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Abstract

A group of alloys based on pure ternary Al-0.4 wt.%Mg-1.0 wt.%Si are used to study the effect 
of Cu and Cr on clustering and precipitation in Al-Mg-Si alloys. Differential Scanning 
Calorimetry (DSC) is performed for samples naturally aged for different times after solution heat 
treatment and ice water quenching. Three clustering processes are observed in all the alloys. The 
fundamental clustering sequence does not change by additional elements. However, the Cu 
containing alloy shows less clustering and the first clustering event is hindered. Kissinger 
analysis reveals that the 2nd and 3rd processes have very similar effective activation energies. 
Therefore, a model incorporating only two independent reactions is used to obtain kinetic 
parameters. It is found that the first clustering process starts with a low effective activation 
energy of 50 kJ/mol and has a mechanism similar to mixed nucleation while the latter two 
processes are governed by a higher activation energy of 79 kJ/mol and have a mechanism similar 
to particle growth. During precipitation, the Cr containing alloy shows a similar precipitation 
heat signal in DSC as the pure ternary, thus having negligible effect on precipitation. On the 
other hand, the formation of ” is less dominant in the Cu-containing alloy while precipitation of 
other phases before reaching the peak-aged condition is possible. 

Introduction

Al-Mg-Si alloys are widely used in automotive industry and architecture due to their potential to 
be aged to medium strength and their excellent formability and good corrosion resistance. ” is 
considered the main strengthening phases before the alloy reaches its peak aged condition during 
artificial ageing (AA). The formation of ” is influenced by the clustering process during 
preceding natural ageing (NA), which most of the time implies a negative effect. Clustering is 
found to take place in different stages that are linked to said negative effect [1, 2]. In order to 
understand the nature of clustering in Al-Mg-Si alloys, it is necessary to obtain the kinetic 
parameters which describe the different stages of clustering. On the other hand, when other 
elements like Cu/Cr exist in the alloy, which is often the case in engineering application, 
clustering and precipitation behaviour could be influenced. For example, when Cu is added, the 
precipitation sequence could change. The effect of Cu and Cr on the kinetics of clustering and 
precipitation is rarely studied and discussed. In this work, three alloys with an amount of Mg and 
Si similar to a commercial 6016 alloy but with varying amounts of Cu/Cr are used. The stages of 
clustering are studied and identified by Differential Scanning Calorimetry (DSC). The kinetic 
parameters of different stages are obtained by fitting with a model combining different processes. 
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Experimental setup

Three experimental aluminium alloys are being investigated, all provided by Hydro Aluminium 

nominal Mg and Si content, while two of them also contain a small amount of Cu (0.04%) or Cr 
(0.02%)  typical for commercial alloys. The alloys were received in the cold rolled condition, 
and all have a thickness of 1 mm. All the DSC measurements were performed in a NETZSCH 
DSC 204A. The samples were cut and ground to identical discs (scatter in weight: ±2%) and 
solutionised in an argon atmosphere at 540°C for 1 hour, after which they were ice water 
quenched. After quenching, DSC measurements were performed with little delay (less than 1 
min). Some of the samples underwent natural ageing for 100 min, 1000 min and 10000 min
before DSC measurement. Aluminium reference samples with 99.99% purity and similar mass 
were used to obtain data for the baseline correction for each alloy. 

alloy Mg Si Cu Cr Al
4-10 0.40 1.01 - - bal.

4-10Cu 0.37 1.00 0.04 - bal.
4-10Cr 0.39 1.01 - 0.01 bal.

