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Abstract 
The negative effect of clustering on the artificial aging (AA) strength response of 

high-purity Al-Mg-Si alloys which have been subjected to natural aging (NA), 

pre-aging, pre-straining treatment and combinations thereof, have been studied by 

hardness and electrical resistivity measurements, differential scanning calorimetry 

(DSC) and positron annihilation lifetime microscopy (PALS). A theoretical model is 

used to explain the strength response for all the conditions. 

Negative strength response is observed for the alloys with high solute content 

(alloys 4-10, 6-8, 8-6 and 10-4) and low solute content alloy 4-4, where ‘4-10’ means 

0.4 wt.% Mg and 1.0 wt.% Si. The maximum of the negative effect for alloy 6-8 is 

achieved for NA between 300 min--1 d, after which a recovery takes place for up to 

1 w of NA. For alloy 4-4, a short NA time yields a negative effect on the initial AA 

process. A positive effect of NA can be observed for longer NA. 

Pre-aging at relatively high temperatures (100 °C, 140 °C and 160 °C) for a short 

time can suppress the formation of unwanted clusters and keep the structure stable for 

a certain time. Clusters formed during pre-aging (PA clusters) can grow easily during 

AA due to a high solute supersaturation in the matrix and act as nuclei for 

pre-β‘‘ precipitation. The pre-β‘‘ precipitates are formed prior to β‘‘ with a lower 

activation energy of about 105 kJ/mol compared to ~118 kJ/mol for β‘‘ in the 

as-quenched condition. The activation energy of β‘‘ formation after pre-aging is 

~110 kJ/mol, which is attributed to an enhanced formation of pre-β‘‘. Clusters formed 

after pre-aging also influence subsequent AA after an intermediate NA step, with a 

negative or positive effect for short or long NA time, respectively. 

Cluster formation can also be reduced by pre-straining, but the kinetics of 

clustering shows a similar trend as in the as-quenched condition. Compared to the 

as-quenched state, after pre-straining, the peak positions of β’’ move to lower 

temperatures after pre-straining and have an activation energy of ~102 kJ/mol. 

Competition of precipitation on dislocations and in the matrix is responsible for the 

hardening response of AA. Precipitates in the matrix around dislocations tend to 

dissolve and solute atoms diffuse towards dislocations, which results in the observed 

short duration of the stage of peak hardness. However, the negative effect of natural 

ageing still persists after pre-straining.  

Combinations of pre-straining and pre-aging suppress cluster formation too. 

Pre-straining before pre-aging can take advantage of both techniques and produce a 

positive strength response since NA clusters formed after the combined treatment can 

grow with high solute supersaturation in the matrix during AA. For pre-straining after 

pre-aging, pre-straining tends to destabilize the structure created by pre-ageing and 

can yield more small clusters to grow with lower solute supersaturation. These 

clusters are able to dissolve during AA, which results in a negative strength response 

of AA. 
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Kurzfassung 
Der negative Effekt der Clusterbildung auf die Warmaushärtung von hochreinen 

Al-Mg-Si Legierungen, die einer Kaltvorauslagerung, einer Vorglühung, einer 

Vorverformung oder Kombinationen daraus ausgesetzt worden sind, wurde mittels 

Härte oder Widerstandsmessung, Thermoanalyse (DSC) oder Positronen- 

Lebensdauerspektroskopie (PALS) untersucht. Ein theoretisches Modell wird zur 

Erklärung der Warmaushärtung für all diese Zustände verwendet. 

Eine beeinträchtigte Warmaushärtung wird für Legierungen mit hohem Gehalt an 

Mg und Si (4-10, 6-8, 8-6 und 10-4) und für den niedrigen Gehalt 4-4 beobachtet, 

wobei “4-10” 0.4 wt.% Mg und 1.0 wt.% Si bedeutet. Der größte negative Effekt für 

Legierung 6-8 tritt für Kaltvorauslagerungen zwischen 300 Min. und 1 Tag auf. In der 

Woche danach geht der negative Effekt etwas zurück. Für Legierung 4-4 führt nur 

eine kurze Kaltauslagerung zu einem negativen Effekt, während eine Längere einen 

Positiven zur Folge hat. 

Kurzes Vorglühen bei relativ hohen Temperaturen (100 °C, 140 °C und 160 °C) 

kann die Bildung unerwünschter Cluster reduzieren und die Struktur für eine 

begrenzte Zeit stabilisieren. Die dabei gebildeten Cluster können während der 

Warmaushärtung aufgrund der Übersättigung an Legierungselementen in der Matrix 

leicht wachsen und dienen als Keime für die Ausscheidung von pre-β“. Diese Phase 

scheidet sich vor der β“ Phase mit einer niedrigeren Aktivierungsenergie aus, nämlich 

105 kJ/mol statt ~118 kJ/mol für β“ im abgeschreckten Zustand. Nach dem Vorglühen 

ist die Aktivierungsenergie von β“ 110 kJ/mol, was durch die verstärkte Bildung von 

pre-β“ erklärt wird. Nach dem Vorglühen gebildete Cluster beeinflussen die 

Warmaushärtung auch nach einer Kaltvorauslagerung, und zwar negativ oder positiv 

je nach Länge der Kaltvorauslagerung. 

Clusterbildung kann auch durch Vorumformung reduziert werden, jedoch ist die 

Kinetik des Clusterns ähnlich wie nach dem bloßen Abschrecken. Gegenüber dem 

abgeschreckten Zustand verschieben sich nach dem Verformen die Peakpositionen 

von β“ zu niedrigeren Temperaturen, mit Aktivierungsenergien von ~102 kJ/mol. Der 

Wettbewerb zwischen Ausscheidung an Versetzungen und in der Matrix ist 

verantwortlich für die Warmaushärtung. Letztere tendieren zur Auflösung, wobei die 

Legierungsatome zu den Versetzungen diffundieren, was die Ursache für die kurze 

Dauer des Zustandes maximaler Härte ist. Der negative Effekt einer 

Raumtemperaturauslagerung hält jedoch immer noch an. 

Auch Kombinationen von Vorglühung und Vorumformung unterdrücken die 

Clusterbildung. Umformung vor dem Vorglühen nutzt die Vorteile beider 

Vorbehandlungen aus und führt zu einem positiven Einfluss einer Kaltvorauslagerung 

auf die Warmaushärtung, da Cluster, die nach den beiden Vorbehandlungen gebildet 

werden, aufgrund der hohen Übersättigung an Legierungselementen während dieser 

wachsen können. Für die umgekehrte Reihenfolge tendiert die Vorumformung dazu 

die Struktur zu destabilisieren, die während der Vorglühung gebildet wurde und führt 
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zu mehr Clustern und einer kleineren Übersättigung an Legierungselementen. Diese 

Cluster lösen sich während der Warmaushärtung auf, was einen geringeren 

Härteanstieg zur Folge hat. 
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1 Introduction 

Al-Mg-Si alloys are widely used as medium strength structural alloys in many 

applications, such as construction or automotive industry due to their favorable 

formability, weldability, corrosion resistance and so on.[1] In automobile 

manufacturing, the alloys are often strengthened by the paint baking (PB) process, 

which comprises an artificial aging at 180 °C for 20-30 min (AA). However, natural 

aging (NA) will take place during storage of the materials at room temperature (RT) 

and result in a significant reduction of AA hardening, which is known as ‘negative 

strength response’. The clusters formed in the initial NA period are believed to 

contribute to the deleterious effect on the kinetics of the many hardening phase ’’ 

during subsequent AA. Therefore, a lot of attention has been put on treatments to 

minimize or even eliminate the detrimental effect of natural aging, for example, by 

pre-aging and pre-straining treatments before NA and AA. However, the mechanism 

of how these treatments influence the clusters and the subsequent precipitation 

behavior is not fully understood. 

In this work, in order to avoid the interference of other addition elements, high 

purity Al-Mg-Si alloys are investigated. Pre-aging and pre-straining treatments are 

performed to study the negative strength response of artificial aging. The precipitation 

sequence during and after separate pre-aging or pre-straining treatment and the 

influence on the AA process are studied through Vicker hardness measurement, 

differential scanning calorimetry (DSC), electrical resistivity and positron annihilation 

lifetime spectroscopy (PALS). The two possible combinations of pre-aging and 

pre-straining treatments are performed to aim to eliminate the negative effect of NA. 

The clusters formed during NA and pre-aging are correlated building on the 

understanding of the precipitation sequence. The negative effect of NA is explained 

with the help of a model taken from the literature. 
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2 Literature Survey 

2.1 Application of Al-Mg-Si alloys 

Age hardening of aluminum alloys was discovered by the German metallurgist 

Alfred Wilm about 100 years ago. Alloys that can be strengthened by heat treatment 

have developed into the three series 2xxx (Al-Cu), 6xxx (Al-Mg-Si) and 7xxx 

(Al-Zn-Mg-Cu). Among these alloys the 6xxx series Al-Mg-Si alloys exhibit an 

excellent balance between formability and mechanical properties.[2] Commercial 

Al-Mg-Si alloys may be divided into three groups according to the strength levels 

obtained in the T6 condition. The first group of alloys which have a relative low 

balanced content (Al-(0.8-1.2)wt.% Mg2Si) can typically reach moderate strength. 

These alloys are usually used in architectural decorative applications. The other two 

groups have higher solute concentrations with Mg+Si>1.4wt.% and develop higher 

strength in the T6 temper. One group is based on a balanced Mg2Si solute content 

(Al-Mg2Si). Another group of alloys contain excess silicon (Al-Mg2Si-Si). These 

alloys are widely used as structural materials. Stimulated by the weight reduction 

requirement, they have had a great development during the last 50 years, especially 

for outer panel in the automotive industry, such as AA6016 used in Europe and 

AA6111 in North America.[3] As some modification applied, Al-Mg-Si alloys are 

also used in railway construction, for many aircraft parts, architecture and many other 

applications.[4] 

2.2 Negative and positive strength response in Al-Mg-Si 

alloy 

For age-hardenable alloys, the materials should be heated to an elevated 

temperature (~540-560 °C) for a certain period to make all the solute atoms dissolve 
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into the matrix and produce a solid solution. After quenching to a lower temperature 

with a medium, a supersaturated solid solution (SSSS) of Mg and Si is obtained by 

such rapid cooling and a high concentration of vacancies is also preserved. With the 

help of this nonequilibrium state of vacancies, the decomposition of SSSS will take 

place during aging. The alloys can be strengthened by artificial aging (AA) at 180 °C 

for example for 20-30 min which is equivalent to the paint baking process in industry, 

or longer to reach peak strength (T6). However, in practical manufacturing processes, 

the materials are usually stored at room temperature for transportation after quenching, 

which means that natural aging (NA) takes place before the artificial aging. This delay 

at room temperature has significant effect on the formation of β’’ precipitates, which 

is the dominant strengthening precipitate formed during AA.  

Two types of effects were found in the previous research. One is that the AA 

strength of alloys with a low Mg and Si content (Mg+Si<1.0wt.%) increases with 

increasing NA time before AA, which is called positive strength response.[5, 6] In 

contrast, the other effect is a lower strength after AA for alloys with a higher Mg and 

Si content (Mg+Si>1.0wt.%) when AA is preceded by NA compared to that of no NA, 

which is known as negative strength response.[7, 8] It is found that the clusters 

formed during NA are attributed to the reduction of number density and a final 

coarser microstructure of β’’ precipitates.[9-11] However, Martinsen et al.[12] found 

the negative and positive effect of NA exist in several Al-Mg-Si alloys with high 

(Mg+Si>1wt.%) and low (<1wt.%) solute content. For high-solute alloys, the negative 

is established as after 5 hours of NA. For longer NA, the hardness of AA started to 

increase and finally the negative effect seems to be partially reversed. This reversal is 

also observed in AA hardness variation of low solute content alloys. This indicates 

that the negative and positive effect of NA could be taking place during the whole 

aging process. Although the mechanism of clustering and its influence on the β’’ 

formation is not yet clearly understood, it is generally believed that the clusters have 
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significant influence on the kinetics of precipitation during artificial aging. Therefore, 

more attention has to be paid to clusters and precipitates formation. 

2.2.1 Clustering of NA in Al-Mg-Si alloys 

In Al-Mg-Si alloys, clusters are supposed to be aggregations of solute atoms 

without a defined structure. Since the low solute content and the atomic scattering 

factors of Al, Mg and Si are very similar, the microstructure of clusters is hard to be 

observed by using conventional transmission electron microscopy (TEM) even after 

long NA period.[13] Therefore, some indirect averaging methods are applied to study 

the NA process. 

From the hardness measurements performed at room temperature, the hardness 

was found to increase with different hardening rate due to cluster formation during 

NA. Ceresara et al.[14] studied the aging behavior of Al-Mg2Si 0.8% alloy. The 

hardness increased very slowly during the initial NA100 min and then underwent a 

fast increase in the following day when the time is logarithmic scale. Finally the 

increase of hardness slowed down. Banhart[1] also found the fast and slow hardening 

stage in the Al-0.6%Mg-0.8%Si alloy and suggested that hardness followed the 

logarithmic increases for different stages.  

Clusters evolution was also studied by electrical resistivity measurement.[15-19] 

Panseri[18] studied the cluster evolution of Al-1.4%Mg2Si alloy by both isothermal 

and isochronal experiments. The results showed that the resistivity increased with the 

slow-fast-slow model when the sample was aged at low temperature (less than 70 °C). 

The resistivity started to decrease after the final slow increase to a maximum only at 

high temperature ( 70 °C). Kovacs et al.[19] find a similar trend in an alloy with a 

low solute content (Al-0.85%Mg2Si). These two evolutions about clusters were 

studied for alloy Al-1.6% Mg2Si by Matsuda[20] through high resolution transmission 

electron microscopy (HRTEM). They found that two type of GP zones were formed, a 
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mono and multi-layer GP zone formed at high temperature (>70 °C) and a spherical 

GP zone with ~1nm diameter formed at low temperature (<70 °C). 

In addition, differential scanning calorimetry (DSC) is often used to study the 

precipitation of Al-Mg-Si alloys.[21-25] Gupta et al.[22] found that the peak of 

cluster formation consisted of two subpeaks. The first peak was found to become 

smaller and disappear after NA for ~60 min, indicating that the clustering process 

corresponding to the first peak has been completed during NA. In contrast, the second 

peak is still observed but also becomes smaller after long NA time.[24, 25]  

Since positron annihilation lifetime spectroscopy (PALS) is sensitive to the 

defects related to vacancies,[26] PALS is carried out to study the clusters evolution in 

in-situ experiments. A complex clustering process was observed for alloys with 

different solute concentration by Banhart.[27] The results showed that at least three 

stages are found during clustering. The first decrease in lifetime up to ~100min was 

related to the action of Si in forming clusters during NA. After passing through a 

minimum, the lifetime increases and reaches the maximum for NA ~ 1000min. As no 

such increase is observed for alloy with a very low Mg content, they attributed this 

increase stage to the Mg atoms participating in clustering. Finally, a decrease in 

lifetime was found for long NA time, probable due to coarsening of clusters.  

As mentioned above, these indirect (integrate) methods reveal the complicated 

evolution of clusters during NA. Still, many details about the clusters are still unclear, 

such as the composition, size and number density. Direct methods—3D atom probe 

(3DAP) and HRTEM have a potential to detect clusters formed during NA. 

Edwards et al.[28] investigated the precipitation in alloy 6061 aged at 70 °C for 

8h and 60h. They showed that separate Si-rich and Mg-rich clusters were formed in 

the initial stage of clustering. Moreover, Mg/Si co-clusters were formed in a later 

stage and the Mg/Si ratio was found to come close to one due to Mg atoms 

incorporated into Si clusters. Murayama et al.[29] studied clusters for the 
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Al-0.70Mg-0.33Si and Al-0.65Mg-0.70Si alloy by APFIM and HRTEM. Same 

separate Mg and Si and co-clusters of Mg and Si were found after NA for 70 days but 

no visible observation was obtained through HRTEM.  

A further study was conducted by Serizawa[30] with a combination of DSC and 

3DAP on a super purity alloy Al-0.95%Mg-0.81%Si. They found two types of 

clusters---cluster (1) and cluster (2), which correspond to the first subpeak and second 

subpeak in DSC curve. From this view, cluster (1) and cluster (2) were same as the 

clusters reported by Gupta.[22] From the 3DAP maps, cluster (1) and (2) were found 

in the NA and pre-aging at 100 °C conditions, respectively. Clusters (1) were small in 

size with wide range of Mg/Si ratios and showed no obvious change during NA from 

7d to 2.5 years. In contrast, the size of clusters (2) was found to increase and change 

in ratio of Mg/Si with increasing pre-aging time. Finally, the ratio of Mg/Si of the 

larger cluster 2 was formed to have a similar value to that of ’’ precipitates. In 

addition, they suggested that clusters (1) remains stable in the AA process and results 

to reduction of supersaturation of the Mg and Si atoms, and therefore contributes to 

the negative strength response, while cluster (2) can be transferred to the ’’ 

precipitate directly and will enhance its formation. 

Torsæter et al.[31] studied the composition of clusters in Al-0.86%Mg-0.43%Si 

and Al-0.40%Mg-0.84%Si alloys. She showed that the ratio of Mg/Si in the clusters 

was close to 1 for the conditions of NA 7d and pre-aging at 100 °C for 16h, but the 

clusters formed in the pre-aged condition were more closely packed than in the NA 

condition. In addition, more extreme clusters of very Mg-rich and very Si-rich clusters 

were observed in the NA condition. Martinsen[12] suggested that these kinds of 

clusters are not favorable in transforming to β’’ and finally detrimental to the 

formation of β’’. 

Although the complex clustering process can be detected by indirect methods, 

especially the initial stages of clusters formation, the details of composition and size 
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are not accessible. Due to the time consumed for sample preparation for 3DAP, 

clusters formed during initial NA cannot be made visible. Data can be obtained and 

only for the long NA time.  

2.2.2 Precipitates in Al-Mg-Si alloys 

The metastable precipitates (’’ and ’ phase and so on) formed during AA have 

been investigated extensively.[32-39] The ’’ phase is formed during AA even for 

short times and is known as the dominant hardening precipitate.[33] ’’ precipitates 

belong to the monoclinic group with the composition of Mg5Si6. The lattice 

parameters of a=1.516 nm, b=0.405 nm, c=0.674 nm and the angle=105.3° (between b 

and c) was studied by Andersen et al.[34] with HRTEM. The precipitates are usually 

found to have needle shape with dimensions of ~4 4 50 nm. Recently, Hasting[38] 

proposed a new composition of ’’ phase with Mg5Si4Al2 based on the atom probe 

results and first principle calculation. 

