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Enhanced aging kinetics in Al-Mg-Si alloys
by up-quenching
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Precipitation-hardened aluminium alloys typically obtain their strength by forming second-

phase particles, which, however, often have a negative effect on formability. To enable both

lightweight construction and forming of complex parts such as body panels, high strength and

formability are required simultaneously. Cluster hardening is a promising approach to achieve

this. Here, we show that short thermal spikes, denoted as up-quenching, increase aging

kinetics, which we attribute to the repeated process of vacancies being formed at high

temperatures and retained when cooled to lower temperatures. Combined with further heat

treatment, the up-quenching process promotes rapid and extensive cluster formation in Al-

Mg-Si alloys, which in turn generates significant strengthening at industrially relevant heat

treatment time scales. The high elongation values also observed are attributed to reduced

solute depleted zones along grain boundaries.
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A luminium alloys are deployed in a wide field of applica-
tions due to their outstanding mix of properties: tuneable
strength and formability, good corrosion resistance and

machinability, and an advantageous strength-to-weight ratio1.
Precipitation hardening, discovered by accident in the early 20th
century2,3, is considered to be one of aluminium alloys’ most
important strengthening mechanisms and has long been the focus
of intensive development. However, this often involves a trade-off
between strength and formability because conventional (often
isothermal) heat treatment strategies generate ductility-reducing
precipitate free zones4 and coarse, unevenly distributed
precipitates5–7.

Clusters can also form in aluminium alloys during aging at low to
medium temperatures. In contrast to conventional precipitates (θ/S-
phase and its precursors in Al–Cu(–Mg) alloys; β-phase and its
precursors in Al–Mg–Si alloys; or η-phase and its precursors in
Al–Zn(–Mg) alloys), clusters are defined by Dumitraschkewitz
et al.8 as local aggregation of alloying atoms without a detectable
structure or ordering, and we use that definition here. Clusters form
from the super-saturated solid solution created through accelerated
diffusion brought about by an excess of vacancies at low tempera-
tures, leading to a decrease in the overall Gibbs free energy. How-
ever, they are only stable up to certain temperatures (for example,
the solvus temperature of Mg,Si-co-clusters formed at room tem-
perature is around 170 °C in the Al–Mg–Si alloy EN AW-60169),
which limits any further increase in reaction kinetics. The details of
strengthening via clusters are not yet fully clear, but some models
link the effect to order or configurational strengthening10 and to
modulus hardening11, as demonstrated by Starink et al.9,12 for both
2xxx and 6xxx Al alloys. It has also been reported that clusters can
even show a greater increase in strength per unit volume fraction
than the β″-precipitates in Al–Mg–Si alloys, which are typically
formed due to artificial aging13,14. However, when materials are
subjected to conventional aging procedures, cluster hardening,
because of clusters’ lower volume fraction, does not generate the
high strength levels possible via precipitation formation. The
important point here is that some aluminium alloys strengthened
by clusters have primarily shown enhanced ductility at strength
values comparable to those of classical artificial aging schemes. One
explanation for this behaviour seen in literature is that reparti-
tioning of solutes into the matrix takes place during deformation,
with no negative effect on strain hardening15,16. Another possibility
may be reduced precipitate free zones alongside grain boundaries in
materials strengthened by clusters formed at low temperatures.
Precipitate-free zones can reduce the ductility of precipitation-
hardened materials, as strain accumulates in these soft regions and
accelerates material failure4. The low aging temperatures necessary
for the formation of clusters curtail the formation of precipitation
free zones (PFZs), which can be considered a positive side effect17.
Recently, it has also been shown that extensive cluster formation
promoted by excess vacancies leads to a strengthening of otherwise
weak precipitate-free zones along grain boundaries18.

To promote extensive cluster formation for the purpose of
generating strong strengthening, two processing options can be
applied: (i) very long-term medium-temperature aging; and (ii)
cyclic deformation after quenching.

When aged at 100 °C for 25 days, an Al–Mg–Si alloy shows a
high yield strength which is comparable to that after conventional
artificial aging, as shown by Takata et al.16. However, in com-
parison to standard aging there is an increase in elongation,
which in Takata’s study was attributed to a suppression of
dynamic recovery during deformation and a modified dislocation
distribution. Several authors19–21 have also studied the effect of a
two-step heat treatment where initial artificial aging was inter-
rupted and then continued for long periods at a lower tempera-
ture (65 °C). This causes two different classes of phases/clusters/

GP-zones (depending on the alloy system) to form, generating
increased strength with no negative effects on ductility. In these
studies, this is linked to an increased number of clusters forming
at lower temperatures, as the main part of the bimodal
distribution19–21. However, all of these heat treatments take
several days or weeks.

The second way to produce a microstructure based on clusters
which enables favourable combinations of strength and ductility
is cyclic deformation of super-saturated age-hardenable
alloys17,22–24. Cyclic deformation of aluminium alloys is thought
to increase the excess vacancy concentration and thus to enable
diffusion of solutes for cluster formation at room temperature17.

The two processing routes discussed above illustrate that
strengthening at low temperature to promote the formation of
clusters can generate interesting properties. Although cyclic
plasticity is a new and promising approach, to the best of the
authors’ knowledge no large-scale industrial application has so far
been reported. Long-term annealing at low temperatures, known
about for some time19, has not yet attracted much attention in the
industry, possibly due to investment in long-term heat
treatments.

