect the 

hardness to be measured. Hence grinding must not generate heat and any cutting methods 

must not cause cold working. The thickness of the material undergoing testing is also 

important. If this is too thin, the anvil on which it rests will be reflected through the 

component and will affect the hardness Figures obtained. There is a general rule that the 

thickness of the material being tested should be at least five times the depth of hardness 

impression [4]. When doing the hardness tests the distance between indentations must be 

more than 2.5 indentation diameters apart to avoid interaction between the work-hardened 

regions. 

 

The Vickers hardness test uses a diamond, with the shape of square-based pyramid with an 

angle of 136° between opposite faces as an indenter. It is based on the principle that 

impressions made by this indenter are geometrically similar regardless of load. The Vickers 

Pyramid Number (HV) is then determined by the ratio F/A where F is the force applied to 

the diamond and A is the projected surface area of the resulting indentation. Fig 2.7 shows 

the dimension of the Vickers indenter.  

 

Fig 2.7 Projected indentation area - Angle between opposite sides of indenter 
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The Vickers Pyramid Number (HV) can be expressed as 

2

854.1

L

F

A

F
HV 

    (2.1) 
 

 

where F (in kilogram) is the applied load and L (in mm2) is the average length of the 

diagonal left by the indenter. 
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2.6 EBSD analysis 

 

Electron Back Scattered Diffraction (EBSD) was used to examine the grain size and 

orientation of the cast and forged specimens. EBSD can be used to index and identify the 

crystal type, it is also applied for crystal orientation mapping, defect studies, phase 

identification, grain boundary and material phase identification. For example, EBSD in 

combination with other SEM-based techniques such as EDX can provide a deeper insight 

into the specimen’s microstructure. For instance, the minerals calcite (limestone) and 

aragonite (shell) have the same chemical composition - calcium carbonate (CaCO3) therefore 

EDX/WDS (Wavelength Dispersive Spectrometer) cannot tell them apart, but they have 

different microcrystalline structures so EBSD can differentiate between them [16]. 

 

2.6.1 Brief description of EBSD system 

 

Normally, there are at least 6 basic components which are required for an EBSD system:  

  

 Test specimen 

 Phosphor screen fluoresced by electrons from the specimen to forming the diffraction 

pattern 

 CCD video camera for monitoring the diffraction pattern on the phosphor screen 

 SEM chamber with vacuum interface 

 SEM-control computer 

 EBSD-control computer 

 

The surface of a specimen under EBSD examination must be perfectly polished to achieve a 

mirror finish. Dust, scratches or defects should be carefully avoided to acquire a good EBSD 

pattern (also known as Kikuchi pattern). For the generation of EBSD patterns, a glancing 

angle of interaction with the specimen is required. In this project this was achieved by tilting 

the specimen to an angle of 70º. 

 

The vacuum interface in the SEM port is for mounting the phosphor screen and the CCD 

camera. The phosphor is monitored by the camera through a lead glass in the interface. It can 

be retracted to the edge of the SEM chamber while not in use. The EBSD-control computer 
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analyzes the diffraction pattern and process relevant results such as pole Figures, phase 

identifications and orientation mapping [12]. 

 

A typical arrangement of an EBSD system is shown in Fig 2.8. 

 

 

Fig 2.8 Components and arrangement of an EBSD system [16] 

 

 

2.6.2 Working principle of EBSD 

 

When the electrons strike the specimen surface, they interact with the atomic lattice planes 

of the crystalline structures; many of these interactions satisfy Bragg conditions and undergo 

backscattered diffraction.  Due to the tilt angle of the specimen these diffracted electrons are 

directed towards and impinge upon the phosphor screen of the diffraction camera causing it 

to fluoresce, this fluorescent light is then detected by the CCD.  The diffracted electrons 

form an image termed a diffraction pattern on the diffraction camera. 
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Fig 2.9 illustrates the formation of an EBSD pattern. 

 

Fig 2.9 The formation of EBSD patterns 

 

Fig 2.10 shows a typical EBSD pattern taken from a magnesium specimen. 

 

 

Fig 2.10 EBSD patterns for magnesium alloy 

 

The following chapter presents the experimental results obtained for the cast and forged 

samples. 
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Chapter 3. Experimental Results 

 

3.1 Tensile test results 

 

Before fatigue testing, tensile tests were carried out to find out the strength of the alloy. 

Three specimens for the cast samples were obtained by cutting from the spoke of the wheel. 

Fig 3.1 shows a cross-section of the wheel. 

 

 

 

Fig 3.1 Tensile test specimens cut from the forged wheel 

 

Two of the specimens were cut from the ‘upper’ position of the spoke near the rim of the 

wheel, the third one was cut from the ‘lower’ position of the spoke near the hub. After tensile 

testing of the two specimens cut near to the rim and one specimen cut near the hub, it was 

found that both rim-near specimens fractured close to the threaded part of the specimen 

towards the centre of the spoke. The hub-near specimen fractured in the middle gauge of its 

centre part (not shown in Fig 3.1). 
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From Fig 3.1 it can be seen that the top-right specimen broke at its end close to the screwed 

shoulder. It may be assumed that a stress concentration occurred in this particular part of the 

specimen. However, the top-left specimen broke nearer to the central part of the specimen. 

The test results are shown in the Fig 3.2 to Fig 3.4. 

 

Fig 3.2 Spoke tensile test 1 

 

Fig 3.3 Spoke tensile test 2 
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Fig 3.4 Spoke tensile test 3 

 

For metallic materials such as magnesium that often do not show a clear yield point, the 

yield strength is usually defined by the proof stress with 0.2% offset. The 0.2% offset proof 

stress is determined by positioning the intersection in the stress-strain curve with a straight 

line which has the same slope with the linear part of the curve. The offset of the parallel line 

is 0.2%.  

 

The average proof stress of the three forged specimens was calculated to be 202.7±15.1MPa. 

 

The data sheet for AZ81 [13] shows that a proof stress of 200MPa can be expected. The data 

sheet value is for special cast bars where the microstructure is very controlled and the grain 

size is small. However, the results obtained here are in good agreement with the data sheet.  
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3.2 Gill fatigue test results 

 

3.2.1 Calibration of Gill machine 

 

Before performing the fatigue test, calibration for the fatigue machine was necessary. This is 

to obtain the stresses it was exerting on the specimen. Two strain gauges were fixed on the 

surface of the calibration specimen. Strain gauge #1 was fixed on the vertical top surface of 

the specimen; strain gauge #2 was fixed on the vertical bottom of the specimen. Two gauges 

are fit as shown in Fig 3.5. 