When AA for long enough time, the ’’ phase tends to transform into the ’ 

phase. The corresponding hardness will decrease afterwards. ’ has the composition 

of Mg9Si5 with a hexagonal structure. The lattice parameters are a=0.715 nm and 

c=1.215 nm. The precipitate is present in rod shape with several hundred nanometers 

length and ~10 nm diameter.[36] 

These precipitates are known as the intermediate phase in Al-Mg-Si alloys. 

Except for these two precipitates, others have also been studied, i.e. U1 (needle shape, 

MgAl2Si2, lattice parameters: a=b=0.405 nm, c=0.674 nm with =120°), U2 (needle 

shape, MgAlSi, lattice parameters: a=0.675 nm, b=0.405 nm, c=0.794 nm) which are 

often found to coexist with ’’ and ’.[40] With the addition of Cu, other precipitates 

are formed during AA process, e.g., the Q’ phase.[41, 42]  

In addition, many other precipitates have been found through several methods. 

These precipitates have no certain structure and are not easy to study. One subpeak 
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was found in DSC before ’’ formation and was first named ‘GP-1’ zone by Dutta et 

al.[21]. Moreover, Kang et al.[43] also found a small shoulder formed before β’’ 

precipitation during DSC scanning. They called this small shoulder a Si-rich phase 

since it is more distinct in the high Si concentration alloy. Edwards et al.[44] studied 

the composition of precipitates in Al-0.8%Mg-0.79%Si-0.18%Cu-0.22%Fe and Al- 

1.0%Mg-0.6%Si-0.2%Cu-0.2%Fe by using APFIM and TEM. They found a small 

equixed precipitates with the Mg/Si ratio of ~1.1 in a specimen aged at 175 °C for 

10 min. This precipitate was designated an unknown structure and thought to 

represent some kind of ordering from the initial stage co-clusters tending to transform 

to β’’ precipitate. Furthermore, they obtained a β’’ precipitate with a Mg/Si ratio of 

~1.2 after aging at 175 °C for 24h. This unknown structure was also found by Yassar 

et al.[45]. They investigated the precipitation sequence of alloy 6022 through DSC 

and TEM. It was found that some unknown small precipitates formed in the initial 

period of artificial aging (175 °C for ~30min). They suggested that this unknown 

structure could be the possible heterogeneous nucleation of β’’. Mariora[11] found 

fully coherent particles when annealing at 150 °C for short time which transformed to 

’’ quickly. They named this fully coherent particle pre-’’. They suggested that the 

pre-β’’ phase can be considered as the most developed GP zone and occurs just before 

β’’.[46] A disordered structure was found by HRTEM to coexist with ’’.[47] 

The pre-β’’ phase was identified and assigned the composition Mg4Si7 by van 

Huis et al.[48-50] by quantitative electron diffraction. They suggested that the pre-β’’ 

phase is more stable than the β’’ in the early stage of AA due to the transition of fcc 

type (pre-’’) to non-fcc type structure (’’). Therefore, they proposed the 

precipitation sequence as follows: 

SSSS  Mg, Si clusters  co-clusters of Mg and Si  initial-’’  pre-’’  

’’  ’   
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2.2.3 Proposed mechanism of NA on AA hardening of Al-Mg-Si 

alloys 

As mentioned at the beginning, NA before AA results in a reduced number 

density and coarser final precipitate of ’’ formed in the subsequent AA step. In order 

to explain this negative effect of NA, several models have been proposed in the 

previous studies. 

Pashley et al.[10] proposed a theoretical model to explain the two-step aging 

behavior based on two concepts: the clusters radius and the solute concentration in the 

matrix. They suggested that the combination of the size distribution of clusters and the 

extent of solute supersaturation in the matrix determines whether a cluster can grow 

or not during subsequent aging. It involved that clusters increase in size and the 

degree of solute supersaturation decreases with increasing NA time. The combination 

of two factors will have the maximum value. When the maximum value exceeds the 

threshold determined by artificial aging temperature, the clusters will grow during AA. 

Clusters tend to dissolve if the maximum value is lower than the threshold. These 

dissolved clusters can result in a lower number density and coarser precipitate to be 

formed during the second aging step. 

From the investigation of aging at different temperature before AA, Saga et 

al.[51] proposed that clusters formed at lower temperature (<67 °C) will be stable 

during subsequent AA, which results in the reduction of Mg and Si content. β’’ 

precipitation is suppressed and precipitates become coarser and then the negative 

strength response is formed. However, Miao et al.[52] proposed that the clusters 

formed during NA will be partially dissolved during subsequent AA since an initial 

decrease of AA hardness and a cluster dissolution trough of NA samples was 

observed.  
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Murayama et al.[29] studied the clustering behavior of alloy Al-0.65Mg-0.76Si. 

They suggested that the clusters formed during NA are small and cannot act as nuclei 

for β’’ during AA. The clusters tended to trap the quenched-in vacancies and during 

AA these trapped vacancies will be released to help to form β’’ precipitates. A group 

from Austria[53] proposed the ‘vacancy-prison mechanism’ to confirm this point. 

Moreover, Murayama[13] proposed the size distribution of co-clusters formed after 

NA and believed that all clusters are smaller than the critical size at which a cluster 

can act as nuclei of β’’ or be transformed to a β’’ precipitate, will be dissolved during 

AA. These clusters can be responsible for the negative strength response. 

More explanations are proposed for the evolution of the size and composition of 

clusters. Serizawa et al.[30, 54, 55] reported that two kinds of nanoclusters were 

found by DSC measurement. Cluster (1) with a wide range of Mg/Si ratios formed 

during NA has a high thermal stability during subsequent AA and is found to 

transform to no specific structure. The negative strength response is a result of 

cluster (1) formation.  

2.3 Effective methods in improving the hardening response 

of Al-Mg-Si alloys 

Since some NA is usually unavoidable in practical usage and the paint baking 

time (20-30 min) is not long enough to reach the peak hardness, a pre-aging treatment 

is considered before AA to improve the AA strength. Considering the vital role of 

quenched-in vacancies for cluster formation during NA, dislocations can be induced 

deliberately as the vacancy sink in order to reduce clusters formation. Moreover, 

dislocations can provide a fast diffusion path for the solute atom and enhance 

precipitation. Therefore, pre-straining is also supposed to be an effective way to 

reduce the negative effect of NA and to improve the AA strength response. 
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2.3.1 Pre-aging treatment 

Suzuki et al.[56] investigated the two-step aging process in Al-1.17%Mg2Si alloy 

at early times. They found that aging at higher temperature before AA can yield 

higher AA strength compared to single aging (AA). Zhen et al.[57] reported that an 

increased density of β’’ precipitates is formed in the sample with pre-aging after NA 

compared to the sample with NA only. They suggested that pre-aging can produce a 

large amount of nuclei for β’’ formation. 

Saga et al.[51] proposed that a β’’ precipitate can be directly formed during 

pre-aging (>67 °C). After pre-aging treatment, a fine and high-density precipitate 

microstructure will develop during AA and the hardening during AA will be enhanced. 

Kim et al.[58-60] suggested that pre-aging can suppress Cluster (1) formation, which 

cannot be transformed to β’’ precipitate, and yields Cluster (2) which can transform to 

a β’’ precipitate directly.  

However, Miao et al.[52] investigated the effect of pre-aging on AA strength 

response in alloy AA6022 and the alloy AA6022 + 0.91% Cu content. They found 

that the AA hardness for the pre-aged sample was much higher than that of the NA 

sample and the detrimental effect of NA can be significantly reduced by pre-aging. 

They suggested that the GP zone formed during pre-aging differed in size or structure 

from the clusters in the NA sample and can act as nuclei of β’’.[61] Murayama et 

al.[13] also proposed that the GP zones are essentially the same as co-clusters but 

with a larger size and solute density.  

Birol et al.[62] found that pre-aging at higher temperature (>100 °C) can 

effectively suppress cluster formation in alloy AA6016. For the pre-aging case, the 

peak of β’’ precipitation at the temperature range of 100-250 °C shifted to a lower 

temperature compared to that of the as-quenched condition, indicating that the 

formation of β’’ can be accelerated by pre-aging. They suggested that stable β’’ nuclei 

can be formed during pre-aging and can easily be transformed continuously into the 
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β’’ phase during the early stage of AA, thus leading to a substantial hardening 

response. Birol et al.[63] also found that NA performed before pre-aging treatment 

had a significant influence on the final AA strength. The best result was obtained for a 

NA time below 10 min. In addition, an adverse effect of NA after pre-aging was no 

found. Kleiner et al.[64] also found that long term pre-aging was very sensitive to a 

room temperature delay after quenching. The hardness results showed that clustering 

took place after pre-aging followed by NA for a certain time and resulted in the 

reduction of AA. 

As noted above, the enhancement of paint baking response yielded by pre-aging 

is derived from the comparison only between NA sample with and without a 

pre-aging. Murayama et al.[65] investigated the AA strength response of the pre-aged 

condition in alloys Al-0.64at.%Mg-1.23at.%Si and Al-0.61at.%Mg-1.22at.%Si- 

0.4at.%Cu. The results showed that the sample pre-aged at 70 °C and 110 °C for 10 

hours after NA had a higher hardness compared to that of the NA sample after AA for 

30 min, indicating that pre-aging can reduce the negative effect of NA. However, 

compared to the as-quenched condition, the pre-aged samples present a lower 

hardness after AA for 30 min. From TEM images they found that the sample pre-aged 

at 110 °C for 17 hours and then AA for 30 min showed a higher number density of 

precipitates but a lower hardness compared to the sample AA for 30 min directly after 

quenching. 3DAP showed that both the GP zones and β’’ precipitates were formed 

after AA for 30 min and much more GP zones were formed in the pre-aged sample 

during AA than in the directly AA sample. This means that pre-aging can effectively 

yield nuclei for the GP zones but not for β’’ precipitates. Esmaeili et al.[66] 

investigated the microstructure evolution by combining electrical resistivity 

measurement and 3DAP through aging in the temperature range of 60-180 °C. The 

work showed that precipitate nucleation and precipitate growth took place between 

the clusters, GP zones and β’’ formation. From the size distribution, they suggested 

that the co-clusters and GP zones were mainly nuclei in the precipitation sequence 
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and grew to the GP zones with larger size when aging at higher temperature (e.g., 

150 °C and 180 °C for short time). Finally these GP zones transformed into β’’ 

precipitates formation. This is in agreement with PALS results reported by Buha.[67]  

In order to fully exploit the hardening potential of AA, a special multi-step aging 

method was investigated, namely interrupted aging T6I6/150 with AA at 150 °C for 

20 min + second aging at 65 °C for 2 weeks + AA at 150 °C.  Lumley et al.[68] 

investigated this T6I6 treatment in alloys 2014, 6061, 7050, alloy Al-Cu-Mg-Ag and 

alloy 357. They found that the tensile property of a T6I6 sample at peak hardness 

enhanced by 10% with improving fracture toughness compared to that of as-quenched 

condition. Buha [69-72] investigated the details of alloy 6061 with T6I6/177 

treatment. The results showed that the higher number density and finer precipitates of 

β’’ formed in the T6I6/177 samples compared to as-quenched samples, which can 

explain the higher strength achieved. They suggested that the first aging produces 

coherent GP zones and the following second aging increases the number density of 

GP zones which then can act as nuclei for β’’ precipitation.  

2.3.2 Pre-straining treatment 

Dislocations in materials can accelerate the precipitation kinetics by providing 

short circuit paths for solute diffusion.[73] Dislocations could also act as 

heterogeneous nucleation sites and may change the precipitation sequence.[74, 75] 

Deschamps et al.[75] found that the influence of dislocations on the precipitation 

sequence of Al-Zn-Mg alloy depends on the aging treatment. With short aging time, a 

slow heating rate resulted in a homogeneous distribution of hardening phase η’ and 

the precipitate formed in the matrix cannot be affected by dislocations. For a fast 

heating rate, the formation of η’ was suppressed and large precipitates were formed 

close to dislocations. In addition, with long aging times, precipitates close to 

dislocations tend to dissolve which results in the growth of large precipitates. 
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For Al-Mg-Si alloys, the views about the influence of dislocations on the 

precipitation differ between researchers. Quainoo et al.[76] studied the properties and 

microstructure of AA6111 alloy with pre-straining of 2% and 5% before AA. The 

results showed that the peak of β’’ formation is shifted to a lower temperature and the 

activation energy of β’’ precipitation for the pre-strained condition was smaller 

compared to that of the un-stained, indicating that β’’ formation could be accelerated 

by pre-straining. In addition, it is seen in TEM images that the dislocations created by 

pre-straining could act as nucleation sites for precipitates. Birol et al.[77] also found 

that the β’’ peak shifted to a lower temperature with pre-straining increasing from 0.5% 

to 5%. The higher paint baking hardness of pre-strained and NA samples compared to 

that of simply NA sample without pre-straining are due to β’’ formation with larger 

size accelerated by the dislocation.[78]  

However, some different results were presented. Kolar et al.[79] found that the 

peak hardness of pre-strained AA6060 alloy can be reached in shorter time and a 

higher value obtained compared to that of the un-strained sample. DSC showed that 

the formation of β’’ and β’ was shifted to lower temperatures as compared to 

un-strained samples, indicating that pre-straining can accelerate the kinetics of the 

precipitation. However, TEM showed that a smaller number density and coarser 

precipitates were formed at the peak hardness condition of pre-strained by 10% 

compared to the un-strained condition. Teichmann et al.[80] studied the tensile 

properties of AA6060 alloy and found that the hardening effect from precipitates in 

the pre-strained condition was lower than for the un-strained case if considering the 

contribution of dislocation hardening. The state of peak hardness of the pre-strained 

sample showed that the hardening precipitate was mainly consisted of β’ instead of β’’ 

with a higher volume fraction compared to the un-strained case. Teichmann et al.[81] 

investigated more details about the effect of 10% pre-straining on the early 

precipitation (190 °C for 10 min) of AA6060 by HRTEM. They found that some 

precipitates heterogeneously nucleated on a dislocation line and were identified to be 
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mainly disordered post-β’’ (β’, U1, U2 and B’) phases, indicating that β’’ 

precipitation is suppressed by pre-straining. Yassar et al.[82] studied the effect of 15% 

and 30% pre-straining on β’’ formation of AA6022 by DSC and TEM. Their results 

showed that pre-straining suppresses the formation of clusters and the dislocations 

induced by pre-straining can reduce the activation energy of precipitation and 

accelerated precipitation from the β’’ to the β’ and Q’ phase. β’ was also found to 

form along dislocation lines in other research work.[83, 84] Moreover, Teichmann et 

al.[85] investigated the microstructure evolution by applying pre-straining and 

artificial aging simultaneously. Their results showed that fine post-β’’ precipitates 

nucleated at dislocation lines and resulted in a reduction of strengthening contribution 

from precipitates compared to that of the un-strained condition strengthened by β’’ 

precipitates.  

Masuda et al.[86] found that the β’’ and β’ peaks in Al-0.6wt.%Mg-1.0wt.%Si 

alloy shifted to a lower temperature, indicating that precipitation of the β’’ phase was 

accelerated by pre-straining. Moreover, the size of β’’ precipitates increased with 

increasing pre-straining from 0.5% to 3%. However, further investigation from the 

same group found a contradictory result about this enhancement of pre-straining 

treatment. They found that pre-straining can improve the AA hardening response at a 

lower strain rate (<3%) while reducing the strength response at a higher rate 

(>5%).[87] From TEM analysis, the number density of fine β’’ precipitates (<10 nm) 

in the matrix increased with increasing pre-straining until a rate of 3%. As 

pre-straining exceeded 5%, the number density of β’’ precipitates in the matrix 

decreased and larger precipitates were formed on the dislocation lines. They 

suggested a competition of precipitation in the matrix and on the dislocation lines 

during AA. 

In order to take advantage of pre-straining and pre-aging treatments, several 

researchers also emphasized their attention on the combination of both 

processes.[88-90] Shen et al.[89] investigated the effect of pre-straining (2%) before 



Chapter 2 Literature Survey 

16 

 

pre-aging (70 °C for 60 min) on the AA strength in alloy AA6022. The results 

showed that the peak hardness of AA in alloy AA6022 with a combination of 

pre-straining and pre-aging treatment can be achieved in a shorter time compared to 

the only as-quenched, pre-strained and pre-aged samples. However, β’ precipitates 

were found in TEM micrographs along the dislocation but no obvious β’’ precipitates 

in the matrix for AA 30 min. This makes it difficult to explain the acceleration of 

hardening strength response during AA by the combined treatment. Masuda et al.[90] 

investigated the combination of low pre-straining (0.5-3%) and pre-aging treatment 

on the aging hardening behavior of Al-0.6wt.%Mg-1.0wt.%Si. They found that 

pre-straining can reduce cluster formation and enhance the strengthening effect of AA. 

The hardening effect increased with increasing pre-straining. Moreover, pre-straining 

before pre-aging (at higher temperature >70 °C) was more effective than pre-straining 

after pre-aging in improving the hardening response of artificial aging and can totally 

eliminate the negative effect of NA prior to AA. In contrast, the treatment of 

pre-straining after pre-aging still left a negative effect of NA. Microstructural 

investigations showed that some precipitates nucleated along the dislocation lines but 

much more β’’ precipitated in the matrix, indicating that β’’ precipitation can be 

accelerated by the combination of pre-straining and pre-aging.  

2.4 Kinetics of clustering and precipitation by thermal 

analysis 

The thermal analysis based on the differential scanning calorimetry (DSC) has 

been applied extensively in the analysis of solid state reactions, e.g., precipitation in 

Al based alloys.[91] Some methods have been proposed including the Kissinger 

method [92] and the Friedman method.[93] The so-called ‘kinetic triplet’ of E, k0 and 

f(α) could be calculated from the data obtained with different heating rates. However, 

since the function f(α) was generally based on the classical reaction model for the 
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single reaction, the reaction in practice is usually complex and some overlapping will 

cause the difficulty to analyse the reaction by using classical model directly. 

For Al-Mg-Si alloys, the reactions of clusters and the following precipitates 

usually produce overlapping peaks in the DSC curves. Dutta et al.[21] used a 

nonlinear regression method to fit the superimposed peaks in the GP zones (β’’ phase) 

of alloy 6061, as shown in Figure 2.1, in order to separate the overlapping peaks,  

 

Fig. 2.1 DSC curves of overlapping peaks of GP zones (β’’ phase) in alloy 6061, 

indicated that two processes existed during the precipitation. [21] 

Chang et al.[94] used two Gaussians functions to fit the cluster peaks. Moreover, 

Perejon et al.[95] compared fitting results from several functions of Gaussian, 

Lorentzian, Weibull and Fraser-Suzuki. They found that the Fraser-Suzuki function 

can reach the best fits and, combined with kinetics analysis, is suitable to determine 

the kinetic triplet. The fitting results can match the curve very well, but it is difficult 

to relate it to the reaction model. Many researches tried to use or produce some 

function which can be related to a classical model to separate the overlapping peaks. 

