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Kurzfassung 

Die Clusterbildungsprozesse in abgeschrecktem reinem Al, Al-Mg und Al-Si, sowie in  

reinen oder Cu/Ge-haltigen Al-Mg-Si-Legierungen wurden während der Kaltauslagerung 

mittels Positronen-Lebensdauer-Spektroskopie, Dopplerverbreiterungs-Spektroskopie sowie 

Thermoanalyse (DSC) untersucht.  

In reinem Al, Al-Mg- und Al-Si-Legierungen werden Positronen entweder in der Matrix  

oder in einzelnen-Leerestellen (Al) bzw. in Aggregaten aus Leerstellen und gelösten           

Atomen (Al-Mg- und Al-Si-Legierungen) vernichtet. Während der Kaltauslagerung werden 

Leerstellencluster in verschiedenen Größen und Dichten gebildet. Der Prozess ist abhängig 

von der Sprungfrequenz der Leerstelle, die an entweder Mg oder an Si Atome gebunden ist. 

Direkt oder kurz nach dem Abschrecken konnten zwei konkurrierende Positronenfallen in 

reinen Al-Mg-Si-Legierungen identifiziert werden. Die erste Falle enthält Leerstellen ist tief 

(~1 bis 2 eV) und fängt die meisten Positronen irreversibel ein. Die zweite Falle wird von 

leerstellenfreien Atomclustern gebildet und ist flach (0,031 eV). Aus dieser können 

Positronen wieder entweichen. Während der ersten 80 min der Kaltauslagerung fangen 

Cluster aus gelösten Atomen aufgrund der Zunahme Ihrer Größe und Dichte zunehmend 

Positronen ein, und der Beitrag der Leerstellen nimmt kontinuierlich ab. Die Bildung und das 

Wachstum von Clustern aus gelösten Atomen ist in Al-0,6%Mg-0,8%Si wesentlich schneller 

als in Al-0,4%Mg-0,4%Si Legierungen, wahrscheinlich aufgrund der höheren Konzentration 

von gelösten Atomen. Bei fortschreitender Kaltauslagerung wird das weitere Wachstum der 

zuvor gebildeten Si-reichen Cluster durch Mg dominiert. Nach 1 Woche Kaltauslagerung 

werden die meisten Positronen vor allem von Clustern eingefangen, die ein Mg/Si-Verhältnis 

nahe 1 aufweisen.  

In Al-Mg-Si-Legierungen mit Cu verlangsamt Cu zunächst die Bildung von Clustern aus 

gelösten Atomen, fördert aber das anschließende Wachstum. In Al-Mg-Si-Legierungen mit 

Ge, wird die Kinetik der Raumtemperaturalterung durch Ge mehr verzögert als durch Si. All 

diese Effekte werden durch die Wechselwirkung zwischen Leerstellen und gelösten Atomen 

oder Clustern erklärt. 



 



Abstract 

The clustering kinetics in quenched pure Al, Al-Mg and Al-Si, as well as in pure or Cu/Ge-

containing Al-Mg-Si alloys during natural ageing have been studied by applying positron 

annihilation lifetime spectroscopy, Doppler broadening spectroscopy and differential 

scanning calorimetry.  

In Al, Al-Mg and Al-Si alloys, positrons annihilate either in the bulk material, or in vacancy-

type defects such as mono-vacancies (Al) and vacancy-solute complexes (Al-Mg and Al-Si 

alloys). Upon natural ageing, vacancy clusters of various sizes and number densities are 

formed. Such process depends on the jump frequency of the vacancy attached either to Mg or 

to Si atoms.     

Directly or shortly after quenching, two competing positron trapping sites could be identified 

in pure Al-Mg-Si alloys. The first trap related to vacancy-type defects is deep (~1 to 2 eV), 

i.e. traps most of the positrons irreversibly. The second trap associated with vacancy-free 

solute clusters is shallow (0.031 eV) and positrons can escape. During the first 80 min of 

natural ageing, solute clusters increasingly trap positrons due to their increase in size and 

number density and the contribution from vacancy-type defects continuously decreases. The 

formation and growth of solute clusters is much more efficient in Al-0.6%Mg-0.8%Si than in 

Al-0.4%Mg-0.4%Si alloys, probably due to a higher concentration of solute atoms. As 

ageing proceeds, the further growth of the previously formed Si-rich solute clusters is 

increasingly dominated by Mg. After 1 week of natural ageing, most positrons are trapped by 

solute clusters that have a Mg/Si ratio close to 1. 

In Cu-containing Al-Mg-Si alloys, Cu first slows down the formation of solute clusters but 

later promotes their subsequent growth. In Ge-containing Al-Mg-Si alloys, the natural ageing 

kinetics are notably retarded by Ge compared to Si. All these effects are explained by the 

interactions between vacancies and solute atoms or clusters.  
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Chapter 1 

Introduction 

 

6000 series Al-Mg-Si alloys are extensively used in the automotive industry due to their 

excellent mechanical properties, namely medium to high strength, low specific weight 

combined with good formability, which fulfills the requirement of use as car body panel. 

These alloys can be strengthened through precipitation hardening during artificial aging (AA), 

by which the movement of dislocations is effectively hindered.  

 

 

 

 

 

 

 

 

Due to the practically unavoidable storage at room temperature (RT) for a certain time 

(equivalent to natural ageing, NA), as shown in Fig 1.1, industrial Al-Mg-Si alloys with 

various Mg and Si contents exhibit either a “positive” [Cha09, Zol65] or “negative” [Pas66] 

strength response during the subsequent paint baking process (equivalent to AA at ~180 °C 

for ~30 min). As an example, a considerable decrease in hardness response can be clearly 

observed in an Al-Mg-Si alloy during AA, if the alloy was naturally pre-aged (NPA) for 

10080 min (1 week), see Fig. 1.2.   

Figure 1.1. Schematic illustration of industrial car panel production chain [Fur11]. After 

casting, the ingot is homogenized, hot rolled, cold rolled and annealed to achieve the 

essential microstructural features for further processing. 



 

 

 

 

 

 

Such effects are known to be caused by solute clusters formed during NA. These are difficult 

to observe, one hand due to the low Mg or Si content of the investigated alloys (giving rise to 

a low signal to noise ratio), on the other hand due to the similar electronic configuration of 

Mg, Al and Si atoms (leading to low elemental contrast for microscopy methods) [Ban10]. 

Even so, previous studies focused on cluster formation in Al-Mg-Si alloys by using different 

kinds of integral methods such as differential scanning calorimetry (DSC) and electrical 

resistivity showed that the entire cluster evolution is rather complex. In particular, by using 

positron annihilation lifetime spectroscopy (PALS) it was found that at least 4 clustering 

stages exist [Ban11]. However, the exact interpretation of the underlying microscopic 

processes is still under dispute.  

The major goal of this thesis work is to improve the understanding of the fundamental 

clustering kinetics of Al-Mg-Si alloys during NA by carrying out in-situ or ex-situ positron 

annihilation experiments. In order to clarify the interactions between Mg, Si and vacancies 

during clustering, the NA behaviour of pure Al, binary Al-Mg or Al-Si and ternary Al-Mg-Si 

alloys were investigated.  

The strength response during AA can be improved through pre-ageing, pre-straining (leads to 

the formation of dislocations which consequently promote heterogeneous nucleation) or by 

adding Cu. Particularly, Cu addition has been found to reduce the deleterious effect of NA 

Figure 1.2. Negative strength response in an Al-Mg-Si alloy. (L) After solution heat 

treatment (SHT) and quenching, the Al-Mg-Si alloy was directly artificially aged, the 

corresponding hardness evolution during AA and the TEM image of the small but dense β'' 

precipitates formed after 8 h of AA are shown; (R) Between quenching and AA, the Al-Mg-

Si alloy was stored at RT (naturally pre-aged, NPA) for 10080 min. Due to such a storage, 

larger but coarser β'' precipitates were formed after 8 h of AA, and a decrease in hardness 

response was observed. Figures were made by C.S.T. Chang. 
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through producing finer structures [Li12, Mor06, Wen12]. In which way the Cu atoms 

influence the clustering kinetics of Al-Mg-Si alloys was clarified.   

In addition, the alloying element Si was replaced by the electrochemically similar element Ge. 

Although Ge is considerably larger in terms of atomic radius compared to Si, previous 

studies have shown that the precipitation processes in Al-Mg-Si and Al-Mg-Ge alloys are 

alike [Mat10]. Therefore, it is of great interest to carry out investigations on Al-Mg-Ge alloys. 

This will not only generate fundamental knowledge about its clustering behavior during NA, 

but could also help in designing new alloys with improved properties.  

The questions mentioned above were mainly addressed using PALS combined with Doppler 

broadening annihilation radiation (DBAR) method. The experimental results were validated 

by introducing various theoretical positron trapping models. Other techniques such as DSC, 

electrical resistivity and hardness were also employed in order to obtain complementary 

information about the solute clustering processes during NA.  
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Chapter 2  

Basics of Positron Annihilation Spectroscopy 

 

2.1  Positron Sources 

 Positron can be produced via e.g.:  

 (e
+
, e

‒
)
 
pair production utilizing bremsstrahlung: 

          .                                                                                                      (2.1.1) 

 decay of anti-muon μ
+
:  

          ̅  .                                                                                            (2.1.2) 

 decay of isotopes such as 
22

Na or 
68

Ge, details of both isotopes will be given in the 

following sections. 

2.1.1  
22

Na Source 

22
Na is the most widely used positron source in laboratories. The decay equation of 

22
Na is 

shown in Eq. (2.1.3): 

22Na   22Ne + e
+ + νe + γ .                                                                                                (2.1.3) 

The positron and electron neutrino are produced by β
+
 decays (90.4%) to an excited state of 

22
Ne, after which a 1.275 MeV γ quantum is “simultaneously” emitted within 3.7 ps due to 

further decays to the ground state of 
22

Ne, see Fig. 2.1.1. Such a feature makes 
22

Na an ideal 

source for positron lifetime measurements. However, the 1.275 MeV γ quanta cause a 

significant Compton background in energy spectra. Therefore the nearly background-free 

positron source 
68

Ge is more suitable for energy resolving methods such as Doppler 

broadening annihilation radiation spectroscopy, see section 2.1.2. 



 

 

 

 

2.1.2  
68

Ge Source 

68
Ge was used as the positron emitter for the DBAR experiments due to its significant lower 

background than 
22

Na, thus enabling the analysis of the high-momentum part of the 

annihilation radiation even with a single Ge detector. As shown in Fig. 2.1.1, 
68

Ge decays 

into 
68

Ga by electron capture (EC), followed by further β
+ 

decay to 
68

Zn. This can be 

described by the following decay equation: 

68Ga   68Zn + e
+ + νe .                                                                                                 (2.1.4) 

In addition, the other 3.1% of 
68

Ga produce a γ line of 1.077 MeV, which will be neglected in 

this study.  

[Ber67] characterized the cold-worked Al samples with both 
22

Na and 
68

Ge sources by 

angular correlation spectroscopy (ACS). It was found that although a positron from a 
68

Ge 

source penetrates the sample much deeper than the one from 
22

Na due to the much higher end 

point energy of ~1.9 MeV (
68

Ge) compared to ~0.6 MeV (
22

Na) [BNLxx], identical results 

were obtained with these two sources. Therefore, the effects observed in the present study 

should be volume rather than surface effects using any of the two sources.  

Figure 2.1.1. Decay diagrams of (L) 22Na, beside the main decay channel (β+, red arrow) 

which produces positrons, process such as electron capture (EC) and direction transition to 

the ground state of 22Ne are also shown; (R) 68Ge, most positrons are produced through 

the β+ decay as indicated by the red arrow. “y” and “d” refer to year and day, respectively. 
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2.2  Positron Annihilation Spectroscopy 

Positron annihilation spectroscopy (PAS)
 
is a nuclear technique which is used in solid state 

physics, materials science, chemistry etc. After a positron has entered a solid, it will 

annihilate with electrons after certain time and 0.511 MeV γ quanta will be released as a 

consequence. These quanta can be detected and provide the signal for different methods such 

as PALS, DBAR and ACS accordingly. The spectroscopic signals, which depend on defects 

and phase compositions, give useful information about the microstructure of solids. 

Compared to other experimental techniques, PAS has some great advantages: it is non-

destructive, there are almost no limits about the sample geometry, measurement in a broad 

temperature range is possible and it is uniquely sensitive to open volume defects such as 

vacancies, as one of the most important ingredients in all quenched Al-Mg-Si alloys. 

2.2.1  Positron Annihilation Lifetime Spectroscopy 

By bremsstrahlung, inelastic scattering with electrons and excitation of plasmons or phonons, 

positrons are rapidly thermalized within a few ps [Haa09, Klo10], i.e. the kinetic energy of a 

positron from a 
22

Na source will be reduced from hundreds of keV to about 40 meV (at RT) 

within 1 to 3 ps. After the thermal energy has been reached, positrons begin to diffuse in the 

periodic lattice and occupy a delocalized state in the Al matrix. Due to its positive charge a 

positron is repelled by the nuclei. Thus, the maximum probability density of the position 

wave function is localized in interstitial regions. By the presence of open volume defects 

such as vacancies, positrons are trapped, as shown in Fig. 2.2.1 [Kra03]: 

 

 

  

 

 

 

Figure 2.2.1. Schematic illustration of PALS method.  
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Besides vacancies, precipitates (solute clusters) and their corresponding interfaces are also 

potential positron traps. Fig. 2.2.2 shows the positron wave functions Ψ+ of various kinds of 

positron traps with the corresponding potentials V+(x) [Kra03]:  

 

 

 

                                      

 

                               

 

 

The positron wave functions Ψ+ are spread over the entire coherent precipitates. However, in 

the presence of open volume defects inside the matrix of coherent precipitates the wave 

function is strongly localized. For the semi-coherent and incoherent precipitates, the 

probability of positron trapping at the interface containing a misfit is also high [Kra03].  

Positrons trapped by crystal defects annihilate with electrons into 2 γ quanta of 0.511 MeV 

energy by mass-energy transformation (1 γ and 3 γ processes are also possible but will be 

neglected due to the low probabilities of such events). The positron lifetime (PLT) is then 

measured as the time difference between the start signal (1.275 MeV γ quantum, almost 

simultaneously emitted with the positron) and one of the stop signals (0.511 MeV 

annihilation γ quanta), see Fig. 2.2.1. The PLT τ is the reciprocal of the annihilation rate λ, 

which is a function of the positron and electron density n±(r) at the annihilation site: 

      ,                                                                                                                    (2.2.1) 

  ∫  ( )  ( )    ,                                                                                                 (2.2.2) 

where r is the real space vector and Γ is a function accounting for the (e
+
, e

‒
)
 
Coulomb 

interaction [Kra03]. The PLT is about 0.165 ns in bulk Al, while by the presence of mono-

vacancy, it increases to 0.250 ns due to the locally reduced electron density there. 

 

Figure 2.2.2. Positron wave functions ψ+ and potentials V+(x) of different types of positron 

traps. (a) Mono-vacancy; (b) Fully coherent precipitate (yellow dots); (c) Fully coherent 

precipitate containing a vacancy; (d) Semi-coherent and incoherent precipitates.  

 

(a)                            (b)                           (c)                           (d) 
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2.2.2  Doppler Broadening Annihilation Radiation 

The non-zero momentum of the annihilation (e
+
, e

‒
) pair is transferred to the annihilation γ 

quanta according to the law of momentum conservation. The momentum component pL in the 

propagation direction is a variable randomly distributed around zero which leads to an energy 

shift (±pLc / 2) of the 0.511 MeV annihilation peak and a deviation θ from collinearity of the 

annihilation γ quanta [Kra03], see Fig. 2.2.3. After collecting sufficient events, a symmetrical 

broadening of the annihilation peak is observed. 

 

 

 

 

 

 

The chemical surroundings of the annihilation sites can be probed by measuring the high- 

momentum distribution of the core electrons, which are element specific. However, to extract 

information from this region is not straightforward due to the high background (some orders 

of magnitude higher than the signal) caused by e.g. Compton scattering of the 1.275 MeV γ 

quanta if a 
22

Na source is applied. In order to access the chemical information, the high-

momentum region is usually resolved using the coincidence method of DBAR employing 

two high-purity germanium detectors (CDBS). Herewith not only the background can be 

markedly reduced by at least two orders of magnitude, but also the energy resolution 

improved by a factor of ~1.4 [Kra03]. 

An alternative approach to access the high-momentum region using only a single Ge detector 

is high-momentum analysis (HMA). HMA entails a sophisticated way of background 

reduction which considers, for example, Compton scattering, pile-up effects at the detector 

and incomplete charge collection and requires a nearly background-free positron source like 

68
Ge. Detailed information can be found from [Haa06, Haa09] and Section 3.3.2.5. 

Figure 2.2.3. Schematic illustration of DBAR method. 
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Chapter 3 

Experimental Techniques 

 

3.1  Samples 

3.1.1  Chemical Compositions 

Pure Al, binary Al-Mg and Al-Si and Cu/Ge-free ternary Al-Mg-Si alloys were cast by 

Hydro Aluminium Bonn, based on pure elements (Al 5N, Mg 4N, Si 5N). Chemical analyses 

showed that all samples had impurity contents less than 20 ppm, i.e. < 2/5 of the smallest 

solute content. Cu/Ge-containing Al-Mg-Si alloys were prepared by SINTEF Norway. The 

chemical compositions determined by X-ray microprobe show that the impurity level is less 

than 100 ppm. The measured compositions of all samples investigated are summarized in 

Table 3.1.1. 

3.1.2  Sample Preparation 

The samples used for PALS measurement had a size of 10×10×1 mm
3
, while for DBAR 

experiments samples of equal surface area but 3 mm thickness are required. Such thicknesses 

ensure that most positrons annihilate in the sample material rather than in the surroundings. 

All samples were cut from homogenized (24 h at 530 °C) and extruded or cold rolled bars 

(1.2 or 3.0 mm thick) to the required geometry, followed by mechanical grinding and 

ultrasonic cleaning in alcohol to reduce surface effects. Besides the chemical analysis as 

mentioned above, the quality of the samples was also controlled by light microscope, shown 

in figures 3.1.1 as an example. On the left hand side, agglomerations of Si particles (inside 

the gray box) were found on the edge of the Al-0.1%Si alloy prepared by our own laboratory, 

which therefore could not be used. The fine distribution of Si particles by the Hydro Al-1%Si 

alloy on the right hand side is very satisfactory. Such alloys were used for the experiments. 

The heat treatments of the samples will be presented in detail in the next section. 



 

 

 

 sample (nominal composition)     designation          Mg             Si       Cu       Ge 

 pure Al (5N)             ‒ ‒                 ‒ ‒ ‒ 
    

  

 binary Al-Mg alloys              
  

 Al-0.005%Mg             ‒         0.006                 ‒ ‒ ‒ 
 Al-0.01%Mg             ‒ 0.012                 ‒ ‒ ‒ 
 Al-0.05%Mg             ‒ 0.061                 ‒ ‒ ‒ 
 Al-0.1%Mg             ‒ 0.115                 ‒ ‒ ‒ 
 Al-0.5%Mg             ‒ 0.566                 ‒ ‒ ‒ 
 Al-1%Mg             ‒ 1.131                 ‒ ‒ ‒ 
      

 binary Al-Si alloys      

 Al-0.005%Si             ‒              ‒             0.006 ‒ ‒ 
 Al-0.01%Si             ‒ ‒             0.016 ‒ ‒ 
 Al-0.05%Si             ‒ ‒             0.052 ‒ ‒ 
 Al-0.1%Si             ‒  ‒             0.101 ‒ ‒ 
 Al-0.5%Si             ‒ ‒             0.500 ‒ ‒ 
 Al-1%Si             ‒ ‒             1.047 ‒ ‒ 
  
 ternary Al-Mg-Si alloys (I)  

 
    

 Al-0.05%Mg-0.05%Si           (21) 0.049             0.060 ‒ ‒ 
 Al-0.05%Mg-0.1%Si           (22) 0.049             0.096 ‒ ‒ 
 Al-0.05%Mg-0.5%Si           (23) 0.049             0.509 ‒ ‒ 
 Al-0.1%Mg-0.05%Si                        (31) 0.099             0.043 ‒ ‒ 
 Al-0.1%Mg-0.1%Si           (32) 0.099             0.092 ‒ ‒ 
 Al-0.1%Mg-0.5%Si  
 Al-0.5%Mg-0.05%Si  
 Al-0.5%Mg-0.1%Si  
 Al-0.5%Mg-0.5%Si  

         (33)  
         (41) 
         (42) 
         (43) 

0.099 
0.488 
0.477 
0.510 

            0.519 
            0.055 
            0.091 
            0.519 

‒ 
‒ 
‒ 
‒ 

‒ 
‒ 
‒ 
‒ 

  
 ternary Al-Mg-Si alloys (II)  
 Al-0.4%Mg-1%Si 
 Al-0.6%Mg-0.8%Si   

 
             

             (E) 
             (F) 

             
            

           0.444 
           0.655 

             
             
            0.970 
            0.758 

 
       

‒ 
‒ 

 
 

‒ 
‒ 

 Al-0.8%Mg-0.6%Si             (G)            0.887             0.585 ‒ ‒ 
 Al-0.4%Mg-0.4%Si               (H)            0.433             0.384 ‒ ‒ 
 Al-1%Mg-0.4%Si           (I)            1.131             0.393 ‒ ‒ 

     
    Cu/Ge-containing Al-Mg-Si alloys (I) 

  
  

 

 Al-0.40%Mg-0.85%Si           (A2)            0.408             0.829 ‒ ‒ 
 Al-0.40%Mg-0.85%Si-0.13%Cu     (A2Cu)            0.494             0.872 0.121 ‒ 
 Al-0.58%Mg-0.72%Si           (A3)            0.568             0.658 ‒ ‒ 
 Al-0.58%Mg-0.72%Si-0.13%Cu           (A3Cu)            0.648             0.701 0.069 ‒ 
 Al-0.87%Mg-0.43%Si          (A11)            0.840             0.397 ‒ ‒ 
 Al-0.87%Mg-0.43%Si-0.13%Cu         (A11Cu)            0.861             0.451 0.113 ‒ 
 Al-0.58%Mg-0.71%Ge           (G3)            0.222                 ‒ ‒ 0.590 
 Al-0.58%Mg-0.36%Ge-0.36%Si          (GS3)            0.243             0.310 ‒ 0.195 
 Al-0.87%Mg-0.43%Ge          (G11)            0.249                 ‒ ‒ 0.137 
 Al-0.86%Mg-0.22%Ge-0.22%Si          (GS11)            0.440             0.175 ‒ 0.041 
 Al-0.87%Mg-0.43%Ge-0.13%Cu         (G11Cu)            0.243                 ‒ 0.109 0.129 
 Al-0.86%Mg-0.22%Ge-0.22%Si-0.13%Cu         (GS11Cu)            0.447             0.176 0.129 0.047 

     
    Cu-containing Al-Mg-Si alloys (II) 

     

 Al-1.2%Mg-0.5%Si           (A6)            1.178              0.481 ‒ ‒ 
 Al-1.1%Mg-0.5%Si-0.1%Cu          (A6Cu)            1.069             0.462 0.123 ‒ 
 Al-0.5%Mg-1.2%Si  
 Al-0.4%Mg-1.2%Si-0.1%Cu 

         (A9) 
         (A9Cu) 

           0.456 
           0.390 

            1.213 
            1.176 

‒ 
0.115 

‒ 
‒ 

Table 3.1.1. Measured chemical compositions of all samples investigated (all in at.%). 
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3.1.2.1  Solution Heat Treatment (SHT) and Quenching 

The heat treatments of the samples included solutionizing at 540 ºC (600 ºC for Ge-

containing alloys) for 1 h and quenching into different types of pre-cooled quenching media. 

Fig. 3.1.2 shows the schematic illustration of the apparatus used for most samples: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.1. Light microscopic images of (L) Al-0.1%Si alloy cast at HZB and (R) Al-1%Si 

alloy made by Hydro Aluminium Bonn.  

 

Figure 3.1.2. Schematic illustration of the (L) quenching furnace and (R) thermo reservoir. 
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In the furnace, the samples are held in a block of Ni metal acting as a thermo reservoir in an 

argon atmosphere. During quenching, the samples and the reservoir drop together. Before 

reaching the surface of the quenching medium, the reservoir is blocked by a stopper, while 

the samples are pulled out of the reservoir and fall into the quenching medium. Thus, 

premature cooling during dropping is prevented by the reservoir due to its large heat capacity 

and a high quenching rate is ensured [Len76].  

Delayed quenching corresponds to an extended time at intermediate temperatures. This leads 

to a reduced level of super saturation of Mg and Si and probably to the formation of some 

stable or metastable phases during quenching [Ema03]. Hence, the achievable mechanical 

properties such as strength and hardness could be lower. Due to its importance, the effect of 

quenching rate on clustering behavior during RT ageing of alloys F and H was studied using 

PALS. In order to vary the quenching rate, various kinds of media were used, including water 

(0 and 20 ºC), ethanol (0 ºC) and CaCl2 solution (-50 and -30 ºC), see Fig. 3.1.3. Some 

commonly used cooling baths are listed in appendix A.5.   

 

 Alloy H: the initial PLT (τ1C from 1-component fit of the positron lifetime spectra) in 

alloy H exhibits a strong dependence on quenching conditions. A very high value of 

0.248 ns is found through effective quenching (-50 ºC CaCl2 solution). Clusters formed 

during slower quenching result in a shorter initial PLT. The reduction of τ1C during the 

first 100 min of NA is caused by the increasing influence of positron traps with a shorter 

PLT (e.g. vacancy-free solute clusters). Due to its sensitive response to quenching rate, 

alloy H can thus be used as an indicator for quenching rate.   

Figure 3.1.3. Quenching sensitivity of (L) alloy F and (R) alloy H. 
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 Alloy F: no obvious quenching dependence of the course of PLT during NA is observed. 

Coherent clusters are already formed during and shortly after quenching since: (1) higher 

vacancy concentration than in alloy H, see Section 4.4.1.5; (2) much higher Si and Mg 

contents than in alloy H, in other words, much smaller distances between solutes, which 

are favorable for solute cluster formation. The interpretation of the PLT evolution can be 

found in [Ban11] and will be discussed in Chapter 4 in detail.  

It is sometimes not appropriate to use liquid quenching (LqQ) media such as ice water for 

low temperature (LT) experiments, since the samples should be kept at temperatures lower 

than -60 ºC after quenching to avoid any ageing effect before the experiment starts, namely, 

no warming up is allowed after quenching. This is, however, a problem because the water 

used for quenching will freeze and remains on the sample surface (difficult to remove). 

Results obtained could be misleading due to annihilation of positrons in these ice layers 

[Eld71, Sau11]. In order to solve this problem, we tested gaseous and solid quenching media, 

namely a spray of liquid nitrogen (LN2), and a pre-cooled Cu block (CuQ) due to its high 

thermal conductivity [Pow66] and heat capacity, respectively, shown as follows: 

 

 

 

 

 

 

 

 

 

 

To directly quench samples solutionized in a simple air furnace with LN2, a single specimen 

was placed into the LN2 jets rapidly, as shown in Fig. 3.1.4 (L). For the test with a solid Cu 

block, samples are heat-treated in the air furnace inside a Ni thermo reservoir in order to 

avoid pre-cooling before quenching. The Cu block is cooled down to a temperature lower 

than -100 ºC by LN2 before quenching. The cooling time of the block to LN2 temperature is 

markedly reduced to less than 1 min by not using a single large Cu block, but an Al block on 

Figure 3.1.4. (L) Quenching with LN2; (R) Quenching by a cold Cu block. 1-Ni reservoir and 

samples (red), 2-Cu stamp, 3-Cu block, 4-Al holder, 5-cold N2 gas, 6-LN2, 7- styrofoam box. 
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which the Cu block was put. The Cu block is sufficiently large to allow for safe quenching 

and high enough above the level of LN2 to allow for handling. To quench the samples, the 

reservoir is taken out of the furnace using pliers and transferred to a position slightly higher 

than the Cu block. By tilting the reservoir, both samples slide on to the quenching block. The 

pre-cooled Cu stamp is then placed onto the two samples in order to cool from both sides. 

The LN2 bath on the one hand cools the Cu block, on the other hand, it produces cold and dry 

N2 in the box, thus preventing icing. No visible ice was observed on the sample surface for a 

time up to 15 min, which is long enough for packaging the samples and source into the 

required “sandwich” geometry.  

If even longer handling time is required, the entire procedure is carried out inside a glove box, 

see Fig. 3.1.5:  

 

The air humidity problem is solved by continuously charging the glove box with dry Ar gas 

as shown in Fig. 3.1.5. The lock space on the right is used for temporary storage of the 

quenching box (the same box as shown in Fig. 3.1.4 (R)), and avoids the humidity incoming 

through the door.  

The efficiency of quenching in both approaches (gas and solid) follows from Fig. 3.1.6. 

Figure 3.1.5. Glove box used for sample preparation (gloves are not shown).  
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It can be clearly seen that the quenching efficiency using Cu block is very close to the case of 

ice water. However, the advantage is that the samples remain at LT after quenching. In 

contrast, LN2 is not a suitable quenching medium as shown by a low initial PLT of 0.235 ns. 

Such a low efficiency is probably caused by the vapor layer produced when LN2 evaporated 

on the hot sample surface, the so-called Leidenfrost effect. This happens even if LN2 is 

pressurized as in our trial.  

Manual operation could also affect quenching efficiency, e.g. proficiency. After several 

quenching experiments with a Cu block, it was found that the corresponding quenching rate 

is even comparable to the case of -50 ºC CaCl2 solution, see Section 4.4.1.2. 

If conventional quenching into a fluid was applied, the samples were immediately cleaned 

with alcohol, dried, and assembled to the required geometry. This handling usually takes 1 to 

2 min. In the LT experiments, the samples were directly processed after quenching on the Cu 

block, and the delay is no more important since the sample temperature was always kept 

below -60 ºC throughout processing and transfer. All measurements were either carried out at 

“RT” (20 ± 2 ºC) or at specified temperatures, depending on the experiments. 

Before we further proceed to the next topic, it is of great importance to investigate possible 

Mg losses during SHT as claimed by [Cha73, Hid77, Kov75]. If this were true, the ageing 

kinetics of Al-Mg-Si alloys would be affected by the reduced solute content and Mg/Si ratio, 

which would have a key influence on the cluster formation processes during NA [Cha12].  

Figure 3.1.6. Quenching experiments on alloy H using LN2 and cold Cu block.  
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3.1.2.2  Mg Losses during Solution Heat Treatment  

The PLT evolution of alloy I (Al-1.0%Mg-0.4%Si) was measured during NA. Heat treatment 

includes soultionizing at 540 ºC (without Ar and pre-cooling prevention) for different SHT 

times (10 min to 15 h), followed by an ice water quenching (IWQ) and ~1.5 min delay 

caused by sample preparation.   

The sample surface was ground before heat treatment. An oxide layer was observed for 

samples which had been solutionized longer than 1 h in air. After 5 or 15 h of SHT, due to 

different orientations, crystallites (0.5 to 1 mm in diameter) became visible on the sample 

surface, as shown in Fig. 3.1.7. These crystallites are slightly larger than the ones found in 

alloy F (~0.5 mm in diameter) after 30 min of SHT at 535 ºC [Ban11]. 

 

 

 

 

 

 

 

 

 

[Kov75] showed that after ~5 h of solution heat treatment, the change of resistivity during 

NA is just 50% of the change in the sample solutionized for 30 min. If this were true, a 

similar PLT evolution as in alloy H (Al-0.4%Mg-0.4%Si) should be observed in alloy I for 

prolonged solutionizing time due to the reduced Mg content. This is, however, obviously not 

the case. All PLT evolutions show very similar or identical tendencies, i.e. are independent of 

the thermal histories, as shown in Fig. 3.1.8.  