In this study, we describe a comparable fast heat treatment
strategy that combines high strength and ductility. A combination
of up-quenching (rapid heating combined with water quenching)
and medium-temperature annealing purposes to form vacancies
at high temperatures and retain them when cooled to lower
temperatures suitable for cluster formation.

The following questions initially need to be addressed regard-
ing the concept of up-quenching: (i) At what rate and to what
extent do thermal vacancies form during up-quenching? (ii)
What structural changes are caused by up-quenching if applied
after an initial medium-temperature pre-annealing step? (iii)
How does initial pre-annealing affect up-quenching’s effective-
ness? To answer these questions, in this study we illustrate and
experimentally validate suitable process parameters for the design
of an alternative processing route. Finally, we present a much
quicker route to extensive cluster formation than seen in con-
ventional aging treatments of aluminium alloys, leading to an
improvement in strength with limited loss of ductility.

Results
Simulation-assisted design of vacancy-tuned aging treatments
using up-quenching. To estimate how vacancy concentration
develops during up-quenching and thereafter, thermo-kinetic
simulations were conducted with the MatCalc 6.00 software
package (further details on this simulation tool are found in the
‘Methods’ section)25. To calculate the equilibrium and non-
equilibrium vacancy concentration the input of the following
parameters was required: (i) the heating rate; (ii) the average
grain size present; and (iii) the dislocation density (assumption
10−11 m−2 with a jog fraction of 0.02). Figure 1a shows the
temperature profile of the aluminium sheets upon insertion into a
metal bath (Bi57Sn43) at 250 °C. Reaching the target temperature
takes roughly 2 s (after 1 s, a temperature of 215 °C is reached).
From this an average heating rate of 130 K/s was calculated.
Optical microscopy revealed an average grain size of about 50 μm
(Fig. 1b). At 250 °C, as an example, it is calculated that a con-
siderable number of vacancies (non-equilibrium) close to equili-
brium will be formed after 10 s at designated sources—grain
boundaries and dislocation jogs—and that the material will be
equilibrated after ~15 s (Fig. 1c). Because up-quenching is per-
formed after pre-annealing at 100 °C, the vacancy density equals
the equilibrium value from 100 °C at the start of up-quenching.
Due to heat transfer, the non-equilibrium vacancy density starts
to increase only after 1 s. Figure 1d illustrates the combined heat
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treatment developed. Solution annealing at 540 °C and water
quenching are followed by pre-annealing at 100 °C, the aim being
the formation of clusters (analogous to long-term aging at 100 °C)
before the first up-quench is applied at 250 °C/205 °C. After each
up-quenching step, intermediate annealing at 100 °C is carried
out to deploy the increased vacancy density for continued cluster
formation. A list of all time-temperature combinations applied
can be found in the supplementary information (Supplementary
Table 1).

Evaluation of the impact and effectiveness of up-quenching.
Figure 2 shows the response of a commercial Al–Mg–Si shee-
t alloy pre-annealed at 100 °C for 1–18 h, followed by one up-
quenching step at 250 °C (for the processing route see the solid
line in Fig. 1d). As expected, at increasing pre-annealing duration
the material exhibits increasing hardness values ranging from 72
Brinell hardness (HBW) (1 h) to 91 HBW (18 h). We attribute
this to increased cluster formation (for interpretation details see
the ‘Discussion’ section). When up-quenching at 250 °C is applied
after pre-annealing at 100 °C, the hardness drops rapidly during
the first seconds of up-quenching (region I), which we associate
with a (partial) dissolution of initially formed clusters. However,
there is still a significant gap between the hardness values after
up-quenching and the values before pre-annealing is applied
(“As-Quenched” in Fig. 2), implying an incomplete dissolution of
clusters. For the longest up-quenching period examined (30 s) the
hardness starts to increase again due to the formation of new
hardening phases (region III). Region II is therefore characterized
by an ambivalent process of cluster dissolution (predominantly
seen in region I) and precipitation processes, which dominate in
region III.

Figure 2 demonstrates that clusters dissolve rapidly (starting at
1 s) though only partially when subjected to up-quenching at
250 °C in pre-annealed alloys. The calculations in Fig. 1c suggest
that the timescale for vacancies to be generated near the
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equilibrium value is longer. To prove this for our alloy system, we
tested the effectiveness of up-quenching treatments using natural
aging, i.e. clustering at RT, as a marker for the vacancy content.
Excess vacancies due to quenching from high temperatures, i.e.
up-quenching, in addition to the necessary super-saturated
solutes are well known as the driver of natural aging during RT
storage17,26–31. For this reason, the hardness evolution of up-
quenched samples upon natural aging was utilized to evaluate the
potency of up-quenching. It is therefore assumed that the natural
aging kinetics and the resulting hardness increase correlate with
the vacancy density achieved at the up-quenching temperature
(compare to Fig. 1c).

