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Abstract

The clustering kinetics after quenching and during natural ageing in pure or Cu/Ge-containing
Al-Mg-Si alloys was studied by positron annihilation lifetime spectroscopy and hardness
measurements. The evolution of positron lifetime follows qualitatively the same pattern for all
the alloys investigated, but also differs in some details: adding Cu to both Al-Mg-Si and Al-Mg-
Ge alloys slows down the initial formation of clusters in all alloys. However, in Al-Mg-Si alloys,
it promotes their growth in later stages. For Ge-containing Al-Mg-Si alloys with equal Mg
contents, Ge notably retards the ageing kinetics compared to Si. Possible reasons of these effects
are related to the interactions between vacancies and solutes or solute clusters and to the

diffusion kinetics of various solute-vacancy complexes.
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1. Introduction

The detrimental effect of natural ageing (NA) on subsequent artificial ageing (AA) in Al-Mg-Si
alloys, i.e. the slower and less pronounced increase of hardness [1], is caused by the formation of
solute clusters during room temperature storage after quenching [2]. Various methods have been
suggested to suppress this negative effect: the strength response during AA can be considerably
improved through prior pre-ageing [3,4], pre-straining [5,6], or the combination of both
treatments [7,8]. It was also found that the diffusion of solute atoms mediated by quenched-in
vacancies can be controlled by adding small amounts of an alloying element such as Cu [9],
which slows down the formation of deleterious solute clusters during NA. The direct
visualization of such clusters is quite challenging, on the one hand due to the low solute content

of the investigated alloys (giving rise to a low signal-to-noise ratio), on the other due to the
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similar electronic configuration of Mg, Al and Si atoms (leading to low elemental contrast).
Conventional electron microscopy and even atom probe tomography have failed to follow the
rapid formation and evolution of these clusters in early stages of NA. Some information on
solute clustering was obtained by using integral methods such as hardness and electrical
resistivity measurement, differential scanning calorimetry and positron annihilation lifetime
spectroscopy (PALS) [10]. Especially PALS has shown its power in revealing the cluster
formation processes immediately after quenching [11] and appears suitable for further studies of

the interactions between various solute atoms and vacancies during NA.

In this study, the effect of Cu and Ge atoms on the clustering kinetics of Al-Mg-Si alloys was
investigated. Cu addition has been found to reduce the deleterious effect of NA and to help to
achieve the desired mechanical properties through producing finer structures during AA [12,13].
However, little is known about how Cu atoms influence the clustering kinetics of Al-Mg-Si
alloys during NA. In other studies, the alloying element Si was partially or fully replaced by Ge
since the two elements have a similar electron configuration and similar precipitation properties
are expected. Although Ge is considerably larger compared to Si in terms of atomic radius,
previous studies have shown that the precipitation processes in Al-Mg-Si and Al-Mg-Ge alloys
are alike [14]. Therefore, it is of great interest to carry out investigations on Al-Mg-Ge or Al-
Mg-Si-Ge alloys. All these effects were investigated by means of PALS and hardness

measurements in this study [15].

2. Experiments

2.1 Sample preparation

Two alloys — 4-10 and 4-10Cu — were cast by Hydro Aluminium Bonn. All other alloys were
provided by SINTEF, Norway. The chemical compositions as determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) show impurity levels below 100 ppm. The
measured compositions of all the samples are given in Table 1. They fall into two groups: Al-
Mg-Si alloys with and without Cu addition and alloys in which Si has been fully or partially
replaced by Ge. In the latter group, some alloys also contain Cu.



Table 1. Composition of the alloys investigated. “-” means <0.01 (all in at.%).

Designation Mg Si Cu Ge

A2 0.41 0.83 - -
A2Cu 050 0.87 0.12 -
A3 0.57 0.66 - -
A3Cu 0.65 0.70 0.07 -
All 0.84 0.40 - -
__AlICu 086 045 011 -
4-10 0.44 0.97 - -
4-10Cu 041 0.96 0.02 -
G3 0.22 - - 0.59
G1l1 0.25 - - 0.14
G11Cu 0.24 - 0.11 0.13
GS3 0.24 0.31 - 0.20
GS11 0.44 0.18 0.04