Figure 3.1.7. Light microscopic image of the grains observed on the sample (alloy I) 

surface after 5 h of solution heat treatment at 540 °C.  
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One can argue that during SHT, Mg atoms migrate to the surfaces and lead to a localization 

of Mg in the oxidized layer (the thickness of an oxidation layer ranges from nm to several μm 

depending on the material, heat treatment and atmosphere) of the Al-Mg-Si alloys and further 

“loss” of Mg will thus be hindered. However, the Mg atoms still remain in the sample or on 

the sample surface, and are not finally lost. This could be a reason why all PLT evolve in a 

similar way. In addition, the penetration depth of the positrons emitted from 
22

Na can be 

calculated by the empirical equation proposed by [Bra77]: 

 

  
 
           

 ̅    
 ,                                                                                                          (3.1.1)    

where R+ is the penetration depth, ρ the density of the material, Z the corresponding atomic 

number and  ̅ the average kinetic energy of positrons (0.15 MeV for positrons emitted by 

22
Na). The penetration depth of positrons (in Al) emitted from 

22
Na equals ~100 μm using  

Eq. (3.1.1). This depth is much higher than the thickness of the oxidation layer, thus, the 

annihilation behavior in the entire volume of a sample rather than on the surface is measured. 

Enrichment in Mg in the oxidation layer should not be a dominant factor affecting the PLT 

evolution. The similar or identical PLT evolution on variously solution heat treated Al-Mg-Si 

alloys suggests an independency of Mg distribution in the Al matrix on SHT time.  

In short, Mg has a strong influence on the PLT evolution of Al-Mg-Si alloys during NA, see 

Chapter 4. However, such influence was not observed in Fig. 3.1.8. Thus, an effect of Mg 

losses could not be verified from the view point of positron annihilation. 

Figure 3.1.8. Evolution of PLT τ1C during NA of alloy I solutionized for different times. 
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3.2  Source Production 

3.2.1  
22

Na Source 

The 
22

Na source was produced at University of Halle. It was delivered in the form of a 

Na2CO3 mother solution. Depending on the desired activity, a few droplets of the 

concentrated solution were extracted by a micropipette and were deposited on the center of a 

7-μm thick Kapton foil (Du Pont). After drying the solution for several minutes by an 

infrared lamp, the foil was covered with another piece of foil of the same type. Both foils 

were glued together and sealed by using a ring cut from a 20-μm thick Kapton tape. The 
22

Na 

source used for this study had an activity of 28 μCi in April 2011 and its diameter is about    

8 mm. The schematic drawings of the source as well as the “sandwich” (samples + source) 

geometry are shown in Fig. 3.2.1: 

 

 

 

 

Using supporting foils can protect the source from being damaged, but a part of the positrons 

will annihilate in these foils. Thus, a source correction has to be carried out. Positrons have a 

lifetime close to 0.380 ns in Kapton and it was reported that this PLT does not depend on 

temperature [Mac80, Mon94, Wei67]. This feature will be used for the PALS experiments 

performed at LTs. Various studies showed that the PLTs in the 
22

Na salt itself and in Kapton 

foil are very similar. The former PLT ranges from 0.382 to 0.400 ns [Djo95, Has94, Kan96, 

Mac80, Mon94, Vri87] and can hardly be separated from that in Kapton. Thus, we treat both 

components as one. In addition, a very long PLT around 3 ns was identified, corresponding 

to the formation of positronium [Sta96]. The corresponding intensities are ~10% for (salt + 

Kapton) and less than 1% for positronium [Ban12, Has94]. 

Figure 3.2.1. (L) 22Na source; (R) “Sandwich” geometry used in PALS experiments. 
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3.2.2  
68

Ge and 
7
Be Sources 

The 
68

Ge source was produced via a (d, 3n) nuclear reaction. Deuterons are accelerated to    

27 MeV with the cyclotron at the Helmholtz-Institut für Strahlen- und Kernphysik (HISKP, 

University of Bonn) and directed on a commercially available semiconductor wafer GaP with 

a thickness of ~100 μm (metallic Ga could not be used as a target material due to its low 

melting point). The excitation function is shown in Fig. 3.2.2 [Kar69]: 

 

 

 

 

 

 

After irradiation for 10 h with a current of 0.5 μA, a “clean” 
68

Ge source with an activity of 

~13.5 μCi was produced. “Clean” means that 
68

Ge is fully enclosed inside the wafer. Other 

undesired isotopes like 
69

Ge were also produced through the (d, 2n) reaction but will decay in 

some weeks due to their short half-lives. If its activity is sufficiently high, a
 68

Ge source is 

placed directly on the sample surface. Otherwise it is put into the slot of one sample and 

covered by another sample in order to increase the count rate, see Fig. 3.2.3: 

 

 

 

 

 

In addition, 
7
Be was also used in DBAR experiments, see Section 3.3.2.3. This isotope was 

also produced at HISKP, by directing 40 MeV He-3 onto a graphite wafer. 

Figure 3.2.2. Excitation function for the production of 68Ge in the deuteron irradiation of Ga. 

 

Figure 3.2.3. Samples and 68Ge source for DBAR experiments. 
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3.3  Instruments and Data Analysis  

3.3.1  Positron Annihilation Lifetime Spectroscopy  

The overview of the “fast ‒ fast” PALS system is shown in Fig. 3.3.1. It consists of 3       

main parts, the sample environment, the detection system and the NIM-standard (nuclear 

instrument module) electronics. A detailed description will be given in the following sections. 

 

 

 

 

 

 

 

 

3.3.1.1  Sample Environment 

For certain experiments, the samples should be kept at LTs in vacuum. Thus, a sample 

environment as shown schematically in Fig. 3.3.2 is used (for details see appendix A.4):    

 

 

 

 

 

 

 

 

 

 

 

The sample environment initially designed by [Klo07] was further modified for this work. A 

sample (module 2 in Fig. 3.3.2) was placed into the Cu sample holder (module 3) having a 

Figure 3.3.1. Schematic illustration of the PALS system.  

 

Figure 3.3.2. Sample environment. 1-Kapton window (brown), 2-sample (red), 3-sample 

holder (brown), 4-heating element (yellow), 5-Pb shielding (dark gray), 6&7-LN2 channel 

(blue), 8-cable (yellow), 9-K type thermo elements (green), 10-Al housing (gray). 
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high thermal conductivity. By connecting the LN2 channel (partly inside the sample holder) 

to a membrane pump, LN2 can pass through the channel due to the suction and thus cool the 

holder. The flow rate was controlled externally by a dosis valve. The silicone pipe (light blue 

pipe in Fig. 3.3.3) which is connected to the membrane pump is sufficiently long, in order to 

ensure that the outgoing LN2 is gasified before reaching the pump, thus preventing damage: 

 

 

 

 

 

 

 

 

For electrical heating, a wire (55% Cu, 44% Ni, 1% Mn, all in wt.%) was shaped to a 

meander and mounted below the Cu holder (a mica flake was used to isolate the wire from 

the holder, module 4 in Fig. 3.3.2). The current is controlled to obtain the required heating. 

During simultaneous cooling and heating, the temperature is measured through two 

individual thermo couples, while control of the desired temperature is realized by a PID 

(proportional integral differential) controller. The achievable temperature ranges from -100 

to 200 ºC, and a maximum cooling or heating rate of ~1 K/s can be applied [Klo07]. 

As shown in Fig. 3.3.2, a 75-μm thick Kapton window was used (module 1), which 

minimizes the absorption of the 0.511 MeV stop signal in Al housing, whereas a 7-mm thick 

Pb plate (in a groove cut into the Al housing, module 5) was placed in front of the start 

detector to avoid backscattering of the 1.275 MeV photons, see Section 3.3.1.6. The vacuum 

inside the chamber is ~10
-3

 mbar. The distance between both detectors is ~20 mm. This 

sample environment is portable and can be used for both PALS and DBAR experiments. 

Figure 3.3.3. Sample handling system. 1-detector, 2-sample environment, 3-LN2 container, 

4-power supply, 5-PID controller, 6-pump for LN2, 7-pump for vacuum.  
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3.3.1.2  Detection System 

The detection system consists of BaF2 scintillators (Ø 40 mm × 12 mm, will be discussed in 

Section 3.3.1.6) coupled to Hamamatsu H3378-50 photomultiplier tubes (PMT, operated at     

-2.7 kV), see Fig. 3.3.4:  

 

 

 

 

 

 

 

 

 

 

 Inorganic BaF2 scintillator (good time resolution) 

Incident γ rays are absorbed by the BaF2 crystal. Electrons are excited from the valence band 

to the conduction band. The de-excitation, i.e. the transition of electrons from the excited 

state back to the ground state leads to the emission of photons. In order to improve the light 

collection efficiency, the scintillator was wrapped into Teflon tape and Al foil. In this way, 

the escaping light is partially back reflected into the crystal and eventually reaches the PMT. 

Furthermore, black tape was also used to minimize the effect of external sources of visible 

light [Leo94].   

Silicone grease was used to couple the scintillator and the PMT. This agent has a refraction 

index close to the scintillator and the quartz window of the PMT, so that the light 

transmission from the scintillator to the PMT is high. Few droplets of this agent were 

homogeneously distributed taking care that no air is entrapped between the scintillator and 

the PMT window. Otherwise, the transmission of portions of the light in the scintillator 

would be affected [Leo94]. 

The light signals were collected, converted and amplified by the PMT into appropriate 

electrical pulses for the subsequent analysis (details are given in the following).  

Figure 3.3.4. Schematic illustration of the detection system. 1-black tape and Al foil, 2-

Teflon tape, 3-scintillator, 4-silicone grease, 5-quartz window, 6-photocathode, 7-gitter 

(focusing electrode), 8-first dynode, 9-anode, 10-Mu-metal shielding. 
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 Photomultiplier  

An electron is emitted via the photoelectric effect whenever an incident photon strikes the 

photocathode. Under the applied electrical field, this electron is directed by the focusing 

electrode and accelerated towards the dynode. Upon striking the first dynode, some low 

energy secondary electrons are emitted. These electrons will be accelerated and directed 

again to the next dynode and consequently release more electrons, see yellow arrows in Fig. 

3.3.4. Finally, a current signal can be detected at the anode output.  

Besides Hamamatsu H3378-50 PMTs, older Philips XP2020Q PMTs were also used for the 

experiments shown in Section 4.5.1. The self-made high voltage (HV) divider of these tubes 

was modified according to [Vri87]. It was reported that a well-distributed electrical field 

between the cathode and the first dynodes can minimize the time difference for electrons 

coming from different parts of the cathode (“transition time spread” [Leo94]). Thus, the time 

resolution of the PMT could be improved. In practice, this was realized by tuning both 

potentiometers of “gitter” and “D2” (the set-up of the HV divider can be found in appendix 

A.3) until the maximum output pulse height was finally observed with the oscilloscope. In 

this way, charge collection was also maximized. 

3.3.1.3  NIM-standard Electronics 

 Constant fraction discriminator (CFD) 

Output pulses from the PMT vary in amplitude or rise time (“time walk” effect [Leo94]), and 

these fluctuations could affect the time resolution of the system. Particularly for the signals 

with equal rise times but different amplitudes, the CF timing technique can be applied to 

generate walk-free timing signals at a constant fraction of the peak height. Thus, trigger time 

will be no more depend on the amplitude of the signal. The applied FAST ComTec 7029A 

CFD model provides in addition fast signal level discrimination (single-channel analyzer, 

SCA). The amplitude of the annihilation signal is proportional to the energy that is deposited 

in the detector by the photons. Pulses will be accepted only if their amplitudes fall into the 

selected energy window and just the desired nuclear events will be counted. Using either an 

oscilloscope or the 
22

Na energy spectrum, both the start signals from the 1.275 MeV γ quanta 

and the stop signals from 0.511 MeV photons can be easily identified. The windows were set 

individually according to these signals for the start and stop channels.    
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 Time-to-amplitude converter (TAC) and coincidence unit 

An Ortec 567 TAC is triggered by the start pulse and stopped by the stop signal from the 

CFDs. The time interval between both signals is converted to a pulse with an amplitude 

proportional to its duration. A delay line is added into the circuit in order to allow the TAC to 

work in the linear regime.  

For the applied 28 μCi 
22

Na source, about 10
6
 positrons

 
per second are emitted which 

corresponds to one positron every 1000 ns. This time is much longer than the time range of 

the TAC (~50 to 100 ns). In this case, the TAC also acts as a coincidence unit. In addition, a 

positron typically annihilates within 0.1 to 0.5 ns (annihilation rate ~10
10

 s
-1

). Therefore, 

most of the time, there is either no positron or just one positron in the sample, and false 

coincidences from two unrelated annihilation events can thus be excluded.  

The output pulse can then be analyzed by the multi-channel analyzer (MCA). 

 Multi-channel analyzer (MCA)  

Counts registered from different amplitudes (energies, also called channels) are accumulated 

to build up the energy spectrum, this is done using a FAST ComTec MCA-3A module which 

scans the whole energy range and records the number of pulses counted in each channel. 

3.3.1.4  Determination of the Channel Width  

The time corresponding to each channel can be calculated applying the “delay line” method. 

A set of peaks of the prompt curve can be measured with different delay lines and a plot of 

delay time versus the corresponding channel number then provides the channel width. In this 

study, it was calculated to be 0.0253 ns/channel.  

3.3.1.5  Data Acquisition and Evaluation  

In order to obtain a reliable analysis of positron lifetime, a PALS decay spectrum should 

contain at least 2×10
6
 annihilation events (even more events are essentially required if the 

spectrum is to be decomposed into various components) [Bec00, Gow92, Seg84]. This would 

take approximately 30 min at a count rate of 1000 s
-1

. However, the observation of the early 

ageing kinetics of quenched Al-Mg, Al-Si and Al-Mg-Si alloys during NA requires a much 

faster data acquisition. This problem can be solved by the following methods.  
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(1) applying a very strong source in order to increase the count rate. However this is 

normally not applicable due to the intrinsic dead time of the detection system during 

processing the signals [Leo94]; (2) interrupting the NA process of an alloy and measure the 

PLT at a temperature lower than -40 ºC to avoid any undesired microstructural changes 

[Klo10, Liu11, Røy06]; (3) alternatively, shorter accumulation times should be applied. 

[Ban11, Ban12] showed that the PLT in 6000 alloys after quenching and during NA can be 

approximately described by 1-component analysis, and a reliable estimation of this PLT can 

be obtained using the data collected in the fast data acquisition (FDA) mode. However, after 

quenching pure Al, dilute binary Al-Mg or Al-Si alloys, the decay spectra usually consist of 

two PLT components (bulk and vacancy cluster components [Dlu80, Kan85, Kra03]). 

Sufficient statistics are required in the normal data acquisition (NDA) mode to reduce the 

uncertainties caused by spectra decomposition. It is interesting to know whether the FDA 

mode is applicable to these alloy systems. As an example, a quenched Al-0.005%Si alloy 

was measured and data sets were sequentially acquired every 60 s during NA. Four data sets 

were then binned into one new data set to improve statistics (~3×10
5
 counts). After initial 

pronounced changes, no notable PLT change was observed any more after 3000 min of NA. 

Therefore, data was collected in the NDA mode with adequate statistics (~2×10
6
 counts). 

After evaluating the spectra with LT9 [Dry96, Kan96], the following figure was obtained (for 

detained information concerning data processing, see [Ban11]):   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.5. Evolution of decomposed PLT components of Al-0.005%Si alloy during NA. Data were 

collected in the FDA mode for the first 2000 min, after which the NDA mode was applied. The PLT in 

bulk Al (~0.165 ns) and in mono-vacancies in Al (~0.250 ns) are also given, indicated by the solid 

sphere and the open square symbols, respectively.  
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Two PLTs τf, τv (“f” for free and “v” for vacancy) and their corresponding intensities If, Iv 

can be clearly distinguished after decomposing the PLT spectra of Al-0.005%Si alloy in the 

FDA mode. All the fitted components change notably during the first 100 min of NA but 

then level off and fluctuate within an acceptable range. The PLTs and intensities obtained 

from the data collected after 3000 min of NA in the NDA mode lie within the scattered range 

of the data from FDA mode. [Dry96] investigated how the determination of PLT components 

could be affected by statistics, and it was found that apart from the larger scatter of the data 

points, results evaluated by LT9 and Positronfit did not differ much for the decay spectra 

which contain 1.4×10
6
 and 6.5×10

5
 events. Furthermore, the scatter of the decomposed PLTs 

and intensities can be compensated by using an averaging procedure used by [Ban11]. In 

order to check the validity of the 2-component fits, the PLT τf was also calculated according 

to the simple trapping model (STM) and it was found that the calculated and experimental 

values coincide with each other (this will be shown in Section 4.2.1.1). Therefore, we 

conclude that apart from the fluctuations of data caused by low statistics, a reliable 

estimation of the individual PLTs and the relevant intensities can be obtained by using a 

much faster data acquisition [Liu12]. This method was applied for most experiments of this 

study, see Chapter 4.  

3.3.1.6  Detector Alignment 

In conventional PALS detection systems, “face-to-face” arranged detectors are placed closely 

together with the “sandwich” in between to ensure a high count rate. However, it is known 

1.275 MeV γ quanta backscattered from the scintillators cause considerable problems in such 

an alignment [Dan81, Van80]. The backscattering effect depends on many factors, among 

which the most important are the scintillator and detector geometry. Work was carried out 

aiming at the improvement of the performance of the PALS system by selecting the 

appropriate scintillators and testing different detector alignments.    

 Selection of scintillators 

The detection system consists of two quartz window PMTs (H3378-50 and XP2020Q) 

coupled with high-density BaF2 scintillators with some main properties listed in Table 3.3.1. 

Other types of scintillators such as plastics which are also commonly used for PALS 

experiments are also given for comparison.  
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o BaF2: BaF2 scintillators were chosen for this study, benefiting from their fast scintillation 

component which ensures the precision of the fast timing applications. It is known that γ 

photons are absorbed due to the photoelectric effect, the Compton effect and pair 

production. The cross sections for the Compton effect are related to the atomic number Z 

of the material linearly, while for photoelectric and pair production, the Z dependency 

becomes much stronger, i.e. Z
5
 [Gre00] and Z

2
 [Leo94], respectively. Therefore, high Z 

materials are favored in γ photon detection due to high efficiency. For example, a 10 mm 

BaF2 scintillator can detect about 35% of the incoming 0.511 MeV photons, while a 

plastic scintillator of the same thickness exhibits only 9% detection efficiency [Raj87]. In 

addition, the energy spectrum of 
22

Na acquired by BaF2 scintillators exhibits pronounced 

photoelectric peaks owning to its high atomic number. This can be used for the energy 

window selection. However, using BaF2 gives rise to more backscattering events 

compared to plastics as a side effect of its high atomic number. 

o Plastics: the timing behavior of plastics is slightly inferior to that of BaF2 (decay         

time > 1.4 ns). More importantly, as a consequence of the low effective atomic number, 

applications of plastics in γ ray detection are limited. The spectrum of 
22

Na using plastics 

is dominated by Compton scattering while photoelectric peaks can hardly be observed, 

thereby making the energy window determination based on photoelectric peaks difficult. 

On the other hand, there are fewer “pile-up” events in plastic scintillators [Raj87], as 

explained in the following.  

o LSO (Lu2SiO5): apart from the widely used BaF2 and plastic scintillators, LSO becomes a 

very promising candidate for timing applications. The relatively inferior timing behavior 

will be compensated by its high light yield up to 27 photons/keV, which is 13.5 times 

higher than that of the fast component of BaF2 [Haa07, Val05]. This excellent property 

combined with the high stopping power for γ photons suggests to apply LSO in future 

PALS experiments, in which the data accumulation time could be markedly reduced, thus 

allowing to acquire spectra in much shorter time intervals.   

scintillator     density (g/cm
3
)     Zeff      decay time (ns) light yield (photons/keV) 

BaF2         4.88
[Lav83, Sah13]

               54
[Sah13]

 0. 6(fast)
[Lav83, Sah13]

        2(fast)
[Lav83, Sah13]

 
plastics 1.03 ‒ 1.20

[Den09]
               4.5

[Jus12]
        1.4 ‒ 285

[Den09]
               ~10

[Zhu05]
 

LSO   7.49
[Haa07, Kon10, Sah13]

  65.8
[Haa07, Kon10, Sah13]

     ~40
[Mel92, Sah13]

            27
[Haa07, Sah13]

 

     

Table 3.3.1. Comparison between some primary properties of various scintillators. 
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 Problems caused by the “face-to-face” alignment of detectors based on BaF2 scintillators 

Aligning detectors and the sandwich (samples + source) in 180º geometry will distort the 

spectrum due to the following effects (due to the large solid angle by such an alignment):  

 

 

 

 

 

 

 

o Backscattering effect: a high count rate can be achieved by widening the energy window. 

However, [Dan81] found that one often encounters problems arising from inelastically 

backscattered (large-angle Compton scattering) 1.275 MeV γ photons at the start detector, 

which sequentially trigger the stop detector if their energy lies within the window of this 

channel. Thus, a wrong coincidence event will be registered, see Fig. 3.3.6 (a). The PLT 

spectrum will be seriously distorted due to these “false” coincidences, which behave like 

a prompt curve in time distribution but shift towards later times due to the flight time of 

the backscattered quanta. As a result, not only the time resolution will be influenced 

[Van81] but also the fitted PLT will be shortened. Scattering effects can be inhibited by 

introducing precise energy selection, i.e. using a narrow window, which is however not 

common practice because of the very low counting efficiency of such a setting. 

o Pile-up effect: the second deleterious effect is pile-up (summation). The rise times (time 

between 10% and 90% of the maximum anode signal) of the PMT output pulse are 0.7 ns 

for H3378-50 [Kra09] and 1.6 ns for XP2020Q [Pho07] PMTs, respectively, much longer 

than the time between the start and stop signal which is typically less than 0.3 ns 

[Gow92]. Thus, the pulse from the 0.511 MeV γ quanta could directly sum up with the 

one generated by the 1.275 MeV γ and, consequently be accepted by the start channel as 

a “start” signal, if the energy of this sum signal fit into the start energy window, as shown 

in Fig. 3.3.6 (b). These “start” ‒ stop coincidences will lead to similar artefacts as 

backscattering [Raj87, Vri87]. In addition, the combination of backscattering and pile-up 

effects is also possible, see Fig. 3.3.6 (c). 

Figure 3.3.6. Problems of the 180° alignment. Blue rectangles are scintillators, red 

arrow represents 1.275 MeV γ photon, while yellow arrows denote the 0.511 MeV γ 

quanta, and gray dots refer to the accepted signals at the start and stop detectors. 
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 Solutions 

The following methods can be used to suppress these artefacts: (1) move the sandwich out of 

the common axis so that only one annihilation γ will be detected [Bec00]; (2) rotate one of 

the detectors by a certain angle to avoid “face-to-face” geometry [Raj87, Van80]; (3) 

increase the distance between two detectors [Van80]; (4) shield the start detector with lead to 

attenuate the undesired events at the cost of count rate [Li11, Van80].  

Obviously, applying one of the first three methods will lead to a pronounced decrease in 

count rate, which is not acceptable for the study of the fast ageing kinetics of the investigated 

alloys, for which fast data acquisition is mandatory. Therefore, the emphasis was put on     

the latter possibility, i.e. shielding. Lead was used to suppress the backscattering effect. 

According to Beer’s law: I(d) = I0·exp (-μd), where the total absorption coefficients μ in lead 

is 1.78 [Kon10]
 
and

  
0.66 cm

-1
 [Cor44] for 0.511 and 1.275 MeV photons, respectively, see 

Fig. 3.3.7. This implies that 1 cm of lead absorbs 83.1% of all 0.511 MeV and 48.3% of all 

1.275 MeV γ rays. 6 and 8 mm lead plates were used by [Gow92, Van81] which could also 

reduce the pile-up effect by a factor of 5 to 6. As a compromise, 7 mm lead plate was placed 

in front of the start detector for this study. 

 

 

    

 

 

 

 

However, in order to investigate the influence caused by these scattering phenomena, we 

placed the energy window slightly above the 0.511 MeV photoelectric peak for the start 

signal and around the peak for the stop signal. Different combinations of the methods listed 

above were tested using a Si reference sample, as shown in Fig. 3.3.8. 

Figure 3.3.7. Gamma absorption coefficient of lead as a function of gamma energy [Wikxx]. 

 

3.3 Instruments and Data Analysis 31



 

 

  

 

Figure 3.3.8. (L) Different detector alignments, red dots represent the sandwich and black lines 

indicate the lead shielding; (R) Measured PLTs and intensities of the sample and source itself. The 

time resolution (FWHM, full width at half maximum) and count rate in each alignment are also given. 

Gray bar in the right figures represents the geometry actually selected for all further measurements. 
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Four annihilation parameters were used as criteria, The reference material Si exhibits a PLT 

of 0.218 ns from experiments [Kor07, Kra03, Kri08] and 0.215 to 0.221 ns from theoretical 

calculations [Pus94, Sai96]. The PLTs and intensities of the sources have been given in 

Section 3.2.1, and are compared to the results in Fig. 3.3.8. The FWHM of the spectrometer 

is ~0.220 ns and the count rate should be as high as possible. As shown in Fig. 3.3.8, a clear 

geometry dependence of these parameters could be seen: 

o 1 ‒ 4: much shorter PLTs in Si were obtained. Backscattering could be partly suppressed 

by increasing the distance between two detectors from 1 to 5 cm (solid angle decreases), 

while placing the sandwich in the hole of the lead shield as in geometry 3 and 4 could not 

notably improve the situation, since large-angle Compton scattering along the detector 

axis still exists. 

o 5 ‒ 6: placing the lead plate between the sandwich and the start detector (geometry 5) 

shows the best results, i.e. expected PLTs and intensities, optimum FWHM, and more 

importantly, a high count rate (~900 s
-1

). This geometry was chosen for all PALS 

experiments. Combining a larger distance and shielding as in geometry 6 is not 

reasonable due to the low count rate.  

o 7 ‒ 8: just moving the sandwich out of the detector axis is inadequate, but inserting an 

additional lead plate between both detectors yields similar results (except for the 

degraded FWHM and the very low count rate) as geometry 5. These geometries have 

been applied by some authors [Gow92, Li11, Vri87]. [Van80] mentioned that positioning 

the sandwich as for geometry 7 and 8 causes the broadening of the FWHM, which agrees 

with the present results. 1.4 cm was found to be the optimum separation distance by 

[Bec00].  

o 9 ‒ 11: triangular geometries with or without a lead plate can solve the problems caused 

by backscattering and pile-up. Compared to geometry 1, the FWHM is improved by 

rotating one detector by 90º, which agrees with [Vri87] who found that the detector 

arrangement hardly affects the PLT in tungsten but the FWHM of the spectrometer.  

o 12 ‒ 13: apart from the lowest count rate and poor FWHM, PLTs and corresponding 

intensities obtained from these geometries are acceptable.  

o 14: besides the wrong PLTs, intensities, the worst FWHM was obtained in this 

configuration. This can be ascribed to the changes in the diameter to height ratio of the 
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scintillators when light propagates through them [Van80]. [Ryt82] demonstrated that for 

scintillators of different shape but equal volume, thin scintillators with a large diameter 

give the best FWHM (large diameter to height ratio), due to the high light collection 

efficiency. [Wei04] obtained a FWHM of 0.108 ns for 
60

Co using an Ø 30 mm × 10 mm 

BaF2 scintillator. A larger and thicker scintillator (e.g. Ø 40 mm × 30 mm) leads to a 

degradation of the FWHM to 0.145 ns but an increase in the count rate. 

3.3.2  Doppler Broadening Annihilation Radiation  

The schematic drawing of the DBAR system is shown in Fig. 3.3.9: 

 

 

 

 

 

 

 

 

 

The 
68

Ge source and sample were directly placed above the Ge-detector for RT 

measurements. Alternatively, the sample environment introduced in Section 3.3.1.1 was used 

for LT experiments. The vacuum vessel is 400 mm in diameter and 250 mm high. Using such 

a design, signals produced by “bad” positrons annihilating in the vessel walls are avoided 

since they annihilate at a sufficiently large distance from the detector. The “good” signals 

were collected and pre-amplified by the detector. These signals were further processed by the 

main amplifier (Amp) followed by analog-to-digital conversion (ADC). Using a stabilizer 

(Sta) and a 
7
Be source placed beside the 

68
Ge source, the energy spectrum could be stabilized.  

Finally, the digitized signals were stored in the MCA [Haa06].  

Figure 3.3.9. Schematic drawing of the DBAR setup.    
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3.3.2.1  Sample Environment 

Except for the Al housing, the entire sample environment used for PALS was mounted to the 

Doppler recipient from the side for LT DBAR experiments, as shown in Fig. 3.3.10. The 

sample could be cooled down and heated up in the same manner as for PALS measurements. 

The recipient could be evacuated and ventilated taking care that the loosely situated 
68

Ge 

source was not blown away from streaming air.    

 

 

 

 

 

 

 

 

 

 

 

3.3.2.2  High-purity Ge Detector (good energy resolution) 

As a detector for 0.511 MeV γ photons, a CANBERRA high-purity (HP) Ge detector 

(operated at 4 kV) was used. The energy of the incident γ radiation is absorbed by the 

scintillator, which leads to the production of electrons and holes in the p-n junction region. 

Under the applied electrical field these electrons and holes drift to the electrodes and produce 

signals in the outer circuit. With increasing temperature, the thermally excited valence 

electrons are able to cross the band gap to the conduction band and produce electrical noise. 

Therefore, such a detector has to be kept at LN2 temperature, see Fig. 3.3.10. 

Figure 3.3.10. Sample environment and detection system of the DBAR setup. 1-vessel, 2-

vacuum gauge, 3-sample environment, 4-Ge detector, 5-LN2 container, 6-styrofoam plate, 

7-LN2 container, 8-power supply, 9-PID controller, 10-pump for LN2, 11-pump for vacuum, 

12-crane. 
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3.3.2.3  Stabilizer 

A SILENA 8915 spectrum stabilizer was used to detect, measure, and correct any drift from 

preceding system components such as the detector, pre-amplifier, main amplifier and HV 

unit in order to maintain the stability of the γ spectrometer. For this purpose, 2 digital 

windows are symmetrically selected at the lower and higher energy sides of the 0.478 MeV 

7
Be peak (±5 and ±10 channels, as shown in Fig. 3.3.11 by white dots). The change of counts 

in the (-10 to -5) and (+5 to +10) channels of the 
7
Be peak due to electrical drift would lead 

to a voltage signal, which will be used as a feedback to stabilize the system. 

 

 

 

 

 

 

 

 

3.3.2.4  Energy Resolution  

Applying the method mentioned above, the spectrometer resolution and peak position was 

stabilized against short-term drifts of the electronics. The energy resolution of the device is 

given by the FWHM of the 
7
Be peak, which is ~1.275 keV throughout the measurements: 

 

 

 

 

 

 

 

Figure 3.3.11. 0.478 MeV peak from 7Be decay and 0.511 MeV peak from e+ annihilation. 

annihilation.   

 

Figure 3.3.12. Energy resolution of the DBAR spectrometer during a measurement of the 
7Be line, each data point represents accumulation for 15 min. 
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3.3.2.5  Data Analysis 

 Peak shift correction 

Instability of the electronics during long-term experiments due to e.g. temperature variations 

in the laboratory could lead to a deteriorated energy resolution and random peak shifts. Such 

influences were corrected by using the program M_Spec (developed by M. Haaks) for each 

of the separately recorded spectra (data were saved every 15 min), which were added up to 

one spectrum for further analysis.  

 Line shape parameters analysis 

For a quantitative evaluation of the Doppler spectra, line shape parameters S and W are 

defined. The S parameter is calculated by dividing the central low-momentum area As by the 

total area A below the curve. The W parameter is defined as the ratio between the high- 

momentum area Aw to A as indicated in Fig. 3.3.11 [Kra99].  

