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1. Introduction

Heat-treatable 6xxx aluminum alloys are utilized in the automo-
tive industry to manufacture lightweight car body panels.[1] In the
common process chain, the alloy is first produced into sheet coils
in the material supplier plant, involving procedures such as

casting, homogenization, rolling, solution
annealing, quenching, and some preaging
(PA) treatment, before the product is
shipped to the car manufacturer where it
is formed into the desired shape, integrated
into the vehicle structure, and eventually
paint-baked. During the last procedure
strength enhancement takes place derived
from the formation of nm-sized precipi-
tates in the matrix, which enables the mate-
rial to meet the required service strength
level and dent resistance. It is therefore
demanded that the alloy remains at a low
strength level before forming while still
retaining a high precipitation hardening
potential in artificial aging (AA), which is
combined with paint-baking (PB) in the auto-
motive industry. Ideally, one would prefer to
reserve all the dissolved solute atoms, primar-
ily Mg and Si, in the solid solution state
before PB. In practice, however, this is not
feasible as cluster formation (early aggrega-
tion of solute atoms) starts already during
low-temperature natural aging (NA), i.e., dur-

ing storage and transportation, thus hardening thematerial notably.
Another critical issue specifically related to the alloys that contain a
combined Mgþ Si content higher than �1% is the compromised
hardening potential in the subsequent PB process, a phenomenon
termed ‘negative effect’. Even minutes of NA may already induce a
strong “negative effect”.[2]

To keep the material “fresh” and resistant to NA, several meth-
ods can be applied. Technically the easiest way is to lower the
temperature of storage since precipitation is temperature depen-
dent. However, this is certainly not an economical solution, as
precipitation can start at temperature as low as �40 °C,[3] and
the time between solution heat treatment and paint baking
can be months or longer. Efforts can also be put to work on
the diffusion mechanism of solutes. By adding a trace amount
of vacancy-binding elements such as Sn or In[4–7] the diffusion
of solutes, and thus precipitation can be slowed down. This novel
method is rather new and, to the authors’ best knowledge, has
not yet been applied in mass production. Industrial practice for
suppressing NA makes use of a PA step, which operates at inter-
mediate temperatures, modestly strengthening the alloy without
introducing the negative effect.[8] However, such methods (both
micro-alloying and PA) are not able to fully eliminate the NA prob-
lem, but rather delay it, so that within a certain time period, nor-
mally 6months, its effect is controlled to an industrially acceptable
extent. In view of the supply chain instabilities experienced
recently, some materials might have naturally aged for much
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Natural aging (NA) undesirably hardens 6xxx series aluminum alloys and hampers
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prolonged storage. It is presented that a refreshment treatment for seconds at a
temperature between 230 and 290 °C can effectively lower the hardness/strength
of two commercial alloys that have experienced NA for �3.5 years and enhance
their PB hardening, thus enabling the reuse of the material with minimal energy
input. The treatment is based on dissolving solute clusters formed during prior
aging, but precipitation during refreshment can compromise its efficacy. The
dependence of cluster dissolution and precipitation on the refreshment parameters
as well as on the alloy composition is analyzed. A higher temperature is suggested
for refreshing AA6014 alloy than for AA6016 alloy due to a higher thermal stability
of the clusters in the former. Natural secondary aging (NSA) is investigated and it
is proposed that the remaining undissolved clusters play an important role in
controlling the mobile vacancy concentration. Refreshment experiments utilizing
various heating media demonstrate that the treatment is hardly sensitive to the
heating rate which facilitates its industrial implementation. The refreshed alloy can
undergo further preaging to enhance the NSA stability and PB hardening.
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longer than 6months, and properties have deteriorated so that
processing requirements are not met anymore. Finding a solution
to treat these “expired” alloys is therefore highly desirable.
Recycling these materials back to casting or solution heat treat-
ment is an option, but such steps require high-temperature proc-
essing that is energetically and economically not favorable.