 

Fig 3.5 Strain gauge adhesion to the specimen 

 

One thing that was noticed was that the reading of both strain gauges were changing with 

time. This was due to temperature effects of the strain gauge. The reading was changed from 

0 to 20 micro-strain in approximately 15 minutes. The mechanical properties of AZ80 alloy 

can be obtained from its supplier. Regarding to the previous tensile test, some data has been 

fixed precisely. 

 

 Tensile Strength, Yield:   202.7 MPa (at 0.2% offset) 

 Modulus of Elasticity:   45 GPa (in tension) 

 Maximum strain:    0.00513 (5126 micro-strain) 

 

The maximum strain value (6640) cannot be selected as the upper limit of loadings. As in 

practical, the upper limit of loading is set to be 1000 micro-strain. Calibration was repeated 

twice, the result is shown below, the machine was found to have a linear relationship 

between the applied load and the strain obtained from the specimen. 
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Displacement 
(mm) Gage 1 Gage 2 

Displacement 
(mm) Gage 1 Gage 2 

0 2 -3 0 3 -6 

40 12 -12 40 22 -24 

80 59 -55 80 98 -95 

120 109 -101 120 200 -190 

160 244 -228 160 251 -236 

200 291 -271 200 403 -378 

240 438 -407 240 443 -416 

280 459 -427 280 490 -460 

320 605 -566 320 584 -547 

360 752 -700 360 760 -713 

400 760 -708 400 799 -746 

440 789 -734 440 939 -884 

480 911 -854 480 983 -924 

520 984 -922 

 

520 985 -927 

 

Table 3.1 Calibration results 

 

To record the number of cycles during the test, a speedometer is fixed beside the shaft. It will 

detect the presence of nearby metals. Therefore the rotating will be counted when the screw 

of shaft sweep over the speedometer. The rotating speed of the motor is listed in the 

following table. 

 

 Rotating speed, rpm Average rpm 

Motor mark 1 652 677 687 672 

Motor mark 2 1675 1661 1682 1673 

Motor mark 3 2702 2722 2680 2701 

Motor mark 4 3419 3422 3429 3423 

Motor mark 5 4694 4677 4735 4702 

 

Table 3.2 Rotating speed of the motor 

 

The testing speed of the motor was set to mark 1, or approximate 11 Hz, allowing precise 

number of cycles to be obtained.  
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3.2.2 Rotating-bending test results 

 

Although the yield strength of AZ80 alloy is 200 MPa, a conservative load of approximate 

40 MPa was selected and applied to the specimen. All specimens will be tested under the 

same load condition to find out the different fatigue properties among the cross-section of 

the magnesium wheel. Specimens from different parts of the slice was numbered and their 

fatigue test results are shown in Fig 3.6 and Table 3.3. 

 

Fig 3.6 Specimens distribution in wheel slice No.1 

 

 

Specimen # Orientation (with respect with 

radius) 

Position Number of cycles 

1 Vertical Top hub 391 

2 Vertical Bottom hub 307 

3 Parallel Top-right spoke 48 

4 Parallel Middle-right spoke 1409 

5 Parallel Bottom-right spoke 1643 

6 Parallel Top-left spoke 574 

7 Parallel Middle-left spoke 1820 

8 Parallel Bottom-left spoke 1492 

9 Tangent Top rim 12434 

10 Tangent Bottom rim 27641* 

 

Table 3.3 Alloy slice #1 (contain specimen #1 to #10) fatigue result 

(*: specimen did not broke, test terminated) 
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The second slice of wheel was cut identically with the first one. Specimens distributed on 

this slice are #11 to #20, which is shown in Fig 3.7 and Table 3.4. 

 

 

Fig 3.7 Specimens distribution in wheel slice No.2 

 

The fatigue test results for the second slice were: 

 

Specimen # Orientation (with respect with 

radius) 

Position Number of cycles 

11 Vertical Top hub 314 

12 Vertical Bottom hub 216 

13 Parallel Top-right spoke 888 

14 Parallel Middle-right spoke 2345 

15 Parallel Bottom-right spoke No specimen 

16 Parallel Top-left spoke 1533 

17 Parallel Middle-left spoke 4296 

18 Parallel Bottom-left spoke 1971 

19 Tangent Top rim 9732 

20 Tangent Bottom rim No specimen 

 

Table 3.4 Alloy slice #2 (contain specimen #11 to #20) fatigue result 
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Similarly, the third slice of wheel contains specimen #21 to #30, their fatigue test results 

were listed in Table 3.5. 

 

Specimen # Orientation (with respect with 

radius) 

Position Number of cycles 

21 Vertical Top hub 519 

22 Vertical Bottom hub 726 

23 Parallel Top-right spoke 1846 

24 Parallel Middle-right spoke 2103 

25 Parallel Bottom-right spoke 2434 

26 Parallel Top-left spoke 3698 

27 Parallel Middle-left spoke 5791 

28 Parallel Bottom-left spoke 3609 

29 Tangent Top rim 8456 

30 Tangent Bottom rim 56754* 

 

Table 3.5 Alloy slice #3 (contain specimen #21 to #30) fatigue result 
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3.3 Vickers hardness test 

 

In order to perform the hardness test, a broken specimen was cut in half along its axis. 

Mounting and paper grinding were involved to make a flat surface where the hardness test 

occurs. The prepared specimen is shown in Fig 3.8. 

 

Fig 3.8 Specimen cutting for hardness test 

 

On the specimen’s axial plane, two groups of indentations were made along each side. A 

group of indentations were made along the middle line (not shown in Fig 3.6, refer to 

appendix II). The force of hardness machine was set to 10 kgf. The distance between two 

adjacent indentations is 2 mm. A series of specimens were prepared to sustain the hardness 

test; they were specimen No.3 to No.7. The hardness test results are presented in Fig 3.9 to 

Fig 3.13. Detailed hardness values are tabled in appendix II. 
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Fig 3.9 Hardness value for specimen No.3 

 

 
Fig 3.10 Hardness value for specimen No.4 
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Fig 3.11 Hardness value for specimen No.5 

 

 
Fig 3.12 Hardness value for specimen No.6 



University of Leicester M.Phil Thesis 2009 
 

45 
 

 

Fig 3.13 Hardness value for specimen No.7 

 

It can be seen from Figures above that the hardness value of the material was not a constant 

along the whole surface of the specimen. The hardness value of the material tested on the 

end of the specimen was found generally lower than the material tested on the gauge part of 

the specimen. This could be caused by the forging process that lead to the microstructure 

being changed. Detailed examination of microstructure of the specimen will be presented in 

the next section.  
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3.4 Microstructure examination 

 

Before taking microscope examination, the surface of specimens must be well prepared. Flat 

surface finishing should be achieved for optical microscopy. Furthermore mirror-like 

finishing must be done as electrical backscattered imaging required. To reveal the 

microstructure of the material, chemical etching should be considered as an optional 

treatment.  

