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Overview 

 

Transmission Electron Microscope was the most used tool in this work. A Transmission 

Electron Microscope (TEM) is a complex assembly including: electromagnetic lenses, several 

apertures, a sample holder and an image recording/viewing system. The magnetic lenses can 

be grouped into the following two general types: 

1. Those of illumination system between the electron gun and the sample, 

2. Those of the imaging system after the sample. 

In TEM one can switch between image mode and diffraction mode by changing the strength 

of the intermediate lens. To observe the diffraction pattern, the intermediate lens is adjusted to 

focus onto the back focal plane of the objective lens; i.e. the back focal plane of the objective 

lens acts as the object plane for the intermediate lens. In imaging mode, the intermediate lens 

is adjusted so that its object plane is the image plane of the objective lens. 

The primary imaging mode takes advantage of mass contrast, or diffraction contrast, to image 

the internal microstructure of materials. This is commonly used to image grain and defect 

structures (i.e. dislocations, voids, staking faults and twins, etc.) within materials. Precipitates 

or inclusions are also easily observed using this technique. 

It is possible to view and record the electron diffraction pattern from a selected area of the 

specimen as small as ~ 1 m by placing an aperture in the image plane and then projecting the 

diffraction pattern of the image onto the recording plane. Nanodiffraction is a special form of 

SAED in which the emphasis is on obtaining diffraction patterns from regions of the 

specimen of about 10 nm or less in diameter. To record diffraction patterns with relatively 

sharp spots, a Field Emission Gun (FEG) is needed. Contrastingly, with SADP the diffraction 

area is selected by focusing the electron beam. The primary purpose of electron diffraction 
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techniques is to identify the unit cell, or the crystal structure, of the materials under 

investigation, or to orient the crystal in a given zone. 

High-resolution transmission electron microscope (HRTEM) is a powerful imaging technique 

for obtaining atomic resolution structural information. It allows experimental exploration of 

thin specimens on a nanometer scale at sub-Angstrom resolution. Recent technological 

improvements allow a resolution of approximately 0.1 nm so that it becomes possible to “see” 

the individual atomic columns (rows of atoms along the viewing direction, which may be 

separated at by about 0.2 to 1 nm in the viewing direction), in a relatively large number of 

directions. 

Using CCD cameras, this information can be sampled and stored for quantitative comparison 

between simulated versus experimental results. Such a comparison is necessary because, 

except under quite strict conditions, the images formed are not directly interpretable. This is 

due to the combination of the incoherence effect, and from aberrations in the optical system, 

and additionally due to the modification of the incident beam upon transmission through the 

sample. Typically, a wave function reconstruction performed using a high-resolution 

transmission electron microscope is affected by varying defocus to measure a series of 

images, and utilising this information to reconstruct the wave function at the exit surface of 

the specimen. 

In Chapter II, the history of precipitation hardening is reviewed briefly. Next, the results of 

previous studies of the natural ageing of Al-Mg-Si alloys are presented. This begins with an 

overview on the aging sequence of 6xxx series alloys. The meaning of 6xxx is the as follows. 

6 indicates the principal alloying element, which has been added to the aluminium alloy and is 

often used to describe the aluminium alloy series, in this case the 6000 series. The second 

single digit (xXxx), if different from 0, indicates a modification of a specific alloy, and the 

third and fourth digits (xxXX) are arbitrary numbers given to identify a specific alloy in the 

series. This summary is followed by a discussion of the effect of low and intermediate ageing 

temperatures on these alloys’ properties. Finally, the paint bake cycle and the parameters 

affecting it are discussed. 

In Chapter III, is presented the current study of materials used in car body industry. Due to 

evolutions in car industries, the quantity of ferrous materials has diminished. Significantly, 

cast aluminum has iron based alloys for engine construction. Plastic materials have a 

significant role in reducing steel sheets useage, besides the use of aluminum use for wheel 

rims and suspension. Another important factor constraining car manufacturers to use light 

materials, for various components, is the economic and environmental requirements for 
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reducing fuel consumption. Aluminium alloys are used widely in car body structure, chassis 

and suspension parts. Aluminium alloys are especially utilised for sport and luxury cars. 

Besides various Mercedes models, the Audi A2 uses the alloy for small cars and high car 

production. The most commonly-used aluminium alloys in the car industry is the 6xxx series. 

The main alloying elements of these alloys are magnesium and silicon (approximately 1% 

each). Aluminium alloys have attracted considerable interest from the automotive industry in 

the last few years, as manufacturers seek to design lightweight vehicles having both improved 

fuel efficiency and reduced CO2 emissions. Heat-treatable Al-Mg-Si alloys (6xxx series) are, 

in particular, increasingly used in automotive applications for this reason. Heat-treatable 

alloys have the advantage of combining both good formability after solution-treatment and 

quenching and high strength after age hardening, during the automotive paint bake process at 

approximately 185ºC. The paint bake process increases the strength of Al-Mg-Si alloys due to 

precipitation hardening, and, at the same time, enables the curing of the paint. 

Chapter IV is presenting early-stage precipitates in the Al-Mg-Si based 6xxx alloys include 

solute clusters, GP-zones (including pre-” phase), the ” phase as well as the so called Q 

particles, if small amount of Cu is added in the alloys. Using high resolution transmission 

electron microscopy and quantitative electron diffraction, these precipitates are studied in 

details. The ” phase has a monoclinic structure with the composition Mg5Si6. The structure 

of the pre-” phase is quite like that of the ” phase but the atom positions are more close to 

that the Al lattice. It is pinpointed out that Al poorly-develops many of the structures of the 

precipitates, due to the presence of defects and substitutions of Mg and Si. 

In Chapter V atomic resolution electron microscopy reveals that pillarlike silicon double 

columns exist in the hardening nanoprecipitates of Al-Mg-Si alloys, which vary in structure 

and composition. Upon annealing, the Si2 pillars provide the skeleton of the nanoparticles to 

evolve in composition, structure and morphology. We show that they begin as tiny nuclei with 

a composition close to Mg2Si2Al7 and a minimal mismatch with the aluminium matrix. They 

subsequently undergo an onedimensional growth in association with compositional change, 

becoming elongated particles. During the evolution towards the final Mg5Si6 particles, the 

compositional change is accompanied by a characteristic structural change. Our study 

explains the nanoscopic reason that the alloys make excellent automotive materials. 

In Chapter VI is presented the mechanical characterisation of the AA6016 alloy. This 

aluminium alloy is used in cars manufacturing. It belongs to 6xxx alloys series of aluminium 

alloys, being used as deformed product. This alloy has medium mechanical characteristics, 
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the reinforcing phase being the metastable precipitate of Mg5Si6 in aluminium matrix. 

AA6016 alloy presents very good corrosion proof properties, delivered in T4 hardening 

condition (solution hardening followed by natural ageing) for a better resistance to parts 

painting of these types of aluminium. The tensile testing aims to mechanically determine the 

most important parameters describing the mechanical resistance of the metallic materials. 

These parameters are used for cold compressing when choosing half-finished parts. 

Employing uniaxial traction test, the tensile – deformation characteristic curve shall be traced 

for some samples collected from a thin sheet. In this work hardness test and tensile test was 

used as mechanical testing. The hardness test is very simple and easy. Nevertheless, it can 

give a very good and precise indication of the precipitation process. The big advantage of the 

hardness test is the possibility of using in-situ samples – doing the measurements while they 

are being aged. Rockwell hardness measurements were performed on 8 samples according to 

ASTM E18-07 Standard. A standard Rockwell 1/8” ball indentor was used with a load of 60 

kg. For each indentation point, at least 6 measurements were taken and the average was 

calculated. All these tests, were performed at room temperature and for the shortest possible 

time to avoid the natural ageing of the samples. From a general point of view, positron 

annihilation spectroscopy is a powerful tool for microstructure investigation, a spectroscopic 

technique for study of vacancy type defects as well as very low concentration of defects and it 

is a suitable technique for defects study in the near surface region. Positron-Lifetime 

measurements consist of infecting positrons into the sample and measuring their lifetime 

spectrum. The advantage of this isotope is that its most frequent decay channel is the emission 

of a photon, 1.274 MeV, coinciding with the positron. This property is a very useful one 

because the 1.274 MeV photon gives the signal that indicates the birth of the positron. The 

signal of annihilation is either one of the two annihilation photons, about 0.511 MeV, coming 

from the conversion in electromagnetic energy of the mass of the annihilated particles. In 

other words, the positrons are anti-particles of electrons and their lifetime depend on the 

density of the electrons. Therefore, any fact that can change the electron density can change 

the positron survival probability around it. Positron lifetime could be changed by very simple 

defects in the metal matrix like mono-vacancies, or dislocations, grain boundaries, voids. 

Hardness measurements were taken after solution heat treatment performed at 525C and 

560C, provides a 50% difference in the total concentration of vacancies. Quenching the 

samples from 525C and 560C respectively, should be executed fast enough to avoid a 

significant vacancies loss during the process. The most controllable way of quenching is using 

water at room temperature. There are many techniques for precipitation process investigation 

but not all the techniques are applicable for the clustering study (very early stage 
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precipitation). Extremely small size of these clusters, aligned perfectly with the aluminium 

matrix (perfectly coherent with the matrix), makes their observation very difficult, almost 

impossible. These clusters are parts of the matrix which have a higher concentration of solute 

atoms than the rest of it. Therefore, one focussed in other techniques which can give an 

indirect evidence of these clusters existence. Electrical resistivity is a classical technique for 

analysing early stage precipitation. The resistivity signal provides information not only about 

the actual clustering but also about vacancies and solute atoms. Therefore, to interpret the 

results of this measurement, other types of analysis are required like positron annihilation 

lifetime spectroscopy (PALS). This analysis will provide information about vacancies during 

the clustering process. PALS is an old technique used in physics. Nevertheless, the 

application of PALS in the study of clustering is quite new. The hardness testing was applied 

on each sample. That can demonstrate the definite effect of clustering at the macroscopic 

level. Hardness testing is a very simple technique and one were considering to apply it in this 

work. 



9 
 

 

 

CHAPTER I 

 

Literature Review 

 

1.1 Introduction 

 

In this chapter, the history of precipitation hardening will be reviewed briefly. Next, the 

results of previous studies of the natural ageing of Al-Mg-Si alloys are presented. This begins 

with an overview on the aging sequence of 6xxx series alloys. The meaning of 6xxx is the as 

follows. 6 shows the main alloying element, which is added to the aluminium alloy and is 

used to describe the alloy series, in this case the 6000 series. The second digit (xXxx), if that 

digit is different of 0, shows a modification of a specific alloy. The third and fourth digits 

(xxXX) are arbitrary numbers given to identify a specific alloy in the series. This summary is 

followed by a discussion of the effect of low and intermediate ageing temperatures on these 

alloys’ properties. Finally, the paint bake cycle and the parameters affecting it are discussed. 

 

1.2 Historical Review of Precipitation Hardening 

 

Precipitation hardening studies dates back to the early years of the 20
th

 century, when the 

observed change in strength with time at room temperature in aluminium alloys [1] was 

related with the precipitation of a new phase [2]. Since then, numerous reviews on 

precipitation hardening have been published, including the definitive review of Kelly and 
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Nicholson [3] besides more recent seminal reviews such as (but not restricted to): Brown and 

Ham [4], Gerold [5], Martin [6], Ardell [7] and Lloyd [8]. 

While the emphasis of early work on precipitation hardening was on the precipitation 

mechanism [9], the introduction of the concept of dislocation interactions with precipitates by 

Mott and Nabbaro [10], and the theory of non-deformable particles by Orowan [11], shifted 

the emphasis towards the strengthening mechanism, resulting in significant and rapid progress 

in developing theories towards understanding precipitation hardening phenomena. Later, the 

application of transmission electron microscopy (TEM) in precipitation hardening studies 

[12], [13] provided possibilities of direct observation of dislocation-precipitate interaction [3]. 

The continuous development of microscopy techniques, including high resolution electron 

microscopy (HRTEM) and atom probe field ion microscopy (APFIM), as well as the other 

advanced microstructural characterisation techniques such as small angle X-ray scattering 

(SAXS) and small angle neutron scattering (SANS), along with the theoretical development 

on precipitate-dislocation interaction, have provided considerable advances in this field of 

study, most notably in recent years. 

 

1.3 Ageing sequence in 6xxx series Aluminium Alloys 

 

A general description of the ageing process in Al-Mg-Si alloys is as follows [14]: 

 

α (ssst) → GP Zones (clusters) → β” → β’→ β (Mg2Si) 

 

Edwards et al. [1988] suggested that this can be expressed in better detail as: 

 

α (SSSS) → individual clusters of Mg and Si → co-clusters of Mg and Si → GP-zone → β” 

→ β’ → β (Mg2Si) [17] 

where: SSSS = super saturated solid solution; GP-zone = Guinier Preston zone, poorly 

developed particles; ” and ’ = metastable phases, where ” are needle like particles having Mg5Si6 
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chemical composition and ’ are still needle like particles with Mg1.8Si chemical composition; β 

(Mg2Si) = equilibrium phase. 

By using Differential Scanning Calorimetry (DSC) techniques, Miao and Laughlin [15] 

showed that in the as-quenched sample, at the very early stages of ageing, either GP-zones, or 

clusters, form. This can be proved by confirming an increase in the hardness of sample and 

also by the existence of an exothermic peak in the DSC graph (Peak A in Figure 2.1). 

 

Figure 2.1: DSC and corresponding Hardness plots of an as-quenched AA6111 sample [15]  

 

The next precipitates which will be form if the ageing process is allowed to continue will be 

β’’ (peak B in Figure 2.1), β’ (peak D in Figure 2.1) and β (Mg2Si), sequentially.  

The DSC curve shown in Figure 2.1 is the most common profile for the 6xxx series alloys. 

However, some researchers have reported graphs that differ slightly from this. For example, 

Dutta and Allen found an exothermic peak for β’’ formation which was abnormally broad. 

They de-convoluted the peak into two separate peaks, which, following TEM analysis, were 

associated with GPI (GP-Zone) and GPII (β’’) formations [16]. 

Maximum hardness in 6xxx alloys can be achieved by formation of β’’ precipitates during 

short ageing times. Any further progress in precipitation, i.e. formation of coarser β’’ and later 

precipitates, will decrease the hardness. 

Although this general sequence is widely accepted, the process details (such as the effect of 

composition and ageing temperature) are still not clearly understood. The effect of different 
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ageing processes, such as natural or artificial ageing, will be discussed later in this chapter. 

The aim of this chapter is to provide extensive information about each of the precipitates 

which are form during the thermal treatment of the 6xxx series aluminium alloys. 

Al-Mg-Si alloys gain an increase in strength due to small precipitates of Mg and Si from the 

solid-solution phase, where maximum hardness arises from a combination of large number of 

fully coherent Guiner-Preston (GP) 1 zones and semi-coherent GP 2 zones (the βʺ - Mg5Si6), 

both existing as needle-like structures [35]. 

 

1.3.1 GP-Zones / Clusters 

 

Clusters / GP-Zones are formed by ageing Al-Mg-Si alloys at low and intermediate 

temperatures. Figure 2.1 shows the DSC curve along with the corresponding hardness plot of 

an as-quenched Al-Mg-Si alloy. In this figure, an exothermic peak (peak A) at around 100 ˚C 

is associated with the formation of the GP-Zone / Cluster [15]. In the DSC curve obtained by 

Edwards et al. [17], unlike the curve shown here, this peak is very broad and asymmetric. 

They suggested that their peak actually consists of two overlapping peaks of clusters and GP-

zones formation.  

Figure 2.2a shows a TEM bright field image and the [001] selected area diffraction pattern 

(SADP) obtained formal-0.65Mg-0.70Si (Si-excess) alloy, which was aged at room 

temperature for 70 days (natural ageing) [18]. There is no indication of precipitate particles in 

the bright field image and the diffraction pattern. Figure 2.2b shows the TEM bright field 

image and the [001] selected area diffraction pattern obtained from the same alloy, but pre-

aged for 16 hours at 70
 
˚C. Dark contrasts are produced by extremely small/fine particles. The 

shape of these precipitates is not well-defined, since their size is ~2 nm, and the SADP image 

shows neither extra reflection nor diffuse scattering, implying that the precipitates are fully 

coherent with the aluminium matrix and have no distinct structure. Thus, the precipitates are 

designated as spherical GP-zones according to Dutta and Allen [16]. 
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Figure 2.2: TEM bright field images and the [001] selected area diffraction pattern obtained from Al-0.65Mg-

0.70Si alloy after (a) natural pre-ageing for 70 days and (b) 70 ˚C pre-ageing for 16 hours [18]. 

 

Further research has been applied to GP-zones / clusters. The formation conditions of each of 

these precipitates will be discussed in more detail in the section 2.4. before this, the principal 

characteristic properties of these precipitates are reviewed. Findings from investigations on 

GP-zones / clusters triggered further research on using HRTEM – High Resolution 

Transmission Electron Microscopy. Figure 2.3 shows a HRTEM image of a sample which 

was naturally aged for 70 days (Figure 2.3.a) and the same sample artificially aged at 70˚C for 

16 hours (Figure 2.3.b). It is generally believed that the result of first mentioned treatment is 

the formation of clusters, while the result of the second type of treatment is microstructure 

having GP-zones [18]. In Figure 2.3a the HRTEM image of a naturally-aged alloy shows a 

uniform fringe contrast. No contrast is attributed to the precipitates observed here. On the 

other hand, the contrast which is arising from these precipitates/secondary phases, is observed 

in the alloy that was pre-aged for 16 hours at 70
 
˚C. This can be seen in Figure 2.3b. The 

HRTEM image here indicates that the precipitates are approximately 2 nm size and are 

coherent with the matrix, justifying that the designation as GP is appropriate. 
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Figure 2.3: HRTEM images taken in [001]Al zone axis of the Al-0.65Mg-0.70Si alloy after (a) natural ageing at 

70 ˚C days and (b) pre-ageing at 70˚C for 16 hours [18] 

 

In another publication, Murayama, Hono, Saga and Kikuchi [19], showed a Si excess alloy 

aged at room temperature. A HRTEM image of this alloy was taken (presented in Figure 2.4). 

From this, only a uniform contrast from the (002)Al matrix is observed, and no indication of 

precipitates is apparent. 
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Figure 2.4: HRTEM image taken at [001] zone axis of Al-0.65Mg-0.76Si aged at room temperature [19]. 

 

In order to find out more about the microstructure of the above mentioned aluminium alloy, 

the same authors [19] obtained layer-by-layer atom probe field ion microscopy (APFIM) 

images of the (011)Al planes. Figure 2.5 shows a part of this layer-by-layer sequence. In this 

series of images, (022)Al planes were evaporated (layer-by-layer); the images being recorded 

from each layer [19]. 

 

Figure 2.5: A sequence of layer-by-layer FIM image of the (022) planes of an Al-0.65Mg-0.76Si alloy aged at 

room temperature. Bright spots are believed to correspond to Si atoms temperature [19]. 
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The bright spots observed in the (110)Al planes are presumably due to the presence of Si 

atoms, which can be expected to image brightly due to their high evaporation field. In Figure 

2.5a, three bright spots are observed on the terrace, and a further three points are observed 

approximately on the same position in the next layer in Figure 2.5b, and yet another three 

bright points in the next layer, and in the subsequent layer, and so on (Figure 2.5c and d). This 

kind of sequences continues to several atomic planes, suggesting that there are clusters of Si 

atoms in this specimen [19]. 

Because of the size of these early stage clusters formed in the aluminium matrix, during the 

pre-ageing treatment at room temperature, Murayama et al. [19] also used the integrated 

concentration depth profile of Si and Mg for the same aluminium alloy. 

 

Figure 2.6: Integrated concentration depth profile if Si and Mg of Al-0.65Mg-0.76Si alloy aged at room 

temperature [19]. 

In Figure 2.6 it can be seen that, in addition to separate clusters of Mg and Si, indicated by 

arrows, a co-cluster of Si and Mg atoms is observed (marked with grey shading) [19]. This 

result suggests that Mg and Si atoms tend to aggregate together to form co-clusters during the 

ageing process, as was previously reported by Edwards et al. [19, 20]. 

 

1.3.2 βʺ Precipitates 

βʺ is the principal strengthening phase in Al-Mg-Si alloys. Actually, maximum hardness is 

achieved when the alloy contains a combination of very fine fully coherent Guinier Preston 

(GP-I) zones having diameters of about 2.5 nm, and the semi-coherent, needle-like shaped βʺ 

(GP-II zones), with a typical size of 4 x 4 x 50 nm
3
. According to Reiso’s PhD thesis [21], for 
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the βʺ needles, a number density in the matrix of approximately 10
4
/μm

3
 is typical. This is 

equal to a volume of nearly 1% in the material. This phase is formed by ageing the alloy at 

higher temperatures. In Figure 2.1 the exothermic peak labelled B at around 250 ̊ C in the 

DSC curve is associated with the formation of βʺ [14], and is clearly identifiable. 

The GP-II zone or βʺ phase has the shape of fine needles, typically about 4 x 4 x 50 nm
3
 when 

the material is in the aged-hardened condition [20] [22]. The βʺ phase is fully coherent only 

along the b-axis. Edwards et all. [1994] determined the unit cell of the βʺ phase using electron 

diffraction. This was found to be a monoclinic C-centred structure with: a = 0.1534±0.012 

nm, b = 0.405 nm, c = 0.683±0.015 nm, β = 106±1.5 ̊. The b-axis is along the needle-axis. 

Andersen et al. [22] determined the crystal structure of the βʺ phase in an Al-0.2Fe-0.5Mg-

0.53Si-0.01Mn (wt%) alloy. They used the same material like in 1995 and like Reiso used in 

1996. The material was artificially aged for 5 hours at 185 ̊ C. They produced the results 

following TEM and exit wave reconstruction of the HREM focus series. The exit wave 

reconstruction was performed using a software package based on algorithms developed by 

Van Dick and Coene [23].  

Conventional TEM shows that Al alloys principally contain particles having a fine needle 

shape. The needles lay along the (100) Al direction. In Figure 2.7 one can see, in the bright 

field image, in the Al (100) zone axis, that these precipitates are clearly pointing in two 

normal directions - dark spots - which are the needles pointing in the direction of viewing. 

 

Figure 2.7: (a) A typical low magnification bright field micrograph of βʺ needles in a (001)Al zone axis and (b) 

the SADP of the same area shown in (a) [24] 
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From the diffraction pattern shown above, and also referring to the HRTEM images from 

Figure 2.8, this shows that the needle-shaped particles are mostly the monoclinic phase that 

usually referred to as the βʺ phase.  

 

Figure 2.8: HRTEM image of βʺ- needle in an (001)Al zone axis. The c-axis of the needle is in the plane and the 

coherency with (001)Al in the needle direction is evident. There is no exact zone axis of βʺ along the viewing 

direction (001)Al zone axis. The left part of the picture was Fourier filtered; the upper part extracts information 

from the Al and the lower part information from the βʺ only [22]. 

 

Andersen et al. [22], derived (in the figure above) an HTREM image demonstrating one βʺ 

phase. This figure shows precipitates that are coherent along the needle direction (their b-axis) 

with the Al (001) direction. This confirms that their cell parameter is the same as aluminium, 

for which b = 0.405 nm. 
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Andersen et al. [22] performed several X-ray analyses of these small precipitates with the spot 

along the needle axis. Despite of the small size of the spot (1-2 nm), they observed an Al peak 

present in the spectrum, in every instance, having a different height. This is partly caused by 

stray electrons travelling down the column of the TEM which are not focused with the rest of 

the electrons on the beam probe. Therefore, many of these electrons hit the surrounding 

aluminium matrix. Secondly, because during analysis the beam is parallel to the needle axis, 

i.e. parallel to the [010] zone axis of βʺ, this implies there is effectively a beam broadening 

due to the elastic scattering of some electrons into the aluminium. Another effect is that of the 

contamination layer and the oxide layer (aluminium oxide) on the surface, which primarily 

contains Al. Therefore, interpretations of these EDS measurements cannot rule out that some 

Al is contained in the precipitates. As a standard for determining the K-ratios, the mineral 

Forsterite was used whose main components are MgO and SiO2, having a composition where 

the Mg/Si atomic ratio is 2. Andersen’s EDS experiments indicated that the atomic ratio for 

Mg/Si was close to, or even below, 1. The accuracy of their measurements were of the order 

of 10%. 

Zandbergen, Andersen and Jansen [25] as well as Andersen and al. [22] performed exit wave 

reconstruction demonstrating that the experimentally found βʺ structure corresponds with the 

simulated structure. In 1997 Zandbergen et al applied two techniques: (i) exit wave 

reconstruction from a through-focus series of HREM images, which was used to reconstruct a 

rough structure model, and (ii) a least-squares structure refinement that uses electron 

diffraction data and takes dynamic diffraction fully into account. Dynamic electron diffraction 

occurs for electrons even in very thin crystals because the electron-matter interaction is very 

strong (about 10
5
 times greater as that for X-rays). The dynamic diffraction results in changes 

in the relative intensities of the reflections as a function of the specimen thickness. The 

through-focus exit wave reconstruction (TFEWR) uses the focus dependence of the image 

distortion by the electron microscope to correct the distortion. For this, they used the 

algorithm developed by Coene et al. [26].  

A reconstructed exit wave of βʺ precipitate embedded in aluminium is shown by Zanbergen 

[25] and Andersen et al. [22] Figure 2.9. The viewing direction is along the [100] zone axis of 

aluminium and the [010] direction, bβʺ, of the βʺ, which is along the needle. Along this 

direction, bβʺ, an excellent match between βʺ and the aluminium matrix, was observed. 