For the evaluation of S and W parameters, the energy interval was set to 511 to 511.75 keV 

(0 to 2.77×10
-3

 m0c, S/2) around the annihilation line so that S roughly equals 0.5 as 

suggested by [Kra03]. The range of 513.1 to 515.6 keV (8.32 to 18.04×10
-3 

m0c) was chosen 

for the W parameter. Such settings were used for all investigated spectra, see Fig. 3.3.11. 

 High-momentum Analysis (HMA) 

The high-momentum analysis can be used for the determination of the chemical surroundings 

of the annihilation site. The term “HMA” itself entails a sophisticated way of background 

reduction which considers, e.g. Compton scattering, incomplete charge collection and pile-up 

effects, and requires a nearly background-free positron source such as 
68

Ge.  

To subtract these backgrounds, two energy windows around the 0.511 MeV line are selected 

empirically, in which the asymmetry of the annihilation peak is minimized. This process is 

illustrated in Fig. 3.3.13. By mirroring the low energy side of the spectrum to the high energy 

side, the sum of both can be plotted. Taking the ratio of a Doppler broadening curve to a 

reference Doppler curve (e.g. pure Al annealed at 500 °C for 3 h), one obtains so-called 

fingerprint curves or ratio plots. Ultimately, by using HMA, the high-momentum region can 

be probed up to 30×10
-3 

m0c in a reliable way. 
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3.3.3  Differential Scanning Calorimetry  

Some alloys were characterised by thermoanalysis using a Netzsch 204 F1 differential 

scanning calorimeter. After IWQ, DSC samples (~64 mg) were rapidly placed into the DSC 

chamber (pre-cooled to 0 °C), after which they were constantly heated from 0 to 600 °C at a 

rate of 10 K/min. The delay between quenching and measurement equals to ~1.5 min of NA. 

Data for pure Al (5N) was subtracted from the measured curve of the sample material to 

show the real heat effects due to phase transitions.  

 

 

 

 

 

 

Figure 3.3.13. Subtraction of the annihilation spectrum consisting 3 background 

components, arise from Compton scattering (dark blue), incomplete charge (yellow) and 

pile-up effects (green) [Haa06, Haa09]. 

 

Figure 3.3.14.  Schematic drawing of the DSC sample chamber.  
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3.4  Temperature Profiles (TP) 

Fig. 3.4.1 schematically illustrates the thermal history of all investigated samples: 

 

 

 

Figure 3.4.1. Temperature profiles. SHT-solution heat treatment, IWQ-ice water quenching, CuQ-

(cold) Cu block quenching, NA-natural ageing, AA-artificial ageing, IA-isochronal annealing, M-

measured, A-aged, RT-room temperature, LT-low temperature, RCL-rapid cooling, @-at, ②-to. 
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3.5  Overview of the PAS Experiments   

The samples, methods, heat treatments, modes of data acquisition and data analysis applied 

for the PAS measurements, as shown in Chapter 4, are listed in Table 3.5.1: 

 

 

figure 
No. 

measured 
samples 

applied 
method 

 temperature 
 profile 

data 
acquisition 

data 
analysis 

4.1.1 pure Al PALS  TP-1 FDA 2C 
4.1.3 pure Al PALS  TP-1 FDA 2C 
4.1.4 pure Al  DBAR   ‒  NDA HMA 
4.2.1 Al-0.005%Si PALS  TP-1 FDA 1C, 2C 
4.2.2 Al-0.005%Mg, Al-0.05%Mg, Al-0.5%Mg PALS  TP-1, TP-2 FDA, NDA 2C 
4.2.3 Al-0.005%Si, Al-0.05%Si, Al-0.5%Si PALS  TP-1, TP-2 FDA, NDA 2C 
4.2.4 

 
Al-0.005%Mg, Al-0.05%Mg, Al-0.5%Mg 

Al-0.005%Si, Al-0.05%Si, Al-0.5%Si 
PALS 
PALS 

 TP-1 
 TP-1 

FDA 
FDA 

2C 
2C 

4.2.5 
 

Al-0.005%Mg, Al-0.05%Mg, Al-0.5%Mg 
Al-0.005%Si, Al-0.05%Si, Al-0.5%Si 

PALS 
PALS 

 TP-1, TP-2 
 TP-1, TP-2 

FDA, NDA 
FDA, NDA 

2C 
2C 

4.2.8 Al, Al-0.005%Mg (Si), Al-1%Mg (Si) PALS  TP-1 FDA 2C 
4.2.10 Mg, Si, Ge, Cu  DBAR   ‒  NDA HMA 
4.2.11 Al-1%Mg, Al-1%Si  DBAR  TP-1  NDA HMA 
4.3.1 Al-0.5%Mg (Si), 41, 23 PALS  TP-1 FDA 1C, 1.5C, 2C 
4.3.2 Al-0.5%Mg (Si), 41, 23 PALS  TP-1 FDA 1C, 1.5C, 2C 
4.3.3 

 
Al-0.5%Mg (Si), 

21, 22, 23, 31, 32, 33, 41, 42, 43 
PALS 
PALS 

 TP-1 
 TP-1 

FDA 
FDA 

2C 
1C 

4.3.4 21, 22, 23, 31, 32, 33, 41, 42, 43 PALS  TP-1 FDA 1C 
4.3.5 41, 42, 43 PALS  TP-1 FDA 1C 
4.4.1 E, F, G, H, I PALS  TP-1 FDA 1C 
4.4.2 F, H PALS  TP-3 FDA 1C 
4.4.3 F, H PALS  TP-3 FDA 1C 
4.4.4 F, H PALS  TP-3 FDA 1C 
4.4.5 H PALS  TP-5 FDA, NDA 1C 
4.4.6 F, H PALS  TP-4 FDA, NDA 1C 
4.4.7 H PALS  TP-5 FDA, NDA 1C 
4.4.8 H PALS  TP-5  NDA 1.5C 
4.4.9 H PALS  TP-3, TP-5  FDA, NDA 1.5C 

4.4.10 H PALS  TP-4, TP-5  NDA 1.5C, 3C 
4.4.12 F, H PALS  TP-3 FDA 1.5C 
4.4.13 F, H PALS  TP-3 FDA 1.5C 
4.4.14 F, H PALS  TP-3 FDA 1.5C 
4.4.15 F, H PALS  TP-1, TP-6 FDA 1C 
4.4.22 binary alloys PALS  TP-1  NDA 2C 
4.4.25 F, H  DBAR  TP-1, TP-5  NDA HMA 
4.4.26 F, H  DBAR  TP-1, TP-5  NDA HMA 
4.4.27 F, H  DBAR  TP-1, TP-5  NDA HMA 
4.4.28 F, H  DBAR  TP-1, TP-5  NDA HMA 
4.4.29 H CDBS  TP-5  NDA ‒ 

4.4.30 F, H  PALS, DBAR  TP-5  NDA 1.5C, 3C, HMA 
4.5.1 A2, A2Cu, A3, A3Cu, A11, A11Cu PALS  TP-1 FDA 1C 
4.5.4 G3, GS3, G11, GS11, G11Cu, GS11Cu PALS  TP-1 FDA 1C 
4.5.5 G3, GS3, G11, GS11 PALS  TP-1 FDA 1C 

      

Table 3.5.1. Overview of the PAS experiments. Figure numbers in the same color refer to 
the same or to the relevant experiments (figure number in black indicates an individual 
experiment). The notations 1C, 1.5C, 2C and 3C denote 1-component, 2-component (fixed 
τv), 2-component and 3-component analysis, respectively. 
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Chapter 4 

Results and Discussion 

 

4.1  Pure Al 

The concentration of thermal vacancies increases with temperature. After quenching, a 

considerable fraction of thermal vacancies will be “frozen” inside the sample material. These 

vacancies are the simplest lattice defects and markedly affect the atomic diffusion and 

precipitation processes of age-hardenable Al based alloys. It is known that in pure Al, 

quenched-in vacancies diffuse quickly to sinks and disappear at RT [Pan58]. Therefore 

information related to the quenched-in vacancies is hard to access. Nevertheless, a “vacancy 

reference” in pure Al is desired for the interpretation of PALS and DBAR observations of 

binary Al-Mg, Al-Si and ternary Al-Mg-Si alloys. The results of the quenched Al (5N) 

measured by positron annihilation techniques will be presented in the following.  

4.1.1  Positron Annihilation Lifetime Spectroscopy  

4.1.1.1  Results and Discussion Based on Experiments 

In pure Al, the vacancy concentration can be calculated by the following equation [Got98]: 

      (
  

  
)    ( 

  

   
) ,                                                                                     (4.1.1) 

where Sf = 0.7kB is the vacancy formation entropy, Ef = 0.67 eV the formation energy of a 

vacancy in Al [Car03, Erh91], kB is the Boltzmann constant and T equals 813 K (540 °C) in 

our case. A vacancy concentration of 1.39×10
-4

 /atom can thus be estimated theoretically. But 

due to vacancy loss during and after quenching, its effective concentration will be lower than 

the above mentioned theoretical value and the saturation positron trapping limit [Haa09, 

See73, Sta99]. Therefore, the 2-state trapping model was applied for the decomposition of 

the spectra collected in the FDA mode, see Fig. 4.1.1.  



                                                                                                       

Two distinct PLT components can be evidently separated without fixing any fitting 

parameter. The vacancy-related component with a high PLT τv increases with time. It starts 

from 0.245 ns and approaches 0.300 ns within ~100 min at RT, meanwhile the corresponding 

intensity Iv drops markedly from 77% to 15%. Bulk annihilation has a much shorter PLT τf 

ranging from 0.085 to 0.140 ns and contributing only weakly at the beginning. As time 

proceeds, more and more positrons will annihilate in the bulk material and an intensity           

If = 85% was achieved after 1000 min, see Fig. 4.1.1:  

 

 

 

 

 

 

 

 

 

 

 

The initial value of τv is the characteristic PLT in a mono-vacancy in an Al matrix which, 

according to various sources, ranges from 0.236 to 0.253 ns [Lun13, Pet98, Pus83, Sch86, 

Sch87]. For open volume larger in size, the corresponding PLT increases due to locally 

reduced electron density. The increase of τv strongly implies the growth of the related open 

volume, i.e. the migration of mono-vacancies and the agglomeration to small vacancy 

clusters. The orbital-free DFT calculations reported by [Gav07] agree with [Erh91] as well as 

with this work and confirmed from an electronic structure perspective that vacancy clustering 

is energetically favorable and vacancy clusters prefer to further condense rather than to split 

into mono or di-vacancies. Furthermore, it was claimed based on experimental observations 

employing electron transmission micrographs that vacancy clusters contain ~7 vacancies can 

Figure 4.1.1. Evolution of decomposed PLT components of quenched Al during NA. The red 

solid or dashed lines correspond to lifetime of the free or localized positrons and blue ones 

represent the corresponding intensities. Data was collected in FDA mode.    
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collapse to form stable vacancy loops [Hir58]. However, another DFT calculation found a 

negative binding energy for the nearest neighbor (NN) di-vacancy, which is unstable and 

therefore splits into two mono-vacancies [Car03]. This disagreement is possibly caused by 

the very limited number of atoms involved in the simulation, as pointed out by [Gav07].  

During vacancy clustering, the number density of vacancy-related defects decreases due to 

the combined effects of mono-vacancy “consumption” for vacancy cluster formation and 

losses at sinks. Thus, these defects gradually trap fewer positrons, whereas bulk annihilation 

will become more and more dominant during NA. 

Concerning the dependence of PLT on the number of vacancies, [Pus83] predicted the 

annihilation characteristics of positrons trapped in vacancy clusters of various sizes in Al. 

The results are listed in Table 4.1.1:  

  

based on these values, the asymptotic PLT τv of ~0.300 ns at the end of the measurement 

corresponds to vacancy clusters containing on the average ~3 vacancies as a rough estimate. 

Compared to the larger vacancy clusters (~6 vacancies) found in Al-0.005%Si alloy, such a 

result suggests a lower jump frequency of vacancies in the absence of Si atoms, see Section 

4.2.1. 

4.1.1.2  Results and Discussion Based on Modelling 

Besides free annihilations, positrons trapped in a single open-volume defect type can be 

described by the simple trapping model (STM) [Kra03]. There are two possibilities of 

positron annihilation after thermalization and diffusion: 

(1) directly in defect-free bulk with an annihilation rate λb; 

(2) alternatively, they will be captured by a deep trap (dt) such as a vacancy with a trapping 

rate κv and annihilate afterwards with an annihilation rate λv (thermal de-trapping from 

vacancy is excluded). 

Such processes are schematically shown in Fig. 4.1.2.  

  number of  vacancies          1          2            4          6         13 

  positron lifetime (ns) 0.253 0.273       0.329 0.351      0.422 

      

Table 4.1.1. Positron lifetimes in various vacancy clusters in Al [Pus83]. 
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The rate equations are: 

[
 ̇    
 ̇    
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] ,                                                                                 (4.1.2) 

where the number of positrons in the bulk and in the vacancies are denoted by nb and nv, and 

were initialized to N0 and 0 for t = 0, respectively.  The solution of the equations above is the 

decay spectrum of positrons D (t), i.e. number of remaining positrons at time t: 
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) .                                                                              (4.1.3) 

τi and Ii (“i” equals f or v) can be obtained by non-linear fitting of an experimental spectrum 

(representing the time derivative of D (t)) after background subtraction and source correction. 

The annihilation parameters involved in Eq. (4.1.3) can be expressed as:  
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where τv equals the PLT in a vacancy, and the presence of such defects leads to a so-called 

“reduced bulk lifetime” τf (shorter than τb). κv is the trapping rate which is proportional to the 

defect concentration c and to the specific trapping rate μ, as shown in Eq. (4.1.8). 

Figure 4.1.2. Schematic illustration of the STM. “dt-v” denotes deep trap-vacancy. 

 

4 Results and Discussion44



                                                                                                       

         (
 

  
 

 

  
)  

  

  
(

 

  
 

 

  
) .                                                                          (4.1.8) 

The average positron lifetime (APLT) can be calculated as the weighted sum of each 

individual component: 

                  .                                                                                                   (4.1.9) 

The annihilation fraction η of positrons in the vacancies (fraction of trapped positrons) can be 

calculated by: 

  ∫         
 

 

  

     
  ,                                                                                               (4.1.10) 

where nv(t) is the number of positrons in the vacancies at time t, see Eq. (4.1.2). 

Based on the data in Fig. 4.1.1 as well as Eq. (4.1.9) and Eq. (4.1.8), the evolution of APLT 

and the vacancy concentration were determined. The results are shown in Fig. 4.1.3:  

 

 

 

 

 

 

 

 

Due to the dominance of positron annihilation in mono-vacancies shortly after quenching, the 

APLT starts from a relatively high value of 0.205 ns. Because of the formation of small 

vacancy clusters, contribution of vacancy annihilation decreases and the APLT levels off at 

0.167 ns within ~100 min. The final APLT approaches the value of bulk Al since most 

positrons (> 85%) annihilate in the matrix rather in vacancies after a long NA time.  

Figure 4.1.3. Evolution of average positron lifetime in quenched Al (blue solid diamonds), 

calculated positron lifetime in bulk Al (blue solid spheres) and vacancy concentration in 

quenched Al (red open squares) during NA. 
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Using Eq. (4.1.8), a vacancy concentration of 0.21×10
-4

 /atom was calculated for the “as-

quenched” Al (AQ, actually after ~2 min delay at RT), which is just ~15% of the 

theoretically value calculated with Eq. (4.1.1). This is probably due to the loss of vacancies 

during or after quenching. The further reduction in vacancy concentration should be ascribed 

to the formation of vacancy clusters during NA. The time evolution of the vacancy 

concentration has been derived in Eq. (4.1.8) assuming a constant specific trapping rate         

μ = 2.5×10
14

 s
-1

, as for a mono-vacancy in Al. However, μ increases with the size of a 

vacancy cluster [Nie79], as shown in Table 4.1.2. This implies that although the general 

decrease of the vacancy concentration is valid, the real concentration of vacancy clusters 

after certain NA time could be 2 to 3 times lower than the values given in Fig. 4.1.3.  

 

In order to check the validity of the STM for the quenched Al, the PLT in bulk was 

calculated based on the experimental data using Eq. (4.1.11): 
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.                                                                                                              (4.1.11) 

Taking the experimental inaccuracies into consideration, the calculated PLTs in bulk 

generally agree with the bulk PLT τb from literature, which ranges from 0.158 to 0.166 ns 

[Lun13, Pus83, Sch86, Sta00], as shown in Fig. 4.1.3. Thus the PLT components in the 

quenched Al sample can be reasonably described by the STM. 

The PALS results of the as-quenched state of Al are compared to the previous study [Liu09] 

on an Al (5N) sample, quenched into -70 ºC HCl solution and measured at -40 ºC where 

undesirable microstructural changes can be largely avoided [Røy06]. At least 2×10
6
 events 

were collected. The decomposed PLTs, corresponding intensities, and the calculated 

annihilation parameters are listed in Table 4.1.3.  

Similar annihilation characteristics are found for both experiments and these results are in 

agreement with [Cal05], by whom a PLT of τv = 0.235 ± 0.002 ns and a corresponding 

intensity of Iv = 58 ± 1.5% were obtained. 

number of  vacancies      1  2    3  4   5  10 

 specific trapping rate μ (1014  s-1)        2.5     5.9 7.7       9.7     12    16 ‒ 19 

       

Table 4.1.2. Specific trapping rates μ of positrons into vacancy clusters in Al [Nie79]. 
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The annihilation fraction η from Table 4.1.3 is ~44%, as calculated from Eq. (4.1.10). It will 

be used for the interpretation of DBAR ratio plots in Section 4.1.2. 

4.1.2  Doppler Broadening Annihilation Radiation 

To interpret a DBAR ratio curve of an Al-Mg-Si alloy, all possible reference curves from    

bulk Al, Mg, Si, mono-vacancy in Al, Mg, Si, and V-Mg, V-Si complexes (“V” for vacancy) 

in Al matrix are required. The plot of mono-vacancy in Al will be discussed in this section. 

After SHT, pure Al samples were rapidly quenched into RT water or -70 ºC HCl and were 

investigated employing HMA. Both measurements were performed at -40 ºC [Liu09], which 

is sufficiently low to suppress microstructural changes. The ratio plots with respect to 

annealed Al are indicated by the orange and blue symbols in Fig. 4.1.4: 

 

 

 

 

 

 

 

 

 

  parameter τf(ns)   τv(ns)  If(%)    Iv(%)   τAPLT(ns) κ(ns-1)   cv(/atom)    η(%) 

 present (FDA) 
     value   0.090 0.240     23.3     76.7 0.204      5.4        0.21E-4    45.5 
     error   0.020 0.004      1.9 1.9 0.007     23.5        0.94E-4        2.8 

previous (NDA)  
     value   0.080 0.238     39.5     60.5 0.176         5.0        0.20E-4    43.9 

       error   0.003 0.001       0.6      0.6  0.002         4.2        0.16E-4        0.5 

         

Table 4.1.3. Experimental and calculated annihilation parameters of the as-quenched Al.  

Figure 4.1.4. Ratio plots of pure Al quenched under different conditions. “V” for vacancy, “Q” for 

quenched, “M” for measured, “RT” for room temperature, “LT” for low temperature and “R” for 

relaxed atomic coordinate. Calculated results are also given for matters of comparison. The upward 

black arrow denotes the Fermi momentum pF of Al. 
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Two different types of annihilation sites were verified by PALS experiments on the as-

quenched Al samples, bulk and vacancies or vacancy clusters. Positron annihilation in the 

bulk is ascribed to a low concentration of defects which prevent saturated positron trapping. 

After quenching, the vacancy-related defects have a PLT around 0.240 ns corresponding to 

mono-vacancies. Annihilation at both sites should contribute to the DBAR signal. Compared 

to the samples quenched at -70 ºC (blue squares) where the ratio is less than 0.8                   

for pL > 15×10
-3

 m0c, the ratio of samples quenched at RT (orange squares) approaches 1, 

pointing at a reduced number density of vacancies (for Al containing no vacancy at all the 

ratio equals 1 over the entire momentum region) due to quenching and handling the sample at 

RT, although the whole procedure at RT took about 4.5 min only. Therefore, it is absolutely 

essential to quench and keep the samples sufficiently cold before or during the measurement 

in order to maximize the vacancy concentration in as-quenched Al.  

As already mentioned, positron trapping at vacancies in the quenched Al samples is 

incomplete (η = 44%), the “real” mono-vacancy ratio (R) and the corresponding momentum 

distribution has to be calculated from the experimental ratio (Rexp) containing both bulk (RAl) 

and vacancy contributions using  Eq. (4.1.12): 

  
 

 
[              ]              .                                          (4.1.12) 

The calculated pure mono-vacancy ratio plot illustrated by the red squares in Fig. 4.1.4 has a 

value around 0.4 in the high-momentum region and is markedly reduced compared to the 

uncorrected one (blue squares). This low value is typically caused by the decrease in the core 

electron contribution due to positron localization at open volume defects. 

The ratio plots can also be interpreted theoretically in terms of DBAR calculations for 

various annihilation sites, employing the program DOPPLER [Ala95, Ala96]. Prior to the 

computation, atomic coordinates with the presence of a mono-vacancy were relaxed by 

means of the numerical ab-initio code SIESTA [Koh10, SIExx, Sol02]. This code uses the 

density functional theory (DFT) approach [Hoh64, Koh65, Pus83, Tho27] which is widely 

applied for electronic structure calculations. Furthermore, due to the attractive interaction 

between the positron and the electron, the increment in local electron density surrounding a 

positron results in a higher annihilation rate. This will be considered by introducing an 
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enhancement factor [Bar95]. After combining this factor with the local density 

approximation (LDA) [Jen89] and the general gradient approximation (GGA) [Bar96], 

calculations of the DBAR ratio curves were carried out by [Kor07, Kor10]. The calculated 

results (solid lines) are shown together with the experimental data in Fig.4.1.4. 

By assuming complete positron trapping in vacancy-type defects, the calculated result of 

mono-vacancy in Al by relaxed atomic coordinate (gray line) was convoluted by the energy 

resolution of the spectrometer (1.37 keV at the 0.478 MeV line of 
7
Be) and compared to the 

sample quenched to a LT (red squares). Both ratio plots show enhanced free electron 

annihilation in the low-momentum region. It arises from localization of positrons by 

vacancies, and coincides with each other particularly in the high-momentum region. 

However in the intermediate-momentum region where the local peak is located (pL ≈ 8×10
-3 

m0c), an obvious deviation can be seen.  

It was verified that the contribution from a positron spatially confined at a vacancy to the 

total momentum of the (e
+
, e

‒
) pair is different from a free positron moving at thermal energy 

in a crystal. The latter can actually be neglected [Shu76, Som02]. Such a confinement of a 

positron wave function leads to enhanced free and reduced core electron annihilation 

accordingly, and manifests itself as a smearing of the momentum distribution just above the 

Fermi momentum (indicated by the upward arrow in Fig. 4.1.4). As a result, a peak at           

pL ≈ 8×10
-3 

m0c will be observed. It originates from additional counts collected for this 

momentum region where the reference momentum distribution is low [Cal05].  

Based on preliminary LDA calculations, the relaxation of the Al atom positions around a 

vacancy in bulk Al is expected to be 1.7% inwards. However, if a positron is localized by a 

vacancy, due to the repulsive interaction between the positron and the surrounding positive 

nuclei, the relaxation will be 1.8% outwards instead [Makxx]. Nevertheless, how a confined 

positron affects the relaxation of its neighboring atoms had not been taken into account in the 

calculation [Kor10]. Therefore, by applying only inward relaxation for a vacancy, without 

considering that the positron will lead to a larger open volume and consequently will be 

weaker localized, the much higher ratio for the calculation (~1 at pL = 8×10
-3 

m0c in Fig.  

4.1.4) than for the experiment can be explained. [Cal05] reproduced local relaxation by 

changing the nearest neighbor positions of the missing atoms from their normal lattice sites. 
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It was found that on the one hand the entire momentum distribution correlates strongly to the 

relaxation, while on the other hand, the energy resolution of the spectrometer also has a 

notable impact on the visibility of the local peak discussed above. The low resolution of 1.37 

keV at the 
7
Be line could be responsible for the barely visible peak as shown in Fig. 4.1.4, 

whereas by other authors, more pronounced peak structures have been observed probably 

attributed to better energy resolutions of the spectrometers employed [Ban12, Cal05, Dup07]. 

Finally, a comparison was made between the experiments (red squares) and the simulation 

without relaxation (red line), which reflects the relaxation of the atomic coordinates due to 

the presence of both a vacancy and a positron. As shown in Fig. 4.1.4, the inconsistency in 

the intermediate-momentum region was improved to a certain extent. The ratio plot related to 

incomplete trapping (η = 44%) was also calculated (blue line) in a similar manner, and is 

consistent with the experimental one (blue square).   
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4.2  Binary Al-Mg and Al-Si Alloys 

As an introductory study, positron lifetime experiments were carried out on pure Al-Mg and 

Al-Si binary alloys with solute concentrations ranging from 0.005% to 1% in order to clarify 

some of the influences of Mg and Si atoms on the clustering processes. The change of PLT 

during NA of binary alloys was characterized and compared to DSC and DBAR experiments 

to obtain a better understanding of the clustering stages in Al-Mg-Si alloys. 

4.2.1  Positron Annihilation Lifetime Spectroscopy 

4.2.1.1  Validation of the 2-component Fitting 

Fitting the PLT spectra of all the binary alloys by one single component leads to 

unsatisfactory fit variances, but by introducing a second PLT component the situation can be 

greatly improved, see Fig. 4.2.1 as an example. We found that all investigated binary Al-Mg 

and Al-Si alloys exhibit annihilation characteristics similar to quenched Al, i.e. two distinct 

PLT components corresponding to annihilation in either bulk or vacancy-related defects.  

 

 

In order to check the validity of the 2-state trapping model (STM), the PLT τf was also 

calculated from the experimental parameters and the bulk PLT τb in Al using:  
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  ,                                                                                                                                   (4.2.1)        

and compared to the measured PLT τf, see Fig. 4.2.1 (R). It was found that the calculated and 

experimental values coincide with each other. Thus, the STM can be employed to describe 

the ageing characteristics of binary alloys. 

Figure 4.2.1. (L) Fit variances after applying 1 or 2-component fitting; (R) Comparison 

between τf obtained directly from experiments and theoretically determined by STM. An 

Al-0.005%Si alloy was investigated for both figures. 
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4.2.1.2  Evolution of τi & Ii during NA 

The NA kinetics of decomposed PLT components for Al-Mg alloys are shown as below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.2. Evolution of decomposed PLT components of Al-Mg alloys during NA. Data was collected 

in FDA mode for the first 1000 min and the NDA mode at 3000 min of NA. After ~2 months of RT 

storage, these Al-Mg samples were isochronal annealed (IA) from 30 to 400 °C. The temperature step 

was 10 or 20 K below 100 °C and increased to 100 K above 300 °C. A 10 min annealing was applied for 

each step and data was collected in the NDA mode. 
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The NA kinetics of decomposed PLT components for Al-Si alloys are shown in the following 

figures: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.3. Evolution of decomposed PLT components of Al-Si alloys during NA. Data was collected 

in FDA mode for the first 1000 min and the NDA mode at 3000 min of NA. After ~2 months of RT 

storage, these Al-Si samples were isochronal annealed (IA) from 30 to 400 °C. The temperature step 

was 10 or 20 K below 100 °C and increased to 100 K above 300 °C. A 10 min annealing was applied for 

each step and data was collected in the NDA mode. 
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During the first 1000 min, two PLTs τf, τv and their intensities If, Iv can be distinguished after 

resolving the PLT spectra of Al-Mg and Al-Si alloys obtained in the FDA mode:  

 Al-Mg alloys: (1) Al-0.005%Mg. τv increases from 0.255 to 0.285 ns and Iv reduces from 

~80% to ~40%, whereas τf and If both increase; (2) Al-0.05%Mg. Except the almost 

constant τv of ~0.260 ns, Iv decreases slightly while τf and If increase; (3) Al-0.5%Mg. τv 

roughly equals 0.260 ns and no obvious change takes place in τf, τv and If, Iv.  

 Al-Si alloys: (1) Al-0.005%Si. τv increases from 0.250 to ~0.350 ns, Iv reduces from 74% 

to 15%, τf and If increase; (2) Al-0.05%Si. τv increases from 0.255 to 0.325 ns, Iv reduces 

from 73% to 19%, τf and If increase; (3) Al-0.5%Si. Only slight changes in τf, τv and If, Iv 

were observed, and shortly after quenching, τv has a value of 0.275 ns.  

These results suggest that during NA, bulk annihilation becomes dominating and τf 

approaches 0.165 ns, while the increase of τv indicates clustering of vacancies, which is 

especially pronounced in dilute Al-Si alloys, consistent with [Seg84]. 

After 3000 min of NA, data in Fig. 4.2.2 and Fig. 4.2.3 were collected in the NDA mode. It 

can be seen that apart from the fluctuations of data caused by low statistics, a reliable 

estimation of the individual PLTs and the relevant intensities can be obtained by using a 

much faster acquisition in the FDA mode, and the “low statistics method” of 2-component 

fits is applicable to the binary alloys for investigating the fast kinetics during NA.  

To discuss the NA kinetics of Al-Mg and Al-Si alloys in a clear manner, all PLT components 

in Fig. 4.2.2 and Fig. 4.2.3 are presented as a function of the intensities, see Fig. 4.2.4:   

 

 

Figure 4.2.4. τ-I plots of (L) Al-Mg and (R) Al-Si alloys during the first 1000 min of NA. “f” stands for 

free annihilation in the bulk Al while “v” denotes annihilation in vacancy-type defects.  
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It has been shown that a single Mg or Si atom in Al cannot trap positrons [Dlu80, Dlu81, 

Sto75] although they have higher positron affinities [Pus89]. Therefore, the higher PLTs of τv 

observed in all results are vacancy-related. The notable difference in NA kinetics can be 

easily observed by comparing the binaries to pure Al, pointing at the interactions between 

vacancies and solutes. Table 4.2.1 shows the binding energies between vacancy, Mg and Si: 

 

        2-body type    V-Mg    V-Si 

  binding energy (eV) +0.015 (+0.026) +0.025 (+0.033) 

   

Such binding between vacancies and solutes can increase the concentration of thermal 

vacancies in binary Al-Mg and Al-Si alloys during solutionizing and after quenching as can 

be roughly estimated using the Lomer equation [Lom58]: 
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)] ,                            (4.2.2) 

where cMg (Si) is the solute concentration, EV-Mg (Si) the binging energy between the vacancy 

and solute, Sf, Ef, kB and T have been previously defined. Results are shown in Fig. 4.4.11.  

During or after quenching, these vacancies will: (1) escape to the nearest sinks, but compared 

to quenched pure Al, this vacancy loss will be hindered by solute atoms owning to their 

attractive binding energies; (2) bind with solutes, as shown by the initial PLTs in Fig. 4.2.2 

and Fig. 4.2.3. All initial PLTs in Al-Mg alloys equal a value of ~0.260 ns are probably 

related to V-Mg complexes, since binding with a Mg atom increases the PLT in a mono-

vacancy from 0.250 to 0.260 [Cor81] and 0.269 ns [Dlu80]. In contrast, if the vacancy is 

decorated by a Si atom at one of the nearest neighbor (NN) positions, the corresponding PLT 

will be reduced to ~0.240 ns [Mel06]. Thus the τv ~0.250 ns PLTs in as-quenched Al-

0.005%Si and Al-0.05%Si alloys should correlate to positron annihilation in mono-vacancies 

or in di-vacancies attached to Si atoms, while the slightly higher τv of 0.275 ns in Al-0.5%Si 

alloy rather suggests the rapid formation of small vacancy clusters (probably also bound with 

certain amount of Si atoms) during or after quenching [Kra85]; (3) in most cases, they tend to 

form vacancy clusters, similar to the case of quenched pure Al. This process is reflected by 

the generally observed increase of τv, decrease of Iv and τAPLT during NA, see Fig. 4.2.5. 