 

After chemical etching, the microstructure of specimens was attained by SEM imaging 

(optical images are also presented) shown in Fig 3.14 (Three specimens were selected 

respectively from rim, spoke and hub of the wheel slice.). 

 

    

Set (a) 

    

Set (b) 
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Set (c) 

 

Fig 3.14 SEM and optical images of surface of specimen at 500 x magnifications 

(a) specimen from hub 

(b) specimen from rim 

(c) specimen from spoke 

 

Apart from observations of the microstructure from different part of the wheel, the fracture 

surface of broken specimens after fatigue test was also examined under the SEM. The result 

images are shown in appendix III. Black highlighted areas in these images were initially 

identified as crack initiation points. However, these areas were only normal surface defect 

due to the lack of fatigue striations or beach marks being found in the whole fracture area. 
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3.5 EBSD results 

 

After rotating bending fatigue test, broken specimens were cut through their axial plane. As 

illustrated below, two positions were selected to take EBSD mapping as shown in Fig 3.15. 

The difference between fatigue material and normal material will be revealed. 

 

Fig 3.15 EBSD points of broken specimen 

 

Due to the difficult surface polishing (soft material and easy oxidation), the accuracy of 

EBSD analysis for magnesium alloy is lower than steel and other alloys. However, the 

EBSD mapping for AZ80 still got an indexing rate at approximate 60%, which make the 

result acceptable. 

 

The EBSD mappings for different position along the axial plane of a specimen are display in 

Fig 3.16 and Fig 3.17 These maps show an ‘all-Euler’ colouring scheme where grains of 

different orientations have different colours. This allows the grain structure to be easily 

visualized. 
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Fig 3.16 EBSD mapping for gauge material 

 

Fig 3.17 EBSD mapping for screw head material 

 

According to the EBSD mappings, the grain size of material from gauge part of the specimen 

is significantly smaller than the material from the screwed head. Considering the difference 

between hardness value for gauge and end material, there should be a connection between 

the microstructure and the strength of the material. The relationship of this will be discussed 

in chapter 5. 
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Chapter 4. Nano-Mechanical Testing 
 

 
4.1 Introduction to nano-mechanical testing 
 
 

The focus of the investigation of material properties through indentation techniques covers 

many studies. In most cases metals and alloys being investigated to determine the elastic 

modulus (Young’s modulus) E, yield strength  and hardness value H [26]. Traditional 

indentation tests such as Knoop test and Vickers test use a hard tip press onto the sample 

surface with a specific load. After a set period of time the load is removed, the hardness 

value will be calculated from the indent area and the known load. A significant problem of 

traditional indentation testing methods is that the result value depends on measuring the 

residual impression after the indentation has been made. Therefore, the minimum diagonal 

length of indentation which could be examined by optical microscopes without inappropriate 

uncertainty due to spherical deviations, 5 micron for example. Otherwise, because the 

indentation is examined only after the load has been removed, other information regarding 

elasticity-related during deformation processes cannot be obtained [27]. In contrast to 

traditional indentation tests, nanoindention allows the application of a specified load or 

displacement history are controlled and measured simultaneously and continuously over a 

complete loading cycle – real-time load-displacement data can be achieved. During 

nanoindentation, a diamond-shape indenter is pressed into the testing specimen’s surface and 

then withdrawn. The indentation load and penetration depth are simultaneously recorded and 

a load-displacement (penetration depth) curve can be obtained, as shown in Fig 4.1 below 

[28]. 

 

Fig 4.1 A load-displacement curve in nano-mechnical testing 
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This curve contains a considerable amount of information on the deformation behavior of 

materials, can be used to determine mechanical properties of the material. Differ from 

traditional indentation tests, hardness value defined in nanoindentation is expressed as 

    (4.1) 

Where Pmax is the maximum indentation load, Ac is the projected contact area under the 

maximum load.  

 

4.1.1 Nano-indentation test 

 

The aim of the nano-indentation testing in this project is to probe the mechanical properties 

of the -Mg matrix and the -Mg17Al12 phases in the two different alloys that have been 

used for the cast and forged wheels, and relate this to the fatigue performance of the wheels. 

 

Nanoindentations can be performed with different type of indenters. These indenters may 

include Vickers, Spherical and Berkovich. The three-sided Berkovich indenter is the most 

widely-used in nano-indentations. The half-angle of a Berkovich indenter’s face is 65.27o. 

This gives the same contacting area/depth ratio as the Vickers indenter with a face angle of 

68o.  Previous experience shows high accuracy made by Berkovich indenter. Errors in the 

final results from variations in face angles of indenters are negligible [29]. Compared with 

the four-side Vickers indenter, where an undesirable line of conjunction at the indenter’s tip 

presents, the three-side Berkovich indenter is much easier to grind the faces of the indenter 

to meet at one single point than a line. Thus, the Berkovich indenter is used in 

nanoindentation over the Vickers indenter due to the sharpness of the indenter.  

 

A complete cycle of nanoindentation usually include following steps: 

I. Locate the surface of the specimen approach the indenter tip accurately 

II. Apply load with set of drifting rate, time and displacement 

III. Hold maximum load for a certain period 

IV. Unload and record resulting penetration depth 

V. Indentation cycle finished with completely remove of the load 
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4.1.2 Nano-vision examination 

 

As the nanoindentation system can obtain the mechanical properties of materials by applying 

load-time histories to a indenter and recording the displacement-time response, an advanced 

technique called nanovision have been introduced in this project. The nanovision system is a 

test platform that can perform indentation in a manner analogous to an atomic force 

microscope (AFM) operation. This is achieved by combing the nano indentation head used 

for probe the mechanical properties of surfaces of specimens at nanometre level with an 

accurate positioning mechanism between the indenter tip and the surface of specimens. In 

this project, the nanovision system was an optional component for the Nano Indenter XP and 

DCM system. It includes a low-voltage piezoelectric driven nano-positioning stage that can 

achieve resolution and repeatability in the nanometre realm and below. The specimen was fit 

on the stage and traversed under the indenter tip. During the test, the interaction between the 

tip and the surface of the specimen were recorded to allow a detailed 3D map of the surface 

being constructed.  