Conversely, on the direction perpendicular to bβʺ and parallel with the viewing direction, 

misfit dislocations occur at the βʺ - Al interface.  
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Figure 2.9: Phase of a reconstructed exit wave of a typical βʺ needle in aluminium matrix. The needle is viewed 

along its [010] axis and along [001]Al zone axis. The white dots are the atomic columns. Also, it is outlined the 

βʺ unit cell as well as half of the corresponding super cell in Al. Similarly filled circles in the matrix or in the 

precipitate are Al or Mg atoms at the same height. sf indicates the staking fault. The shift across the stacking 

fault can be determined to be a Al [101]/2 [22]. 

 

The βʺ unit cell is closely related to aluminium lattice. From diffraction patterns, Figure 2.10, 

as well as from the exit wave, Figure 2.9, the following relationship between the phases can 

be deduced: 

(001)Al||(010)βʺ, [-310]Al||[001]βʺ, [230]Al||[100]βʺ 

This relationship is the same as that found earlier by Edwards et al. [20]. 
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Figure 2.10: (a) The Fourier transform of the HREM image of the βʺ in aluminium matrix (Figure 2.9). The 

white circles indicates the reflections of the [001]Al zone axis. (b) The two coinciding diffraction zone axis 

[010]βʺ and [001]Al are schematically drawn. There is a near coincidence between the 4-30 βʺ and (020) Al 

reflections [Andersen et al. 20]. 

 

From the exit wave function reconstruction, the above mentioned authors solved the βʺ 

composition similarly as was done for Mg5Si6. 

Structural refinement was developed by Zandbergen’s group in the beginning of the 2000’s. 

In this case, a trial model for the structural refinement was obtained in the following way. 

From the coherency of the aluminium matrix and βʺ interface, these researchers concluded 

that the Si and Mg atoms are located at, or close to, the y = 0 and y = ½ planes. The number of 

the atoms in the unit cell is 22. The ratio of Mg/Si is slightly less than 1 (as found from the 

EDS analysis), from which it follows that the composition is probably Mg5Si6. The 

interatomic distances are similar to those in Mg and Si and in the equilibrium β-M2Si 

structure (e.g. Mg-Mg = 0.32 nm, Si-Si = 0.235 nm, Mg-Si = 0.277 nm). In Figure 2.11 the 

bright spots are pair of close Si atoms in different layers. These Si atoms are, in projection, so 

close together (~0.1 nm) that they cannot be resolved as single distinct bright dots). The bright 

dots chosen by the corner of the unit cell, was taken to be Mg due to the large distance to its 

neighbours. Also, these authors determined that is no aluminium in the βʺ structure. 
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Figure 2.11: (A) Part of the reconstructed exist wave of the βʺ structure from Figure 2.9; (B) The same exist 

wave however with four unit cells averaged over and C2/m space group symmetry by image processing; (C) The 

same exit wave as in (A) but with an overlay of atoms which were deduced from the exit wave (Mg – black 

atoms; Si – grey atoms; + indicates an atom at y = 1/2); (D) Calculated exit wave (phase) that uses the refined 

atomic position [25]. 

 

The starting model for the structural refinement uses, simultaneously, seven electron 

diffraction data sets along [010] or [001]. All these data were collected from βʺ particles free 

of defects. The electron diffraction contains Al reflections also, because the data were 

recorded from areas containing βʺ and the matrix. Also, the refinement depends on the 

thickness of the diffraction sets. In conclusion, from in this structure refinement of Mg5Si6, a 

previously unknown structure was identified.  

The results from the structural refinement are more reliable than the through focus exit wave 

function reconstruction (TFEWR) because the diffraction information extends twice as far, 
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and because the diffraction information is not changed by microscope aberrations. For these 

reasons, the research team did not find the best fit between the experimental and the 

calculated exit waves. However, in both cases, the most likely structure for the βʺ particles 

appears to be solved and coincides. The structure of Mg5Si6 is very likely to be a correct 

match the experimental and the calculated exit waves, and the plausibly match interatomic 

distances and coordination obtained for all atoms [36]. 

In 2006, Hastings et al. [26], investigated the metastable βʺ-hardening phase in the 6xxx series 

aluminium alloy by three-dimensional atom-probe in order to evaluate the composition of the 

structure which previously was determined by high-resolution transmission electron 

microscopy (HRTEM) and electron diffraction, as explained previously. 

In this work, preliminary analysis of a βʺ-particle using an advanced delay-line detector 

(ADLD), which is capable of discriminating extremely closely spaced detection events, gave 

a Mg/Si ratio of 0.9 and a composition of 15% Al. The atom-probe analysis results from the 

ADLD are consistent with the βʺ Mg/Si ratio derived from electron microscopy analysis. 

Instead, the ADLD measurements indicate that Al atoms may substitute both Si and Mg 

atoms.  

C.D. Marioara et al. [28] had in 2005 a work about the influence of aluminium alloy 

composition on precipitates of the Al-Mg-Si system. They stated that the strength increase is 

caused by interface strain between the matrix and small semicoherent, metastable precipitates 

forming from the solid solution. Significant amount research effort has been invested in 

studies of precipitates and how they influence the material properties [28]. In their work, 

Marioara and his team, consider two types of aluminium alloys: (i) Si-rich alloy and (ii) Mg-

rich alloy.  

The Si-rich alloy contains a very fine precipitate microstructure giving a high hardness to the 

alloys, despite a low volume fraction of precipitates. The precipitates responsible for the 

strength are GP zones and βʺ having a high coherency to the aluminium matrix. They 

determined the hardness of the alloy through Vickers Hardness measurements (Figure 2.12) 

[28]. 
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Figure 2.12: Hardness curves for the Si-rich aluminium alloys as function of ageing time at 175̊ C [28]. 

 

It can be seen, that the above mentioned researchers used three Si-rich composition 

aluminium alloys :A1 = 1.1% Si + 0.2% Mg; A2 = 0.88% Si +0.36% Mg; A3 = 0.75% Si + 

0.52% Mg (all are atomic %). In Figure 2.12 it can be seen that the hardness increases with 

decreasing Si until Si/Mg = 6/5 (A3). In these types of alloys, after 3 hours aging at 175̊ C, a 

sharp hardness peak appears. This peak can be attributed to the formation of very fine, fully 

coherent, GP zones. After approximately 17 hours, a second, broader, peak is observed. This 

peak is attributed to the appearance of semicoherent βʺ precipitates. The particle sizes and 

densities in this type of alloy are being reported as follows: (i) Particle density is reduced 

reduce with time as the precipitates are getting become coarser; (ii) After 3 hours annealing, 

in higher Si content alloys, more particles were detected, and instead, after 36 hours, the 

number density was approximately the same for all the alloys; (iii) The precipitates coarsen in 

time, but between 3 and 36 hours, the cross-section and the needle length increase only a 

little; (iv) The particles’ cross section and length decreases with an increasing the amount of 

Si [28]. 



25 
 

For Mg-rich alloys, Marioara et al. [28] used three different compositions: A13 = 0.41% Si + 

0.28% Mg; A12 = 0.59% Si + 0.65% Mg; A11 = 0.45% Si + 0.78% Mg (all are atomic %). In 

Figure 2.12b the Vickers Hardness measurements of these are presented. 

 

Figure 2.12b: Hardness curves for the Mg-rich aluminium alloys as function of ageing time at 175̊ C [28]. 

 

The researchers included A13 alloy in the Mg-rich alloys’ measurements because this alloy 

displays similarities to the Mg-rich alloys. The hardness response of the Mg-rich alloys differs 

strongly from the Si-rich alloys. The hardness response of the Mg-rich alloys is a single peak 

coinciding with the centre of the broad maximum value in Si alloys. The microstructure 

consists mainly of β΄ and βʺ particles, but only the βʺ are responsible for strength. TEM 

analysis of the Mg-rich alloys shows very few precipitates after 3 hours in A12, and no 

precipitates in A11. This corresponds to the initial region of low hardness in seen in Figure 

2.12b. After 17 to 36 hours annealing, the precipitates microstructure of A11 and A12 are 

much coarser than in Si-rich alloys. In general, the density of the particles is 4 to 7 times 

lower than the Si-rich alloys [28]. From this work, one can see that for the higher percentage 

Mg-rich alloys (A11), the particles coarsen faster and this alloy contains fewer particles. That 

means that these types of alloys will be richer in β' particles.  
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1.3.3 β΄ Precipitates 

β' precipitates appear upon further aging, or higher aging temperature, upon which the β" 

phase will begin to transform. This β' precipitate has less strengthening properties than β". 

This can be clearly seen in the hardness curve observed in Figure 2.1. The β' precipitate 

markedly larger than its predecessor, having dimensions ~10x10x50nm (compared to 

~4x4x50 for β"). It has a hexagonal unit cell with a = b = 0.705 nm and c = 0.405 nm [28].  

R.Vissers et al. [29] observed that, in contrast to β", the unit cell of β' doesn't have a required 

orientation in the aluminium (001) plane and, therefore, can be observed having many 

different orientations.  

The β' precipitates can be easily observed in Figure 2.13. 

 

Figure 2.13: Bright-field TEM image showing the rod-shaped β' precipitates and the corresponding SADP [16]. 

Using X-ray analysis, Lynch et al. [1982] found that the Al-1.16wt % Mg2Si alloy, the mass 

ratio of Mg:Si is 1.73 which equates to an atomic ratio of 1.99. Murayama et al. [1997] found 

the Mg:Si ratio to be 1.75 and 1.21 for balanced and Si-excess alloys, respectively. Other 

researchers such as Edwards et al. [17] argue that the presence of the excess Si in the 

aluminium matrix will result in the formation of other precipitates, named B', which are often 

mistaken for β'. From Marioara et al. studies [28] found that the B' precipitates are also known 

are as β' successors of β''. B' coexist with β'; this explains the confusion of the identification of 

these two precipitates. 
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1.3.4 β Precipitates 

The β precipitates are the final stable precipitates which can appear in Al-Mg-Si alloys, if 

these alloys are heat treated at high temperatures for long sufficient durations. All solute 

locked up in precipitate phases will eventually end up in the equilibrium phase β. β 

precipitates are plate-like, and are oriented along the <100> aluminium matrix. β phase has 

the well-known CaF2 structure [22] with a = 0.639 nm and composition Mg2Si. According to 

Murayama et al. [19], their Mg:Si ratio is equal to 2.10 for balanced alloys and 2.13 for 

excess-Si alloys. Compared to the other precipitate phases in 6xxx series alloys, the β is very 

large, with dimensions of ~ µm. 

 

1.4 Electrical Resistivity Measurements 

 

Electrical resistivity measurements are a frequently applied method in precipitation studies, 

this being the most affected property in the precipitation process. The resistivity of the SSSS 

of Al-Mg-Si alloy is greater because of the presence Mg and Si atoms, which scatter 

electrons. The resistivity usually increases upon hardening, and is often high when the alloy 

has maximum hardness, after which the resistivity decreases again. Therefore, electrical 

resistivity measurements are used to effectively study the formation of different phases. 

In 1966 Pansari and Federighi [31] as well as Raeisinia [34], showed that electrical resistivity 

measurements are a very sensitive tool for studying precipitation in Al–Mg–Si alloys. 

However, it was clear from this early work that the successful separation of effects from 

solute atoms, and fine scale precipitates was challenging. Panseri and Federighi observed that 

during the initial stages of precipitation, the resistivity of the alloy increases as solute clusters 

form and grow, even though this process also leads to the removal of solute atoms from solid 

solution, which is has become known as the resistivity anomaly. For longer aging times, it is 

usually observed that resistivity reaches a maximum, and then decreases to values below the 

as-quenched resistivity. To understand these results, one must consider the effects of both 

solute atoms and solute clusters or precipitates on resistivity. 

The standard test method for determining the resistivity of electrical conductor materials is 

ASTM B 193-87 [37].  This test method covers the determination of the electrical resistivity 
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of metallic electrical conductor material. It provides for an accuracy of±0.30 % on test 

specimens having a resistance of 0.00001 Ω (10 μΩ) or more [38]. The accuracy and 

convenience in which resistivity could be measured depends on the actual resistance of the 

specimen. One long, thin specimen is required as an optimum electrical conductor specimen. 

Electrical resistivity of aluminium alloys varies with its composition and microstructural state. 

The resistivity of the aluminium alloys is used to correlate to the extent of solute retained in 

solid solution [37]. 

For a well-known composition of aluminium alloy, an electrical resistivity measurement is a 

non-destructive method for verifying heat treatment. The electrical resistivity test in 

conjunction with hardness testing makes is proper heat treatment. 

In principal, the electrical resistivity signal derives from the various electron scattering events 

which are happening inside the material. There are many scattering sites in the specimen 

including: phonon vibrations, chemical impurities (solute atoms) and crystal imperfections 

such as vacancies, dislocations and grain boundaries [32, 33, 34]. 

The resistivity of the sample can be determined by passing a current i into the specimen with 

cross section A and measuring the voltage drop, v, along the length l (Fig.2.14): 

 

Figure 2.14: A schematic representation of the resistivity  

 

𝜌 = (
𝑣

𝑖
) . (

𝐴

𝑙
)                                                          (2.1) 

This can be simplified as: 
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𝜌 = 𝑟. (
𝐴

𝑙
)                                                              (2.2) 

where l is the length and r the resistance of the material. Microscopically, resistivity can be 

determined using the established Drude formula [32]: 

𝜌 =
𝑚

𝑛𝑒2𝜏
                                                                 (2.3) 

where n is the number per unit volume of electrons of mass m and charge e and τ is the mean 

free time of collision and is related to the conduction mean free path (Λ) with the following 

formula [33]: 

𝛬 = 𝑣𝑓𝜏                                                                 (2.4) 

where vf is the electrons velocity at the Fermi level.  

Raeisinia, Poole and Lloyd [34] showed that if the scattering precipitate spacing is of the 

order of the mean free path of scattering, the contribution of that precipitate cannot be 

neglected while in the case of large differences between these two distances, the scattering 

effect of the precipitate can be ignored. The same researchers, from this work, using the above 

two equations, calculated the conduction mean free spacing of AA6111 alloy to be 

approximately 25 nm. For precipitate sizes of the order of 10 nm, it was shown that 

precipitates account for 15-25% of total resistivity. This value decreases to 10-15% and below 

5%, in the case of 10-100 nm precipitates, and over 1000 nm, respectively. 

The electrical resistivity of the material can be straightforwardly described by Matthiessen’s 

Law. Hence, the effects of solute atoms on the overall resistivity is described by Raeisinia et 

al. (2006) as follows [32]: 

𝜌𝑡𝑜𝑡(𝑇) = 𝜌0 + 𝜌ℎ (𝑇)                                                    (2.5) 

where ρ0 is the temperature independent residual resistivity and ρh(T) is the temperature 

dependent resistivity. 

 However, this provides only a generalised formula; the resistivity analysis of solute atoms 

and precipitates are often much complex. To include the effect of additional factors the last 

equation be more accurately expressed as [34]: 

 

𝜌𝑡𝑜𝑡(𝑇) = 𝜌𝑝𝑢𝑟𝑒 (𝑇) + ∑ 𝜌𝑖𝑖 𝐶𝑖 + 𝜌𝑝𝑝𝑡                          (2.6) 
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where ∑ 𝜌𝑖𝑖 𝐶𝑖 takes into account the contribution of solute atoms by fraction summation of 

each solute’s resistivity factor, and ρppt takes into account the effect of precipitates. 

Temperature-dependent aspects for consideration include the phon vibrations, scattering, and 

linear increases with the temperature. In 1971 Fickett [33] indicated that at near room 

temperature, phonon vibrations will become the dominant contributor to the resistivity value 

of the alloy. 

Raeisinia et al [34] describe the effect of different factors on resistivity by introducing the 

scattering centre resistivity coefficient (although the first comprehensive review based on this 

concept was performed by Fickett [33]). In this approach, the effect of each scattering centre, 

on the overall resistivity of the specimen, is described by a coefficient. A non-exhaustive list 

of coefficients of primary importance in aluminium alloys is presented in the table below: 

Table.2.1: Resistivity coefficients at room temperature [34]  

Scattering centre Resistivity Coefficient Variable 

Phonons 

Grain Boundaries 

Dislocations 

Vacancies 

Interstitial Atoms 

Substitutional Atoms 

0.1 nΏm.K
-1

 [35] 

1E-7 nΏm
2
 [34] 

3E-16 nΏm
3
 [34] 

26±5 nΏm.at%
-1

 [34] 

10 nΏm.at%
-1

 [35] 

2-80 nΏm.at%
-1

 [35] 

 

Temperature 

Grain Boundaries per unit Volume 

Density 

Concentration 

Concentration 

Concentration 
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CHAPTER II 

 

EXPERIMENTAL METHODS 

 

2.1 A Brief History of the Microscope 

 

The optical microscope was invented during the European Renaissance. This period saw a 

wealth of creation in various scientific instruments that extend the ranges of human senses. 

The first microscopes used lenses that could produce enlarged images of formerly invisible 

tiny objects.  

The first microscopes exploited the long-known fact that a crystal having a thicker middle 

than its edges, would make the details of objects viewed through it appear larger. Since 

antiquity, it had also been known that such crystals could be used to focus sunlight 

sufficiently to burn certain materials placed below them. The first spectacles were probably 

invented in the 13
th

 century. 

The first simple microscopes consisted of a simple tube with a lens at one end and a plate to 

hold the object at the opposite end. The modest order of 10 times magnification that this 

produced revealed the existence of previously unknown worlds within the macroscopic world. 

Towards the end of the 16
th

 century the Dutch spectacle maker Zaccharias Janssen and his son 

were experimenting with multiple lenses in such tubes. They found that object could be 
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enlarged significantly more in this way. This discovery appears to mark the birth of the 

modern compound telescopes and microscopes. A generation later, Galileo derived the 

principles of lens optics and used this knowledge to extend Janssens’ experiments, producing 

improved instruments with the ability of variable focusing. 

Work in Holland continued: Anton van Leeuwenhoek (1632-1723) was a self-taught lens 

maker who derived new methods for producing very small lenses with large curvatures. His 

grinding and polishing techniques resulted in magnifications up to 270 times. Diverse 

biological discoveries followed: the circulation of blood corpuscles in capillaries, bacterial 

cells, yeast, plants, and the revelation of a world of life to be found within a single drop of 

water. Leeuwenhoek’s work was extended and made known to the emergent scientific 

community by Robert Hook [1]. 

The same fundamental principles of microscopy were extended and improved into the 19
th

 

century. As the Industrial Revolution matured, so microscopy instrumentation advanced and 

spread until magnifications of thousands of orders could be achieved. 

These advances became abruptly halted, however. Optical light cannot be used to distinguish 

objects that are smaller than half the light’s wavelength; the average wavelength of visible 

light being 0.55 micrometers. Therefore, any two lines separated by a distance of less than 

0.275 µm will appear as a blurred image, using even the best optical microscope. 

The discovery of the quantum world-within-a-world gave scientists an opportunity to bypass 

this obstacle in the early 20
th

 century, by using electrons, having much smaller wavelengths, 

as an illumination source. The first electron microscopes were developed in Germany by Max 

Knott and Ernst Ruska in 1931 (Ruska was eventually awarded the Noble Prize for Physics in 

1986 for this invention). 

In electron microscopes, electrons in a vacuum are accelerated in an electrostatic field so that 

electron beams of relatively small wavelengths can be focused onto a sample. In this way, 

either the sample’s absorption, or scattering of the beam, can be used to derive an image on an 

electron-absorbing photographic plate. Electrons in the focused beam can be made to have 

wavelengths up to 100,000 times smaller than optical light, thus allowing objects approaching 

the size of atoms to be resolved.  

Nowadays, electron microscopes have applications in diverse areas of research including 

many aspects of materials science, biology, and medicine. Modern electron microscopes 

typically achieve magnifications up to 2,000,000 times. 
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2.2 Transmission Electron Microscope 

 

A Transmission Electron Microscope (TEM) is a complex assembly including: magnetic 

lenses, several apertures, a sample holder and an image recording/viewing system. The 

magnetic lenses can be grouped into the following two general types: 

1. Those of illumination system between the electron gun and the sample, 

2. Those of the imaging system after the sample.  

 

Typically, two lenses are used in the illumination system, and three lenses are used in the 

imaging system (Figure 1.1). The conventional TEM mode adjusts the condenser lens to 

illuminate the sample with a nearly parallel beam (convergence angle  < 10
-4

 rad compared 

to electron diffraction angles on the order of 10
-2

 rad). Deflection coils are often used to 

control beam position or angle. The beam strikes the specimen, whereupon and a part of the 

beam is transmitted. This transmitted portion of the beam is focused by the objective lens into 

an image. The image is passed down the column trough the intermediate and projector lenses, 

being enlarged all the way in these steps. The image strikes the phosphor imaging screen or 

CCD camera and light or electron current is hence generated, allowing the user to observe a 

derived image. The darker areas of the image represent those areas of the sample from which 

fewer electrons were transmitted (these areas being thicker and/or denser). The lighter areas 

of the image correspond to those areas of the sample through which more electrons are 

transmitted (thinner and/or less dense areas of the sample) [17]. 

In TEM one can switch between image mode (Figure 1.1b) and diffraction mode (Figure 1.1a) 

by changing the strength of the intermediate lens. To observe the diffraction pattern, the 

intermediate lens is adjusted to focus onto the back focal plane of the objective lens; i.e. the 

back focal plane of the objective lens acts as the object plane for the intermediate lens. In 

imaging mode, the intermediate lens is adjusted so that its object plane is the image plane of 

the objective lens. 
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Figure 1.1: Schematic view of the TEM: (a) diffraction mode and (b) image mode 

 

2.2.1 Bright Field (BF) and Dark Field (DF) imaging 

 

The primary imaging mode takes advantage of mass contrast, or diffraction contrast, to image 

the internal microstructure of materials. This is commonly used to image grain and defect 

structures (i.e. dislocations, voids, staking faults and twins, etc.) within materials. Precipitates 

or inclusions are also easily observed using this technique. The range of features that can be 

resolved by this type of imaging is between hundreds of micrometers to approximately 1 nm. 

Similar in purpose to the bright field (BF) technique, the dark field (DF) imaging mode makes 

use of the specific Bragg diffracted electrons to image the region from which they originated. 
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This allows the microscopist to associate diffraction (i.e. crystallographic) information with 

specific regions, or phases, in the sample. 

  

2.2.2 Selected Area Diffraction pattern (SAED)  

 

It is possible to view and record the electron diffraction pattern from a selected area of the 

specimen as small as ~ 1 m by placing an aperture in the image plane and then projecting the 

diffraction pattern of the image onto the recording plane. 

Nanodiffraction is a special form of SAED in which the emphasis is on obtaining diffraction 

patterns from regions of the specimen of about 10 nm or less in diameter. To record 

diffraction patterns with relatively sharp spots, a Field Emission Gun (FEG) is needed. 

Contrastingly, with SADP the diffraction area is selected by focusing the electron beam. The 

primary purpose of electron diffraction techniques is to identify the unit cell, or the crystal 

structure, of the materials under investigation, or to orient the crystal in a given zone. At 

higher scattering angles, higher order Laue circles can be observed. In the thicker regions of 

the specimen, Kikuchi lines will be seen as well. These diffraction details reveal additional 

three-dimensional crystallographic and symmetry information about materials. 

 

2.2.3 Convergent Beam Electron Diffraction (CBED) 

 

By forming a convergent beam (<< 1 µm), on a small area of the specimen with a diffraction 

pattern will contain diffraction discs (instead of spots). Within these discs, additional detail 

related to the crystallographic structure can be seen. The central bright portion of the CBED 

pattern results from relatively intense low-angle scattering. At higher angles, the Zero-Order 

Laue-Zone (ZOLZ) intensity drops because the atomic scattering amplitude has decreased 

consequently. Instead, the intensity increases when the Ewald sphere intercepts the Higher-

Order Laue-Zone (HOLZ) planes in the reciprocal lattice, and a ring of diffracted intensity is 

observed [2] (Figure 1.2a and Figure 1.2b) 
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Figure 1.2a: (A–C): Ray diagrams showing how increasing the C2 aperture size causes the CBED pattern to 

change from one in which individual disks are resolved (K-M pattern) to one in which all the disks overlap 

(Kossel pattern). (D–F): illustrations of experimental CBED patterns on the TEM image as one successively 

larger C2 apertures are used [2, 16]. 

 

Figure 1.2b: Decreasing the camera length, L, increases the view of reciprocal space. (A): starting at high L, 

one observes a CBED pattern containing only the 000 diffraction disk. As L decreases, one observes (B) the 

distribution of electrons in the ZOLZ, similar to typical SADP. At the shortest camera length, (C) a ring of 

HOLZ intensity is faintly visible, surrounding the bright ZOLZ disks. Typically, in this way it is possible to 

record electrons scattered over an angular range of ±10º [2, 16]. 