It is well-known that the clusters formed during NA can be
dissolved at elevated temperatures,[9–11] which provide another
opportunity to refresh the material after prolonged NA, namely
by performing a short reversion aging treatment.[9,12,13] This
refreshing strategy is potentially advantageous in that the tem-
perature required is much lower than for melting or solution
annealing, thus significantly reducing the energy required and
the associated CO2 footprint. However, several scientific and
engineering questions still remain about its usage in reality. A
major question arises from the different aging histories of the
commercial alloys and the alloys presented in the literature.
Literature studies usually apply only NA for short times, maxi-
mum weeks, to investigate the dissolution of the NA clusters,
while the expired alloys in reality have experienced industrial
PA and at least 6months of NA, where the clustering state can
be different. It is still unclear if these clusters can be successfully
reverted. Moreover, precipitates can form in parallel at such tem-
peratures, but they are generally undesired due to their low hard-
ening effect. This has to be taken into account when finding the
right processing window. Furthermore, since the alloys are aimed
to be reused in the normal production chain after the refreshing
treatment, their stability during natural secondary aging (NSA)
and hardenability during PB need to be assessed too.

To address the aforementioned questions, we systematically
carried out a variety of refreshment treatments at various temper-
atures and times to investigate their influences on the reversion
of clusters and the improvement of PB hardenability. We also
examined the dependence of the NSA stability on the refresh-
ment parameters. Additionally, the wide applicability of the treat-
ment was assessed by applying it to two alloys with markedly
distinct compositions. To cope with the reported very short times
needed for reversion, the rate of heating to the reversion temper-
ature is important, which is why we also studied the impact of the
heating rate on the refreshment process.

2. Experimental Section

2.1. Material

Refreshment was investigated on two commonly used commercial
alloys, namely, AA6014 and AA6016, which have very different Mg
and Si contents, as shown in Table 1. One-millimeter-thick alloy

sheets were produced by Novelis, Switzerland. They were indus-
trially solutionized and preaged in a continuous annealing solution
heat-treatment line and, by the time of refreshing treatment, had
been naturally aging for about 3.5 years. To evaluate the effect of
refreshment, two “fresh” alloys were also examined. They had
identical processing histories as the refreshed material but had
been naturally aged just for a short time (1–2months) at the time
of measurement. Their solute contents are slightly higher than the
“expired” alloys, but such small differences are considered to have
no pronounced impact on their properties.

2.2. Heat Treatments

Figure 1 schematically describes the heat treatments on the
alloys. After prolonged NA for �3.5 years, refreshment (or rever-
sion) aging (RA) was conducted on alloys isothermally at various
temperatures from 230 to 290 °C for various times. A liquid
metal (“LM”) bath of the low-melting Bi57Sn43 alloy was
employed for practicing most of the RA, and only when the effect
of heating rate was studied, the other heating media were used,
including (from fast to slow heating): 1) a molten salt (“MS”) bath
containing a mixture of KNO3, NaNO2, and Na2NO3; 2) a silicone
oil bath (“OB”); 3) ceramic heating plates (“HP”). In “LM”, “MS”,
and “OB”, the media were preheated to the target temperature,
i.e., 250 °C, and the samples were held using a thin stiff metal
wire and kept in motion in themedia, which intends to minimize
local cooling of the media due to the heat content of the sample.
For refreshment with “HP”, the sample was first placed between
the two cold heating plates, as described in the study of Yang
et al.[14] before it was heated up to the target temperature and
held there. Two heating rates (“HP1” and “HP2”) were applied.
The temperatures of the sample in various media were measured
using the same setup, as described in the study of Madanat
et al.[11] and the corresponding heating curves are shown in
Figure 1, from which the average heating rates from 20 to
240 °C are calculated to be �220, 88, 31.5, 4.8, 2.5 Ks�1 for
“LM”, “MS”, “OB”, “HP1”, and “HP2”, respectively.

After refreshment, some samples were further subjected to
various aging treatments such as PA, NSA, AA, and various com-
binations thereof. PA was performed for 20 h in an OB held at
80 °C, while NSA was conducted in a Peltier-cooled incubator
held at 20 °C for various times up to 6months. AA was carried
out for 20min in an OB held at 185 °C, which is also denoted PB
in this study. As a notation, we use “RAx/y” to denote the refresh-
ment at x °C for a duration of y seconds (or just RA x if time is not
specified), and “NSAz” to represent NSA for z days. For instance,
RA230/10þ PAþNSA180þ PB stands for the sample after RA
at 230 °C for 10 s, PA at 80 °C for 20 h, NSA for 180 d (6 months),
and eventually PB.