 

The nanovision option for the Nano Indenter system can improve the positioning capabilities 

of the system for targeting small features on a specimen’s surface and make the system to 

achieve high-resolution surface scanning and profiling possible. This has made it possible to 

measure the mechanical properties independently by scanning the specimen surface and 

targeting the different phases. Indentations were then made on the individual parts of the 

microstructure.  
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4.2 Experimental procedure of nano-mechanical testing 

 

Two specimens were under nanovision examination. They were both AZ8x magnesium 

alloys but manufacture by different methods – cast AZ81 and forged AZ80. The object of the 

nanovision examination is to investigate if different production methods have affect the 

material’s mechanical properties such as Young’s modulus and hardness value. 

 

4.2.1 Specimen preparation 

 

Before performing a nanoindentation test, the specimen must be well prepared. This includes 

polishing the specimen’s surface and mounting the specimen to the indentation stub. The 

surface of specimen was polished to an acceptable level are etched to bring out the different 

elements’ phases present. A crystal bond wax was applied to the specimen and the 

indentation stub.  

 

To ensure the indenter tip is aligned with the camera lens which is used to observe the 

indentation, a tip calibration must be performed initially. This procedure involves producing 

five indentations in a rectangular matrix and aligning the camera lens with the central 

indentation. Once the calibration has been completed, careful treatment is still necessary in 

the interpretation of modulus and hardness data while pile-up and sink-in can affect the 

results significantly [30] [31]. 

 

For nanovision examination, specimens should be prepared to have flat and smooth surface 

finish. To ensure the surface could reach the requirement, both polishing and chemical 

etching were involved in the preparation. Similar to specimen preparation for EBSD testing, 

the polishing process also includes several stages. The following table gives detailed 

description of each polishing stage. 
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Step 1 2 3 4 

Diamond size 3µm 1µm 1/4µm Masterpolish 

Cloth type MD-DAC MD-MOL MD-NAP MD-CHEM 

Lubricant Oil-based/water-

free 

Oil-based/water-

free 

Oil-based/water-

free 

Oil-based 

Suspension DP-Suspension A 

3µm 

DP-Suspension 

A 1µm 

DP-Suspension 

A 0.25µm 

Masterpolish 

Suspension 

Rotating speed 150 rpm 150 rpm 150 rpm 100 rpm 

Rotation 

direction 

Complimentary Complimentary Complimentary Complimentary

Applied force 15 psi 15 psi 15 psi 7 psi 

Period 5 mins 3 mins 3 mins 10 mins 

 

Table 4.1 Polishing stages of specimen preparation for nanovision examination 

 

To reveal the microstructure of the specimen’s surface, chemical etching solution was 

applied to the specimen’s surface, In this project, the etching solution was Nitric acid 2% in 

alcohol (HNO3 2% in CH3CH2OH). 

 

During preparation for the nanovision examination, one matter that should be taken extra 

consideration is that both cast AZ81 and forged AZ80 alloy are very easily oxidised when 

exposed to open air. Therefore the specimen should be taken directly into the nanovision 

system without any delay. It is recommended that the specimen should be sent to take 

nanovision examination after its preparation within 1 hour. Fig 4.2 presents the oxidation 

effect to the specimen’s surface. 



University of Leicester M.Phil Thesis 2009 
 

55 
 

  

Fig 4.2 Oxidation of a specimen’s surface 

Left: Specimen’s surface before oxidation 

Right: Specimen’s surface after oxidation 

 

4.2.2 Nanoindentation test procedure 

 

The nanoindentation test was performed begin with five relatively large indentations in a 

straight line. These indentations play the reference location to other ‘smaller’ indentations. 

After the initial large indentations have been performed, each specimen will undertake 

several smaller indentations on different elements’ grains. These indentation points were 

selected randomly among the whole specimen’s surface, parameters of the test was listed in 

Table 4.2. 

 

Parameters Large indentations Small indentations 

Allowable drift rate 0.2 nm/s 0.2 nm/s 

Surface Approach Distance 1000 nm N/A 

Maximum Load 50 gf 500 mgf (0.5 gf) 

Time to load 15 s 15 s 

Peak hold time 10 s 10 s 

 

Table 4.2 Nanoindentation parameters 
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4.2.3 Nanovision examination procedure 

 

Similar to conventional hardness test, the nano-vision technique also involves the 

indentation being made to achieve the hardness value. But some extra steps will be taken to 

make sure the test is performing precisely. The working principle of nanovision system is 

described as follows: 

 

1. The specimen was mounted in the sample tray on the nanopositioning stage. The 

nanopositioning stage is driven by piezoelectric flexure guiding system and can move 

in horizontal plane in both X and Y directions. The moving step size would 

determine the lateral resolution of an image obtained. In this project, the number of 

data points collected on each direction was set to be 64 in X direction and 256 in Y 

direction. In other words, there were 16384 data points being scanned in each test. 

 

2. The specimen’s surface was under optical microscopic examination. The original 

point of indentation was determined. Before the initial scan, it is suggested that a 

microscope-to-indenter calibration should be performed. The dimension of selected 

area was normally set to be 80×80 micron. 

 

3. The selected area is scanned by an indenter tip. The interaction between the tip and 

the specimen’s surface controls the scanned image. The method of scanning the 

surface is called ‘constant-force mode’. In this mode, the topographical image is 

generated by the difference in the raw force required to keep the applied load at a 

constant value. 

 

4. After the initial scan, a detailed 3D-graph is generated to show the profile of the 

surface of the selected area. The 3D-graph could give clear view of the 

microstructure of the surface such as grain phases and boundaries. An example of the 

initial scan is illustrated in Fig 4.3. 
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Fig 4.3 3D-graph generated after initial scan 

 

5. Indentation location. The required indentation location can be designated precisely 

due to the detailed surface information has been obtained. Therefore the indentation 

point can be pinpointed at certain regions such as within phase or edge of boundary.  

 

6. A nanoindentation being made by engaging indenter tip. The indentation process was 

controlled by the maximum depth of indentation rather than conventional parameter 

– load level. This is to make sure the indentation would be well contained within the 

phase boundary. Considering the shape of the indenter tip, the maximum depth of 

indentation was set to be 5% (1/20) of the minimum width of the phase boundary.   

 

7. A second scan being performed. After this scan, a 3D-graph is showing the 

indentation and its surrounding area. Differ from the initial scan, the second scan is 

mainly focused on the indentation not the surface’s profile. Therefore a smaller range 

of scan was carried out. Compare to the range of initial scan at 80×80 micron, the 

second scan normally moves across 60×60 micron or even smaller. 