GS11Cu 045 0.18 0.13 0.05

The samples used for PALS and hardness measurement had a size of (10x10x1) mm°. All
samples were cut from homogenized (24 h at 530 °C) and extruded bars to the required geometry,
followed by mechanical grinding and ultrasonic cleaning in alcohol to reduce surface
contaminations. Solution heat treatment was carried out for 1 h at 540 °C for the Cu-containing
alloys, for 1 h at 600 °C for the Ge-containing alloys. In the furnace, the samples were held in a
block of Ni metal acting as a thermal reservoir in an argon atmosphere. During quenching, the
samples and the reservoir drop together. Before reaching the surface of the quenching medium
(iced water), the reservoir is blocked by a stopper, while the samples are pulled out of the
reservoir and are dragged into the quenching medium. Thus, premature cooling during dropping
is prevented by the reservoir due to its large heat capacity and a high quenching rate is ensured
[16]. After quenching, the PALS samples were immediately cleaned with alcohol, dried, and
assembled to the required sandwich geometry consisting of two samples with the positron
emitter in between. This handling usually took 1 min to 2 min. The samples for hardness
measurement were polished before and after quenching to achieve a mirror surface, which took

~5 min.



2.2 PALS and hardness measurements

The positron lifetime (PLT) can be measured as the time difference between the 1.275 MeV vy
emission by a decaying *Na nucleus, which almost coincides with the positron emission (start
signal), and one of the 0.511 MeV annihilation events (stop signal). As an example, the positron
lifetime t equals ~0.165 ns in bulk Al, but in the presence of an open-volume defect such as a
mono-vacancy the lifetime of a positron trapped here increases to ~0.250 ns due to the locally
reduced electron density. Moreover, positrons can also annihilate in solute clusters of a certain
size formed during NA, with a PLT depending on cluster properties [17,18]. Based on this
feature, defect types and concentrations can be determined according to their lifetimes and

corresponding intensities.

An analog “fast-fast” coincidence spectrometer was used for the in-situ PALS experiments. The
positron source ??Na enclosed in Kapton foil had an activity of ~15 uCi. After packing the source
with two identical samples situated on both sides into Al foil, such a “sandwich” was placed
between two Philips XP2020Q detectors (coupled with BaF; scintillators) arranged co-linearly to
ensure a high count rate. “Backscattering” effects [19,20] caused by the scintillator were
suppressed by inserting a 7-mm thick lead plate between the sandwich and the detector of the
start signal. The signal was processed by standard nuclear instrumentation modules and spectra
were accumulated every 60 s and six data sets were then binned into one new data set to improve
statistics. After subtracting the background and contributions from the source itself (salt, Kapton
and positronium), the lifetime spectra were fitted using the program LT9 [21]. The spectrometer
had a time resolution of ~0.250 ns and a count rate of ~600 s™*, thus enabling data acquisition in

a “fast mode” and an analysis with only one lifetime component 7;¢ [11,22].

Hardness was measured using a MHT-10 microhardness tester. A load of 0.98 N was applied for

10 s. Each data point represents the average of 10 hardness measurements.



3. Results

3.1 Cu-containing alloys

3.1.1 PALS

Fig. 1a shows that the one-component positron lifetime z;c in various Al-Mg-Si alloys with and
without Cu addition — alloys A2(Cu), A3(Cu) and A11(Cu) — evolves in a very similar manner as
the previously investigated Al-Mg-Si alloys during NA [11]. Four typical PALS stages are
observed:

(I) Most alloys show a constant PLT (>0.230 ns) during the initial stage of NA (<20 min),
indicated as “stage I” in Fig. 1la. For alloys with a low Mg content [11], e.g. alloy A2, such a
stage is too short (<2 min) to be observed at “room temperature” due to the limited count rate of
the spectrometer. In such alloys, the PLT has to be measured directly after quenching at
sufficiently low temperatures (<0 °C) in order to visualise this stage [18]. So far, the constant or

slightly increasing PLT during stage | has not been explained.

(1) Until the end of stage Il (local minimum of PLT), the PLT decreases monotonically to
~0.221 ns within ~80+20 min in Cu-free Al-Mg-Si alloys A2, A3 and Al1, in a similar manner
to the previously investigated alloys [11,18]. The analogous decrease of PLT to ~0.223 ns in the
Cu-containing alloys A2Cu, A3Cu and A11Cu is about 5 times slower, i.e. ~500 min of NA is
required to achieve the equivalent ageing state. The retarded clustering kinetics during stage Il is

illustrated by the orange arrows in Fig. 1a and black arrows in Fig. 1b.