Svoboda et al.[96] also used the corrected Fraser-Suzuki function to fit complex 
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reactions. They compared the function with a JMAK model and correlated the 

parameters with physical meaning.  

Since the transformation rate is always associated to the activation energy, the 

activation energy for certain transformations can be calculated. Gupta et al.[22] 

investigated the activation evolutions according to the transformation fraction. They 

correlated the transformation fraction to the subpeak reactions instead of separating 

the overlapping peaks. Some researchers focused only on the peak position of a 

reaction based on the assumption that the maximum transform reaction rate occurs at 

the peak position. Gaber et al.[97, 98] used the Kissinger method to calculate the 

activation energy of different precipitation reactions in Al-Mg-Si alloys. They 

calculated that the activation energy of Si-Mg-Vacancy clustering was about 

53 kJ/mol in alloy Al-0.63%Mg-0.37%Si-0.5%Cu and about 24.8 kJ/mol in alloy 

Al-1.07%Mg2Si- 0.33%Cu, which they attributed to the different composition of the 

alloys. The drawback of this Kissinger method based on the peak position is that the 

transformation fraction at the peak position for different heating rates will be different 

if overlapping with other reactions. This means that the activation energy will not be a 

constant in the reaction. 

In order to consider the activation variation during complex reactions, 

Vyazovkin et al.[99, 100] proposed that it is necessary to identify the dependence of 

transformation fraction on activation energy before analysing the complex processes. 

However, they did not further study the kinetics triplet but simply analysed the 

processes with the well-known classical model. In order to make the classical model 

more suitable for practical reactions, Starink et al.[101-103] proposed the extended 

volume fraction as a function of effective activation energy Eeff and introduced the 

impingement factor based on the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model. 

Liang [104] successfully applied Starink’s model to analyse the formation of clusters 

and β’’ in Al-Mg-Si alloys. By fitting the DSC thermograms, the kinetic triplets of 

clusters and β’’ were obtained. 
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3 Experimental details 

3.1 Materials 

The materials used in this thesis were provided by Hydro Aluminum Rolled 

Products GmbH Bonn, Germany, in 2011. In order to reduce the influence of impurity 

elements on the negative and positive strength response of Al-Mg-Si alloys, five 

high-purity Al-Mg-Si alloys are adopted in this work. The compositions of the alloys 

are listed in Table 3.1. The alloy designations used in this study represent the 

concentration of Mg and Si, i.e. ‘4-10’ means 0.4 wt.% Mg and 1.0 wt.% Si. Four 

alloys have the same total amount of solute content (about 1.4 wt.%), which exhibit 

negative strength response on AA. For comparison, alloy 4-4 containing relative low 

solute content (about 0.8 wt.%) is introduced to investigate the positive effect. 

Another batch of alloy 4-4 received in 2008 shows a slightly higher strength. All the 

alloys are cast as ingot, and then homogenized at 560 °C for 12 hours. Finally, the 

samples undergo hot extrusion at about 400 °C to plate shape with a cross section of 

3×20 mm and cold rolling in several passes to the final thickness of 1 mm. 

Table 3.1 Nominal compositions of Al-Mg-Si alloys used in wt.% and in (at.%) 

Alloy Mg Si Al 

4-10(E) 0.4 (0.44) 1.0 (0.96) Balance 

6-8(F) 0.6 (0.67) 0.8 (0.77) Balance 

8-6(G) 0.8 (0.89) 0.6 (0.58) Balance 

10-4(I) 1.0 (1.11) 0.4 (0.38) Balance 

4-4(H) 0.4 (0.44) 0.4 (0.38) Balance 
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3.2 Experimental setup 

3.2.1 Heat treatments 

 

Fig. 3.1 Schematic diagram showing heat treatments process in this study 

The specimens are solution treated at 540 °C for 1 hour in an air circulation 

furnace with a purified argon atmosphere and then quenched into ice water. The 

following treatments will be carried out in several paths, as shown in figure 3.1. The 

aging treatments are mainly including: single-step aging, two-step aging and 

multi-step aging, as shown in Table 3.2. The aging treatments except NA are 

performed in the oil bath. The details of aging processes are as follows: 

(a) Single step aging treatments: Samples are aged at room temperature (NA) or 

aged immediately at 180 °C (AA) after solutionizing and quenching (SHT). 

(b) Two-step aging treatments:  

1. Samples are aged at 180 °C following various NA storages. 

2. To study the effect of pre-aging treatment on the following NA or AA, 

samples are aged at room temperature or at 180 °C after pre-aging at 
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100 °C, 140 °C and 160 °C for 10 min, designated PA100°C-10 m, 

PA140°C-10 m and PA160°C-10 m, respectively. 

(c) Multi-step aging treatments: 

Table 3.2 Description of heat treatment examined 

Heat 

treatment 
Description of treatment process 

 

SHT : 

Solution heat 

treated 

@540 °C, for 

60 min  ice 

water 

quenching 

NA@~20 °C 

AA @180 °C 

NA AA @180 °C 

PA@100 °C, 140 °C and 160 °C, for 

10 min 
NA@~20 °C 

PA@100 °C, 140 °C and 160 °C, for 

10 min 
AA @ 180 °C 

PA@100 °C, 140 °C and 160 °C, for 

10 min 
NA@~20 °C AA @180 °C 

PS2%, 5%, 10%, 30%  NA@~20 °C AA @180 °C 

PS5% 
PA@140 °C, 

for 10 min 
NA@~20 °C AA @180 °C 

PA@140 °C, for 

10 min 
PS5% NA@~20 °C AA @180 °C 

1. Samples aged at room temperature after pre-aging treatment (designated 

as, i.e. PA100°C-10 m + NA) and then artificially aged at 180 °C. 

2. Samples with 1.1 mm thickness are pre-strained immediately after 

solution treatment and quenching. The straining level of 5%, 10% and 30% 

(PS5%, PS10% and 30%) is obtained in a single pass on the rolling 

machine. This pre-straining process is finished within <30 s. For 
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comparison, the straining level of 2% and 5% (PS2% and PS5%) is 

produced by the tensile test with the head speeding of 1 mm/min. After 

which, the pre-strained samples are aged at room temperature (i.e. 

PS5%+NA) followed by artificially aged at 180 °C. 

3. Samples are pre-aged at 140 °C for 10 min before or after pre-straining by 

5%, designated as PA140°C-10m+PS5% or PS5%+PA140°C-10m. Then 

the samples are aged at room temperature followed by artificially aging at 

180 °C. 

3.2.2 Microhardness 

All hardness measurements are carried out on a sheet of 10 mm × 10 mm size 

with 1 mm thickness. After heat treatment, the samples were ground using 1000, 2500 

and 4000# SiC paper step by step to remove the oxide layer. Finally, suspensions of 

3 µm and 1 µm are used to remove deformed layers caused by former grinding and to 

achieve a mirror surface. 

Vicker hardness measurements are performed on a MHT-10 mircrohardness 

tester with a diamond pyramid of 136°. A testing load of 100 g with 10 s loading time 

is applied on the sample and kept for 30s to form one indentation. One data point is 

obtained from the average of 10 indentations measured from each sample. For the NA 

cases, in order to obtain more information about the clustering evolution in early 

times, the hardness value of each indentation is recorded individually. Later the 

average hardness value is recorded again as the clustering process becomes slow. 

3.2.3 Differential Scanning Calorimetry (DSC) 

DSC experiments are carried out in a heat flux type calorimeter Netzsch DSC 

204 F1 phoenix. DSC scanning was performed between 0 °C and 600 °C with a 

constant heating rate of 5 K/min, 10 K/min, 20 K/min or 30 K/min. Since the DSC 

scanning is performed from low temperature (0 °C), moisture in the air could be taken 
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into the DSC chamber and freeze during standby, which significantly influences the 

signal of clusters formation at low temperature. Therefore, the humidity in the 

calorimeter needs to be limited to less than 25%. Moreover, the environmental 

temperature is required to lower than 25 °C to reduce thermal fluctuations. 

All of the DSC experiments are carried out in a protective atmosphere of flowing 

nitrogen. The specimens used are prepared as discs ~5 mm in diameter with a mass of 

64 ± 1 mg and placed into the standard aluminum DSC crucible with a mass of 39.5 ± 

0.5 mg. A small hole is made in the lid of the pan to facilitate gas escape during 

heating. The heat signal is recorded between the running of a sample and an empty 

crucible. An aluminum sample with high purity of 99.999% is used as a reference. A 

baseline thermogram is obtained from the running of pure aluminum and an empty 

crucible. The heat effects associated with the transformation reactions is obtained by 

subtracting the baseline obtained for pure Al.   

3.2.4 Positron annihilation lifetime spectroscopy (PALS) 

3.2.4.1 Experimental details 

In this work, the PALS measurements are performed in the fast-fast coincidence 

spectrometer with BaF2 scintillators. The lifetime spectrometer is placed on a 

horizontal plane with a coaxial arrangement of sample and detectors. In order to 

reduce the backscattering of  photons from the high energy side, a shield lead plate 

with thickness of 3 mm is put between the sample and the start detector (detecting the 

 of 1.27 MeV). The detector resolution is about 0.250 ns. The source of 
22

NaCO3 is 

enclosed by Kapton foil and the activity is about 26 Ci. Before the PALS 

experiments, two samples with dimension of 1 mm × 10 mm × 10 mm are cleaned 

with ethanol after solution treatment and quenching. Then packed in the 

sample-source sandwich structure and enclosed with thin aluminum foil. The delay 

period between quenching and running the experiments is kept below 2 min. For the 

pre-aged condition, since the samples studied are taken out from oil bath, the 
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experiment will start after 10 min. In situ experiments are carried out at room 

temperature (20±1 °C). In order to obtain more details of clustering process, high time 

resolution data acquisition (every 3 min) is used to record one data point. For the 

pre-aged condition, the data point is obtained every 27 min due to a lower count rate 

obtained in the setup used. As the clustering process is much slower after pre-aging, 

long time data acquisition is necessary. 

3.2.4.2 Data analysis 

The program ‘LT9’ is used to analysis the data. Since a small fraction of the 

positrons will annihilate in the source and the Kapton foil, source corrections are 

necessary and have to be subtracted from the signal. Since the lifetime of position 

annihilating in Kapton foil and source material is similar, the contribution of these 

two and a further long lifetime component need be considered. Three high-purity 

annealed aluminum, magnesium and silicon plates are used as references. Optimizing 

the source correction component to achieve the best fits for the three references, a 

lifetime of 0.384 ns with an intensity of 11.594% from source and a lifetime of 

3.05 ns with an intensity of about 0.65% are determined.  

For the alloys investigated in this work, it is difficult to distinguish different 

components coming from different defects. Therefore, the positron lifetime in the 

sample will be taken as average lifetime. The spectrum can be fitted by    

 ( )  ∑
  
  

   

   

    ( 
 

  
) 

 

where  ( ) is the time-dependent positron decay spectrum, k the defect types,    

and    the lifetime and intensity of ith
 component. 
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3.2.5 Electrical resistivity 

Julian Kühn has studied extensively the clustering behavior after quenching by 

resistivity measurement. In this work, the resistivity technique is applied to study the 

NA behavior after pre-aging treatment of alloy 6-8 to compare it to the as-quenched 

condition. The resistivity samples are prepared from the as-received sheet, and then 

rolled to rectangular wires. Finally the wires are drawn through a die in several passes 

to a round shape with a diameter of 0.81 mm and length of 500 mm. The wire is 

shaped to a screw before solution heat treatment. For the resistivity measurements, 

each sample is solutionized in argon atmosphere at 540 °C for 1 hour and quenched in 

ice water, then pre-aged at 100 °C, 140 °C and 160 °C for 10 min followed by 

quenching in ice water. In order to reduce temperature fluctuations, the samples are 

fixed in a metal box in a cycling oil bath with room temperature (20±0.1 °C) as soon 

as possible. In-situ electrical resistivity measurements during NA are recorded using a 

standard four-point probe technique. The results are presented as the increase of 

resistivity as a function of NA time. Since clustering during NA after pre-aging 

progresses very slowly, the lowest value of the resistivity curve was estimated as the 

initial value for each case. The increase of resistivity was obtained by subtracting the 

initial resistivity value from the absolute results.  
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4 Negative and positive aging response 

This chapter describes the evolution of microstructure during different heat 

treatments, i.e. single-step aging and two-step aging treatment. The clustering process 

and hardening precipitation reaction are identified and recorded through differential 

scanning calorimetry (DSC) and positron annihilation lifetime spectroscopy (PALS). 

Vickers hardness measurement is performed to study the hardening effect of aging. In 

this chapter, there are only a few discussing remarks, the main discussion being 

presented in Sec. 7.1.  

4.1 Precipitation sequence of Al-Mg-Si alloy 

 

Fig. 4.1 Typical isochronal DSC thermograms of the as-quenched Al-Mg-Si alloys 

performed at a heating rate of 10 K/min 

Figure 4.1 shows the typical DSC thermogram obtained from as-quenched 

Al-Mg-Si alloys running from 0 °C to 600 °C at the constant heating rate of 10 K/min. 

Six distinct exothermic peaks and two endothermic troughs, which indicate precipitate 

formation and dissolution reaction respectively, are observed in the DSC curves. 
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Exothermic peaks are labeled by a number from 1 to 6 and endothermic troughs are 

marked as 7 and 8. According to Liang,[104] the exothermic peaks can be attributed 

to the formation of clusters, GP zones, pre-β’’, β’’, β’ and β. For the GP zones, a 

slightly different temperature compared to Liang can be found. This will be explained 

in chapter 5. Moreover, peak 3 is named pre-β’’, which will be interpreted as an 

important precipitate formed before β’’ for the pre-aged condition in chapter 5. The 

endothermic trough 7 is ascribed to the dissolution of clusters. Trough 8 containing 

peak 6 formation is relatively complex. Here, the reaction is supposed to be attributed 

to the dissolution of β’ and β phase.  

The cluster peak 1 is observed in the low-temperature range from approximately 

25 °C to 150 °C. In fact, peak 1 is composed of overlapping peaks, which are referred 

to as subpeak C1 and C2 with the peak positions occurring at about 56-62 °C and 

73-89 °C, respectively. These two clusters are consistent with the observation of 

Gupta [22] but not the same as the ones reported by Serizawa,[30] which will be 

discussed in chapter 7. Since the 4-4 alloy has a relatively lower solute concentration, 

subpeak C1 is not clearly detected during the DSC run. Due to the different 

compositions of the alloys, the kinetics of precipitate formation varies. The peak 

positions for all alloys are roughly summarized in Table 4.1. 

Table 4.1 Peak temperatures of different precipitates reactions  

at a heating rate of 10 k/min 

Alloy C1 C2 GP zone β’’ β’ β 

 Peak 1 Peak 1 Peak 2 Peak 4 Peak 5 Peak 6 

4-10 (E) 60 °C 85 °C 196 °C 260 °C 303 °C 438 °C 

6-8 (F) 56 °C 73 °C 205 °C 268 °C 304 °C 458 °C 

8-6 (G) 56 °C 73 °C 218 °C 273 °C 306 °C 470 °C 

4-4 (H) Not observed 89 °C Not observed Not observed 317 °C 427 °C 

10-4 (I) 62 °C 78 °C 208 °C 282 °C 308 °C 453 °C 
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4.2  Single-step aging characterized by different methods 

for different alloys 

4.2.1 NA hardness 

 

                   (a)                                 (b) 

Fig. 4.2 Hardness evolution of as-quenched alloys during NA. (a) logarithmic scale; 

(b) linear scale for NA 500 min. Broken curves are to guide lines. 

Figure 4.2 shows the hardness evolution as a function of NA time for all the 

alloys obtained after SHT and quenching. Due to the time consumed by grinding and 

polishing, the first record of hardness evolution is obtained after 10 min and the very 

beginning of hardness increase is missed, as shown in Figure 4.2. The hardness 

immediately after quenching is dominated by solid solution hardening through the 

dissolved solute. Details of calculation are presented in Appendix I. The hardness 

curves show a similar behavior for all the alloys. Due to the lower solute 

concentration, the hardness of alloy 4-4 shows a smaller scale of increase. On a 

logarithmic time scale, a slow increase takes place in the first a few minutes, and then 

rapidly increases during following NA, i.e. up to about 100 min. It appears as if there 

was an incubation time for hardness at least for alloy 4-10 and 4-4. On a linear scale, 

on sees that the rate of increase is highest shortly after quenching, after which the 

hardening increase slows down with longer aging time and, finally, no longer changes 

notable. Differences between the alloys are visible. The initial hardness shows a 

different value for different alloys mainly due to the solute concentration. Alloy 4-4 
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has the relatively lowest initial hardness value of ~25 HV and a much slower 

hardening rate throughout NA. The other four alloys have higher initial hardnesses of 

~37 HV due to almost the same solute content of ~1.4%. However, they show a 

particular hardening behavior during NA, i.e. alloy 10-4 shows the fastest hardening 

and achieves ~ 57 HV in the first 200-300 min, while alloy 4-10 reaches the relatively 

lower hardness of approximately 52 HV, indicating that the contents of Mg and Si 

also influence the cluster formation. 

4.2.2 DSC 

As shown above, clustering reactions take place during NA and result in the 

hardness increase. DSC thermograms obtained after different NA times as well as a 

scan of the as-quenched sample are given in Figure 4.3. Grey legends are used to refer 

to data already displayed in previous graphs. In order to focus on the information of 

the clustering reaction, only the curves in the temperature range of 25 °C to 300 °C 

are displayed. After short NA, i.e. NA for 30 min, C1 formation decreases rapidly and 

the height of C2 increases (magnified peaks in Figure 4.3), indicating that the C1 

formed during NA can be the nucleus for the formation of C2, which is not reported 

in other studies [21, 22, 30, 55]. With increasing NA time up to 60-100 min, the peak 

of C1 is almost disappeared, which means the C1 has completed before the DSC run. 

This time period corresponds to the stage of fast increase of hardness. Further natural 

aging leads to a continuous reduction in the peak area of C2 but even after NA 1w, the 

peak of C2 is still observed. 