Apart from the heat treatments shown in Figure 1, the expired
alloys were also resolutionized at 540 °C in an air circulation furnace
for 1 h and subsequently quenched in ice-water. This state is named
as-quenched (AQ). When the AQ sample is further subjected to PB,
the intermediate delay time at room temperature is shorter than 30 s.

2.3. Methods

Hardness measurement was used as the main method to char-
acterize the aging response of the material due to the simplicity

Table 1. Chemical compositions of the alloys in weight percent. Asterisks
(*) indicates the “fresh” alloys used as references.

Alloy [Mg] Si Fe Mn Cu Al

6016 0.273 1.268 0.165 0.077 0.112 Balance

6016* 0.295 1.303 0.169 0.084 0.120 Balance

6014 0.633 0.584 0.179 0.072 0.129 Balance

6014* 0.655 0.617 0.204 0.093 0.134 Balance
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of the measurements. It was performed on a Qness M60 unit
applying the Brinell method, a load of 10 kgf (98.1 N), and an
indenter of 1 mm diameter. Each measurement consisted of
eight indentations, from which the average and standard
deviation were calculated.

Tensile testing was performed on the selected alloy (AA6016)
and aging states using an Instron 4505 testing machine. The test-
ing procedure was carried out in accordance with the ASTM-E8M
standard using the subsize sample geometry. Yield properties
were obtained at a strain rate of 2.5� 10�4 s�1, after which the
strain rate was enhanced to 2� 10�3 s�1 for determining the ulti-
mate tensile strength and uniform elongation. An extensometer
was employed for measuring the strain. Each test was repeated
at least once for verification of reproducibility. The purpose of
these tests was to check whether hardness measurements reflect
the course of aging in the same way as tensile properties and to
allow for a comparison with industrial minimum required values.

Differential scanning calorimetry (DSC) was used to character-
ize the alloys in the expired state and after refreshment. The
measurements were carried out in a Netzsch 204F1 Phoenix cal-
orimeter. Various heating rates from 3 to 200 Kmin�1 were
applied in the measurements of the expired alloys, while only
10 K min�1 was applied in measuring the refreshed samples.
Measurements were taken from 0 to 450 °C for low heating rates
(<50 K min�1) and from �20 °C for higher heating rates.
An immediate rerun after cooling at 10 Kmin�1 to the start
temperature was used for the baseline correction.

3. Results

3.1. Hardness Tests

3.1.1. Reference States without Refreshment

Hardness values of both alloys in the three reference states,
namely, industrially processed alloy in “fresh” state (Hfresh), after

�3.5 years of NA (Hexpired), after resolutionizing and quenching
(HAQ), as well as the hardnesses after further PB on these states,
are shown in Figure 2a,b. It is observed that the harnesses of the
alloys in the AQ state are quite similar, while the Hfresh and
Hexpired are obviously higher for alloy AA6014 than for
AA6016. A notable hardness increase is seen from the “fresh”
to “expired” state, with Hexpired �Hfresh equal to 16 HBW for
alloy AA6014 and 4 HBW for AA6016. The effects of such pro-
longed NA on subsequent PB for the two alloys are quite distinct.
Hardness after further PB treatment (hereafter abbreviated as PB
hardness) is notably compromised in alloy AA6016 when the
material is subjected to prolonged NA, whereas the PB hardness
values of the “fresh” and “expired” states are almost identical in
alloy AA6014. In both alloys, the PB hardness of the “fresh” and
“expired” states are significantly lower than the PB hardness of
the AQ state (gray broken line).