Table 4.2.1. Binding energies between vacancy and solute [Hir07], another set of values 

are also given in the parentheses [Lan13], and “+” sign refers to attractive binding. 
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For the most dilute alloys, i.e. alloys containing 0.005% solutes, the changes in τAPLT is 

different compared to pure Al, indicating that solutes markedly influence the formation of 

vacancy clusters. If the binding energy of a vacancy with Mg or Si is attractive, some of the 

vacancies will temporarily bind to a solute and form a V-Mg or V-Si complex. On the other 

hand, from atomistic calculations, binding between Mg-Mg and Si-Si appears unfavourable, 

with binding energies for Mg-Mg and Si-Si equal -0.04 and -0.03 eV, respectively [Hir07]. 

Also, no conspicuous solute clustering reaction can be observed in DSC runs, see Fig. 4.2.6: 

 

 

 

 

 

 

 

Figure 4.2.5. Evolution of APLT (above) and calculated vacancy-type defect concentration 

(below) during NA and IA, the same data as in Fig. 4.2.2 and Fig. 4.2.3 was used.  

 

Figure 4.2.6. (L) 10 K/min DSC runs on ternary Al-0.6%Mg-0.8%Si and binary Al-Mg and 

Al-Si alloys, the overlapping clustering peaks located in the temperature range 20 to 

120 °C as well as β’’, β’ and β peaks of Al-Mg-Si alloys are clearly visible. However, in the 

case of binary alloys, except for the Si precipitation peaks at ~280 °C no signals from 

solute clustering can be observed; (R) Interaction energy map reported by [Hir07]. 
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Clustering peaks are clearly visible in the ternary alloy, pointing at favourable binding 

between Mg and Si (+0.04 eV). The result agrees with DSC observations by [Cha11].  

For the binary alloys, [Gup99] is inclined to exclude solute clustering in the binary alloys 

rather than assuming that the absence of clustering signal is caused by the very fast Si or Mg 

clustering or the very small heat effects related to that process. This view is supported by 

electrical resistivity measurements [Küh13], by which no observable change of resistivity 

was found in binary Al-0.5%Si alloy after quenching, see Fig. 4.3.8. 

Whether a vacancy will detach from a pre-existing vacancy-solute complex as has been 

claimed by the vacancy-pump model [Gir65] cannot be clarified from the present result, as 

this will depend on a complete set of comparable binding energies between vacancy, solute 

and Al, plus the vacancy and solute concentration. However, the jump frequency of a 

vacancy will definitively be affected by the presence of solutes, as will be discussed in the 

following. 

The vacancy-driven diffusion of solute atoms is achieved through the jump of the            

solute (vacancy) to one of the 12 nearest neighbor lattice positions. This process is thermally 

activated and enables solute cluster formation in Al-Mg-Si alloys. The jump frequency of a 

mono-vacancy from its initial lattice position j to the atom position i of its NN atom i can be 

approximated by the following equations [Lia12, Man09, Wer49]: 
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where i, j = 1...12 is the site number in the NN shell,   
  is the effective jump frequency (or 

vibrational frequency of an atom [Vin57], based on the classical “five-frequency” model 

[Ada88]).   
  is the activation energy of a vacancy jump,   

  is the diffusion activation energy 

of a vacancy,   
  is the vacancy formation energy (0.63 eV, average value from [Man09]), 

     
  is the differences of the binding energies of a vacancy (v) or solute atom (s) with their 

NN before and after the jump at sites i and j, k refers to any site in NNi or NNj. To simplify 

the calculation      
  was neglected in this study.  
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The values used by [Lia12] were further adopted, based on [Hir07, Hos96, Man09], see 

Table 4.2.2: 

 

The jump frequencies of a vacancy associated with an Al, Mg or Si atom in Al matrix were 

calculated for temperatures ranging from -200 to 30 °C. At RT, the jump frequencies fV-Al 

and fV-Mg are equal to ~80 and ~190 s
-1

, respectively, while for fV-Si a much higher value of 

~18200 s
-1

 is obtained. All jump frequencies generally increase with temperature over the 

entire temperature range, see Fig. 4.2.7. The calculated jump frequencies related to Al and 

Mg are close to each other at every temperature, while the curve of Si always lies above both 

of them.  

 

 

 

 

 

 

 

 

 

 

 

Based on the calculations, the dependence of the APLT evolution during NA on the kind      

of solute as well as on solute concentration as shown in Fig. 4.2.8 can thus be interpreted. 

kinetic parameter     Al         Mg         Si 

effective jump frequency    (s-1) 1.66×1013          1.86×1013         1.57×1013 
diffusion activation energy Ed (eV)          1.29         1.27          1.15 

    

Table 4.2.2. Kinetic parameters for the calculation of jump frequency [Man09]. 

Figure 4.2.7. Jump frequency of a vacancy associated with an Al, Mg or Si atom at 

different temperatures, indicated by orange, blue and red curves, respectively. The ratio 

between fV-Si and fV-Mg is illustrated by the green curve. 
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As shown above, the jump frequency of a vacancy in Al-Si alloys is much faster than in pure 

Al. The shorter time required to reach a stable APLT in Al-0.005%Si shown in Fig. 4.2.8 (L) 

can be qualitatively explained by the above proposition. Direct correlation between such 

transition times and the jump frequency is not straightforward, since the calculation of jump 

frequency applied depends not only on the activation energies Ed in Eq. (4.2.3), which differ 

between various sources, but also on the binding energies between vacancies and solute 

atoms in Eq. (4.2.4). For the most critical case of Mg, [Fuj77, San06] obtained 1.19 eV and 

1.20 eV for the activation energy Ed. Particularly, various values of Eb have been reported 

ranging from strong attractive binding to a weak repulsive one [Wol07]. This could markedly 

influence the determination of the jump frequency which is based on these kinetic parameters. 

But in general, the mobility of a vacancy attached to a Mg atom is low at RT [Dlu86]. This 

was also verified in this work by measuring APLT in quenched Al-0.5%Mg and Al-1%Mg 

alloys stored at RT for two months, from which very slow changes were observed.    

For alloy with low solute content, the PLTs of the vacancy-type defect (τv (Al-0.005%Mg) ≈ τv (Al) 

< τv (Al-0.005%Si)) and their corresponding intensities (Iv (Al-0.005%Mg) > Iv (Al) ≈ Iv (Al-0.005%Si)) after 

long NA is difficult to understand, as τv might involve contributions of vacancy clusters with 

and without attached solutes. It is known that the PLT in a mono-vacancy increases or 

decreases slightly with the number of attached Mg or Si atoms [Cor81, Mel06]. However, it is 

too speculative to try to determine the exact number of solutes decorating the vacancy based 

on the present data only. Further experiments should be carried out to verify this point. One 

possibility could be that Si can act as an “inhomogeneous nucleation site” for vacancy 

Figure 4.2.8. τAPLT evolution in quenched (L) Al-0.005%Mg, Al-0.005%Si, Al and (R) Al-1%Mg, 

Al-1%Si alloys. Upwards arrows in the left figure indicate the saturation time of τAPLT.   
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clusters. The high jump frequency of a vacancy attached to Si might result in fewer but larger 

vacancy clusters containing at least 6 vacancies in Al-0.005% Si alloy. But in Al-0.005%Mg 

alloy, smaller but densely distributed clusters (~2 vacancies) are formed, see Fig. 4.2.4.  

With increasing solute content, the time for a vacancy to find the nearest solute will become 

shorter until to an extent that the fraction of solutes exceeds the fraction of vacancies in the 

alloy. This could result in a similar behaviour for both alloys that the decrease of the APLT 

becomes less pronounced for increasing amounts of solute, as seen in Fig. 4.2.8 (R), but the 

mechanism could be different. In Al-Si, when a vacancy is attached to Si, the vacancy can 

still move with a high jump frequency to other vacancies to form small vacancy clusters 

(with or without Si) [Kra85]. In Al-Mg, the jump frequency of a vacancy is slowed down by 

attaching to Mg, or in other words, vacancies will be retained by Mg atoms [Som02].          

V-Mg complexes higher in number density will be formed instead (e.g. initially ~80%    

annihilation in vacancy-type defects in Al-0.5%Mg alloy). As a result, τv (Al-0.5%Si) = 0.275 ns 

and τv (Al-0.5%Mg) = 0.260 ns were obtained after quenching which are close to the PLT in 

vacancy clusters (~3 vacancies) and mono-vacancies, respectively [Dlu86, Mel06]. What we 

could learn from the results so far is that both Si and Mg attract vacancies, but Si will move 

together with a vacancy while Mg “traps” a vacancy and slows down its movement. This 

indicates that Si diffusion is the dominating mechanism in the initial stage of solute 

clustering in Al-Mg-Si alloys. The discussion above can be summarized by Fig. 4.2.9:  

 

 

 

 

 

 

 
Figure 4.2.9. Illustration of the NA characteristics of Al-Mg and Al-Si alloys. Vacancy-solute 

configuration during the first 3000 min of NA is schematically shown. High and low solute content 

means 0.5% and 0.005%.  

 

4 Results and Discussion60



 

 

4.2.1.3  Evolution of τi & Ii during IA 

The evolution of the PLT components upon isochronal annealing after ~2 months of NA was 

also shown in Fig. 4.2.2, Fig. 4.2.3 and Fig. 4.2.5. It was found that: 

 Al-Mg alloys  

o Below 100 °C, no obvious change for all annihilation parameters is observed.    

V-Mg remains as a stable complex, which implies a strong binding energy 

between the two. This agrees with electrical resistivity measurements by [Pan63] 

and theoretical calculations by [Hir07, Lan13] (e.g. the binding energies of V-Mg 

and V-Si equal 0.026 eV and 0.033 eV by the latter, see Table 4.2.1).  

o Above 100
 
°C, the APLT and the defect concentration start to drop. A higher Mg 

content leads to a higher onset temperature for the decrease. Further annealing up 

to 250 °C leads to either the elimination of vacancy clusters smaller than the 

critical size, or the formation of few large vacancy clusters, as shown by the 

increase of τv, see Fig. 4.2.2. Both possibilities result in a decrease of Iv to < 5%.  

o Above 250
 
°C, τv decreases to ~0.260 ns again and Iv re-increases. This might 

correlate to trapping of positrons by mono-vacancies, which are newly created or 

released from vacancy clusters at elevated temperatures.  

 Al-Si alloys  

o In Al-0.5%Si alloy, the behaviour during isochronal annealing is consistent with 

previous work by [Dlu86, Kra85]. It was suggested that the continuous decrease 

of τv until 250
 
°C from 0.275 to 0.250 ns results from the formation and growth of 

incoherent Si nuclei by consuming vacancy clusters. The decrease of Iv to ~80 °C 

and the increase thereafter can be attributed to disappearance of the vacancy 

clusters and vacancies released from vacancy clusters, respectively. Some of these 

vacancies might be trapped in the incoherent Si nuclei, otherwise, they could be 

used for transporting further Si atoms to the nuclei [Dlu86].  

o Above 250
 
°C, τv increases slightly due to the transformation of small 3D clusters 

to plate-like Si precipitates. Beyond 275
 
°C, Iv decreases again for Al-0.5%Si 

alloy caused by coarsening [Dlu86, Kra85].  

o For Al-0.05%Si and Al-0.005%Si alloys, a similar annealing behavior to Al-

0.005%Mg alloy is observed. 
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4.2.2  Doppler Broadening Annihilation Radiation 

DBAR makes use of the positron sensitivity to the momentum distribution of the annihilation 

electrons. Thus, dissimilarities in electronic configurations, as given below: 
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Ge 

have a notable impact on the specific elemental DBAR curves. Appling the HMA method 

and normalizing the spectra of well annealed pure Mg, Si, Cu and Ge by spectrum of Al 

yields so-called reference ratio curves [Aso96, Klo10, Liu11], see Fig. 4.2.10. Thus the 

unique shapes of these characteristic ratio curves reveal the electron momentum distribution 

of the corresponding material as probed by the positron wave function at the annihilation site.  

 

 

 

 

 

 

 

 

 

 

With reference to Al, differences in electron momentum distribution between these elements 

are directly visible, for instance: 

Figure 4.2.10. Reference ratio curves of various pure elements. Curves in gray color were 

measured previously by [Klo10], using the same materials. All sample curves can be 

reproduced except for Mg, which was probably affected by the easily formed oxidation 

layer. 

 

4 Results and Discussion62



 

 

 Mg 

Despite of the identical configuration of core-electrons [Ne], the less compact lattice 

structure of Mg compared to Al and Si results in an enhanced free-electron annihilation with 

positrons confined to the interstitial regions [Som02]. The ratio of Mg to Al starts at ~1.1, 

continuously decreases and reaches its minimum at the position where the ratio of Si is 

maximal. Such a feature could be used for the interpretation of DBAR results of Al-Mg-Si 

alloys. In the high-momentum region, it becomes more and more critical to differentiate Mg 

from Si and Al due to many reasons: (1) Mg deviates from Si and Al only slightly; (2) 

statistics are poor in this region; (3) the signal-to-noise ratio is low (< 1/1000 for pL > 10×10
-3 

m0c [Klo10]) for the applied single Ge detector, which could be improved by at least two 

orders of magnitude by CDBS method employing two Ge detectors [Ala95, Aso96].  

 Si 

In the low-momentum region, the ratio curve of Si is approximately a constant at ~1 and 

shows an almost identical momentum distribution of the valence electrons in Si and Al. At pL 

≈ 8×10
-3 

m0c, a peak can be observed (more clearly in alloys F and H as presented in Section 

4.4.2), followed by a decrease of ratio to ~0.8 in the high-momentum region.  

 Cu 

Due to a larger atomic radius but smaller lattice constant of Cu than Al, and the lower 

probability of positron annihilation with free electrons compared to Al, a low ratio of Cu to 

Al in the low-momentum region is observed [Som02]. For high-momentum region at pL > 

15×10
-3 

m0c, the ratio is quite high (~3.5) compared to other elements (which are all below 

1.6).  This is mainly caused by the 3d-orbital electrons of Cu, i.e. for Al [Ne] 3s
2
 3p

1
 while 

for Cu [Ar] 3d
10

 4s
1
. Therefore such a fingerprint indicates the presence of Cu at the 

annihilation site.  

Based on these features, the reference curves from pure Mg and Si as shown in Fig. 4.2.10 

will be used to identify the local chemistry of the positron annihilation sites in Al-Mg, Al-Si 

and Al-Mg-Si alloys. However, Mg or Si samples containing mono-vacancies were not 

available for this work, because Mg is highly reactive with water and air especially at 

elevated temperatures, and oxidation during SHT and quenching led to a disturbing layer 

which seriously affects DBAR measurement. The formation energy of vacancies in Si was 
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measured to be approximately 3.85 to 4.0 eV [Bra08], about 7 times higher than in Al. This 

implies that the thermal creation of a number of vacancies in pure Si is not straightforward. 

Thus, these two cases will be excluded. Instead, V-Mg and V-Si complexes in as-quenched 

Al-Mg and Al-Si alloys will be used as an approximation. 

After the reference curves for V-Al, Mg and Si have been made, the next step deals with ratio 

plots of V-Mg and V-Si in an Al matrix. Al-1%Mg has a comparable solute content 

compared to the investigated ternary Al-Mg-Si alloys, and it was shown in previous PALS 

measurements that the vacancy-type component of this alloy should be in the form of a       

V-Mg complex. While instead of the ratio plot of V-Si, the as-quenched Al-1%Si alloy is 

used as a substitute, because although on the one hand the existence of a 3V-Si complex was 

suspected for this alloy, on the other its solute content suggests a similar vacancy 

concentration (using Eq. (4.2.2)) and distribution as in the ternaries after quenching. In 

addition, dilute Al-Si alloys containing less Si might also be improper representatives since 

small vacancy clusters could be formed during the preparation (cooling and evacuation) 

lasting up to 5 min. Thus, by measuring an as-quenched Al-1%Mg or Al-1%Si alloys by 

DBAR, the ratio plots corresponding to V-Mg and V-Si can be approximated, see Fig. 4.2.11:  

 

 

 

 

 

 

 

 

 

 

Figure 4.2.11. Ratio plots of as-quenched Al-1%Mg and Al-1%Si alloys. Calculated plots carried out by 

[Kor10] are also given for comparison. All ratio plots are corrected according to their corresponding 

annihilation fractions using Eq. (4.1.12). Errors are not given in order to show all plots in a clear 

manner, same for the DBAR figures in Section 4.4.2.  
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The annihilation fractions for Al-1%Mg and Al-1%Si were calculated from the decomposed 

PALS annihilation parameters using STM (η equals 52% for Al-1%Mg and 27% for Al-

1%Si), based on which the ratio plots of both alloys were corrected using Eq. (4.1.12) for  

100% trapping by defects. Except for the changes in amplitude, V-Mg differs from V-Si in a 

similar manner as the ratio plots of pure Mg and Si from each other. Owning to the 

practically identical core electron configurations of Mg, Al and Si, replacing one Al atom 

adjacent to a vacancy with Mg or Si will not result in a conspicuous ratio difference             

in the momentum region pL > 15×10
-3

 m0c. Nevertheless for pL < 15×10
-3

 m0c, except for the 

slightly higher peak at pL = 8×10
-3

 m0c of Al-1%Si alloy which might correlate to Si atoms 

attached to small vacancy clusters (~3 vacancies), more similarities can be seen between the 

ratio curves of V-Al and V-Si, see Fig. 4.1.4. This comparability was also found by a 

theoretical calculation employing the atomic superposition method [Mel06]. Only V-Mg 

reveals a different distribution due to the lack of the outermost electrons from the 3p orbital.   

As for the case of a mono-vacancy in pure Al as shown in Fig. 4.1.4, DOPPLER calculations 

with different annihilation fractions were conducted for the vacancy-solute complex in binary 

Al-Mg and Al-Si systems. On the one hand, the calculated V-Si ratio curve agrees quite well 

with experimental value in the high-momentum region, but on the other hand certain 

deviations can be seen for the region pL < 15×10
-3

 m0c. The agreement between the calculated 

V-Mg ratio curve to experiments in the high-momentum region is not satisfactory, but for 

momentum region pL < 15×10
-3

 m0c the deviation is even worse. For this inconsistency, one 

has to consider the quality of the Doppler calculation for the bulk materials, where Si is the 

element that matches best, Al is not that excellent and Mg is the worst (not shown in the ratio 

plots of reference curves). Therefore, the imperfect calculation is mainly a result of problems 

originating from Al, which is the reference in all ratio curves and limits the accuracy of all 

the calculations. 

Moreover, it should be noted that any decoration of vacancies by alloying element such as Si 

or Mg atoms could yields a “real” peak between pL = 7×10
-3

 ‒ 10×10
-3

 m0c, but could be 

disturbed by the confinement of positrons, since this structure is partially superposed on the 

disturbing confinement peak which roughly located at the same position, as already 

mentioned in Section 4.1.2. Thus, makes the interpretation of the DBAR ratio curve difficult.  
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4.3  From Binary Al-Mg and Al-Si to Ternary Al-Mg-Si Alloys 

The interactions between vacancies and solute atoms in quenched Al-Mg and Al-Si binary 

alloys during NA were studied. Based on the present results, most of the microstructural 

changes are related to the formation of vacancy clusters of certain sizes, while solute 

clustering process could not be experimentally observed or deduced. However, it is known 

that in industrial Al-Mg-Si alloys, solute clusters are formed during NA, which has a key 

influence on the final mechanical properties of these alloys after “paint baking”. Therefore, it 

is essential to study Al-Mg and Al-Si alloys containing small amounts of the third alloying 

elements of Si or Mg to clarify the interactions between Mg, Si and vacancies. Results      

from PALS, DSC and resistivity experiments on “ternary” Al-0.5%Mg-0.05%Si and Al-

0.05%Mg-0.5%Si alloys will be presented and compared to the binaries in this section. 

4.3.1  Positron Annihilation Lifetime Spectroscopy 

4.3.1.1  Adding 0.05% Si (Mg) to Al-0.5%Mg (Si) Alloy 

 

 

 1-component analysis of Al-0.5%Mg and Al-0.5%Mg -0.05%Si alloys  

In the Al-0.5%Mg alloy, τ1C evolves slowly during NA. Although the initial PLT in an Al-

0.5%Mg-0.05%Si alloy is similar to the one in Al-0.5%Mg alloy, the changes during NA are 

markedly different after addition of 0.05% Si. Distinct stages II, III and IV (PLT decrease, 

increase and re-decrease) were observed as the previously investigated alloys F and H 

[Ban11] (see Section 4.4). The transition times between stage II to III (~1000 min) and stage 

III to IV (~10000 min) are much longer than the ones of alloys F and H.  

Figure 4.3.1. (L) Evolution of 1-component PLT τ1C during NA, dashed line: extrapolation of 

data; (R) APLT evolution during NA, as calculated by 2-component analysis. 
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 1-component analysis of Al-0.5%Si  and Al-0.05%Mg-0.5%Si alloys 

τ1C decreases during the first 100 min of NA in Al-0.5%Si alloy. By adding 0.05% Mg, the 

NA kinetics of Al-0.5%Si alloy is completely changed. The initial PLT of 0.276 ns in Al-

0.05%Mg-0.5%Si alloy is much higher than the PLT of 0.226 ns in Al-0.5%Si alloy. More 

importantly a monotonic decrease of PLT (almost linear on the logarithmic scale) for more 

than ~5×10
4
 min was observed after adding 0.05% Mg to Al-0.5%Si. This agrees with the 

observation from [Ban11], where a single crystalline Al-0.08%Mg-0.4%Si alloy was 

measured. But the cause of such a PLT evolution, particularly during PALS stage II, can 

hardly be figured out using 1-component analysis only. 

It was found that fitting the PLT spectra of the two “ternary” alloys with low Mg or Si 

content with only one PLT component is not satisfactory since the fit variance is large. It 

might be an indication of additional positron trapping sites related to solute clusters (τs) or 

bulk (τf) besides vacancy-type defects (τv). To verify this point, a further analysis employing 

two PLT components was carried out for PALS stage II.     

 2-component analysis of Al-0.5%Mg and Al-0.5%Mg-0.05%Si alloys  

Decomposed PLT components in binary Al-0.5%Mg alloy shows a very slow formation of 

small vacancy clusters, as shown in Fig. 4.3.2 (L) and in Section 4.2. The main positron traps 

(~80%) are V-Mg complexes which are small in size but high in number density, see Section 

4.2.1.2. The bulk contribution is small (~20%), and the related PLT is always below the one 

in bulk Al (0.165 ns), as the so called “reduced bulk lifetime”.  

But decomposition of the PLT spectra of Al-0.5%Mg-0.05%Si alloy is difficult. This is due 

to: (1) τf+s (as the weighted sum of τf and τs, see Section 4.4.1.4 for details) and τv are close to 

each other; (2) limited time resolution of the spectrometer; (3) low statistics in the FDA 

mode. In order to minimize uncertainties from fitting, the vacancy-related PLT τv was fixed 

to 0.255 ns (initial PLT τv in Al-0.005%Mg alloy) as the PLT of V-Mg complex. Such 

complexes are formed with a much higher probability than V-Si due to the much higher Mg 

content in this alloy. As shown in Fig. 4.3.2 (L), the PLT τf+s increases from 0.120 to 0.195 

ns (between the reduced bulk lifetime in Al and the PLT in mono-vacancy in Al), while If+s 

starts from ~10% and approaches 60% after 1000 min of NA.  
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 2-component analysis of Al-0.5%Si and Al-0.05%Mg-0.5%Si alloys 

For Al-0.05%Mg-0.5%Si alloy, constraint-free fitting was possible and data files were 

summed up for each 40 min in order to improve the statistics, as shown in Fig. 4.3.2 (R). The 

initial PLT of vacancy-type defects equals ~0.280 ns (small vacancy clusters) and decreases 

slightly during NA, whereas τf+s increases from 0.105 to 0.190 ns after 1000 min of NA.  

 

 

 

 

 

 

During the NA of Al-0.5%Mg and Al-0.5%Si alloys after quenching, the formation of small 

vacancy clusters leads to a decrease in concentration of vacancy-type defects. Thus, the 

increasing positron annihilations in the bulk cause a slight decrease of τAPLT, as shown by the 

decomposed PLT components of these alloys, see Section 4.2.1.2.  

However, the increase in τf+s and If+s during stage II in Al-0.5%Mg-0.05%Si alloy probably 

indicates the formation of coherent Mg-Si co-clusters (enriched in Mg), totally different from 

the ageing characteristics observed in binary Al-Mg or Al-Si alloys. Regarding the smaller 

re-increase of τ1C during stage III (dominated by Mg [Ban11, Lay12]) compared to alloys F 

and H, one has to consider the repulsive Mg-Mg and Si-Si but attractive Mg-Si bindings 

[Hir07]. For an alloy containing 10 times more Mg than Si, the Mg aggregation to Mg-Si 

clusters (with or without a vacancy) in stage III cannot benefit from the excessive Mg content, 

Figure 4.3.2. 1000 min evolution of decomposed PLT components of (L) Al-0.5%Mg and Al-

0.5%Mg-0.05%Si (with fixed τv) and (R) Al-0.5%Si and Al-0.05%Mg-0.5%Si (annihilation 

parameters are all free) alloys. The trend of the intensity evolutions are indicated by arrows 

and percentages rather than giving the wide distribution of Ii caused by data scattering. The 

letter “f” stands for free positron annihilation in bulk Al, “v” relates to vacancy-type 

positron traps. Due to limited time resolution of the spectrometer, annihilations in bulk and 

vacancy-free solute clusters will be treated as one component, as indicated by “f+s”. Data 

for binary Al-0.5%Mg and Al-0.5%Si alloys are the same as in Fig. 4.2.4, but not averaged. 
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since if most Si atoms are consumed after forming solute clusters during stage II and are then 

decorated by several Mg atoms at their NN positions, further growth of those previously 

formed Mg-Si co-clusters due to Mg aggregation will become increasingly difficult due to 

the energetic repulsive Mg-Mg binding energy. The ageing kinetics of Al-0.5%Mg-0.05%Si 

alloy is considerably slower compared to the one of alloys F and H, which is probably caused 

by the very low Si content of this alloy, since Si is expected to accelerate the ageing kinetics. 

In Al-0.05%Mg-0.5%Si alloy, 0.05% of Mg addition is a small amount, however it is still 

much higher than the vacancy concentration. Thus, Mg-Si co-clusters with a shorter PLT 

than in vacancy-type defects could still be formed and compete with them in trapping 

positrons, as indicated by its corresponding intensity If+s which increases from ~20% to 

~50%, see dark blue arrow in Fig. 4.3.2 (R). Further growth of such clusters is unlikely since 

most Mg atoms have been decorated by Si atoms during stage II. As a result, no Mg-

dominated stage III can be observed. Combining this suspicion with plausible vacancy 

cluster formation as well as certain bulk contribution as in Al-0.5%Si alloy, the continuous 

decrease of τ1C in Al-0.05%Mg-0.5%Si alloy during NA can be explained.  

4.3.1.2  Adding 0.1% or 0.5% Si (Mg) to Al-0.5%Mg (Si) Alloy 

With further increasing content of the third alloying elements, the NA characteristics of 

various Al-Mg-Si alloys were measured and analyzed (1-component), as shown in Fig. 4.3.3: 

 

 

 

 

 

 

 

Figure 4.3.3. Overview of τ1C evolution during NA of various Al-Mg-Si alloys (sphere symbols). The 

APLT and τv of binary Al-0.5%Mg and Al-0.5%Si alloys are also shown (square symbols). The initial 

PLT drops (black arrow) with increasing Mg content, this agrees with [Ban11].  
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Fig. 4.3.3 offers an overview of the different NA kinetics of various Al-Mg-Si alloys, in 

order to analyze the ageing characteristic of these alloys more clearly, the results from Fig. 

4.3.3 are classified into two groups according to the solute concentrations as follows: 

 

 

                        

Figure 4.3.4. τ1C evolution of Al-Mg-Si alloys during NA. Group with constant Si content is shown on 

the left hand side and with equal Mg content on the right hand side. Each measurement occurs twice, 

on the left and right sides. Numbers in the parentheses denote the alloy designations as listed in 

Table 3.1.1. The gray and red arrows (solid line) are used to roughly indicate the transition times 

between the suspected stages in alloys 21, 22 and 31, 32. 
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 Alloys containing 0.05% Mg: PLT decreases almost linearly throughout NA. Particularly 

alloy 23 containing 0.5% Si content shows very similar PLT evolution as the one 

previously observed in a single crystalline Al-0.08%Mg-0.4%Si alloy [Ban11]. In 

contrast, alloys with lower Si content such as alloys 21 and 22, the slope of the linear 

decrease of PLT was interrupted at ~300 min of NA. Whether this is correlated to the 

increase of Mg/Si ratio compared to alloy 23 or not could not be verified so far.  

 Alloys containing 0.1% Mg: PLT decreases for a certain NA time, followed by a stage of 

lower slope, after which a slightly decrease of PLT was found on the logarithmic time-

scale. Again alloy 33 with the highest Si content shows a slightly different ageing 

kinetics as compared to alloys 31 and 32 during the first ~3000 min of NA. However, 

similar PLT evolutions were observed in these alloys in the last stage, which might be 

related to stage IV [Ban11]. Moreover, transitions found in alloys 21 and 22 at ~300 min 

were also visible for alloys 31 and 32 at ~200 min, see gray and red arrows in Fig. 4.3.4, 

probably due to their similar solute contents.   

 Alloys containing 0.5% Mg: on the premise that at least 0.4% (> 0.1%) Mg atoms are 

available for solute clustering, 3 distinct stages (II, III and IV) exhibiting similar 

tendencies as in alloys F and H finally become visible [Ban11], see Section 4.4. It is 

shown that both Si (alloys 41, 42, 43) and Mg (alloys 23, 33, 43) can accelerate the initial 

ageing kinetics, and both solutes are required for the formation of solute clusters during 

stages II and III, agrees with [Cha11]. As an example, the acceleration of ageing kinetics 

and the increase of amplitude of stage III by increasing Si content are shown in Fig. 4.3.5:  

 

 

 

 

 

 

 

 
Figure 4.3.5. Dependence of transition times between stage II to III and III to IV (left y axis) and the 

increase of PLT during stage III (right y axis) on Si content. 
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4.3.2  Differential Scanning Calorimetry 

4.3.2.1  Adding 0.05% Si (Mg) to Al-0.5%Mg (Si) Alloy 

The remarkable interactions between Mg, Si and vacancy could also be verified by DSC:  

 

 

There is no solute cluster signal in both figures either because DSC is insensitive or because 

there are no clusters. However, adding 0.05% Si to Al-0.5%Mg leads to formation of β'', β' 

(overlapping peaks marked by the red square) and β peaks as in alloy F in Fig. 4.3.6 (L). In 

contrast, 0.05% Mg addition to Al-0.5%Si alloy barely causes visible changes in the DSC 

signal, in which only the peak of Si precipitation is observed (the upwards shift of the DSC 

curve might be due to base line subtraction rather than a physical effect), see Fig. 4.3.6 (R).  

4.3.2.2  Adding 0.1% or 0.5% Si (Mg) to Al-0.5%Mg (Si) Alloy 

 

Figure 4.3.6. Heat flow curves (10 K/min) of (L) Al-0.5%Mg-0.05%Si and (R) Al-0.05%Mg-

0.5%Si alloys. Other results on Al-1%Mg (this alloy was used as a substitute of Al-0.5%Mg 

alloy), Al-0.5%Si and Al-0.6%Mg-0.8%Si (F) alloys are also shown for comparison. 