 

2.3 High Resolution Transmission Electron Microscopy 

 

This summary outlines high-resolution electron microscopy, from which the majority of the 

most important results in this thesis are obtained using this technique. 
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2.3.1 The Phase Object Approximation 

 

A microscope can be described as an optical system in which the interaction with the 

specimen results in a 2D complex electron wave at the exit plane of the sample; this is 

propagated to the image plane. In the image formation process, only the amplitude (= I ) is 

imaged. Since each point of the specimen may absorb electrons, as well as scatter the electron 

wave differently, the specimen can be described by a specimen function f(r) consisting of both 

an amplitude component and a phase component, [2]: 

),(exp[),(),( yxiyxAyxf t ]                                                          (1.1) 

where: ),( yxA  is the amplitude and ),( yx is the phase, which depends on the thickness of 

the specimen, t. For a very thin specimen, the projected potential can be described as: 


t

t dzzyxVyxV
0

),,(),(                                                                    (1.2) 

The wavelength of the electrons changes from the value of 

meE

h

2
                                                                             (1.3) 

in a vacuum to: 
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                                                                   (1.4) 

inside the crystal. When the electrons are passing through a slice of the material of thickness 

dz, they experience a phase change as follows: 

 







dzdz
d 2

'
2                                                                      (1.5) 

Combining the last three equations, 1.3, 1.4 and 1.5, the total phase change depends only on 

the projected potential Vt (x,y) which the electrons experience as they pass through the 

specimen: 
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),,(),,( yxVdzzyxVd t                                                            (1.6) 

where      
E


                                                                           

(1.7) 

Approximating the amplitude as equal to 1 and considering the absorption in the specimen as 

being negligible, this results in: 

)],(1exp[),( yxViyxf t                                                      (1.8) 

Now, the specimen is represented as a “phase object”. For very thin specimens with single 

scattering of the electrons, Vt (x,y)<<1 and equation 1.8 can be expressed as: 

),(1),( yxViyxf t                                                          (1.9) 

Thus, for the single scattering approximation, the amplitude of the transmitted object wave 

(exit wave) function is linearly related to the projected potential of the specimen. Then, if the 

resolution is sufficient, a one-to-one relationship exists between atoms in the real crystal and 

their image. For sufficiently high voltage (e.g. around 300 keV) this situation holds for lighter 

elements up to ~ 10 nm and for heavier elements to ~2-3 nm or less. 

 

2.3.2 The Transfer Function 

 

The transfer function describes properties of the microscope lens system (e.g. the aberrations 

of the TEM), relating to how information or contrast is transferred from the specimen to the 

image. This function is dependent on the spatial frequencies of the exit waves which are 

transformed into the image. Consequently, this function is dependent on the particular defocus 

and the objective aperture used, for example where certain frequencies are not admitted 

through the system. In the phase-object approximation, the transfer function is expressed as 

[3]: 

)(sin2)()()( uuEuAuT                                                    (1.10) 

where: u is a spatial frequency (most commonly a reciprocal lattice vector), A (u) is the 

aperture function, E (u) is the damping envelope function and  (u) is a measure of the phase 

change to the spherical aberration of the objective lens [2]: 
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12)( uCufu S                                                   (1.11) 

where: f is the defocus,  the wavelength of electrons and CS is the objective lens spherical 

aberration coefficient.  

The aperture function defines that the objective diaphragm cuts off all the values of u higher 

than a selected value governed by the radius of the aperture. The envelope function has the 

same effect but is a property of the objective lens itself [2]. 

Assuming A (u) = E (u) = 1, then, T(u) = 2sin (u) can be is plotted versus u, commonly 

producing a curve similar to that shown in Figure 1.3. 

 

Figure 1.3: A plot of T(u) versus u for CS = 1mm, E0 = 200kV and f = -58 nm [2] 

 

An interpretation of the curve shown above is that the diffracted beams emerging from the 

crystal will be modulated before they recombine again, to form the image at the objective lens 

image plane, for only one defocus setting. Obviously, then, the largest spatial frequencies 

(high index beams) are the most affected. Here even the phase can be changed, as the sign on 

T is reserved. To produce an optimal representation of the specimen in an image, the 

diffracted beams must keep their amplitude and phases relatively constant. Therefore, it is 

important that sin (u) is both large and constant before it becomes zero at u = u1. The image 

interpretation is greatly hampered if some of the recombined diffracted beams have wrong 

phases. Also, it is necessary that u1 should be as large as possible. This ensures that small 
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features (having high spatial frequencies) will be included in the directly-interpretable high-

resolution image. 

To obtain optimal resolution, one can best use a negative defocus to correct - at least partly - 

for spherical aberration. This can allow imaging up to 1.11 nm point-to-point resolutions. An 

important step forward in this approach was achieved in 1949 when Scherzer observed that 

the transfer function could be optimised by balancing the effect of the spherical aberration 

against a particular negative value of f. This value is known as “Scherzer defocus” and is 

given by [3]:  

2
1

)(2.1 SSch Cf                                                     (1.12) 

At this defocus, all the beams will have almost a constant phase out to the “first crossover” (u 

= u1) of the zero axis. That ‘first crossover’ point is known as the instrumental resolution 

limit, or point-to-point resolution, of the microscope. This is the information limit where the 

image is directly interpretable. The crossover is given as: 

4
3

4
1

51.1


 SSch Cu                                                   (1.13) 

and the resolution of the Scherzer defocus is: 

4
34

1

66.0/1 SSchSch Cur                                          (1.14) 

In practice, the higher spatial frequencies are damped due to the convolution of the transfer 

function with the envelope function (Figure 1.4). 

The effect of the envelope function is to impose a virtual aperture in the back focal plane of 

the objective lens, regardless the focus setting. This cut-off imposes an additional resolution 

limit of the microscope, called; the information limit. At this limit the signal becomes 

comparable to the noise. 

There are three possible ways to improve the resolution of a HRTEM: 

1. Increase the high-voltage (decrease  in equations 1.13 and 1.14) [4] 

2. Improve the quality of the electron-lenses (reduce CS in equations 1.13 and 1.14) 

3. Use image simulation software to interpret images beyond the resolution limit of the 

microscope, for instance by using the through focus exit way function reconstruction 

method [2]. 
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Because the most commonly used method is the third one listed above, exit wave function 

reconstruction, this is described in more detail below. 

 

 

Figure 1.4: (A) sin (u) versus u without damping of the higher spatial frequencies; (B) T (u) versus u modified 

by the damping envelope (dashed line); f = -100 nm and CS = 2.2 mm [2] 

 

2.3.3 Through Focus Exist Wave Function Reconstruction 

 

High-resolution transmission electron microscope (HRTEM) is a powerful imaging technique 

for obtaining atomic resolution structural information [2, 5, 15]. It allows experimental 

exploration of thin specimens on a nanometer scale at sub-Angstrom resolution [6]. Recent 

technological improvements allow a resolution of approximately 0.1 nm so that it becomes 

possible to “see” the individual atomic columns (rows of atoms along the viewing direction, 

which may be separated at by about 0.2 to 1 nm in the viewing direction), in a relatively large 

number of directions [7]. 

Using CCD cameras, this information can be sampled and stored for quantitative comparison 

between simulated versus experimental results. Such a comparison is necessary because, 

except under quite strict conditions [8], the images formed are not directly interpretable. This 

is due to the combination of the incoherence effect, and from aberrations in the optical 
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system, and additionally due to the modification of the incident beam upon transmission 

through the sample [15]. 

A starting point for overcoming this difficulty is to extract from the experimental data 

information that is derived from the sample, but not from the experimental environment 

(incoherence and aberrations). This can be done by acquiring experimental data and applying 

numerical methods that reconstruct the wave function at the exit surface of the sample, with 

both aberrations (due to the imaging optics removed) and blurring (due to the incoherence) 

resolved [8, 15]. 

Typically, a wave function reconstruction performed using a high-resolution transmission 

electron microscope is affected by varying defocus to measure a series of images, and 

utilising this information to reconstruct the wave function at the exit surface of the specimen. 

In general, there are two approaches for utilising this information. 

(i). Firstly, Fourier analysis of the data, obtaining the frequency component s, then filtering 

those components that are not sample-dependent [10-12]; 

(ii). The second approach is to set-up a form of error function, which measures and corrects 

for the difference between experimental and simulated images. 

The choice as to which approach to take is based on a-priori knowledge as how strongly the 

sample modifies the phase of the incident beam, and the degree of incoherence in the incident 

beam. 

When performing the exit wave function reconstruction by analysis of a through-focal series, 

it is important to understand the process of image formation. The image formation in an 

electron microscope is fundamentally a coherent process (or an incoherent sum of coherent 

processes), so that the object function, as well as the transfer function, are complex functions 

with an amplitude and a phase component. 

The wave function  (R) at the exit face of the object can be considered as a planar source of 

spherical waves (Huygens principal; R is taken in the plane of the exit face) which acts as a 

diffraction grating. According to Fraunhofer’s diffraction theory, the complex amplitude of 

the diffracted wave in the direction given by the reciprocal vector g, is expressed by the 

Fourier transform of the objective function: 

   RFg g                                                              (1.15) [6] 
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where: (R) is the object function 

In this case, the objective lens is placed behind the object. Hence it focuses each parallel 

diffracted beam into another point of the focal plane. The electron wave in the back focal 

plane of the objective lens is the Fourier transform of the exit wave, if the specimen is exactly 

in focus. In an electron microscope it is possible to change the lens settings so as to image the 

focal plane directly. In this way one can see the diffraction pattern given by |(g)|
2
. If the 

object is periodic, such as a crystal, the diffraction pattern will consist of sharp spots. 

The electron microscope is, however, an imperfect imaging device. On passing through the 

objective lens, each electron beam g (i.e. the spatial frequency g) undergoes a phase shift and 

an amplitude reduction (damping). So the transfer function takes the form: 

  ),,()(exp)()( gDgigAgT                                                 (1.16) 

where: (g) is the phase shift, A(g) describes the effect of the beam selecting aperture and D 

(, , g) the damping, where  is the convergent angle and  the defocus spread. The wave 

function at the image plane is now given by: 

)()()( 1 gTgFR R  
                                                     (1.17) 

and the image intensity by: 

2|)(|)( RRI                                                           (1.18) 

Formula (1.16) is called the coherent approximation and it is valid for thin objects. For thicker 

objects one can apply the concept of the transmission cross coefficient. Hence, the Fourier 

components of the image intensity are given by: 

)'()'()','()'()()( gdggggggRIFgI g                                    (1.19) 

where:  is the transmission cross coefficient which describes how the beams g’ and g + g’ are 

coupled in the Fourier g’ component I(g). 

In principal, the characteristics of an electron microscope can be defined by its transfer 

function, i.e., by the instrumental aberrations. For the exit wave determination (R) from the 

image, it is necessary to know the transfer function as well as the phases of the image. 
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Information limit 

Usually, the resolution of the instrument  is defined from the cut-off 1/ in Fourier space 

between signal and noise beyond which no special information is transferred. If one wants to 

express the resolution in a number, this can only be done for thin objects. In this respect one 

has to distinguish between point resolution as the finest detail that can be interpreted directly 

in terms of the structure, and the information limit which is the finest detail that can be 

resolved by the instrument. 

The electron microscope in the phase contrast mode at optimum focus (Scherzer focus) 

directly reveals the projected potential. All special frequencies g having a nearly constant 

phase shift are transferred from object to image. Hence the point resolution can be obtained 

from the first zero of the transfer function (Figure 1.5) as: 

4/34/165.0
1

 S

S

S C
g

                                                     (1.20) 

where: CS is the spherical aberration and  is the wavelength. 

 

 

 

 

 

 

 

 

 

Figure 1.5: Phase transfer function for 300 kV with a CS of 1.3 mm and a defocus of -63 nm (which is close to 

the Scherzer focus). The damping corresponds to a defocus spread of 6 nm and a divergence of 0.1 mrad. The 

undamped and damped transfer functions are given with a thick line respectively 
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The information limit corresponds to the maximal diffracted beam angle that is still 

transmitted constructively with appreciable intensity. For a thin specimen, this limit is 

principally determined by the damping envelope of chromatic aberration (temporal 

incoherence). The information limit can be estimated as: 

2/1
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1







 





I

I
g

                                                         (1.21) 

Typical values are for:  = 2 pm (for 300 keV), CS = 1 mm,  = 5 nm, S = 0.2 nm, and I = 

0.13 nm. The point resolution can be improved by reducing CS and reducing  (increasing the 

voltage). This method of increasing the point resolution is not very effective because as well 

as the increased cost, increasing the voltage also increases the displacive radiation damage of 

the object, especially for lighter atoms. An alternative way of increasing the resolution is by 

correcting the third order spherical aberration, CS. The information limit can be improved by 

improving the coherence using a field emission source, and reducing the wavelength  using a 

much higher acceleration voltage. Because resolution is a trade-off between signal and noise, 

some improvement can still be expected by reducing the noise, by using energy-filtered 

imaging and CCD cameras. An information limit of 0.1 nm can be obtaining if field emission 

gun (FEG) is used. This reduces the temporal and the special incoherence. 

Interpretation of HREM images using image simulations 

The electron-matter interaction is sufficiently understood to allow a calculation of HREM 

images. One needs to know the values of the instrumental parameters, as well as a structural 

model, as inputs for these calculations. 

In the image simulation algorithm, three stages can be distinguished: 

(i).   The electron scatters dynamically in the crystal 

(ii). The image formation in the electron microscope, simulated where all the instrumental 

parameters have to be specified 

(iii). The electron intensity in the image plane, calculated by squaring the wave function. 

Exit wave reconstruction 

The information of the exit wave can be found from the image. De-blurring can be done in 

two steps: 



48 
 

(i). Reconstructing the wave function in the image plane. In acquiring the images, only the 

amplitude information is collected. So, one has to find a way to additionally determine the 

missing phase information. This can only be achieved using holographic methods. 

(ii). After determining the image wave, one has to reconstruct the exit wave of the object. 

Step 1: The phase in HREM images can be determined by focus variation. This technique 

requires: a very high resolution camera (CCD), a powerful image processor, and a field 

emission source to provide the necessary special coherence. The focus variation is used as a 

controllable parameter so as to yield a through-focus series, from which both amplitude and 

phase information can be extracted. Images are captured at very close focus values, so as to 

collect information in the three-dimensional image’s space. Each image contains linear 

information and non-linear information. By Fourier-transforming the whole 3D image space, 

the linear information of all images is located on the parabola, as illustrated in Figure 1.6. By 

selecting only the information on this parabola [13] the contribution of non-linear interference 

is strongly reduced. This construction also allows the retrieval of the phase and amplitude of 

the wave function at the image plane. 

 

Figure 1.6: Schematic representation of the trough focus exit wave reconstruction [13] 
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Step 2: The wave function at the exit face of the object can be calculated from the exit wave 

function in the image plane by applying the inverse transfer function of the microscope. This 

procedure is straightforward. The retrieval of the information up to the information limit 

requires that the transfer function should be known with high accuracy. However, in principal, 

the alignment of the microscope doesn’t need to be perfect for this to succeed. 

Hence, once the exit wave is reconstructed, essentially it is possible to recalculate all the 

images of the through focus series. The reconstructed exit wave contains all the experimental 

object information. In practice, it is advantageous to perform a final fitting of the proposed 

structural model to the original images. 
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CHAPTER III 

 

Current Study of Materials Used in 

Car Body Industry 

 

3.1 Introduction  

 

Among the metals, aluminium is a relatively newly-discovered material. It was first presented 

at the Paris World Exhibition of 1855; its excellent properties were soon recognized. When 

Jules Verne wrote “From the Earth to the Moon”, in 1865, about the fictitious first attempt to 

send men to the moon, the material he selected to “build” his space capsule was aluminium – 

as the only material with the lightness and strength suitable for such a project [20]. Today, the 

worldwide production of primary aluminium has increased to 25 million tonnes per year [1]. 

Aluminium is extracted from bauxite ore. The most important countries of bauxite-extraction 

are: Australia (37%), New Guinea (16%), Jamaica (9%) and Brazil [2]. The ore consists of 

three components: aluminium, oxygen and aluminium oxide [3], of which the latter is 

extracted by dissolving bauxite in a heated soda-containing solution (Bayer-process). 

Electrolysis at  1000C is subsequently used to separate aluminium-oxide into aluminium 

and oxygen (Hall/Haroult process [4]). Compared to iron, the extraction process is relatively 

energy-consuming (60 MJ kg
-1

 versus 290 MJ kg
-1

). Because the energy required for re-

melting aluminium is much lower, and because the degeneration of the material is negligible, 

currently about one-third of the aluminium produced worldwide is recycled [5]. 
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After melting and casting, aluminium is further processed to semi-products such as: plate, 

extrusion profiles, foil, bar and wire. Depending on the specific application, aluminium will 

be alloyed (cast or wrought) with elements such as: magnesium, silicon, manganese, copper 

or zinc, to increase the tensile strength from 40-50 MPa to a maximum of 300-500 MPa. 

These alloys are often used as a substitute for other heavier materials, in the packaging, 

building and transport sectors. Next to their low specific weight and 100% recycle-ability, 

they have other advantages such as: high conduction, high corrosion-resistance, high 

formability and decorative character. Some disadvantages, on the other hand, are its low 

stiffness, high price and low weld-ability. 

In recent years, environmental improvement and safety have become very important factors 

for the automobile industry. Environmental improvement and safety features lead to increases 

in car body weight. Therefore, to reduce weight, it is necessary to select more optimum 

materials, such as aluminium alloys. 

At the same time, the vital requirements for lower fuel consumption bring higher challenges 

for car manufacturers. Reduction in the weight of cars can be done by using high resistant 

steels, aluminium, manganese and other light alloys. But the main direction of reducing the 

weight of the cars is to reduce the weight of the car body. Using aluminium for car bodies can 

reduce car weight by around 40% [6]. 

 

3.2 Steel sheets used in the car industry 

 

Steel has demonstrated an all-round versatility over many years. It has remained reasonable in 

cost, life of pressed components has been extended through the use of zinc coating 

technology, and the range of strength levels has increased to increasingly meet the 

engineering needs and - very importantly- it is very adaptable with regard to corrective 

reworking. Reworking may be required ‘online’ to rectify production defects which can 

sometimes occur within the best manufacturing systems, or for repair purposes following 

accidental damage in service. Experience has shown steel is highly tolerant to reshaping. Ease 

and cost of repair are now increasingly important as newer grades of high strength steel and 

aluminium and other materials emerge, requiring precise retreatments involving more 

sophisticated equipment, to ensure that original standards can be met.  
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Steel thickness as indicated by external panels has shown an overall reduction over years from 

0.9 mm in the 1930s to current years of 0.75 mm, mainly due to pressures to improve cost 

savings through increased yield for successive models, and more recently due to the 

emergence of dent-resistant grades ensuring less cosmetic damage at thinner gauges in 

service. Similar trends have been noted for internal parts, where stiffness (a basic design 

parameter) is not compromised, but from a manufacturing standpoint, as noted previously the 

key requirements have remained for weld-able grades which could be formed with the least 

possible expense. 

Environmental concerns, which were emerging throughout the 1980s and 1990s on issues 

such emissions control, have heightened the need for weight reduction; pressures have 

appeared requiring progressively lower levels of CO2 in terms of grams per kilometre. This 

has prompted the need for even lighter structures and has strengthened the case for uses of 

both aluminium and plastics [11]. 

Figure 3.1 presents the use of different type of steel through various generations of vehicles. 

 

Figure 3.1: Trends in using different type of steels [11] 

 

Many types of materials are being used in the car industry. In order to obtain a rigid and 

resistant frame welded steel is used most commonly. 98.9% of car industries in the world use 

this method, whereas aluminium is used in only 1% of automobile structures, the rest of 

0.01% being composite materials, as shown in Figure3.2. 
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Figure 3.2: Materials for car production 

The highest market quot is represented by vehicles made out of steel, because they have good 

mechanical properties, easy methods of manufacturing at relatively low costs. Consequently, 

the higher costs of other materials used in car production (such as aluminium alloys and 

composite materials) induce manufacturers to chose steels as a preffered option. The essential 

structures of a carcomprise  approximately 20% of its total weright, while the closing 

elements (doors, luggage compartment doors, bonnet etc.), transmission gears, chassis 

(suspensions) made of steel and other ferrous materials reach approximately 60% of car’s 

weight.  

Due to evolutions in car industries, the quantity of ferrous materials has diminished. 

Significantly, cast aluminum has iron based alloys for engine construction. Plastic materials 

have a significant role in reducing steel sheets useage, besides the use of aluminum use for 

wheel rims and suspension. 

Another important factor constraining car manufacturers to use light materials, for various 

components, is the economic and environmental requirements for reducing fuel consumption.  

99% of the steel types used in car-manufacturing industry is composed of iron and alloying 

elements, among which the most important is the carbon. The alloying elements are used in 

combination with the iron, to attain the required strength and deformability for certain 

components, specifically. 

In order to produce high-performing steels, the manufacturers have at their disposition a series 

of techniques, such as: granule refining, cold hardening, hardening and heat treatment. These 
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techniques are used by car manufacturers to improve both deformability and strength for 

certain parts, where these properties are of crucial importance. Figure 1.3 presents the 

deforming or elongation series and the tensile yield strength for a large number of steel sheet 

types used in the car industry. An alternative definition of the tensile yield strength may be 

defined as the point where steel starts to deform. 

 

Figure 3.3: Types of steel sheet 

 

All notes in Figure 3.3 are explained in table 3.1. 

  Table 3.1: Types of steel  [21]   

Type of steel Description  

IF Interstitial free steel  

BH Bake hardening steel  

HSLA High-strength low-alloy steel  

CMn Manganese alloyed steel  

DP Dual-phase steel 

BS Boron steel 

TRIP 
Transformation induced plasticity 

steels 

MART Martensitic steels  

TWIP Twinning-Induced Plasticity Steels 
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Figure 3.4 presents three types of steel sheets and their use in car manufacturing. 

 

Elongation [%] 

Figure 3.4: Steel sheets use in car manufacturing 

 

3.3 Aluminium sheets used in cars industry  

 

In Europe, a highly innovative automobile industry has introduced various light-weight car 

concepts and parts based on existing, newly developed (or improved) aluminium alloys [7-9, 

10]. The total amount of aluminium used in new cars rose from 62 kg in 1990 to 132 kg in 

2005 [10]. 

Nowadays, aluminium alloys are used widely in car body structure, chassis and suspension 

parts. Aluminium alloys are especially utilised for sport and luxury cars. Besides various 

Mercedes models, the Audi A2 uses the alloy for small cars and high car production. 

The principal concept addressed by Super Light Car – SLC – is to use the best material for the 

corresponding functions of cost, weight and design, which can be applied efficiently in mass 

production. Being light weight, aluminium is an extraordinary versatile material to be in this 

respect [7]. 
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The European car industry is known worldwide for advanced development and innovative 

technology. This innovative car concept is an important aspect of solutions to the global 

conflict of public and private mobility, versus and environmental and critical CO2 emissions. 

Car manufacturers attempt to respond to certain customer demands by developing against 

specific new concepts, including a consequent growth in light-weight designs, reflecting the 

increasing public awareness on fuel consumption and, moreover, strict legislative regulations 

on CO2 emissions in Europe. 100kg saved on the mass of a car can save about 9 grams of CO2 

per kilometre. Hence, a reduction of vehicle mass is absolutely fundamental as the most 

effective amongst measures to reduce CO2 emissions and at the same time maintain 

performance, driving quality and additionally, safety. Aluminium solutions are already well 

established in power-trains, chassis, car bodies, hang-on parts, bumpers and interiors but 

preferably in high class cars (e.g. Audi A8, Figure 3.5). Full aluminium bodies allow weight 

savings of 70 to 140 kg, i.e. 30-40%, depending on the size of the car [10]. 

 

 

Figure 3.5: Aluminium used in Audi A8 structure [7] 

 

Various impact and integrated components must comply with requirements concerning: high 

performance, quality and efficient production costs. Aluminium semi-products are applied 

for: casting, extrusion and metal sheets, engine blocks, engine set frames, frames (e.g. for 

Audi A2, A8, BMW Z8, Lotus Elise), metal sheets for structures (e.g. Honda, NSX, Jaguar) 

and other structural components [7]. 
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An optimised aluminium-oriented car design has been established for many parts and 

applications, (see Figure 3.6), and analysed systematically for the major European cars 

markets [10]: 

 Propulsion (engine, fuel system, fluids systems): 69 kg (comprising 25 analysed 

components) in engine block and cylinder head, transmission housing and radiators;  

 Chassis and suspensions 37 kg (17 analysed components) in wheels, suspensions 

extremities and steering-gear;  

 The car body (body-in-white): 26 kg (20 analysed components) for doors, front 

structure, wings, crash elements and bumper.  

 

 

Figure 3.6: Aluminium products for advanced automotive applications [7, 10] 

 

In the recent years the proportion of aluminium components increased significantly (Figure 

3.7, illustrates this) reaching 35% in case of Audi A2. Audi is the foremost user of aluminium 

alloys for A2, A4 and A8 models, the reason for this derives from Audi’s established research 

and development centre in Neckarsulum. aluminium alloys are used intensively by other 

companies including, Daimler (E-Klasse) and Renault (Velsatis). 
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Figure 3.7: Percentage of aluminium contents (kg) for different series manufactured cars [Internet] 

The most commonly-used aluminium alloys in the car industry is the 6xxx series. Their 

chemical compositions are presented in Table 3.2. The main alloying elements of these alloys 

are magnesium and silicon (approximately 1% each). 