(111 During subsequent stage 111, a slight re-increase of PLT to ~0.224 ns is observed in Cu-
containing alloys, while for Cu-free ones such a more pronounced increase to ~0.226 ns is found.
The time to reach the local maximum of PLT is around 3000 min for Cu-free alloys, but just
~2000 min for the Cu-containing ones. Thus, Cu accelerates the ageing kinetics during stage 11,
see green arrows in Fig. 1a and black arrows in Fig. 1b. Note that the transition times reported
here are longer than the ones reported in Ref. [11], possibly due to slightly different solute and

impurity contents or natural ageing temperatures.

(IV) The PLT slowly re-decreases through the final stage IV to a value less than 0.221 ns after
~10° min of NA for all the alloys.
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Fig. 1. (a) The one-component positron lifetime ;¢ as a function of NA time for various Al-Mg-Si and Al-Mg-Si-Cu
alloys. The four stages observed during NA are marked I to IV. The NA kinetics of such alloys was measured in-situ.
(b) Dependence of transition times t;_,;; for stage Il to 111 (black open spheres, right axis) and t;;_,; for stage 111 to
IV (black open squares, right axis) on sample compositions (vertical bars, left axis).
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Fig. 2 displays the PLT evolution in another set of samples, i.e. alloys 4-10 and 4-10Cu, to
further substantiate the effect of Cu addition during RT storage. The Cu content is very low in
alloy 4-10Cu — 0.02 at.%, i.e. 3-6 times lower than in the alloys discussed above — but the
prolongation of stage Il from ~60 min to 80 min due to the presence of Cu is clearly visible, see
transition times t;;.; indicated by the blue and red arrows. This confirms the results shown in
Fig. 1. For stage 111, a similar evolution of PLT is observed for both alloys up to ~5000 min of
NA and the end of stage 11 is hard to detect.
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Fig. 2. Asin Fig. 1a but for alloys 4-10 and 4-10Cu. Arrows point at lifetime minima.

3.1.2 Hardness

Fig. 3 shows the evolution of hardness of alloys 4-10 and 4-10Cu during NA, see red symbols.
The hardness exhibits similar tendencies as the 1-component PLT shown in Fig. la, i.e. Cu
retards (only slightly in this case due to the very limited Cu content) the formation of solutes
clusters during the initial stage of NA (up to ~50 min), but promotes the growth of these clusters
when NA proceeds, as indicated by the slower and faster increase of hardness of the Cu-
containing alloy 4-10Cu, respectively. As a consequence of the two effects the data sets exhibit a

crossover.



With higher Cu content, the retarded or accelerated increase of hardness with a crossover after
~1000 min or ~850 min can be more clearly observed in the commercial Cu-free 6022 (Al-
0.68Mg-0.94Si) or Cu-added 6111 (Al-0.69Mg-0.95Si-0.31Cu) alloys, respectively [23] and also
in the alloys A11 and A11Cu used in the current work [13], see blue symbols in Fig. 3. This
feature also agrees with [24].
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Fig. 3. Change of hardness during NA of Al-Mg-Si alloys with and without Cu addition. The measurements
represented by circles and squares are from [13,23]. Lines are given to guide the eye. The as-quenched samples have
been given a NA time less than 1 min.

3.2 Ge-containing alloys

3.2.1 PALS

Fig. 4a shows a PLT evolution in Al-Mg-Ge and Al-Mg-Si-Ge(Cu) alloys during PALS stages I,
Il and 1V (decrease, increase and re-decrease) similar to that described in Section 3.1.1, thus
suggesting that Ge and Si interact with Mg in an analogous manner. Stage | cannot be observed
for the Ge-containing alloys, except for one. Although both sets of alloys qualitatively show the
same trend, the PLT evolution differs in two details concerning the amplitude of PLT variation
(e.g. compare alloys G11 and G11Cu) as well as the transition times (t;_;;and t;;_;) between

various PALS stages, both depending on the concentration of each alloying element. All the
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transition times are given in Fig. 4b as a function of the solute concentration. By far the longest
transition times t;_,;; of ~10000 min and t;;_,;» after ~41600 min of NA are observed in alloy G3
which contains the highest amount of Ge (0.59%). A much faster ageing kinetics is obtained in
alloy G11 in which the Ge content is reduced to 0.14%, both transition times equal ~170 min and
~3500 min, respectively. With a ~50% higher Ge content but additional 0.31% Si it is found that
the ageing kinetics of alloy GS3 is only slightly accelerated. The last sample, alloy GS11, which
contains the highest Mg and some Si, but the lowest Ge content, shows the fastest ageing kinetics.