Figure 3a–d shows the natural aging behaviour of samples
treated by pre-annealing at 100 °C and one up-quenching step at
250 °C. The solid lines represent the hardness increment of
these combinations after one week of room temperature storage
(natural aging). For comparison, the hatched lines depict the
drop in hardness caused by up-quenching (depicted as an
absolute value) starting from the pre-annealed hardness (values
from Fig. 2). These values are assumed to be proportional to a
(partial) dissolution due to the high annealing temperature and
should thus allow an assessment of the freshly released quantity
of dissolved solutes that are additionally available for natural
aging.

In Fig. 3a–c (1–6 h of pre-annealing), an increase in natural
aging is observed upon an increase in the dwell time of up-
quenching. This behaviour is delayed if the pre-annealing time is

extended. In general, we attribute this increased natural aging
response when durations of up-quenching are increased to an
increase in vacancy concentration, as predicted by the simulations
in Fig. 1c. In contrast, up-quenching applied after 18 h of pre-
annealing (Fig. 3d) prompts virtually no natural aging response.
Potential explanations for this behaviour are given in the
discussion.

Integration of up-quenching into multi-step heat treatment.
With this information on the effectiveness of up-quenching
especially after 1 and 3 h of pre-annealing (Fig. 3), we can now
design treatments for enhanced cluster hardening which effec-
tively involve a combination of high-temperature kinetics with
low-temperature thermodynamics during intermediate annealing
at 100 °C. For individual up-quenching parameters, two facts are
important. On the one hand, up-quenching has to last long
enough for vacancies to form sufficiently at high temperatures.
The simulations from Fig. 1c, verified by experimental results in
Fig. 3, indicate that for 250 °C roughly nine to twelve seconds
seem adequate. On the other hand, up-quenching itself should
not generate precipitation processes or a complete dissolution of
previously formed clusters. A duration limit of 15 s seems sui-
table, as the hardness does not change much after a drop at the
beginning of up-quenching (Fig. 2). For this reason, we chose 12 s
at 250 °C as optimal. If the up-quenching temperature is lower
(<250 °C), longer times must be selected, and vice versa.
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During up-quenching it is desirable to repeatedly pump down
thermal vacancies from elevated temperatures to accelerate clustering
during annealing at 100 °C, which can generate the desired increase
in strength without reduced elongation. We tested several combina-
tions of pre-annealing and intermediate annealing (tinter), as shown in
Fig. 4a (according to the heat treatment scheme in Fig. 1d, solid+
dashed line). Three hours of initial pre-annealing aims to fully exploit
the beneficial state of high solute supersaturation and high excess
vacancy density after quenching. Supplementary Fig. 1a indicates that
a minimum of 1 h is needed before most of the quenched-in
vacancies after solution annealing annihilate. This does not take into
account formed clusters as traps in the simulation, which would
further increase this time. Pre-annealing is followed by up-quenching
(12 s at 250 °C). Then intermediate annealing takes place after each
up-quench for 15min to 2 h (tinter, 100 °C). Supplementary Fig. 1b
shows that excess vacancies are present for about 60min after up-
quenching during annealing at 100 °C, again without considering
vacancies being trapped by clusters. The x-axis in Fig. 4a describes
the total time during which the samples are annealed at 100 °C (pre-
annealing-time+ tinter). Hardness increases slowly with time with
pre-annealing at 100 °C only (black line). A combination with up-
quenching generates accelerated hardening, which we associate
primarily with faster cluster formation at 100 °C. Data from further
parameter combinations, showing similar hardness evolution, can be
found in the supplementary material (Supplementary Fig. 2).

Figure 4b depicts the hardness evolution step by step during
the combined heat treatment. While Fig. 2 and the first green data
point in Fig. 4b after 1 h of accumulated annealing time show
clearly that hardness decreases after pre-annealing due to up-
quenching at 250 °C, different characteristics are revealed during

subsequent up-quenches. Hardness increases not only during
intermediate annealing, but also during up-quenching itself
starting from the second up-quenching cycle. It is obvious that
during intermediate annealing at 100 °C, hardness increases in
total (20 HBW) by double the amount generated by mere pre-
annealing (9 HBW) over the same period of 1–5 h. This clearly
demonstrates the positive effect that up-quenching has on aging
kinetics at 100 °C. Nevertheless, any further up-quenches after the
first also themselves contribute, in an increasing manner, to the
total hardness increase (for 4 up-quenching cycles the contribu-
tion is 16 HBW in total). In summary, accelerating hardening
depends on how many times up-quenching is repeated, in other
words, on the pumping of vacancies into the super-saturated solid
solution. Yet it seems that there is a threshold to the number of
beneficial up-quenching cycles.

As mentioned in the introduction, it has been shown that very
long—and potentially economically less attractive—aging times at
100 °C generate an exceptionally good combination of strength
and ductility in 6xxx-alloys16. In this study, we repeated this
procedure using a 6xxx-alloy and evaluated possible up-
quenching strategies to shorten the aging times required to reach
sufficient strength.