Results and discussion

Clustering kinetics

Figure 1 shows the clustering peaks of alloy 4-10 without NA, NA for 100 min, 1000 min and 
10000 min. Three overlapping clustering peaks are observed in the samples without NA. The 1st

and 2nd are located at around 55°C and 85°C, while the 3rd is situated at ~105°C and appears as a 
shoulder. The 1st peak in the sample NA for 100 min can hardly be observed any more, which 
shows that after 100 min of NA, the first clustering process has come to an end. In contrast, the 
2nd and 3rd peaks are even more significant. The already formed clusters seem to promote the 
formation of the 2nd and 3rd peaks during the DSC run. As NA proceeds up to 1000 min, the heat 
signal from the 2nd and 3rd peaks becomes weaker and after 10,000 min of NA only one single 
peak is observed around 125°C, which corresponds to the 3rd clustering reaction. Moreover the 
curves decline continuously with increasing temperature, thus indicating that cluster dissolution 
occurs simultaneously.

Since the clustering peaks overlap with each other, we first consider the entire clustering process 
and obtain the clustered volume fraction at temperature by

= , (1)

where is the heat flow measured at a given temperature, is then the heat effect from 

the onset temperature of clustering reaction to Ts and is the heat effect of the total 

clustering process during the DSC run. The value of f is between 0 and 1, and represents the 
volume fraction of clusters transformed. The effective activation energy at a fixed volume f
is then calculated using Kissinger’s method with the following expression [3]:
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= + , (2)

where is the heating rate during the DSC run, the temperature at a fixed f, R the gas constant 
and C a constant. By plotting ln ( / ) as a function of 1/T, the slope of the plot is related to 

.

Figure 2 shows the changes of with f for different samples. For the sample not NA before 
AA, the initial value of remains fairly stable at ~50 kJ/mol for f<0.35 after which it
increases to ~70 kJ/mol when f reaches 0.8. For the sample NA for 100 min before AA, 
starts to increase from the beginning of the clustering reaction and reaches ~75 kJ/mol when 
f=0.8, while for 1000 min of NA before AA stays at around 83 to 85 kJ/mol. The low initial 

value of sample without NA mainly reflects to the first clustering reaction. The stable value 
indicates that the 2nd and 3rd clustering reactions have not started when f <0.35. Compared to the 
peaks observed in Figure 1 and the change of in Figure 2, the monotonic increase in the 
value of observed for the sample NA for 100 min is due to a combined effect of the three 
clustering reactions. For the sample with 1000 min of NA, where the 2nd clustering reaction is 
still involved but the change of is small, it follows that of the 2nd and 3rd clustering 
reaction are similar. Therefore the 2nd and 3rd clustering reactions are considered as one single 
event and the total clustering volume fraction f is expressed as [4],

= + (1 ) , (3)

where and are the volume fractions for the 1st and the 2nd+3rd clustering reactions, 
respectively. c reflects the contribution of the 1st clustering reaction to the changes in the overall 
transformation.

Figure 1. DSC curves of alloy 4-10 after different natural ageing times. The arrow in the graph 
points at the 3rd clustering reaction appearing as a small shoulder in data of  the sample without 

NA.
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Figure 2. Effective activation energy plotted as a function of volume fraction for the 3 
alloys investigated.

Now, for one single process, the fraction transformed can be expressed as:

= 1 ( + 1) , (4)

where is the impingement exponent corresponding to or [5]. Assuming that the 
transformation paths during the DSC run, i.e. with linear heating and for isothermal condition are 
the same, the extended transformed volume fraction can be approximated as [6,7,8

( ( ) ) , (5)

]

where is the Avrami exponent.

Figure 3. f vs. T curves with different heating rates for the sample without NA before AA 
showing the experimental and fitted results (heating rates from left to right: 5 K/min, 10 K/min, 

15 K/min and 20 K/min).

The experimental f value is fitted, using Eqs. (3) to (5) and the fitted results together with the 
experimental data for the sample without NA before AA are shown in Fig. 3, the fitted 
parameters in Table 2. The systemic error of all the results is less than 2%. for samples 

without NA and 1000 min of NA is 50 kJ/mol, which is similar to the initial obtained by 
Kissinger’s method, see Fig.2. =1.8 indicates that the 1st clustering process resembles a 
mixture of site saturation and continuous nucleation [9

9

]. Compared to the 1st clustering process, 
the combined 2nd+3rd clustering process has a higher (79 kJ/mol) and a smaller n value of 
1.1. Such a process is similar to particle growth [ ]. The value of c for sample without NA is 
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0.67 but then decreases with NA time. For the sample with 1000 min of NA, c=0 and the 
contribution from the 1st clustering reaction is negligible. Therefore it can be concluded that the 
1st clustering process comes to an end before 100 min of NA.