It is also seen that the formation of GP zones and pre-’’ are influenced by the 

clustering process. As the NA time increases, distinct peaks of GP zone and pre-’’ 

are observed. Moreover the height of the dissolution trough of clusters becomes larger 

and deeper. The largest and deepest trough is observed at NA ~1 d and afterwards the 

shape of trough does not obviously change, which means that a large amount of  
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Fig. 4.3 DSC curves of alloy 6-8, 8-6 and 10-4 after quenching and NA for various 

times. SHT values from figure 4.1 are presented for comparison. DSC  

curves of alloys 4-10 and 4-4 can be found in Ref.[104, 105]. 
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clusters formed during first NA up to ~1 d are not stable and tend to dissolve during 

subsequent aging. The peak of ’’ precipitation moves to higher temperature and 

becomes larger when the sample is NA before run DSC, which is consistent with 

Lloyd’s results. [106]  

4.2.3 PALS 

 

Fig. 4.4 Positron lifetime evolution as a function of NA time for different alloys 

Since after 1 d of NA the positron lifetime which reflects the clustering process 

changes really slowly, most of measurements are performed only up to 1000 min 

except for the alloy 10-4 to present the long term trend. Figure 4.4 shows a plot of the 

average positron lifetime as a function of aging time at room temperature after 

solution treatment and quenching for all the alloys. All alloys run through three 

distinct stages during NA clustering, denoted stage 1, stage 2 and stage 3 which is 

supposed to be mainly attributed to Si, Mg and cluster coarsening, respectively. In 

stage 1, the lifetime has a similar initial value (~0.235 ns) for all alloys except for 

alloy 4-4 (~0.245 ns) followed by a continuous decrease down to the minimum value 

after ~60-100 min which corresponds to C1 formation from the time scale. These 

differences result from the different solute concentration in the alloy. After the 
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increase in stage 2, the maximum lifetime of ~0.222 ns is obtained in the time range 

of ~400 min to 1000 min. Finally the lifetime shows some decrease in the following 

NA process. 

4.2.4 AA hardness evolution 

 

Fig. 4.5 AA hardening response at 180 °C of all alloys immediately  

after solutionizing and quenching  

Figure 4.5 shows the hardness evolution of all alloys isothermally aged at 180 °C 

for different times immediately after solutionizing and quenching. It is difficult to 

obtain the hardness value of the SSSS state. Therefore we take the first data point 

obtained in NA hardness measurement as the SSSS state hardness value, designated 

as AA 0.1 min in Figure 4.5. The same rule is applied in the rest of paper. All the 

hardness curves show similar hardening characteristics. During underaging the 

hardness increases continuously to the peak hardness and finally decreases during 

overaging. However, due to the different solute concentrations, the hardening 

response caused by the kinetics of precipitate formation during AA varies between the 

alloys. Alloy 6-8 shows the highest value during AA and reaches the peak hardness of 

~120 HV after about 1 day. In comparison, alloy 4-10 reaches the peak hardness 

(~100 HV) after about 300 min. 
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4.2.5 DSC 

In order to confirm the precipitate formation during AA, DSC measurements 

after artificial ageing for certain times are carried out. Figure 4.6 shows DSC 

thermograms obtained from as-quenched samples that are aged at 180 °C for a given 

time before running DSC at heating rate of 10 K/min. The temperature range is 

chosen from 25 °C to 400 °C to examine the evolution of precipitates during AA. The 

DSC thermogram of the as-quenched condition is presented for comparison. It can be 

seen that after short AA, i.e. 60 s, the peak of pre-β” precipitation becomes obvious 

and β” peak shifts to a lower temperature but with much smaller height. Details of the 

evolution of pre-β’’ and β’’ precipitates will be discussed in section 5.1. With 

increasing AA time up to 20 min, the two precipitate peaks do no obviously change. 

However, after AA for 30 min, the peaks of pre-β” and β” start to decrease. This 

expresses the fact that precipitates have been formed during AA before running DSC. 

Buha [67] also found both peaks decrease but in a shorter time. It is expected that the 

peaks of pre-β’’ and β’’ will decrease even more for longer AA time. 

 

Fig. 4.6 DSC thermograms of alloy 6-8 aged at 180 °C for different times in the 

temperature range of precipitate formation. DSC thermogram of the as-quenched 

condition is presented for comparison. 
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4.3 Two-step aging behavior 

4.3.1 Influence of NA on AA response 

 

Fig. 4.7 AA hardening response of alloy 6-8 with different NA times after quenching. 

SHT value in Figure 4.5 is presented for comparison (grey legend) 

The specimens stored first at room temperature and then aged at 180 °C exhibit a 

different behavior from the ones aged without room temperature storage. Figure 4.7 

shows the hardening response as function of AA time for the alloy 6-8 and different 

NA times. For the case of NA for a very short time, i.e. 5 min, the hardness increases 

continuously but the hardening behavior shows a slower increase compared to that of 

the as-quenched specimens. In addition, as NA time increases, a stage of decreasing 

hardness is observed in the initial period (~AA 60 min), during which the hardness 

decreases. Although the hardness increases afterwards, the peak hardness shows an 

absolutely lower value which is so-called negative strength response. However, the 

negative strength response will partially recover when further prolonging the NA time 

(i.e. NA 1 w), but increases again for even longer times (i.e. 2 months, 1 year). 
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Fig. 4.8 AA hardening response as a function of NA time for different AA times in 

alloy 6-8. NA hardness of as-quenched condition is presented  

as AA0min for comparison. 

In order to study the details of negative strength response evolution, even more 

NA conditions are investigated. Figure 4.8 shows the AA hardening response as a 

function of NA time in alloy 6-8. The results can be divided into two groups. The first 

group comprises short AA conditions, i.e. 2 min and 5 min. When NA time increases, 

this group shows predominantly positive strength response. The second group 

includes relatively longer AA times. The clusters formed before AA will be dissolved 

and negative strength response is observed with increasing NA time. For AA60 min, 

natural aging for ~60 min up to 1 d before artificial aging yields the highest negative 

effect compared with that of the as-quenched condition. With increasing AA time, a 

longer time of natural aging (~300 min) is needed to obtain the maximum negative 

effect. On the linear time scale of NA (see appendix II), on sees that the biggest 

contribution to the negative effect comes in the period corresponding to the fastest 

increase of NA. This is consistent with the observation of Fortin. [107] After natural 

aging for more than 1 d, the negative effect will be reduced until 1 w and become a 
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little stronger for even longer storage. However, the hardness obtained for direct aging 

(0.1 min NA) is still higher, i.e., the negative effect is just reduced, not removed. 

Except for alloy 4-4, the other alloys show a similar hardness evolution and are 

presented in appendix III. 

 

Fig. 4.9 AA hardening response of alloy 4-4 for different NA times. SHT values in 

Figure 4.5 are presented for comparison. 

Figure 4.9 shows the hardness evolution as a function of AA time in alloy 4-4 for 

different NA times before AA. Compared to alloy 6-8, alloy 4-4 with short natural 

aging times, i.e. NA for 2 min and NA for 5 min, shows a negative strength response 

until peak hardness is achieved. As the NA time increases, alloy 4-4 shows a different 

characteristic. The peak hardness exhibits higher values than in the as-quenched 

condition, e.g., for NA more than 300 min, which is the so-called positive effect. 

However, emphasizing the initial AA aging hardness evolution, a very small decrease 

in hardness (~3 HV) is also observed until AA for 60 min, for 1 d and 1 w of NA.  
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4.4 Summary of Chapter 4 

In this chapter, the main results are summarized as follows: 

1. Clusters, GP zones and pre-’’ precipitation could be identified from the 

DSC thermogram.  

2. Several distinct stages are found for all the alloys. The clustering 

reaction C1 is completed within the first ~60-100 min of NA. the peak 

corresponding to the clustering reaction C2 still exists but becomes very 

small after 1 w of NA. 

3. In alloy 6-8, for short AA (2 min and 5 min), a positive effect of NA on 

AA is observed. In contrast, for long AA (>5 min), a maximum negative 

effect is obtained after NA for ~300 min which corresponds to the 

formations of clusters C1 and C2. Partial reversal of this effect takes 

place from 1 d to 1 w of NA, after which then negative effect becomes 

stronger again.  

4. Alloy 4-4 presents a positive aging response for NA for more than 

300 min. 

5. Dissolution of clusters in early stages of AA reduces the hardness for 

alloys 6-8 and 4-4. 

The results of this chapter will be discussed in Sec. 7.1.
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5 Effect of pre-aging and pre-straining on artificial 

aging response 

Since many alloys show a similar negative effect of NA, this chapter puts 

emphasis on one alloy, namely alloy 6-8, which exhibits a significant negative 

strength response. In this chapter, treatments of pre-aging (100 °C, 140 °C and 160 °C, 

for 10 min) and pre-straining (2%, 5%, 10% and 30%) will be inserted individually or 

combined before NA and AA to prevent the negative effect. The precipitation 

sequence and precipitate formation are studied by DSC. Vickers hardness is 

determined to investigate the hardening effect after various aging treatments, i.e. 

single-step aging, two-step aging and multi-step aging. For more details, electrical 

resistivity and positron annihilation lifetime spectroscopy are used to study the NA 

clustering process after pre-aging. 

5.1 Effect of pre-aging treatment on AA hardening 

5.1.1 Precipitation sequence of pre-aged alloy 6-8 

Figure 5.1 shows DSC thermograms of alloy 6-8 aged at 100 °C, 140 °C and 

160 °C for 10 min directly after quenching. The DSC curve of the as-quenched 

condition is presented for comparison with a grey legend. Due to the fluctuations of 

heat flow at lower temperatures, the baseline correction is uncertain in this range and 

an initial slope of the curve is found. The cluster peaks in the temperature range 

25-150 °C have disappeared and correspondingly no dissolution trough is observed in 

the range 180-230 °C, indicating that cluster formation is effectively suppressed by 

pre-aging for 10 min. A broad exothermic peak starts from lower temperature 

(~130 °C) with its peak located at ~228 °C. As compared to the pre-β’’ peak of the 

as-quenched sample, this broad feature reflects an enhanced formation of pre-β’’. The 

details confirming the formation of pre-β’’ in the pre-aged condition will be present  
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Fig. 5.1 DSC thermograms of alloy 6-8 pre-aged at 100 °C, 140 °C and 160 °C for 

10 min after solution treatment and quenching. For comparison, the DSC curve of the 

as-quenched condition is presented. ‘3’ denotes pre-β’’, ‘4’ β’’. 

later. The β’’ peak shifts to a lower temperature of ~260 °C and becomes smaller after 

pre-aging. This agrees well with some previous studies. [43, 62] In contrast, the β’ 

and β formation show almost no change. 

In order to confirm the pre-β’’ formation, several pre-aging treatments are 

carried out before running DSC. A temperature range of 25 °C-400 °C is chosen to 

emphasis the precipitation evolution. Figure 5.2 shows DSC thermograms of alloy 6-8 

pre-aged in the temperature range of 60 °C-180 °C for different periods. Figure 5.2a 

shows the influence of pre-aging temperature on the clusters and pre-β’’ and β’’ phase 

formation. After pre-aging at temperatures of 60 °C-80 °C, cluster formation is still 

detected in the DSC scan and, correspondently, dissolution of clusters is observed at 

higher temperatures. Pre-β’’ formation becomes more pronounced and the peak 

position shifts to a lower temperature. However, the β’’ peak becomes smaller, 

without a notable shift of peak position. After 10 min of pre-aging at  100 °C, 

neither a cluster peak nor a dissolution trough is observed. The pre-β’’ peak 

continuously becomes larger but remains roughly at the same position. Compared to 
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 (a) 

(b) 

(c) 
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 (d) 

 (e) 

     (f)       

Fig. 5.2 DSC thermograms of alloy 6-8 after pre-aging: (a) for 10 min at different 

temperatures and for different times at:(b) 60 °C, (c) 70 °C, (d) 80 °C,  

(e) 100 °C and (f) 180 °C. 
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alloys pre-aged at lower temperatures, β’’ formation starts to shift to lower 

temperatures, indicating that the kinetics of β’’ formation is accelerating. 

Figure 5.2b-f show the precipitation evolution after pre-aging with varying time 

at 60 °C, 70 °C, 80 °C, 100 °C and 180 °C. A cluster peak can be observed but 

becomes smaller after pre-aging for the short time, i.e., 10 m and 4 s for 60 °C and 

180 °C, respectively. For longer pre-aging (i.e., for 30 s at 180 °C), the cluster peak 

totally disappears. With increasing pre-aging time at lower temperature, i.e. 60 °C, 

70 °C and 80 °C, the dissolution trough of clusters first becomes shallower, then 

disappears and later re-appears with increasing pre-aging time. Due to the influence of 

the dissolution of clusters, the pre-β’’ peak shows a small enhancement and then 

decreases (see broken arrow in Figure 5.2d where this is especially clear) with 

pre-aging. The reason for this, we will discuss in Chapter 7.2. In contrast, for 

pre-aging at high temperature ( 100 °C), there is no more dissolution of clusters after 

a few seconds of PA. As the pre-aging period increases, the formation of pre-β’’ 

phase is considerably enhanced, indicating that clusters formed during pre-aging 

(called ‘PA clusters’ from now) are beneficial for the formation of pre-β’’ precipitates. 

Since we cannot distinguish the difference between PA clusters and GP zones in this 

work, the designations of PA clusters and GP zones are used to refer to clusters 

formed during PA treatment and precipitates detected in DSC, respectively. After 

reaching a maximum, e.g., PA180 °C-15m in figure 5.2f, the peak of pre-β’’ becomes 

smaller, probably due to the formation of pre-β’’ precipitate taking place during 

longer pre-aging at high temperature. 
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5.1.2 NA behavior after pre-aging (two-step aging) 

5.1.2.1 NA hardness evolution 

 

Fig. 5.3 Hardness evolution as a function of NA time in alloy 6-8 after pre-aging at 

100 °C, 140 °C and 160 °C for 10 min in comparison with the as-quenched  

condition. The broken lines have been drawn to facilitate orientation. 

As presented above, different pre-aging parameters, i.e. temperature and time, 

significantly affect the following clustering processes. Figure 5.3 shows the hardness 

evolution as a function of NA time for alloy 6-8 pre-aged at 100 °C, 140 °C and 

160 °C for 10 min. Compared to the as-quenched condition, a hardening effect is 

produced already during pre-aging due to the formation of clusters. An initial 

hardness value of ~50 HV, ~54 HV and ~61 HV is obtained after pre-aging at 100 °C, 

140 °C and 160 °C, respectively. During subsequent natural aging, this pre-aged 

hardness remains at a constant value for a certain period, indicating that no significant 

microstructural changes take place during this stage. Only after this period the 

hardness increases again. The higher the pre-aging temperature, the longer the 

microstructure and hardness remain constant. For pre-aging at 100 °C, the NA 

hardness stays constant up to ~300 min. In comparison, pre-aging at 140 °C and 

160 °C give rise to stability for about 1 day and 2 weeks, respectively. After an 
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incubation period, however, the clustering process sets in again and the hardness 

increases, as shown in figure 5.3. This hardening step yields a hardening effect of 

~25 HV, ~21 HV and ~14 HV after pre-aging at 100 °C, 140 °C and 160 °C, 

respectively, and finally reaches the same value (~75HV) after long NA times in all 

cases.  

5.1.2.2 DSC 

Figure 5.4 shows DSC curves of samples naturally aged for different times after 

pre-aging at 100 °C, 140 °C and 160 °C for 10 min. In order to focus on the variations 

of the precipitation peak, only the temperature range of 25 °C-400 °C is displayed 

here. For pre-aging at 100 °C see Fig. 5.4a, no cluster peaks are observed after NA for 

100 min. However, the pre-β’’ peak becomes smaller and the β’’ peak is shifted to a 

higher temperature. As NA time increases, the heat of cluster formation becomes 

more and more obvious and dissolution of clusters is observed for temperature above 

200 °C by as the curve for NA 1 d shows in figure 5.4a. Accordingly, the pre-β’’ peak 

becomes smaller and smaller and has almost disappeared after NA for 1 d. The β’’ 

peak always shifts to higher temperature and the height of the peak increases again. 

As for the as-quenched condition, the cluster peaks become smaller with longer NA 

while the pre-β’’ peak splits off from the β’’ precipitate peak and appears to overlap 

with the cluster dissolution trough, e.g., for NA 1w.  

The effect of NA for the samples pre-aged at 140 °C for 10 min (Figure 5.4b) on 

the variations of peaks sets in on a slower rate compared to pre-aging at 100 °C, e.g., 

no cluster peak is presented and the pre-β’’ peak still exists after NA for 2 d unlike for 

100 °C. Samples pre-aged at 160 °C (Figure 5.4c) exhibit the slowest changes during 

NA. Figure 5.4c shows neither a cluster signal nor dissolution even after NA for 1 w. 

In addition, the pre-β’’ peak can be found but with smaller height and the β’’ peak 

moves to higher temperature after NA for 1 w. In contrast, Lloyd [106] found no 

obvious change in DSC trace after NA 1 d for pre-aging at 65 °C for 8 h. 
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(a) 

(b) 

(c) 

Fig. 5.4 DSC thermograms of alloy 6-8 with NA after pre-aging for 10 min at:  

(a) 100 °C, (b) 140 °C and (c) 160 °C. DSC curves of as-quenched (Figure 4.1)  

and pre-aged (Figure 5.1) conditions are presented for comparison. 
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Altogether, after Fig. 5.2 had shown that PA at higher than 100 °C markedly 

changes the DSC trace, Fig. 5.4 demonstrates that NA after PA partially restores 

features of the DSC trace of as-quenched alloys, namely the clustering signal and the 

associated dissolution trough and the height and position of the β’’ peak. Position of 

β’’ peak roughly corresponds to a notable hardness increase in Fig. 5.3. 

5.1.2.3 Electrical resistivity 

The hardness and DSC results presented above suggest that there is undetected 

variation of microstructure in the stable stage, which affects subsequent precipitate 

formation. Therefore, electrical resistivity measurements are carried out at room 

temperature to study the NA behavior of alloy 6-8 after pre-aging. Figure 5.5 exhibits 

the increase of electrical resistivity as a function of NA time for three pre-aged 

conditions. For comparison, the as-quenched result studied by Julian Kühn [108] is 

presented. The electrical resistivity of the as-quenched condition increases rapidly 

within the first 100 min of NA and then slows down during the following week of NA. 

The pre-aged conditions behave differently with a much slower kinetics of NA aging. 

After about 1000 min of NA, the resistivities of the three pre-aged samples show  

 

Fig. 5.5 Change of electrical resistivity as a function of NA time for alloy 6-8 after 

pre-aging at 100 °C, 140 °C and 160 °C for 10 min. The result of the as-quenched  

alloy is presented for comparison.[108] 



Chapter 5 Effect of PA and PS on AA response 

47 

 

similar changes and a very slow increase. After 1000 min, the sample of 

PA100 °C-10min shows a faster increase than that of PA140 °C-10m and 

A160 °C-10m, which is consistent with the NA hardness variations presented above 

(Fig. 5.3). However, the magnitude of increase of resistivity (<0.04 μΩcm) for all 

pre-aged conditions is much smaller compared to as-quenched sample of ~0.16 μΩcm 

during NA 1w. This is consistent with Birol’s observation [62]. 

5.1.2.4 PALS 

The difference in the aging behavior of alloy 6-8 after different pre-aging 

treatments is also investigated in terms of the average positron lifetime evolution 

tested at room temperature. The samples after pre-aging need to be cleaned in acetone 

and then in ethanol to eliminate the possibility of contamination. Therefore the first 

data point is recorded ~ 10 min after pre-aging. Due to counting rate restrictions data 

was accumulated for 27 min for one spectrum. 