 

Figure 4.3.7. Heat flow curves (10 K/min) of ternary Al-Mg-Si alloys with constant (L) Mg 

and (R) Si contents, but different amounts of the third alloying elements. The curves of 

alloy 41 and 23 are the same as in Fig. 4.3.6. 
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With increasing Si content, clustering peaks C1 and C2 gradually appeared in alloys 42 

(weak signal) and 43. At elevated temperatures (> 250 °C), precipitation peaks such as β'', β' 

and β are all visible, see Fig. 4.3.7 (L). Clustering peaks can hardly be observed in alloy 33, 

obviously due to its too low Mg content. Actually to observe C1 and C2 in alloy H is also 

difficult, see Section 4.4.3. For alloy 33 which has only 0.1% Mg, the clustering signals are 

even weaker. Above 250 °C, the signal related to precipitation of Si is weaker in alloy 33 

than 23 (whether this is correlated to the solute cluster formation cannot be verified so far), 

and β'', β' peaks can still not be observed in this alloy, see Fig. 4.3.7 (R). 

4.3.3  Electrical Resistivity  

The ageing kinetics of Al-Mg-Si alloys was also investigated by resistivity experiments, see 

Fig. 4.3.8:  

 

 

 

 

 

 

 

For Mg-free binary Al-0.5%Si alloy which has a sufficient Si content, a constant resistivity 

was observed. In contrast, for alloy 23 (no PALS stage III or IV is observed, see Section 

4.3.1) containing 0.05% Mg in addition to 0.5%Si, the increase in resistivity is slower as 

compared to alloy H. The fastest ageing kinetic is found in alloy H, which contains 0.4% Mg. 

The anomalous increase of resistivity is due to solute clustering [Sey09]. It is suspected that 

the fast increase of Δρ/ρ0 at the beginning of NA is associated with PALS stage II (Si-

dominated) and the subsequent slow increase could be correlated to stage III (Mg-dominated), 

see red curve in Fig. 4.3.8. By comparing all three results, the notable effect of Mg during the 

formation and growth of solute clusters in Al-Mg-Si alloys can thus be confirmed.  

Figure 4.3.8. Resistivity evolution of Al-0.5%Si, Al-0.05%Mg-0.5%Si and Al-0.4%Mg-0.4%Si 

alloys during NA. Measurements were carried out by J. Kühn and M. Wüstenhagen.  
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4.4  Ternary Al-Mg-Si Alloys 

It is known that age-hardenable Al-Mg-Si alloys can be strengthened through the formation 

of solute clusters during NA at RT and precipitates upon AA. The clusters formed during NA 

can positively or negatively influence subsequent AA which is of great practical relevance 

and therefore motivates us to study NA in more detail.  

Atom probe tomography, although useful for analyzing small objects such as solute clusters, 

is currently too slow to resolve clustering kinetics and also a reliable detection of clusters is 

challenging. Integral techniques such as DSC, electrical resistivity and hardness have 

demonstrated that clustering in Al-Mg-Si alloys is a complex multi-stage process [Ban10]. In 

particular, by using positron annihilation lifetime spectroscopy, it could be shown that the 

evolution of PLT τ1C in Al-Mg-Si alloys involves at least 4 stages, i.e. a stage I of nearly 

constant PLT, a stage II of decrease, a stage III of increase and, finally, another decrease in 

stage IV [Ban11].  

In order to further clarify the underlying microscopic processes behind these stages,           

Al-Mg-Si alloys F and H from various states of NA were characterised at temperatures 

ranging from -180 to 20 °C by PALS method, utilizing its unique sensitivity to electron 

density differences in various atomic defects. Besides 1-component analysis of the PLT 

spectra, 2-component (fixed τv) and 3-component analysis (free fitting) were also carried out. 

The results are shown in Section 4.4.1.1 to Section 4.4.1.7.  

In order to verify the PALS results obtained from multi-component analysis, two types of    

3-state trapping models were employed. The validation of the sophisticated temperature and 

time dependence of the decomposed lifetime components are given in Section 4.4.1.8 to 

Section 4.4.1.9.  

In addition, the chemical environment of the annihilation site was further identified by 

DBAR and CDBS method, as shown in Section 4.4.2.1 to Section 4.4.2.4. 

Finally, the different stages observed from the positron perspective will be compared to the 

observations from DSC, electrical resistivity and hardness measurements, see Section 4.4.3 

to Section 4.4.7. 
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4.4.1  Positron Annihilation Lifetime Spectroscopy   

4.4.1.1  1C Evolution in Al-Mg-Si Alloys at Room Temperature (FDA) 

 

 

 

 

 

 

 

 

 

The observations shown in Fig. 4.4.1 agree with [Ban11]: (1) constant (or slightly increasing) 

stage I: can be easily observed for alloys with high Mg content, e.g. alloys F and I. The initial 

PLTs are dominated by the Mg concentration, i.e. high Mg content results in lower initial 

PLT. This stage will be discussed in Section 4.4.1.2 and Section 4.4.1.6; (2) decrease in stage 

II: formation of Si-Mg co-clusters with a low PLT, therefore, τ1C continuously drops. Si 

could be a dominating factor due to its high jump frequency; (3) re-increase in stage III: Si 

will be gradually consumed during clustering, thus the slow Mg aggregation into previously 

formed clusters could increase its PLT by a certain degree; (4) final decrease in stage IV: 

might be related to coarsening of clusters or ordering phenomena inside the clusters [Ban11].  

The main emphasis was placed on investigating the observed stages I to III of alloys F and H 

in which solute clusters are formed that are suspected to be related to the negative and 

positive effects on subsequent AA. However, only limited information can be obtained due to 

fast NA kinetics of the Al-Mg-Si alloys and insufficient statistics when measuring in the 

FDA mode. Thus, the samples should be prepared and measured at low enough temperatures 

to improve the statistics to a level sufficient for multi-component analysis.  

Figure 4.4.1. τ1C evolution of alloys E, F, G, H and I (IWQ). During NA four observed stages 

are marked I to IV. The transition time between stages I to II (dashed line above the figure) 

depends on solute concentration and can be as high as 30 min.  
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4.4.1.2  1C Evolution in Alloys F and H at Low Temperatures (FDA) 

Quenching the samples on a cold Cu block can largely suppress the disturbing ageing effects 

prior to the measurement, see Section 3.1.2.1. Ageing curves of alloys F and H depend 

strongly on the applied ageing temperature, see Fig. 4.4.2: 

 

 

 

Figure 4.4.2. τ1C evolution of (L) alloy F and (R) alloy H at LTs. The samples were quenched on a cold 

Cu block and kept at a temperature T < 100 °C throughout handling and transfer to the spectrometer. 

There, the temperature was increased to the specified level before the measurements. After a certain 

ageing time, the ageing temperature was further increased to RT to accelerate the kinetics for some 

of the samples. Dashed lines are extrapolations of the PLT evolution to long NA times. 
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As the ageing kinetics of an Al-Mg-Si alloy is thermally activated, slower ageing curves are 

observed when temperature is lowered, as shown by Fig. 4.4.2. Besides the similar 

tendencies shown by these measurements, the characteristics of the alloy aged at low 

temperature varies from the one observed at RT to some extent: 

 Stage I: initial PLTs for alloy H are always higher than for alloy F at the same 

temperature, which might the indication of a relatively higher contribution of vacancy-

type defects to τ1C. 2-component analysis is required to verify this point, see Section 

4.4.1.6. Benefitting from an improved quenching rate and low measurement temperatures, 

stage I previously observed for alloy F only [Ban11] was also found for alloy H, with a 

much shorter duration, and τ1C actually increases during this stage rather than having a 

constant value. So far we are lacking in the knowledge to interpret this stage physically, 

but the 2-component analysis in Section 4.4.1.6 will offer a plausible explanation. 

 Stage II: it is believed that solute cluster formation during stage II is dominated by Si 

[Ban11]. At LTs such as at -20 °C, the jump frequency of a vacancy attached to Si is 

greatly reduced from ~18200 s
-1

 at 20 °C to 700 s
-1

, as shown by the retarded τ1C 

evolution in Fig. 4.4.2. Whether the solute clusters formed during and after this stage are 

different to the corresponding ones formed at RT cannot be verified so far.  

 Stages III and IV: at LTs, the amplitude of the PLT re-increase during stage III is smaller 

than the one at RT, and the decrease in stage IV can hardly be seen even if the samples 

are heated up to RT afterwards, see alloy F aged at -10 °C as an example. This tendency 

may be related to the atomic jump frequencies of the vacancies attached to Si or Mg 

atoms during cooling.  The degree of retardation for a vacancy attached to Mg is different 

to that of Si, e.g. fV-Mg will be reduced by a factor of ~55 when temperature decreases 

from 20 to -20 °C, much more than for Si (~25), see Fig. 4.2.7. If this calculation is 

applicable to the real system, the solute clusters formed during stage I, II at LTs could be 

different to the ones formed at RT concerning size, number density and composition, 

which might affect the subsequent ageing in a direct or indirect manner.  

Combining the results from LT PALS experiments and the one from a previous study 

[Ban11], the activation energies could be further determined making use of the temperature-

dependent transition times between different PALS stages.  

4.4 Ternary Al-Mg-Si Alloys 77



                                                        

 Activation energy analysis 

During the ageing of an Al-Mg-Si alloy, the physical properties such as APLT, resistivity, 

hardness etc. vary as a function of temperature T and time t, indicating certain reactions. 

Appling the Johnson-Mehl-Avrami (JMA) equation [Avr39], the degree of transformation D 

for heterogeneous nucleation is defined as [Mit92]: 

              ,                                                                                                         (4.4.1) 

where β is the state variable, the JMA exponent n indicates the reaction order (for 

heterogeneous reaction n = 1, 2 and 3 for one, two and three dimensional nucleation growth, 

respectively), for isothermal annealing: 

        ,                                                                                                                       (4.4.2) 

where k(T) is the temperature-dependent reaction rate and can be described by the classical 

Arrhenius equation: 

             
  

  
  ,                                                                                                      (4.4.3) 

where k0, Ea and R represent the pre-factor, activation energy of a certain reaction and the gas 

constant accordingly. Combining all the equations above and taking twice the natural 

logarithm of the first equation yields: 

        [     
 

 
  [         ]]  

  

  
 .                                                                  (4.4.4) 

At different temperatures, the degree of transformation D should be constant at a certain 

stage of ageing (e.g. transition times at τ1C minimum and maximum). Thus, the plot of         

ln (t 
-1

) versus (RT) 
-1

 yields a line with a slope which represents the activation energy Ea. 

Other parameters such as k0, n, and D have not be known necessarily since they only 

contribute to the constant term. Based on the transition time tII→III and tIII→IV at various 

temperatures (10 to 37 °C), the activation energies for stage II to III (τ1C minimum) and stage 

III to IV (τ1C maximum) were determined for alloys F and H by [Ban11]: 

Ea (F) II→III = 74 ± 5 kJ/mol,  Ea (H) II→III = 87 ± 5 kJ/mol. 

Ea (F) III→IV = 94 ± 7 kJ/mol,  Ea (H) III→IV = 96 ± 4 kJ/mol.  
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Applying the same methodology, ageing of alloys F and H isothermally at LTs (-30 to         

0 °C) enables a more precise determination of the activation energies for stage I to II and II to 

III. The applied transition times are roughly marked with the gray spheres shown in Fig. 

4.4.3. Extremely long ageing times are required for stage III to IV at LTs in both alloys. 

Therefore these will be excluded in the discussion.  

 

Combining these values with the previuous ones from [Ban11], Fig. 4.4.4 can be plotted, as 

shown below: 

 

 

 

 

 

 

 

 

 

Figure 4.4.3. τ1C evolution of (L) alloy F and (R) alloy H at different ageing temperatures 

ranging from -30 to 20 °C (CuQ + IWQ). Arrows are given to guide the eye. 

 

Figure 4.4.4. Activation energy analysis for alloys F and H. Straight lines are linear fits of 

the transition times between stage I to II, II to III and IIII to IV (the latter two are accordingly 

related to the τ1C minimum and maximum) at different ageing temperatures (-30 to 37 °C).   
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Activation energies determined from isothermal ageing experiments on alloys F and H (-10 

to 37 °C) are slightly higher than the previous results (10 to 37 °C): 

Ea' (F) II→III = 89.7 ± 4.3 kJ/mol,  Ea' (H) II→III = 92.7 ± 1.5 kJ/mol.  

The tendency found before that Ea (F) II→III < Ea (H) II→III and Ea (F, H) II→III < Ea (F, H) III→IV still 

holds in this study. The present results are higher than the highest literature values 

determined by DSC which cover a wide range from 33 [Dut91] to 79 kJ/mol [Doa00, Lia12]. 

It was speculated that the interaction between vacancies, solute atoms as well as between 

vacancies and solutes could be responsible for the discrepancies [Ban11]. In addition, 

inaccuracies concerning the experiments and the determination of the data points should also 

be noted (especially the ageing kinetics is retarded at LTs, which would lead to large errors 

in the transition time determination).   

Even higher activation energies were found recently in another PALS experiment on an     

Al-0.46%Mg-1.05%Si-0.14%Fe alloy (wt.%) by [Lay12], which might be more than just a 

coincidence. A phenomenological model was developed there for stages II and III, in order to 

describe the diffusion of vacancies to sinks and the growth of solute clusters which decreases 

and increases the APLT accordingly. Effective activation energies of 111 and 156 kJ/mol 

were obtained for the decay of the vacancy-related kinetic coefficient and solute clustering 

coefficient, respectively. It was suggested that these high values could be correlated to the 

binding between vacancies and solute atoms. Moreover, PAS methods are very sensitive to 

vacancy-type defects, e.g. the change of APLT in alloy H is much larger than in alloy F, 

although the total solute content is much smaller in alloy H than in alloy F. This is probably 

caused by the higher vacancy defect contributions. However, the clustering peak of alloy H is 

much smaller than of alloy F as observed by DSC, again this might be correlated to the 

sensitivity of DSC to solute clustering. Thus, the higher Ea deduced from 1-component PALS 

analysis certainly represents a weighted mean of individual activation energies, especially the 

one related to vacancies, while for other techniques such as DSC or resistivity, more 

information on solute clustering will be recorded and used for Ea determination.  

Finally, Ea (F) I→II and Ea (H) I→II equal 96.6 ± 1.1 and 74.1 ± 5.9 kJ/mol, respectively. The exact 

physical processes related to these energies are still unknown. 
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4.4.1.3  Temperature and Time Dependence of 1C in Alloy H (NDA + FDA) 

The course of the 1-component PLT of alloy H during NA is known from previous studies 

and shows distinct stages, see Fig. 4.4.5, namely an “initial” stage II, where the PLT 

decreases from 0.245 to 0.215 ns within ~80 min, followed by stage III, a slow increase to 

0.222 ns until ~900 min, and finally stage IV, where the PLT decrease slowly again. The 

existence of a very short (less than ~2 min at RT) and slight increase in stage I can be best 

observed at LTs as shown in Fig. 4.4.2 or in alloy with a higher Mg and Si content such as 

alloys F and I [Ban11]. The main focus of this and the following sections was put on the 

ageing kinetics of alloy H during stage II, namely, from 5 to 80 min after quenching.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.5. Temperature and time dependence of 1C in alloy H during NA. 1st run: 1C evolution 

during NA of alloy H measured at RT (black open symbols, IWQ). 2nd run: the temperature 

dependence of τ1C in selected NA states of alloy H (IWQ). PLT measured at low temperatures during 

cooling (blue solid symbols), at intermediate temperatures during heating (green open symbols) and 

PLT in between at RT (red open symbols). Grey point is estimate of PLT for the sample aged for 5 min 

at RT of the 2nd run. The insert explains the temperature profile according to which samples were 

sequentially measured at -60, -100, -140 and -180 °C in the NDA mode during the 2nd run. After the 

measurements at this sequence, the LN2 supply was turned off and samples were slowly warmed up 

to -60 °C, followed by a rapid active heating to RT to further age the samples, in between data were 

collected in the FDA mode.  
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A different temperature dependence of τ1C in various states of ageing was observed in Fig. 

4.4.5. For the sample NA for 5 min, τ1C is markedly reduced from ~0.240 ns at 20 °C to 

0.220 ns at -180 °C during cooling sequence 1. After 80 and 900 min of NA (cooling 

sequences 2 and 3), this dependence largely (but not completely) disappeared. This tendency 

agrees with [Klo10], in which a similar feature was also found for alloy F where, however, 

the temperature dependence of τ1C shortly after IWQ is less pronounced than for alloy H.  

  

 

 

 

 

 

 

 

 

 

The first data point in Fig. 4.4.5 is 5 min after IWQ, during which some solute clusters could 

already have formed. In order to avoid such a disturbing ageing effect before measurement 

and to access the real as-quenched state of the sample, alloys F and H were quenched on a 

cold Cu block and handled at temperatures lower than -100 °C until the measurement started. 

The experiments in Fig. 4.4.5 were partly repeated and the results are shown in Fig. 4.4.6. A 

similar 1C dependence on temperature to the one shown in Fig. 4.4.5 was observed for alloy 

H, whereas the measurement of alloy F reveals the same feature as reported by [Klo10]. The 

increase of 1C for both alloys above -40 °C is caused the combined effects of ageing during 

warming up and the inaccuracy from using 1-component analysis, see section 4.4.1.3. 

Figure 4.4.6. Temperature dependence of 1C in the AQ state (little ageing effect after CuQ) 

of alloys F and H. Afterwards, both alloys were further aged at -10 °C and RT for some time.  
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In Fig. 4.4.5, the positron lifetime data collected during warming up roughly shows the same 

temperature dependence of 1C as during cooling, see Fig. 4.4.7 (L). Particularly for alloy H 

aged at RT for 5 min which certainly contains deep positron traps related to vacancies, the 

pronounced decrease of 1C during cooling sequence 1 strongly indicates the existence of an 

additional kind of positron traps, which are shallow and have been observed by a few 

experimental studies such as [Pag84, Saa89, Sme80]. As an example, the similar temperature 

dependence of 1C in alloy H (5 min of NA) and the τAPLT in Si which contains deep traps 

neutral vacancies and shallow traps (st) is shown in Fig. 4.4.7 (R):  

 

 

 

 

The comparison in Fig. 4.4.7 (R) indicates that the temperature dependence of τ1C in alloy H 

after 5 min of NA points at the existence of “shallow traps”, which compete with the “deep 

traps” (> 1 eV of potential depth [Haa09, Klo10]) related to quenched-in vacancies. Grain 

boundaries certainly contain vacancy-like defects and act as deep traps [Dup93]; similarly, 

undisturbed dislocation lines which are treated as shallow traps [Sme80] also contain open 

volume defects such as bound vacancies by its tensile field. Thus, a positron which is pre-

trapped by dislocations (as a precursor state) diffuses quickly along the line and will be 

trapped by such vacancies finally [Has91]. Moreover, grain boundaries and dislocation lines 

do not change during NA, and can be practically ruled out as a candidate for shallow traps.  

Figure 4.4.7. (L) Temperature dependence of 1C during cooling (blue solid symbols) and 

warming up (green open symbols) for various ageing states (5, 80 and 900 min of NA) of 

alloy H after IWQ; (R) Calculated temperature dependence of τAPLT in Si, which contains 

deep positron traps (vacancies in different charge states, V0 and V‒) and shallow positron 

traps (st) [Kra03], such a dependence is compared to the one of alloy H aged for 5 min at 

RT (gray and blue solid symbols). The same data (same symbols) as shown in Fig. 4.4.5 are 

used for both figures.  
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Therefore such shallow traps could be small solute clusters in which positrons have lifetimes 

well above the value of bulk Al. At RT, the weak binding energies between positrons and 

shallow traps (typically 0.03 to 0.04 eV [Pag84, Saa89]) are insufficient to trap positrons 

since their thermal energies (~0.04 eV) are of the same order and thus they easily de-trap and 

barely contribute to annihilation. But when temperature and positron energies decrease, more 

and more positrons will be localized in the shallow traps (which become relatively deeper) 

due to the decrease of de-trapping. Under such circumstances, the increasing fraction of 

positron annihilating in the shallow traps faster than in vacancy-related defects notably 

affects the observed PLT τ1C, which can be approximated as the weighted sum of each of the 

individual PLT components: 

                            ,                                                                                           (4.4.5) 

where τAPLT is the average positron lifetime, τf, τs and τv are the decomposed PLTs of free 

positrons, solute clusters and vacancy-related defects, If, Is, and Iv denote the corresponding 

intensities. τf is the reduced PLT in bulk since it is shorter than the PLT in defect-free Al.  

During subsequent NA, solute clusters increase in number of atoms and therefore size, thus, 

positrons will be trapped preferentially by these clusters due to the higher positron affinity to 

solutes. Eventually, they cannot be further regarded as “shallow traps” since positrons get 

trapped by these clusters even at RT as a result of the increase in their binding energies with 

positrons. Under such circumstances, a much weaker temperature dependence of τ1C is 

expected, as compared to the one after 5 min of NA. Combining all relevant PLT 

components of alloy H and applying Eq. (4.4.5), the different types of temperature 

dependence of τ1C of alloy H in Fig. 4.4.5 can thus be explained.  

The temperature dependence of τ1C after 5 min of NA in alloy F  is much weaker than in 

alloy H, see Fig. 4.4.6, pointing at “semi-shallow traps” of larger solute clusters, which might 

be rapidly formed during or shortly after quenching [Ema03] due to higher solute content. In 

this case, the positron binding energies of these clusters are considerably higher as in alloy H. 

Therefore, it is no more essential to cool down the sample to suppress positron de-trapping 

from the corresponding traps as in alloy H. Thus, the weaker temperature dependence of the 

initial PLT in alloy F might be explained. In order to verify this explanation, the PLT spectra 

should be decomposed to determine the parameters in Eq. (4.4.5). 
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The theoretical APLT in Si is determined by two contributions V0 and st. The resulting 

APLT levels off for T > 0 °C, others than for alloy H, see the gray symbol in Fig. 4.4.7 (R). 

For this discrepancy, one has to keep in mind that if positrons annihilate freely and / or in 

shallow traps in addition to vacancy-type defects, multi-component fitting of the PLT spectra 

is essentially required. For example, if only 1-component analysis is applied, the fraction of 

the free positron component can be approximated by an artificial broadening of the time 

resolution function, thus, an inaccurate 1C can be obtained. However, the APLT is a 

calculated annihilation parameter based on individual PLT components and, therefore, is 

more influenced by the shorter-lived positron contributions. For a more reasonable analysis 

of the results above a multi-component analysis should be performed, see Section 4.4.1.4. 

4.4.1.4  Temperature and Time Dependence of τf+s & If+s in Alloy H (NDA) 

In general, it is hard to analyze spectra with more than two decay components due to the high 

number of free annihilation parameters involved. In order to minimize the statistical 

uncertainties from fitting, a restricted 2-component (1.5-component) analysis was applied 

due to the limited time resolution (~0.220 ns) of the employed spectrometer [Saa89]. The 

longer vacancy-related PLT component τv was fixed to 0.245 ns (details are given in Section 

4.4.1.5), and the shorter one τf+s then represents the superposition of  other decay components 

related to positron annihilations in bulk and solute clusters, as shown in Fig. 4.4.8: 

 

 

 

 

 

 

 

 

Figure. 4.4.8. Dependence of τf+s (red) and If+s (blue) on measurement temperature and NA time in 

alloy H. The 2-component analysis is based on the same data as shown in Fig. 4.4.5 and Fig. 4.4.6. 

Straight lines are linear fits. The rationale for the additional experiment “AQ” was to include an 

experiment for the “real” as-quenched state where NA after quenching could be largely suppressed 

using CuQ, see Fig. 3.1.4 (R), and always keeping the sample at LT after.  
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It is shown in Fig. 4.4.6 that for the AQ state of alloy H, τ1C decreases from 0.231 ns at          

-60 °C to 0.224 ns at -180 °C，slightly smaller than the one after 5 min of NA (0.228 to 

0.220 ns, see Fig. 4.4.5). In contrast, the decomposed PLT component related to bulk and 

solute clusters τf+s increases along with the intensity If+s during cooling, similar to the 

observation by [Pag84]. Such increases are even more pronounced after ageing alloy H for 5 

min, but disappear after 80 min of NA. Moreover, the value of τf+s and If+s increases during 

cooling as NA proceeds and levels off at ~0.200 ns and ~75% accordingly, see Fig. 4.4.8.    

Immediately after solutionizing and quenching (“AQ” in Fig. 4.4.8), single solute atoms or 

clusters containing just few solute atoms and possibly Al atoms inside could be potential 

shallow traps, which can compete with the dominating vacancy-type defects in trapping 

positrons at LTs. The size of solute clusters might be still small at this stage so that even if 

the positrons are localized by these clusters during cooling, the corresponding PLT would 

still be close to the one of the Al reduced bulk. This can be observed from the relatively 

small increase of τf+s and low If+s in Fig. 4.4.8. However, after 5 min of NA, more and larger 

clusters will have formed so that a fraction of positrons can already be trapped at the 

boundary of these clusters at RT [Dlu87]. At LTs, the localization of positron wave function 

inside such clusters is even stronger. As a result, the PLT approaches the bulk value of the 

solute element [Bha92, Bha96, Kur04]. For the investigated alloy H, the PLT in Mg and Si 

are both higher than in Al. Thus, a higher τf+s and If+s is expected if more and more positrons 

are eventually localized by solute clusters at LTs, as shown in Fig. 4.4.8. After 80 min of 

NA, the size of solute clusters might be sufficiently large to trap positrons even at RT. In this 

case, the probability of positron annihilation inside the clusters is very high [Dlu87]. 

Therefore, no or a very weak temperature dependence of τf+s and If+s is observed.                       

Back to the question raised at the end of Section 4.4.1.3: the APLTs of alloy H (5 min of NA) 

at temperatures ranging from -180 to -60 °C were calculated based on the decomposed PLT 

components in Fig. 4.4.8. For τAPLT at RT, however, the decomposition of PLT spectra 

collected at RT in the FDA mode cannot be carried out due to the very limited statistics, 

insufficient time resolution, and the fast ageing kinetics for the alloy at RT. Nevertheless, if 

the samples are aged at a lower temperature, e.g. 0 °C instead of RT, where the ageing 

kinetics is retarded, a decomposition of the PLT spectra is possible due to improved statistics.  
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Therefore, as a compromise, the PLT spectra of alloy H aged at 0 °C is decomposed (fixed τv, 

1.5-component analysis, see Section 4.4.1.6) in order to complete the temperature 

dependence of the APLT in alloy H aged for 5 min at RT. The results are shown in Fig. 4.4.9: 

 

 

 

 

 

 

 

 

 

 

 

The samples of alloy H represented by blue solid symbols in Fig. 4.4.9 were aged at RT for 5 

min after IWQ, while the measurement represented by the red solid symbols was started with 

little pre-ageing. Therefore, the ageing time at which the samples achieve an equivalent 

ageing state to the one aged at RT for 5 min has to be determined for the isothermal 

experiment at 0 °C. According to the transition times at different temperatures of alloy H as 

shown in Fig. 4.4.3 (R), this time was roughly estimated to be ~80 min. Combining the 

APLT represented by the blue open symbol (0.224 ns) after this ageing time to the blue solid 

symbols, the temperature dependence of the APLT of alloy H aged for 5 min at RT after 

quenching finally exhibits the same tendency as the one in Si which contains vacancies and 

shallow traps, as shown in Fig. 4.4.7 (R). Therefore, APLT in alloy H increases with 

increasing temperature, and levels off gradually at temperatures above 0 °C.   

Figure 4.4.9. Dependence of APLT on temperature (-180 to 0 °C) in alloy H aged for 5 min 

at RT (IWQ). Data represented by blue solid symbols are based on experiments described in 

Fig. 4.4.5 (cooling-1), while the red solid symbols are the evolution of calculated APLTs of 

alloy H aged at 0 °C (CuQ), and the blue open symbol is estimated as the APLT of alloy H 

aged at 0 °C for ~80 min. 
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4.4.1.5  Time Dependence of τi & Ii in Alloy H (NDA, Prague) 

The spectrometer time resolution plays a crucial role for decomposing a PLT spectrum into 

individual components. In order to validate the different interacting annihilation mechanisms 

such as bulk annihilation, solute clusters and vacancies, alloy H naturally aged for 5, 30, 70 

and 140 min after IWQ was measured at -150 °C at the Charles University in Prague, where 

the very high time resolution (0.145 ns) of a digital spectrometer [Bec00, Bec05] allows to 

accurately separate PLT components which might lie very close to each other.  

Three distinct PLT components can be resolved during stage II without fixing any of the 

fitting parameters in Eq. (4.4.5). The up to three PLTs i found are shown in Fig. 4.4.10 as a 

function of their corresponding intensities Ii, as represented by the open symbols. In addition, 

the result shown in Fig. 4.4.8 is also plotted in Fig. 4.4.10 as solid symbols, so that a 

comparison can be made between both results obtained from HZB and Uni. Prague: 

 

 

 

Figure 4.4.10. Evolution of decomposed PLT components in alloy H during stage II (III). PLTs τi as a 

function of intensities Ii are given. Measurements labelled with “P” and open symbols were 

performed at the Uni. Prague at -150 °C, while data labelled with “B” and solid symbols show 

experiments conducted at HZB at LTs (-140, -100 and -60 °C) using the same alloy (data from Fig. 

4.4.8). On the right, the PLTs in some vacancy-related defects as well as the range of (reduced) PLTs 

in solute clusters and bulk Al are shown. Unlike in Fig. 4.4.5, each point from Uni. Prague’s result 

corresponds to a newly quenched sample. 

 

4 Results and Discussion88



                                                        

The vacancy-related long PLT component τv (blue open square) varies from 0.236 to 

0.245 ns, slightly shorter than the PLT in a mono-vacancy in Al, and can be attributed to 

positrons trapped by V-Si complexes since Si is expected to decrease the lifetime of a 

positron trapped in a Al-vacancy, while Mg acts in the opposite direction [Cor81, Mel06]. In 

addition, the probability of V-Si formation is much higher than for V-Mg. The Si and Mg 

content is more or less equal in alloy H, but due to the stronger interaction between vacancy 

and Si [Hir07, Lan13], V-Si complexes are formed more efficiently than V-Mg. Certainly, 

the long PLT component could also be related to positron trapping in solute clusters other 

than those characterized by PLT τs. For example, cluster atoms that do not occupy 

substitutional sites one-to-one but leave some open volume could give rise to a PLT τv as 

well. During NA, Iv is significantly lowered from 85% to 50%, indicating a decreasing 

contribution of the associated defects to total PLT. Elimination of vacancies at sinks and 

vacancies trapped inside certain solute clusters could be responsible for this decrease in 

intensity, but such a decrease would be accompanied by an increase of a bulk component 

which we do not observe.  

More likely, the decrease of Iv is caused by the formation and growth of coherent clusters 

enriched in Si and / or Mg (may also contain some Al atoms [Mur01]) in which the positrons 

have a lifetime τs ranging from 0.200 to 0.210 ns (orange open triangles). The positrons are 

localized by solute clusters owning to their preferential affinities to alloying elements, and 

according to [Kra03], the wave function of a positron will spread over the cluster. Thus, the 

annihilation parameters are determined by the corresponding bulk parameters of the 

clustering material. This PLT is much shorter than τv and implies that these clusters are 

vacancy-free. Therefore, identifying them with the shallow traps already detected is near at 

hand. By neglecting the interactions between solutes, the total vacancy concentration during 

solutionizing in an Al-Mg-Si alloy can be estimated employing the Lomer’s equation 

[Lom58, Oht68]:  

      (
  

  
)    ( 

  

   
) [                [      (

     

   
)        (

     

   
)]] , (4.4.6) 

where cMg (Si) is the concentration of Mg (Si) and EV-Mg (Si) is the V-Mg (Si) binding energy. 