Table 3.2: Chemical composition of the most important aluminium sheets of EN-AW 6xxx group  

used for cars industry  

Alloys  Mg Si Cu Fe Mn Zn Ti 

EN-AW 6009 0.4-0.6 0.6-1.0 0.15-0.6 <0.5 0.2-0.8 <0.25 <0.1 

EN-AW 6010 0.6-1.0 0.8-1.2 0.15-0.6 <0.5 0.2-0.8 <0.25 <0.1 

EN-AW 6016 0.3-0.6 1.0-1.5 <0.2 <0.5 <0.2 - - 

EN-AW 6111 0.5-1.0 0.6-1.1 0.5-0.9 <0.4 <0.4 - <0.1 

EN-AW 60181A 0.6-1.0 0.7-1.1 <0.25 0.15-0.5 <0.4 <0.3 <0.25 
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Emerging equipment intended to increase the comfort and safety (airbag, ABS, interior 

reinforcing etc.) led the modern cars to weight increase. Moreover, additional weight requires 

an increase in engine power, necessitating needing higher fuel consumption. The only viable 

solution for fuel consumption reduction, after maximally economical engines have been 

made, is to reduce the vehicle’s weigh. A 10% weight decrease may, implicitly, lead to a 6-

8% fuel consumption decrease. Such weight reduction may be accomplished - for the moment 

by utilising aluminium and plastics [17]. 

Aluminium alloys have attracted considerable interest from the automotive industry in the last 

few years, as manufacturers seek to design lightweight vehicles having both improved fuel 

efficiency and reduced CO2 emissions. Heat-treatable Al-Mg-Si alloys (6xxx series) are, in 

particular, increasingly used in automotive applications for this reason. 

However, generally, the lightest materials for low-weight construction in automotive 

engineering must meet complex requirements. It is essential to combine good formability with 

high strength in service, excellent corrosion resistance, and weld-ability [18]. For automotive 

body panels, additional decorative requirements must be met, because these require a near-

perfect material surface. Table 3.3 summarize and ranks the property criteria for Al-Mg-Si 

sheets for various automotive body-in-white applications. 

Table 3.3 summarises and classifies the properties of Al-Mg-Si sheets for different 

applications of body-in-white, which in fact are versions of the alloy in 6xxx series [8-9]. 

Table 3.3: Properties of aluminium Al-Mg-Si sheets used for bodies-in-white [7] 

Property   
Outer skin 

alloys 

Non-

decorative 

inner alloys 

Structural 

alloys 
Crash alloys 

Formability +++ +++ ++ +++ 

Resistance  ++ ++ +++ +++ 

Quality of surface  +++ + + + 

Joinability ++ +++ ++ ++ 

Resistance to corrosion  +++ ++ ++ ++ 

Hemming +++ + + +++ 
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Heat-treatable alloys have the advantage of combining both good formability after solution-

treatment and quenching and high strength after age hardening, during the automotive paint 

bake process at approximately 185ºC. The paint bake process increases the strength of Al-

Mg-Si alloys due to precipitation hardening, and, at the same time, enables the curing of the 

paint [8]. 

Automotive engineers are demanding ever higher strength, to obtain greater potential for 

lightweight construction. An increase in strength often involves a trade-off in a loss of 

ductility and formability. This is an unsatisfactory compromise for automotive designers, for 

whom an excellent product formability is a fundamental requirement [19]. Car manufacturers 

also require mechanical properties that remain stable for six months after solution heat 

treatment and quenching, to secure process stability during their forming operation. All these 

requirements have to be in equilibrium and they need a thorough knowledge of the interaction 

between material composition, production process and properties. 

Figure 3.8 shows the plan to reduce CO2 emission in Europe [12]. European automobile 

manufacturers have to achieve an average CO2 emission target of 140 g/km in order to keep 

the sales up with the past years. Due to this reason, the aluminium alloys are essential in 

lowering cars body weight.  

 

Figure 3.8: The European plan of lowering CO2 emission  
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3.3.1. Aluminium alloys used for car bodies 

 

Europe and North America  

Aluminium body panels are used for luxury cars, popular cars, and whole car construction in 

Europe and North America, as is illustrated in Table 3.4. Automobile manufacturers are 

mainly using aluminium hoods except for special cases where they are making all-aluminium 

cars. The use of aluminium hoods is effective for both weight reduction and improved 

function as a hang-on part. The adoption of aluminium panels will substantially increase in 

the future, as automobile manufacturers strive to achieve the CO2 emission targets in Europe, 

and also fuel consumption regulation targets in North America [15]. 

Table 3.4: Examples of aluminium panels use in Europe and North America  

Europe Benz S-class 

Benz E-class 

 

Audi A8, A2 

Udi A6 

 

Volvo S60 

Volvo S70 

 

VW Lupo 

 

Renault Laguna 

 

Peugeot 307 

 

Citroen C5 

Bonnet  

Bonnet, fender, deck-lid 

 

Aluminium car  

Bonnet  

 

Bonnet  

Rear door  

 

Aluminium car  

 

Bonnet  

 

Bonnet  

 

Bonnet  

North America  GM Cadillac Seville 

GM C/K Truck 

 

Ford Lincoln 

Ford Ranger 

Ford F150 

 

Chrysler Prowler 

Chrysler Jeep 

Bonnet  

Bonnet  

 

Bonnet  

Bonnet  

Bonnet  

 

Aluminium car  

Bonnet  
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The use of aluminium body parts began with the bonnet of the Mazda RX-7 in 1985. The 

Honda NSX all-aluminium car followed in 1990. Initially, aluminium body panels were 

adopted for certain parts of sport cars; more recently these have been used for mass-

production cars such as Nissan and Subaru cars, which are amongst those shown in Table 3.5 

[16]. 

Table 3.5: Examples of aluminium car bodies in Japan  

Japan  Toyota Soarer 

Toyota Altezza Gita 

 

Nissan Cedric 

Nissan Cima 

Nissan Skyline 

 

Honda S2000 

Honda Insight 

 

Mazda RX7 

Mazda Roadster 

 

Mitsubishi Lancer Evo 

 

Subaru Legacy 

Subaru Imprezza 

 

Daihatsu Copen 

Bonnet, ceiling, deck-lid 

Bonnet  

 

Bonnet  

Bonnet, deck-lid 

Bonnet  

 

Bonnet  

Aluminium car  

 

Bonnet  

Bonnet  

 

Bonnet, fender   

 

Bonnet  

Bonnet  

 

Bonnet, ceiling, deck-lid 
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CHAPTER IV 

 

Transmission Electron Microscopy of 

Early Stage Precipitate on Al-Mg-Si 

Alloys 

 

This Chapter represents the results published in the paper: H. W. Zandbergen, J. H. 

Chen, C. D. Marioara, E. Olariu (Costan), Transmission Electron Microscopy Study of Early-

Stage Precipitates in Al-Mg-Si Alloys, Nano and Microstructural Design of Advanced 

Materials, 2003, 23-33 [24]. I mention that the authors agreed to use our intellectual 

properties in my thesis. 

 

4.1 Introduction 

The precipitation behaviour in Al-Si-Mg system has been extensively studied. Although there 

are still disagreements on the sequence, structure, and chemistry of the metastable precipitate, 

it is generally accepted that the precipitation in this alloy system can be described as [1-2]: 

 

SSSS  Solute clusters  GP(I) (including pre-”)  GP(II)/”  ’   , 
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where SSSS = Super Saturated Solid Solution. The latter two stages are over-aged conditions. 

If the alloy contains excess Si, the formation of more Si-rich phases will overlap with the 

above precipitation sequence. Small additions of copper to these alloys may introduce some 

additional phases, e.g., Q - Al5Cu2Mg8Si6, in the equilibrium condition [3], but the major 

ageing sequence is basically the one shown above. 

The maximum hardness in these alloys is obtained when the alloys contain a combination of 

Guinier Preston (GP-I) zones [4-5] with diameters of about 2.5 nm and larger needles of ” 

[6-8] with a typical size of about 4x4x50 nm
3
. The number density of both precipitates is 

high; for the ” needles a number density of 10
4
/m

3
 is normal, corresponding to a volume 

fraction of only nearly 1%. The GP-I zones are assumed to be strongly enriched in Si and Mg 

and to have a structure very similar to that of the surrounding Al matrix, whereas the ” phase 

has a different structure. The monoclinic unit cell of ” is reported to have the cell dimensions 

a = 1.53(1) nm, b = 0.405 nm, c = 0.67(2) nm,  = 106(2)°. 

For a full understanding of the mechanisms of strength enhancement, knowledge of the 

structures of the various phases is essential. Because of the small size of the ” precipitates, 

their low volume fraction and their occurrence in 24 orientations in the Al matrix 

conventional structure determination (for example by X-ray and neutron diffraction) is not 

possible. Conventional high-resolution transmission electron microscopy (HREM) also does 

not provide sufficient detail to elucidate the structure. Therefore, we applied two techniques: 

i) exit wave reconstruction from a through focus series of HREM images [9-11], which was 

used to construct a rough structure model and ii) a least-squares structure refinement [12-13] 

using electron diffraction data and taking dynamic diffraction fully into account. Dynamic 

diffraction occurs for electrons even in very thin crystals because the electron-matter 

interaction is very strong (about 10
5
 times larger than for X-rays). The dynamic diffraction 

results in changes in the relative intensities of the reflections as a function of the specimen 

thickness. Therefore, kinematical diffraction, which is valid for almost all X-ray and neutron 

diffraction, cannot be applied. As shown in this paper the inclusion of dynamic scattering in 

the refinement procedure leads to much more reliable results in particular for specimen 

thickness above 10 nm. 
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For the GP-I zones or other poorly-developed particles, however, the electron diffraction 

technique is difficult to apply. Hence through-focus exit-wavefunction reconstruction (TF-

EWR) was employed to access the structural details of the ill-defined precipitates [14-16], 

which are technologically relevant. For example, these poorly-developed particles play a role 

in the fast increase in hardness of Al alloys for automotive body panel applications [17-22]. 

Furthermore, to detect the solute clusters, which are fully coherent with the matrix, atom probe 

field-ion microscopy (APFIM) plays an important role [23, 1-2]. 

 

4.2 Materials and Experimental Details 

 

All Al alloys were prepared following a standard procedure including casting, hot rolling, 

cold rolling, homogenization, solution treatment at around 540°C, quenching to room 

temperature, natural ageing at room temperature, and final hardening ageing or annealing at 

temperatures between 150°C and 185°C. Three types of Al-Mg-Si alloys were investigated: 

(i). For the structure determination of the ” phase we used an Al-0.5Mg-0.53Si (weight 

percent) alloy, hardening aged at 185°C for 5 hours. 

(ii). For the structure determination of the pre-” phase (GP-I) we used an Al-0.6Mg-0.9Si 

alloy, hardening aged at 150°C for a time varying from 4 hours to 9 days. The annealing 

temperature, 150
o
C, falls in the temperature interval in which the ” phase is still stable. 

(iii). For the structure analysis of poorly-developed GP-I zones and poorly-developed Q 

particles we used an Al-0.43Mg-1.2Si-0.15Cu alloy, aged at 180°C for 30 minutes. 

All these alloys contain small amounts of Mn and Fe. 

The HRTEM foils were prepared by electropolishing in a Tenupol-3 machine using an 

electrolyte consisting of 1/3 HNO3 in methanol. The samples were examined in a high 

resolution Philips CM30UT/FEG operating at 300 kV. Through-focus series of HREM 

images of precipitates were recorded for constructing exit-wavefunctions [14-16]. Electron 

nanodiffraction patterns of precipitates were taken for structure refinement using MSLS 

software [12-13]. 
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The through focus exit wave reconstruction uses the focus dependence of the image distortion 

by the electron microscope to correct for this distortion [10]. A major advantage of the exit 

wave is that the information, which is delocalized in the HREM images resulting in a blurred 

image, is restored to its origin [10-11]. In addition to the advantage of the deblurring, the 

noise level of the exit wave is less than for a single image since 15-20 HREM images are used 

for the reconstruction. In the present work, the Brite-Euram meeting software package written 

by Coene and Thust was used for the reconstruction. 

 

4.3 Results and Discussions 

 

4.3.1 The ” phase 

EDX element analysis of about 50 ” precipitates indicate a Mg/Si atomic ratio of 

approximately 0.8. Some precipitates showed a considerable higher Mg/Si ratio. Such a 

higher ratio is in agreement with the presence of another phase, ’ [7-8], which is observed in 

some precipitates and which occurs predominantly at the interface between ” and the Al 

matrix [13]. 

Figure 1a shows a reconstructed exit wave of a ” precipitate embedded in aluminum. The 

viewing direction is along the [001] zone axis of aluminum and the [010] direction, b”, of the 

” particle, which is along the needle direction. HREM images perpendicular to b” have 

shown a good lattice match between ” and the Al matrix along the needle direction. On the 

other hand, misfit dislocations occur at the ”/Al interface. To enhance the visibility of these 

dislocations, the image of Figure 4.1a was Fourier filtered, omitting all reflections except for 

the Al reflections and their immediate surroundings. The resulting image is shown in Figure 

4.1b, in which the dislocations are indicated with arrows. The dislocations at the ”/Al 

interface are related to the mismatch between both lattices. This mismatch is 3.8 % along the 

a-axis and 5.3 % along the c axis. Along the b axis of ” no mismatch occurs. 
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Figure 4.1: (a) The phase-image of the exit-wave function reconstructed from a through-focus series of 20 

experimental HREM images of a typical ” (Mg5Si6) particle, surrounded by the Al matrix. The monoclinic unit 

cell of the ”phase is indicated with the [010]” along the viewing direction, the [001]Al. (b) Exit wave after 

Fourier filtering that improves the visibility of the misfit dislocations at the ” /Al interface (indicated by 

arrows) 

 

The lattices of Al are semi-coherent, as can be seen from Figure 4.1b. Lattice planes continue 

across the interfaces, except for a few, which end as a dislocation and which occur due to the 

misfit between the two lattices. Precipitates with such orientation relationships are known to 

be very effective in strength enhancement. Furthermore, the ” lattice is more rigid. This can 

be deduced from the bending of the lattices near the dislocations. This bending occurs almost 

completely in the Al matrix, indicating that plastic deformation is much easier in the Al 

matrix than in the ” lattice. 

Another interesting feature revealed in Figure 4.1a is that the precipitate contains a (001)” 

planar defect. The defect runs across the entire precipitate as indicated by the arrows. It results 

in a displacement of the ” lattice perpendicular to the defects of more than 0.1 nm as well as 

a small lateral shift. The defect results also in a shift of 0.5 b” of the top part of the ” lattice 

with respect to the bottom part of the ” lattice. This shift can be deduced from the coherency 

with the matrix: by starting with a given position of a black dot in the top part of the 

precipitate and assuming that to be at z = 0, one can move atom position by atom position into 

the Al matrix and back to the lower part of the precipitate. The shift of 0.5 b” can be verified 

by simple book keeping of the positions being at z = 0 or z = 1/2. 

From Figure 4.1a a trial model for the structure refinement was obtained in the following way. 

From the coherency of the interface between the ” particle and the Al matrix it was 
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concluded that the Si and Mg atoms are located at or close to the y = 0 and y = 1/2 planes. 

From the unit cell volume, it was concluded that the number of atoms in the unit cell is 22. 

Taking into account the Mg/Si ratio as determined by element analysis it follows that the 

composition is probably Mg5 Si6. Next, atoms were placed at the dark spots in the exit wave 

image. The darkest spots were assumed to be two Si atoms in different layers, being so close 

together in projection that they merge into one spot. The dark spot with the largest distances 

to the other black dots was assumed to be Mg, since Mg has a larger radius (0.155 nm) than Si 

(0.115 nm). The remaining Mg and Si atoms were assigned to the other black dots based on 

the radii of Mg and Si. This model was used as the starting model for the MSLS refinement 

using simultaneously 7 electron diffraction data sets along [010] or [001]. These data were 

collected from ” particles containing no defects, because the presence of defects results in 

streaking or extra peaks. Because the electron diffraction data were recorded from areas 

containing ” and the Al matrix, the Al reflections were omitted and with that about 10% of 

the ” reflections [12-13]. The refinements were done in space groups C2/m, C2, Cm and C1, 

which were suggested by the systematically absent reflections [13]. The refinements in the 

lower symmetric space groups did not lead to significantly better fits nor to different atom 

positions, indicating that the space group is C2/m. The resulting atomic parameters are given 

in Table 4.1. The overall R-value after refinement was 3.1%. Table 4.2 lists the number of 

reflections, the refined crystal misorientation and the R-values of each diffraction pattern. 

Table 4. 1: Atomic positional parameters and isotropic temperature factors, B, for Mg5Si
6
, with a = 1.516(2) nm, 

b = 0.405 nm, c = 0.674(2) nm,  = 105.3(5)° and space group C2/m 

 

 x y z B 

Mg(1) 0 0 0 0.5(2) 

Mg(2) 0.3459(8) 0 0.217(1) 1.0(2) 

Mg(3) 0.4299(10) 0 0.652(3) 0.8(2) 

Si(1) 0.0565(7) 0 0.652(3) 1.1(2) 

Si(2) 0.1885(8) 0 0.224(2) 0.5(2) 

Si(3) 0.2171(9) 0 0.617(2) 2.5(4) 

 

Table 4.2 also gives the R-values when only kinematical diffraction is taken into account [12-

13]. Obviously for the thicker specimen areas these R-values are much higher than those 

obtained by including dynamic diffraction. This indicates that even for a material like Mg5Si6 
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with only light elements the dynamic diffraction is very significant for small specimen 

thickness (about >10 nm). Consequently, it is important to include the dynamic scattering in 

the structure refinement. Moreover, the use of diffraction data from areas with different 

thickness adds substantially to the reliability of the structure refinement. 

Table 4 2:    Data on the diffraction sets used for the refinement of Mg
5
Si

6 listed in Table 4.1. The kinematical 

R-  values are obtained after refinement of only the scale factors keeping all other parameters fixed and using 

occupancies of only 1% [12]               

zone number refined crystal misorientation R-value (%) 

 obs. refl. thickness x y z MSLS kinematic 

[010] 50 6.7(5) 8.3 0 -2.3 3.0 3.7 

[010] 56 15.9(6) 2.6 0 -1.8 4.1 8.3 

[010] 43 16.1(8) -1.7 0 0.3 0.7 12.4 

[010] 50 17.2(6) -5 0 -1 1.4 21.6 

[010] 54 22.2(7) -5.9 0 2.5 5.3 37.3 

[001] 72 3.7(3) -3.9 4.5 0 4.1 4.5 

[001] 52 4.9(6) 3.6 -1.9 0 6.8 9.3 

 

 

Figure4.2: A perfect ” atomic structure overlapped on a simulated exit wave 
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A perfect ” atomic structure [13] overlapped on a simulated exit wave is shown in Figure 4.2 

Figure 4.2 shows the amplitude of the exit wave, where the black dots represent the atomic 

positions. The ” can be derived from a FCC Al lattice by relatively small shifts of the atoms, 

except for one Mg atom (Mg1). The atoms 2, 4, 6 and 8 atoms in Figure 4.2 (Al replaced by 

Mg) are shifted inwards while the atoms 3, 5, 7 and 9 (replaced by Si) are shifted outwards. 

This change in atom positions forces the middle atom (Mg1) to change its height over 0.2 nm. 

These Mg(1) Mg4Si4 clusters are distributed such that a monoclinic unit cell is formed.  

4.3.2 The pre-” or GP-I zones  

Conventional TEM reveals a high density of very fine precipitates formed in the very 

beginning of the precipitation process, as shown in Figure 4.3. The precipitates are needles 

oriented along<100>Al, like the ” phase. 

  

Figure 4.3: Bright field images of samples with different annealing time: (a) 4 hours, (b) 11 hours (c) 2 days and 

(d) 9 days. All images are taken along the <100> Al zone axis, as well as Selected Area Diffraction Patterns 

from: (e) a 4-hours -sample and (f) 2-days-sample 
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The volume fraction of particles (estimated from the number of particles and their average 

dimensions) is 0.5%-1.6%. Although the samples with short ageing time have a twice as high 

particle density they show a lower hardening effect. This indicates that the precipitates in 

these samples are more coherent with the matrix. This is in agreement with the fact that the 

diffuse streaks in the SADPs are less pronounced and more diffuse in the 4-hours and 11-

hours aged specimens (Figure 4.3). If all Mg and Si atoms from the SSSS form ” (Mg5Si6), 

then the volume fraction of precipitates must be 1.3%. Because our data suggest that this 

value could be exceeded it is very likely that Al is a constituent of the precipitates. 

In exit waves of ” in [010] orientation the dominant image feature is a black dot (the Mg1 

atom) successively surrounded by a white and a black oval around it (see Figure 4.2). This 

image feature looks like an ‘eye’. In [010] orientation the ” structure image is composed 

with these ‘eyes’ linked together by Si-Si bonds. Reconstructed exit waves of the samples 

aged at 150°C for 11 hours or 9 days are shown in Figures 4.4 and 4.5. As in Figure 4.2 the 

amplitude of the exit wave is shown in these figures, such that black dots represent atomic 

positions. The reconstructed exit waves also show eye-like image features although less 

pronounced than in the exit wave for ”. 

 

 

 

 

 

 

Figure 4.4: Two exit waves of particles of the 9 days aged sample imaged along <100> Al 
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Figure 4.5: Two exit waves of particles of the 11 days aged sample imaged along <100> Al 
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The particle in Figure 4.5a is composed of 1.5 x 3 ” unit cells [13], and it has interatomic 

distances being in good agreement with literature data. Because of this we conclude that after 

annealing at 150°C for 9 days the precipitates have a ” structure despite their small size. In 

contrast, the particles in the 11-hour specimen must have a different atomic arrangement, 

based on a detailed analysis on these images. The analysis of the interatomic distance [14], 

leads to two structural models for the two particles of the 11-hour aged specimen, as shown in 

Figures 4.6 and 7. 

 

Figure4.6: Atomic structural model proposed for the particle in Figure 4.5 (left) for the 11h sample 

 

 

 

 

 

 

 

 

Figure 4.7: Atomic structural model proposed for the particle in Figure 4.5a for 11 h sample 

 

It is very probable that the Al content varies in the different precipitates in particular in the 

11-hour aged sample. For example, the particle in Figures 4.5a and 4.6 is more coherent with 
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the matrix than that of Figures 4.5b and 4.7 and therefore it may contain more Al as this fits 

better with the interatomic distances observed. If this is the case, some of the Si atoms around 

the Mg(1) atom might be replaced with Al. However, we did not substitute Si atoms by Al in 

Figures 4.6 and 4.7, because this might also vary along the viewing direction.  

4.3.3 The poorly-developed pre-” or highly coherent GP-I zones 

 

We have seen that when the age hardening time is getting short, the hardening precipitate 

structures formed can be deviated far from the standard ”, as presented in Figure 4.1. In 

general, the precipitates formed in the very early stage have poorly developed crystal 

structures, which are more coherent with the Al matrix. These structures have to be studied 

because of their significance to automotive industry, where a quick paint bake response of the 

Al alloys is required. Here we will show some different forms of the poorly developed or 

highly coherent GP-I zones, which appear upon a 30-minute hardening age at about 180°C. 

Figure4.8 shows a highly coherent GP-I zone formed in half an hour of age hardening after a 

very short natural ageing. The interesting points of this precipitate are the following: 

(i).  It still has a ”-like monoclinic unit cell with a = .460nm, b = 0.405nm, c = 0.653nm, and 

 = 105.4°. 

(ii). It is highly coherent with the Al matrix with [100]  // [23 0]Al, [010]  // [001]Al, and 

[001]  // [ 3 1 0 ]Al. 

Since the structure is more coherent with the Al matrix, as compared with the ” phase, there 

should be more Al atoms remained in the structure, as discussed in the previous section. 

 

 

 

 

 

 

Figure 4.8: A highly coherent”-like monoclinic GP-I zone 
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Since these particles are poorly-developed in terms of crystal structure, both through-focus 

exit-wavefunction reconstruction and image simulation are needed, in order to determine their 

atomic structures. 

4.3.4 The poorly-developed Q particles 

Figure 4.9 is a typical high-resolution image of another type of poorly-developed precipitates 

with a lath shape. Owing to the fact that these precipitates are poorly-developed in one of the 

three dimensions, the periodic arrangement of alloy elements in the particles cannot be seen 

clearly in the images. By combining the high-resolution images with their diffractograms 

(Fourier transform of the image), we can deduce that these particles take {510}Al as their habit 

planes. They grow rapidly along the directions parallel to the habit planes, but their 

development along the directions perpendicular to their habit planes is very much restricted. 

According to the characteristic crystallographic relations between these particles and the 

matrix, they can be identified as the precursors of the Q phase (e.g., Weatherly et al. 2000 

[3]). However, we should mention that the Q particles are not found everywhere in the matrix. 

It is also found that when a Burgers circle is drawn around such a particle in HRTEM images, 

the circle is not closed, indicating a dislocation as the nucleation site of the Q particle. 

 

 

Figure4. 9: Poorly-developed Q particles (left and right images) with the diffractogram of the left  

image in the middle 

 

Again for such ill-defined Q particles, diffraction techniques are not suited to determine the 

atomic structural details of these clusters. Atomic imaging with ultra-high resolution is 

therefore needed to fulfill the tasks. Further work on the way to investigate the atomic 
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structures of such ill-defined precipitates, in order to fully understands their forming 

mechanisms in the Al matrix. 