 

 

 

 

 



University of Leicester M.Phil Thesis 2009 
 

58 
 

As described above, the indentation in nanovision examination has been under a tip scanning 

twice. This would make sure the indentation is well located in the required region without 

any drifting. Corresponding to conventional hardness test, the procedure of nanovision 

examination can be summed up as ‘observe – scan – select – indent – scan – observe’. The 

two extra ‘scans’ play the key role of this advanced technique of hardness acquisition. 
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4.3 Nano-mechanical test results 

 

4.3.1 Nanoindentation results 

The result of large indentations on both cast and forged magnesium alloys are shown in Fig 

4.4 below. 

 

 

 

Fig 4.4 Load-displacement curves for AZ80 alloy 

 

It can be seen from the above chart that cast AZ81 and forged AZ80 performed basically the 

same under the same test conditions. To confirm their similarities of mechanical properties, 

the result of smaller nanoindentations are presented in Fig 4.5 and Fig 4.6. 
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Fig 4.5 Young’s modulus of cast and forged AZ81/AZ80 alloys 

 

 

Fig 4.6 Hardness value of cast and forged AZ81/AZ80 alloys 
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Due to the large size of the load-displacement chart for both cast AZ81 and forged AZ80 

alloys, they will be presented on separate sheets in the appendix IV. 

 

The results show that the cast and forged alloys have very similar hardness and modulus 

values. The measured modulus is slightly higher than the data sheet value for magnesium 

which is likely to be caused by pile-up effects [33]. 

 

Due to the limitation of maximum image resolution that SEM can achieve, the 

microstructure image will be generated by FEGSEM (Field Emission Gun Scanning Electron 

Microscope) which gives high resolution and is ideal for studying materials on the 

nanometer scale. Initially, large indentations used as markers were examined under SEM, 

images of them are shown in Fig 4.7. 

      

Fig 4.7 Marker indentations of cast AZ81 (left) and forged AZ80 (right) 

After the SEM examination, images of smaller nanoindentation will be generated by 

FEGSEM system. Although the image resolution of FEGSEM is significantly improved 

from SEM, images of nanoindentation are still slightly indistinct. Fig 4.8 shows 

nanoindentations of cast and forged specimens. 

      

Fig 4.8 Nanoindentations of cast AZ81 (left) and forged AZ80 (right) 
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As seen from images above, the size of nanoindentation (located by black circle) can be 

described as approximately 1-2 m in diameter which makes it challenging to image the 

indentations in the scanning electron microscope. In addition, some nanoindentations missed 

their original target area (shown as right forged image) owing to limitation of precisely 

positioning the indentations from the nanoindentation system. 

 

4.3.2 Nanovision testing   

 

In conventional indentation or nanoindentation testing, the location of all indentations was 

designated manually on specific area on the surface of specimens. First of all, the specimen’s 

surface was observed by optical microscope before the indentation being made. Then the 

microscope lens was replaced by an indentation head and the indentation was made. Finally 

the indentation on the specimen’s surface was observed and measured by microscope and the 

hardness value was calculated from the dimension of the indentation. The whole procedure 

can be simply described as ‘observe – select – indent – observe’. By this technique, 

microhardness data of different grain phases can be obtained – technically. However, 

problems like drifting where the indentation missed its original point have been found when 

it comes to practical application owing to the precision with which an indent can be located. 

Fig 4.9 shows a clear view of a drifted indentation on a specimen’s surface. The dark blue 

area is magnesium phase and the light blue area is the Mg17Al12 phase presented as a lower 

level. The hardness value of Mg17Al12 phase can be obtained by nanoindentation made in its 

boundary. However, the real indentation (shown as red peak in the Figure as the vertical axis 

was inverted for better presentation) was found to be made on the edge of the Mg/Mg17Al12 

boundary. Therefore the hardness value cannot be labelled as magnesium or Mg17Al12 

because the material with indentation was not pure magnesium.  
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Fig 4.9 A indentation which is not precisely located in the grain boundary (the vertical 

axis was inverted for a better image of indentation) 

 

 

Compare to nanoindentation test, the nanovision examination is more accurate on 

identification and location of the indentation on the specimen’s surface. By applying nano-

vision examination, the accurate pinpoint positioning of the indentation into the original 

required region is become possible. 

 

4.3.3 Nanovision examination results 

 

Because of the majority of element composition of the AZ80 and AZ81 alloy are -Mg and 

-Mg17Al12, the target indentation area would be magnesium and aluminium phases. Each 

specimen was taken nanovision examination at its magnesium phase and aluminium phase. 

Both specimens were undertaken the first scan in a relatively large scale (approx. 80×80 

micron). This is to get the general profile of the surface of the specimen. After the 

indentation being made, the second scan with a smaller scale (approx. 40×40 micron) was 

applied. In this scan, the indentation was shown in a detailed 3D-graph. All 3D-graphs as 

well as their result data for both cast AZ81 and forged AZ80 alloy will be presented. 

 

The first batch of 3D-graphs was generated before the indentation was made onto the surface 

of the specimen. These graphs show a general surface profile of the two materials. 

Afterwards, the indentation point was selected across the whole range of the scanned area. 

Fig 4.10 and Fig 4.11 shows pre-indentation surface scan for each specimen. 
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Fig 4.10 Pre-indentation surface scan for cast AZ81 
Left: Top-viewed 

Right: Perspective-viewed 
 

    

Fig 4.11 Pre-indentation surface scan for forged AZ80 
Left: Top-viewed 

Right: Perspective-viewed 
 

From the above graphs, it can be seen that the surface of both specimens were relatively flat 

which is suitable for followed indentation. The cast AZ81 was better than forged one 

because the latter had some polishing debris remaining on its surface (illustrated as green 

spots among the surface). 
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Fig 4.12 Pre-indentation scan shows different phases among the surface 
Left: Cast AZ81 

Right: Forged AZ80 
 

 

According to the phase scan graph, it is clear that there were different element phases across 

the selected area which the indentation should be made within these phases.  

 

When performing indentation, one problem should be paid particular attention and being 

avoided: the indentation should be entirely allocated within the grain. This is for getting 

reasonable and dependable data of the material. As mentioned in previous section, the data 

cannot be acceptable if the edge of the indentation has overlapped the grain boundary or 

even totally missed the grain. Fig 4.13 to Fig 4.16 presents some images of 3D-graphs 

obtained by the second scan after the nano-indentation has been made. 

 

   

Fig 4.13 3D-graph of nano-indentation on cast AZ81 (Vertical axis inverted for better 

image of indentation) 
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Fig 4.14 3D-graph of nano-indentation on forged AZ80 (Vertical axis inverted for 

better image of indentation) 

Based on the colour which represents the depth of the indentation, it can be seen that the cast 

AZ81 alloy has a deeper indentation (approx. 1120 nm) than the forged one (approx. 770 nm) 

at a same load level. In other words, the hardness value of a certain material do has changed 

according to its manufacturing methods. 