Figure 5a shows stress–strain curves for two different heat
treatments. The hatched line represents a sample that was
annealed only at 100 °C for 168 h. Such long-term annealing
generates a yield strength of 220MPa with still-high elongation to
fracture (28°%) corresponding to the beneficial structure
formed9,12. The resulting parameter pair was then used as a test
case to investigate whether our strategy can be used to produce
the desirable material state within reasonable time scales.
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From the combinations tested in Fig. 4 and Supplementary
Fig. 2 using 250 °C as the up-quenching temperature, various heat
treatment states were picked for tensile testing. The combination
showing the highest elongation is depicted in Fig. 5a as an
example. It consists of four up-quenches to 250 °C with 3 h
of pre-annealing and 1 h of intermediate annealing (in total 7 h;
this heat treatment is denoted in the following as UQ250),
and generates a yield strength of 200MPa (Fig. 5a). However,
compared to our test case involving long-term annealing at 100 °
C the fracture elongation is significantly lower, and the good
combination seen in the material annealed at long-term
medium temperatures is not reached when up-quenching to
250 °C is applied. While the high up-quenching temperature of
250 °C is optimal for creating thermal vacancies, high tempera-
tures may create wider precipitate-free zones, decreasing
ductility32,33. Scanning transmission electron microscopy (STEM)
results, shown in Fig. 5b, revealed a precipitate-free zone width

of 34 ± 3 nm next to the grain boundary after UQ250. The first
shot treatment using 250 °C as the up-quenching temperature
also transformed some clusters into metastable precipitates,
which reduces the benefits of cluster hardening (see also the
BF-TEM image in Supplementary Fig. 3a).

Adjustment of up-quenching parameters for enhanced ducti-
lity. For this reason, we decided to investigate a similar treatment
(with the same pre-annealing and tinter), but with a reduced up-
quenching temperature of 205 °C. Our intention was to mitigate
these negative effects while still generating a vacancy concentra-
tion that is two orders of magnitude higher than when annealing
only at 100 °C. According to our simulations, for the alloy we
used 45 s are enough to achieve a vacancy concentration near-
equilibrium density at 205 °C (see Supplementary Fig. 4a for more
details). Here, in contrast to 250 °C, hardness increases even
during the first up-quench, as depicted in Supplementary Fig. 4b
and Fig. 6. This implies that clusters formed at 100 °C do not
dissolve at 205 °C. Similarly to UQ250, every subsequent up-
quench at 205 °C also increases hardness, but in addition
increases hardness during subsequent intermediate annealing at
100 °C (see Fig. 6). Because the vacancy generation at 205 °C is
not as extensive as that at 250 °C, hardening during intermediate
annealing is reduced if we compare Fig. 4b with Fig. 6, but the
concept still applies.

Taking another look at tensile testing, up-quenching treatment
at 205 °C (denoted as UQ205 in the following; 4 up-quenches to
205 °C with 3 h of pre-annealing and 1 h of intermediate
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differently coloured arrows). Due to the decreased up-quenching-
temperature of 205 °C, hardness increases due to each up-quenching
(orange arrows, 11 HBW). However, compared to sole pre-annealing (blue
arrow, 5 HBW), up-quenching causes increased hardening during the
subsequent intermediate annealing steps (green arrows, 11 HBW). “PA”
stands for pre-annealing. The error bars for each hardness measurement
were determined from at least five hardness indents and represent one
standard deviation.
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annealing, in total 7 h) now shows results as good as those
achieved after 168 h of long-term medium-temperature annealing
treatment (Fig. 7a). This accounts for only four percent of the
time needed without up-quenching. Figure 7b also reveals a
decrease in the solute depleted zone around the grain boundary to
15 ± 3 nm compared to UQ250 (Fig. 5b).

To obtain concise evidence on the microstructure of the
UQ205 sample (blue curve in Fig. 7a), we used atom probe
tomography (APT) (Fig. 7c–f). For comparison, APT was also

applied to the long-term (168 h) annealed sample (dashed orange
curve in Fig. 7a). The solutes (Mg, Si and Cu) incorporated in
clusters are depicted in Fig. 7c for UQ205 and in Fig. 7d for long-
term annealing. Each cluster is represented in a different colour.
In both samples, the clusters are evenly distributed throughout
the volume shown. Consequently, the cluster number densities
for UQ205 (2.55 × 1024 m−3) and for long-term annealing
(2.48 × 1024 m−3) are comparable. The degree of solutes in
clusters is high and is nearly the same for both samples (see
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Fig. 7 Stress–strain curves resulting from up-quenching strategy UQ205 plus long-term annealing and corresponding microstructure. a Stress–strain
diagram. b LAADF-STEM micrograph of a representative grain boundary for UQ205 (the scale bar corresponds to 150 nm). c, d Depiction of all solutes that
are incorporated into clusters in an equally large cylinder cut from the whole sample volume for UQ205 (c) and for long-term annealing (d) measured via
APT (the scale bar corresponds to 30 nm for (c) and (d)). e Size of clusters (Guinier radius) in relation to the Mg-content of each cluster from APT.
f Spatial position analysis of solute atoms from APT. Up-quenching at adequate temperate (205 °C) accelerates cluster hardening and, within 7 h,
generates mechanical properties and microstructure comparable to those produced by long-term annealing at 100 °C for 168 h. “PA” stands for pre-
annealing. Error bar boundaries are calculated using the mean value of the randomized radial distribution function and its standard deviation (for further
information please see ref. 35).
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Table 1: fraction of solutes in clusters). The Mg- and Si-content of
all clusters in relation to their respective Guinier radii is plotted in
Fig. 7e. Every dot stands for one measured cluster (note that the
total number of atoms measured via APT was different, which
explains the higher number of blue data points in Fig. 7e). For
both treatments the majority of clusters can be found in the
middle of the diagram, indicating an Mg-share of between 0.33
and 0.66, which is characteristic of clusters formed at around
100 °C8,34. The largest share is seen at small sizes (median of all
clusters: 1.7 nm for UQ205, 1.6 nm for long-term annealing), and
there is no big discrepancy in the average Mg composition of all
clusters detected. Figure 7f represents the ratio of the cumulative
sums of the radial distribution for all possible Mg–Si interactions
in relation to a simulated randomized distribution. Hence every
value above 1 indicates clustering (see ref. 35 for more details on
this method). In this respect, strong interactions are present for
all combinations tested (Mg–Mg, Mg–Si, Si–Mg and Si–Si)
indicating cluster formation (deviations in the individual RDF
ratios are primarily attributed to the total solute content of Mg