Figure 5.6 shows the average positron lifetime as a function of NA time in alloy 

6-8 pre-aged at 100 °C and 140 °C for 2 min and 10 min. After pre-aging at 100 °C  

 

Fig. 5.6 Positron lifetime evolution as function of NA time in alloy 6-8 pre-aged at 

100 °C and 140 °C with variable times. The results of as-quenched and pre-aged at 

180 °C for 30 min were exhibited for comparison. 
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for 2 min (black data), the initial value of lifetime is about 0.220 ns which is little 

higher than the minimum value of the as-quenched condition. Afterwards, the lifetime 

has a short constant period up to ~ 100 min and then increases to the maximum value 

of ~0.222 ns. It is noted that the same maximum value is achieved after PA compared 

to that of the as-quenched condition. Increasing the pre-aging time to 10 min (red 

data), the average lifetime is kept constant in the first NA period of ~300 min and 

then increases to reach the same maximum value after about 2 days. Finally the 

lifetime decreases during the following natural aging. For pre-aging at 140 °C for 

10 min (blue data), the initial lifetime is also about 0.220 ns. Although the data scatter, 

it seems that the trend of lifetime shows a small increase until ~1 w and then 

decreases. The evolution of lifetime is not as obvious as that of the hardness and 

electrical resistivity. This is probable due to the fact that positron lifetime in clusters 

formed during NA has a similar value as in the PA clusters already present in the 

sample.  

In order to confirm that the pre-aging treatments in this work do not yield the β’’ 

precipitate directly, the samples aged at 180 °C for 30 min are tested (dark yellow) in 

which pre-β’’ and β’’ phase have certainly formed (Figure 4.6). As shown in figure 

5.6, the average lifetime of PA180°C-30m is about 0.210 ns, which is much lower 

than that of PA100°C-10m. This means that pre-aging performed in this work does 

not yield pre-β’’ or β’’ precipitates, which is consistent with Buha’s findings.[67] 

5.1.3 AA hardening response for different pre-aging treatments 

5.1.3.1 AA hardness evolution 

Figure 5.7 shows the evolution of AA hardness in alloy 6-8 after pre-aging at 

100 °C, 140 °C and 160 °C for 10 min as well as in the as-quenched condition. A 

continuous increase of hardness is observed for all the pre-aged samples. The 

hardness after 30 min of AA is roughly the same for all samples. Considering the 

contribution of hardening during pre-aging, the hardening rate in the first 30 min of 
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the pre-aged conditions is slower than for the as-quenched sample. However, during 

subsequent AA the pre-aged samples show a very similar hardening behavior 

compared to the as-quenched sample except the sample PA160°C-10m which shows a 

slightly lower value at 2 min. Aging after PA converges into the same curve after 

15~30 min. 

 

Fig 5.7 Hardness evolution as a function of AA time for alloy 6-8 after pre-aging at 

100 °C, 140 °C and 160 °C for 10 min after solution treatment and quenching. AA 

hardness of as-quenched condition is presented for comparison. 

5.1.3.2 The influence of NA after pre-aging on AA hardness 

Figure 5.8 shows hardness variations as a function of AA time for alloy 6-8 

pre-aged at 100 °C, 140 °C and 160 °C for 10 min followed by NA for 16 h or 1w 

compared to the pre-aged condition without NA. A slightly lower hardness during AA 

is observed after NA for 16 h especially for PA at 100 °C. After PA and NA for 1 w, 

unlike the samples NA only (Fig. 4.7), the pre-aged sample did not show any decrease 

in the initial artificial aging stage. No incubation period in the initial AA is observed 

for all pre-aged samples. The hardness increases continuously and reaches a 

maximum value. Only the sample PA100 °C-10m with NA 1 w shows some negative 

strength response for AA time longer than 15 minutes but is not as pronounced as that  
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 (a) 

 (b) 

 (c) 

Fig. 5.8 Hardness evolution as a function of AA time for alloy 6-8 after pre-aging for 

10 min at (a) 100 °C, (b) 140 °C and (c) 160 °C followed by NA for 16 h or 1 week. 

Data from Figure 5.7 has been added for matters of comparison. 
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of samples NA only (see Figure 4.7). In comparison, the samples pre-aged at 140 °C 

and 160 °C for 10 min with NA for 1 w show a higher hardness value in the first AA 

period and achieve almost the same value after AA for 30 min. Upon continued AA, 

the hardness evolution follows the same behavior compared to that of as-quenched 

condition and no negative strength response is observed for these two pre-aged 

samples, indicating that NA for 1 w after pre-aging has almost no deleterious effect 

on subsequent AA hardening. 

As observed in Fig. 4.7, negative strength response will be found for even longer 

NA. Figure 5.8b exhibits the AA hardness variation for alloy 6-8 pre-aged at 140 °C 

for 10 min followed by NA for 45 d. The hardness increases from the initial value of 

~72HV to ~90HV after AA for 30 min. The rate of increase is smaller than for shorter 

NA. After 30 min, the AA hardness continuously increases and reaches the peak 

hardness of ~110 HV which, however, is lower compared to that of as-quenched 

condition. Therefore, a negative effect takes place again. 

In summary of Sec. 5.1, PA clusters formed during pre-aging at higher 

temperature (>100 °C) are stable at even higher temperatures as no dissolution trough 

is found in the DSC of samples pre-aged at 100 °C-160 °C for 10 min (Fig. 5.1). In 

comparison, resolvable clusters are formed during pre-aging at lower temperatures 

(<100 °C) (Fig. 5.2b-d). The ‘PA clusters’ are nuclei for pre-β’’ and β” precipitation 

as the peak of pre- β’’ is clearly observed and β” formation shifts to lower 

temperature. Clustering during NA after pre-aging is slowed down but still influences 

the subsequent AA hardening response. Clusters formed during NA for 1 w after 

pre-aging at 100 °C for 10 min give rise to some negative strength response of 

subsequent AA. Pre-aging at higher temperatures prevents the negative effect of NA 

1 w. However, for very long NA, i.e. pre-aging at 140 °C for 10 min and then NA 

45 d, the negative effect takes place again. In other words, each PA treatment prevents 

the negative effect of NA for a given time only. The higher PA temperature, the 

longer the negative effect of NA can be avoided. 
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5.2 Effect of pre-straining treatment on AA hardening  

5.2.1 Precipitation sequence for the pre-strained condition 

As described in chapter 2, the precipitation sequence of Al-Mg-Si alloys is 

discussed controversially due to the difference in the composition and the 

pre-straining level applied in the studies. In this work, several pre-straining levels, 

namely 2%, 5% (made by tensile test), 5%, 10% and 30% (all others made by single 

rolling) are carried out. For the case of the tensile pre-strain of 2% and 5%, the 

samples are exposed to room temperature for ~5 min before the DSC scan due to the 

time needed for cutting the pre-aged sample to a certain shape and measuring its 

weight. For the rolled samples transfer to the DSC crucible takes less than 30s, since 

rolling produces samples of the appropriate size directly. Figure 5.9 shows DSC 

thermograms of alloy 6-8 exposed to different pre-straining levels after solutionizing 

and quenching and heating with a constant rate of 10 K/min. As in figure 4.1, 

numbers from 1 to 8 refer to clusters, GP zones, pre-β’’, β’’, β’, β phase, dissolution 

of clusters and dissolution of β’ and β phases, respectively. Peak 1 corresponding to 

cluster formation is reduced by pre-straining, indicating a partial suppression of 

clustering due to the reduction of vacancy concentration during straining caused by 

vacancy trapping by dislocations, or that some clustering is induced by straining due 

to the facilitated solute diffusion and C1 formed during straining. In addition, with 

increasing pre-straining, peak 4 (β’’ formation) is shifted to a lower temperature (with 

peak position of about 237 °C for pre-straining by 5% and 30%) and becomes broader 

while losing only some height. This peak is now at the position of pre-β’’ 

precipitation of the as-quenched sample and overlaps with the dissolution trough 7, 

which means that this peak probably corresponds to the formation of pre-β’’ and β’’. 

Since the peak is derived from the shift of the β’’ peak, it is still marked as β’’ 

precipitation. The same rule is applied to similar cases in this work. For the β’ 

precipitate evolution, the peak of β’ shifts to lower temperature and disappears 
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gradually as the pre-straining rate increases, as the arrow shows in Figure 5.9. This is 

consistent with the Serizawa’s findings. [109] 

 

Figure 5.9 DSC thermograms of alloy 6-8 pre-strained by 2%-30% after 

solutionizing and quenching compared to the thermogram without straining. 

Heating rate was 10 K/min. 

5.2.2 Two-step aging behavior for pre-strained condition 

5.2.2.1 NA hardness after pre-straining 

Figure 5.10 shows the hardness evolution as a function of aging time at room 

temperature for the alloy 6-8 after pre-straining by 5% and 10%. It is evident that 

there is considerable scatter in the hardness of the pre-strained samples, which is 

probably due to the heterogeneous distribution of dislocations in the sample. In order 

to exclude that rolling produces a non-uniform plastic deformation of the alloy over 

its thickness, which could affect the results, both rolling and tensile stretching were 

carried out for 5% deformation, see appendix IV. The two results are almost the same. 

Compared to the as-quenched condition, the pre-strained samples both show a higher 

initial hardness of ~60 HV attributed to the introduction of dislocations. NA then  
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Fig. 5.10 Hardness evolution as a function of NA time for alloy 6-8 pre-strained by 5% 

or 10% after solution treatment and quenching. Comparison to unstrained sample 

taken from Figure 4.2 

gives rise to kinetics similar to the unstrained sample. Eventually, the hardness of the 

sample pre-strained by 10% reaches a maximum value of ~78HV which is slightly 

higher than that of sample without pre-strain and with pre-strained just by 5%, 

~75 HV. The total increase of NA hardening is about 16 HV which is smaller than in 

the as-quenched condition. This implies that clustering persists after pre-straining but 

at a lower rate. 

5.2.2.2 DSC 

Figure 5.11 shows DSC thermograms of alloy 6-8 pre-strained by 5% and 

subsequent NA for different times. After pre-straining by 5% and NA for 1 d, peak C1 

has totally disappeared and C2 reduced, indicating that clusters have been formed 

already during NA. Correspondingly, the dissolution trough becomes deeper 

compared to that of pre-strained sample without NA which, however, sho no distinct 

dissolution signal at all. After NA for 2 days and 1 week, C2 is further reduced and 

the dissolution trough shows a similar course but overlaps with a distinct peak whose 

position is located around 200 °C, as the arrow shows in figure 5.11. As demonstrated 
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in Figure 4.3, GP zone formation tends to be pronounced in the NA conditions. In this 

way, this peak seems to be related to the GP zone formation. 

 

Fig. 5.11 DSC thermograms of alloy 6-8 with NA time after pre-strain of 5% in the 

range of 25 °C-220 °C corresponding to cluster formation and dissolution. The arrow 

is explained in the next (see Fig 5.14 for higher temperatures) 

5.2.2.3 AA hardening response after pre-straining treatment 

Figure 5.12 shows AA hardness variations of samples pre-strained by 5% or 10% 

immediately after solution treatment and quenching. A similar increasing trace for 

both pre-strained samples is observed during AA. The hardness shows a higher value 

compared to that of as-quenched condition. The time to reach peak hardness for the 

PS5% and PS10% sample is about 120 min and 60 min, respectively. The peak 

hardness of ~115 HV for PS10% is ~5 HV higher than that of PS5%. Masuda [87], 

Kolar [79] and Teichmann [80] also found that the peak hardness is achieved in a 

short time. However, considering the hardening effect attributed to the dislocations 

induced by pre-straining, the hardening contribution from precipitation during AA is 

lower than in the as-quenched condition. Separating the hardening response into three 
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stages during underaging, one stage corresponds to the initial AA for 5 min, during 

which the hardening rate of the pre-strained sample is higher than that of the 

as-quenched sample. Slower hardening is found in the second stage of AA from 

15 min. It is noticed that the rate of hardening of the pre-strained sample is 

comparable with that of as-quenched condition after AA for 30 min (stage 3). 

 

Fig. 5.12 Hardness evolution as a function of AA time for alloy 6-8 exposed to 

pre-straining of 5% and 10% after solutionizing and quenching. AA hardness of 

unstrained sample is presented for comparison. 

5.2.3 Multi-step aging behavior for pre-strained condition 

5.2.3.1 Hardness 

Figure 5.13 shows the AA hardness evolution for pre-strained samples with and 

without NA between PA and AA. After NA for 1 w, an incubation stage of about 

5 min is observed in both pre-strained samples, which is much shorter than in the NA 

samples shown in Figure 4.7. Then, the hardness starts to increase and achieves a 

similar value of ~104 HV after AA for 120 min as sample PS5%. Note that the 

negative effect of NA is still taking place for the pre-strained sample but is smaller 

compared to the as-quenched condition. Shen et al [83] also found the reduction of 

negative effect after pre-straining. 
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(a) 

 (b) 

Fig. 5.13 Hardness evolution as a function of AA time in alloy 6-8 with and without 

NA after pre-straining treatment: (a) PS5% and (b) PS10%. Comparison to unstrained 

sample taken from Figure 4.5. 

5.2.3.2 DSC 

Figure 5.14 shows DSC thermograms of samples exposed to PS5% and different 

NA times. These curves are the same as in Figure 5.11 but display a with different 

temperature range which corresponds to various precipitation reactions (pre-β’’, β’’ 

and β’). After NA for 1d, the peak position of β’’ precipitation shifts to a higher 

temperature of ~245 °C. The shape of the peak does not obviously change. With NA 

time increasing, a small recovery takes place as the peak of β’’ is shifted back to a 

lower temperature of ~242 °C.  
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Figure 5.14 DSC thermograms of alloy 6-8 exposed to PS5% treatment and then 

NA for different times. Temperature range of pre-β’’, β’’ and β’ formation 

 is shown. Note that measurements are the same as in Fig 5.11 but the 

temperature range is different. 

In summary of Sec. 5.2, suppression of cluster formation is found after 

pre-straining as a reduction of the cluster peaks in DSC is observed (Fig. 5.9) and the 

increase of hardness during NA becomes smaller (Fig. 5.10). However, there is strong 

of cluster formation in the pre-strained and the as-quenched samples. The peak 

positions of the β’’ and β’ phases shift to a lower temperature (Fig. 5.14), indicating 

that these precipitates are accelerated by pre-straining. A shorter time to reach peak 

hardness during AA is needed for the pre-strained sample but with a lower peak 

hardness compared to that of the as-quenched condition. In addition, a smaller 

negative effect of NA is observed in the pre-strained sample. 
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5.3 Combined effect of pre-aging and pre-staining treatment 

on AA hardening 

As mentioned in the last two sections, the negative strength response of NA can 

be prevented by pre-aging at relatively high temperature for a certain time and 

formation of the main hardening phase β’’ can be accelerated by a pre-straining 

treatment but still a negative effect occurs. Therefore, it is clear that no single 

pre-treatment can satisfy the requirements of effectively eliminating the negative 

effect or even producing a positive effect and fast as possible hardening. It is 

generally necessary to combine pre-aging and pre-straining treatments and this will 

also happen in real production processes. In this section, two combinations of these 

two treatments are investigated: pre-straining before and after pre-aging. Since the 

maximum of NA hardness of PS5% does not exceed that of the as-quenched condition 

(see Fig. 5.10) (beneficial for formability) and the PS140°C-10m sample after NA for 

1 w shows no negative strength response (see Fig. 5.8b), PS5% and PS140°C-10m are 

selected as conditions worth to be investigated. 

5.3.1 Pre-straining after pre-aging 

5.3.1.1 Precipitation sequence of PA140 °C-10m+ PS5% 

Figure 5.15 shows the DSC thermogram at a heating rate of 10 K/min of alloy 

6-8 exposed to a PA140°C-10m+PS5% treatment. The DSC curves of as-quenched, 

PS5% and PA140°C-10m conditions are given for comparison. The numbers of 

precipitation marked on the curve have the same meaning as in Fig. 5.9. After the 

treatment of PA140°C-10m+PS5%, an unexpected and reproducible peak is observed 

at low temperature (~100 °C), which is located in the cluster formation range. The 

small peak seems to be related to the formation of clusters, indicating that PA at 

140 °C eliminates the potential for clusters formation, but the subsequent PS 

re-enables it to a small extent. Additional evidence for the phenomena responsible for  
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Figure 5.15 DSC thermogram at a heating rate of 10 K/min of alloy 6-8 with 

PA140°C-10m+PS5% treatment. The DSC curves of the 

as-quenched, PS5% and PA140 °C-10m condition 

are also presented for comparison. 

this will be presented in Sec. 5.3.2.6 and discussed in Sec. 7.4. The β’’ peak moves to 

a lower temperature of ~209 °C with a broader shape but smaller height. In addition, 

the signals of the GP zone, dissolution of clusters and pre-β’’ are not observed due to 

overlapping with β’’ formation, indicating that this β’’ peak contains signals from GP 

zones, pre-β’’ and β’’ precipitation. The peak of β’ precipitation also shifts to a lower 

temperature of ~269 °C and becomes larger compared to the PS5% condition. There 

is almost no change in the β formation. 

5.3.1.2 NA hardness 

Figure 5.16 shows the NA hardness evolution for alloy 6-8 with 

PA140°C-10m+PS5% treatment after solutionizing and quenching. The NA hardness 

of other conditions is also presented here for comparison. A large scatter is observed 

during the initial NA stage which is attributed to the dislocation distribution induced 

by pre-straining. An almost constant period is found during NA for less than 1 day, 

after which the hardness increases gradually and reaches the maximum value of  



Chapter 5 Effect of PA and PS on AA response 

61 

 

 

Figure 5.16 Hardness evolution during NA for alloy 6-8 with PA140°C-10m+PS5% 

treatment after solutionizing and quenching. The guide lines of NA hardness of the 

as-quenched, pre-straining and pre-aging conditions are presented as a reference. 

~75 HV in the following weeks. It is noted that the PA140°C-10m+PS5% curve is a 

combination of the curves for the pre-aged and pre-strained states: a stage of initially 

constant hardness as for the pre-aged condition during early times, just at a higher 

level but slightly shorter, and, during later stages (>1000 m) a similar increase as for 

the pre-strained condition. 

5.3.1.3 DSC 

Figure 5.17 shows the DSC thermograms of alloy 6-8 first exposed to 

PS5%+PA140°C-10m treatment and then NA for different times. As mentioned above, 

a small clustering peak is found in the PS5%+PA140°C-10m condition. It can be seen 

that this peak becomes larger after NA 1d (arrow in Fig. 5.17), indicated that some 

clusters form during PS and these clusters are nucleation sites for further clustering. 