Other parameters are the same as in Eq. (4.1.1). The results are shown in Fig. 4.4.11. 
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The vacancy concentration cv increases with increasing solute content, due to the interactions 

between vacancies and solutes. Depending on the Eb values used for the calculation, cv could 

be different. Furthermore, the actual cv can be smaller than the calculated one due to losses 

during and after quenching, although the elimination of vacancy at sinks should be partly 

inhibited by the strong vacancy-solute interactions. If only ~10% (i.e. ~8×10
-4

 /atom) of 

solutes are consumed for cluster formation in alloy H and each cluster consists of 6 solute 

atoms, see Section 4.4.1.9, a concentration of ~1.3×10
-4

 /atom for solute clusters can be 

estimated. According to the values derived from theoretical trapping models, see Section 

4.4.1.8 and Section 4.4.1.9, the vacancy-type defect concentration equals ~0.8×10
-4

 and 

~0.6×10
-4

 /atom at the beginning and the end of stage II, respectively. In this case, even if 

0.2×10
-4

 /atom vacancies are completely trapped inside the solute clusters, there will be     

still > 6.5 times more vacancy-free clusters than those clusters containing a mono-vacancy. 

Moreover, even if there were more vacancy-solute complexes than solute clusters, positron 

trapping by clusters would still dominate due to their much higher trapping rate [Som00], see 

Section 4.4.1.9. This agrees with the observed difference between Is and Iv after 80 min of 

NA, see Fig. 4.4.10. Upon NA, these clusters gradually trap more and more positrons than 

the vacancy-containing defects provided that a critical cluster radius is exceeded, which can 

be estimated from the positron affinities of Mg (-6.18 eV), Si (-6.95 eV) and Al (-4.41 eV) 

[Nie95]. For example, the critical radius of Si precipitates can be determined as: rSi = 

5.8Å/(ΔA[eV])
1/2

 = 3.8 Å [Pus89], where ΔA is the difference in positron affinities between 

Si and Al. Si has an atomic radius of 1.46 Å and the nearest neighbor distance in a fcc (face-

centered cubic) Al lattice is 2.86Å, indicating that already few Si atoms in a cluster are able 

Figure 4.4.11. Calculated vacancy concentration for Al, Al-0.4%Mg, Al-0.6%Mg, Al-0.4%Si, 

Al-0.8%Si and Al-0.4%Mg-0.4%Si (alloy H), Al-0.6%Mg-0.8%Si (alloy F) alloys at 540 °C. 
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to localize positrons. For Mg, the situation is similar. Moreover, it is found that almost all the 

positrons are trapped by solute clusters after 140 min of NA, see Fig. 4.4.10.  

The shortest PLT component (green open triangles) contributes only weakly. It originates 

from free annihilation in the Al bulk. This component can be distinguished in samples aged 

for 30 and 70 min, but not for 5 min. In order to facilitate discussion, we combine the 

contribution of free positrons τf and the solute cluster component τs to τf+s: 

        
  

     
    

  

     
  ,                                                                                                                (4.4.7) 

            .                                                                                                                                          (4.4.8) 

Based on these equations, the weighted sum of the free positron and the solute cluster 

contributions is given in Fig. 4.4.10 (red open diamonds), showing that both τf+s and If+s 

increase continuously during NA. This feature was also found from the experiments carried 

out at HZB using the same alloy. Instead of decomposing the PLT spectra into 3 components, 

only a 1.5-component analysis was applied to the spectra measured at -140, -100 and -60 °C 

due to the limited time resolution of the employed spectrometer. Results are given in Fig. 

4.4.10 as solid symbols. The two data sets for the two spectrometers show the same trend, but 

differ in two details: (1) for short NA times, e.g. 5 min, τf+s (B) deviates from τf+s (P). This 

might be caused by inaccuracies created by fixing τv (1.5-component analysis), or more 

likely, due to the limited time resolution of the applied spectrometer at HZB (the free 

annihilation component cannot be accurately resolved from the solute cluster component); 

(2) the ageing kinetics of the alloy measured at the Uni. Prague appears slower, e.g. after 

70 min of NA, the intensity If+s (P) is just ~50%, which is 25% lower than If+s (B). This could 

be due to a higher quenching rate and associated higher density of quenched-in vacancies in 

the experiments done at HZB, see Section 3.1.2.1, giving rise to a more efficient solute 

clustering [Des60, Mac96, Mar80]. 

So far, the early clustering kinetics of alloy H have been observed only for few NA states in 

the NDA mode which does not provide all the details that might be involved. However, it 

might be also interesting to investigate the ageing characteristics in the FDA mode, and 

observe the clustering process almost continuously, see Section 4.4.1.6. 
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4.4.1.6  Time Dependence of τi & Ii in Alloys F and H (FDA) 

In Section 4.4.1.2, the evolution of the 1-component PLT in alloys F and H aged isothermally 

at various LTs has been discussed. Employing the decomposition procedure introduced in 

Section 4.4.1.4, the clustering behavior of both alloys during LT ageing is further studied. 

Due to the low count rate of the spectrometer at the Uni. Prague, it is impossible to collect 

and analyze data during in-situ ageing. Thus, the spectrometer at HZB is used.  

 

As shown in Fig. 4.4.12, two competing PLT components can be separated for alloys F and 

H, accordingly related to vacancy-solute complexes on the one hand and solute clusters and 

bulk on the other. For the vacancy component with an assumed constant PLT, a general 

decrease in intensity was observed for both alloys (actually for alloys F and H, Iv slightly 

increases for the first 30 and 15 min of ageing, respectively). For the shorter PLT 

components, both PLTs and intensities generally increase during ageing at 0 °C and approach 

the equilibrium level at the end of stage II, see Fig. 4.4.12, indicating the formation and 

growth of solute clusters. This feature coincides with the one shown in Fig. 4.4.10. 

Besides the similarities, differences concerning LT ageing kinetics between alloys F and H 

are also clearly visible, e.g. the initial PLT τs and intensity Is of alloy F equals 0.170 ns and 

25%, respectively, higher than τf+s (0.045 ns) and If+s (15%) in alloy H. In alloy F, τs is on the 

one hand higher than the bulk PLT in bulk Al, but on the other hand smaller than the bulk 

value of Mg and Si, which implies that some very small clusters could be already formed 

during or shortly after quenching [Edw98, Lay12, Mur99]. This observation supports the idea 

Figure 4.4.12.  Evolution of (L) τs, τv in alloy F and (R) τf+s, τv in alloy H and the corresponding 

intensities Is, Iv as well as If+s, Iv during isothermal ageing at 0 °C (CuQ). Decompositions of 

PLT were done assuming τv = 0.245 ns. Blue and red lines are given to guide the eye.  
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that solute clusters are formed much more efficiently in alloy F than in alloy H (this idea has 

also been used to explain the weaker temperature dependence of τ1C of alloy F aged for 5 min 

at RT, see Section 4.4.1.3). As a result, all positrons are trapped either by solute clusters or 

by vacancy-type defects, and no free annihilation is observed. Further development of these 

solute clusters in number density and size might be related to the “negative effect” after the 

subsequent AA of certain Al-Mg-Si alloys in a direct or indirect manner, further experiments 

should be carried out to verify this point.  

In addition, the decomposed PLT components τs, Is or τf+s, If+s of alloys F or H, respectively, 

aged at -30, -20 and -10 °C are compared with the ones at 0 °C in Fig. 4.4.13:  

 

 

 

 

 

 

 

 

 

 

 

 

The evolution of PLT and intensity during isothermal ageing exhibits a clear temperature 

dependence, indicating that clustering process is thermally activated. For the measurements 

at T ≤ -20 °C of both alloys, only a part of the evolution was recorded due to the very slow 

ageing kinetics at such temperatures (ageing is efficiently prohibited at T ≤ -40 °C [Røy06]).  

Figure 4.4.13. Decomposed PLT components of (L) τs in alloy F and τf+s in alloy H and (R) the 

corresponding intensities Is and If+s as a function of ageing time. Samples were measured at 

various LTs directly after CuQ. Solid lines serve as eye guide only.  
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Back to the question about stage I raised in Section 4.4.1.2: although we are still lack of 

knowledge so far to explain it physically, it can be interpreted mathematically in Fig. 4.4.14: 

 

The change of τAPLT depends on the relative change of each individual parameter in equation 

τAPLT = τ(f+)s∙I(f+)s + τv∙Iv. As shown in Fig.4.4.14, τ(f+)s∙I(f+)s (orange solid symbols) generally 

increases due to enhanced positron annihilation in solute clusters during ageing, while τv∙Iv 

(orange open symbols) first increases for some minutes and then continuously decreases due 

to the decreasing contribution from vacancy-solute complexes. The cause of the initial 

increase of τv∙Iv is unknown, but it could be connected to an increase in concentration and / or 

in trapping rates of vacancy-type defects. Thus, the transition (red solid symbols) after a 

certain ageing time can be explained by the superposition of both contributions. For alloy H, 

after the slight increase of τv∙Iv for ~25 min (slightly longer than the one in Fig. 4.4.2), τAPLT 

starts to decrease since it is then dominated by the decrease of τv∙Iv (slow cluster formation). 

For alloy F, besides the similar increase in τv∙Iv as in alloy H, the decrease of τv∙Iv is 

compensated by the rapid increase of τs∙Is due to the fast formation of solute clusters, and a 

considerably longer stage I up to ~100 min is observed (agrees with the one in Fig. 4.4.2).  

Figure 4.4.14. Evolution of various annihilation parameters of (L) alloy F and (R) alloy H 

aged at 0 °C (CuQ). The same data as shown in Fig. 4.4.12 are used.  
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4.4.1.7  τ1C Evolution in Artificially Aged Alloys F and H during NA (FDA) 

A positron has a lifetime of 0.165, 0.225 and 0.218 ns in Al, Mg and Si, respectively. 

Therefore, a PLT of ~0.210 ns in solute clusters containing certain amounts of these atoms 

appears plausible, see Section 4.4.1.5. However, Mg (hcp, hexagonal close-packed) and Si 

(diamond) have lattice structures different from Al (fcc). Whether their PLTs in the bulk can 

be directly used for the Si-Mg co-clusters in Al is questionable. Unfortunately, no theoretical 

calculation concerning this issue is available so far. However, by ageing freshly quenched 

samples at 180 °C for certain times, the PLT in so formed structures such as Si-Mg clusters, 

GP (Guinier-Preston) zones and β'' precipitates can be experimentally studied. 

 AA at 180 °C (< 5 min) + NA 

After AA of alloys F and H at 180 °C for few minutes, the decreasing τ1C during NA in stage 

II is replaced by a constant or increasing PLT in both alloys. For the subsequent stages, a 

similar PLT evolution as for alloys without prior AA is observed. The effects of 0.5 and 2 

min of AA on PLT evolution during NA are quite alike for both alloys, see Fig. 4.4.15: 

 

 

Most likely, artificial ageing of both alloys has markedly promoted the rapid formation of 

coherent Si-Mg co-clusters or even GP zones with a PLT around 0.210 ns, although the times 

for AA were very short [Som00]. As the concentration of these structures is much higher 

than that of vacancy-related defects (as has been proposed in Section 4.4.1.5), they act as the 

main localization sites of positrons. As a result, a lower PLT ranging from 0.200 to 0.210 ns 

during stage II is observed in alloy H than without AA (in gray color), see Fig. 4.4.15 (R). In 

Figure 4.4.15. Evolution of τ1C in artificially aged (L) alloy F and (R) alloy H during 

subsequent NA. Samples were either aged at 180 °C for 0.5 or 2 min. PLT evolution of 

alloys without prior AA are given as gray curves. For temperature profiles see Section 3.4. 
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alloy F, this decrease in initial PLT is analogous to the one of alloy H but its amplitude is 

much smaller (0.236 to 0.222 ns in alloy F and 0.245 to 0. 203 ns in alloy H), see Fig. 4.4.15 

(L). Two plausible reasons account for this difference: (1) the total concentration of defects 

in alloy H might be considerably lower than the one in alloy F due to its much lower solute 

content. In this case, bulk annihilation also contributes and brings down the PLT, see PLT 

component τf in Fig. 4.4.10; (2) the Mg/Si ratio of solute clusters formed in alloy F is higher 

than in alloy H, see Section 4.4.2.1, and PLT in Mg is higher than in Si. The further 

development of PLT during NA can be related to the secondary precipitation process due to 

the super saturation of solutes [Buh04], which is quite similar to stage III of NA.  

 AA at 180 °C (≥ 5 min) + NA 

 

 

 

 

 

 

 

 

 

 

J. Banhart performed PALS experiments on alloy F which were artificially aged for times 

longer than 5 min after quenching, and a constant PLT around 0.210 ns was observed with 

prolonged AA times. This result coincides with [Buh04], who reported a similar PLT using 

almost identically heat treated 6061 alloys, see Fig. 4.4.16. Thus, ~0.210 ns could be the 

characteristic PLT in Si-Mg clusters, GP zones and β'' precipitates in Al, which are formed 

under the corresponding ageing conditions. Even so, it is essential and important to verify 

this point in the future work. 

Figure 4.4.16. Evolution of τ1C in artificially aged alloys F and 6061 during NA. Prior to NA, 

quenched samples were aged at 180 °C for various times (> 5 min). It can be seen that all 

PLTs of the structures (solute clusters, GP zones, precipitates) formed during AA range from 

0.202 to 0.214 ns, as indicated by the gray area. Measurements were carried out by J. 

Banhart and J. Buha, the shorter PLT by J. Banhart was due to source correction.  
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4.4.1.8  Modelling of the Temperature Dependence of τi & Ii in Alloy H (NDA) 

The simple trapping model has been employed to describe the positron annihilation behavior 

in the bulk or in vacancy-related defects in pure Al, binary Al-Mg and Al-Si alloys. However, 

the existence of an additional positron trap has been verified by PALS experiments on 

ternary Al-Mg-Si alloys. This trap is shallow during the initial stage of ageing and might also 

change its characteristics during ageing. Therefore, an extended trapping model including 

two types of defects (shallow traps solute clusters and deep traps vacancy-type defects) 

should be applied in order to reasonably characterize the temperature and time dependence of 

these traps, as presented in the following. 

Positrons can annihilate freely in the bulk or be trapped by various types of defects and 

annihilate afterwards. In the extended model, analogous to the STM, those positrons which 

are trapped by solute clusters with a trapping rate of κs, can de-trap from the shallow solute 

clusters at elevated temperatures with a de-trapping rate of δs, otherwise they annihilate in 

such defects with an annihilation rate of λs. Positrons trapped by a vacancy-related defects at 

a rate of κv remain there and eventually annihilate at a rate of λv, see Fig. 4.4.17 [Kra03]:   

 

 

 

 

 

Neglecting any interaction between different defects, the trapping of positrons can be 

described by the following rate equations: 

[

 ̇    
 ̇    
 ̇    

]  [

             

          
      

] [

     
     
     

]  .                                                   (4.4.9) 

Using initial conditions given in Section 4.1.1.2, the solutions below can be obtained [Kra03]: 

Figure 4.4.17. Schematic illustration of the extended trapping model. “st-s” stands for 

shallow trap-solute clusters, “dt-v” for deep trap-vacancy-type defects. 
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ssvsb    ,                                                                                                (4.4.16)  

ssssvsb  4)( 2   .                                                                         (4.4.17) 

Based on this model, the temperature dependence of PLT decompositions in alloy H (after 5 

min of NA) was calculated. In the corresponding experiment a pronounced decrease in τ1C 

during cooling was observed caused by the action of shallow traps, see Fig. 4.4.5.  However, 

a large number of parameters are involved in the model as shown above, which makes it 

difficult to obtain meaningful fits. Thus, in order to simplify modelling as much as possible, 

some parameters were fixed to certain values, namely, λb, λs and λv were fixed to 1/0.160, 

1/0.210 and 1/0.245 ns
-1

 based on experimental results, see Fig. 4.4.10. Other quantities such 

as the trapping rates κs, κv and the de-trapping rate δs were first narrowed to a certain range 

and then determined by fitting. The detailed analysis will be presented in the following. 

(4.4.10) 

(4.4.11) 

(4.4.12) 

(4.4.13) 

(4.4.14) 

(4.4.15) 

(4.4.16) 

(4.4.17) 
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The trapping rate κs from a shallow defect such as three-dimensional precipitates can be 

related to the corresponding de-trapping rate δs thermodynamically as [Man81]: 
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) ,                                         (4.4.18) 

where V and ρp are the volume and number density of the precipitate, Eb is the binding 

energy between positron and precipitate. According to kinetic Monte Carlo (KMC) 

calculations, clusters containing ~5 atoms have number densities of ~10
24

 to 10
25

 m
-3

 after ~3 

to 5 min of NA [Lia12]. Assuming that all 5 solute atoms occupy the nearest neighbor 

position of the unit cell, a rough estimation of 1/(Vρp) ranging from ~300 to 3000 can be 

made (lattice constant of Al is 4.05 Å). For example, a value of 1000 for 1/(Vρp) will lead to 

a very high       ratio for Eb ranges from 0.01 to 0.09 eV (typical values for shallow traps), 

i.e. more de-trapping than trapping even at temperatures below -120 °C, see Fig. 4.4.18:  

 

 

 

 

 

 

 

 

This is obviously inconsistent to the experimental observations since shallow traps might 

already increasingly trap positrons at temperatures below 20 °C. In order to reproduce such a 

feature, a minimum binding energy of 0.05 eV is required with 1/(Vρp) ≈ 10, which is only 

possible if the precipitates are large and have a high number density. For alloy H aged at RT 

for only 5 min, clusters with a high number density might be realistic but not a large size. 

Therefore, Eq. (4.4.18) cannot be used for modelling.     

Figure 4.4.18. The ratio of       as a function of temperature. The calculations were 

carried out using two different sets of values for 1/(Vρp) and Eb based on Eq. (4.4.18). 
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Another thermodynamic approach was also suggested by [Man81] and is sometimes used to 

describe the properties between trapping and de-trapping for small shallow traps [Saa89]: 
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) ,                                                                       (4.4.19) 

where ρs is the number density of small shallow traps, m* is the effective positron mass 

[Maj66] (0.511 MeV/c
2
 as an approximation), ħ is the normalized Planck constant. Using this 

equation, Fig. 4.4.19 can be derived: 

 

The ratio of       was calculated with various ρs (0.1×10
25

 to 1×10
25

 m
-3

) and Eb (0.01 to 0.1 

eV). Fig. 4.4.19 (L) gives an example calculated with a constant ρs = 0.4×10
25

 m
-3

 but 

different Eb values. The blue curve which exhibits the desired behavior of the ratio       (< 1 

for T < 20 °C, since the average thermal energy of a positron is about 0.04 eV at RT [Haa09], 

which is comparable with Eb) suggests a typical binding energy Eb of ~0.03 eV. All binding 

energies were calculated for different ρs similarly, as shown in Fig. 4.4.19 (R). This will be 

later used for the discussion. Both of ρs and Eb will be determined through fitting. 

In addition, whether the trapping rate of shallow traps is temperature-dependent or not is still 

questionable. In this work, we applied a temperature-dependent κs as suggested by [Sme80]: 

               ,                                                                                                   (4.4.20) 

where κ0 and γ are constants for a given positron binding energy and have to be determined 

by fitting. So far, all quantities required for fitting have been discussed. The fitting based on 

Eqs. (4.4.10 to 4.4.15) and Eqs. (4.4.19 to 4.4.20) to the experimental data was performed. 

Figure 4.4.19. (L) The ratio of       as a function of temperature, ρs = 0.4×1025 m-3; (R) 

Binding energy as a function of shallow traps number density. Blue dot is the result of fit. 
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Full fitting was practically not applicable due to high number of fitting parameters. Thus, 

fitting was carried out intuitively (λb, λs and λv were fixed, all other parameters vary in the 

ranges which have been determined above). The results are shown in Fig. 4.4.20: 

 

It can be seen that the experimental results obtained by 2-component analysis (with fixed τv) 

are consistent with the ones based on the extended trapping model. When temperature 

decreases from 20 to -273 °C, the following changes are observed: 

 Reduced bulk (black curve): τf decreases from 0.040 to 0.015 ns while If also decreases 

from 9% to 3%, showing that such a contribution is suppressed during cooling.  

 Solute clusters (blue curve): τs increases gradually from 0.190 to 0.210 ns probably due to 

the enhanced localization of positron wave function in the solute clusters when 

temperature drops. The marked increase of Is from 5% to 63% also suggests increasing 

trapping of positrons by solute clusters. Both changes are caused by the decreasing       

ratio towards LTs, where positron diffusion length decreases due to its reduced thermal 

energy and shallow traps become increasingly dominate. The superposition of bulk and 

solute cluster components exhibits the same feature as the experimentally determined τf+s 

and If+s. At RT, If+s contributes only 14%, which could be the reason for the difficulties 

encountered in decomposing the PLT spectra. Therefore, 1-component analyses were 

frequently carried out in previous studies [Ban11, Lay12].   

 Vacancy-type defects (orange curve): although τv was fixed to 0.245 ns, Is decreases 

markedly from 86% to 34% due to increasing trapping of positrons by clusters at LTs.  

Figure 4.4.20. Temperature dependence of decomposed (L) τi and (R) Ii in alloy H after 5 

min of NA. Experimental data (the same data as used in Fig. 4.4.8 to Fig. 4.4.10) and 

modelling results are accordingly represented by symbols and curves, respectively.  
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After fitting, the number density and binding energy of the shallow traps were determined as 

1.2×10
25

 m
-3

 and 0.031 eV, respectively, see blue symbol in Fig. 4.4.19 (R). This 

combination deviates from the red symbols, i.e. ρs = 1.2×10
25

 m
-3

 leads to an Eb value below 

0.01 eV, while Eb = 0.031 eV corresponds to a ρs of 0.4×10
25 

m
-3

, see Fig. 4.4.19 (R). The 

number density and binding energy determined from fitting might represent a sum over 

solute clusters which differ slightly in their sizes (number of solutes), e.g. a mixture of 

clusters of size A with a ρs of 0.3×10
25

 m
-3

 (Eb = 0.04 eV), of size B with a ρs of 0.4×10
25

 m
-3

 

(Eb = 0.03 eV) and size C a ρs of 0.5×10
25

 m
-3

 (Eb = 0.02 eV). An appropriate combination of 

such clusters with a total ρs of 1.2×10
25

 m
-3

 and a mean Eb of 0.031 eV appears plausible. 

Although the exact reason for these values is unknown, such a ρs is realistic [Lia12, Mar13, 

Mor06, Rom11], and the Eb of 0.031 eV is also reasonable for shallow traps (close to the 

thermal energy of positrons at RT, ~0.04 eV). Similar experiments analyzed differently 

(using Eq. (4.4.18) and STM) by [Klo10] proposed an Eb of ~0.02 eV using the same alloy. 

No temperature dependence of the specific trapping coefficient μ is expected for charge 

neutral mono-vacancies in both semiconductors and metals [Dry95], as has been verified 

experimentally [Hau95, Klu91, Man87, Pet83, Wol92]. Combining this feature and applying 

Eq. (4.1.8) leads to the result that the trapping rate κv depends on the concentration of charge 

neutral mono-vacancies (as the ones in alloy H after 5 min of NA) rather than on temperature. 

Such dependencies are shown in Fig. 4.4.21 based on previous studies [Kra03, Pus90, Pus94]: 

 

 

 

 

 

 

 
Figure 4.4.21. Temperature dependence of specific trapping coefficient μ in Si and Al (blue           

lines). Trapping rates κv (red lines) has been calculated using Eq. (4.1.8) as a function of vacancy 

concentration cv.  
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Under such circumstances, the trapping rate κv was assumed temperature-independent for the 

fitting over the entire temperature range and its value was determined to ~20 ns
-1

. Using this 

value, the concentration of vacancy-solute complexes in alloy H after 5 min of NA could be 

further determined. As indicated by the gray cross in Fig. 4.4.21, κv ≈ 20 ns
-1 

signifies a 

concentration of vacancy-type defects of ~0.8×10
-4

 /atom. This value is on the one hand 

lower than the calculated 1.46×10
-4

 /atom for alloy H, see Fig. 4.4.11 due to vacancy loss 

after quenching, but on the other hand, it is much higher than the one for pure Al       

(~0.2×10
-4

 /atom, see Fig. 4.1.3), binary Al-Mg and Al-Si alloys (0.1×10
-4

 /atom to 0.3×10
-4

 

/atom, see Fig. 4.2.5), pointing at strong interactions between Si, Mg atoms and vacancies.  

The result obtained at the Uni. Prague as shown in Fig. 4.4.10 was validated by J. Cizek 

using 2 and 3-state trapping model (without fixing any parameter). Based on the decomposed 

annihilation parameters, the trapping rate into vacancy-type defects was calculated, yielding 

κv = 7 ± 9 ns
-1

 after 5 min of NA, which is smaller than the result above of ~20 ns
-1

. Beside 

the experimental uncertainties and inaccuracies, the slightly higher κv in this study might 

have benefited from an improved quenching rate at HZB (more quenched-in vacancies). 

 

 

 

 

 

 

Moreover, the trapping rate κv of vacancy-related defects
 
in as-quenched Al-1%Mg alloy 

should be similar to the corresponding one as shown in Fig. 4.4.22 (~7 ns
-1

) which is 

obtained after 3000 min of NA (actually it should be
 
always the highest trapping rate among 

all investigated binaries during NA). Thus, κv (20 ns
-1

) for alloy H after 5 min of NA is also 

higher than the values for binaries (< 7 ns
-1

) due to the higher concentration of vacancies.  

The rest of fitting parameters κ0 and γ in Eq. (4.4.20) equal 38 ns
-1

 and 0.01 K
-1

, respectively. 

Figure 4.4.22. Trapping rate of binary alloys after 3000 min of NA, based on data shown 

in Fig. 4.2.2 and Fig. 4.2.3. A constant μ of 2.5×1014 s-1 was assumed, see Section 4.1.1. 
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4.4.1.9  Modelling of the Time Dependence of τf+s & If+s in Alloy H (FDA) 

During NA, the shallow traps discussed in the previous sections become increasingly deeper. 

Therefore, another kind of extended trapping model dealing with two deep positron traps 

should be applied to model the time dependence of τf+s and If+s in alloy H during stages I and 

II. In order to simplify the complicated temperature dependence of the shallow component 

and to reduce the number of parameters which have to be determined by fitting, the trapping 

rate    is replaced by   
  which is   -  . This replacement is compensated by setting    = 0 in 

Eqs. (4.4.10 to 4.4.15). By using   
 , shallow traps can be virtually treated as “deep” traps. 

The solutions below are derived from Eqs. (4.4.10 to 4.4.15) with    = 0 [Kra03]: 
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Before fitting, the time dependence of trapping rates for solute clusters and vacancy-type 

defects should be further specified by applying the models proposed by [Som00]: 

 Solute cluster component 

     
       

        
       

  [             ] ,                                                                    (4.4.27) 

where      
  is the trapping rates of solute clusters at the beginning of stage I, and      

  can 

be roughly regarded as the trapping rate at the end of stage II.    is its characteristic time 

constant. Since the solute clusters gradually evolve during NA, it can be assumed that      
  

equals zero and increases due to the formation and growth of solute clusters. 
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 Vacancy-related component 

                        ,                                                                                                               (4.4.28) 

where       is the trapping rate of vacancy-type defects after quenching and should be close 

to ~20 ns
-1

 as determined in the last section.    is also a characteristic time constant. Since the 

diffusion-controlled annihilation process of quenched-in vacancies is thermally activated, 

therefore,    can be defined by the following Arrhenius type equation: 

        (
  

   
) ,                                                                                                                    (4.4.29) 

where A is a pre-exponential factor, Ea an activation energy, kB the Boltzmann constant and 

T the temperature.   

To verify these models, the decomposed experimental PLT τf+s and its intensity If+s of alloy H 

aged at 0 °C (during stage I and II) were fitted using Eqs. (4.4.21 to 4.4.28). Altogether, 4 

parameters are determined by fitting, i.e. the trapping rates      
  and       as well as the 

characteristic time constants    and   . Fitting of If+s was performed first due to its relatively 

simple form. If such obtained data set can also satisfactorily describe the time dependence of 

PLT τf+s, the fitting is then achieved. Otherwise, this procedure is repeated by adjusting the 

relevant parameters. The fitted results are shown in Fig. 4.4.23: 

 

It can be seen from Fig. 4.4.23 that the trapping model introduced at the beginning of this 

section represents the experimental values very well except for the few initial data points. 

This could be caused by additional mechanisms which were not considered in the model or 

Figure 4.4.23. Modelling of the (L) PLT component τf+s and (R) its intensity If+s of alloy H 

during PALS stages I and II. Experimental data is the same as in Fig. 4.4.12 (R).  

 

4.4 Ternary Al-Mg-Si Alloys 105



                                                        

by the simplified temperature dependence of shallow traps (replacement of   -   by   
 ). 

Parameters determined through fitting are given in Table 4.4.1: 

 

The constant trapping rate for vacancy-type defects for the as-quenched state                   

equals 26 ± 3 ns
-1

, slightly higher than 20 ns
-1 

obtained from the other trapping model, see 

Section 4.4.1.8 for the sample naturally aged for 5 min. Due to the further improvement in 

quenching (CuQ) as well as due to the possible loss of vacancies to sinks during 5 min of NA, 

such a value is physically reasonable. Moreover, a vacancy concentration of ~0.6×10
-4

 /atom 

after 1000 min of ageing at 0 °C is calculated using Eq. (4.4.28) and values in Table 4.4.1.  

On the other hand, the trapping rate      
  for solute clusters at the end of stage II equals    

130 ± 16 ns
-1

, ~5 times larger than that of vacancy-type defects. Due to our lack of knowledge 

about the specific trapping coefficient of solute clusters during ageing, a plausible value of 

10
15

 s
-1

 for μ will be used [Dom05, Lip09]. Applying both values in Eq. (4.1.8), a solute 

cluster concentration of ~1.3×10
-4

 /atom can be estimated. This value is lower than the limit 

of saturated positron trapping and agrees with the experimental observations shown in Fig. 

4.4.10 (very little bulk annihilation). According to atom probe studies [Tor11, Wan11] and 

kinetic Monte Carlo simulations [Lia12], about 10% of the solute atoms will go into clusters. 

Thus, dividing the total number of solute atoms 8×10
-4

 /atom (alloy H) by the concentration 

of clusters (1.3×10
-4

 /atom) leads to the result that each cluster contains ~6 solute atoms on 

average at the end of PALS stage II. Since identification of solute clusters strongly depends 

on the detection efficiency of an atom probe for Mg and Si atoms as well as the algorithm 

used (e.g. the maximum separation method), the real number of solutes per cluster could be 

larger than 6. The calculations are obviously not rigorous, but agree with the few available 

atom probe investigations qualitatively. For example, clusters containing 4 to 8 atoms were 

identified after 66 min [Cao13] and 1 week [Wan11] of NA; Most solute clusters were found 

to have 3 to 10 atoms on average by [Mar13]; After long ageing time (up to 4 weeks), 

[Rom11, Ser08] reported 25 to 30 solutes in solute clusters. Thus, the solute number per 

cluster estimated from PALS appears realistic.  

     
  (ns-1)           (ns-1)         (min)    (min)  adj. R-Square 

      130 ± 16            26 ± 3   3806   2010 ± 540         0.965 

     

Table 4.4.1. Parameters determined from modelling of the time dependence of τf+s and If+s. 
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PALS stages I and II are the most complicated stages among the entire evolution. The ageing 

mechanisms based on PALS experiments and theoretical modelling can be schematically 

described by the following figure: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.24. Temperature and time dependence of positron traps. κ and δ for trapping and de-

trapping rate, respectively, λ for annihilation rate. “b” for free annihilation in bulk, “s” for solute 

clusters, “v” for vacancy-type defects, “st-s” for shallow trap-solute clusters, “it-s” for intermediate 

trap-solute clusters, “dt-s” for deep trap-solute clusters and “dt-v” for deep trap-vacancy-type 

defects. Thickness of the arrow indicates the contribution of the corresponding positron trap. Solid 

arrows mean dominant trapping or de-trapping rates while dashed arrows express the opposite. 