and Si). The important fact is that these RDF plots reveal no
discrepancy between the heat treatment UQ205 and long-term
annealing. These results strongly support our expectation of
accelerated cluster formation after up-quenching at 205 °C,
generating an outcome similar to that of long-term annealing;
see the tensile testing results in Fig. 7a.

Comparison of the combined heat treatment to conventional
aging parameters. Figure 8, finally, presents an elongation-tensile
strength chart for various heat treatments applied to the Al–Mg–Si
alloy examined here. In the chart we compare conditions such
as industrially common pre-aging (5 h, 100 °C) and long-term
annealing with/without a paint-bake simulation (185 °C, 20min),
and direct artificial aging to T6 at the applied up-quenching
temperatures, to the results from up-quenching (UQ250 and
UQ205). We also added a paint bake to UQ205. As discussed
above, UQ250 shows insufficient elongation. Direct artificial aging
to T6 at 205 and 250 °C results in good strength, but relatively low
elongation. The industrially common pre-aged and paint-baked
condition performs well, but long-term annealing and especially
UQ205 show significantly higher strength values at only slightly
reduced elongation. A paint bake of UQ205 further increases
strength at the expense of elongation, but the combination is still
interesting.

Discussion
Pre-annealing and up-quenching have a major impact on hard-
ness evolution through cluster formation and dissolution. This
result is discussed below and put into context in terms of the
existing literature.

After solution annealing and quenching, pre-annealing leads to
increasing hardness values due to increasing numbers of
clusters14, as seen in Fig. 2. After this, up-quenching at 250 °C
causes a lowering of the hardness values, probably because the
temperature is above the solvus temperature of clusters9,36. After
this initial drop, hardness keeps stagnating significantly above the
low as-quenched value, which indicates either that complete
dissolution of clusters does not occur, or that hardness is already
being generated by cluster growth or by the formation of meta-
stable elongated precipitates. An incomplete dissolution of clus-
ters formed at RT after a short heat treatment at 250 °C was also
seen elsewhere37,38, but those results indicate that clusters formed
at room temperature dissolve to a larger extent at 250 °C, i.e.
hardness can drop almost down to the start value. Thus, it seems
that clusters formed at higher temperatures (100 °C) are ther-
mally more stable or transform more easily into other hardening
phases at 250 °C. At the longest up-quenching times examined in
Fig. 2 (t > 15 s) an increase in hardness is seen, which we associate
with a transformation of clusters predominantly into metastable
strengthening phases, or individual nucleation of the latter39.
Typically, a vast transformation of clusters formed during
industrially applied pre-aging treatments at around 100 °C into

Table 1 Chemical analysis of the matrix and clusters found via APT.

(atom-%) Up-Quenching (UQ205) Long-term 168 h (100 °C)

Cu Mg Si Cu Mg Si

Overall composition 0.068 0.733 1.148 0.081 0.621 1.066
Cluster composition 0.162 15.676 15.878 0.207 13.929 16.532
Matrix composition without clusters 0.067 0.536 0.954 0.080 0.422 0.835
Fraction of solutes in clusters (%) 3.1 27.8 18.0 3.7 33.0 22.8

Chemical characteristics of clusters and matrix for UQ205 and long-term annealing measured by APT.
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Fig. 8 Comparison of elongation vs. yield strength of the Al–Mg–Si alloy
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°C generates low elongation values, and UQ250 shows an insufficient
combination of low elongation and low strength. Of all the specimens
primarily strengthened at 100 °C (ind. 5 h pre-annealing, long-term
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other metastable phases like β″ takes place during artificial aging
around 180 °C40.

Natural aging behaviour after a single up-quench shows dif-
ferent hardness evolutions, depending on both the prior pre-
annealing time and the up-quenching duration itself (Fig. 3).
Generally, after 1–6 h of pre-annealing (Fig. 3a–c) increasing
dwell times for up-quenching lead to an increase in natural aging
(as also seen in our previous work41). Taking the simulations
from Fig. 1c into consideration, longer up-quenching ≥10 is
thought to generate a considerable number of vacancies near the
equilibrium value. The saturation of the natural aging value at
10–15 s also accords with the time predicted for reaching the
equilibrium vacancy concentration. However, the situation
observed is very complex due to unclear dislocation character-
istics and an interaction of clusters with vacancies, which is not
considered in the simulations. Consequently the results of
simulations must be approached with some caution.