Table 2. Kinetic parameters of clustering from the fitting model. 

Alloy 1st clustering 2nd +3rd clustering 
c

(kJ/mol) (×105 s-1) (kJ/mol) (×108s-1)
4-10 50 7 1.8 79 9.1 1.1 0.67

4-10NA 100 50 7 1.8 79 9.1 1.1 0.08
4-10NA 1000 - - - 79 9.1 1.1 0

The effect of Cu and Cr

(a) (b)
Figure 4. DSC curves of samples with different compositions. (a) temperature range of 

clustering , (b) range of precipitation of metastable phases.

The clustering peaks of 4-10, 4-10Cu and 4-10Cr are given in Fig. 4. For clarity, the position of 
the curves is adjusted by offsets of 0.003 mW/mg and 0.00 6mW/mg for 4-10Cr and 4-10Cu, 
respectively. Adding Cu or Cr does not affect the clustering kinetics, but the 1st and 2nd

overlapping peaks in 4-10Cu become even more difficult to distinguish. The total heat effect 
found for 4-10Cu is smaller (1.28 J/g) compared to the other alloys (1.54 J/g and 1.43 J/g), 
showing that the fraction of clusters that can form during NA is less than in the other alloys. The 
model above is also applied to 4-10Cu and 4-10Cr by fixing , and n according to Table 2 
except c. The fitted c in 4-10Cu and 4-10Cr are 0.59 and 0.68 respectively, which indicates that 
the contribution of the 1st clustering process in 4-10Cu is less significant than in the other alloys. 

The DSC signals of precipitation in the temperature range from 200°C to 400°C are shown in 
Figure 4(b). Three major exothermic reactions are observed in all three alloys. The 1st peak is 
positioned at around 265°C and corresponds to ”[10

10

]. The 2nd (Peak A) and 3rd (Peak B) peaks 
overlap with each other and are situated between 300°C and 340°C. For the alloy not containing 
Cu, peak A corresponds to the formation of ’ [ ]. Since the precipitation sequence is different 
in Cu containing alloys, peak A of 4-10Cu can be associate with ’, Q’ or L formation [11, 12].
Peak B is rarely discussed in the literatures. The precipitation behaviour in 4-10 and 4-10Cr is 
similar but the peak temperature of ” in 4-10Cr is about 5°C lower than in 4-10. 4-10Cu forms 
less ”, but peak A and B are much more pronounced, as revealed in Figure 4(b). This indicates 
that by adding only 0.04 wt.% Cu, a mixture of different phases can be formed before reaching 
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the peak aged condition. The kinetic parameters of the formation of ” are calculated by a model 
which incorporates the nucleation growth process. A detailled interpretation and discussion is in 
preparation and will be published elsewhere [13].

Conclusions

The clustering kinetics of Al-Mg-Si alloys is studied and the effect of Cu and Cr on the 
clustering and preparation process is discussed:

1. Three stages of clustering are found. A 1st clustering process possesses lower activation 
energy with a mechanism of mixed nucleation, while the combined 2nd+3rd clustering 
process has a higher activation energy and resembles particle growth.

2. Cr has a negligible effect on clustering and precipitation in the volume fractions applied.
3. Addition of Cu hinders the 1st clustering process and decreases the total amount of

clusters that form. Adding a small amount of Cu influences the precipitation sequence, 
reduces the dominance of ’’ but increases the fraction of the high temperature phases.
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