3.1.2. Refreshment

Influence of Aging Temperature: A general trend of hardness
evolution during isothermal RA at various temperatures is that
it first decreases and then increases again. The lowest hardness
during RA is observed at an earlier RA time as the aging tem-
perature increases, and the maximum hardness reversion
becomes also larger, i.e., from �14 HBW at 230 °C to �22
HBW at 270 °C in AA6016, and from �9 HBW at 230 °C to
�28 HBW at 290 °C in AA6014. Since the initial hardness values
of the two alloys in the “expired” state are different, we use the
relative hardness reversion, which can be calculated as
Hexpired�Hfresh

Hexpired�HAQ
, instead of the absolute hardness reversion for

evaluating the effect of RA in the two alloys (Figure 2c). The same
RA treatment gives rise to a markedly higher relative hardness
reversion in AA6016 than in alloy AA6014. In alloy AA6016, RA
at 270 °C for 5–10 s brings the hardness almost down to the AQ
state (�95% relative hardness reversion). Furthermore, it is

Figure 1. Schematic plot of heat treatments of the alloys. The inset shows the sample temperature courses during RA at 250 °C in various media: LM, MS,
OB, and heating plate (HP1 and HP2). Each curve represents the average of at least five repeated measurements.
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found that in any RA hardness curve, the most substantial
reversion is achieved in the shortest time applied (2 s),
which accounts for more than half of the maximum hardness
reversion.

PB hardness after RA treatment first increases as RA gets lon-
ger. A peak in the PB hardness can be observed for RA at 250 °C
or higher in AA6016, and RA at 270 °C or higher in AA6014, but
not for others within the measured RA time. The highest PB
hardness achieved increases as the RA temperature is reduced
but is still always much lower than the direct PB hardness of
the AQ state (gray broken line). No direct correlation is found
between hardness evolution after RA and after ensuing PB. A
decrease of RA hardness can correspond to an enhancement
of PB hardness (e.g., AA6016, RA at 250 °C from 0 to 5 s), to
a rather stable PB hardness (AA6016, RA at 230 °C from 0 to
5 s) or even to a decline in PB hardness (AA6014, RA at
290 °C from 2 to 5 s).

Influence of Heating Rate: When heating to the RA temperature
is done at a lower rate, hardness evolutions during RA as well as
after further PB are delayed, the extent of which are found to be
roughly the differences in time needed to reach the RA

temperature (Figure 3). The minimum of the hardness during
RA as well as the maximum of the PB hardness are comparable
for various heating rates. Only a slight tendency of an increasing
minimum hardness can be observed in the RA hardness curves
from “LM” to “HP2” (broken lines).

3.1.3. NSA Behavior of Refreshed Alloys

Alloys after refreshment gradually go through NSA. Hardening
during this process strongly depends on the refreshment param-
eters, i.e., temperature and time, as well as the alloy type
(Figure 4). For instance, AA6016 after RA at 270 °C for 10 s exhib-
its already a hardness growth of �10 HBW within 1 day of NSA,
while AA6014 after RA at 270 °C for 10 s shows a first hardness
increase just after 7 days and AA6014 after RA at 230 °C for 10 s
barely sees any hardness change for 6months. Generally, after
the same refreshment treatment, alloy AA6016 appears less sta-
ble than AA6014, as shown by an earlier commencement of hard-
ening during NSA. In both alloys, RA at a higher temperature for
the same time (10 s or 30 s) normally results in stronger NSA. A
longer time at the same RA temperature, however, can result in

Figure 2. Hardness of alloy a) AA6016 and b) AA6014 in various heat-treated states (RA in LM). c) Relative hardness reversion of the alloys during RA as a
function of time.

Figure 3. Hardness of alloy a) AA6016 and b) AA6014 after RA in various media and thus different heating rates up to the RA temperature (see Figure 1)
as well as after subsequent PB.
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an enhanced NSA stability (e.g., RA270 series in AA6014) or
worsen it (e.g., RA230 series in AA6016).

Figure 5 displays hardness values of the alloys after more RA
treatments and additional �50 days of NSA. The hardness incre-
ment during such NSA steadily grows in AA6016 when RA time
at 230 °C is increased from 5 to 30 s. Longer RA at 250 °C first
enhances the hardness increment and later reduces it. The stron-
gest hardening during the measured NSA time is caused by RA
at 270 °C but the effect becomes weaker as the RA time is pro-
longed. This trend is also observed in AA6014 after RA at 270 °C
for a longer time, but the overall NSA hardening is less. NSA for
50 days induces only marginal hardness growth in AA6014 after
RA at 230 and 250 °C for various times, which agrees well
with Figure 4b that the alloy is quite stable after RA at lower
temperatures.