As NA time increases, the clusters peak becomes smaller again and disappears for NA 

for 1 w because the potential clustering has already taken place. 
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Fig. 5.17 DSC thermograms of alloy 6-8 exposed to PS5%+PA140 °C-10m treatment 

and subsequently different NA times. The temperature range of cluster formation and 

dissolution is displayed. The DSC curves of the as-quenched and the 

PS5%+PA140°C-10m sample without NA are presented for comparison. See 

Fig. 5.19 for the DSC traces at higher temperatures  

5.3.1.4 AA hardening response 

Figure 5.18 shows the AA hardness evolution of alloy 6-8 exposed to 

PA140°C-10m+PS5% treatment with and without following NA. The results of 

separate PS5% and PA140°C-10m treatments are presented for comparison. For the 

condition of PA140°C-10m+PS5% treatment without NA, the hardness lies ~ 10 HV 

higher than that of the PS5% condition throughout AA. A similar hardening rate is 

found for the PS5% (black line) and the PA140°C-10m+PS5% case (green line). They 

are both faster than that of PA140°C-10m (red line) condition. Peak hardness of 

~115 HV is achieved after AA for 2-4 h for the PA140°C+PS5% treatment. After NA 

for 1 w before AA, the hardness increases from ~74 HV to ~81 HV for AA 5 min, 

which is the same value as that of PA140°C-10m+PS5% without NA. Then, an 

increase with slower hardening rate is observed compared to that of 

PA140°C-10m+PS5% without NA and the hardness reaches the maximum value of 
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~112 HV after AA 120 min. Therefore, the negative effect still exists for the condition 

PA140°C-10m+PS5% and NA for 1 w. 

 

Figure 5.18 Hardness evolution as a function of AA time for alloy 6-8 exposed to  

PA140°C-10m+PS5% treatment without NA and followed  

by NA for 1 w. The results of the PS5% and PA140°C-10m  

conditions are also shown for comparison. 

5.3.1.5 DSC 

Figure 5.19 shows DSC thermogram of alloy 6-8 exposed to PA140°C-10m+PS5% 

treatment and subsequent NA for different times. The temperature range of 

150 °C-350 °C corresponding to β’’ and β’ precipitation is shown. After NA for 1 d 

(cyan line), it is seen that the broader complex β’’ peak for PA+PS only (blue line) 

disintegrates into several overlapping peaks, marked as peaks 2’, 3’ and 4’. 

Comparing the peak positions from the as-quenched (black line), PA140°C-10m 

(green line) and PS5% (red line) conditions, it is reasonable to conclude that peaks 2’, 

3’ and 4’ correspond to the formation of GP zones, pre-β’’ and  
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Figure 5.19 DSC thermograms of alloy 6-8 exposed to PA140°C-10m+PS5% 

treatment and different NA times. The temperature range of β” and β’ precipitation is 

shown. 10 K/min heating rate is applied. The DSC curves of the as-quenched, 

PA140°C-10m and PS5% conditions are also exhibited as a reference. See Fig. 5.17 

for the lower temperature 

β’’, respectively. The peak position of pre-β’’ is shifted to a higher temperature 

compared to that for PA140°C-10m. Due to the overlap between β’’ and β’ 

precipitation, it is difficult to determine the evolution of β’’ precipitation from DSC 

data. After prolonged NA, i.e. NA for 1 w (dark yellow), the pre-β’’ peak (3’) shifts to 

a higher temperature. However, the overlap of β’’ and β’ peaks remains. 

5.3.2 Pre-straining before pre-aging 

5.3.2.1 Precipitation sequence after PS5%+PA140°C-10m treatment 

Figure 5.20 shows the DSC thermogram at a heating rate of 10 K/min of alloy 

6-8 pre-strained by 5% after solutionizing and quenching and then pre-aged at 140 °C 

for 10 min. The DSC curves of the as-quenched condition, PS5% and PA140°C-10m 

are also presented for comparison. The numbers for the precipitation peaks marked 
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Fig. 5.20 DSC thermogram at a heating rate of 10 K/min of alloy 6-8 treated with 

PS5%+ PA140°C-10m after solutionizing and quenching. DSC curves of 

as-quenched, PS5% and PA140°C-10m are presented for comparison. 

on the curve have the same meaning as before. After PS5%+ PA140°C-10m treatment, 

the peak 1 corresponding to cluster formation totally disappears and no dissolution 

trough is observed, indicating that the microstructure formed during this treatment is 

stable at higher temperature. A significant change of the β’’ precipitation peak is 

observed. Compared to the PS5% case, the peak position of β’’ precipitation moves to 

a much lower temperature of ~215 °C, indicating that β’’ formation can be 

considerably accelerated through PS5%+ PA140°C-10m treatment. Moreover, the 

peak of β’’ becomes broader and overlaps with those of GP zone formation, 

dissolution of clusters and pre-β’’ formation. The onset temperature is at low 

temperature (about 100 °C), which means that β’’ precipitation will proceed fast 

during AA. The peak of β’ also goes down to the lower temperature, while the peak of 

β phase does not obviously change. The curves of PA+PS and PS+PA are very similar 

concerning peak positions. Just the amplitude of the β’’ varies. The variations of peak 

position for precipitates from different treatments are listed in Table 5.1. 
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Table 5.1 Peak positions (Tp) of precipitate formation for different treatments. 

 
C1 C2 pre-β‘‘ β‘‘ 

As-quenched ~58 °C ~74 °C ~234 °C ~269 °C 

PA140 °C -10m Not present Not present ~228 °C ~260 °C 

PS5% ~50 °C ~79 °C ~237 °C 

PA140 °C-10m 

+PS5% ~100 °C ~209 °C 

PS5%+ 

PA140 °C-10m Not present Not present ~215 °C 

 

5.3.2.2 NA hardness 

Fig. 5.21 shows the hardness evolution as a function of NA time for alloy 6-8 

exposed to PS5%+PA140 °C-10m after solution treatment and quenching. The  

 

Fig. 5.21 Hardness evolution as a function of NA time for the alloy 6-8 treated with 

PS5%+PA140°C-10m after solutionizing and quenching. The guide 

lines of the as-quenched, PS5% and PA140°C-10m conditions 

are presented as a reference. 
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hardness of the PS5%+PA140°C-10m sample has an initial value of ~62 HV, which is 

higher than for a treatment comprising only PA140°C-10m (~52 HV) and PS5% 

(~60 HV). The strong scatter of data might again be caused by the heterogeneous 

distribution of dislocations. Compared to PA140°C-10m, the hardness of PS5%+ 

PA140°C-10m condition has longer stable period (about 2 days) which is also longer 

than that of PA140°C-10m+PS5%. After this constant stage, an increase of hardness 

is observed during the following NA period and reaches the same maximum value of 

~75 HV as the as-quenched condition but lower than PS and PA+PS (see Fig 5.16). 

5.3.2.3 DSC 

Figure 5.22 shows DSC thermograms of alloy 6-8 exposed to PS5%+ 

PA140°C-10m treatment and then NA for different times. It can be seen that no 

obvious changes in the cluster formation regime are caused by NA for 1 d. As NA 

time increases up to 1 week, still no cluster peak is detected but a small signal of 

dissolution is found around 185 °C (see right arrow in Figure 5.22). After NA for 1 

month, a small peak is observed around 130 °C, indicated by the left arrow in  

 

Fig. 5.22 DSC thermograms of alloy 6-8 treated with PS5%+ PA140°C-10m  

treatment and then NA for different times. The temperature range of cluster formation 

and dissolution is selected. Heating rate is 10 K/min. DSC trace for higher 

temperature is given in Fig. 5.24. 
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Figure 5.22. In addition, the dissolution trough becomes deeper and is clearly found to 

overlap with the GP zones. 

5.3.2.4 AA hardening response 

Figure 5.23 shows the AA hardness evolution of the sample exposed to 

PS5%+PA140°C-10m treatment with and without subsequent NA. The AA hardness 

results of PS5%, PA140°C-10m and PA140°C-10m+ PS5% are also presented for 

comparison. After the PS5%+PA140°C-10m treatment (green line), a rapid increase 

in hardness is observed during AA. The hardness shows a similar increase but an 

offset to higher values compared to that of the PS5% condition (black line). The time 

to reach the peak hardness of ~115HV is about 120 min and shorter than that of the 

sample with PA140°C-10m treatment only (red line). After the peak hardness has 

been reached, the hardness decreases to an overaged stage in a short time. For the 

sample treated with PS5%+PA140°C-10m and NA for 1 w (blue line), NA has no 

negative effect on the AA hardening response. It is noted that the hardness shows a   

 

Fig. 5.23 Hardness evolution as function of AA time for alloy 6-8 exposed to  

PS5%+ PA140°C-10m treatment without NA or followed by NA for 1 w. 

The results of the PS5%, PA140°C-10m and PA140°C-10m+ PS5% 

conditions are also shown for comparison. 



Chapter 5 Effect of PA and PS on AA response 

69 

 

~4 HV higher value than that of the sample without NA until the peak hardness is 

achieved already after 60 min of AA, which is a so-called positive strength response. 

Moreover, a plateau or only a slight decrease in peak hardness for several hours is 

observed, indicating that more stable strength properties can be obtained around the 

peak condition. 

5.3.2.5 DSC 

Figure 5.24 shows DSC thermograms of the sample treated by 

PS5%+PA140°C-10m and then NA for different times. The range of 150 °C-350 °C 

corresponding to the formation of β’’ and β’ phases is shown. For short NA, i.e. NA 

for 1 d (cyan line), the peak positions of β’’ and β’ move to a higher temperature of 

~231 °C and 281 °C, respectively, and no significant change in peak shapes are 

observed. After NA for 1 w (dark green line), the β’’ peak moves to an even higher 

temperature of ~236 °C and the peak becomes narrower. In addition, a small but 

distinct peak corresponds to GP zone precipitation is found to form before β’’ 

formation (left arrow in Fig. 5.24). One small peak (right arrow in Figure 5.24) 

 

Figure 5.24 DSC thermograms of alloy 6-8 with PS5%+PA140°C-10m treatment 

after different NA time in the temperature range of β’’ and β’ precipitation. 

 Measurements are the same as in Fig. 5.22, but temperature range is different. 
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overlapping with the β’ peak is observed, which is possibly β’’ precipitation 

according to the DSC trace of the pre-aged condition (green line). For 1 month of NA 

the features detected for NA 1 w further develop. 

5.4 Relationship between PA clusters and NA clusters 

As mentioned above, distinct cluster formation is detected for the alloy pre-aged 

at 140 °C for 10 min and then rolled with 5% pre-strain, which means that PA clusters 

are sheared by dislocation and are then beneficial to cluster formation (~100 °C 

detected in DSC in Fig. 5. 17). Compared to the NA condition (Fig. 4.3a), this 

temperature is located in the range of C2 formation. In order to confirm the 

relationship between the NA clusters and PA clusters, more treatments including 

pre-straining by 10% after PA140°C-10m (green line) and pre-straining by 5% after  

 

Figure 5.25 DSC curves of alloy 6-8 exposed to different treatments.  

The DSC curves of the as-quenched, PA and PS conditions are present  

as a reference. Heating rate is 10K/min. 
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NA for 1 w (blue line) are carried out. Figure 5.25 shows DSC curves in the 

temperature range from 15 °C to 150 °C corresponding to the formation of clusters of 

alloy 6-8 for different treatments. 

Considering PA only (Cyan line), there is no obvious cluster peak and the DSC 

signal transfer fluently to high temperature. When the sample is exposed to 

PA140°C-10m+PS5% (red line), the PA clusters can be assumed to be sheared by 

dislocations to a smaller size and the small cluster peak is observed. For higher 

pre-straining (PA140°C-10m+PS10%, green line), the peak of cluster formation 

becomes larger and broader compared to that of PA140°C-10m+PS5% (red line). The 

signal in the lower temperature range (corresponding to C1 formation) indicates that 

nuclei for clustering during high pre-straining trigger the formation of clusters C1 and 

C2 during DSC.  

In contrast, for the sample NA for 1 w (assuming clusters C2 in the sample) and 

then experiencing 5% pre-straining, a cluster peak is also observed but with a broader 

range. Moreover, similar to PA140°C-10m+PS10%, the signal in temperature range 

of C1 becomes stronger even than that of PA140°C-10m+PS10%. Therefore, PA 

clusters and NA clusters (especial C2) are comparable. 

5.5 Summary of chapter 5 

In this chapter, the main results can be summarized as follows: 

1. Cluster formation can be suppressed and a constant hardness during NA 

obtained by pre-aging. The higher the pre-aging temperature, the longer the 

constant stage lasts. Pre-β’’ precipitation is enhanced and the β’’ peak is 

shifted to lower temperatures after pre-aging.  

2. The NA clusters formed after pre-aging treatments evolve slower than the 

ones formed after quenching but influence the subsequent AA hardening for 

short times. Clusters formed during NA for 1 w after pre-aging at 100 °C for 

10 min yield a slow and less pronounced strength response during 
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subsequent AA. Pre-aging at higher temperature (i.e. 140 °C and 160 °C) 

removes this negative effect of NA for 1 w. However, even for pre-aging at 

140 °C for 10 min the negative effect returns if NA before AA lasts as long 

as 45 d.  

3. Cluster formation is suppressed and the β’’ and β’ precipitation reactions are 

both accelerated by pre-straining. 

4. Precipitation of pre-’’, ’’ and ’ is accelerated by a combination of 

pre-straining and pre-aging. The hardness reached during AA is higher than 

that of either individual treatment or the as-quenched condition. Pre-straining 

before pre-aging can stabilize the structure for a long time and eliminates 

and reverses the negative effect of NA. Pre-straining after pre-aging 

treatment destablizes the structure produced by pre-aging and results in a 

negative effect of NA on AA. 

The results of this chapter will be discussed in Sec. 7.2-7.4. 
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6 Kinetics analysis 

The kinetics of a reaction has been studied extensively by thermoanalysis in 

particular by differential scanning calorimetry (DSC). A series of classical models 

have been proposed to interpret the reactions observed.[91] For Al-Mg-Si alloy, Liang 

[104] reports that the reactions of clusters and precipitates can be described by the 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) model.  

In general, the basic assumptions for dealing with the reactions are: the 

transformation rate of the reaction is dependent only on the transformation fraction 

and the temperature. The transformation rate of the reaction can be expressed as: 

                  
  

  
  ( )   ( ) ,                       (6.1) 

where  ( ) can be written by an Arrhenius equation:          

                   ( )       ( 
 

  
) ,                    (6.2) 

and where   is the transformation fraction of the reaction,  ( ) the reaction model 

which is the function of  ,    a pre-exponential factor,   the activation energy,   

the universal gas constant and   the absolute temperature. 

Substituting equation 6.2 into equation 6.1 yields: 

  

  
      ( 

 

  
)   ( ) .                 (6.3) 

Therefore, with a certain transformation, the activation energy   should be 

determined by the isoconversion method with a series of experiments applying 

different linear heating rates. Two main groups of methods are usually used: the rate 

isoconversion method and the integration isoconversion method.  

1. Rate isoconversion method:  
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There are many different rate isoconversion methods among these methods, the 

Kissinger method is widely used to determine the activation energy for the peak point. 

In the DSC thermogram, the peak position is assumed to have maximum 

transformation rate in the reaction. By differentiating the transformation rate at the 

peak position, the derivative of equation (6.3) can be obtained, with 
 (

  

  
)

  
   at the 

peak position for a constant heating rate: 

               (  )
  

   
      (  )(

  

  
)  ,                  (6.5) 

where   denotes the heating rate,    the absolute temperature of the reaction peak 

position,    the transformation fraction at peak position,   (  ) the derivative of 

the  ( ) at peak position. 

Combining equation (6.5) with equation (6.1), and taking the natural logarithm 

on both sides and rearranging the equation yields: 

                       
 

  
     

 

   
 ,                    (6.6) 

where    is a constant which is related to the activation energy and   (  ). With a 

series experiment at different heating rates, the activation energy for the 

transformation fraction at the peak point can be calculated from the slope of the plot 

of   
 

  
  versus 

 

  
. For this method, it should be kept in mind that the peaks obtained 

at different scan rates in the DSC represent the same transformation fraction. 

2. Integration isoconversion method:  

The integration isoconversion method is usually obtained through the Arrhenius 

integral. This is derived from integrating equation 6.3:  

                  ∫
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where   is the fixed transformation fraction at time   . 
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For the experiments with linear heating rate, the equation can be rewritten as: 

            ∫
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 ,        (6.8) 

where      ⁄ ,        ⁄ ,    is the temperature corresponding to the fixed 

transformation fraction   in the linear heating experiment. Substituting the 

approximation of: 

                      ∫
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                      (6.9) 

into the equation 6.8 at a fixed   yields: 

                         (
 

  
 )   

 

   
    ,                      (6.10) 

where    is a parameter independent of   and  . 

Equation 6.10 has the same form as the equation 6.6 and is usually termed 

“generalized Kissinger method”. However, it should be noticed that it is difficult in 

this method to determine the transformation fraction of each reaction because the 

transformation fraction obtained in this method is related to the whole complex 

reaction. Therefore, the activation energy obtained from this method should be taken 

with care. 

6.1 Determination of activation energy of overlapping peaks 

6.1.1 Determination of activation energy of clusters 

As shown in figure 4.1, the cluster peak consists of two subpeaks, cluster 1 and 

cluster 2. The activation energy can be obtained with the two methods mentioned 

above. 
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6.1.1.1 Kissinger method for peak points 

 

Figure 6.1 Plot of   
 

  
  versus 

 

  
 obtained by the Kissinger method for the peak 

positions of cluster 1 and cluster 2 in alloy 6-8 directly after  

solutionizing and quenching. 

Figure 6.1 shows the plot of   
 

  
  versus 

 

  
 with linear fitting by the Kissinger 

method applied to the peak positions of cluster 1 and cluster 2 in alloy 6-8. The 

activation energy of cluster 1 and cluster 2 at the peak position calculated from the 

slope of the line is ~48 kJ/mol and 58 kJ/mol, repectively. It can be seen that the 

fitting is not perfectly linear. From the original DSC data, different transformation 

fractions at peak position for different heating rate are found. The transformation 

fraction of reaction varies from 0.3 to 0.6, which means the transformation fraction 

will change with the heating rate. 

However, when the Kissinger method is applied for analyzing a single reaction, 

the transformation fraction will be the same and the fitting is better. For the single 

reactions obtained from the alloy 6-8 in the NA 60min condition, cluster 1 has 

completed before the DSC run and only the cluster 2 peak contributes to the DSC 

thermogram. Figure 6.2 shows a linear fitting in the plot of   
 

  
  versus 

 

  
 for the 

cluster 2 in the alloy 6-8 after NA 60min. It can be seen that the fitting is much better 

than in the overlapping condition. In addition, a same transformation fraction of 0.5 at 

peak position of cluster 2 is obtained for all heating rates. The activation energy 
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calculated from the slope is about 63 kJ/mol, which is 5 kJ/mol higher than in the 

overlapping case. 