Other researchers have continued our research presented in this Chapter. The Norwegian team 

from Trondheim, continued to look deeply in the effect of Cu on the precipitation in the Al-

Mg-Si alloys [25]. In this, they were investigating two aluminium alloys isothermally heat 

treated at 170 ºC as well as 270ºC noticing how the copper addition might affect the 

precipitation. They did determine the microstructure of the hardening precipitates formed 

inside the aluminium matrix. The unit cell and its parametres were determined by using 

HRTEM as well Nano-Beam Diffraction (NBD) of the precipitates. According to these 

researchers as well as others [26], when copper is added, the precipitation sequence change: 

SSSS → atomic clusters → GP zones → β", L, QP, QC → βʹ, Qʹ → Q 

where: Q – is the equilibrium phase; this phase grows big crystals outside the aluminium 

matrix; Qʹ - is a phase which grows coherent in needle-like shape, inside the matrix, along the 

<100> Al; QC and QP (as well as Qʹ) – are connected from structural point of view by a 

common hexagonal sublattice. 

This work shows that a small copper addition into Al-Mg-Si alloys affects significantly the 

precipitation during the isothermal heat treatment [25]. At 175ºC, copper containing alloys 

will reach a higher hardness due to the formation of finer microstructure with higher 

precipitate volume fraction. A very interesting result of this work is that the β" and pre-β" 

phases are not the main hardening phases, accounting only 20-30% of the total number of 

precipitates when the maximum hardness is reached, the rest of the precipitates being the 

copper containing GP -zones and the precursors of Qʹ-phases. 

Lately, precipitation hardening of selective laser melted AlSiMg was investigated [27] in 

terms of solution heat treatment and aging  for additive manufacturing techniques [28-31] 

4.4 Conclusions 

Using high-resolution transmission electron microscopy and quantitative electron diffraction, 

we have studied a number of the early-stage precipitates in the Al-Si-Mg based 6xxx alloys, 

including different GP-zones (the pre-” phase), the ” phase as well as the so-called Q-phase 

particles (if a small amount of Cu is added in the alloys). From the obtained results, we can 

draw the following conclusions: 
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 In the structure refinement of the ” (Mg5Si6) dynamic diffraction was fully taken into 

account, allowing the accurate elucidation of an unknown structure, in particular by 

using data sets from various orientations and thicknesses. Since the crystal 

misorientation is also refined, a mistilt can be used to enhance the resolution in certain 

directions in diffraction space. The MSLS refinement results are more precise than the 

results obtained from TF-EWR results obtained from the HRTEM. This is because the 

diffraction information goes down twice as smaller (0.07 nm) than the TF-EWR (0.14 

nm). 

 TF-EWR is a powerful tool for accessing the atomic structural details of nano-scale 

precipitates, especially those studied here. It can provide a good starting model for a 

further structural refinement based on microdiffraction data sets taken from the small 

precipitate crystals. Moreover, when precipitates to be studied become very small (a 

few nanometers in size) or ill-defined in terms of their crystalline structures, TF-EWR 

is a useful method for the structure determination. 

 GP-I zones may have different structures depending on the temperatures and ageing 

times used, but our study indicates that all these structures have a close relation with 

the standard monoclinic structure of the ” phase. In general, GP-I zones are more 

coherent with the Al matrix, indicating Al atoms are incorporated in their structures. 

We have proposed two atomic models for GP-I zones. 

 Incomplete Q-phase particles appear around dislocation sites even for a short 

annealing time (30 minutes). To study these poorly developed precipitates, advanced 

HREM techniques with ultra-high resolution, e.g., TF-EWR, must be applied in 

association with image (exit-wavefunction) simulation. 
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CHAPTER V 

 

Atomic Pillar-Based Nanoprecipitates 

Strengthen Al-Mg-Si Alloys 
 

 

 

This Chapter represents the results published in the paper: J. H. Chen, E. Costan, M. A. van 

Huis, Q. Xu, H. W. Zandbergen, Atomic Pillar-Based Nanoprecipitates Strebgthen AlMgSi 

Alloys, Science, Vol 312, 2006, 416-419 [32]. I mention that the authors agreed to use our 

intellectual properties in my thesis. 

 
5.1 Introduction 

 

Aluminium is essential to modern civilizations because of its light weight, strength, and 

workability. Its many applications include fuel-efficient transportation vehicles (e.g., it 

comprises about 80% of a commercial aircraft’s unloaded weight), building construction, and 

food packaging. Pure aluminium is soft and has little strength or resistance to plastic 

deformation. However, alloyed with small amounts of other elements, it can provide the 

strength of steel at only half the weight. With thermal treatments, the added alloying elements 

can form nanometer-sized precipitates, which act as obstacles to dislocation movement in the 

crystal (atomic matrix), strengthening the aluminium. This phenomenon is known as 

precipitation hardening, and the hardening nanoprecipitates are named GP zones after the 

pioneer work by Guinier and Preston on AlCu alloys [1, 2]. AlMgSi accounts for a large 

percentage of the total aluminium production in the world. With appropriate pre-aging 

treatments, AlMgSi alloys can be pressed easily into a given form and then strengthened 
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rapidly by annealing for a very short duration (<30 min) at about 180-C [i.e., by a 

characteristic two-step age-hardening process [3]. This important property of AlMgSi alloys, 

called the quick-bake hardening response, has led to increased applications in the automotive 

industry [3–7]], such as outer panel materials that have a strength/weight ratio optimal for fuel 

efficiency and environmental protection. It has long been understood that AlMgSi alloys are 

strengthened when needlelike monoclinic precipitates form [5–14], but to date little is known 

about the structures of the particles responsible for the quick-bake hardening response [5–7]. 

Whereas the final structure of the needlelike particles has been determined [8, 9], their early-

stage development is difficult to characterize. Because the nanoprecipitate structures are not 

well understood, the hardening nanoparticles in AlMgSi alloys are named ambiguously: They 

are referred to as GP (I) and GP (II) zones, pre- and  phases, or Si/Mg coclusters and GP 

zones in the early stages [4–11]. 

The essential questions remain: How many different hardening particles exist, and how do 

they transform from one to another? To answer these questions, we used high-resolution 

transmission electron microscopy (HRTEM) and computational analysis to assess their initial 

structures. 

We studied aluminium that was alloyed with 0.43% Mg and 1.2% Si. The homogenized alloy 

was heated at 560-C and then water quenched to 20-C. The best quick-bake hardening 

response can be achieved if the hardening annealing is performed immediately after water 

quenching. However, this is not practical for automotive body sheet applications, because the 

sheets have to be stored (up to months) and shipped at room temperature. Any storage (natural 

aging) will quickly degrade the alloys quick-bake hardening response because of the 

formation of natural-aging clusters, which delay the formation of the hardening particles upon 

annealing [4–7]. Hence, for advanced applications, pre-aging has to be applied in aluminium 

factories to make the quick-bake hardening response largely independent of the storage time. 

Therefore, we studied samples with and without pre-aging. The specimens were prepared by 

electropolishing for HRTEM investigations. 

 

5.2 Materials and Experimental Details 

 

All alloys sheets with the composition of Al-0.43Mg-1.2Si-0.2Fe-0.1Mn (weight %) were 

used in the present study. 
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The homogenised alloy sheets with a thickness of 0.2 mm was heated at 560C (in salt bath) 

to obtain a full solution treatment of Mg and Si, and then quenched to room temperature 

(20C). Two again conditions were then applied (in an oil bath): (1) Natural ageing at 20 C 

for 01 minutes + hardening annealing at 180C for various time (from 5 minutes to 24 

hours). (2) Natural ageing at 20 C for 01 + pre-ageing (100180C for 15 minutes and at 

180C for 220 hours) + hardening annealing at 180C for 30 minutes. This process lead to 

excellent QBHR behaviours of the alloys with hardness increases from 7585 HV up to 

110120 HV. 

A Philips CM300 UT/FEG HRTEM operating at 300 kV was used for the general 

investigation. The microscope has a point resolution of 0.17 nm and an information limit of 

0.12 nm. Also, we used a Philips CM 200 FEG ST microscope with an aberration-corrector 

implemented below its objective lens. The microscope has a point resolution of 0.13 nm, 

operating at 200kV. Equipped with a fast-scan and slow-scan CCD (charge-coupled device) 

cameras and Tiets image acquisition system, these two microscopes can record automatically 

the digitised movies and the high-resolution image series of varying focus with an equal 

defocus step, which are called through-focus (TF) series. 

 

5.3 Results and Discussions 

 

For straight annealing at 180C, the hardening particles start appearing in 1 to 5 minutes and 

then grow rapidly along the Al<100> direction into needles. Slightly elongated particles 2 to 

6 nm in length and 2 nm in width lead to a hardness increase of the alloy from 75 to 85 

Vickers hardness (HV) (Fig. 5.1A). In 30 minutes they become needles of 18 nm long on 

average without coarsening in width (Fig. 5.1B), and the hardness increases to  120 HV. As 

annealing continues, the needles grow rather slowly and still not change notably in width. A 

peak hardness of 130 HV can be reached after annealing for 3 hours. With continued 

annealing coarsened needles 4 nm in width can appear (Fig.5.1C), and the hardness 

decreases slowly. The final-stage hardening particles have been identified as the Mg5Si6 () 

phase [8, 9]. 
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After appropriate pre-aging, most of the particles formed are spherical and 2 nm or smaller 

(small round particles in Fig. 5.A). Typical hardening particles formed after two-step age 

hardening process yield quick-bake hardening response with hardness increases between 75 

and 85 HV and 110 to 120 HV (Fig. 5.1D). Although shorter than those seen in Fig. 5.1B 

and C, these particles are also along the Al<100> directions. If many particles become 

elongated after pre-ageing, the alloy may demonstrate the quick-bake hardening response but 

lose the good formability necessary for automotive parts. 

 

 

 

 

 

 

 

 

 

Figure 5.1: HRTEM images of typical hardening precipitates in AlSiMg alloys. (A to D) Overviews of these 

(100) - oriented particles after direct annealing at 180-C for 5 min (A), 30 min (B), and 4 hours (C), and after a 

characteristic two-step age-hardening process [15] (D). (E to H) The lattice images of the particles shown in 

(A) to (D), showing that these particles have the same monoclinic unit cells. To see the morphology of short 

particles clearly [(A) and (D)], the high-resolution imaging mode in HRTEM has to be used, whereas the 

diffraction-contrast imaging mode provides better overviews of the needlelike particles [(B) and (C)]. The 

arrows in (G) indicate a stacking fault in the particle. 

 

In conventional HRTEM instruments, the images of the early monoclinic precipitates are 

easily delocalised and under most imaging conditions they appear as “disordered” clusters, as 

shown in Fig.5.2. 

Analysis of many HRTEM images of these nanoparticles reveals that they all have the same 

monoclinic lattice (Fig. 5.1, E to H, and Figs. 5.2 and 5.3). These lattice images show that (i) 

most particles have only  1 to 2 monoclinic unit cells in width ( 2 nm), whereas the final 
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particles can be up to 4 nm in width (Fig. 5.1G) and (ii) most particles are coherent with the 

matrix, but final particles can be semicoherent and some of them may include stacking faults. 

 

 

 

 

 

 

 

 

Figure 5.2: Two precipitates imaged under different defocus: On the left they appear as “disordered” 

 clusters, but on the right their monoclinic nature is uncovered 

 

Figure 3 shows the monoclinic lattice nature of two very small precipitates ( 1.5 nm) 

observed in the very thin edge ( 3 nm) of the specimen annealed at 180C for 5 minutes. 

They appear as “superimposed patterns” in the Al lattice, rather than as “particles”. The 

particles are difficult to see when viewed exactly along the atom columns, probably of their 

high coherency with the matrix and the small differences between Si, Al and Mg in electron-

scattering power. It seems that a small crystal tilt can be helpful in revealing them. 

 

 

 

 

 

 

Figure 5.3: Very coherent small monoclinic precipitates observed in samples annealed 

 only for 5 minutes at 180C 

 

It is difficult to determine the monoclinic nature of these particles, especially the short ones, 

for several reasons. (i) The image delocalization due to microscopic aberrations leads to 
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mixing of the particle image with the matrix image [16]. As a result, the particles appear as 

disordered clusters under most imaging conditions. (ii) The differences between Mg, Al, and 

Si columns in electron-scattering power are small for the specimen thicknesses used (typically 

 5 to 15 nm). (iii) For thick specimens, particles are likely covered by the matrix. Hence, 

longer particles (>5 nm) and atomic imaging in HRTEM must be used to reveal the structure 

of early-stage precipitates. 

We used through-focus exit-wavefunction (EW) reconstruction [15–21] to image the atomic 

structure of early-stage needles (Fig. 5.1B). From a recorded through-focus series of 20 

HRTEM images, we retrieved the electron wavefunction at the exit plane of the specimen. 

The EW’s phase was then used as an atomic image of the specimen. The obtained image 

clearly resolves all of the atom columns in the precipitate (Fig. 5.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.4: Deduction of the 

precipitate structure. (A) The 

phase image of the reconstructed 

EW of a precipitate in matrix. The 

Bright dots represent atom 

columns. The insets are the 

calculated images from a structure 

model (left) with varying specimen 

parameters: 1, changing the Si-Si 

distances in the model: 2, 

adjusting the crystal tilt and 

thickness; 3, adjusting the 

positions and compositions of 

atomic columns; 4, including the 

DW factor of atoms. (B) 

Refinement results: The calculated 

images (insets) match with the 

reconstructed images for both the 

precipitate and the matrix [Al(m)]. 
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From a recorded of TF series of 20 HRTEM images with the starting focus at +37.8 nm 

(which was originally assumed being +30 nm, but corrected after reconstruction) and with an 

equal defocus (negative) increment of 3.0 nm, the exit-wavefunction (EW) below the 

specimen was reconstructed using the software developed in a Brite-Euram project [19]. 

Normally a post aberration-correction is needed to remove all the significant optical 

aberrations that may still remain in the obtained EWs [21]. Significant aberrations include 

focus, spherical aberration, coma, two-fold and three-fold astigmatisms. We employed an 

aberration-corrected microscope for recording TF series in order to retrieve the complex EW 

more accurately [20]. The advantage of using a aberration-corrected microscope in the present 

work are twofold. Firstly, the post correction of the EWs is much simpler, since the most 

significant aberrations have been suppressed in the original TF series of images. In our case, 

only the focus needed to be adjusted by minimizing the amplitude-image contrast (standard 

deviation) [20]. Secondly, without having to include all the optical aberrations in simulation, 

the following simulation analysis on the image contrast is greatly simplified. For a thin 

specimen, the EWs phase of is proportional to the projected potential to the projected 

potential of the specimen, and therefore may immediately suggest a good approximate 

structure model. Hence, this is crucial step for deducing the precipitate structure. 

To deduce the precipitate structure through the modelling and image simulation, we 

considered the following> (i) The early precipitates are the results of the Mg/Si aggregation 

and substitution of the Al in the matrix. (ii) Previous studies indicate that atoms in such 

precipitates should take the coordinates of either y = 0 or y = ½ [8, 9]. (iii) The known atomic 

sizes of Mg, Si, and Al allow us to exclude unreasonable configurations (e.g., the Mg-Mg 

bonds should not be the shortest bonds). We first assumed that our specimen was a weak-

phase object, for which the EW’s phase is proportional to the projected potentials of the atom 

columns [20, 21]. Therefore, the brightest spots in Figure 4 are Si (the heaviest). The least 

bright spots are Mg, and the others are Al. Using these guidelines, we obtained an initial 

structure model. 

The model was repeatedly adjusted such that the phase image of the EW calculated from the 

model matched well with the phase image of the EW reconstructed from the experimental 

image series. The refinement took into account all parameters that may influence the image 

contrast (Figure 5.4A). The EW calculations were performed with MacTampas image 

simulation software [28]. Furthermore, it was necessary to match the phase images not only 

for the precipitate but also for the matrix (as an internal standard) under the same conditions 

(Figure 2B). 
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In image simulation, the Al matrix (with known structure) has been used only for estimating 

the specimen thickness and the crystal tilt (roughly), but also as an internal standard for the 

calibration of the spatial dimension and the image contrast level: when the calculated phase-

image match with the experimental reconstructed image for the precipitate, the difference 

between the maximum and minimum image intensities is kept to check if under the same 

conditions the matching also exists for the Al matrix. This is equivalent to performing 

simulation with a large super cell that includes both the Al matrix and the entire precipitate, 

but it greatly simplified the simulation analysis for our purpose: to deduce the atomic 

arrangement in the monoclinic unit cell. Nevertheless, we have used a 2 x 1 super cell for 

simulation in order to include the possibility that the position of the two Mg and the two Al 

(which are indicated in Figure 5.5 and Table 5.1) are exchangeable. 

 

 

 

 

 

 

 

Figure 5.5: The structure of different hardening precipitates. (A) The structure projected along cAl (= bGP).(aAl 

bAl cAl) and (aGP bGP cGP) denote the Al and precipitate lattice vectors, respectively. The Al atoms in (Mg4Al1)Si6 

are outlined with red circles. The Mg atoms atoms outlined with red circles indicate the special positions at 

which the Mg atoms have to shift bGP/2 become Mg5Si6 [11]. (B) The 3D view of Mg2Si2.6Al6.4 and Mg5Si6 

particles surrounded by Al, showing that the Si double columns are the common structural components of these 

precipitates and may serve as the stable pillars in the structure evolution. More Si2 components (yellow ones) 

can be found in Mg5Si6 but they no longer act as pillars for Mg5Si6 to evolve. 

 

It is well known that in HRTEM the simulated image contrast levels are generally higher than 

the experimentally observed ones [22-23]. This is largely due to the fact that that not all the 

physical processes that practically occur in the microscope (such as inelastic scattering, 

mechanical vibration, amorphous contamination, etc.) are fully included in current image 

simulation procedures. Nevertheless, since the major effects, the multiple elastic electron 

scattering and the electron wave transfer trough the objective lens are correctly calculated by 

the multislice theory and the partial coherent theory for image formation, for decades 

 

 



90 
 

simulations of images, exit-wavefunctions and electron diffraction patterns have been a 

standard tool in HRTEM [24-26]. Especially for determining the defect structure inside a 

known crystal (i.e., an internal standard exist), the image simulation analysis can be 

performed quantitatively [27]. Furthermore, without having to include any microscopic 

aberration parameters (as mentioned before) in image simulation, the procedure becomes 

more straightforward and reliable. 

Comparing the deduced Mg2Si2.6Al6.4 structure with the  structure [8, 9] and with an 

intermediate structure proposed for the so-called pre- phase (Figure 5.5A) [11], we made 

several observations. (i) Mg2Si2.6Al6.4 has a high Al content (58%), and its Al atoms are 

ordered nearly in the same way as they are in the matrix. (ii) The common components of 

these structures are the Si double atoms. They remain unchanged not only in their location 

and orientation, but also in their interatomic distance (0.256 nm). This implies that a 

transformation from Mg2Si2.6Al6.4 to Mg5Si6 may occur without having to break down the 

monoclinic frame kept by these Si2 components. Two changes are required for such a 

transformation: replacing all Al by Si/Mg and rearranging atom positions, including a bGP/2 

shift of 2 (out of 22) atoms (where bGP is the b lattice parameter of the precipitates, i.e., GP 

zones) (Figure 5.5A). (iii) Notably, all the Si2 atoms have a small Debye-Waller (DW) factor, 

whereas all the atoms that are expected to change have a large DW factors (which describe 

the displacements of atoms from their average positions resulting from thermal vibration and 

other local random movements) (Table 5.1). The large DW factors imply that atoms are less 

evenly aligned along in these columns because of their compositional variations. 

In its first stage, a hardening precipitate can be considered a one-dimensional (1D) crystal 

containing MxNxQ unit cell (where the cell number in one width direction M = 1 and that in 

another width direction Q =  1 to 2, whereas that in length N equals the needle length 

divided by 0.405 nm (Figure 5.5B). A 20 nm long needle contains  50 to 100 cells. The main 

feature of such 1D crystal is the Si double columns. They are not only the common 

components of different precipitates, but also the stable components of an evolving precipitate 

(i.e., they act as atomic pillars of the precipitate). All columns between the Si2 pillars can 

change. 

The hardening behaviour of AlMgSi alloys is due to the presence of the hardening precipitates 

that act as obstacles for the dislocation movement in the Al matrix. To overcome the pinning 

force of a nanoprecipitate on a moving dislocation, additional energies are required for the 
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Table 5.1: The obtained atomic coordinates of the Mg2Si2.6Al6.4 structure. The structure has a monoclinic unit 

cell with a = 1.460 nm, b = 0.405 nm, c = 0.640 nm and  = 105.26. The data are obtained through matching the 

calculated phase-image with the experimentally reconstructed one. The optimum matching is obtained for a 

specimen thickness of 7.5 nm and for a crystal tilt of 0.76. The positions of the two Al atoms marked by * are 

assumed to be exchangeable (see Figure 5.5A). 

 x/a y/b z/c DW Occupancy 

Si 0.000000 0.000000 0.000000 0.5 1.0 

Si 0.105290 0.500000 0.140255 0.5 1.0 

Si 0.605290 0.000000 0.140255 0.50 1.0 

Si 0.500000 0.500000 0.000000 0.5 1.0 

Mg 0.772040 0.000000 0.011552 3.5 1.0 

Mg 0.281130 0.500000 0.024673 3.5 1.0 

*Mg 

*Al 

0.062948 

0.005374 

0.000000 

0.500000 

0.400430 

0.706492 

3.5 

3.5 

1.0 

1.0 

*Mg 

*Al 

0.505374 

0.554160 

0.000000 

0.500000 

0.679219 

0.427704 

3.5 

3.5 

1.0 

1.0 

Al 0.711736 0.000000 0.615583 2.5 1.0 

Al 0.220826 0.500000 0.627704 2.5 1.0 

Al 0.351130 0.000000 0.779219 2.5 1.0 

Al 0.379918 0.500000 0.506492 2.5 1.0 

Al 0.882948 0.000000 0.554977 3.5 1.0 

Al 0.160222 0.000000 0.858007 3.5 1.0 

Al 0.666282 0.500000 0.888310 2.5 1.0 

Al 0.939010 0.500000 0.251946 2.5 1.0 

Al 0.845070 0.500000 0.815583 2.5 1.0 

Al 0.439010 0.000000 0.251946 2.5 1.0 

Si 0.258706 0.000000 0.367098 2.0 0.7 

Si 0.758706 0.500000 0.367098 2.0 0.5 

Al 0.258706 0.000000 0.367098 2.0 0.3 

Al 0.758706 0.500000 0.367098 2.0 0.5 
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dislocation to reach and to shear (cut-through) the precipitate. The energy required for a 

dislocation to reach a precipitate depends on the strength of strain-field introduce by the 

precipitate in the matrix. The energy required for a dislocation to shear the precipitate depends 

on energy of the interface created after the dislocation cuts through the precipitate. Also, the 

total precipitate volume fraction (TPVF) in the matrix is crucial in determining the total 

energy required for the dislocation movement and therefore the overall hardness of the alloy. 

Hence the hardening profile of the alloy upon the continuous annealing at 180C (Figure 

5.6B) can be understood as follows: 

Stage I: Since a precipitate at Mg2si2Al7 coherent with the matrix (i.e., little strain introduced) 

and also has a high bulk-formation enthalpy (Figure 5.6A), its pinning force on a moving 

dislocation is small. So, the initial particles themselves are least effective for strengthening the 

alloys. Also, in the initial stage the TPVF is low. Hence, the alloy appears soft 

 

 

 

 

 

 

Figure 5.6: The evolution of Si2 pillar-based nanoprecipitates upon annealing. (A) VERs with respect to the Al 

lattice and the bulk formation enthalpies (Eb) with respect to the solid solution, calculated for a few ordered 

structural configurations plotted against the Al content in the precipitate (atom %). The total energy calculations 

were performed with the use of the first-principles Vienna ab initio simulation package of an evolving 

nanoprecipitate with respect to the hardness profile of the alloy being annealed at 180C. 

 

Stage II: The particles of Mg2+xSi2+yAl7-x-yhave a stronger tendency to distort the surrounding 

matrix (leading to stronger strain-field around them) and have much lower bulk formation 

Enthalpies (Figure 5.6A). As the consequence, their pinning force on a moving dislocation is 

strong and, therefore they act as much stronger or more effective obstacles for the dislocation 

movement. Also, due to the 1D growth in this stage, the TPVF largely increases. These 

factors lead to the fast hardness increase of the alloy. The hardness reaches the first maxima 

when the supersaturated Si/Mg atoms are consumed and the 1D-growth stops (Figure 5.6B). 

Afterwards the further compositional evolutions e.g., from Mg2Si3Al6 to Mg2Si4Al6would 

not contribute to the hardness increase. Moreover, the consumption of more Si/Mg atoms in 
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replacing Al has to be paid by dissolving some of the existing particles (i.e., the TPVF 

decrease slightly). As such the hardness can even decrease slightly. 

Stage III: Further compositional evolution in the precipitates leads to the structural change, 

characterised by the b/2 shift of two specific (AlMg) atoms in the unit cell (Figure 5.5A). This 

leads to the appearance of the -type structure (Figure 5.6). In this stage, on the one hand, 

the compositional changes further decrease the TPVF. On the other hand, with the -type 

structures the particles become stronger and stronger obstacles for the dislocation movement. 

As a result, the overall hardness of the alloy increases slowly. 

Stage IV: In the last stage, the precipitates evolve to Mg5Si6. The compositional change 

further decreases the TPVF, but the  Mg5Si6 particles have the strongest pinning force on a 

moving dislocation and therefore they are most effective in strengthening, leading to the peak-

hardness of the alloy. However, the final Mg5Si6 particles may coarsen up to 45 nm in width 

by 3D-growth (Figure 5.1G), leading to the misfit dislocations at the interfaces to partly 

release the large strain-fields in the matrix. As such the alloy softens slowly. 