In addition to the general trend mentioned above, Fig. 3a
inspires two major observations. First, the hardness generated
upon natural aging after pre-annealing and up-quenching is twice
as high as what we can expect from the solutes released by dis-
solving clusters only. This indicates only a minor reduction of
supersaturation after short pre-annealing (as also seen
elsewhere42,43) and significant vacancy generation upon up-
quenching, boosting natural aging. The growth of clusters that
survive up-quenching during natural aging may also generate a
strong increase in hardness, as it has been shown that the growth
of clusters has a greater influence on the increase in hardness than
does an increase in the number density during the natural aging
process44.

Second, a natural aging response directly follows a one-second
up-quench for the one sample which was pre-annealed for 1 h
only. Due to heating (after 1 s of up-quenching 215 °C is reached),
only a low number of thermal equilibrium vacancies form in the
shortest time investigated (see also simulations in Fig. 1c). One
reason for the distinct natural aging here might be a release of
vacancies from clusters formed after 1 h of pre-annealing at
100 °C. It is known that vacancies play a crucial role in the for-
mation of clusters by assisting the diffusion of solutes28. Once
formed, vacancies are thought to be incorporated into clusters
due to a compensation of strain energy45 or attractive
binding32,46. However, recent investigations indicate that no or
only a minor number of vacancies (below the equilibrium
vacancy density of 250 °C) are released if a 250 °C-spike is applied
after 2 weeks of natural aging37. Thus a vacancy release from
clusters presents an interesting approach which cannot, however,
be proven here. The high supersaturation which still remains after
1 h of pre-annealing is considered a further reason for the
boosting of the natural aging response observed here.

In contrast, Fig. 3b and c shows that such very brief up-
quenching does not promote natural aging, although clusters
from pre-annealing dissolve (hatched line is above the solid one
for short up-quenching durations). Instead, the timescale for
vacancy formation simulated in Fig. 1c is observed in the natural
aging response. We thus suggest that pre-annealing at 100 °C may
produce different types of clustering state as the annealing time
increases, i.e. clusters both with and without incorporated
vacancies. According to our experimental data it takes roughly
3–6 h for clusters to shed vacancies upon pre-annealing at 100 °C,
which corresponds to pure annihilation of excess vacancies at
100 °C after solution annealing at 540 °C (around 3 h according to
the FSAK model; see Supplementary Fig. 1a).

It can be seen that increasing the duration of pre-annealing
decreases the maximum hardness increment achieved via natural
aging. This effect may have two causes: (i) a reduced remaining
solute supersaturation; or (ii) more developed clusters (indicated

by increased hardness values after longer pre-annealing; see
Fig. 2). It has been shown that even after 24 h of aging at 90 °C,
large amounts of Si and Mg remain in solid solution26. Moreover,
from cyclic deformation, causing a continuous supply of vacan-
cies, it is known that cluster formation continues until a T6-like
strength is reached even at room temperature. Thus option (i) is
less likely. Interestingly, the maximum absolute drop in hardness
immediately after up-quenching is in the range of 8–13 HBW for
all pre-annealing times (see hatched lines in Fig. 3), although
hardness rises by 19 HBW going from 1 to 18 h of pre-annealing.
Accordingly, the number of undissolved, surviving clusters
increases after up-quenching at longer pre-annealing-times.
According to Zurob and Seyedrezai28, an increased trap strength
of clusters is favoured by enlarged cluster sizes and greater
number density. Hence, clusters after long pre-annealing may
decrease the mobility of vacancies created via up-quenching at
RT, slowing down the NA response. However, the available
experimental data allow only indirect conclusions about the
incorporation of vacancies in clusters. Nevertheless, the results
from hardness testing enable an interpretation of the formation of
clusters at elevated temperatures, as typically used for pre-aging
treatments41,47.

During the course of the combined heat treatment, various
hardness changes are observed due to the application of an up-
quench. Whereas the first up-quench at 250 °C leads to a small
hardness decrease (Figs. 2 and 4b), every subsequent up-quench
leads to hardening itself. Here, increasing cluster growth during
up-quenching or the formation of metastable, coarse phases seem
plausible. In contrast, up-quenching at 205 °C never leads to any
hardness decrease (Supplementary Fig. 4b and Fig. 6), indicating
no cluster dissolution. It seems that clusters tend rather to grow
from the first up-quench onwards, which was also reported by
Serizawa et al.48 to happen at 180 °C. In this respect, a decreased
dissolution tendency is also seen for clusters formed at RT when
reducing the annealing temperature from 250 to 210 °C38, simi-
larly to our case.