Both transition times are markedly reduced to ~15 min and ~130 min.

A delayed clustering process during stage 1l is also observed in Al-Mg-Ge-Cu and Al-Mg-Si-Ge-
Cu alloys with added copper, compare alloys G11 and G11Cu or GS11 and GS11Cu in Fig. 4a
and b, respectively. Rather than the accelerated NA kinetics during subsequent ageing (stage 111)
as shown in Fig. 1a and b for Al-Mg-Si-Cu alloys, a further retardation of the NA kinetics during

stage Il is observed if Mg, Ge, Si and Cu co-exist in the alloy system.
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Fig. 4. As Fig. 1, but for alloys Al-Mg-Ge(Cu) and Al-Mg-Si-Ge(Cu).

3.2.2 Hardness

Fig. 5 shows the hardness evolution of the Ge-containing alloys during NA on both a logarithmic
and a linear scale. All alloys investigated exhibit a similar hardness of ~35 HV after 10 min of
NA. A rapid increase of hardness is observed during the first NA stage. This can be more clearly
seen using the linear time scale in Fig. 5, see open symbols. In contrast, subsequent NA results in
a much slower hardening response. After ~90000 min of NA, a hardness of ~65 HV is obtained

for all the alloys.

Besides these common features, the fastest increase of hardness is observed for alloy GS11,
which contains the highest amount of Mg and some Si but the lowest Ge content, while alloy G3
with the highest Ge content shows the slowest evolution of hardness, e.g. an comparable increase
in hardness of 15 HV during the first 1000 min of NA of alloy GS11 is achieved by ageing alloy
G3 for ~20000 min, see Fig. 5. The other two alloys lie in between. Thus, PALS reveals the

same retarded NA kinetics of Ge-containing Al-Mg-Si alloys than hardness measurement.
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Fig. 5. Hardness evolution during NA in alloys G3, G11, GS3 and GS11. Each point represents the average of 10
hardness measurements. Solid and dashed lines are guide lines.

4. Discussion

4.1 General interpretation of PALS stages in Al-Mg-Si alloys

The observed evolution of PLT during NA in Fig. 1a is very similar to previous results [11].
Stage | is only visible if an alloy is aged at low temperatures (<0 °C) [18], while for ageing at RT,
high Mg and Si contents are required [11]. Formation, growth and coarsening (or ordering) of
vacancy-free solute clusters were postulated as the general reason for the lifetime decrease,
increase and re-decrease in stages Il, Il and IV, respectively. Particularly, by decomposing the
lifetime spectra collected at low temperatures, the co-existence of 2 to 3 competing positron
trapping mechanisms during the most complicated PALS stage Il was experimentally verified
[25,26]. On the one hand, vacancy-free solute clusters are rapidly formed during and after
quenching and increasingly trap positrons (typical lifetime ~0.210 ns), while on the other the
contribution from vacancy-solute complexes (~0.245ns) gradually decreases. Thus, the

combined effect of both leads to the typical decrease of z;c during stage Il. During subsequent
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stage Il the increase of positron lifetime has been attributed to the incorporation of Mg into the
previously formed Si-Mg clusters during which the Mg/Si ratio increases. This idea is supported
by ®Mg-NMR observations of an Al-0.46Mg-1.05Si-0.14Fe alloy [27]. The lower electron
density caused by the large Mg atoms and the lower number of electrons then increases PLT
[28,29]. In addition, it was found that stage Il disappears if the Mg content is below 0.1% [18].
The emphasis of the discussion below is placed on stages Il and 11, while the final stage IV is

not relevant in the context of this work.

4.2 Formation and growth of solute clusters

Because of the attractive interactions to the solute atoms in Al-Mg-Si alloys, see Fig. 6,
vacancies created at the solutionising temperature (density ~1.4x10™/atom as calculated using
the Lomer equation [30]) are largely preserved [18] immediately after quenching. A part will be
gradually lost to vacancy sinks such as grain boundaries, dislocation loops, etc. The formation of
vacancy clusters, which are formed in quenched pure Al, dilute Al-Mg and Al-Si alloys during
NA [22], can be excluded in the case of Al-Mg-Si alloys due to the much higher probability of a
vacancy to encounter a solute atom rather than another vacancy due to the high solute-to-vacancy
ratio (~100). In the first place, quenched-in vacancies bind with a small fraction of the solutes
and form mobile complexes. As NA proceeds, they assist the diffusion of certain solute atoms to
other atoms and eventually form initial clusters. Because of the limited number of quenched-in
vacancies the formation of new clusters or the further growth of existing ones will be possible
only if vacancies are eventually released after spending some time at or in them to be able to
transport more solute atoms. Under such circumstances, only a comparatively lower number of
vacancy-containing solute clusters can be temporarily formed at a given time, the majority being