 

    

Fig 4.15 3D-graph of nano-indentation on cast AZ81 (Vertical axis inverted for better 

image of indentation and Mg-Al phase) 
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Fig 4.16 3D-graph of nano-indentation on forged AZ80 (Vertical axis inverted for 

better image of indentation and Mg-Al phase) 

 

After investigating the normal surface (magnesium phases) of both AZ80 and AZ81 alloys, a 

comparison of nano-indentations made within particular phase has been carried out. 

Although the difference of indentation depth between these two materials is slight, a similar 

result can be obtained which is the cast AZ81 holds a indentation depth of 570 nm as the 

forged AZ80 gets the depth of 450 nm.  

 

The nano-vision system also generates the data sheet of mechanical properties of the test 

specimens. The following table will show the data from all indentations across the whole 

surface of specimens.  

 

Test No. 
Specimens 

type 
Element 

phase 
E average over defined range 

(GPa) 
Hardness over defined range 

(GPa) 

1 Cast AZ81 Mg 36.95 1.21 

2 Cast AZ81 Mg 25.88 0.92 

3 Cast AZ81 Mg 27.82 0.83 

4 Cast AZ81 Mg17Al12 66.67 2.47 

5 Cast AZ81 Mg17Al12 71.39 2.54 

6 Cast AZ81 Mg17Al12 78.33 2.69 

7 Forged AZ80 Mg 52.33 1.86 

8 Forged AZ80 Mg 49.49 1.76 

9 Forged AZ80 Mg 41.26 1.74 

10 Forged AZ80 Mg17Al12 85.46 3.24 

11 Forged AZ80 Mg17Al12 97.03 3.46 
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Cast AZ81  Forged AZ80 
Material of specimens 

α‐Mg β‐Mg17Al12  α‐Mg  β‐Mg17Al12 

Average E value over defined range (GPa)  30.22 72.13  47.69  90.68 

Standard deviation (GPa)  5.91  5.87  5.75  5.87 

Average H value over defined range (GPa) 0.99  2.57  1.79  3.3 

Standard deviation (GPa)  0.2  0.11  0.06  0.14 

 

Table 4.3 Nanovision examination data  

 

 

According to the data table, it is clear that the cast AZ81 alloy ranks a higher E modulus 

value than the forged AZ80 alloy. The load-displacement curves of two specimens on their 

different phases are presented in Fig 4.17. 

 

 

Fig 4.17 Load-displacement curve of AZ80 alloys in nano-vision examination 
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Compared with nano-indentation test which did not give much information about the 

manufacturing effect about material’s mechanical properties, the different mechanical 

properties of cast AZ81 and forged AZ80 alloys can now be clearly announced by the 

technique of nano-vision technique. Since these two alloys have the same elemental 

composition, the conclusion can be reached that the manufacturing methods do change the 

mechanical performance of a certain material. Differ from casting process, the forging 

methods usually change the microstructure of the material. In other words, the grain size of 

forged AZ80 alloy was changed into a smaller scale while the cast AZ81 alloy has the grain 

size unchanged. This would lead to their mechanical properties being changed as well. 

Therefore, the difference of their working performance would be revealed by advanced 

testing techniques such nano-vision examination.  
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Chapter 5. Discussion 

 

Prior to fatigue testing, tensile testing was conducted on forged AZ80 specimens. The 0.2% 

proof stress was found to be 202.7 MPa which is in good agreement with the manufacturer’s 

data sheet [13]. 

 

5.1 Fatigue testing results explanation 

 

Fatigue testing was conducted on forged specimens taken from different locations within the 

forged wheel. The locations can be summarized as hub, spoke and rim. Specimens were 

taken from three slices through the wheel to determine the repeatability of the results. Fig 5.1 

shows a graph of the fatigue results plotted as a function of position in the wheel. 

 

 

Fig 5.1 Fatigue testing results of all specimens 
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Fig 5.2 Fatigue testing results of spoke specimens 

 

The specimens from the hub showed the worst performance with many samples failing after 

a few hundred cycles. The spoke specimens showed the median performance with an 

average fatigue life of 2206 cycles. The rim specimens showed the best fatigue performance 

by far with an average fatigue life of around 20,000 cycles under the same testing conditions. 

The standard deviation of the fatigue life was significant showing that the mechanical 

properties vary not only with location in the wheel but also from specimen to specimen. For 

example, if one look at specimens cut from the spoke for the three slices (see Fig 5.2) there 

is no consistent trend in that the values very between the slices and by location. The results 

show that the mechanical properties of the wheel have been influenced by the processing 

route.  
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5.2 Microstructure and the mechanical properties 

 

Vickers hardness testing was used to measure the hardness along cross-sections through the 

failed fatigue specimens. The results show that the hardness value increases from the head of 

the specimen to the gauge length. The average hardness in the head of the specimen is about 

75 VHN whereas the average hardness in the gauge length is about 87 VHN for specimen 

No.3 (see Fig 3.7). For other specimens this increase is not as marked but the trend is similar. 

Again, these results will be discussed in the light of the microstructure information in the 

following section. 

 

Section 3.4 showed the results of the microstructural examination and a series of optical and 

scanning electron microscope images were presented. 

 

The microstructure images show three distinct constituents, the -Mg grains which are 

labeled as magnesium grains, small bright precipitates which are a manganese rich phase and 

the -Mg17Al12 phase which is labeled as aluminium for ease of reference. The optical 

images show that there are big variations in the microstructure with an almost bimodal grain 

size distribution, i.e. both small and large grains. The variability of the microstructure will 

account for the large variability seen in the fatigue test results as there will be considerable 

local variations in the mechanical properties. The large variation in grain size means that it is 

difficult to quantify the grain size in these alloys. 

 

The strength of alloys is controlled by a number of factors such as solid solution 

strengthening, work hardening, precipitation hardening and grain size strengthening. The 

effect of grain size strengthening can be described by the Hall-Petch relationship. 

 

 

5.2.1 Hall-Petch relationship 

 

Alloys are often required to having high strength yet some ductility and toughness; ordinarily, 

ductility is sacrificed when an alloy is strengthened. It is important to understanding the 

relation between dislocation motion and mechanical behaviour of metals. Because 

macroscopic plastic deformation corresponds to the motion of large numbers of dislocations, 
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the ability of a metal to plastically deform depends on the ability of dislocations to move. 

Since hardness and strength are related to the ease with which plastic deformation can be 

made to occur, by reducing the mobility of dislocations, the mechanical strength may be 

enhanced [2]. 

 

The size of the grains in a polycrystalline metal influences the mechanical properties. 