 

Figure 6.2 the plot of   
 

  
  versus 

 

  
 obtained by the Kissinger method for the peak 

position of cluster 2 in alloy 6-8 after NA for 60 min. 

6.1.1.2 Generalized Kissinger method 

For the generalized Kissinger method applied to cluster formation, the 

transformation fraction is referred as the whole cluster reaction. Figure 6.3 shows the 

plot of   
 

  
  versus 

 

  
 obtained by the generalized Kissinger method for the cluster 

reaction in alloy 6-8. A series of un-perfect linear fittings are also found in the 

application. This is because the transformation fraction will be influenced by the 

subtraction of the baseline during data analysis. 
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Figure 6.3 the plot of   
 

  
  versus 

 

  
 obtained by generalized Kissinger method for 

the clustering reaction in alloy 6-8 after quenching. 

 

Figure 6.4 Activation energy of clustering reaction in alloy 6-8 obtained by the 

generalized Kissinger method. 

Figure 6.4 shows the activation energy of clustering in alloy 6-8 calculated from 

the slopes of the fits in figure 6.3. It can be seen that the activation energy varies with 

transformation fraction. The activation energy remains almost constant up to a 

transformation fraction of 0.3.  The same has been reported by Liang’s.[104] This 

part can be assumed to come from the formation of cluster 1. The activation energy of 
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clustering 1 is ~47 kJ/mol, which is very close to the value obtained by the Kissinger 

method. For a higher transformation fraction, the activation energy variation becomes 

larger (50-75 kJ/mol ) and is difficult to be determined due to the interaction between 

the two cluster reactions. The activation energy of cluster 2 needs to be determined 

from the single reaction obtained after NA for 60 min.  

 (a) 

(b) 

Figure 6.5 (a) Plot of   
 

  
  versus 

 

  
, and (b) activation energy variation as function 

of transformation fraction, obtained by the generalized  

Kissinger method for cluster 2 in alloy 6-8. 
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Figure 6.5a shows the plot of   
 

  
  versus 

 

  
 obtained by the generalized 

Kissinger method for the single reaction of the cluster 2 formation in alloy 6-8. The 

fitting shows a much better linear performance. The activation energy obtained from 

the slope of linear fitting is about 62 kJ/mol with a variation of 2 kJ/mol, indicating 

that cluster 2 formation can be assumed to be an almost independent reaction (the 

activation energy shows no change in the reaction). This value is also close to the 

activation energy of 60 kJ/mol obtained by the Kissinger method based on the peak 

position, although the fitting is not perfectly linear. 

Therefore, for a single reaction, very similar activation energies can be 

determined by both the Kissinger method using the peak position and the generalized 

Kissinger method. For complex reactions, analysis by the generalised Kissinger 

method will be influenced by the overlap between each reaction. However, if each 

reaction is nearly independent, the Kissinger method based on the peak position can 

be used to estimate the activation energy although the fitting is not perfect. 

6.1.2 Determination of activation energy of precipitates 

6.1.2.1 Kissinger method for peak points for the as-quenched condition 

For the as-quenched condition, the peak of β‘‘ precipitation overlaps with the 

signal of pre-β‘‘ formation, as shown in figure 4.1. In order to avoid the determination 

of the base line of these overlapping peaks, the Kissinger method based on the peak 

position is used to estimate the activation energy of β‘‘ precipitation. Figure 6.6 

shows the plot of   
 

  
  versus 

 

  
 obtained by the Kissinger method for peak 

position of β‘‘ precipitation in alloy 6-8 after quenching. It is observed that a good 

linear fitting is obtained. The activation energy derived from the slope is about 118 

kJ/mol, which is similar to that of alloy 4-10 obtained by Liang.[104] 
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Figure 6.6 Plot of   
 

  
  versus 

 

  
 obtained by the Kissinger method for 

β‘‘ precipitation in alloy 6-8 after solutionizing and quenching.  

6.1.2.2 Kissinger method for the pre-aged condition 

In the pre-aged condition, an obvious peak of pre-β‘‘ is found before 

β‘‘ formation. Moreover, both peaks of pre-β‘‘ and β‘‘ shift to a lower temperature 

compared to the as-quenched condition. In order to understand the precipitation 

evolution after pre-aging treatment, the activation energies of pre-β‘‘ and β‘‘ are 

estimated by the Kissinger method. Figure 6.7 shows the plot of   
 

  
  versus 

 

  
 

obtained by the Kissinger method for the pre-β‘‘ and β‘‘ precipitation in alloy 6-8 

after PA140C-10m. The activation energies of pre-β‘‘ and β‘‘ precipitation are 

~105 kJ/mol and ~110 kJ/mol, respectively, which means pre-β‘‘ precipitation can be 

found prior to β‘‘ precipitation. This is consistent with the TEM results obtained by 

Marioara.[11] Compared to the activation energy of ~118 kJ/mol for β‘‘ precipitation 

in samples investigated after quenching directly, the activation energy of 

β‘‘ precipitation in pre-aged samples is slightly lower, which is attributed to the 

enhanced precipitation of pre-β‘‘ after pre-aging. 
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 (a) 

(b) 

Figure 6.7 Plot of   
 

  
  versus 

 

  
 obtained by Kissinger method for pre-β‘‘ and 

β‘‘ precipitation in alloy 6-8 after PA140C-10m. 

6.1.2.3 Kissinger method for the pre-strained condition 

For the pre-strained sample, the peak of β‘‘ shifts to the low temperature. Figure 

6.8 shows the plot of   
 

  
  versus 

 

  
 obtained by the Kissinger method for complex 

β‘‘ precipitation in alloy 6-8 pre-strained by 5%. The activation energy obtained is 

about 102 kJ/mol, indicating that the formation of β‘‘ phases are accelerated by the 

pre-straining treatment. 
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Figure 6.8 Plot of   
 

  
  versus 

 

  
 obtained by the Kissinger method for 

β‘‘ precipitation in alloy 6-8 after PS5%. 

For the combined treatments of pre-straining and pre-aging, a “complex β‘‘ peak” 

is found to involve pre-β‘‘ and β‘‘ formation (Figure 5.15 and 5.20). Therefore, the 

determination of activation energy for the reaction of complex β‘‘ by Kissinger 

method should be questionable and needs further investigation. 

6.2 Summary of chapter 6 

The main results of this chapter are summarized as follows: 

1. The generalized Kissinger method is influenced by the overlap of peaks in 

complex reactions. The Kissinger method based on the peak position can be 

used to estimate the activation energy for single reactions with high accuracy. 

2. The activation energy of β‘‘ precipitation obtained after quenching by the 

Kissinger method is about 118 kJ/mol. The activation energy of pre-β‘‘ after 

pre-aging is ~105 kJ/mol, indicating that pre-β‘‘ precipitates can be formed 

before β‘‘. In contrast, the activation energy of β‘‘ precipitation after PA is 

~110 kJ/mol, indicating that β‘‘ formation is accelerated by the prior 

formation of pre-β‘‘ precipitates. 
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3. Pre-straining accelerates the complex β‘‘ precipitation and gives rise to a 

smaller activation energy of ~102 kJ/mol. 
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7 Discussion 

7.1 Origin of negative effect of NA on AA 

7.1.1 The relationship between clusters and NA hardness 

It can be seen that cluster formation mainly consists of two types of clusters-C1 

and C2-as DSC shows (Figure 4.1). These two clusters can form at room temperature 

as the peak areas of C1 and C2 decreases with increasing NA time (Figure 4.3), which 

is consistent with Gupta’s results.[22] The increase of NA hardness is attributed to the 

formation of clusters during NA. C1 clusters are formed during NA for the initial 

60-100 min during which a rapid increase of hardness is found. The formation 

corresponds to the decrease stage 1 in positron lifetime (Figure 4.4). In contrast, 

cluster C2 mainly forms during the following NA and is responsible for the slow 

hardening which is linear on the logarithmic time scale (Figure 4.2). Starink proposed 

that clustering involves four classical processes: nucleation, growth, impingement and 

coarsening.[103] After the sample has been quenched from solution treatment, large 

amounts of quenched-in vacancies are preserved at room temperature. Mg and Si 

atoms will diffuse easily with the assistance of quenched-in vacancies and form 

cluster C1 at the beginning of NA. With NA proceeding, C1 can act as the nuclei for 

cluster C2 as the peak height of C2 becomes larger (Figure 4.3). Schmidt [105] has 

found that the maximum of C2 is obtained after NA for 1-6.5 h in alloy 4-4, where no 

C1 peak is detected (probable due to very weak signal of C1). Afterwards, clusters of 

C2 start to growth with the help of Mg atoms.[27] The number density and the size of 

clusters increase with increasing NA time until impingement takes place. Then, lager 

clusters will grow at the cost of smaller clusters, which is known as Ostwald ripening. 

As seen in Figure 5.25, clusters of C2 formed after NA for 1 w are sheared by 

dislocations and are supposed to become smaller. These smaller clusters grow during 
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DSC as confirmed by the observation of a cluster peak in the DSC scan. Therefore, it 

is justified to assume that the clustering process (at least in the first week) implies an 

increase of cluster size. However, some studies have considered the Mg/Si ratio in 

clusters. [29-31, 44] Since the Si-Si bonds and Mg-Mg bonds are supposed to be 

unfavorable, [104, 110] the growth of clusters will be influenced by the Mg and Si 

concentration around the nuclei. Therefore, the growth of clusters and the change of 

their composition will depend on the composition of the alloy.  

7.1.2 Effect of NA clusters on the AA strength response 

Many studies reported that NA clusters give rise to the negative strength 

response and the formation of coarse β’’ precipitates during AA.[10] Serizawa et 

al.[30] suggested that cluster (1) which corresponds to clusters C1 or C2 in this work 

do not dissolve during AA and is responsible for the negative strength response. 

However, from the AA hardness results for different NA times (Figure 4.7), it is noted 

that a decrease of hardness during the initial AA periods is observed, indicating that 

clusters of C1 and C2 will be at least partially be dissolved at AA temperature.  

Lorimer and Nicholson [111] proposed that clusters larger than the critical size at 

AA temperature can survive and smaller cluster will dissolve during AA. Based on 

this theory, Murayama et al. [13] proposed the size distribution of clusters to 

determine the ability for survival during AA. However, these theories cannot explain 

the negative effect for longer NA, i.e., NA 1 year in Fig 4.8. Pashley et al.[10] 

proposed the two-step aging model, involving that the cluster size and the 

supersaturation degree of solute atoms in the matrix are the vital factors to determine 

the ability for survival of clusters at a second aging temperature. They did not 

consider the influence of unfavorable bonds on the growth of precipitates. The 

increasing size of precipitates can be simply assumed to involve the change of 

composition in precipitates. In the current study, the AA results can be explained 
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through Pashley’s model, and the reversal of negative strength response for long NA 

time can be clarified in their model.  

Pashley et al. [10] proposed that the amount of arrival of freshly solute atoms 

from the matrix and escaped atoms from cluster determines the growth of clusters. If 

the former contribution exceeds the later part, the clusters can grow. 

                            (7.1) 

where    is the diffusion coefficient in the matrix which is dependent on the aging 

temperature,    the equilibrium solute concentration in the matrix at artificial aging 

temperature,   the solute supersaturation in the matrix,    the escaping rate of 

solute from clusters,    the solute concentration in the clusters. In a quenched 

sample, since excess vacancies can assist the solute diffusion, the value of    is 

general higher than   . 

According to Gibbs-Thomson relation, the solute concentration of    in the 

cluster and    in the matrix at artificial aging temperature can follows: 

                           (
  

  
)  

   

   
 

  

 
               (7.2) 

where   is the surface energy of the cluster,   the volume of the clusters,   the 

absolute temperature of artificial aging, and   the size of cluster. Then the parameters 

   can be taken as the constant which is determined by the artificial aging 

temperature. Therefore, substituting equation 7.2 into equation 7.1 yields: 
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Figure 7.1 Schematic diagram of Pashley’s model [10] and clusters size distribution 

with increasing NA time: The ability for survive of clusters as a function of clusters 

size. Region 1: Dissolution; Region 2: Survival; Region 3: Dissolution. 

Due to    is always faster than    in this work, then the above equation can 

be simplified to: 

                                                           (7.3) 

Figure 7.1 shows the schematic diagram of Pashley’s model involving the ability 

for survival of clusters as a function of clusters size. With the clustering process 

proceeds, the clusters increase and the solute supersaturation   in the matrix 

decreases simultaneously which results in a maximum value of     . If the value of 

     is lower than that of   , the clusters will be dissolved at artificial aging 

temperature (region 1 and 3). In contrast, if the value of      is higher than that of 

   (region 2), which means that these clusters will survive in AA.  

As mentioned above, cluster size can be assumed to increase with NA. For a 

short NA time (i.e., <7.5 min), a large amount of small clusters forms in the sample 

(case (a) in Fig 7.1). Although the degree of solute supersaturation remains high, most 
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of clusters tend to dissolve at AA temperature since the cluster size is still small 

(region 1 in Figure 7.1) which gives rise to the difficulty for the clusters to grow 

during subsequent AA. Although very small proportion of clusters locates in region 2 

and can survive in AA, the dissolution of clusters plays a domain role Therefore, the 

AA hardness decreases with NA (<7.5 min), as group 1 and 2 in Figure 4.8. As shown 

on a linear scale (Appendix III), the formation of these clusters corresponds to the 

fastest and largest decrease during AA. This indicates that the dissolution of these 

small clusters retards the kinetics of β’’ precipitation, which is the reason for the 

negative strength response of AA. With increasing NA time, the clusters become 

larger and their number density increases but most of them are still in region 1 (case 

(b) in Figure 7.1), which means that these clusters cannot survive during AA. For 

group 1 in Figure 4.8, since the AA time (2 min and 5 min) is not long enough to 

dissolve all small clusters, the AA hardness will increase with NA due to clustering 

hardening. In contrast, for longer AA time in group 2 (>15 min in Figure 4.8), much 

more small clusters are dissolved and the AA hardness decreases continuously with 

NA time. In this case, more clusters locate in region 2 compared to case (a) but 

negative strength response is still attributed to the dissolution of clusters. When 

further prolonging NA time (case (c)), the number of clusters does not obviously 

change but they grow larger accompanied by a solute supersaturation decrease. 

Although some smaller clusters are in region 1 and will dissolve during AA, the 

proportion of larger clusters which are in region 2 and tend to grow becomes larger. 

Moreover, cluster dissolution increases solute supersaturation which is beneficial for 

the growth of relatively larger clusters. This yields an increase in hardness, which 

corresponds to the recovery stage of AA, i.e., NA 1w in Fig. 4.8. However, for even 

longer NA time (>1 w), coarsening takes place and the number density of clusters 

becomes lower (case (d)). The solute superaturation reduces to a very low level, 

which means that less free solute is available for the growth of clusters during AA. 

Therefore, clusters will dissolve even when they are large (region 3) to increase the 
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extent of supersaturation and support further growth of clusters. This results in the 

reduction of AA strength response again. 

For alloy 4-4, due to the lower solute concentration, clustering is slower than in 

alloy 6-8, which means that a much small number of clusters form with a much 

slower decrease of solute supersaturation in the matrix. This explains that a weak 

cluster peak is detected in DSC (Fig. 4.1). After short NA, e.g., 2 min and 5 min, a 

few small clusters are formed which is responsible for the very slow increase of NA 

hardness (Fig. 4.2). In this case, these clusters will dissolve during AA (region 1). 

Therefore, the AA strength response is slightly reduced during underaged stage 

(Figure 4.9). With increasing NA time, e.g., 300 min, it is noted that there is very 

small increase in NA hardness (Fig. 4.2). It can be deduced that although some 

clusters become larger the number density of clusters is still small, which means that 

the solute supersaturaturation in the matrix keeps a high level. Therefore, besides 

dissolution of small clusters, some larger clusters will be in region 2 which the help 

of high solute supersaturaturation will grow during AA, resulting in a continuous 

hardness increase. When NA for long time, many more clusters will form and solute 

supersaturation become much lower. The effect of the dissolution of NA clusters 

becomes larger and a decrease stage of AA hardness in the initial period is observed. 

Since solute supersaturation will be increased through cluster dissolution and it is 

beneficial for the growth of larger clusters, the AA hardness of NA sample is still 

higher than that of the as-quenched condition (NA 1d and NA 1w in Fig. 4.9). 

7.2 Effect of pre-aging on the aging response 

Excess quenched-in vacancies play an important role in the formation of clusters 

during NA. When pre-aging at higher temperature immediately after quenching, the 

concentration of quenched-in vacancies decreases significantly through annihilation 

into defects or trapping in clusters formed during pre-aging.[10] In this case, there are 

not enough vacancies to aggregate Mg and Si atoms during the following NA step. 
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Therefore, the cluster formation will be largely suppressed during NA and, 

consequently, there is no observation of a cluster peak in the DSC thermogram 

(Figure 5.1). Moreover, a lower number of larger PA clusters will form during 

pre-aging than during NA after quenching,[112] which is responsible for the higher 

initial hardness value (see Fig. 5.7). Murayama [13] reported that pre-aging at 70 °C 

yields GP zones, which correspond to the PA clusters in the current study, and pointed 

out that PA clusters and NA clusters have the same Mg/Si ratio. As described in 

Figure 5.25, it is deduced that these PA clusters are larger than NA clusters which is 

consistent with Serizawa [30]. It is expected that more cluster-free space will be 

available between these PA clusters [66] and a higher degree of solute supersaturation 

is achieved after pre-aging in these regions than in a NA condition. [10] When NA is 

performed after pre-aging, clusters will tend to form in the matrix because the high 

solute supersaturation in the matrix is beneficial for the growth of clusters. However, 

due to the lower concentration of quenched-in vacancies in the matrix after pre-aging, 

the kinetics of clustering during subsequent NA is much slower compared to the 

as-quenched condition (Figure 5.3 and 5.5). At the beginning of NA, few small 

clusters will form, which have no pronounced effect on NA hardness. This is reflected 

by the constant NA hardness value of the pre-aged sample in the stable incubation 

stage (Figure 5.3). The higher the temperature and the longer the pre-aging time, the 

longer hardness will be stable. As NA proceeds, clusters continuously tend to grow 

and become larger as the increase and subsequent decrease of the cluster peak 

between 100 °C and 130 °C shows (Figure 5.4a). The increase of the cluster peak 

results from clusters formed during NA which act as nucleation sites for clustering 

during DSC. When clustering takes place during NA, the cluster peak in DSC 

decreases. This results in a hardness increase (Figure 5.3).  