vacancy-free.
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Fig. 6. Vacancy-solute binding energies from various sources (not all listed in References). Positive values refer to
attractive binding, while negative ones denote repulsive interaction. Broad columns on the right hand side represent
the range of binding energies between a vacancy and a certain solute atom, based on the collection of [31]. The data
set [32,33] used for our interpretation is marked by a dashed box and the corresponding values are given.

During NA, solute clusters form and grow through the diffusion of solute atoms aided by
vacancies, which are repeatedly trapped and de-trapped by and from these clusters. According to
the total solute content (in the 1% range) of the alloys investigated in this study, each vacancy
would have to deliver more than 100 atoms if all the solute atoms were used for clustering. As
the size of the solute clusters increases, the release of vacancies becomes increasingly difficult,
since the probability for a vacancy to escape from a cluster scales with exp(-ncEp), with n the
number of atoms in that cluster, ¢ a constant and E;, the binding energy between a vacancy and a
solute atom [34]. From this equation, one would expect a fast formation of solute clusters
attributed to the high concentration of vacancies and solutes which are available for clustering
during the initial stage of ageing, followed by an increasingly slower growth rate of these
clusters due to the decreasing number of “free” vacancies as NA proceeds, since vacancies get
either lost at sinks or are trapped increasingly longer by clusters. The presence of vacancy-solute
complexes even after long NA in an Al-0.4Mg-0.4Si alloy was verified using temperature-
dependent PALS [26]. This is plausible because otherwise the ageing process would quickly

come to an end, whereas in reality it continues for at least 2 weeks [35].
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4.3 Interaction energies between solutes and/or vacancies

In order to understand the phenomena caused by Cu and Ge, two-body interaction energies are
important to know, since the formation of solute clusters and the rate at which vacancies detach
from these clusters to transport more solutes strongly depends on the interaction energies

between nearest neighbor solutes and/or vacancies in Al.

Based on first-principle calculations as given in Table 2, the interaction energies between Si-Si,
Mg-Mg, Cu-Cu and Si-Cu in Al were found to be all negative (repulsive), while for Si-Mg and
Mg-Cu, positive (attractive) interactions were estimated [36]. These interaction energies have
been verified experimentally/theoretically, e.g. it was reported that the Mg/Si ratio in clusters
increases due to the presence of Cu, pointing at the attractive interaction between Cu and Mg

[12]. Such binding between solute atoms will be adopted for the following discussion.

Table 2. Various solute-solute [36] and vacancy-solute [32,33,37] interaction energies (in eV) taken from the
literature to support our discussion. “+” sign refers to attractive binding.

Solute-solute Si-Si  Mg-Mg Cu-Cu Si-Mg Mg-Cu Si-Cu
Interaction energy -0.025 -0.037 -0.020 +0.042 +0.043 -0.038
Vacancy-solute V-Si V-Mg V-Cu V-Ge
Interaction energy +0.033 +0.026 +0.124 +0.053

Many efforts have been made in the past to determine the binding energies between a vacancy
and various kinds of solutes. A collection of such values are schematically summarized in Fig. 6.
It is obvious that vacancies favor binding with the solute atoms relevant here according to most
studies with a few exceptions, such as the weakly repulsive binding of VV-Mg [37,38]. In order to
enable the discussion, a quantitative comparison between various vacancy-solute binding
energies is required. However, due to the different methodologies applied to determine such
energies a comparison can hardly be made. Therefore, in this study, the interaction energy
between a vacancy and a Cu atom is assumed to be attractive and stronger (at least comparable)
than between a vacancy and either Si or Mg [31]. Furthermore, we adopt the values given in
Table 2 that were calculated by first-principles [32,33]. We chose this set of values because it is
the one where all three binding energies with Si, Mg and Cu have been determined on an equal
footing with recent numerical methods. The pair V-Ge essentially shows a stronger binding than
V-Si and V-Mg, as shown in Fig. 6. Thus, a value of +0.053 eV will be used, as suggested by
[37], i.e. binding between V-Ge is 60% stronger than between V-Si.