The influence of NSA on the subsequent PB hardness
depends predominantly on the alloy type (Figure 6). In
AA6016, NSA compromises the PB hardness obviously after just
a month of NSA (Figure 6a,b). After NSA for 6months, a drop of
4 and 5HBW in PB hardness compared to the state without NSA
can be observed in samples RA250/10 and RA270/10, respec-
tively. In contrast, PB hardness of the refreshed AA6014 is hardly

influenced by the same intermediate NSA for up to 6months
although a notable hardening has taken place due to NSA
(Figure 6d,e).

3.1.4. Effect of Additional PA on Refreshed Alloys

An additional PA has two effects on the refreshed material.
Figure 4 compares NSA hardening curves of three RA states with
and without PA applied. It is obvious that the onset of the hard-
ness increase is delayed, i.e., the stability of the alloy is enhanced.
The initial hardness value of the alloy with PA is higher than that
without PA because of the extra hardening during PA. However,
this relationship is reversed within 1month of NSA for refreshed
AA6014 (RA270/10 with or without PA) and even sooner for
refreshed AA6016 series, due to a more rapid hardening of
the samples without PA. This beneficial effect of PA lasts for
at least 6 months of NSA.

The refreshed samples with PA exhibit also improved PB
hardness compared with the ones without PA (Figure 6c,f ).
This applies to the samples directly after RA or after NSA.
Moreover, the reduction of PB hardness (in AA6016) caused

Figure 4. Hardness evolution of alloy a) AA6016 and b) AA6014 during NSA after various RA treatments (in LM, solid curves). Selected RA conditions
have been further preaged before NSA (dashed curves).

Figure 5. Hardness of alloy a) AA6016 and b) AA6014 after corresponding RA (in LM, orange) and subsequent NSA for �50 days (green), as well as the
hardness difference of the two states (red curve).
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by NSA becomes smaller when the alloy has experienced PA due
to the suppressed NSA hardening. Therefore, PA treatment after
refreshment can simultaneously enhance the stability of the alloy
during NSA as well as the PB hardening.

3.2. Tensile Tests

Figure 7 displays the engineering stress–strain curves of the
selected states in AA6016. The corresponding properties are
listed in Table 2. The tests were intended to verify the findings
obtained by the hardness measurements but are not as complete
as the hardness measurements in terms of the number of heat
treatments and alloys. From these tests, it follows that the
“expired” sample hardly gains any improvement in yield strength
(Rp0.2) during subsequent PB (Δ=7MPa). By applying RA at
270 °C for 10 s, a significant yield strength reduction of
�54MPa is achieved. Subsequent NSA for 1month strengthens
the alloy by more than 40MPa, but with prior PA, this can be
largely reduced to only 6MPa. PA also removes the serrations
visible in the stress–strain curve of the RA sample. Eventually,
a PB response of 52MPa is obtained in the refreshed alloy with
additional PA and NSA for 1month, which is 45MPa higher
than the PB response without refreshment. All these findings
agree very well with the hardness data, which justify the usage
of hardness measurements for a rapid assessment of the refresh-
ment effect. By plotting the yield strengths of the samples as a
function of their hardness values, a linear approximation can be

established, with a ratio of �3 found in the strength-to-hardness
increments, which can be used to estimate strength changes
from hardness measurements. What cannot be drawn from
the hardness measurement is the elongation information which
is also important for evaluating the ductility. The results of the

Figure 6. Hardness of the refreshed and preaged (only c,f ) alloys (heat treatment denoted in the box) after a certain NSA time and after subsequent PB.
a–c) AA6016. d–f ) AA6014.

Figure 7. Engineering stress–strain curves of alloy AA6016 in various heat
treatment states. RA represents RA270/10, and NSA is 1 month. The inset
shows Rp0.2 plotted as a function of hardness for these states.
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states without PB in Table 2 show that the introduction of RA
results in a slight reduction in the uniform elongation (Ag),
which is still higher than 20%.