Many studies [13, 30, 51] reported that the precipitates produced by pre-aging 

can act as nuclei for β’’ precipitation. However, in this work, PA clusters formed 

during short pre-aging are confirmed to act as primarily nuclei for the pre-β’’ 
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precipitate as the large peak of pre-β’’ precipitate presented in the DSC thermogram 

shows (Figure 5.1). As the pre-aging temperature increases from 60 °C to 160 °C, 

larger PA clusters will be formed, which also results in an increase of the pre-β’’ peak 

in DSC (Figure 5.2a). Edwards [23] reported that the small precipitates occurring 

before the main β’’peak that correspond to the pre-β’’ precipitates in the current work 

have a similar Mg/Si ratio as β’’ and can transform rapidly to β’’ precipitates.  

Moreover, Marioara [11] and Chen [110] also found that pre-β’’ precipitate can be 

formed before β’’. Therefore, for the pre-aged condition, pre-β’’ precipitates growing 

from PA clusters can transform to β’’ precipitates, which makes the peak of β’’ shift 

towards lower temperature (Figure 5.1). 

It is predictable that the formation of PA clusters will influence the pre-β’’ and 

finally the β’’ precipitations. When pre-aging at relatively lower temperature for a 

short time (i.e. 60 °C-80 °C for 10 min), a few PA clusters are formed and a high 

degree of solute supersaturation in the matrix remains. According to Pashley’s 

model,[10] it is possible that some of these PA clusters will be in the region 2 and 

survive at AA temperature, indicating that PA clusters can transform to pre-β’’ 

precipitates. Therefore, it is reasonable that after pre-aging for a short time these PA 

clusters can grow and transform to pre-β’’ precipitates, as the observation of the 

increase pre-β’’ peak shows (Figure 5.2b-d). With increasing PA time, many more PA 

clusters form and the solute supersaturation in the matrix decreases. Most of the PA 

clusters are in region 1 (Figure 7.1) and are dissolved at the AA temperature as the 

increasing depth of the cluster dissolution trough and the decrease of the pre-β’’ peak 

show (Figure 5.2b-d). In contrast, when pre-aging at relatively high temperatures 

(>100 °C), the PA clusters can transform to pre-β’’ precipitates or even pre-β’’ can be 

formed for long pre-aging time, which is responsible for the increase-decrease trend 

of pre-β’’ precipitation (Figure 5.2e-f). 

For the case of AA performed immediately after pre-aging above 100 °C, PA 

clusters can grow easily to pre-β’’ due to the still high supersaturation of solute in the 
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matrix. Hardness will increase continuously without a stage of decrease during AA 

(Figure 5.7). However, due to the scarcity of vacancies after pre-aging, the hardening 

rate of AA during the initial 15 min is slower compared to that of the as-quenched 

condition, as shown in Figure 5.7. After the following AA, pre-β’’ gradually 

transforms to β’’ precipitate. Probably due to the differing number density of pre-β’’ 

precipitates between three pre-aging cases, the transformation rate of pre-β’’ to β’’ 

decreases with pre-β’’ precipitates increase. Therefore, the AA hardness of 

PA100°C-10m, PA140°C-10m and PA160°C-10m show almost the same increasing 

course as the as-quenched condition after AA for 30 min. 

Although pre-aging can suppress cluster formation, the clusters formed during 

subsequent NA will influence the growth of PA clusters during AA (Figure 5.8). For 

short NA, e.g., 16 h, many small clusters form in the region between the large PA 

clusters, which means that the supersaturation of solute in the matrix is reduced. 

These small clusters are in the region 1 (Figure 7.1) and tend to dissolve during AA. 

Since the main hardening contribution comes from the growth of PA clusters, no 

obvious hardness decrease can be observed during initial AA, only a slower hardening 

rate is observed. Finally, for longer AA times the kinetics of AA is retarded. When 

naturally aged for 1 w, as in the case of the as-quenched condition, some small 

clusters are in region 1 (Figure 7.1) and tend to dissolve but some large size clusters 

will be in region 2 (Figure 7.1) and grow during AA. This will result in a recovery of 

AA strength response (Figure 5.8b-c). Moreover, as NA proceeds, the much lower 

solute supersaturation caused by ongoing cluster formation will impede the growth of 

large clusters during AA (region 3 in Figure 7.1). Therefore, the negative effect of NA 

is observed again (NA 45d in Figure 5.8b). 

7.3 Effect of pre-straining on the aging response 

When dislocations are introduced by pre-staining immediately after solution 

treatment and quenching, they can act as annihilation sites for vacancies.[113] For NA, 
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the kinetics of clustering is similar to the unstrained sample but with a depression of 

cluster formation (Figure 5.9). Due to the reduction of quenched-in vacancies, it 

becomes more difficult for Mg and Si atoms in the matrix to diffuse and aggregate to 

clusters. As seen in the sample pre-strained by 5% (Figure 5.9), the cluster peaks and 

the cluster dissolution trough become smaller than in the as-quenched condition. 

Moreover, the total increase in hardness during NA is about 16 HV which is much 

lower than the ~28 HV observed for the as-quenched condition (Figure 5.10). 

Dislocations induced by pre-straining can influence the precipitation sequence 

during AA in two ways.[75] One way is accelerated precipitation on dislocations 

since dislocations can provide a pipe diffusion path for solute and are favorable 

precipitation sites. This usually results in a more stable phase formation, especially in 

the case of high pre-strains. For this case, many researchers found β’ precipitates 

instead of β’’ precipitates formed on dislocations, which is responsible for the lower 

hardening response during AA.[80, 82] Another way is precipitation in the matrix. 

Bulk precipitation is limited by the solute concentration remaining in the matrix. 

When pre-straining is applied, a high solute supersaturation is obtained in the matrix 

due to the rapid annihilation of quenched-in vacancies. In this region, the clusters 

form easily and grow to a sufficient size which is beneficial for the formation of 

pre-β’’ and β’’ precipitates. This results in the lower temperature of the β’’ peak in the 

DSC curve (Figure 5.9) compared to in the as-quenched condition. Deschamps et al. 

[75] also point out that solute atoms in the matrix around dislocations will tend to 

diffuse towards dislocations. This can be used to explain the different precipitations 

with various pre-straining levels reported in literatures. [45, 79, 81, 87] When a high 

pre-straining level is applied, the region between dislocations is small and solute 

atoms tend to diffuse to dislocations. Therefore, precipitation in the matrix is 

suppressed and the larger part of precipitates is formed on dislocations. In contrast, 

precipitation in the matrix can take place when low-level pre-straining is applied. In 
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this work, PS5% belongs to latter case. For 10% and 30% strain, the dislocation 

precipitation might gain importance. 

Therefore, for the AA response of the pre-strained sample without NA (Figure 

5.12), there are three stages of different hardening rate in the underaged stage. During 

the first 5 min of AA, due to fast precipitation of β’’ on dislocations, the hardening 

rate of the pre-strained samples is higher than in the as-quenched sample (stage 1). 

Probably due to less effective the earlier precipitation on dislocations for increase 

hardness, the hardening rate is slightly higher. With the possible transformation of β’’ 

to β’ on dislocations, the hardening rate becomes slower (stage 2). After AA 15 min, 

the contribution of β’’ precipitation in the matrix gains important and the hardening 

rate is comparable to that of as-quenched condition (stage 3). As for increasing AA 

time the size of β’ precipitates on the dislocations increases, the precipitates in the 

matrix around dislocations tend to dissolve and solute atoms diffuse towards 

dislocations. [75] This causes the observed short duration of the stage of peak 

hardness. 

As there is strong of NA cluster formation in the pre-strained and the 

as-quenched samples (see influence on NA hardness in Figure 5.10), cluster 

dissolution during AA will take place and retard the hardening strength response, as 

confirmed by the dissolution trough of clusters in DSC and an incubation stage in 

initial AA hardness (Figure 5.14 and 5.13). However, due to the scarcity of 

quenched-in vacancies, a lower number density of clusters will form than after NA 

only without PS. This indicates that for NA 1 w, the number density of clusters which 

is in region 1 (Figure 7.1) and will be dissolved is lower compared to that of NA after 

quenching. In addition, since the high solute supersaturation in the matrix, those 

larger clusters can grow easily during AA compared to the growth in the as-quenched 

condition. Therefore, a small dissolution trough in Fig. 5.14 and almost no decrease in 

AA hardness in Fig. 5.13 are observed. The negative effect of NA is smaller than in 

the as-quenched condition (Figure 5.13). 



Chapter 7 Discussion 

96 

 

7.4 Combination of pre-aging and pre-straining 

Combinations of pre-aging and pre-straining are hoped to take advantage of both 

treatments. Suppression of NA cluster formation can be achieved by pre-aging and 

pre-straining. Pre-aging yields larger clusters which is beneficial to transform PA 

clusters to pre-β’’ and β’’ precipitates. In contrast, pre-straining can affect the 

precipitation sequence through the competition of precipitation on dislocations and 

precipitation in the matrix and accelerate the aging process. 

For pre-straining by 5% before pre-aging at 140 °C for 10 min, a large 

proportion of the quenched-in vacancies are removed by pre-straining immediately 

after solutionizing and quenching [113] and a supersaturated state is produced in the 

matrix. During the subsequent PA140°C-10m treatment, the number of quenched-in 

vacancies further decreases and a high solute supersaturation is preserved in the 

matrix. Simultaneously, some PA clusters will be formed in the matrix but with a 

lower number density than for NA cluster in the as-quenched condition. Due to the 

much lower vacancy concentration in the sample, it is expected that clustering during 

subsequent NA is much slower, which causes clustering peak in DSC (Figure 5.20) 

and also yields a more stable structure during subsequent NA compared to the sample 

pre-aged only, i.e. constant hardness for the first 1 d or 2 d for both treatments, see 

Figure 5.3 and 5.21. After this incubation time, the NA clusters eventually grow, 

which is reflected by an increase of hardness (Figure 5.21). For the case of 

PA140°C-10m+PS5%+NA1w (Figure 5.17), a cluster peak can no longer be observed 

because the clusters have formed during NA already which corresponds the hardness 

increase in Figure 5.16. Therefore, it is probable that a cluster peak would also be 

detected between ~2 d (constant stage in Figure 5.21) and 1 w, but no measurements 

are available.  

For progressing AA, PA clusters formed in the matrix during pre-aging can 

easily survive due to the high solute supersaturation (Figure 7.1). Besides, PA clusters 
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formed along dislocations can grow fast due to the pipe diffusion. Therefore, no 

dissolution trough is found in the DSC trace (Figure 5.20) and the AA hardness shows 

a fast increase in the initial AA period (green line in Figure 5.23). It can be seen from 

the position of the peak representing both pre-β’’ and β’’ precipitation that the peak 

shifts to a much lower temperature of ~215 °C (Figure 5.20) compared to ~237 °C for 

the pure PS5% condition. As the AA time increases, the hardness of 

PA5%+PA140°C-10m transfers from an underaged to a peak aged stage in a short 

time (Figure 5.23). This can be explained by the growth of β’ along dislocations, as in 

the case of pre-straining only (Section 7.3). 

For the condition PS5%+PA140°C-10m with short NA (1 d), the clusters formed 

in the matrix during NA are too small and these clusters will be dissolved at the high 

temperature which results in a signal of cluster dissolution trough in DSC which, 

however, is superimposed on the precipitation signal at ~180 °C (right arrow in 

Figure 5.22). With a long NA time (e.g., 1 w), as for NA directly after quenching 

without PS, some clusters formed in the matrix will grow enough to be able to 

transform to pre-β’’ precipitates during AA (in region 2 of Figure 7.1) due to the high 

level of solute supersaturation in the matrix. Therefore, during AA, those small 

clusters will be dissolved (in region 1) to assist large clusters in growing. This results 

in a short plateau in the initial first 2 min of AA (Figure 5.23). Moreover, an isolated 

β’’ peak is observed in the DSC (arrow in Figure 5.24), indicating that the dissolution 

of clusters also retards β’’ precipitation in the matrix. However, since the hardening 

effect during initial AA is mainly caused by fast formation of β’’ precipitates on 

dislocations and then the precipitation of pre-β’’ and β’’ in the matrix, the AA 

hardness shows a higher value compared to that of PS5%+PA140 °C-10m without 

NA. The negative effect of NA is totally eliminated (Figure 5.23).  

For pre-straining after pre-aging, the aging behavior is different. After pre-aging 

at 140 °C for 10 min, PA clusters are formed in the matrix. As dislocations are 

introduced by pre-straining, these clusters will be sheared to a smaller size. Due to the 
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low concentration of quenched-in vacancies, clustering is also slower than in the 

as-quenched condition and NA hardness shows an incubation stage of constant 

hardness (Figure 5.16), which, however, is shorter than for PA only. Due to the high 

solute supersaturation in the matrix, these small sheared clusters can act as nuclei for 

further clustering, as C1 cluster can. Consequently a clustering peak is observed in 

Figure 5.17 for NA 1 d that decreases in height with increasing NA time. This is 

responsible for the increase of NA hardness after the short stable stage (<1 d), as seen 

in Figure 5.16. 

Since small clusters are situated around the dislocations, pre-β’’ and β’’ 

precipitates can be formed easily on these dislocations. [109] This can also be seen 

from the peak of β’’ shifting to ~209 °C (Figure 5.15) which is even lower than in the 

PS5%+PA140°C-10m condition (Figure 5.20). These fast precipitations are 

responsible for the faster hardening during initial AA compared to hardening in the 

PS5% and PS5%+PA140°C-10m conditions (Figure 5.23). For the same reason as for 

the PS5% condition, the precipitates in the matrix around dislocations tend to dissolve 

and solute atoms diffuse towards dislocations. [75] The alloy overages in a short time.  

For PA140°C-10m+PS5% with NA, small clusters might grow with lower the 

solute supersaturation in the matrix due to the higher number of clusters obtained by 

shearing PA clusters. Therefore, compared to PS5%-PA140°C-10m, many more small 

clusters tend to be in region 1 of Figure 7.1 and dissolved during subsequent AA 

which gives rise to the negative strength response of AA (Figure 5.18). This results in 

pronounced pre-β’’ and β’’ peaks observed in DSC (3’ and 4’ peaks in Figure 5.19), 

corresponding to pre-β’’ and β’’ precipitation in the matrix.  
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8 Conclusions 

The effect of the clusters formed during NA on the hardening response during 

AA has been studied. Two kinds of pre-treatments after solutionizing and quenching 

are carried out before AA: pre-aging or/and pre-straining. The effect of both 

treatments and a following NA on the strength response during AA has been 

investigated. Combinations of pre-aging and pre-straining treatment are used to 

improve the final AA strength. 

The main findings are: 

1. The clustering process involves the formation of two types of clusters: 

clusters of type C1 and C2. C1 are formed within the first ~60-100 min of 

NA and act as nuclei for the formation of C2. The peak of GP zones and 

pre-β’’ precipitates can be found at temperatures of ~205 °C and ~234 °C, 

respectively. The precipitation sequence of Al-Mg-Si alloy is: 

SSSSclusters (C1 and C2)GP zonespre-’’’’’  

2. A partial reversal of the negative effect of NA is observed in alloys 6-8 and 

4-4. The (rather flat) maximum of the negative effect in alloy 6-8 is found 

between 300 min to 1 d of NA. This is due to the dissolution of NA clusters 

determined by the cluster size and the degree of solute supersaturation in the 

matrix. As cluster size become large enough at a certain level of solute 

supersaturation to grow during AA, the negative effect is reduced until 1 

week to 2 months after quenching during which the clusters will not survive 

due to the low solute supersaturation. For alloy 4-4, the negative effect of 

NA is formed for short NA time, e.g., NA for 2 min and 5 min, for the same 

reason as in alloy 6-8. 

3. Pre-aging reduces the quenched-in vacancy concentration and partially 

suppresses cluster formation during subsequent NA. The PA clusters formed 
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are comparable with the NA clusters but have a larger average size. Larger 

PA clusters with suitable solute supersaturation in the matrix can grow and 

act as nuclei for pre-β’’. Afterwards, pre-β’’ formation can accelerate β’’ 

precipitation. 

4. Clustering during NA after pre-aging is slower and can influence the 

subsequent AA hardening response. Clusters formed during NA for 1 w after 

pre-aging at 100 °C for 10 min yield a negative strength response of 

subsequent AA. Pre-aging at high temperature has no negative effect if 

followed by NA for 1 w. However, for longer NA, e.g. 45 d of NA after 

pre-aging at 140 °C for 10 min, the negative effect reappears. 

5. NA cluster formation is suppressed by prior pre-straining. Transformation of 

β’’ and β’ precipitation is accelerated by fast diffusion on dislocations. 

Moreover, β’’ precipitation in the matrix can be accelerated by a high solute 

supersaturation. Competition of precipitation on dislocations and in the 

matrix is responsible for the hardening rate of AA. Precipitates in the matrix 

around dislocations tend to dissolve and solute atoms diffuse towards 

dislocations. This causes the observed short duration of the stage of peak 

hardness. Clusters formed during NA after pre-straining still have a negative 

effect on AA.  

6. NA cluster formation is suppressed by the combination of pre-straining and 

pre-aging. The combination of precipitation on dislocations and in the matrix 

affects the hardening response of AA. The hardness after AA is higher than 

for each of the individual treatments or for the as-quenched condition. 

Pre-straining before pre-aging can stabilize the structure for a long time and 

eliminate and reverse the negative effect of NA. Pre-straining after pre-aging 

treatment destablizes the structure produced by pre-aging and gives rise to 

the negative effect. 
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Appendix 

Appendix I 

Since Mg and Si atoms are dissolved in the Al lattice during heat treatment for 

1 h at 540 °C, the strength of material immediately after quenching can be attributed 

to solid solution strengthening and roughly estimated by the Vegard rule. [114] For 

the FCC structure, the strengthen effect from solute atom can be written as: 

   ∑       

 
 

 
 

Where   is the solute element,    the shear modulus of element  ,    the 

magnitude of the Burgers vector and    the volume fraction of element  .  

The conversion of yield strength hardness can be approximated by the 

equation:[115] 

   
  

 
 

In this work, the shear modulus of     and     are 17 GPa [103] and 50 GPa 

[116], respectively. The hardness of pure Al is measured of ~30 HV. Therefore, 

substituting    ,     and content of Mg and Si (Table 3.1) to above two equations 

yields: 

H4-10=36.7 HV, H6-8=36.5 HV, H8-6=36.3 HV, H10-4=36.1 HV, H4-4=32.5 HV. 
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Appendix II 

 

AA hardening response as a function of NA time with linear scale for different AA 

times in alloy 6-8. Same data with Fig. 4.8 in time range of 0-200 min. 

Appendix III 

(a) 
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(b) 

AA hardening response of alloy (a) 8-6 and (b) 10-4 with different NA times after 

quenching. 

Appendix IV 

 

Hardness evolutions as a function of NA time for PS and tensile test by 5%. 
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