14



4.4 Calculation of jump frequency
The jump frequencies f of vacancies attached to given solute atoms can be estimated using the

following equation [39]:

Ed—Ef—AEb)
k)

f=femw (-5 (1)

Where f' is the effective jump frequency (or vibrational frequency of an atom [40], based on the
classical “five-frequency” model [41]). Ey is the diffusion activation energy of a vacancy, Ef is
the vacancy formation energy (0.63 eV, the average of calculated LDA and GGA values from
[38]), AE}, is the difference between the binding energies of a vacancy or solute atom with a
nearest neighbor before and after the jump at the corresponding sites. To simplify the calculation,
AE, was neglected in this study. The values used by [39] were further adopted, based on
[36,38,42], see Table 3. At “room temperature”, the calculated jump frequency of a vacancy
associated with a Si atom in a Al matrix is equal to 18200 s™, while for V-Mg, a much lower
value of 190 s is obtained. The low mobility of a vacancy attached to a Mg atom at “room
temperature” [43] has also been verified by measuring the average PLT in quenched Al-
0.5%Mg and Al-1%Myg alloys NA for two months, during which only very small changes were
observed [22]. For V-Cu, we obtain a value of 230 s, similar to the one of VV-Mg. Due to the

unknown kinetic parameters for V-Ge, its corresponding jump frequency cannot be estimated.

Table 3. Kinetic parameters for the calculation of jump frequencies [38].

Kinetic parameters Si Mg Cu
Attempt jump frequency f'(s7)  1.57x10”  1.86x10™  1.09x10"
Jump frequency f at 20 °C (s%) 18200 190 230

Activation energy E4 (V) 1.15 1.27 1.25

A direct correlation between the course of NA reflected by the time evolution of positron
lifetimes and the jump frequency is not straightforward, since the precise determination of jump
frequency depends on both activation energies E; and 4Ey, in Eq. (1), which differ between
various sources. Thus, the estimation of the jump frequencies merely serves as a qualitative

explanation of the experimental observations.
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4.5 Solute clustering in Cu-containing alloys
The formation and growth of solute clusters in Cu-free Al-Mg-Si alloys as described in Section
4.2 will be notably affected by adding Cu. The interactions between vacancies and solute atoms

(clusters) during PALS stages Il and 111 are interpreted in the following.

4.5.1 Stage Il (formation of solute clusters)

e Formation of Cu-free clusters

Once a vacancy is attached to a Si atom in Cu-free Al-Mg-Si alloys, it can move to other
vacancies/solutes with a high jump frequency to form Si-Mg co-clusters [22], although V-Mg
complexes diffuse only slowly. In the presence of Cu, a certain amount of quenched-in vacancies
binds with Cu, forming V-Cu complexes beside V-Si and VV-Mg. Due to the much higher binding
energy V-Cu compared to V-Si and V-Mg the vacancies remain at the Cu sites for a much longer
time than at Si or Mg sites. Due to the fact that the jump frequency of V-Cu is two orders of
magnitude smaller than for Si, VV-Cu complexes diffuse only slowly in the Al matrix. Under such
circumstances, the migration of Si and Mg atoms and the rate of Si-Mg cluster formation is

reduced to a certain extent as a result of Cu addition.

The interactions between V-Cu and Mg-Cu are both attractive, see Fig. 6 and Table 2. In contrast
to the calculated repulsive interaction between Si and Cu given in Table 2, [44] reported the
existence of Si-Cu clusters besides Si-Mg and Si-Mg-Cu clusters using atom probe tomography,
which manifests that the binding between Si and Cu is rather attractive. This implies that even if
all vacancies bind with Si and Mg (due to their much higher abundance than Cu) and assist these
atoms in forming only Cu-free Si-Mg clusters, the interactions between such complexes and Cu
during diffusion cannot be ignored. As an example, due to the small distance between vacancy-
related defects and solutes in the initial stage of NA, it is highly likely that on their way to
emerging clusters, bare vacancies, V-Si or V-Mg complexes are temporarily trapped by Cu
atoms if there are such in their vicinity. Indeed, this simple effect alone might be small due to the
relatively low Cu content. However, as already mentioned in Section 4.2, each vacancy has to
transport Si and Mg atoms to form clusters repeatedly, which increases its chance to be trapped

by a Cu atom.
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e Formation of Cu-containing clusters