We proposed that the hardening precipitates have dynamic structure, which changes upon 

annealing but does not break down its skeleton of Si2 pillars. Its initial format can be assumed 

as Mg2Si2Al7rather than as the deduced Mg2Si2Si0.6Al6.4, where Si2 indicates the Si2 pillar. Its 

dynamic composition can be described as [Mg1-u-v(SiuAlv0]2Si2[Al1-x-y(SixMgy)]7[0 < u(t) 

<1/2, v(t)  0, 0 < x(y) + y(t) < 1, where t is annealing time]. Compositionally, the particle 

starts with [Mg]2Si2[Al]7and then undergoes a continuous substitution of the Al and (partially) 

Mg atoms by other atoms, until it reaches [Mg1/2(Si1/2)]2Si2[Si3/7Mg4/7)]7(mg5Si6 = ). The 

energy gradients for a compositional change and the local availability of Si/Mg atoms drive 

the evolution. This model implies that each nanoprecipitate has its own composition and its 

own stage in evolution. 

To understand qualitatively some aspects of the structure dynamics of such nanoparticles, we 

performed first principle calculations without directly including the particle-matrix 

interactions [29-31]. Figure 5.6A plots the bulk formation enthalpies (Eb) and the volume 

expansion ratios (VERs) for different structures against their Al content. The larger the VERs, 

the higher the particle-matrix interaction energies (Ei) (including the interface-energy increase 

due to the mismatch of atom bonds). VERs, therefore, qualitatively indicate the relative levels 

of Ei for these structures (if embedded in the matrix). At least for a sufficiently long 

precipitate, Eb (total Eb) is dominant over Ei (total Ei) because such particles would not 

have existed otherwise. Figure 5.6A shows that (i) the evolution is indeed energetically 
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favoured. (ii) Mg2Si2Al7 has the highest Eb but a minimal mismatch with the matrix, i.e., it is 

least effective for strengthening the alloys. (iii) Eb markedly decreases, first upon the change 

from Mg2Si2Al7 to Mg2Si2Al6 and, then upon the appearance of -type structures (the P1, P2 

and P3structures shown in Figure 5.6), in which two specific (AlMg) atoms in the unit cell are 

shifted by bGP/2 (Figure 5.5A). 

The reality is more complex, in that the precipitates start with a small size and the 

compositional evolution is accompanied by a morphology (length) change (Figures 5.1A and 

B). This is understandable. For any particle with a certain structure there is a critical size 

(length) below which Ei is dominant over Eb and the particle is unstable. Because it is 

mostly coherent with the matrix, Mg2Si2Al7 has the smallest critical length of all. Once 

stabilised, a Mg2Si2Al7 particle can grow in one dimension (because along bGP the particles 

are most coherent with the matrix), but its Eb gain will be small (Figure 5.6A). However, if 

the 1D growth is combined with the compositional change from Mg2Si2Al7 to Mg2+xSi2+yAl7-x-

y (1 < x + y < 3), the substantial lowering in Eb will allow the particle to grow rapidly. It is 

not surprising that a short Mg2Si2Al7 particle will not evolve to  without a substantial 

growth in advance, given that Mg5Si6 () had the largest critical length of all. 

Further compositional changes in a needle-like particle result in the development of -type 

structures. In this stage, because all changes from P1 toward  markedly lower Eb (Figure 

5.6A), one segment of the needle would proceed with further changes rather than wait for the 

rest of the needle to develop the same composition. At this point, four featured stages of the 

evolving nanoprecipitate can be identified (Figure 5.4B) which is in agreement with the 

alloy’s hardness profile. 

The dynamic behaviour of the nanoparticles changes with the temperature. All lower 

temperatures (e.g.,  70C to 80C), the particle’s critical lengths at different compositions 

become larger, such that the nucleation at Mg2Si2Al7 and particularly the further evolution to 

Mg2+xSi2+yAl7-x-y become slower, or even impossible. This prevents the rapid 1D growth and 

therefore the further evolution toward. At room temperature, even the particle’s nucleation 

at Mg2Si2Al7 becomes impossible. Hence, for automotive application, our study suggests that 

the particles at Mg2Si2Al7 and at Mg2+xSi2+yAl7-x-y are key particles and are directly 

responsible for the quick-bake hardening response of AlMgSi alloys. Appropriate pre-ageing 

should nucleate a large number of Mg2Si2Al7 particles but prevent their further evolution. 

Two mechanisms coexist for quickly strengthening the alloy upon a second heating: (i) the 

quick evolution of the nuclei from Mg2Si2Al7 to Mg2+xSi2+yAl7-x-y (leading to effective 
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obstacle for dislocation movement) and, (ii) the 1D growth of the particles (leading a rapid 

increase of the total precipitate volume fraction). 

In continuation of our work, other researchers tried to use the same methods like us as well as 

other methods of getting the hardening precipitates microstructure determination [33]. The 

structure of β"-phase in Al-Mg-Si alloy was investigated by atom probe tomography (APT), 

ab initio density functional calculations and quantitative electron diffraction. The authors say 

that Mg5Al2Si4 - β" structure in Al-Mg-Si alloys [33] is supported by experimental results 

from APT, ab initio calculations and quantitative electron diffraction. They say that the 

diffraction from our Mg5Si6 - β" structure is a replacement of Si atom with an Al atom at one 

position in the unit cell. We did not expect this substitution in our work, but according to this 

work, the Mg5Al2Si4 is consistent with the structure of subsequent phase formed in the alloy 

precipitation sequence and is formed to have the lowest formation energy of the configuration 

investigated [33]. As we said in this Chapter, hardening precipitates can have several 

compositions, most of them containing aluminium. Hastings and all’s calculations support 

that the Si atoms form quite a big network with a strong bond, Si1 and Si2 in Figure 5.7. 

 

Figure 5.7: The Mg5Si6 atomic model with denotations of symmetrically inequivalent atomic sites used in the 

text. The external cell parameters of the monoclinic conventional unit cell are indicated. 

 

This calculation suggest that they don’t really support our features, where we suggested that 

Si nanopillars would consist of Si atoms in the network together with additional Si atoms in 

Si3 position. For the maximum hardness, this new research, suggest that the alloy investigated 

by ATP had a microstructure consisting of mainly β", with a composition Mg5Al2Si4 instead 

of Mg5Si6. 

Quantitative electron diffraction shows that the Mg5Al2Si4 structure gives a better fit with the 

experimental data than the structure given by us, Mg5Si6. But, the authors recognise that, their 

method alone is not sensitive enough to clearly distinguish the two structures [33]. 
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The recent investigation have revealed that strength strongly depend on the ratio and size of 

coarse β'' needles, preferentially grown, and the number of fine re-precipitated β'' needles 

[34]. It was also shown that the precipitation sequence is strongly correlated with alloy-

content and natural-ageing clusters [35]. The precipitation kinetics modeling of Al-Mg-Si 

alloys was performed using multi-phase CALPHAD-coupled Kampmann-Wagner Numerical 

(KWN) numerical model [36] are in good agreement with TEM and HREM observations. 

 

5.4 Conclusions 

 

We have shown that upon annealing, the hardening nanoprecipitates in AlMgSi alloys 

undergo a rather complex evolution, involving changes in composition, structure and 

morphology. Yet, do not break down their Si2 pillar skeleton. 

We have analysed two complimentary points of view to provide a complete explanation of 

these nanoparticles and their evolution. On the one hand, we consider them as dynamic 

objects in a nonequilibrium evolution process, involving nucleation, growth and maturation. 

A hardening nanoprecipitate undergoes various physical changes with age (annealing time), 

but it remains fundamentally the same object because of its stable identity – the Si2 pillar 

skeleton. On the other hand, we treat the nanoparticles as distinct phases in a series of 

transformations; different particles are formed in different stages, and one may transform into 

another (if energetically favoured). This approximation allows an analysis on the driving 

forces for the evolution. Additional computer power will allow direct incorporation of the 

particle-matrix interaction in energy calculations (requiring the inclusion of  10
4
 atoms in the 

particle-matrix system), which will lead to an even better understanding of the nanoparticle 

evolution. 
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Chapter VI 

 

Mechanical Characterization of 

AA6016 Alloy 

 

6.1 Description of tested material  

 

6.1.1 Use of AA6016 alloy  

 

AA6016 alloy is employed nowadays more and more in car bodies manufacturing. Audi 

Company is the main promoter of aluminium alloys application. In this respect, Audi has 

developed a research and production centre – Aluminium Centre – for aluminium alloys use 

in Neckarsulum. These aluminium alloys are intensively used also by other companies like 

Daimler (E-Klasse model) and Renault (Velsatis model). 

Audi Company uses this aluminium alloy for three car models namely A2, A6 and A8. Some 

examples are presented in Figures 6.1 and 6.2.  
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Figure 6.1 – Audi A2 car body  

  

 

Figure 6.2 - Audi A8 car body 

 

This aluminium alloy used in cars manufacturing is AA6016. It belongs to 6000 alloys series 

of aluminium alloys, being used as deformed product. This aluminium alloy has medium 

mechanical characteristics, the reinforcing phase being the metastable precipitate of Mg5Si6 in 

aluminium matrix. AA6016 alloy presents very good corrosion proof properties, delivered in 

T4 hardening condition (solution hardening followed by natural ageing) for a better resistance 

to parts painting of these types of aluminium [1, 2]. 
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AA6016 alloy issued for external doors panels manufacturing for the aforementioned models. 

In Figure 3.3 is presented this kind of rear exterior panel of an Audi 6 made of AA6016-T4 

alloy.  

 

Figure 6.3 – Rear external panel for Audi A6 

 

This type of alloy appears written in two ways: in the United States of America it is written 

like AA6016, AA being the abbreviation from Aluminium Association and in Europe this 

notation is EN-AW6016, EN-AW being the abbreviation from European Aluminium 

Wrought. In both cases the alloy is the same, only the literary notation is different.  

The Table 6.1 presents the mechanical properties of EN-AW6016-T4 alloy. This T4 type 

hardened alloy is used by large cars companies, especially due to three essential 

considerations: (i). very good deformability; (ii). good weldability; (iii). high resistance to 

corrosion.  

This type of alloy, AA6016-T4, may be found also under the name of AC170 (Aleris Carlite), 

named after the aluminium manufacturer, Aleris International.  

Table 6.1 – Properties of AA6016-T4 aluminium alloy  

 Elastic properties  Physical properties  

 E G V Tsol Tliq Cp α ρ ρel λ 

EC 

 MPa MPa - °C °C J/kgK µm/mK kg/m
3
 nΩm W/mK 

T4 69500 26100 0.33 610 655 898 23.4 2700 36 187 

 

Mechanical parameters: 

E Elastic modulus [MPa]  G  Hardness modulus [MPa] 
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v Poisson coefficient   α  Thermal expansion coefficient [µm/mK] 

Tsol Solid temperature [°C]   Tliq Liquid temperature [°C] 

ρ Density [kg/m
3
]    ρel Resistivity [nΩm] 

λ Thermal conductivity [W/mK] Cp  Caloric capacity [J/kgK] 

 

6.1.2 Chemical composition of the tested alloy 

The Table 6.2 comprises the chemical composition of AA6016 tested alloy. As may be 

observed, AA6016-T4 alloy used with these measurements is aluminium alloyed with silicon 

and magnesium, thermally treated under T4 conditions. Besides these alloying elements is 

also found copper, manganese, chrome, zinc and titanium in percentages below 0.2%.  

Table 6.2 – Chemical composition of AA6016 aluminium alloy  

Denomination  Chemical composition (after European standard: EN 573-2009) 

Element Si Fe Cu Mn Mg Cr Zn Ti 
Other 

components  

AA6016 

(AlSi1.2Mg0.4) 

1-1.50 0.50 0.20 0.20 0.25-

0.6 

0.10 0.20 1.15 The rest Al, Zr 

0.05-0.15 

 

6.2 Mechanical parameters of the tested material 

6.2.1 Mechanical parameters finding through tensile testing  

The tensile testing aims to mechanically determine the most important parameters describing 

the mechanical resistance of the metallic materials. These parameters are used for cold 

compressing when choosing half-finished parts. Employing uniaxial traction test, the tensile – 

deformation characteristic curve shall be traced for some samples collected from a thin sheet.  

The uniaxial tensile testing is the most used procedure to determine the main mechanical 

characteristics of materials. Both International Standard Organisation (ISO) and State 

standardized organizations drawn up documents regulating the conditions of testing 

conducting, equipments precision and rigidness, respectively the method of measurements 

interpretation.   

At international level the method of traction testing of metallic materials is regulated by ISO 

6892-1:2009 standard [3], in USA by ASTM E8/E8M -08 [4] and in Japan by JSA JIS Z 

2241:1998 [5]. 
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The tensile testing involves samples in the shape and dimensions presented in Figure 6.4, 

according to DIN EN 10 002. 

 

 

 

Figure 6.4 – Sample geometry for tensile testing (mm dimensions) 

 

The samples for tensile testing are cut from the metal sheet in three directions: 0°, 45° and 90° 

considering the drawing direction. This testing is conducted at room temperature on a tensile 

traction machine. The testing consists of stressing a sample of the studied material by means 

of tow equal and opposed forces, applied at sample’s extremities. Sample deformations during 

tensile stressing are established with special devices named extensometers placed in the area 

of sample measurement.  

In order to conduct the tensile testing within this study, Zwick RoellZ150 machine was 

employed, as it is found in CERTETA research laboratory, Figure 6.5. 
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Figure 6.5 - Zwick Roell Z150 testing machine  

 

Mechanical parameters of AA6016-T4 metal sheet with 1.00 mm thickness were measured 

with this machine. The biaxial extensometer was used for deformations measuring with length 

measuring parameters 80 mm/20 mm and measuring accuracy of +/- 0.002 mm, as per Figure 

6.6. Test Expert II data acquisitions programme was used as the machine is equipped with it.  

 

Figure 6.6 - Zwick extensometer  
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The following mechanical parameters of materials were experimentally determined: 

anisotropy coefficient r, limit of yield Rp0.2, maximum tensile load Rm, hardening exponent of 

Swift law n and hardening modulus K. These parameters were measured on the samples 

collected at 0°, 15°, 30°, 45°, 60°, 75° respectively 90° considering the metal sheet drawing 

direction (RD). 

In Table 6.3 are presented mechanical properties of AA6016-T4 aluminium alloy, in 

compliance with EN 485-2:2008 [6] 

Table 6.3 – Mechanical properties of AA6016-T4 aluminium alloy in compliance with EN 485-2:2008 

Degree of 

annealing  

Thickness  

[mm] 

Maximum 

tensile load  Rm 

[MPa] 

Limit of yield  

R0.2 

[MPa] 

Minimum 

elongation  

[%] 

Bend radius  
Hardness  

[HBV] 
Higher  

than 
Up to min max Min max A50 mm 180 ̊ 90 ̊

T4 >0.4 3.0 170 250 80 140 24 0.5t 0.5t 55 

 

In Figures 6.7 – 6.13 are presented the experimental tensile – deformation curves for the 

samples collected at 0°, 15°, 30°, 45°, 60°, 75° respectively 90° considering the drawing 

direction RD for  AA6016-T4 alloy. 

In Table 6.4 are presented centralized results of material parameters obtained by uniaxial 

tensile testing for different directions of samples collection. These samples were collected 

from two metal sheets of 1000 x 2000 mm, which lead to a slight variation of mechanical 

parameters values. Ten tests were conducted for each collection direction, being kept the valid 

ones.  

Table 6.4 – Mechanical parameters of aluminium alloy AA6016-T4, as determined for different collection directions  

 r [-] Rp0.2[MPa] Rm [MPa] n [-] K [MPa] E [GPa] 

0° 0.552 158.070 264.809 0.239 479.714 64.880 

15° 0.540 157.610 265.220 0.237 478.375 68.070 

30° 0.429 154.760 262.690 0.237 473.222 67,320 

45° 0.409 152.250 259.840 0.239 468.545 72.510 

60° 0.429 154.960 261.200 0.235 469.000 68.650 

75° 0.534 154.190 262.440 0.240 477.125 71.350 

90° 0.549 154.750 263.320 0.242 480.222 67.000 

 

Medium value of anisotropy coefficient is determined with the formula below:  

𝑟𝑚 =
(r0+2r45+r90)

4
                                                                           (6.1) 

Its value is rm = 0.4802. 
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The value of anisotropy coefficient in metal sheet plan is determined with the formula:  

𝛥 =
(r0 +r90−2r45)

2
                                                                         (6.2) 

The of this coefficient is Δ = 0.0129. 

 

 

Figure 6.7 – Tensile-deforming diagram for the samples collected at 0° considering RD 

 

 

Figure 6.8 – Tensile – deformation diagram for samples collected at 15° considering RD 
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Figure 6.9 - Tensile – deformation diagram for samples collected at 30° considering RD 

 

Figure 6.10 - Tensile – deformation diagram for samples collected at 45° considering RD 

 

Figure 6.11 - Tensile – deformation diagram for samples collected at 60° considering RD 
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Figure 6.12 - Tensile – deformation diagram for samples collected at 75° considering RD 

 

Figure 6.13 - Tensile – deformation diagram for samples collected at 90° considering RD 

 

6.2.2 Mechanical parameters finding through hydrostatic inflation testing  

Mechanical parameters finding through hydrostatic inflation testing follows to find the biaxial 

(Yb) yielding tension of metallic sheets, under conditions of biaxial tension conditions. The 

experiment consisted of deforming of a metallic sample until breaking, under pressure oil 

action. Sample stressing up its breakage is made with the help of ERICHSEN universal 

machine for metallic sheets testing. Sample contour is blocked and left to deform in a locking 

plate with 100 mm diameter. During the experiment the biaxial tensile – deformation curve is 

recorded. The curve is determined with 3D ARAMIS type of optical measuring system. This 

system is placed on ERICHSEN’s stand and takes over the data transmitted by it as per Figure 

6.14. 



109 
 

 

 

Figure 6.14 – Principles of hydraulic inflation testing and video cameras placing: s0 – initial thickness of 

sample; s – sample current thickness; r – deformed sample curvature radius;  

r – radius of connecting active plate cavity; d – diameter of active plate cavity  
 

ERICHSEN machine structure for testing metallic sheets allows its use for more types of tests 

[7]. The universal machine ERICHSEN is employed for the measurements in this chapter and 

stressing up to breakage of the sample under hydraulic inflation regime. The machine is 

served by a computer by means of MES programme Figure 6.15. The measuring system 

integrated in the machine is conceived as modular structure with analogical and digital inputs 

and outputs. As such, the deformation force, retention force and travel are continuously 

recorded. ARAMIS system is made of hardware and software elements. The system is 

provided with two video cameras for continuous recording and saving of images during 

sample stressing. The programme for ARAMIS system realizes both data acquisition and their 

subsequent processing [8, 9]. 
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Figure 6.15 – The experimental equipment used for hydraulic inflation testing  

 

According to biaxial – deformation tensile curve and tensile – deformation curve obtained 

within deformations calculus of sample uniaxial traction as collected at 0° considering DL, 

the biaxial yield tension may be determined. As to obtain the biaxial yield tension the 

equivalent method of mechanical work of plastic deformation was used [10]. 

According to plasticity theory, for isotropic hardening materials may be applied the following 

principles of equivalent method of mechanical work of plastic deformation [10]: the yield 

tension of two samples, one deformed under an uniaxial tension and the other deformed under 

biaxial tensions are identical when the mechanical work of plastic deformation per unit of 

volume for both samples is identical.  
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Figure 6.16 – Yield tensions, Y0° and Yb, at equal value of mechanical work of plastic deformation (wu=wb) for 

a). uniaxial tensile testing and b). hydraulic inflation testing 

 

According to the previously mentioned principle, the relation of Yb and Y0° remains 

constantly when the same quantity of mechanical work is applied. This report is noted with 

ηb: 

ηb= Yb/ Y0°                                                                          (6.3) 

where ηb is the nominated biaxial yield tension.  

By the application of the aforementioned technology, starting with any point on curve σu - εu, 

the variation of nominated biaxial tension may be obtained depending on deformation (ηb - 

εp), Figure 6.17. On the curve obtained as such the interval (ε1
p
, ε2

p
) shall be identified where 

ηb stabilizes. Generally, the searched interval is found after deformations starting. This 

interval shall be used for the average value calculation of nominated biaxial yield tension, 

ηb(average), with the following formula: 

ηb(average) = (
𝑌𝑏

𝑌0°
)

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
=  

1

�̅�2
𝑝

−�̅�1
𝑝 + ∫ 𝜂𝑏

�̅�2
𝑝

�̅�1
𝑝 d𝜀̅𝑝                                (6.4) 

The rigorous calculation of biaxial yield tension involves at least five curves obtained by 

hydraulic inflation testing with at least five curves obtained by uniaxial tensile testing 

obtaining as such 5 x 5 = 25 average values of biaxial yield tension. The final value of biaxial 

yield tension is calculated as mean of partial values.  
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Figure 6.17 – Nominated biaxial yield tension  

 

The data obtained through this method for the tested materials are presented in Table 6.5.  

Table 6.5 – Tested material 

Material 

Uniaxial yield 

tension  

Y0(Rp0.2) 

Average relation of 

tensions  

ηb=Yb/Y0 

Biaxial yield tension  

Yb [MPa] 

AA6016-T4 158.070 1.012 160.080 

 

 6.3 Correlation between mechanical properties and the heat treatment of 

the tested alloy 

The aluminium alloy chemical composition is given in Table 6.2. The copper provides better 

mechanical properties. The heat treatment applied to this alloy is a combination of solution 

heat treatment and ageing process. Firstly, the chosen alloy is heated to 525C and 560C as 

part of the supersaturated solution heat treatment and then, it is water quenched at room 

temperature. The solution heat treatments were performed in an oil bath with a 15 and 10 

minutes holding time. After water quenching one applied different ageing process at various 
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temperatures for shorter and longer time. These temperatures have been chosen based on the 

solidus temperature (~588C) and the Mg2Si dissolution temperature (~519C). The reason of 

choosing two different temperatures is to provide two different concentration of vacancies in 

the aluminium matrix. Therefore, it is given the opportunity to investigate the effect of 

vacancies on the clustering process. Actually, the difference between the chosen temperatures 

is large enough to produce a significant difference in vacancies concentration in the 

aluminium matrix. The number of vacancies calculation in the aluminium matrix can be done 

with the following equation [11]: 

 

𝑐𝑣
𝑒𝑞 = exp (

Δ𝑆𝑣
𝑓

𝑘𝐵
) exp (−

ΔH𝑣
𝑓

𝑘𝐵𝑇
)                                                     (6.5) 

 

where Δ𝑆𝑣
𝑓
 and ΔH𝑣

𝑓
are the entropy and enthalpy of vacancy formation. KB is Boltzman’s 

constant. If we use this last equation and ΔH𝑣
𝑓
 = 65.68 kJ/mol [11] the ratio between the 

equilibrium concentration of vacancies at 560C and 525C will be: 

 

𝑐𝑣.560
𝑒𝑞 /𝑐𝑣.525

𝑒𝑞 ≈ 1.52                                                            (6.6) 

 

According to the above calculation, solution heat treatment performed at 525C and 560C, 

provides a 50% difference in the total concentration of vacancies. Quenching the samples 

from 525C and 560C respectively, should be executed fast enough in order to avoid a 

significant vacancies loss during the process. The most controllable way of quenching is using 

water at room temperature. 

Most of the literature study shows that ageing below 50C will lead to development of 

clusters rather than GP-zones [12]. Therefore, the ageing was performed at -20C, 0C, RT 

and 50C for short time (0 to 300 minutes) and long-time (5 hours to 7 days). In order to 

obstruct the natural ageing process of the samples, all of the specimens were kept in liquid 

nitrogen prior to any further ageing. This is very important for the 0C and -20C samples. 
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6.3.1 Experimental Techniques 

There are many techniques for precipitation process investigation but not all the techniques 

are applicable for the clustering study (very early stage precipitation). Extremely small size of 

these clusters, aligned perfectly with the aluminium matrix (perfectly coherent with the 

matrix), makes their observation very difficult, almost impossible. These clusters are in 

essence parts of the matrix which have a higher concentration of solute atoms than the rest of 

it. Therefore, one focussed in other techniques which can give an indirect evidence of these 

clusters existence. 

Electrical resistivity is a classical technique for analysing early stage precipitation. The 

resistivity signal provides information not only about the actual clustering but also about 

vacancies and solute atoms. Therefore, to interpret the results of this measurement, other 

types of analysis are required like positron annihilation lifetime spectroscopy (PALS). This 

analysis will provide information about vacancies during the clustering process. PALS is an 

old technique used in physics. Nevertheless, the application of PALS in the study of 

clustering is quite new [13, 14, 15]. 

The hardness testing was applied on each sample. That can demonstrate the definite effect of 

clustering at the macroscopic level. Hardness testing is a very simple technique and one were 

considering to apply it in this work. 

Although hard but TEM is another technique to explain the early stage precipitation process. 

That was already explained in Chapter 4. 

Electrical Resistivity measurements 

Electrical resistivity measurements are very popular in analysing precipitation process 

because of the extreme sensitivity of this technique to microstructural changes. Basically, the 

electrical resistivity signal appears because of various electron scattering occurrence which 

are happening in the matrix. There are many scattering sites in the matrix, such as: phonon 

vibrations, chemical impurities (alloying atoms/elements) and crystal imperfections 

(vacancies, dislocations, grain boundaries) [16, 17]. 