Gray boxes and lines refer to negligible positron traps, and darker or lighter arrow color denotes that 

the corresponding contribution increases or decreases from room temperature (RT) to low 

temperature (LT).  
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4.4.2  Doppler Broadening Annihilation Radiation 

Naturally aged alloys F and H were measured by the DBAR method at -60 °C. Various NA 

times were selected according to the characteristic times determined by PALS experiments:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.25. Ratio plots of alloys F and H aged at RT for various NA times. Curves for pure Mg 

(annealed at 450 °C for 3 h and furnace cooled), Si (annealed at 900 °C for 2 h and furnace cooled), V-

Mg and V-Si (determined from quenched Al-1%Mg and Al-1%Si alloys, see Fig. 4.2.11) are also shown 

for comparison. Error bars are not given in order to show the overlapping curves in a clear manner.  
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The ratio profiles of alloys F and H are quite similar. With increasing momentum, the ratio 

decreases to a local minimum at pL ≈ 7×10
-3

 m0c, followed by an increase up to pL ≈ 9×10
-3

 

m0c and a further decrease. Ageing both alloys at RT leads to systematic changes of the ratio 

plot, e.g. increasing and decreasing ratio for low and intermediate-momentum region. These 

observations agree with previous work on alloy F [Ban12] and will be discussed as follows. 

4.4.2.1  Low-momentum Region of Alloys F and H during NA (HMA) 

Due to the positron sensitivity to low-momentum valence electrons, especially when 

vacancy-type defects are present, a reliable and quantitative analysis can be made with 

sufficient statistics by evaluating the S parameter. A direct comparison between S or W 

parameters determined by different energy window setting is difficult, but this problem can 

be solved by normalizing both parameters to the corresponding bulk values of SAl and WAl of 

annealed Al obtained using the same window settings (see Section 3.3.2.5). The evolution of 

S/SAl and W/WAl (will be called S and W parameters for simplicity) is shown in Fig. 4.4.26: 

 

For alloy F, the S parameter increases continuously and levels off after ~2800 min of NA, 

while for alloy H, a nearly constant S is observed during the first 100 min, after which a 

tendency similar to alloy F is found (levels off after ~4400 min). The S parameter evolves 

only slowly after the first week of NA for both alloys. The time dependence of this parameter 

corresponds to the PALS stages shown in the previous section (i.e. the transition times where 

the slope of S or W curve changes coincide with that between PALS stages). Due to the 

statistical and methodological uncertainties, W parameter will not be discussed.  

Figure 4.4.26. Normalized S (blue spheres) and W (red squares) parameters during NA of 

(L) alloy F and (R) alloy H after IWQ. Samples were measured at -60 °C. Gray curves are 

repetitions of the corresponding experiments, and the mean values from both will be used.  
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Due to the fact that positrons annihilate in various types of defects such as solute clusters and 

vacancy-type defects beside bulk metal during NA, these values, as listed in Table 4.4.2, are 

essentially required for the interpretation of S parameters [Dlu87, Dlu98]: 

 

The S value for a vacancy in bulk Si (as indicated by an asterisk in Table 4.4.2) is not 

available from the literature. Thus it must be determined independently. On the other hand, it 

is also important to verify the other existing values. S parameters of pure Mg and Si to Al 

were validated by DBAR measurements on annealed reference Mg, Si and Al samples.  

However, to determine the Sv in bulk Mg and Si is challenging due to sample preparation, but 

it can be estimated as follows, based on the PALS measurements on the quenched binary Al-

Mg and Al-Si alloys. Generally, the measured value of the S parameter is a linear 

combination of each of the individual S parameters Sd,i. and Sb which relate to significant 

trapping and annihilation of positrons  by defects and bulk [Kra03]:  

  ∑   
 
         [  ∑   

 
   ]     ,                                                                                   (4.4.30) 

where “d” and “i” denotes defect and its type, “b” for bulk,    obeys the normalization 

condition. More specifically, this equation can be simplified for the case of binary alloys as:  

                                                                                                               (4.4.31) 

SV-Mg (Si) and SAl relate to vacancy-solute complexes in Al and bulk Al. For Al-1%Mg and 

Al-1%Si alloys, the weighting factor η equals 52% and 27% (Section 4.2.2), and S equals 

1.053 and 1.016, respectively. Thus, SV-Mg (Si) can be estimated by Eq. (4.4.31):  

           1.10 

This value is lower than the literature value of 1.13, see Table 4.4.2, but still physically 

reasonable because it represents the S parameter for V-Mg in an Al matrix (fcc) rather than in 

a Mg matrix (hcp) as given in the literature. Therefore, the momentum distribution of valence 

electrons surrounding the vacancy should be different for these two cases.  

material         Al         Mg       Si 

     trap       b               v         b                    v        b                 v*                         2v                      p 

    Si/SAl 1 (1)   1.04 (1.03) 1.10 (1.09)   1.13 (1.10) 0.98 (1)    (~1.025)*   1.033 ‒ 1.067 (1.06)    1.02 

Table 4.4.2. S parameters for different traps (i = b, v or p, “b” for bulk, “v” for vacancy, “p” 

for incoherent precipitate). The values in parentheses are derived from this study. 
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            1.06 

Since PALS suggests di-vacancy-Si complexes as the main vacancy-type defects in the as-

quenched Al-1%Si alloy [Liu12], this value should be related to 2V-Si in Al instead of V-Si. 

In many studies di-vacancy-type defects were induced in Si through implantation or 

irradiation, and the measured S parameters range from 1.033 to 1.067 after normalization 

[Ava96, Gol95, Mäk90, Nie93], partly in agreement with the present result. Moreover, the S 

value for V-Si was suggested by [Hau95] to be in the range of 1.02 to 1.03. Therefore, the 

average value of 1.025 is approximated and will be used in this study.  

Based on these values, the evolution of the S parameters during NA for alloys F and H will 

be analyzed in two parts, according to the typical transition times observed from PLT 

evolution of the corresponding alloys, i.e. stages I + II and stages III + IV. 

 Stages I + II 

It should be mentioned that without assumptions the determination of all weighting factors 

from the only known experimental S value can hardly be carried out, because various kinds 

of positron annihilation sites are involved in this stage for both alloys, as already discussed in 

Section 4.4.1. Thus, the discussions made below are based on certain assumptions.    

o Alloy F: PALS experiments show that at RT during stage II positrons increasingly 

annihilate in rapidly formed Si and Mg enriched co-clusters rather than in vacancy-solute 

complexes, which has been attributed to the high solute content of this alloy. Shortly after 

quenching, positron annihilation is dominated by vacancy-solute complexes, but cooling 

the sample to -60 °C where DBAR experiments were performed leads to certain changes 

in annihilation parameters. Although no LT PALS experiments on alloy F (after short 

NA) were performed, data from other experiments show that cooling the sample from 0 

to -20
 
°C leads to an intensity increase of the solute cluster annihilation component from 

~30% to ~45% for the equivalent ageing state, see Fig. 4.4.13. Thus, it is likely that at       

-60
 
°C the majority of positrons will be trapped by small solute clusters. If we assume 

complete positron trapping by vacancy-free solute clusters and neglect the contribution 

from their Al surroundings (< 7% for alloy H), the initial S parameter of 1.027 in Fig. 

4.4.26 (L) can be approximated by the following equation [Dlu86]: 

                         ,                                                                      (4.4.32) 
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where ω is the fractional weight of positron annihilation of the corresponding site. 

Employing the values given in Table 4.4.2, a Mg/Si ratio ω/(1-ω) of 0.64 is calculated for 

the initial clusters which therefore are rich in Si. Taking the high mobility and 

concentration of Si in alloy F (twice as much Si as Mg) into account, such a chemical 

composition seems reasonable.  

Nevertheless, if the contribution from vacancy-solute complexes cannot be neglected, 

vacancies associated with Si atoms should be dominating, since the experimentally 

determined S parameter (1.027) is closer to SV-Si (1.025) than to SV-Mg (1.13). 

o Alloy H: due to the slower clustering process compared to alloy F, LT PALS 

measurements and modelling of alloy H show dominate positron trapping in vacancy-

solute complexes shortly after quenching, see Fig. 4.4.13 and Fig. 4.4.20, i.e. the total 

amount of trapping in solute clusters and in the bulk after 5 min NA is less than 18% at    

-60 °C, see Fig. 4.4.10. This will be neglected in order to simplify the estimate. The ratio 

between V-Si and V-Mg complexes can be calculated employing a similar method as Eq. 

(4.4.32): 

                             ,                                                                           (4.4.33) 

where the initial S value equals 1.026 in Fig. 4.4.26 (R), and the ratio between the 

number of V-Si and V-Mg will be ~100, indicating that most positrons are trapped by V-

Si complexes. This would be possible if the jump frequency of Si in Al is higher than that 

of Mg in Al and the binding energy of V-Si is stronger than that of V-Mg.  

The discussions above are very speculative due to difficulties in accessing the very early 

kinetics of ternary Al-Mg-Si alloys. A more precise determination of the annihilation 

parameters for each individual PLT components should be carried out in future work, 

applying both of the positron lifetime and Doppler broadening techniques.  

However, after a certain ageing time, the chemical composition of solute clusters can be 

determined in a more reliable way using Eq. (4.4.32). The contribution of vacancy-type 

defects will be neglected, since after stage II most positrons will be trapped by solute clusters 

for both alloys F and H, see Fig. 4.4.10 (e.g. results from the Uni. Prague shows that after 

140 min of NA, only one PLT component τs of solute clusters can be observed) and 4.4.12. 

The results are shown as follows. 
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 Stages III + IV 

After PALS stage II, saturated positron trapping by solute clusters (where positrons “see” 

these clusters as a mixed “bulk” consisting Si and Mg atoms) can be safely assumed for both  

alloys F and H (Is > 80%), based on the multi-component PALS analysis, see Fig. 4.4.10 and 

4.4.12. Appling the same method as above, the Mg/Si ratio in these clusters can be estimated, 

and the results are shown in Fig. 4.4.27: 

 

 

 

 

 

 

 

 

 

By the end of stage II, Si excess solute clusters are identified in alloys F and H according to 

the calculated Mg/Si ratio of 0.69 and 0.62, respectively. During further ageing, the ratios 

increase to 0.83 and 0.82 for alloys F (labelled as “6-8”) and H (“4-4”)  at the end of stage III 

(~750 and ~1000 min for alloys F and H), indicating that the contribution from Mg to cluster 

formation is enhanced. A much more balanced composition between Si and Mg was achieved 

after ~10000 min of NA, where Mg/Si ratio approaches 0.95 and 0.93 for alloys F and H, see 

Fig. 4.4.27. The dominating contribution from Si for stage I, II and Mg for the subsequent 

stages was also proposed by [Cha12], based on DSC thermal analysis of the same alloys. 

However, it should be mentioned that the slightly higher positron affinity to Si (-6.95 eV) 

than to Mg (-6.18 eV) [Pus94] could lead to a stronger localization of positrons by Si. Thus, 

the “real” Mg/Si ratio could be higher than the values found here [Dlu86]. As shown in Fig. 

Figure 4.4.27. Mg/Si ratio of alloys F and H during NA derived from DBAR measurements. 

Some ratios determined from atom probe (AP) [Ser08], kinetic Monte Carlo (KMC) 

simulation [Lia12], and nuclear magnetic resonance (NMR, right y-axis) experiments 

[Lay12] on some other alloys are also given. The gray lines indicate the Mg/Si ratio in GP 

zones and β'' precipitates. 
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4.4.27, different Mg/Si ratios have been reported, e.g. an Al-1.05%Mg-0.78%Si alloy (“10-

8”, at.%) was aged at RT for ~200 min and was investigated using atom probe [Ser08]. It was 

found that the solute clusters are much richer in Si atoms than expected from the alloy 

composition. Further ageing results in an increase of this ratio, in the same manner as this 

work. However, the Mg-rich cluster that they found after 1000 min of NA have a Mg/Si ratio 

well above 1, see green dashed line in Fig. 4.4.27. The ageing behavior of an Al-0.46%Mg-

1.05%Si-0.14%Fe (“5-10”, wt.%) alloy at RT was measured by [Lay12] employing solid-

state NMR. A significant Mg partitioning from the solid solution into clusters after ~90 min 

of NA was found, corresponding to typical transition time between PALS stages II and III. In 

addition, kinetic Monte Carlo calculations on alloy F shows a similar behavior of the Mg/Si 

ratio as in this work [Lia12], especially for prolonged NA times (inaccuracies in time scale 

should be considered, e.g. vacancy loss is neglected in the simulation which would otherwise 

retards the kinetics). For the initial stage, Mg/Si ratio obtained from PALS is lower than the 

calculated one, which is either due to higher positron affinity to Si or to calculation errors.    

4.4.2.2  Intermediate-momentum Region of Alloys F and H during NA (HMA) 

Mg and Si can be easily distinguished by their characteristic ratio profiles around pL = 8×10
-3

 

m0c, where the ratio of Mg reaches its minimum while Si goes through a maximum, see Fig. 

4.4.25. A simple approach with lower but sufficient accuracy will be used to derive some 

qualitative information on ageing kinetics of alloys F and H based on such signatures, i.e. by 

plotting the ratios of an alloy at pL = 8×10
-3

 and 9×10
-3

 m0c as a function of NA time, see Fig. 

4.4.28:  

 Figure 4.4.28. Doppler annihilation ratios at pL = 8×10 
-3

 (red solid line) and 9×10 
-3 m0c (red dashed 

line) of (L) alloy F and (R) alloy H during NA. The values for pure Mg and Si at the specified momenta 

(gray symbols) and PALS results for alloys F and H (blue curves) are also given. 
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 Alloy F: during the first 10 minutes of NA (stage I), a small enhancement in peak height 

towards Si was observed. Such a feature is not yet fully understood, see Section 4.4.1.6. 

During subsequent ageing up to ~10000 min, a continuous reduction in ratio (towards  

Mg) is observed. Thus, previous results pointing at an increasing Mg/Si ratio during NA 

are confirmed at this point. Nevertheless, the entire ratio curve is closer to Si in a general 

sense, indicating the dominance of Si at the annihilation site. The present results agree 

with [Ban12] who measured alloy F at -90 °C. However, a typical transition at ~60 min 

as seen in PALS is not observed in Fig. 4.4.28. This tendency was found for both selected 

momenta (pL = 8×10
-3

 and 9×10
-3

 m0c). 

 Alloy H: in the as-quenched state, the ratio of alloy H exhibits more similarities to the V-

Si complex rather than to V-Mg. Due to the variety of different positron annihilation sites 

such as bulk, solute clusters and vacancy-solute complexes which all compete in the 

initial stage of NA, a qualitative statement can hardly be made. With proceeding NA, the 

ratio increases up to 80 min towards Si and then drops continuously. This transition time 

matches the one between PALS stages II and III. Similar to alloy F, the overall 

distribution of the ratios in alloy H also reveals strong Si signals.  

As mentioned in Section 4.1.2 and Section 4.2.2, one should be cautions when evaluating 

peak structures in the intermediate-momentum region, since the real information from the 

alloys could be markedly affected by the confinement peaks of positrons in the same region.  

4.4.2.3  High-momentum Region of Alloys F and H during NA (HMA)  

As discussed above, the annihilation site can be identified by combining ab-initio 

calculations and HMA. However, no calculations were available concerning solute clustering 

in Al-Mg-Si alloys so far. Besides, due to the insufficient signal to noise ratio, the statistical 

rareness of annihilation events related to high-momentum electrons, the absence of high-

momentum structures together with the inaccuracies during mathematical evaluation in this 

momentum region, no systematical tendency was observed, and except the observation that 

the ratio curves of both alloys show always similar distributions to Si during NA, no other 

quantitative or qualitative statements can be made in a reliable way. Hence, CDBS 

measurements were performed at the Charles University in Prague, and the results are shown 

in the following. 

4.4 Ternary Al-Mg-Si Alloys 115



 

 

4.4.2.4  Ratio Curve Analysis of Alloy H during NA (CDBS, Prague) 

The chemical surroundings of the annihilation sites were probed by measuring the high-

momentum distribution of the core electrons by CDBS at the Uni. Prague, benefiting from 

the improved signal to noise ratio and energy resolution.  

Two Ortec coaxial HPGe detectors and the 27-µCi 
22

Na sources were used. The spectrometer 

has a coincidence count rate of ~600 s
-1

 and an energy resolution of ~1.0 keV at the 

annihilation peak (0.511 MeV). Alloy H (aged for 5 and 70 min) were measured at a constant 

temperature of -150 °C and the results are shown together with pure Mg, Si references in Fig. 

4.4.29: 

 

 

 

 

 

 

 

 

 

 

 

Compared to the single peak at pL ≈ 8×10
-3 

m0c evaluated by HMA method as shown in     

Fig. 4.4.25, the Si ratio curve exhibits two characteristic peaks located at pL ≈ 3×10
-3

 and     

8×10
-3 

m0c in Fig. 4.4.29. This is probably due to the higher energy resolution of the 

spectrometer at Uni. Prague. The ratio curve for pure Mg is characterized by a pronounced 

minimum at pL ≈ 7×10
-3 

m0c followed by a local maximum located at pL ≈ 11×10
-3 

m0c, and 

agrees with the one in Fig. 4.4.25.  

Figure 4.4.29. CDBS ratio plots of alloy H aged for 5 (blue solid squares) and 70 min (red 

solid spheres) at RT. The ratio curves for annealed reference samples of pure Si (6N) and 

pure Mg (4N) are also plotted (gray open triangles).  
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One can see that the ratio curves for alloy H measured after 5 min of NA exhibit a peak at pL 

≈ 8×10
-3 

m0c, which is a signature for positrons annihilated by electrons at Si sites or in 

vacancies in Al. Actually, the high-momentum part (pL > 15×10
-3 

m0c) of the ratio curve is 

almost identical with that for pure Si. This testifies that defects in quenched alloys are 

surrounded mainly by Si atoms. Hence, positrons are trapped mostly by V-Si complexes 

shortly after quenching (here 5 min).  

Inspection of Fig. 4.4.29 further shows that the peak at pL ≈ 8×10
-3 

m0c is lower in the alloy 

aged for 70 min at RT. This indicates a decrease in the contribution of positrons annihilated 

by electrons at Si sites or vacancy in Al. Thus, the relative contribution to annihilation of V-

Si complexes decreases in accordance with a decrease in the intensity of the component with 

the PLT τv ≈ 0.245 ns observed by PALS. This is accompanied by an enhancement in the 

high-momentum range suggesting a rising contribution of positrons annihilated by electrons 

at Mg sites. This is plausible since the appearance of coherent clusters characterized by the 

PLT τs ≈ 0.210 ns has been detected by PALS already and these clusters certainly contain Si 

and Mg atoms. As after 70 to 80 min of NA between 50% and 75% of the annihilation take 

place in such clusters (see Fig. 4.4.10) there must be a considerable amount of Mg in these 

vacancy-free clusters. This finding differs from the HMA results above and the measurement 

in a previous work [Ban12], where the signal remained dominated by Si sites even after long 

NA of alloy F. This discrepancy could be due to the different alloy used (alloy F instead of 

alloy H), the higher measurement temperature (-90 °C instead of -150 °C) and / or the 

different experimental method applied there (HMA instead of CDBS). 

Based on the PALS and DBAR (CDBS) observations, the formation and growth of solute 

clusters during NA in Al-Mg-Si alloys can be schematically illustrated, see Fig. 4.4.30. 

During ageing the Al-Mg-Si alloys F and H at RT, several distinct stages were successfully 

probed by applying positron annihilation techniques. The main aim of the next section 

focuses on the ageing behavior of these alloys, investigated by other applicable integral 

methods such as differential scanning calorimetry, electrical resistivity and hardness 

measurements as well as kinetic Monte Carlo simulations (carried out by C.S.T Chang, J. 

Kühn, Y. Yan and Z.Q. Liang). Similar features were found in these experiments which 

coincide with PAS observations, as shown in Section 4.4.3.  
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Figure 4.4.30. Schematic illustration of the clustering kinetics in alloys F (top) and H (bottom) during 

NA. For both figures, two objects (solute clusters and vacancy-solute complexes, bulk annihilation is 

neglected to simplify the sketch) compete with each other in trapping positrons. The trapping 

potential of solute clusters becomes broader and deeper with ageing time, thus increasingly trap 

positrons, as indicated by the corresponding fraction of trapped positrons, see Fig. 4.4.12. 
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4.4.3  Comparison with Differential Scanning Calorimetry Measurements 

The heat transfer related to certain kinds of phase transformations such as clustering was 

investigated by means of isochronal DSC experiments. With a heating rate of 10 K/min, at 

least two overlapping clustering peaks were observed in the heat flow curves [Cha12], 

namely, peak C1 at ~55 °C and C2 at ~85
 
°C,  as verified by several other studies          

[Dut91, Gup99]. In addition, a weak cluster peak C0 at ~RT can also observed in some cases 

by [Cha11, Cha12]. 

 

 

The clustering peaks for alloy F are clearly visible in the temperature range 30 to 140
 
°C, due 

to the high total solute concentration and the similar Mg and Si content (for alloys with equal 

total solute content, the heat effect is largest if Mg/Si ratio approaches 1 [Cha12]). C1 can be 

easily identified for the as-quenched state but gradually disappears during the first 60 min of 

NA, implying that C1 could be related to the initial PALS stages I and II. A notable reduction 

in peak area of C2 is observed after ageing the alloy for at least 60 min (stage III), which also 

coincides with the PALS results. To analyze the clustering peaks in alloy H is more difficult. 

C1 can barely be seen, since the low concentration of solutes results in a low total heat effect. 

Even so, a similar evolution of C2 as for alloy F is observed.  

Furthermore, the dependence of the clustering peaks on the Mg/Si ratio was investigated 

[Cha12]. It was proposed that both Si and Mg are required for clustering, but C1 is more 

related to Si while C2 is Mg dominated (low activation energy C2 for high Mg content). 

These observations agree with positron results.  

Figure 4.4.31. Heat flow curves of (L) alloy F and (R) alloy H during isochronal DSC runs at 

a heating rate of 10 K/min (only the clustering peaks are shown). Measurements were 

carried out by C.S.T. Chang and Y. Yan. 
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If non-interacting parallel reactions are incorporated in a complex process, the total degree of 

transformation (clustering)        can be described by the sum of the individual reactions DC1 

and DC2 according to [Vya92]:  

                       ,                                                                                  (4.4.34) 

where    and    represent the simulated individual degree of cluster formation 

corresponding to C1 and C2 (                           ,             is the area under the 

curve up to the temperature T for C1 or C2,        is the total peak area of C1 and C2 

[Cha12]). The contribution factor x equals 0.34, as derived from previous DSC 

measurements [Lia12]. Moreover, Eq. (4.4.34) was modified after the best fitting of the 

resistivity data to DSC results by [Küh13]:  

      
              √   

 
 .                                                                              (4.4.35) 

For alloy F, the simulated change of     ,     as a function of NA time and the total degree 

of transformation       ,       
  calculated by Eqs. (4.4.34 to 4.4.35) are plotted in Fig. 4.4.32. 

A transition time at ~60 min could also be observed (blue dashed curves and orange solid 

curve) as the one between stages II and III found by PALS experiments:  

 

 

 

 

 

 

 

 

 

 

Figure 4.4.32. Kinetic modelling of the degree of cluster formation in alloy F aged at RT. Dashed 

curves stand for individual cluster formations of C1 and C2. The solid curves are the summation of 

both based on different algorithms. DSC data is provided by C.S.T. Chang and Z.Q. Liang. 
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4.4.4  Comparison with Electrical Resistivity Measurements 

Various scattering effects such as at vacancies and impurities are known to notably affect the 

electrical resistivity of a metallic material. There are several studies that find an increment of 

resistivity during isothermal ageing of an alloy and ascribe it to the formation of solute 

clusters [Sey09].  At least three distinct stages were identified from experiments carried out 

by [Küh13], as shown in Fig. 4.4.33:  

 

 

Errors from measuring the geometrical size of the sample wire (e.g. cross section, length) can 

be eliminated by normalizing the increase in resistivity by using the following equation: 

  

  
 

     

  
 

     

  
 ,                                                                                                                  (4.4.36) 

where ρt and ρ0 are the resistivity of the sample at times t and 0, and the normalized change 

in resistivity depend only on the corresponding voltage U. The resistivity data from both 

alloys were evaluated by this equation, individual stages were observed in the evolution of 

Δρ ρ0, i.e. a rapid increase of Δρ ρ0 during PALS stage I to II (or DSC C1). This increase 

was markedly slowed down when NA proceeds, and after PALS stage III (DSC C2), only 

slight change in resistivity was observed. This tendency can be clearly seen from Fig. 4.4.33.  

In addition, resistivity evolution at 0° C obtained by [Küh13] were also compared to 

parameters of positron lifetime decompositions at the same temperature, in order to obtain 

additional information concerning ageing kinetics, see Fig. 4.4.34. 

Figure 4.4.33. Electrical resistivity evolution of (L) alloy F and (R) alloy H during RT ageing 

after IWQ. Linear time scale is used to show the fast increase of resistivity in the initial stage 

of NA. Lines in black are plotted to guide the eye. PALS results of both alloys are also given.     
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As shown in Fig. 4.4.34, the relative change in resistivity always matches the cluster intensity 

evolution better than the corresponding PLT for stages I and II (up to ~1000 min for alloy F 

and ~2000 min for alloy H). The same was observed by ageing both alloys at LTs (-20
 
and     

-10 °C, see appendix A.2). The resistivity was also calculated by [Cha13] using Eq. (4.4.37): 

             [  (  [
      

  

  
  ]

   
)        √  [

      
  

  
  ]

     

 ] ,          (4.4.37) 

where ρ is the modelled resistivity, ρi and ρf are the initial and final resistivity, x equals 0.34 

as above, k1 and k2 are the pre-exponential factors for the 1st and 2nd cluster reaction, n1 and 

n2 are similar to Avrami exponents, i1 and i2 are impingement factors [Sta01]. As shown in 

Fig. 4.4.35, this model agrees with experimental results quite well. Thus, from DSC 

parameters and some other discussion, it was suggested that stages I and II relate to the 

number density evolution of the solute clusters while stage III corresponds to their growth.  

 

 

 

 

Figure 4.4.34. Comparison between PLT decomposition parameters and normalized 

resistivity changes during ageing of (L) alloy F and (R) alloy H at 0 °C. Y-axes were scaled to 

a specific range in order to reveal the similarities between resistivity and PALS parameters.   

 

Figure 4.4.35. Experimental and simulated resistivity evolution of alloy F aged at 0 °C. “1”, 

“2” and “3” indicate the stages where fast, intermediate and slow increase of resistivity 

was observed. Data is provided by C.S.T. Chang and J. Kühn. 
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4.4.5  Comparison with Hardness Measurements 

The formation of solute clusters hinders the movements of dislocations, thus hardening the 

material. For alloy F, the evolution of Vickers-hardness reveals two to three stages. Taking 

alloy F in Fig. 4.4.36 (a) as an example, a rapid increase of ~18 HV is observed during the 

first NA stage, while subsequent ageing results in a much slower hardening response, i.e. a 

comparable increase in hardness was achieved by ageing the alloy for ~4000 min. This 

tendency can be more clearly demonstrated using a linear time scale, see Fig. 4.4.36 (c).  On 

the other hand, alloy H also exhibits faster hardening during the initial stage in a similar 

manner to alloy F, but the increment is much less, namely, only ~4 HV, see Fig. 4.4.36 (d). 

Transition times between fast and slow hardening stages for both alloys roughly match the 

PALS transition from stages II to III, at ~60 and ~80 min for alloys F and H, respectively.  

                                                                                                        

                                                                                                    

 

 

 

Figure 4.4.36. Hardness evolution in alloys F and H during NA. (a) and (b) are displayed against NA 

time on a logarithmic scale, while (c) and (d) are illustrated on a linear scale. Hardness data are given 

from two independent series of measurements (1st and 2nd) on different samples. Each black solid 

diamond represents the average of 10 hardness measurements, while every green open square 

corresponds to an individual measurement. PALS results of both alloys are also given. Y-axes were 

scaled to a specific range in order to reveal the similarities between hardness and PALS parameters.  

Hardness measurements were carried out by C.S.T. Chang and Y. Yan. 

 

(a)                                                                                       (b) 

(c)                                                                                       (d) 
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4.4.6  Comparison with Kinetic Monte Carlo Simulations 

The simulation was performed using a box consisting of 25 × 25 × 25 unit cells with all sites 

occupied by Al, Mg and Si atoms according to the alloy composition. A single vacancy was 

randomly generated and is preserved in the simulation box throughout simulation [Lia12]. 

After converting the Monte Carlo steps into real time, the natural ageing behavior of various 

quantities can be determined such as number density and size of solute clusters, which will 

be compared to PALS results on alloy F aged at 0 °C, see Fig. 4.4.37:   

 

The simulated quantities evolve in a manner similar to the annihilation parameters related to 

solute clusters, in particular, there is a matching between number density (KMC) and cluster 

intensity (PALS), see Fig. 4.4.37 (L). The same similarity was also found between the 

change in resistivity and solute cluster intensity in Fig. 4.4.34.   

The decrease of number density after ~900 min is probably due to cluster growth by 

consuming small clusters or single solutes. If the average size of a certain cluster increases, 

its PLT should also become higher, especially when Mg atoms dominantly contribute to this 

stage. Apparently, this agrees with PALS observations for stage III, see Fig. 4.4.37 (R).   

However, as mentioned by [Lia12], the simulated results depend strongly on the input 

parameters such as formation energy of vacancies, the binding energies between a vacancy 

and Mg or Si. Therefore, all the limitations and assumptions should be carefully considered 

when comparing the results from KMC to experimental data.    

Figure 4.4.37. Kinetic Monte Carlo simulation of the number density and size of solute 

clusters, compared to the (L) solute cluster intensity Is and (R) PLT τ1C in alloy F aged at 

0 °C. Y-axes were scaled to a specific range in order to reveal the similarities between 

simulation and PALS parameters. Simulations were carried out by Z.Q. Liang. 
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4.4.7  Overview of the Stages Observed with Different Experimental Methods 

As shown in previous sections, distinct stages were observed during NA of Al-Mg-Si alloys 

using positron lifetime spectroscopy, DSC, hardness and resistivity. The changes of the 

corresponding properties correlate with the evolution of solute clusters and occur at similar 

ageing times, as summarized in Fig. 4.4.38 [Ban10]:  

 

 

 

 

 

Figure 4.4.38. Schematic illustration of the various stages observed with different experimental 

methods during NA. The overlapping bars for DSC observations represent parallel reactions. White 

arrows between stages mean that these stages can be clearly distinguished, while the gray arrows 

are used to indicate less clear transitions.   
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4.5  Cu/Ge-containing Al-Mg-Si Alloys  

Al-Mg-Si alloys can be strengthened through precipitation hardening following the sequence: 

SSSS (super-saturated solid solution) → solute clusters → GP zones (pre-β") → β" (Mg5Si6) 

→ β', U1, U2, B' → β (Mg2Si). The increase in strength due to formation of β" precipitates 

will be compromised if an alloy was stored at RT for a certain time, as has been introduced in 

Chapter 1. Cu addition to many industrial 6000 alloys can partly reduce the negative strength 

response [Mia00, Mur01, Vau03] through producing finer microstructures. In this study, the 

effect of Cu addition on the kinetics of Al-Mg-Si alloys was studied by PALS during NA and 

DSC during constant heating.     