Not only Cu-free Si-Mg clusters but also considerable amounts of Cu-containing ones such as Si-
Cu, Mg-Cu (containing on average 2—-10 atoms) and Si-Mg-Cu (3-10 atoms) have been
identified using atom probe tomography. It has been shown that after 2 h of NA, the number of
clusters containing Cu is comparable to the number of binary Si-Mg clusters [44]. However,
once Cu atoms are incorporated into the clusters, the clustering kinetics would be even slower.
This is because vacancy de-trapping from Si-Mg-Cu clusters could be further retarded due to the
stronger binding between V-Cu than between V-Si and V-Mg. The more Cu atoms are present in
the clusters, the stronger the retardation effect might be. Moreover, V-Cu complexes diffuse only
slowly towards clusters. As a result, smaller but more densely distributed clusters are formed at a
given time due to Cu addition, since each vacancy can only transport few solutes to form clusters
[45]. This coincides with the slightly higher positron lifetime between stages Il and 11l for the
Cu-containing alloys, see Fig. 1a, since it is cluster formation and growth that reduces positron
lifetime during stage Il. Quantitatively, the above proposition is supported by atom probe data
[12], stating that the number density of clusters in Al-0.78Mg-0.68Si-0.30Cu alloy is 1.26 times
higher than in Al-0.78Mg-0.68Si alloy after 1 week of NA (data for shorter NA time is not
available). In another atom probe study, however, cluster number densities (containing at least 10
atoms) in Al-0.51Mg-0.94Si and Al-0.51Mg-0.95Si-0.34Cu alloys are almost identical after 1
week of NA [46]. The author noted that using only Mg and Si as cluster identifiers might account
for the underestimation of the total cluster number density in Al-0.51Mg-0.95Si-0.34Cu alloy, in
which a considerable amount of Cu-containing clusters are formed. In any case, it seems likely
that adding Cu in an Al-Mg-Si alloy will lead to a higher number density of solute clusters

during stage II.

Many authors observed a retarded clustering kinetics caused by Cu during NA. All these results
coincide with our PALS observation. For example, [9] found a reduced rate of NA due to Cu
addition in Al-Mg-Si alloys. Electrical resistivity measurements suggested a reduction of the
migration rate of solute atoms by a factor of 10 due to the presence of Cu [47]. Using the same
A1l and Al11Cu alloys used in this work, [13] reported a monotonic increase of hardness for all
alloys. The increase of hardness is lower in alloy A11Cu than in A1l during the first 850 min of
NA, after which hardness increases to a higher value. The acceleration of clustering during
PALS stage I11 by Cu will be explained in the next section.
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4.5.2 Stage 111 (growth of solute clusters)

The smaller clusters formed in Cu-containing alloys during NA stage Il are more densely
distributed than in the Cu-free ones, in other words, the average distance d between clusters
becomes shorter. When cluster growth set in during the subsequent NA stage Ill, the time t
which is required for Mg atoms to migrate towards the pre-existing solute clusters is shortened to
a certain extent. As an estimation, we assume a factor of 1.26 (as mentioned above) for the
increase in cluster density n. Since the diffusion time t scales with x?, while the average cluster

13 the diffusion time is t~n"". Therefore, the migration time for a Mg

separation x scales with n
atom to reach a cluster will be reduced to 0.86 the original value. Here, one should keep in mind
that the determination of cluster number density and average cluster size by atom probe
tomography can be affected by many factors such as detector efficiency or the cluster
identification algorithm (mostly the maximum separation method). Still, the reduction in time

agrees qualitatively with the observed shortening of stage 11l in Fig. 1 from ~3000 to ~2000 min.

The scenario proposed above that Cu retards the formation of clusters during stage Il but
stimulates their growth during stage 111 is consistent with the hardness evolution in A11/A11Cu
[13], 4-10/4-10Cu and 6022/6111=6022Cu alloys as shown in Fig. 3. However, it has been also
found that the hardness increase of A2Cu [13] and Al-0.4Mg-0.84Si-0.13Cu (at.%) alloys [48]
(both are Si rich) are faster than the corresponding ones without Cu addition throughout NA,
which is different from the observations shown in Fig. 1-3 for Mg rich Al-Mg-Si-Cu and Al-Mg-
Si alloys, particularly the one on the right hand side of Fig. 3 which also deals with a Si-rich
alloy. However, our observation of the Cu effect on clustering kinetics is further supported by a
recent study [46], in which also Si-rich Al-Mg-Si(Cu) alloys were investigated. The idea that the
varying effect of Cu on clustering correlates with the Mg/Si ratio of an alloy cannot be verified

in this work.