The resistivity can be determined by passing a current I into the specimen with a cross section 

A and measuring the voltage drop along the length l: 

 

 = (v/i).(A/l)                                                                    (6.7) 
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Which can be more simplified into: 

 

  = r.(A/l)                                                                          (6.8) 

 

where r is the resistance of the material. Microscopically, the resistivity can be determined 

using the Drude formula [16]: 

 

 =
𝑚

𝑛𝑒2𝑟
                                                                        (6.9) 

 

where n is the number of the electrons with mass m and charge e per unit volume. R is the 

mean free time of collision and it is related with the mean free path () from the following 

equation [18]: 

 

 = vfr                                                                        (6.10) 

 

where vf is the electrons velocity at Fermi level. In the literature [18] suggested that is the 

scattering centre spacing is in order of the mean free path of scattering, the contribution of the 

centre cannot be neglected while in the case of big difference between these two distances, the 

scattering effect on that centre can be ignored. By using equations 6.9 and 6.10, Raeisinia and 

Pool [18] calculated the conduction mean free spacing of AA6111 alloy to be approximately 

25 nm. If the precipitates size is about 10 nm, they shown that precipitates account for 10-

15% of total resistivity. This value drop to 10-15% and below 5% when the precipitates size 

are in over of 10 – 100 nm and over 1000 nm respectively. 

Mechanical Testing – Hardness/Tensile Testing 

Mechanical testing is fast and easy to perform and to observe the macroscopic effects of the 

precipitation process. In spite of its simplicity, mechanical testing can provide a vast amount 

of information about the material. Mostly, mechanical testing can provide information of 

interaction between dislocations and different obstacles. The yield stress of the alloy, can be 

related to the microstructure by using the following equation [19]: 
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ys = i + ss + ppt                                                                        (6.11) 

 

where ys, i, ss and ppt are yield stress, intrinsic strength, solid solution strengthening and 

precipitation strengthening factors. 

During the ageing process, only the precipitates/clusters/GP-zones and concentration of solute 

atoms will be the changing variables which have an effect on mechanical properties. These 

will change ss and ppt in the last equation 6.11. Friedel’s statistical approach [19] was used 

in this work to model the hardening effect of the clusters. 

In this model, the hardening effect of an obstacle is described by the following equation [20]: 

ppt = 
𝑀.𝐹

𝑏.𝐿
                                                                                     (6.12) 

where M is Taylor’s factor, b is the scale of Burger’s vector and L is the distance between the 

obstacles. F is the obstacle strength and, in the above equation, F is the maximum interaction 

force between an obstacle and a dislocation. Both, F and L, change with the ageing process 

(time). An obstacle can be ‘strong’ or ‘weak’ depending on the dislocation breaking angle. If 

this angle is smaller than 120 the obstacle is defined as ‘strong’. Instead if the angle is bigger 

than 120, the obstacle is defined as ‘weak’. Because of the extremely small size of the 

clusters, they can be considered ‘weak’ obstacles [19]. 

For aluminium alloys with the precipitates lying along <100>Al direction (,  and ) Nie et 

al. [1996] calculated L like: 

LStrong = (
2𝜋

𝑓
)
1/2

.r                                                                           (6.13) 

 

where f is the volume fraction and r is the radius of the precipitates. 

Instead, for the clusters, the above equation will be: 

 

LWeak = (
√3

𝐹
Γ)

1/2
.LStrong                                                                     (6.14) 
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Where  is the line tension of dislocations. Using equation 6.13 and 6.14, the effective 

distance between clusters can be calculated as: 

 

LWeak = (
2√3𝜋Γ

𝐹𝑓
)
1/2

.L                                                                         (6.15) 

 

The relative values of F and f are: 

 

fr = 
𝑓

𝑓𝑝𝑒𝑎𝑘
                                                                                              (6.16) 

 

Fr = 
𝐹

𝐹𝑝𝑒𝑎𝑘
                                                                             (6.17) 

 

Using the last four equations, the contribution of the clusters to the overall strength of the Al-

Mg-Si alloy, can be calculated as: 

 

 cluster = 
𝑀𝐹𝑝𝑒𝑎𝑘

3/2
𝑓𝑝𝑒𝑎𝑘

1/2

𝑏(2√3)
1/2

1/2𝑟𝑝𝑒𝑎𝑘
3/2

. 𝑟1/2𝑓1/2 = Ccluster(rcluster fr.cluster)
1/2

                                (6.18) 

 

The last equation could be simplified by assuming that rcluster is constant [19]. This is only a 

rough estimation of the cluster strengthening effect and it predicts a higher or lower value for 

smaller or larger cluster. Then, 2.15 becomes: 

 

cluster = Ccluster.(fr.cluster)
1/2

                                                            (6.19) 

 

From the last equation it is expected that cluster formation increases the hardness of the Al-

Mg-Si alloy. Anyway, the direct correlation of the hardness increase in relation with the 

cluster formation, depends on the kinetics of the clustering, which is expressed by fr.cluster. 

In this work hardness test and tensile test was used as mechanical testing. The hardness test is 

very simple and easy. Nevertheless, it can give a very good and precise indication of the 

precipitation process. The big advantage of the hardness test is the possibility of using in-situ 

samples – doing the measurements while they are being aged. Rockwell hardness 
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measurements were performed on 8 samples according to ASTM E18-07 Standard. A 

standard Rockwell 1/8” ball indentor was used with a load of 60 kg. For each indentation 

point, at least 6 measurements were taken and the average was calculated. All these tests, 

were performed at room temperature and for the shortest possible time in order to avoid the 

natural ageing of the samples. 

The importance of the tensile test is to provide the relationship between the hardness results 

(HRH scale) and the yield stress values. In this work tensile test was performed on 560C 

solution heat treated samples and aged at room temperature. The test was performed 

according to ASTM E8M-04 Standard on samples with the gage length of 25 mm, width of 6 

mm and thickness of 1mm. The crosshead speed was 1mm/min. This is equal to strain rate of 

6.6 x 10 
-10

 sec
-1

. The 0.2% proof stress technique was used to find the yield stress of the 

material. 

Positron Annihilation Spectroscopy (PAS) 

From a general point of view, positron annihilation spectroscopy is a powerful tool for 

microstructure investigation, a spectroscopic technique for study of vacancy type defects as 

well as very low concentration of defects and it is a suitable technique for defects study in the 

near surface region, as shown in Figure 6.17 [21, 22, 23, 24]. 

 

Figure 6.17 – General overview of applicability range for some spectroscopy techniques [5], where OM –

optical microscopy, TEM – transmission electron microscopy, nS – neutron scattering, STM/AFM – scanning 

tunnelling microscopy/atom probe ion microscopy [25] 
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The positrons are explained to be the antiparticles of electrons, which first time was predicted 

by Dirac [26]. First results indicate an unknown particle found in cloud-chamber photographs 

of cosmic ray [27]. This particle was first identified later as positron, which was thus the first 

antiparticle in physics. The annihilation of positron with electrons in matter was first studied 

in the 1940s. It was discovered that the energy and the momentum conservation during the 

annihilation process could be employed to study properties of solids. 

The early experiments with the positrons were committed to the study of the electronic 

structure, e.g. the Fermi surface in metals and alloys [28, 29]. By the end of the 1960s it was 

realised that the annihilation parameters are sensitive to lattice imperfections. Then, it was 

discovered that the positron may be trapped in the crystal defects, i.e. the wave function of the 

positron is localised at the defect site until annihilation. The comportment of the positrons 

was definitely demonstrated by MacKenzie at al. [30] for thermal vacancies in metals. 

Nowadays, positron annihilation spectroscopy (PAS) is well recognised as a powerful tool od 

microstructure investigations [31, 32, 33]. 

A conventional positron source for PAS can be acquired from artificial radioisotopes emitting 


+
 - radiation. Energy spectra of positrons emitted by such of radioisotopes are continuous 

ranging from zero to an end-point energy, typically of order of 0.1 – 1 MeV. Stopping profiles 

of 
+
 - particles in solids decrease exponentially with increasing penetration depth z, P(z) ~ 

exp(-z/z0), where typical mean penetration depth z0 are of order of 10 – 100 m [34]. 

The most commonly used radioisotope is 
22

Na. It’s decay scheme is shown is Figure 6.18. 

End-point energy of 
22

Na is at 545 keV.  

 

Figure 6.18 – 
22

Na decay scheme [35] 
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An important feature of the 
22

Na decay is simultaneous emission (within a few ps) of 
+
 - and 

 - radiation (E = 1274 keV, see Figure xxy) according to the following two decay reaction: 

22
Na  

22
Ne + 

+
 +  (neutrino)                                              (6.20) 

22
Na  

22
Ne +  (1.28 MeV)                                                 (6.21) 

This can be used as mean of marking the birth of positrons [14]. 

As positrons travels inside the metal matrix, they lose energy through ionisation and 

excitation od the atoms, as well as the plasmon and also by formation of phonon and electron-

hole pairs [36]. Positron diffuse inside the aluminium matrix, in order of 100 nm before they 

come across an electron and finally annihilate (thermalisation distance). 

 

 

Figure 6.19 – Schematic representation of the positron annihilation process inside the matrix [37] 

 

The positron annihilation results in emission of two photons -  rays – with an energy of 511 

keV [37]. This can be used as the end-mark of the positron life inside the matrix. 

Before annihilation the positrons which are penetrating through the matrix undergo various 

processes influencing the state from which the positron annihilates with an enviromental 
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electron. When the high energy positrons (Ekin  0.1 -1 MeV) are implanted into the matrix, 

they will lose rapidly their energy, through the ionisation process mainly. In this case high 

energy positrons exits core electrons in collision with the host atoms. At lower energies the 

electron-hole excitation take place. When the positron energy decreases to a fraction of eV, 

the scattering off phonon dominates. In the end, positrons reach thermal equilibrium with the 

medium, maintained due to the phonon emission and absorption. During thermalisation, the 

initial kinetic energy of positrons drops below 0.1 eV. Positron thermalisation time tth, despite 

o huge change in energy, are typically short as a few picoseconds [37]. 

The basic technique of PAS used in this work is Positron-Lifetime measurements (PAS LT). 

Anihilation is a random process as well as the positron lifetime. Lifetime spectrum is defining 

as the interval time between the injection of positron into a sample and the instant 

annihilation. In a perfect matrix, defect-free, the lifetime spectrum is a simple decaying 

exponential. Instead in the presence of trapping defects, the lifetime spectrum becomes a 

superimposition of decaying exponentials. 

Positron-Lifetime measurements consist of infecting positrons into the sample and measuring 

their lifetime spectrum. In Figure 6.19 is shown the most used positron source, 
+
 radioactive 

isotope 
22

Na. The advantage of this isotope is that its most frequent decay channel is the 

emission of a photon, 1.274 MeV, coinciding with the positron. This property is a very useful 

one because the 1.274 MeV photon gives the signal that indicates the birth of the positron. 

The signal of annihilation is either one of the two annihilation photons, about 0.511 MeV, 

coming from the conversion in electromagnetic energy of the mass of the annihilated particles 

[25]. In other words, the positrons are anti-particles of electrons and their lifetime depend on 

the density of the electrons. Therefore, any fact that can change the electron density can 

change the positron survival probability around it [38]. Positron lifetime could be changed by 

very simple defects in the metal matrix like mono-vacancies, or dislocations, grain 

boundaries, voids [14]. In general, when k different type of defects, with lifetime I and 

intensity Ii of the i
th

 one, are present in the matrix, the decay spectrum of the positrons is 

expressed by the following equation [37]: 

 

D(t) = ∑ 𝐼𝑖
𝑘+1
𝑖=1 exp (−

𝑡

𝜏𝑖
)                                              (6.22) 
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 In case of a perfect lattice metal, only the bulk lifetime of the matrix (b) will be detected. 

The positron lifetime spectra, N(t), is the absolute value of the time derivative of D(t) [37]: 

 

N(t) = ∑
𝐼𝑖

𝜏𝑖

𝑘+1
𝑖=1 exp (−

𝑡

𝜏𝑖
)                                              (6.23) 

Table 6.6 shows the bulk and mono-vacancy lifetime of aluminium, magnesium and silicon. 

 

Table 6.6 – Positron lifetime in aluminium, magnesium and silicon  

Material bulk (psec) mono-vacancy (psec) Reference 

Aluminium 

Magnesium 

Silicon 

163 

235 

218 

244 

255 

270 

[39] 

[40] 

[37] 

 

6.3.2 Results of measurements and discussions 

The hardness test results are shown on Figures 6.20 to 6.23 

 

Figure 6.20 - Hardness test results at 525C when samples are aged short time (x axis is represented 

 in linear scale) 
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Figure 6.21 - Hardness test results at 560C when samples are aged short time (x axis is represented  

in linear scale) 

 

Figure 6.22 – Hardness test result at 525C during long ageing time (x axis is represented in logarithmic scale) 
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Figure 6.23 - Hardness test result at 560C during long ageing time (x axis is represented in logarithmic scale) 

All four figures from above show that the hardness increases with the heat treatment applied 

but not always constantly. 

In the beginning the hardness increases with the ageing. In the first part, 20-30 minutes, the 

hardness increases very fast. With the ageing going further in time the ageing kinetics starts to 

slow down. The hardness increase can be explained like contribution of the clusters to the 

general hardening in our 6xxx series alloy. This can be represented by the following equation: 

 

cluster = Ccluster . (r.fr.cluster)
1/2

                                       (6.24) 

 

where Ccluster is a constant, r is the radius of the cluster and ff.cluster is the relative volume 

fraction of clusters which were express in 6.16. Therefore, according to this equation, if the 

ageing is going further, the volume fraction and size of clusters will increase, therefore, the 

alloy will become harder. The kinetics of clustering is evidently shown in the hardness results 

using equation 6.24 as well as Figures 6.20 and 6.21. This results are better understood by 

considering the electrical resistivity measurements as well as the positron annihilation lifetime 

spectroscopy. Therefore, after quenching the sample from 525C respective from 560C, the 
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quenched-in vacancies start to move in the direction of annihilation sinks because they have 

to achieve the equilibrium value. However, due to the presence of strong binding energies 

between vacancies and solute atoms [40, 41], Mg and Si atoms are binding with vacancies, 

enabling cluster formation. However, the vacancies continue their way in the direction of 

annihilation sinks, more and more solute atoms will attach to them and therefore, the clusters 

will grow. Nevertheless, this will slow down the vacancies [41, 41] and therefore, the cluster 

formation will decrease. 

Further, by increasing the ageing temperature will intensify the diffusion rate of vacancies and 

solute atoms. The outcome of this effect is a faster kinetics clustering which could be 

observed in the hardness increase. This is illustrated in the above hardness evolution graphs, 

in both cases when the alloys were solution heat treated at 525C as well as at 560C and 

increasing the ageing temperature from -20C to 50C. One can see that the samples aged at 

50C will reach more or less the maximum hardness after ~300 minutes while the samples 

aged at -20C will scarcely show any level of hardness increase on the same period of time. 

The same effect can be observed during the short ageing time, when the hardness of the 

samples aged at higher temperature is always higher than the hardness of the samples aged at 

lower temperature. Anyway, the hardness of the samples which were long time aged (6 days 

ageing time), will have almost the same value as seen in Figure 6.22 and 6.23. These results 

can be simply explained by the formation of a right amount of mixture of clusters and  

precipitates (phenomenon explain already in Chapter 4) inside the aluminium matrix. 

A very important factor in early stage precipitation in plays the solution heat treatment 

temperature. From Figure 6.20 and 6.21 one can see that for the same ageing time and 

temperature, the hardness value at 560C samples are higher than the hardness value at 525C 

samples, as well as the ageing kinetics will be faster for the 560C samples than for the 525C 

samples. 

That means that the solution heat treatment temperature shifts the value of the hardness of the 

alloy to a higher level and at the same time it will accelerate the rates of hardness increase. 

These increasing in hardness are happening because of the high density of quenched-in 

vacancies mentioned earlier. Higher quenched-in density of vacancies immediately means 

high density of clusters as well as the  precipitates. 

Tensile test was performed only on 560C solution heat treated samples and aged at room 

temperature un to 300 minutes. Yield stress was measured by using 0.2% proof stress 

technique and then plotted as shown in Figure 6.24. 
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Figure 6.24 – 0.2% Proof yield stress evolution versus ageing time at RT 

 

 

Figure 6.25 – The relationship between the hardness and yield stress 

If one compare the above figure with the hardness measurement results at 560C at RT 

sample (Figure 6.25), the evolution of both measurements are the same. This evolution is 

expected exactly like it is because the mechanism responsible of these changes are the cluster 

formation. 
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Like the hardness test, the results of the of the electrical resistivity are explained taking into 

account the short term and long term ageing. The short time ageing is plotted in Figure 6.26 

and 6.27 where x axis is linear scale whereas the long term aging (7days ageing time) is 

plotted in Figure 6.28 and 6.29, where the x axis is logarithmic scale. In all four graphs, the 

plotted lines are the average lines from the actual experimental points. 

 

Figure 6.26 – Electrical resistivity measurements at 525C sample during short ageing times  

(x axis is linear scale) 

 

 

Figure 6.27 – Electrical resistivity measurements at 560C sample during short ageing times 

 (x axis is linear scale) 
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Figure 6.28 – Electrical resistivity measurements at 525C sample during long ageing times  

(x axis is logarithmic scale) 

 

Figure 6.29 – Electrical resistivity measurements at 560C sample during long ageing times 

 (x axis is logarithmic scale) 
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In all four measured samples, the electrical resistivity increases with the ageing time where 

the increase is fast in the beginning and slows down in time. As one mentioned before, the 

interpretation of electrical resistivity measurements is not that easy because this signal during 

the clustering period could come from vacancies as well as from solute atoms and clusters. 

But, in time, the matrix will be diminished by solute atoms since Mg and Si atoms are 

forming the clusters. The clusters formation can increase the resistivity of the alloy because 

the clusters can act as scattering centres. 

Each stage of resistivity change in Figure 6.28 and 6.29 can be calculated by the following 

equation: 

 

 = K lnt + C                                                             (6.25) 

 

where K and C are constants for different stages of ageing, and they are measured in nOhm.m; 

lnt can be explained by the concept of effective diffusion during the precipitation process. The 

time is measured in minutes. 

Figure 6.26 and 6.27 show that the electrical resistivity increase linear in time whereas Figure 

6.28 and 6.29 increase with the ageing time, in different stages. The development of the stages 

depends on the ageing temperature. Therefore, one can notice that the first stage is non-

existent at 20C and 50C respectively. The three stage in resistivity can be explained by 

using the concept of quenched-in vacancies which was already discussed during the hardness 

results. So, after quenching at RT from the solution heat treatment temperature, excess 

quenched-in vacancies start to move towards the grain boundaries, dislocations, etc., in order 

to get their concentration down to the equilibrium value. Immediately after quenching, 

vacancies which are located very close to the annihilation sites, sinks, will be annihilated with 

or without formation of clusters. At the very same time vacancies which are further away 

from sinks, will bind with solute atoms due to the very high binding energy between them 

[41, 42]. Therefore, the annihilation near the sinks vacancies produces sharp decrease in 

resistivity which cannot be compensated with the formation of the small clusters in a very 

short time. Therefore, in the first stage, the increase of the resistivity is slow. Nevertheless, 

when these near sinks vacancies are annihilated from the aluminium matrix, the remaining 

ones will continue to combine with other solute atoms from the matrix. These will result in 

higher density cluster formation. 
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During the second stage, the electrical resistivity increases fast until a certain value. The 

vacancies annihilation contribution is much smaller than in the previous stage because the 

near sink vacancies are already annihilated. The remaining vacancies are still inside the 

aluminium matrix and they will be trapped by the solute atoms. That means the resistivity of 

the sample will increase because of faster kinetics of cluster formation than in the first stage 

because of smaller contribution of vacancies annihilation. 

Anyhow, a transition of fast (stage two) to slow (stage three) clustering was observed in all 

samples. These happen at shorter time when samples are aged at higher temperatures which 

takes us to explain the effect of ageing temperature on the resistivity on the similar way as the 

hardness, by increasing the ageing temperature the resistivity will increase too. As one said 

before, this can be explained due to the faster kinetics of cluster formation at higher 

temperature, in any case at least during the short time ageing, because of the increased 

migration speed of the vacancies. 

From Table 6.1 and 6.2 the ageing temperature of clustering is better understood. Firstly, the 

transition times are always shorter when ageing is done at higher temperature. Higher ageing 

temperature will take to higher concentration of vacancies which will migrate faster towards 

the annihilation sites, sinks. Since, it is well accepted even in the literature, that the clustering 

process is controlled by vacancies, any transition will happen earlier at high temperature. 

Secondly, the resistivity at sage two to three transition point, in the samples with the same 

solution heat treatment temperature is higher when the ageing temperature is lower. The same 

behaviour was observed also in the literature where it was suggested that this phenomenon is 

related to the small number of clusters formed at high temperature [41, 42]. The smaller 

number of clusters at higher ageing temperatures looks to be in agreement with the general 

precipitation theories where the nucleation driving force is expected to become larger at lower 

temperature. 

The resistivity will increase when the solution heat treatment temperature is higher. That 

means a larger number of Mg/Si clusters will be formed immediately after of during 

quenching and therefore will increase the value of resistivity. 

From Figure 6.28 and 6.29 one notice that the transition from stage one to stage two happens 

at the same time for both 525C and 560C samples. By assuming that no vacancy loss is 

happening during quenching and according to the calculation 6.6, the concentration of excess 

quenched-in vacancies in the samples which were solution heat treated at 560C should be 1.5 
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times higher than the samples which were solution heat treated at 525C. The effect can be 

noticed at the transition from stage two to stage three. The growth rate of clusters in stage two 

depends on the migration speed of vacancies which actually depends on the ageing 

temperature. However, at the same ageing temperature the growth rate stays constant 

regardless the number of clusters or vacancies. Because the composition of the alloy is the 

same for both solution heat treatments and, the concentration of the solute atoms is always 

higher than the vacancies, then a high density of clusters will be formed in the matrix. As a 

result, the time which clusters need to reach the certain critical size (which is required for the 

transition from stage two to stage three) stays constant with changing solution treatment 

temperature, the transition point of the resistivity from stage two to three, will happen at the 

same time. 

The evolution of the average positron annihilation lifetime during the ageing time at room 

temperature is shown in Figure 6.30. At the beginning of ageing, the lifetime starts increasing 

slightly and then reaches a constant value after ~ 60 minutes. The mean lifetime of positrons 

is always higher than the bulk lifetime of pure aluminium (163 psec) but it is lower than the 

mono-vacancy lifetime in aluminium (244 psec). 

To understand better the increase of lifetime at the beginning of ageing, one can look back at 

the 560C solution heat treated sample at room temperature hardness and resistivity results, 

Figure 6.23 and 6.29. It was already discussed that at the beginning of the ageing process, the 

vacancies are moving towards the annihilation site, sinks, in order that the matrix to reach the 

equilibrium concentration of vacancies. However, because of the high binding energy 

between the vacancies and the solute atoms, vacancies attach to Si and Mg atoms and start to 

form clusters (stage one and two). This process will slow down as the ageing process goes 

further, when the mobility of the vacancies decreases rapidly by bonding with the solute 

atoms from the matrix. Finally, the kinetics of clustering slows down considerably after a 

short period of time although the clustering process still continues (transition from stage two 

to three). For the sample solution heat treated at 560C at room temperature, the resistivity 

cannot be measured because of the rapid decrease in number of vacancies. At the same, it is 

expected that during stage one, the mean positron annihilation lifetime of the aluminium alloy 

to decrease rapidly too. The same observation was made also in various aluminium alloys by 

Reich and Dupasquier [13, 15]. 
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Figure 6.30 – Evolution of positron annihilation lifetime with ageing time at room temperature 

 

Looking at stage two of the resistivity measurements, it is noticeable that resistivity increase 

stays active about ~60 minutes. The positron lifetime stops at around 100 minutes of ageing, 

which actually, it is very close to the time when the transition from stage two to three happens 

in the resistivity graph. That means that the majority of the increase in positron annihilation 

lifetime happens during the second stage of resistivity change. In stage two of electrical 

resistivity measurements, the concentration of vacancies is quite constant and as the ageing 

time increases, more solute atoms, Mg and Si, will attach to the clusters so, the clusters will 

grow in size. During the clusters growth, the surrounding vacancies will become richer in 

these atoms. Positrons have higher lifetime in Mg and Si neighbourhood (see Table 6.6) so, 

even the vacancies trapped inside clusters will have a higher lifetime since the surrounding is 

now rich in solute atoms. Therefore, the positron annihilation lifetime measurements will 

keep increasing as long as the clusters are growing. This conclusion is in agreement with the 

results of Bharthi and Sundar [43], which observed that the positron lifetime in A-Mg alloys 

increases with the formation and growth of Mg clusters. After ~60 minutes ageing, when 

stage three of resistivity changes, the growth rate of the clusters will be very small. The 

cluster’s composition will not change significantly anymore and therefore the lifetime remains 



133 
 

constant. Also, if it is take into account that the mean lifetime of positrons in the Al-Mg-Si 

alloy is higher than 163 psec than in pure aluminium, 244 psec, proves that the clusters 

formed during natural ageing contain vacancies which play a very important role in the 

clusters formation. If this theory wouldn’t be valid, after a short period of time, the vacancies 

would have been annihilated at the sinks and then the lifetime should have got closer to 163 

psec. This was also shown previously by Dupasquier in Al-Cu-Mg alloys [15]. 