Besides the formation of coarse metastable precipitates
(Fig. 5b and Supplementary Fig. 3a) due to up-quenching at
high temperatures such as 250 °C, the formation of PFZs may
also mitigate the benefits of this heat treatment concept. It has
been shown that aging at low temperatures generates very
narrow PFZs, causing preferential material behaviour that
involves high strength and high elongation32,33. If we compare
the widths of the solute depleted zones of UQ250 (34 nm) to
UQ205 (15 nm), worse mechanical properties for the 250 °C
up-quenching procedure (Figs. 5a and 7a) can be attributed to
this, although both up-quenching treatments show typical
widths compared to standard artificial aging procedures
(20–35 nm after water quenching and aging at 190 °C to T6,
AA615649). This shows that 4 × 12 s of aging at 250 °C (4 ×
up-quenching) are enough to cause the microstructure to dete-
riorate to such an extent that this cannot be ameliorated by aging
again at 100 °C, which should hinder the formation of PFZs. In
this context it is surprising that a fresh supply of vacancies, which
are thought to be primarily formed at grain boundaries, due to up-
quenching does not inevitably help to suppress the formation of
PFZs. However, a reduced up-quenching temperature successfully
limits PFZ formation and enables extensive cluster formation,
improving strength with limited loss of ductility (Fig. 7).

In conclusion, our experimental results largely support the
theoretical concept proposed for repeatedly pumping vacancies to
a super-saturated alloy via up-quenching. By this means we were
able to accelerate diffusion-controlled reactions at medium tem-
peratures (such as 100 °C) and enable transformations which
are not usually accessible at feasible time scales. In this study the
concept was applied to a commercial Al–Mg–Si alloy to generate
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cluster hardening, which is a promising strengthening strategy
but unfortunately shows slow kinetics when common isothermal
heat treatments are used. Here we successfully demonstrated such
a strategy at much shorter time scales. The required processing
time was reduced by 96% compared to the known long-term
annealing procedure for generating distinct cluster hardening,
while it still achieved a similar favourable strength/ductility
combination in a comparable microstructure, down to the
nanometre scale.

Extending the up-quenching strategy to various other types of
alloy from the important Al–Mg–Si class seems straightforward,
because determining process parameters such as temperature and
soaking times can be roughly simulated using thermo-kinetic
calculations. In terms of industrial application, however, it is
essential to consider that the adjustable boundary conditions
(temperature, time, heating and cooling rate) are not the only
factors which alter the effectiveness of the treatment. The grain
size of the alloy used, which strongly determines the amount of
vacancy generation sites, theoretically has a massive influence;
this is demonstrated in Supplementary Fig. 5. In addition to grain
size, other microstructural elements also control vacancy gen-
eration kinetics (interfaces/free surfaces such as incoherent
particles50,51) and need to be taken into account when designing
the heat treatment. The potential to adjust parameters, coupled
with the fact that the required technical equipment (i.e. infrared
heaters and quenching bars) is already in use in the commercial
production of aluminium sheets, mean that large-scale industrial
application seems feasible. Moreover, in thin automotive sheets
rather small thermal gradients are expected during up-quenching,
due to the high thermal conductivity of aluminium1.

Regarding the interaction of clusters with vacancies, the results
available (especially from hardness testing) indicate an interaction
and varying behaviour depending on the heat treatment applied.
Because the focus of this study was to investigate appropriate
process parameters for our up-quenching concept, a more in-
depth discussion would require more experimental data, probably
from applying further characterization methods such as PALS,
DSC or electrical resistivity measurements to pure ternary sys-
tems. Nevertheless, we are assured that our indirect interpreta-
tions can initiate further investigations and contribute to the
long-standing academic discussion of cluster development in the
field of Al–Mg–Si alloys37,52. Finally, the study again demon-
strates the complexity and potential involved in manipulating
such systems.

To end, because cluster hardening time scales can be
manipulated, up-quenching strategies may also be applicable to
other types of commercial aluminium alloy. In general, the solute
clustering process is not usually limited by the supersaturation of
solutes, but gets kinetically stuck when excess vacancies are
annihilated27 or bound in metastable structures or clusters28,53.
The repeated transfer of vacancies to such systems by up-
quenching may boost the technological importance of and
research in this field. Because kinetics is rendered “transferable”
from one region to another, up-quenching broadens the range of
possibilities. It facilitates a rearrangement of time-temperature-
transition diagrams, and offers a further degree of freedom for
any alloy featuring phase transitions controlled by substitutional
diffusion, thus circumventing previous limitations on kinetics.

Methods
Material and experimental method. Commercial Al–Mg–Si sheets (Al-0.65Mg-
1.16Si-0.17Cu, wt%) of 1.7-mm thickness in cold rolled condition were used as
material. All heat treatments applied started with solution annealing (circulation
air furnace, Nabertherm N60/85 SHA) at 540 °C for 20 min. After water quenching,
the samples were transferred immediately to an oil bath (Lauda Proline P26) at
100 °C for pre-annealing for durations of between 15 min and 18 h. Afterwards,
depending on the desired parameter combinations, different numbers of up-

quenching repetitions (1–30 s, 205/250 °C) were conducted in a metal bath con-
sisting of Bi57Sn43 to ensure fast heat transfer. The temperature was controlled by
means of a Pt100 thermocouple inserted directly into the liquid metal bath. After
each up-quench the samples were annealed in an oil bath at 100 °C for between 15
min and 2 h (intermediate annealing). Each single processing step concluded with
water quenching. A schematic illustration is found in Fig. 1d. Supplementary
Table 1 lists all processing parameters applied in each individual figure.