4.6 Solute clustering in Ge-containing alloys

The effect of Ge addition on clustering cannot be discussed quantitatively in terms of atomic
jump frequencies due to the lack of knowledge of the corresponding kinetic parameters.
Nevertheless, it is likely that the diffusivity of a solute atom is affected by various factors such as
atomic size, excess valence and solubility in Al [38]. Particularly, the atomic radius of Ge
(1.25 A) is larger than those of both Al (1.18 A) and Si (1.11 A). Thus, it appears plausible that
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the diffusive movement of Ge atoms in the Al matrix is slow. With this assumption, the slowest
ageing kinetics in Al-Mg-Ge alloy (G3) as shown in Fig. 4 can be understood, since Mg (V-Mg)
and Ge (V-Ge) atoms of both alloying elements migrate only slowly in Al. On the contrary,
although the jump frequency of Mg (V-Mg) is low, the rate of clustering in Al-Mg-Si alloys is
none the less much faster, benefiting from the rapid diffusion of Si (V-Si) towards Mg atoms.
The much faster ageing kinetics of alloy GS3 than G3 further implies that at a given Mg content,
Si facilities cluster formation while Ge restrains it. Such an effect has been reported by many
authors, for instance, the retarded NA Kinetics in a Al-10Zn-0.12Ge alloy compared to an alloy
containing an equal amount of Zn and 0.1% Si instead of Ge was clearly observed by measuring
their electrical resistivity evolution at various temperatures (0 °C to 40 °C) after quenching [49].
The compromised kinetics of clustering after partially substituting Si by Ge underlines the

compensation effect between Si and Ge.

The idea mentioned above implies that if a vacancy has a larger binding energy with the
additional solutes (e.g. Ge) than with Si and Mg atoms, the rate of clustering will be retarded due
to a reduced number of vacancies available for assisting diffusion. This particularly applies to
such systems where the added solutes do not interact with the main alloying elements. Although
we cannot unambiguously determine the exact binding energy between a vacancy and a Ge atom,
it has been proposed that there might be a correlation between the vacancy-solute binding energy
and the size of a solute, i.e. strong binding occurs as a rule between a vacancy and a large solute
atom (with possible exceptions such as Mg) [37]. Therefore, a stronger binding between V-Ge
than between V-Si as discussed in Section 4.3 is very likely, owning to the larger atomic radius
of Ge than of Si. Under such circumstances, in analogy to Cu-containing alloys, both effects
together (low mobility of V-Ge complexes and reduced number of vacancies to deliver Si and
Mg as a result of the stronger binding of V-Ge than of V-Si or V-Mg) would lead to the observed

sluggish clustering kinetics in Ge-containing alloys.
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5. Conclusions
The clustering kinetics in Cu and/or Ge-containing Al-Mg-Si alloys was investigated by applying
positron annihilation lifetime spectroscopy and measuring hardness courses. The main findings

are:

e The evolution of positron lifetime during NA follows qualitatively the same pattern for all
the investigated alloys.

e Adding Cu to both AI-Mg-Si and Al-Mg-Ge alloys slows down the formation of solute
clusters in an early stage. In Al-Mg-Si, Cu promotes their subsequent growth in a later stage.

e For alloys with equal Mg contents, Ge notably retards the ageing kinetics compared to Si.
The alloy with the highest Mg and Si content shows the fastest NA kinetics, the alloy with
the highest Ge content the slowest.

e All these effects can be explained by the vacancy-solute binding energies and the jump

frequencies of vacancy-solute complexes.

In conclusion, the key to suppress the detrimental effect of NA on subsequent AA in industrial
Al-Mg-Si alloys lies in controlling the vacancy-assisted diffusion of solute atoms. By adding a
small amount of a proper alloying element such as Cu or Ge, the formation of solute clusters can
be markedly retarded, provided that the binding between these additional solute atoms and
vacancies is strong so that the number of available vacancies for solute diffusion is reduced and
the corresponding jump frequencies are low. This finding is in accordance with the recent
observation that a 40 ppm addition of Sn, which has a very strong binding to vacancies, can

effectively retard NA for a very long time [50].
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