The sensitivity of positron annihilation lifetime to cluster formation in aluminium alloy is in 

this was demonstrated. 
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CHAPTER VII 

 

CONCLUSIONS 

 
The most important conclusions which can be drawn from this work are outlined below: 

1. Increasing number of automotive producer have been working on the introduction of 

aluminium alloys into automarketing for over two decades ago. This makes it possible 

to create an ecologically safe car with less weight due to aluminium and the 

corresponding reduction in the fuel consumption. Possibility of recycling of 80-90% 

worn aluminium, which can solve the problem of waste material. The main aluminium 

alloys used for automobile application are the heat-treatable Al-Mg-Si (AA6xxx) and 

the evolution of their microstructure during the heat treatment. The main variation in 

process parameters and their effect on microstructure that affect strength and 

formability in different ways are discussed in detail for typical alloys applied. 

2. The ‘ideal’ aluminium alloys used in automotive industry are mostly the Si-rich alloys 

which after the heat treatment contains/forms a very fine precipitate microstructure 

producing high hardness despite a low volume fraction of precipitates. The 

precipitates responsible for the strength are mainly GP zones and β" having a very 

close coherency with the aluminium matrix. The β" phase is the most effective 

strengthening phase. 

3. Using high resolution transmission electron microscope and quantitative electron 

diffraction, we studied several early stage precipitates in Al-Mg-Si base 6xxx alloys, 

including different GP-zones (the pre-β" phase), the β" phase as well as the so-called 

Q-phase particle, if small amount of Cu is added into the alloy. In the structure 

refinement of the β" (Mg5Si6) dynamic diffraction was considered, allowing the 

accurate elucidation of an unknow structure. TF-EWR is a powerful tool for accessing 
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the atomic structural details of nano-scale precipitates, especially those studied in this 

work. GP-I zone may have different structures depending on the temperatures and 

ageing times used, but our study indicates that all these structures have a close relation 

with the standard monoclinic structure of the β" phase. In general, GP-I zones are 

more coherent with the aluminium matrix, indicating that Al atoms are incorporated in 

their structures. Incomplete Q-phase particles appear around dislocation site even for a 

short annealing time (30 minutes). 

4. We have shown that upon annealing, the hardening nanoprecipitates in Al-Mg-Si 

alloys undergo a rather complex evolution, involving changed in composition, 

structure and morphology. Yet, they do not break down their Si2 pillar skeleton. We 

analysed two complementary points of view to provide a complete explanation of 

these nanoparticles and their evolution. On one hand, we considered them as dynamic 

objects in a nonequilibrium evolution process, involving nucleation, growth and 

maturation. On the other hand, we treat the nanoparticles as distinct phases in a series 

of transformation; different particles are formed in different stages and, they may 

transform into another if energetically favoured. 

5. The mechanical parameters of the AA6016 alloy are hardly changing. If we briefly go 

through the results, we notice that the anisotropy coefficient has a very small variation 

on all the samples taken at different angle. The smallest is at 45º which is 0.409 

whereas the biggest coefficient is at 0º, 0.552. That means the variations are between 

0.4 and 0.9, which takes us to the conclusion that the alloy we used is almost isotropic. 

6. Excess quenched-in vacancies play the most important role in controlling the process 

of cluster formation. After quenching, the vacancies would like to reach the 

equilibrium concentration by migrating towards the sinks. At the same time, due to an 

extremely high binding energy between them and solute atoms the clusters will be 

formed. There are three stages present in the resistivity plots of clustering: in stage I, 

near-sink vacancies annihilate quickly at the sinks, at the same time other vacancies 

start binding with other solute atoms and therefore clusters are formed. In stage II, 

vacancies bind more solutes and these slows them down on their ways towards the 

sinks. Vacancies may also become trapped inside other clusters due to high interaction 

between vacancies and clusters. In stage III, vacancies start to become immobile either 

due to the extensive binding with solute atoms or because of the soft impingements of 

clusters. 



ANNEX I 

 

List of ISI papers 

 

1. J.H. Chen, E. Costan, M.A. van Huis, Q. Xu and H.W. Zandbergen, Atomic-pillar-based 

dynamic nanoprecipitates for strengthening AlMgSi alloys, Science, Vol. 312, (2006), 

p.416-419 (DOI: 10.1126/science.1124199 ·  

2. H.W. Zandbergen, J.H. Chen, C.D. Marioara and E. Olariu (Costan), Transmission 

electron microscopy study of the early-stage precipitates in Al-Mg-Si alloys, Nano and 

Microstructural Design of Advanced Materials (2003), 23-33 (DOI: 10.1016/B978-

008044373-7/50031-0). 

3. K. Kumar, A.M. Nightingale, S.H. Krishnadasan, N. Kamaly, M. Wylenzinska-Arridge, 

K. Zeissler, W.R. Bradford, E. Ware, A.J. deMello, J.C. deMello, Direct synthesis of 

dextran-coated supermagnetic iron oxide nanoparticles in a capillary-based droplet 

reactor, Journal of Materials Chemistry 22 (2012), 4704 (DOI: 10.1039/C2JM30257H). 

4. R.B. Mos, T. Petrisor Jr, M. Nasui, A. Mesaros, M.S. Gabor, M. Senila, E. Ware, L. 

Ciontea, T. Petrisor, Epitaxial La0.7.MnO3 Nanostructures Obtained by Polymer -Assisted 

Surface Decoration (PASD), Materials Letters 171(2016), 281-284 (DOI: 

10.1016/j.matlet.2016.02.122) 

5. A. Mesaros, L. Mirea Popa, L. Perju-Dumbrava, O. Pop, Z. Diaconeasa, E. Ware, F. 

Goga, C. Socaciu, Antibacterial and antitumoral activity of ceria nanoparticles obtained 

by an eco-friendly sol-gel method, Poster, MRS Conference Lille, France (DOI: 

10.13140/RG.2.2.35447.62889) 

 

 



of these junctions by chemical functionalization

(23) or physical processing can markedly increase

the TCR as shown in the annealing experiment

(fig. S3). The presence of intertube junctions dra-

matically decreases the efficiency of heat trans-

port along the SWNT film, thereby thermally

insulating the sensitive element from the support-

ing substrate, which enhances the temperature re-

sponse (18). Optimization of the room-temperature

performance of the SWNT-based bolometer may

provide a cost-efficient alternative to pyroelectric

detectors, vanadium dioxide, and amorphous

silicon–based bolometer arrays (18).

The SWNT networks used here are a mixture

of semiconducting and metallic SWNTs; metal-

lic pathways present within such networks

reduce the temperature dependence of the re-

sistance (23). The ultimate enhancement of the

TCR would be achieved by the exclusive use

of semiconducting SWNTs, but even with cur-

rent preparations, the implementation outlined

above in conjunction with recent advances in

carbon nanotube thin film preparation tech-

nology (3, 7, 22, 27, 28) allows the manufacture

of high-density 2D arrays of SWNT bolometers

that are suitable for applications in thermal im-

aging, spectroscopy, and infrared astronomy (18).
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Atomic Pillar–Based Nanoprecipitates
Strengthen AlMgSi Alloys
J. H. Chen,* E. Costan, M. A. van Huis, Q. Xu, H. W. Zandbergen

Atomic-resolution electron microscopy reveals that pillarlike silicon double columns exist in the
hardening nanoprecipitates of AlMgSi alloys, which vary in structure and composition. Upon
annealing, the Si2 pillars provide the skeleton for the nanoparticles to evolve in composition,
structure, and morphology. We show that they begin as tiny nuclei with a composition close to
Mg2Si2Al7 and a minimal mismatch with the aluminum matrix. They subsequently undergo a one-
dimensional growth in association with compositional change, becoming elongated particles.
During the evolution toward the final Mg5Si6 particles, the compositional change is accompanied
by a characteristic structural change. Our study explains the nanoscopic reasons that the alloys
make excellent automotive materials.

A
luminum is essential to modern civi-

lizations because of its light weight,

strength, and workability. Its many

applications include fuel-efficient transporta-

tion vehicles (e.g., it comprises about 80% of a

commercial aircraft_s unloaded weight), build-

ing construction, and food packaging. Pure alumi-

num is soft and has little strength or resistance to

plastic deformation. However, alloyed with small

amounts of other elements, it can provide the

strength of steel at only half the weight. With

thermal treatments, the added alloying elements

can form nanometer-sized precipitates, which act

as obstacles to dislocation movement in the

crystal (atomic matrix), strengthening the alumi-

num. This phenomenon is known as precipitation

hardening, and the hardening nanoprecipitates are

named GP zones after the pioneer work by

Guinier and Preston on AlCu alloys (1, 2).

AlMgSi accounts for a large percentage of

the total aluminum production in the world.

With appropriate pre-aging treatments, AlMgSi

alloys can be pressed easily into a given form

and then strengthened rapidly by annealing for a

very short duration (G30 min) at about 180-C
Ei.e., by a characteristic two-step age-hardening

process (3)^. This important property of AlMgSi

alloys, called the quick-bake hardening re-

sponse, has led to increased applications in the

automotive industry (3–7), such as outer panel

materials that have a strength/weight ratio op-

timal for fuel efficiency and environmental

protection. It has long been understood that

AlMgSi alloys are strengthened when needle-

like monoclinic precipitates form (5–14), but to

date little is known about the structures of the

particles responsible for the quick-bake hard-

ening response (5–7). Whereas the final struc-

ture of the needlelike particles has been

determined (8, 9), their early-stage development

is difficult to characterize.

Because the nanoprecipitate structures are

not well understood, the hardening nanopar-

ticles in AlMgSi alloys are named ambiguous-

ly: They are referred to as GP(I) and GP(II)

zones, pre-bµ and bµ phases, or Si/Mg co-

clusters and GP zones in the early stages (4–11).

The essential questions remain: How many dif-

ferent hardening particles exist, and how do they

transform from one to another? To answer these

questions, we used high-resolution transmission

electron microscopy (HRTEM) and computa-

tional analysis to assess their initial structures.

We studied aluminum that was alloyed with

0.43% Mg and 1.2% Si (15). The homogenized

alloy was heated at 560-C and then water

quenched to 20-C. The best quick-bake hard-

ening response can be achieved if the hardening

annealing is performed immediately after water

quenching. However, this is not practical for auto-

motive body sheet applications, because the sheets

have to be stored (up to months) and shipped

at room temperature. Any storage (natural aging)

will quickly degrade the alloy_s quick-bake hard-
ening response because of the formation of

natural-aging clusters, which delay the formation

of the hardening particles upon annealing (4–7).

Hence, for advanced applications, pre-aging has
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to be applied in aluminum factories to make the

quick-bake hardening response largely indepen-

dent of the storage time. Therefore, we studied

samples with and without pre-aging (15). The

specimens were prepared by electropolishing

for HRTEM investigations (15).

For straight annealing at 180-C, the hard-

ening particles start appearing in È1 to 5 min

and then grow rapidly along the Alb100À direc-

tions into needles. Slightly elongated particles

È2 to 6 nm in length andÈ2 nm in width lead to

a hardness increase of the alloy from 75 to 85

Vickers hardness (HV) (Fig. 1A). In 30 min,

they become needles of 18 nm long on average

without coarsening in width (Fig. 1B), and the

hardness increases to È120 HV. As annealing

continues, the needles grow rather slowly and

still do not change notably in width. A peak

hardness of È130 HV can be reached after an-

nealing forÈ3 hours. With continued annealing,

coarsened needles È4 nm in width can appear

(Fig. 1C), and the hardness decreases slowly.

The final-stage hardening particles have been

identified as the Mg
5
Si

6
(bµ) phase (8, 9).

After appropriate pre-aging, most of the

particles formed are spherical and È2 nm or

smaller (small round particles in Fig.1A). Typical

hardening particles formed after two-step age-

hardening processes (15) yield quick-bake hard-

ening responses with hardness increases between

È75 to 85 HV and È110 to 120 HV (Fig. 1D).

Although shorter than those seen in Fig. 1, B

and C, these particles are also elongated along

the Alb100À directions. If many particles be-

come elongated after pre-aging, the alloy may

demonstrate the quick-bake hardening response

but lose the good formability necessary for

automotive parts.

Analysis of many HRTEM images of these

nanoparticles reveals that they all have the same

monoclinic lattice (Fig. 1, E to H, and figs. S1

and S2). These lattice images show that (i)

most particles have only È1 to 2 monoclinic

unit cells in width (È2 nm), whereas the final

particles can be up to 4 nm in width (Fig. 1G)

and (ii) most particles are coherent with the

matrix, but final particles can be semicoherent

and some of them may include stacking faults.

It is difficult to determine the monoclinic

nature of these particles, especially the short

ones, for several reasons. (i) The image de-

localization due to microscopic aberrations leads

to mixing of the particle image with the matrix

image (16). As a result, the particles appear as

disordered clusters under most imaging con-

ditions (15). (ii) The differences between Mg,

Al, and Si columns in electron-scattering power

are small for the specimen thicknesses used

(typically È5 to 15 nm). (iii) For thick speci-

mens, particles are likely covered by the matrix.

Hence, longer particles (95 nm) and atomic

imaging in HRTEM must be used to reveal the

structure of early-stage precipitates.

We used through-focus exit-wavefunction

(EW) reconstruction (15–21) to image the atomic

structure of early-stage needles (Fig. 1B). From

a recorded through-focus series of 20 HRTEM

images, we retrieved the electron wavefunc-

tion at the exit plane of the specimen. The

EW_s phase was then used as an atomic image

of the specimen. The obtained image clearly re-

solves all of the atom columns in the precipitate

(Fig. 2).

To deduce the precipitate structure through

modeling and image simulation, we considered

the following. (i) The early precipitates are the

result of the Mg/Si aggregation and substitution

of Al in the matrix. (ii) Previous studies indicate

that atoms in such precipitates should take the

coordinates of either y 0 0 or y 0 ½ (8, 9). (iii)

The known atomic sizes of Mg, Si, and Al

allow us to exclude unreasonable configurations

(e.g., the Mg–Mg bonds should not be the

shortest bonds). We first assumed that our

specimen was a weak-phase object, for which

the EW_s phase is proportional to the projected

potentials of atom columns (21, 22). Therefore,

the brightest spots in Fig. 2 are Si (the heaviest),

the least bright spots are Mg, and the others

are Al. Using these guidelines, we obtained an

initial structure model.

The model was repeatedly adjusted such that

the phase image of the EW calculated from the

model matched well with the phase image of the

EW reconstructed from the experimental image

series. The refinement took into account all pa-

rameters that may influence the image contrast

(Fig. 2A). The EW calculations were performed

with the MacTempas image simulation software

Fig. 1. HRTEM images of typical hardening precipitates in AlSiMg alloys. (A to D) Overviews of
these b100À-oriented particles after direct annealing at 180-C for 5 min (A), 30 min (B), and 4
hours (C), and after a characteristic two-step age-hardening process (15) (D). (E to H) The lattice
images of the particles shown in (A) to (D), showing that these particles have the same monoclinic unit
cells. To see the morphology of short particles clearly [(A) and (D)], the high-resolution imaging mode in
HRTEM has to be used, whereas the diffraction-contrast imaging mode provides better overviews of the
needlelike particles [(B) and (C)]. The arrows in (G) indicate a stacking fault in the particle.

Fig. 2. Deduction of the precipitate structure. (A)
The phase-image of the reconstructed EW of a
precipitate in the matrix. The bright dots represent
atom columns. The insets are the calculated images
from a structure model (left) with varying specimen
parameters: 1, changing the Si-Si distances in the
model; 2, adjusting the crystal tilt and thickness; 3,
adjusting the positions and compositions of atomic
columns; 4, including the DW factors of atoms. (B)
Refinement results: The calculated images (insets)
match with the reconstructed images for both the
precipitate and the matrix [Al(m)].
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(23). Furthermore, it was necessary to match the

phase images not only for the precipitate but also

for the matrix (as an internal standard) under the

same conditions (Fig. 2B) (15).

The obtained structural data (including the

specimen thickness and tilt) are shown in table

S1. Comparing the deduced Mg
2
Si

2.6
Al

6.4
struc-

ture with the bµ structure (8, 9) and with an in-

termediate structure proposed for the so-called

pre-bµ phase (Fig. 3A) (11), we made several

observations. (i) Mg
2
Si

2.6
Al

6.4
has a high Al con-

tent (58%), and its Al atoms are ordered nearly in

the same way as they are in the matrix. (ii) The

common components of these structures are the Si

double atoms. They remain unchanged not only in

their location and orientation, but also in their

interatomic distance (0.256 nm). This implies that

a transformation from Mg
2
Si
2.6
Al

6.4
to Mg

5
Si
6

may occur without having to break down the

monoclinic frame kept by these Si
2
components.

Two changes are required for such a trans-

formation: replacing all Al by Si/Mg and rearrang-

ing atom positions, including a b
GP
/2 shift of 2

(out of 22) atoms (where b
GP

is the b lattice

parameter of the precipitates, i.e., GP zones)

(Fig. 3A). (iii) Notably, all the Si
2
atoms have a

small Debye-Waller (DW) factor, whereas all

the atoms that are expected to change have

large DW factors (which describe the displace-

ments of atoms from their average positions

resulting from thermal vibration and other local

random movements) (table S1). The large DW

factors imply that atoms are less evenly aligned

along in these columns because of their compo-

sitional variations.

In its first stage, a hardening precipitate can

be considered a one-dimensional (1D) crystal

containing MxNxQ unit cells (where the cell

number in one width direction M 0 1 and that

in another width direction Q 0 È1 to 2, whereas

that in length N equals the needle length divided

by 0.405 nm) (Fig. 3B). A 20-nm-long needle

contains È50 to 100 cells. The main feature of

such 1D crystals is the Si double columns. They

are not only the common components of different

precipitates, but also the stable components of an

evolving precipitate (i.e., they act as atomic pillars

of the precipitate). All columns between the Si
2

pillars can change.

We propose that the hardening precipitates

have a dynamic structure, which changes upon

annealing but does not break down its skeleton

of Si
2
pillars. Its initial format can be assumed

as Mg
2
Si

2
Al

7
rather than as the deduced

Mg
2
Si

2
Si

0.6
Al

6.4
, where Si

2
indicates the Si

2
pil-

lar. Its dynamic composition can be described as

EMg
1-u-v

(Si
u
Al

v
)^
2
Si

2
EAl

1-x-y
(Si

x
Mg

y
)^
7
E0 G

Fig. 3. The structures of different hardening precipitates. (A) The structures
projected along cAl (0bGP). (aAl bAl cAl) and (aGP bGP cGP) denote the Al and
precipitate lattice vectors, respectively. The Al atoms in (Mg4Al1)Si6 are
outlined with red circles. The Mg atoms outlined with red circles indicate
the special positions at which the Mg atoms have to shift bGP/2 to become

Mg5Si6 (11). (B) The 3D view of Mg2Si2.6Al6.4 and Mg5Si6 particles sur-
rounded by Al, showing that the Si double columns are the common
structural components of these precipitates and may serve as the stable
pillars in the structure evolution. More Si2 components (yellow ones) can be
found in Mg5Si6, but they no longer act as pillars for Mg5Si6 to evolve.

Fig. 4. The evolution of a Si2 pillar–based nanoprecipitates upon annealing.
(A) VERs with respect to the Al lattice and the bulk formation enthalpies (Eb)
with respect to the solid solution, calculated for a few ordered structural
configurations plotted against the Al content in the precipitate (atom %).

The total energy calculations were performed with the use of the first-
principles Vienna ab initio simulation package (VASP) code (24, 25). (B)
Schematic illustration of four featured stages of an evolving nanoprecipitate
with respect to the hardness profile of the alloy being annealed at 180-C.

21 APRIL 2006 VOL 312 SCIENCE www.sciencemag.org418

REPORTS



u(t) G ½, v(t) , 0, 0 G x(t) þ y(t) G 1, where t

is annealing time^. Compositionally, the particle

starts with EMg^
2
Si

2
EAl^

7
and then undergoes

a continuous substitution of the Al and (par-

tially) Mg atoms by other atoms, until it reaches

EMg1=2
(Si1=2)^2Si2E(Si3=7Mg4=7

)^
7
(Mg

5
Si

6
0 bµ). The

energy gradients for a compositional change and

the local availability of Si/Mg atoms drive the

evolution. This model implies that each nanopre-

cipitate has its own composition and its own

stages in evolution.

To qualitatively understand some aspects of

the structure dynamics of such nanoparticles, we

performed first-principles calculations without

directly including the particle-matrix interactions

(24, 25). Figure 4A plots the bulk formation en-

thalpies (E
b
) and the volume expansion ratios

(VERs) for different structures against their Al

content. The larger the VERs, the higher the

particle-matrix interaction energies (E
i
) (including

the interface-energy increase due to the mismatch

of atom bonds). VERs, therefore, qualitatively in-

dicate the relative levels of E
i
for these structures

(if embedded in the matrix). At least for a suf-

ficiently long precipitate, SE
b
(total E

b
) is dom-

inant over SE
i
(total E

i
), because such particles

would not have existed otherwise. Figure 4A

shows that (i) the evolution is indeed energet-

ically favored. (ii) Mg
2
Si

2
Al

7
has the highest E

b

but a minimal mismatch with the matrix; i.e., it

is least effective for strengthening the alloys

Esupporting online material (SOM) text^. (iii)
E
b
markedly decreases, first upon the change

from Mg
2
Si

2
Al

7
to Mg

2
Si

3
Al

6
, and then upon

the appearance of bµ-type structures (the P
1
,

P
2
, and P

3
structures shown in Fig. 4), in which

two specific (AlMg) atoms in the unit cell are

shifted by b
GP
/2 (Fig. 3A).

The reality is more complex, in that the

precipitates start with a small size and the

compositional evolution is accompanied by a

morphology (length) change (Fig. 1, A and B).

This is understandable. For any particle with a

certain structure there is a critical size (length)

below which SE
i
is dominant over SE

b
and the

particle is unstable. Because it is mostly co-

herent with the matrix, Mg
2
Si

2
Al

7
has the

smallest critical length of all. Once stabilized,

a Mg
2
Si

2
Al

7
particle can grow in one dimen-

sion (because along b
GP

the particles are most

coherent with the matrix), but its SE
b
gain will

be small (Fig. 4A). However, if the 1D growth

is combined with the compositional change

from Mg
2
Si

2
Al

7
to Mg

2þx
Si

2þy
Al

7-x-y
(1 G x þ

y G 3), the substantial lowering in SE
b
will

allow the particle to grow rapidly. It is not

surprising that a short Mg
2
Si

2
Al

7
particle will not

evolve to bµ without a substantial growth in ad-

vance, given that Mg
5
Si

6
(bµ) has the largest

critical length of all.

Further compositional changes in a needle-

like particle result in the development of bµ-type
structures. In this stage, because all changes

from P1 toward bµmarkedly lowerE
b
(Fig. 4A),

one segment of the needle would proceed with

further changes rather than wait for the rest of

the needle to develop the same composition. At

this point, four featured stages of the evolving

nanoprecipitate can be identified (Fig. 4B),

which is in agreement with the alloy_s hardness
profile (SOM text).

The dynamic behavior of the nanoparticles

changes with temperature. At lower temper-

atures (e.g.,È70- to 80-C), the particle_s critical
lengths at different compositions become larger,

such that the nucleation atMg
2
Si

2
Al

7
and partic-

ularly the further evolution to Mg
2þx

Si
2þy

Al
7-x-y

become slower, or even impossible. This pre-

vents the rapid 1D growth and therefore the

further evolution toward bµ. At room tempera-

ture, even the particle_s nucleation at Mg
2
Si

2
Al

7

becomes impossible. Hence, for automotive

application, our study suggests that the par-

ticles at Mg
2
Si

2
Al

7
and atMg

2þx
Si

2þy
Al

7-x-y
are

key particles and are directly responsible for the

quick-bake hardening response of AlMgSi

alloys. Appropriate pre-aging should nucleate a

large number of Mg
2
Si

2
Al

7
particles but prevent

their further evolution. Two mechanisms coexist

for quickly strengthening the alloys upon a

second heating: (i) the quick evolution of the

nuclei from Mg
2
Si

2
Al

7
to Mg

2þx
Si

2þy
Al

7-x-y

(leading to effective obstacles for dislocation

movement), and (ii) the 1Dgrowth of the particles

(leading to a rapid increase of the total precipitate

volume fraction) (SOM text).

We show that upon annealing, the hardening

nanoprecipitates in AlMgSi alloys undergo a

rather complex evolution, involving changes in

composition, structure, and morphology. Yet,

they do not break down their Si
2
pillar skeleton.

We analyze two complementary points of view

to provide a complete explanation of these

nanoparticles and their evolution. On the one

hand, we consider them as dynamic objects in a

nonequilibrium evolution process, analogous to

a living process, involving nucleation, growth,

and maturation. A hardening nanoprecipitate

undergoes various physical changes with age

(annealing time), but it remains fundamentally

the same object because of its stable identity—

the Si
2
pillar skeleton. On the other hand, we

treat the nanoparticles as distinct phases in a

series of transformations; different particles are

formed in different stages, and one may trans-

form into another (if energetically favored).

This approximation allows an analysis on the

driving forces for the evolution. Additional

computer power will allow direct incorporation

of the particle-matrix interactions in energy

calculations (requiring the inclusion of È104

atoms in the particle-matrix system), which

will lead to an even better understanding of the

nanoparticle evolution.
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