After replacing Si by Ge which also belongs to group IV of the periodic table, Al-Mg-Ge 

alloys show a similar precipitation behavior as Al-Mg-Si, eventually developing the 

equilibrium phase Mg2Ge [Mat10], although Ge has a larger atomic radius than Si. Study of 

such alloys could provide more insight into the complex precipitation behavior of Al-Mg-Si, 

but except few investigations focused on the precipitate structure [Bjø11, Bjø12], little 

attention has been paid to these alloys in the past. Particularly, clustering during NA has not 

yet been investigated. Therefore, in order to elucidate some of the differences between Al-

Mg-Si and Al-Mg-Ge alloys, a series of Al-Mg-Ge, Al-Mg-Si and Al-Mg-Ge-Si alloys, some 

of them containing Cu were investigated.  

4.5.1  Positron Annihilation Lifetime Spectroscopy 

4.5.1.1  Cu-containing Al-Mg-Si Alloys 

Fig. 4.5.1 shows the evolution of τ1C in Cu-containing Al-Mg-Si alloys during NA. It is 

similar to the one from a previous investigation [Ban11]. The initial PLT (> 0.230 ns) and 

length of stage I (< 20 min) depend on the Mg and Si content: With higher Mg content and 

lower Si content, the initial value decreases as reported by [Ban11], while the duration of 

stage I increases. For alloy A2 (A2Cu), stage I is very short and barely visible due to its low 

Mg content. A plausible origin of stage I has been discussed in Section 4.4.1.6. During stage 

II, the PLT drops to its minimum (0.221 to 0.223 ns). Coherent clusters (~0.210 ns) enriched 

in Si and Mg, some possibly containing Cu, gradually form and compete with vacancy-

related defects (~0.245 ns) in trapping positrons. The combination of both and the change of 

cluster composition will lead to the observed PLT evolution [Lay12, Liu14].  
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After this, the PLT re-increases to a maximum within stage III. This stage occurs only if 

more than about 0.1% of Mg is present (Section 4.4.3) and is thought to be associated with 

the in-diffusion of Mg into the previously formed Si rich Si-Mg clusters in which the 

positrons annihilate [Ban11, Lay12]. Finally, the PLT re-decreases through stage IV to a 

value less than 0.221 ns, possibly due to coarsening or ordering of clusters. The various 

curves in Fig. 4.5.1 can be grouped into alloys without and with Cu. Alloys without Cu show 

a fast initial PLT decrease with a minimum after about 1 h of NA and a much more 

pronounced increase can be observed after. In contrast, the times to reach a similar ageing 

state for Cu-containing alloys are 8 times longer (orange arrows), indicating a retarded 

clustering kinetics due to Cu addition during stage II. However, stage III for alloys 

containing Cu is considerably shorter than in the Cu-free alloys (green arrows), signifying 

that Cu could also promote further development of these clusters after a certain NA time.   

Solute clusters are formed via diffusion of solutes aided by vacancies. The rate of such a 

process depends on both the vacancy concentration [Des60, Mac96, Mar80] and the 

diffusivity of the solute atom in the matrix. Due to the high solute-to-vacancy ratio after 

quenching (~100), only a small fraction of solutes is associated with mono-vacancies (the 

remainder is immobile) and become mobile as complexes if the binding with vacancy is 

attractive. Otherwise, the vacancies will go to sinks after some random work in the matrix. 

During diffusion of the complex, small vacancy or solute clusters can be formed rapidly, but 

the migration of these clusters becomes progressively sluggish, as they grow in size. Further 

Figure 4.5.1. The PLT τ1C as a function of NA time of various Al-Mg-Si and Al-Mg-Si-Cu 

alloys. The NA kinetics of such alloys was measured in-situ in the FDA mode.  
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formation of new clusters or the growth of existing ones eventually requires the liberation of 

vacancies from inside the clusters. However the rate at which vacancies can escape and re-

enter the matrix to transport more solutes depends on the binding energies between the 

vacancy and the cluster. Vacancies may be repeatedly trapped by and liberated from a cluster 

and an equilibrium between trapping and de-trapping of vacancies by clusters is finally 

reached, e.g. if every cluster contains ~10 solute atoms on average, each vacancy would have 

to deliver at least 100 solutes in order to form ~10 clusters [Mar13] (the exact number of 

solutes to be transported by a vacancy depends on the fraction of solute atoms in clusters).  

According to the vacancy-pump model proposed by [Gir65], a vacancy could de-trap from a 

cluster freely by assuming a much stronger binding between a vacancy and a single solute 

then to a solute cluster, which however appears counter-intuitive. Due to this weakness in 

argument, a model has been proposed for the growth of solute clusters based on the binding 

energy Eb between a vacancy and a solute atom assuming that the probability for a vacancy 

to escape from a cluster scales with exp(-ncEb), with n the number of atoms in that cluster 

and c a constant [Zur09]. This directly implies that after a fast formation of clusters attributed 

to a high concentration of available vacancies, a slower growth rate of clusters is expected 

since a considerable amount of vacancies is increasingly being trapped by the growing 

clusters. Therefore, small clusters are formed in a given time if strong binding exists between 

vacancy and solute, since one vacancy can only bring few solutes to form clusters [Fed61].  

In order to understand the phenomena caused by Cu addition, the binding energies listed in 

Fig. 4.5.2 between vacancies and solutes are discussed. Many efforts have been made in the 

past to determine binding energies between a vacancy and various kinds of solutes. A 

collection of experimental values is available by [Mon76]. In calculations, the binding of V-

Si was found to be attractive in all the studies e.g. [Hir07, Lan13, Sta06], while V-Mg 

exhibits attractive binding for most cases, except the one reported by [Wol07] who specifies 

a weak repulsive binding. In spite of few exceptions such as [Hir07], the interaction between 

a vacancy and a Cu atom was found to be stronger or at least comparable to the ones of V-Si 

and V-Mg according to [Mon76]. Our interpretation of the effect of Cu will be based on 

attractive and comparable binding energies between the vacancy and Si, Mg, Cu atoms (V-Si: 

0.05 eV, V-Mg: 0.04 eV, V-Cu: 0.09 eV, using numerical ab-initio method SIESTA [Sta06]). 
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We chose this set of values because it is the only one where all three binding energies have 

been determined on an equal footing with modern methods. For the binding energy V-Ge we 

adopt the result by [Wol07] that it is 60% stronger than the V-Si binding.  

 

 

 

 

 

 

 

 

 

 

 Stage II  

According to the binding energies calculated by [Sta06], vacancies will bind with Cu atoms 

instead of assisting Si-Mg cluster formation and therefore reduce the migration of Si and Mg, 

i.e. slow down the rate of cluster formation. This picture particularly applies to such systems 

where the added solutes do not interact with the main alloying elements on the one hand but 

have a large binding energy with vacancies on the other hand [Has64]. However, this simple 

mechanism would be small due to the relatively low concentration of Cu (~0.1%). The jump 

frequency f of a vacancy attached to Cu at 20 °C was calculated using the same method 

[Man09] as introduced in Section 4.2, and the results are shown in Fig. 4.5.3 together with 

the ones for Si and Mg. The calculated jump frequency of Cu equals ~230 s
-1

 and lies 

therefore very close to the one for Mg. Once a vacancy is attached to Si, the vacancy can 

move with a higher jump frequency to other vacancies or solutes [Liu12], whereas for Mg or 

Cu, the jump frequency of a vacancy is about two orders of magnitude smaller than for Si, i.e. 

Figure 4.5.2. Vacancy-solute binding energies based on various sources. “+” energies 

means attractive bindings while “‒” ones denote repulsive bindings. Broad columns on the 

right hand side represent the range of binding energies between a vacancy and a certain 

solute atom, based on the collection of [Mon76]. 
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vacancies are retained by Mg [Som02] or Cu atoms in an Al-Mg-Si-Cu alloy. However, the 

vibrational frequency f ' could also be affected by the atomic weight of solutes [Man12], and 

therefore, the jump frequency of a solute as calculated above could somehow alter. Even so, 

the migration rate of Cu is still slow compared to other type of solutes, as supported by a 

much lower mobility of Cu than Si and Mg in Al [Du03, Man12]. 

 

 

 

 

 

 

 

According to atom probe data of 6111 alloy by [Mar13], clustering during NA up to 2 weeks 

is dominated by Si-Mg and Si-Mg-Cu clusters consisting of 2 to 10 atoms on average (since 

binding between small Si (Cu) and large Mg atoms might reduce the strain energy [Kim61]). 

Cu incorporation into atomic clusters was also observed by [Wen12]. Due to the attractive 

binding between V-Cu and Mg-Cu [Hir07] or even Si-Cu [Mar13], the migration of V-Si or 

V-Mg complexes necessary for the formation of binary Si-Mg clusters might be notably 

slowed down if a Cu atom is located in their vicinity [Pas66]. This is very likely since the 

distances among vacancies and solutes atoms or clusters are small in the initial stage of 

ageing. A diffusing bare vacancy or a V-Si or V-Mg complex could be temporarily trapped 

by the Cu atom. Furthermore, if each vacancy has to transport Si and Mg atoms to the cluster 

repeatedly, according to the vacancy-pump model, the influence of Cu on clustering would 

be larger than expected from its low concentration because every time a vacancy detaches 

from a cluster it can be temporarily trapped by a Cu atom with a certain probability. These 

probabilities will further increase when the matrix is depleted of Si and Mg atoms due to 

clustering. The total probability will be the sum of the individual probabilities. The formation 

Figure 4.5.3. Jump frequency of a vacancy associated with various solute atoms. 
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of ternary Si-Mg-Cu clusters could be even slower. This is because: (1) a vacancy delivers 

Cu atoms to a cluster only slowly, see Fig. 4.5.3; (2) de-trapping of a vacancy could be even 

more retarded due to the interaction between the vacancy and solute atoms in a cluster (Si, 

Mg and Cu). Under such circumstances, smaller Si-Mg and Si-Mg-Cu clusters are formed 

more slowly in the presence of Cu. This coincides with the observed slightly higher PLT at 

the end of stage II since it is cluster growth that reduces the PLT in stage II, see Fig. 4.5.1.  

Retardation of clustering during NA has been observed by many authors and is consistent 

with the PALS observations of this study. For example, a reduced rate of NA caused by Cu 

addition to Al-Mg-Si alloys was indirectly found by TEM [Pas66]. Electrical resistivity 

measurements suggested a reduction of the migration rate of solute atoms by a factor of 10 

due to Cu addition [Cha73]. Using the same Cu-containing Al-Mg-Si alloys as in this work, 

[Wen12] reported a slower increase of hardness during the first 2000 min of NA. The same 

effect was also reported by [Kim12], see Section 4.5.3. In analogy to our case it was shown 

that due to stronger interactions of vacancies with Sn than with Cu, Cu clustering or GP zone 

formation was suppressed in an Al-Cu-Sn alloy, because the number of vacancies enabling 

Cu diffusion is reduced [Kim61]. 

 Stage III  

Beside the Si-Mg and Si-Mg-Cu clusters discussed above, considerable amounts of Mg-Cu 

and Si-Cu clusters containing 3 to 10 atoms on average were identified after 2 h of NA 

[Mar13]. Due to the Cu addition, the total number of clusters (Si-Mg, Si-Mg-Cu, Mg-Cu and 

Si-Cu) is 1.78 times higher than the number of Si-Mg clusters only. In another atom probe 

study [Mor06], adding Cu led to an increase in the total number of clusters by a factor of just 

~1.26 after 1 week of NA. If smaller but more densely distributed clusters are formed in the 

Cu-containing alloys during stage II, then Mg atoms, which dominantly contribute to the 

further growth of clusters during stage III, would benefit from the shorter average distance to 

the clusters. The time t for a Mg atom to diffuse to a cluster scales with the average distance 

d squared, and this distance scales with the number density n to the power of -1/3. Thus         

t  n
-2/3

. Taking the mean of the two experimental values 1.78 and 1.26 for the increase of n, 

1.52, the migration time for a Mg atom to reach a cluster will be reduced to 0.76 the original 

value. This agrees qualitatively with observed shortening of stage III in Fig. 4.5.1 from 
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3000 to 2000 min. In this stage, retardation of clustering due to Cu could have become 

insignificant due to the “screening” of Cu by Si and Mg atoms in the cluster.  

It was suggested that nucleation and growth of solute clusters is aided by Cu addition during 

NA. In the same work, it was also found that in the presence of Cu, the Mg/Si ratio in 

clusters became higher, which might be another indication of an attractive binding between 

Mg and Cu [Mor06]. [Li12] investigated the effect of minor Cu additions on the precipitation 

sequence of 6005 alloy by TEM and proposed that Cu could promote the formation of plate-

like GP zones (corresponds to the “cluster (2)” formed by pre-ageing at 100 °C postulated by 

[Ser08]), which can transform into dense and fine needle-like β" precipitates to improve the 

mechanical properties. Finally, our observations agree with the hardness [Kim12, Tor11, 

Wen12] and resistivity [Esm04] measurements that reflect the property of Cu to slow down 

early clustering but accelerate later stages, see Section 4.5.3.  

4.5.1.2  Ge-containing Al-Mg-Si Alloys 

Al-Mg-Ge alloys show qualitatively the same evolution of PLT τ1C with NA time as Al-Mg-

Si alloys, namely an initial decrease, followed by a re-increase, after which τ1C drops to an 

equilibrium value, see Fig. 4.5.4: 

 

 

 

 

 

 

Al-Mg-Ge and Al-Mg-Si alloys show largely the same evolution of PLT during stages II, III 

and IV, but stage I was not observed (except for alloy G3) and the initial PLT is no more 

related to the Mg content of the Ge-containing alloys, see Fig. 4.5.4. Therefore, the interplay 

between Ge and Mg on the one hand and Si and Mg on the other is qualitatively the same, 

Figure 4.5.4. τ1C evolution in Al-Mg-Ge, Al-Mg-Ge-Si and Al-Mg-Ge-Si-Cu alloys during NA. 
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but the action of Ge and Si differ in that at a given Mg content, more Si accelerates the 

clustering process, whereas more Ge delays it. As shown in Fig. 4.5.5, the highest Ge content 

in alloy G3 leads to the longest transition times tII→III and tIII→IV between stage II to III and III 

to IV, respectively, while for the alloy G11 with much less Ge, both transition times are 

markedly reduced. On the other hand, the ageing kinetics can be further accelerated as in 

alloy GS3 by substituting certain amounts of Ge by Si while keeping the Mg content nearly 

constant, thus suggesting a kind of compensation between the effects of Si and Ge. Finally, 

the fastest transition times were obtained in alloy GS11, which contains the highest amount 

of Mg and some Si, but the lowest Ge content, see Fig. 4.5.5. The effect of Cu in Al-Mg-Ge 

alloys for low Ge and Mg contents is partially the same as for Al-Mg-Si alloys during stage 

II (compare G11 and G11Cu), namely, Cu retards the decrease of PLT and leads to a less 

pronounced increase after the minimum. However, during the subsequent ageing, a further 

retardation of the NA kinetics due to Cu addition is observed. 

 

 

 

 

 

 

 

 

The diffusivity of a solute atom depends on various factors such as atomic size, excess 

valency and its solubility in Al [Man09]. Due to our lack of knowledge on Ge, the calculation 

of the corresponding jump frequency cannot be performed. However, if we assume a slow 

migration rate of V-Ge and associate this with the sluggish jump frequency of Mg, the 

extremely slow ageing kinetics of alloy G3 appears plausible. The rate of clustering in Al-

Mg-Si alloys is much faster than in Al-Mg-Ge alloys, since Si atoms can rapidly diffuse 

towards Mg and form clusters even if the jump frequency of Mg is low. A correlation 

Figure. 4.5.5. Dependence of transition times tII→III for stage II to III (black solid spheres) 

and tIII→IV for stage III to IV (black solid squares) on sample compositions. 
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between the vacancy-solute binding energy and solute size has been proposed, i.e. strong 

binding occurs as a rule between a vacancy and a large solute atom (with exceptions such as 

for Mg [Wol07]). Hence, a higher binding energy of V-Ge is expected than V-Si owning to 

the larger atomic radius of Ge (rGe = 1.25 Å, rSi = 1.10 Å). [Has64] investigated Al-10%Zn-

0.12%Ge and Al-10%Zn-0.1%Si (wt.%) alloys isothermally by means of electrical resistivity 

measurements. Retarded ageing kinetics were observed in the Ge-containing alloys at various 

temperatures ranging from 0 to 40 °C and a higher binding energy of V-Ge than V-Si was 

determined. Such a tendency confirms the binding energies for V-Ge and V-Si listed in Fig. 

4.5.2. In such a case, the clustering processes in the alloys containing a certain amount of Ge 

should be retarded, due to the combined effects of the low mobility of V-Ge complexes as 

well as the reduced number of available vacancies for the transport of Mg and Si atoms, in a 

similar manner to Cu-containing alloys.  

4.5.2  Differential Scanning Calorimetry 

4.5.2.1  Cu-containing Al-Mg-Si Alloys 

Previous DSC measurements on Al-Mg-Si alloys showed 2 to 3 overlapping peaks of 

designation (C0), C1 and C2 in the temperature range ~20 to 130 °C that are associated to 

clustering in different stages [Cha12]. These exothermic peaks and the ones related to pre-β", 

β", β' and β precipitates are clearly visible in Fig. 4.5.6: 

 

As shown in Fig. 4.5.6 (L), C1 formation is markedly suppressed due to ~0.1% Cu addition 

to alloy A11. The same tendency was also observed in alloys A6 and A6Cu in Fig. 4.5.6 (R), 

Figure 4.5.6. Heat flow curves of alloys (L) A11, A11Cu and (R) A6, A6Cu, A9, A9Cu at a 

heating rate of 10 K/min, measurements on the right hand side were carried out by [Cha13].  

 

4 Results and Discussion134



 

 

and for the Si-rich alloys A9 and A9Cu, this effect is even more significant. Based on the 

discussion in Section 4.5.1.1, the reduced heat effect during clustering can be explained. 

However, the determination of peak area and position (after separating C1 and C2) is 

essentially required for a quantitative thermal analysis, making the evaluation of Cu effects 

during the formation of C2 difficult. Such analysis is beyond the aim of this work and will be 

excluded. For Cu-containing Al-Mg-Si alloys, the precipitation sequence changes to: SSSS 

→ solute clusters → GP zones (pre-β") → β" → β'+Q' → Q. However, Q' and Q phases are 

mainly formed during over-ageing, whereas during conventional paint baking (under-

ageing), formation of β" precipitates is still the main contribution to hardening. Upon Cu 

addition, the peak area of the main strengthening phase β" gets smaller and its position 

moves from 280 to 255 °C, whereas the β' peak becomes more pronounced. Alloys A2, 

A2Cu, A11 and A11Cu have also been investigated by TEM. A higher number density of β" 

was generally observed for alloys containing Cu [Wen12], pointing at a promoted formation 

of the most important hardening phase β" by adding Cu, by which the strength response of 

Al-Mg-Si alloy could be markedly improved.  

4.5.2.2  Ge-containing Al-Mg-Si Alloys 

 

 

 

 

 

 

Similar to Cu, Ge as a replacement of Si eliminates the clustering peak C1 and shifts the C2 

peak position to more than 100 °C. Besides, all other peaks presented in Fig. 4.5.7 follow the 

precipitation sequence described above. Precipitates similar to the β' phase in Al-Mg-Si 

alloys (represented by the very pronounced peak at 325 °C of the alloy G3) were also found 

by [Bjø12, Mat10] using STEM. On the other hand, the counterpart to β" in the Al-Mg-Si 

Figure 4.5.7. Heat flow curves of alloys G3 and GS3 at a heating rate of 10 K/min.  
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alloy system was not observed in an Al-Mg-Ge alloy aged 16 h at 200 °C [Bjø11], which is 

in contradiction with the distinct peaks located at 275 °C in the present work. The over-

ageing condition applied in [Bjø11] might be responsible for this inconsistency.  

4.5.3  Hardness  

4.5.3.1  Cu-containing Al-Mg-Si Alloys 

The effect of Cu on hardness evolution of Al-Mg-Si alloys during NA were investigated by 

measuring alloys A11 and A11Cu as in this study [Wen12], Al-0.86%Mg-0.43%Si and Al-

0.86%Mg-0.43%Si-0.13%Cu (at.%) alloys [Tor11], commercial 6022 Al-0.61%Mg-0.98%Si 

and 6111 Al-0.62%Mg-0.99%Si-0.73%Cu (wt.%) alloys [Kim12], results are shown in Fig. 

4.5.8:  

 

Briefly speaking, the hardness exhibits a quite similar tendency as the 1-component PLT, i.e. 

Cu retards the formation of solutes clusters during stage II, but promotes the growth of these 

clusters when NA proceeds. Roughly the same crossover time was observed, as indicated by 

the green circles in Fig. 4.5.8. However, it should also be noted that the hardness of A2Cu 

and Al-0.4%Mg-0.84%Si-0.13%Cu (at.%) alloys (both are Si rich) are always higher than the 

corresponding alloys without Cu addition during NA [Tor11, Wen12], which is different 

from the observations shown in Fig. 4.5.8 for Mg rich Al-Mg-Si-Cu and Al-Mg-Si alloys, 

particularly the one on the right hand side which also dealt with Si rich alloy. Whether the Cu 

effect on clustering correlates with the Mg/Si ratio of the alloys or not should be verified by 

further experiments. 

Figure 4.5.8. (L) Hardness evolution of alloys A11 and A11Cu during NA (red symbols) 

[Wen12], shown together with PALS results (blue symbols); (R) Change of hardness during 

NA of Cu-free alloy 6022 (black curve) and Cu-added alloy 6111 (red curve) [Kim12].  
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4.5.3.2  Ge-containing Al-Mg-Si Alloys 

 

 

 

 

 

 

 

 

 

The hardness evolution of Ge-containing alloys during NA is shown in Fig. 4.5.9, from 

which a very similar ageing kinetics as has been shown in Fig. 4.5.4 and Fig. 4.5.5 can be 

observed (alloy G3 is the slowest among all while alloy GS11 the fastest). Thus, the PALS 

observation of the retarded NA kinetics of Ge-containing Al-Mg-Si alloys due to Ge addition 

is verified. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.9. Hardness evolution of alloys G3, G11, GS3 and GS11 during NA. Each point 

represents the average of 10 hardness measurements. 
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Chapter 5 

Conclusions 

 

This work has presented an experimental and theoretical investigation on the clustering 

kinetics of pure Al, binary Al-Mg and Al-Si, ternary Al-Mg-Si as well as Cu/Ge-containing 

Al-Mg-Si alloys during natural ageing (NA) by using positron annihilation spectroscopy 

(PAS), differential scanning calorimetry (DSC) and hardness. The main findings are 

summarized in the following: 

Pure Al 

 Positron annihilation lifetime spectroscopy (PALS) results show that 77% of the 

positrons are trapped by mono-vacancies in pure Al after quenching, 23% annihilate 

freely in the bulk. The simple trapping model (STM) yields an initial vacancy (V) 

concentration of ~0.2×10
-4

 /atom, see Table 4.1.3. During the first 100 min of NA, small 

but stable vacancy clusters are gradually formed, pointing at attractive binding between 

vacancies. Comparison with existing calculations allows us to estimate the size of the 

vacancy clusters as 3, see Fig. 4.1.1 and Table 4.1.1. 

Binary Al-Mg and Al-Si alloys 

 V-Mg and 2V-Si complexes or mono-vacancies were found in as-quenched Al-Mg and 

Al-Si alloys with 0.005% solute content, respectively. After NA for 1000 min, a denser 

distribution of smaller complexes of solutes and 2 to 3 vacancies were found in Al-

0.005%Mg alloy, whereas fewer but larger vacancy clusters consisting of at least ~6 

vacancies are formed in Al-Si alloy for equal solute content, see Fig. 4.2.2 and Fig. 4.2.3. 

This indicates that Si enhances the jump frequency of vacancies while Mg can trap 

vacancies and slow down their jump frequency. How many solutes are associated to these 

vacancy clusters cannot be specified in present work. 



                                                                                                                                                                     

 

 For as-quenched alloys with much higher solute contents, V-Mg complexes were 

observed in Al-1%Mg alloy, whereas in Al-1%Si alloy small vacancy clusters (~3 

vacancies) were identified, probably associated with Si atoms. Compared to the very 

dilute alloys containing only 0.005% Mg or Si, there is little further evolution of these 

vacancy-solute complexes when NA proceeds, see Fig. 4.2.2 and Fig. 4.2.3. 

 A vacancy concentration of 0.1×10
-4

 /atom to 0.3×10
-4

 /atom was estimated with the 

STM for all as-quenched binary Al-Mg and Al-Si alloys, see Fig. 4.2.5. 

 Binding of V-Mg and V-Si was found to be attractive.  

 Mg-Mg or Si-Si clustering could not be verified by PALS, DSC and electrical resistivity 

experiments, see Fig. 4.2.6 and Fig. 4.3.8. 

 The ageing characteristics of binary Al-Mg and Al-Si alloys could be completely changed 

by adding even very small amount (0.005%) of the third alloying elements of Si or Mg, 

respectively. Clustering of Si-Mg atoms occurred instead of vacancy clustering, see Fig. 

4.3.1 and Fig. 4.3.2. 

Ternary Al-Mg-Si alloys 

 PALS stage I (constant or slightly increasing positron lifetime, PLT) 

o The previous observation of this stage in alloy F (Al-0.6%Mg-0.8%Si) was 

confirmed. Moreover, a much shorter stage I was also found in alloy H (Al-0.4%Mg-

0.4%Si) using low temperature (LT) PALS, see Fig. 4.4.2. 

 PALS stage II (decreasing PLT) 

o Both Si and Mg are essential for clustering, higher solute content leads to faster 

ageing kinetics, see Fig. 4.3.5.  

o In alloy H, shallow positron traps are formed during the initial stage of NA as verified 

by temperature-dependent (-180 to 20 °C) 1-component PALS analysis. These are 

identified as vacancy-free coherent solute clusters. For alloy F, the temperature 

dependence is much weaker due to faster initial ageing than alloy H, see Fig. 4.4.6. 

o Two types of competing positron traps were further identified by multi-component 

PALS analysis at LT of alloys F and H shortly after quenching, one related to 

vacancy-solute complexes, the other to vacancy-free solute clusters. The first trap is 

deep, i.e. irreversibly traps positrons, the second shallow, from which positrons can 

escape, which creates the signature of a temperature-dependent PLT, see Fig. 4.4.10.  
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o The temperature-dependent PLT in alloy H shortly after quenching can be reasonably 

described using an extended trapping model (bulk, shallow and deep traps). A number 

density of 1.2×10
25

 m
-3

 and positron binding energy of 0.031 eV of the shallow 

positron traps was determined through fitting. In addition, the initial (5 min of NA) 

concentration of vacancies in alloy H was estimated to ~0.8×10
-4

 /atom, much higher 

than in pure Al and binary alloys, see Section 4.4.1.8.    

o During stage II, the contribution from vacancy-solute complexes decreases, while the 

solute clusters increasingly trap positrons, thus reflecting their continuous growth and 

power to trap positrons, see Fig. 4.4.10. The formation and growth of solute clusters 

is much more efficient in alloy F than alloy H, due to higher concentration of solute 

atoms and quenched-in vacancies, see Fig. 4.4.12. 

o The PLT evolution during stage II of alloy H was also fitted by another extended 

trapping model (bulk and two types of deep traps). By the end of stage II, the 

concentration of vacancies and solute clusters was estimated to ~0.6×10
-4

 /atom and 

~1.3×10
-4

 /atom, respectively. Each cluster contains ~6 solutes, see Section 4.4.1.9.  

o DBAR (CDBS) experiments demonstrate that shortly after quenching the vacancy-

related defects are Si-rich for both alloys, probably due to the: (1) the binding for V-

Si is stronger than for V-Mg; (2) much higher jump frequency of Si than that of Mg. 

During stage II, clusters form that include Mg beside Si, see Fig. 4.4.29. 

o Activation energies for stage II to III were determined for alloys F and H to 89.7 and 

92.7 kJ/mol, respectively, see Fig. 4.4.4. 

 PALS stage III (re-increasing PLT) 

o At least 0.1% of Mg is required in order to observe this stage, see Fig. 4.3.4. 

o Almost all of the positrons are trapped by solute clusters, see Fig. 4.4.10. However, 

the weak contribution from vacancy-type defects still exists, see Fig. 4.4.5. 

o Both Mg and Si are involved during further development of the previously formed 

clusters, but this stage is dominated by Mg, see Fig. 4.3.4.  

o DBAR experiments showed that the Mg/Si ratios of the solute clusters in alloys F and 

H equal 0.69 and 0.62 by the end of stage II, and both ratios increase to 0.95 and 0.93 

after ~10000 min of NA, respectively, suggesting an increasing content of Mg during 

the growth of solute clusters in stage III, see Fig. 4.4.27. 
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The PAS experiments yield a consistent picture of the phenomena during early clustering 

during NA. All results are supported by other methods such as DSC, resistivity and hardness. 

Cu/Ge-containing Al-Mg-Si alloys 

 The evolution of PLT τ1C follows qualitatively the same pattern for all the Cu/Ge-

containing Al-Mg-Si alloys studied, see Fig. 4.5.1 and Fig. 4.5.4. 

 For alloys with equal Mg contents, Ge notably retards the ageing kinetics compared to Si, 

pointing at effects of atomic size or vacancy-solute binding energies. The alloy with the 

highest Mg and Si content shows the fastest NA kinetics, the alloy with the highest Ge 

content the slowest, see Fig. 4.5.4 and Fig. 4.5.5.  

 Adding Cu to both Al-Mg-Si and Al-Mg-Ge alloys slows down the formation of clusters 

but it later promotes their subsequent growth in the former alloys. Possible reasons could 

be related to the interactions between vacancies and solutes or solute clusters, see Fig. 

4.5.1 and Fig. 4.5.4. 
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Appendix  

A.1  Positron Affinities and Bulk Lifetimes [Nie95] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1.1. (L) Positron affinities; (R) Bulk lifetimes of positrons in different materials.  

 



 

 

Figure A.2.1. PALS and resistivity experiments of alloys F and H during LT ageing.  

 

A.2  Comparison between LT PALS and Resistivity Experiments 
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Figure A.3.1. The electric circuit of the modified high voltage divider for XP2020Q PMT.  

 

 A.3  Modified High Voltage Divider for XP2020Q PMT 
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Figure A.3.1. The electric circuit of the modified high voltage divider for XP2020Q PMT.  

 

Figure A.4.1. Sample environment used for LT PALS and DBAR experiments.  

 

A.4  Three-view Drawing of the Sample Environment  

top view 

side view 

front view 
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Table A.5.1. The most common cooling baths and their respective temperature.  

 

A.5  Cooling Baths [CITxx] 

 

 

 

 

 

                                         mixture        temperature 

100 g water   +   100 g ice                  0 °C 
100 g water   + 29.9 g NH4Cl                -3 °C 
100 g water   + 75.4 g NaNO3                -5 °C 

100 g ice + 28.2 g BaCl2                -7 °C 
100 g water   + 35.1 g NaCl -10 °C 
100 g water   + 244.8 g CaCl2·6H2O -12 °C 
100 g water   + 132.6 g NH4SCN -16 °C 

100 g ice + 61.3 g (NH4)2SO4 -19 °C 
100 g ice + 29.9 g NaCl -21 °C 
100 g ice + 81.8 g CaCl2·6H2O -22 °C 
100 g ice + 63.9 g NaBr -28 °C 
100 g ice + 28.2 g MgCl2 -33 °C 
100 g ice + 92.3 g 66.1% H2SO4 -37 °C 
100 g ice + 122.2 g CaCl2·6H2O -40 °C 
100 g ice + 143.9 g CaCl2·6H2O -55 °C 
100 g ice + 30.9 g KOH -63 °C 
ethanol +    dry ice -72 °C 
CHCl3 +    dry ice -77 °C 

acetone +    dry ice -86 °C 
ether +    dry ice  -100 °C 
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