Adjacent grains normally have different crystallographic orientations and, of course, a 

common grain boundary. During plastic deformation, slip or dislocation motion must take 

place across this common boundary from one grain to another. The grain boundary acts as a 

barrier to dislocation motion for two reasons: 

 

1. Since the two grains are of different orientations, a dislocation passing into another 

grain will have to change its direction of motion; this becomes more difficult as the 

crystallographic misorientation increases. 

 

2. The atomic disorder within a grain boundary region will result in a discontinuity of 

slip planes from one grain into another. 

 

A fine-grained material (one that has small grains) is harder and stronger than one that is 

course grained, since the former has a greater total grain boundary area to impede dislocation 

motion. For many materials, the yield strength y  varies with grain size according to  

 2/1
0

 dkyy 
    (5.1)

 

This expression is termed the Hall-Petch equation, d is the average grain diameter, and 0  

and yk  are constants for a particular material. It should also be mentioned that grain size 

reduction improves not only strength, but also the toughness of many alloys. 

 

According to Hall-Petch relationship, the grain size and the yield stress have an inverse 

relationship. The yield stress will decrease when the grain size increases. The random nature 

of the grain size distribution in the forged alloy will mean that the mechanical properties 

vary on a very local scale and the failure in rotating bending fatigue will depend on the 

microstructure at the point of maximum stress. In some specimens this microstructure may 

consist of small grains and thus high strength being revealed and in others, large grain size 
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with lower strength. The consequence of this for design with these alloys for racing wheels is 

that the design must be based on the lowest fatigue strength to ensure that the wheels are safe 

which would result in thicker cross-sections. This is highly undesirable as it essentially 

means that either casting or the use of aluminium would be preferred. 

 

The hardness testing showed that the hardness of the head was lower than the hardness of the 

gauge length. The EBSD maps in section 3.5 showed that the grain structure of the head was 

larger than the grain structure close to the fracture. It is possible that a process of dynamic 

recrystallisation was occurring being driven by the cold working from the fatigue cycling. 

Further work on the microstructure would be required to confirm this. 
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5.3 Nano-mechanical testing results explanation 

 

Nano-indentation testing was used to measure the hardness and modulus of both cast and 

forged magnesium. Fig 4.5 and Fig 4.6 showed that the bulk modulus and bulk hardness of 

the two materials were very similar, with very little difference in the mechanical properties. 

 

Nano-vision testing was used to measure the mechanical properties of the different phases by 

precisely locating the indentations on either the α-Mg grains or the β-Mg17Al12 phase. These 

results showed that despite the overall mechanical properties being similar, the α-Mg was 

harder in the forged magnesium of 1.79 GPa as compared to 0.99 GPa in the cast. The β-

Mg17Al12 phase was also harder in the forged magnesium at 3.3 GPa as compared to 2.5 GPa 

in the cast magnesium. The elastic modules of both phases was also higher for the forged 

rather than the cast material. (See Fig 5.3) 

 

 

Fig 5.3 Nanovision testing results 
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Guo et al. have shown that microcracks can initiate at the Mg/ Mg17Al12 interface during 

forging operations. This has been attributed to a strong plastic strain incompatability and 

high internal stresses near the grain boundaries which strengthen the local distortion and 

promote interfacial crack nucleation [35]. 

 

The results of the nanoindentation tests in this project show that there are significant 

differences in the stiffness and hardness of the two phases in the magnesium alloys which 

supports the observation of Guo et al. [35]. The in-service fatigue performance of the forged 

magnesium wheels has been found to be not as good as expected from the bulk mechanical 

properties. It is likely that microcracks generated either in the forging operation or in early 

service are acting as site for fatigue crack nucleation. Forged racing wheels which are 

designed with thicker cross-sections owing to their inherent porosity will not be as affected 

by microcracks from the different mechanical stiffnesses as the microcracks will be less 

dominant than the porosity as site for crack initiation and propagation. 
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Chapter 6. Conclusions 

 

1) The 0.2% proof stress of forged AZ80 magnesium  has been measured as 202.7 MPa 

which is close to 200 MPa in the manufacturer’s data sheet. 

 

2)  The fatigue performance of forged AZ80 has been found to vary with positions in the 

forging with the specimens from the rim showing the best fatigue performance. 

 

3) The hardness of fractured specimens was found to increase from the head to the 

gauge length. EBSD mapping showed that this was a results of the grain size 

decreasing near to the fracture. 

 

4) Nanovision testing showed that the β-Mg17Al12 phase was stiffer and harder than the 

α-Mg phase. 

 

5) The relatively poor fatigue performance of forged magnesium racing wheels can be 

attributed to microcracks foration at the Mg/Mg17Al12 interface. 

 

Future Work 

 

1) In order to further confirm the presence of microcracks in the forged material, 

Transmission electron microscopy (TEM) could be used to image the microstructure. 

 

2) Eshelby modeling could be used to predict the plastic strains and develop a 

performance model for the material. Detailed description of Eshelby modeling could 

be found in appendix V. 

 

3) Forged magnesium racing wheels could be manufactured with thicker cross-sections 

to improve their fatigue performance. 
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Appendix I 

Common hot compression mounting resins 

 

Resin Applied use Comments Resin colour

ConduFast 1.Electro-polishing 

2.Electrical conductive mounts

Acrylic resin with 

iron powder filler 

Grey 

PolyFast 1.Edge retention 

2.SEM 

Low shrinkage; 

Medium removal 

rate; 

Low emission in 

vacuum chamber 

Black 

SpeciFast 1.Glass clear mounts 

2.Porous specimens 

3.Surface electrical insulator 

Medium shrinkage; 

Thermoplastic 

Clear 

 

 

The above table gives some commonly used mounting resins. PolyFast was selected as it is 

recommended for SEM use in the table. In addition, PolyFast is also more economical 

compared with other resins. 
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Appendix II 

Specimens’ Vickers hardness values 

 

 

Top 
specimen 

(MPa) 

Middle 
specimen 

(MPa) 

Bottom 
specimen 

(MPa) 

Mean 
value 
(MPa) 

Standard 
deviation 

(MPa) 

Standard 
error 

 (MPa) 
758.1 723.8 713.0 731.6 23.6 13.6 
757.1 740.4 717.9 738.5 19.7 11.4 
776.7 738.5 732.6 749.3 24.0 13.8 
758.1 691.4 721.8 723.8 33.4 19.3 
723.8 736.5 720.8 727.0 8.3 4.8 
744.4 756.1 733.6 744.7 11.3 6.5 
774.8 772.8 815.0 787.5 23.8 13.7 
747.3 800.3 786.5 778.0 27.5 15.9 
691.4 734.5 781.6 735.9 45.1 26.1 
824.8 887.5 764.0 825.4 61.8 35.7 
796.3 880.7 948.3 875.1 76.2 44.0 
815.9 850.3 916.0 860.7 50.8 29.3 
750.2 808.1 903.2 820.5 77.2 44.6 