Mechanical testing. An EMCO-Test M4 device was used (HBW 2.5/62.5)
for hardness testing. Five individual indents were made for one hardness value.
A maximum standard deviation of 2 HBW was undershot. Uniaxial tensile
testing was performed on a testing machine (Zwick/Roell) with a 50 kN load
cell. Specimens were tested transverse to rolling direction with a gauge length of 45
mm. Three individual specimens were tested to derive one set of mechanical
parameters.

Grain size evaluation. Optical microscopy (Zeiss Axio Imager M1m) was
deployed for grain size evaluation (line intersection method). Optical micrographs
of the alloy, etched with Barker’s solution, were examined using polarized light.

Transmission electron microscopy (TEM). LAADF-STEM and BF-TEM mea-
surements were performed using a Thermo ScientificTM Talos F200X G2. 200 kV
was the acceleration voltage. In all, 3-mm disc specimens were prepared via a
standard route which consisted of grinding and electrolytic polishing with HNO3

in methanol (1:3) at −20 °C and 15 V. A minimum of 13 grain boundaries were
evaluated for both samples to analyze the PFZs.

Atom probe tomography (APT) sample preparation and measurement. Blanks
(0.7 × 0.7 × 20 mm3) were cut from undeformed parts of tensile testing specimens
(UQ205; long-term annealing at 100 °C). Two-step electro-polishing was applied
for sample production (first step 25% HNO3 in methanol and second step 2%
HClO4 in 2-butoxyethanol). The samples were run in voltage mode with a pulse
fraction of 20%, a frequency of 200 kHz and a detection rate of 1% at a temperature
of 30 K on a LEAP 3000 X HR. The number of atoms detected was 20 × 106 for the
UQ205 sample and 2.6 × 106 for the long-term annealed sample.

APT data analysis. The 24Mg2+, 25Mg2+, 26Mg2+; 28Si2+, 29Si2+, 30Si2+; 24Mg+,
25Mg+, 26Mg+; and 63Cu+, 65Cu+ peaks were used for APT solute analysis. The
reconstruction was created by calibrating the field factor kf with the interlayer
spacing observed and the image compression factor with the angles of chosen
poles54 observed within the commercial programme IVAS 3.6.12.

The cluster search was executed based on a threshold density calculated via
Voronoi volume55 for Mg and Si atoms as core atoms. The surface of a cluster was
identified by the built-in MATLABTM “alphaShape” function with the Mg and Si
atoms identified from the cluster search. All the atoms of a cluster, i.e. also the non-
core atoms, were identified by finding atoms which are located within a surface
defined for each cluster by the built-in “inHull”56 function. Based on all the atomic
positions found for each cluster, the Guinier radius was calculated according to
Eqs. (1) and (2)57.

s ¼ Meanð½xi; yi; zi�Þ ð1Þ

rG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

5
3
ð∑
i
ðxi � sxÞ2 þ ðyi � syÞ2 þ ðzi � syÞ2Þ

r

ð2Þ

Al, AlH1 and AlH2 are counted as Al; only Cu, Mg and Si atoms are counted for
composition calculation.

The formalism described in refs. 35,58 was used for the radial distribution
function analysis. The ratio of the experimental to a random comparator radial
distribution function, in cumulative summed form, was used as a measure for non-
randomness, e.g. clustering, of the spatial distribution of solute elements. Pair
interactions (X–Y) are labelled such that X represents the solute atoms searched for
(target) in the vicinity of Y solute atoms. Physically meaningless values for a radius
below 0.28 are neglected, but information is still preserved due to use of the
cumulative form.

For an overview of the clusters detected, a cylindrical volume (40 × 40 × 40 nm)
of the whole datasets was used for UQ205 (Fig. 7c) and for long-term annealing
(Fig. 7d). The Guinier radius over the Mg-composition scatter plot in Fig. 7e was
calculated for all clusters detected. The RDF calculations in Fig. 7f were performed
using cylindrical regions of interest from both samples, with cylindrical-like sizes of
20 × 20 × 50 nm.

Thermo-kinetic simulations. MatCalc 6.0025 software was used to perform
thermo-kinetic simulations of vacancy evolution during up-quenching (Fig. 1c,
Supplementary Figs. 1, 4a and 5). Using the FSAK model50,59, both the annihilation
and the generation of structural vacancies on idealized microstructural sources
such as grain boundaries and dislocation jogs can be predicted. In this study, grain
boundaries and dislocation jogs were considered. A grain size of 50 μm (for Fig. 1c,
Supplementary Figs. 1 and 4a) and an equilibrium dislocation density of 1011 m−2
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(according to Dumitraschkewitz et al.35, Fischer et al.50 and Pogatscher et al.60)
(Fig. 1c, Supplementary Figs. 1, 4a and 5) with a jog fraction of 0.02 were used as
input parameters. The remaining parameters were chosen as follows: jog fraction
on Frank loops 0.2, Frank loop nucleation constant 0, Frank loop interfacial energy
1, effective loop-line energy 0.5 Gb2, excess vacancy efficiency 1. Applications of
this vacancy model can be found in various references35,60,61.

Data availability
The datasets generated and/or analyzed during this study are available at https://doi.org/
10.17632/fggxfhnv6b.1.
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