Specimen No.3 

 

 

 

 

 

 

 

 

 



University of Leicester M.Phil Thesis 2009 
 

85 
 

Top 
specimen 

(MPa) 

Middle 
specimen 

(MPa) 

Bottom 
specimen 

(MPa) 

Mean 
value 
(MPa) 

Standard 
deviation 

(MPa) 

Standard 
error 

 (MPa) 
733.6 723.8 748.3 735.2 12.3 7.1 
699.2 760.0 686.5 715.3 39.3 22.7 
764.9 785.5 699.2 749.9 45.1 26.0 
721.8 759.1 734.5 738.5 18.9 10.9 
712.0 739.4 652.2 701.2 44.6 25.8 
739.4 756.1 698.3 731.3 29.8 17.2 
662.0 746.3 712.0 706.8 42.4 24.5 
727.7 814.0 693.4 745.0 62.2 35.9 
712.0 837.5 713.9 754.5 71.9 41.5 
731.6 866.9 722.8 773.8 80.8 46.7 
816.9 799.3 732.6 782.9 44.5 25.7 
740.4 769.8 734.5 748.3 18.9 10.9 
758.1 769.8 729.6 752.5 20.7 11.9 
733.6 723.8 748.3 735.2 32.0 18.5 

Specimen No.4 

 

 

Top 
specimen 

(MPa) 

Middle 
specimen 

(MPa) 

Bottom 
specimen 

(MPa) 

Mean 
value 
(MPa) 

Standard 
deviation 

(MPa) 

Standard 
error 

 (MPa) 
757.1 710.0 709.0 725.4 27.5 15.9 
700.2 773.8 688.5 720.8 46.2 26.7 
680.6 741.4 674.7 698.9 36.9 21.3 
713.0 770.8 694.3 726.0 39.9 23.0 
708.1 786.5 730.6 741.7 40.4 23.3 
697.3 743.4 764.9 735.2 34.6 20.0 
729.6 706.1 728.7 721.5 13.3 7.7 
724.7 809.1 753.2 762.3 42.9 24.8 
718.9 766.9 812.0 765.9 46.6 26.9 
809.1 828.7 820.8 819.5 9.9 5.7 
769.8 789.5 759.1 772.8 15.4 8.9 
730.6 715.9 716.9 721.1 8.2 4.7 
765.9 807.1 800.3 791.1 22.1 12.7 
757.1 710.0 709.0 725.4 27.5 15.9 

Specimen No.5 
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Top 
specimen 

(MPa) 

Middle 
specimen 

(MPa) 

Bottom 
specimen 

(MPa) 

Mean 
value 
(MPa) 

Standard 
deviation 

(MPa) 

Standard 
error 

 (MPa) 
708.1 764.0 713.0 728.3 31.0 17.9 
693.4 752.2 678.6 708.1 38.9 22.5 
723.8 730.6 669.8 708.1 33.3 19.2 
732.6 723.8 680.6 712.3 27.8 16.1 
747.3 759.1 726.7 744.4 16.4 9.5 
769.8 764.0 713.0 748.9 31.3 18.1 
748.3 776.7 698.3 741.1 39.7 22.9 
758.1 889.5 734.5 794.0 83.5 48.2 
816.9 827.7 764.9 803.2 33.6 19.4 
843.4 781.6 768.9 798.0 39.9 23.0 
780.6 897.3 757.1 811.7 75.1 43.4 
749.3 711.0 692.4 717.5 29.0 16.7 
764.0 713.0 720.8 732.6 27.5 15.9 
708.1 764.0 713.0 728.3 31.0 17.9 

Specimen No.6 

 

 

Top 
specimen 

(MPa) 

Middle 
specimen 

(MPa) 

Bottom 
specimen 

(MPa) 

Mean 
value 
(MPa) 

Standard 
deviation 

(MPa) 

Standard 
error 

 (MPa) 
769.8 739.4 685.5 731.6 42.7 24.7 
671.8 686.5 729.6 696.0 30.1 17.4 
711.0 724.7 727.7 721.1 8.9 5.1 
709.0 716.9 742.4 722.8 17.4 10.1 
733.6 714.9 719.8 722.8 9.7 5.6 
712.0 759.1 752.2 741.1 25.4 14.7 
757.1 751.2 741.4 749.9 7.9 4.6 
729.6 768.9 723.8 740.8 24.5 14.2 
777.7 801.2 720.8 766.6 41.3 23.9 
771.8 791.4 798.3 787.2 13.7 7.9 
810.1 820.8 844.4 825.1 17.6 10.1 
766.9 747.3 858.1 790.8 59.1 34.1 
722.8 779.7 832.6 778.3 54.9 31.7 
769.8 739.4 685.5 731.6 42.7 24.7 

Specimen No.7 
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Appendix III 

SEM Images of broken specimens 

 

Specimen No.12 in normal and higher magnification 

 

 

Specimen No.13 in normal and higher magnification 
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Specimen No.21 in normal and higher magnification 

 

 

Specimen No.22 in normal and higher magnification 

 

 

Specimen No.23 in normal and higher magnification 
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Specimen No.24 in normal and higher magnification 

 

 

Specimen No.25 in normal and higher magnification 

 

 

 

Specimen No.26 
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Specimen No.27 in normal and higher magnification 

 

 

Specimen No.28 in normal and higher magnification 
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Appendix IV 

Load-displacement curves in nanoindentation test 
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Appendix V 

Eshelby-based modeling method for composites 

 

Eshelby-based model can be used to give accurate prediction of the stress state within each 

phase of a composite material. The stress in the inclusion is evaluated by comparing the real 

inclusion with an equivalent inclusion made of the matrix material, which is selected so that 

the final stress in the composite is the same as that in the real material. The model uses an 

idealized procedure to create the inclusion and calculate the accompanying strain energy. 

This procedure consists of following steps [37]. 

 

1. Excise inclusion region to be transformed from material matrix. 

 

2. Alloy excised region to sustain stress-free transformation strain. 

 

3. Apply surface tractions to particle to restore if to its untransformed shape. 

 

4. Place particle back into material matrix and allow interface to reform. 

 

5. Allow particle/matrix system to relax elastically. 

 

Fig V.1 shows a visualized procedure of the Eshelby-based modeling procedure. 

 

Fig V.1 Schematic of steps in Eshelby method 
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