3.3. DSC

3.3.1. “Expired” Alloys

Figure 8a,b shows DSC traces of the “expired” alloys at various
heating rates. The exact DSC signals of the two alloys differ from
each other but the general courses are analogous. At the slowest
measured heating rate (3 Kmin�1), a weak exothermic peak (1) is
found in the trace, which is followed by a shallow endothermic
trough (2). The trace subsequently sees a major exothermic peak
(3), which might be a complex of several peaks since some fea-
tures can be observed on it, especially for AA6016. As the heating
rate is increased, the whole curve shifts to higher temperatures.
Moreover, peak (1) gradually shrinks, and the endothermic
trough (2) is enlarged. Peak (3) also gets lower as the heating rate
is higher.

3.3.2. After Refreshment

DSC curves of the refreshed alloys are measured only at
10 Kmin�1 (Figure 9a,c). After refreshment for a short time,
the endothermic trough (2) gradually disappears and, at a similar
position, an exothermic signal emerges. Such exothermic signal

is more pronounced as RA is performed longer or at a higher
temperature. As RA further progresses, this trend is reversed
and the peak shrinks. Peak (3) is generally lowered as RA pro-
ceeds, but it appears that mainly the low-temperature part of
the peak is impacted, while the high-temperature part is even
slightly enhanced.

The influence of RA on the DSC signal can be observed more
clearly when the reference “expired” curve is subtracted. The
resulting curves are shown in Figure 9b,d, where the major
changes can be identified as two peaks, namely a and b. Peak
a is exothermic and is first enhanced and later suppressed as
RA time is increased. In contrast, peak b is endothermic and
monotonically decreasing with progressing RA except for some
individual cases which can be attributed to the imperfect baseline
correction as evidenced by the offsets of the curves at tempera-
tures higher than 300 °C. The maximum magnitudes of peaks a
and b increase as RA temperature rises.

4. Discussion

4.1. States before Refreshment

The alloys used in this study differ from those used in the litera-
ture mainly in that the material has experienced the entire indus-
trial processing history and long NA storage (�3.5 years).
Industrial quenching after solutionizing is much slower than
water quenching under lab conditions and can lead to some pre-
cipitation and lower solute supersaturation (s.s.) after quench-
ing.[15] It was found that cooling at various rates results in
very similar hardness values in the AQ state of the current
AA6014 alloy and others, with a small deviation of only a few
hardness units.[16–18] This suggests that the hardness in our
AQ (resolutionzed) state can approximate the hardness after
industrial quenching. Consequently, the hardness discrepancy
between AQ and “fresh” states can be primarily attributed to
the clusters formed during industrial PA, and the hardness
between “fresh” and “expired” states to the clustering during
prolonged NA storage (see Figure 2a,b).

The PB hardness of the “fresh” or “expired” states is signifi-
cantly lower than that of the AQ state, which could be mainly due
to a reduced s.s. after industrial quenching[15,19] and clustering
during NA that further compromises the PB hardening.[20] The
latter shows some difference between the two alloys: the

Table 2. Summary of the mechanical properties of the alloy AA6016 in
various heat-treated states.

Heat treatment Rp0.2 [MPa] Rm [MPa] Ag [%]

“expired” 116 230 24.4

“expired”þ PB 123 223 22.6

RA 62 168 22.2

RAþNSA 104 217 24.3

RAþ PA 94 203 22.8

RAþ PAþNSA 100 206 22.7

RAþ PAþ PB 156 238 17.1

RAþ PAþNSAþ PB 152 237 15.4

Figure 8. DSC traces of the “expired” a) AA6016 and b) AA6014 alloys heated at various rates. c) Kissinger’s activation energy analysis of the endothermic
peak (2) in (a) and (b). Linear fitting is applied to the data representing the highest heating rates.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2301102 2301102 (7 of 12) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202301102 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [13/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


prolonged NA from “fresh” to “expired” state notably reduces the
PB hardness in AA6016, whereas in AA6014 only minimal
change is seen (Figure 2a vs 2b). This implies that AA6014 is
inherently more resistant to the “negative effect” of NA.

4.2. Processes during Refreshment

The hardness progression during RA depicted in Figure 2 is a
well-documented phenomenon in the literature[10,11,13,21] and
comprises two stages. In the first seconds, hardness experiences
a sharp decrease, which is attributed to pronounced cluster dis-
solution. After a transition period of only slowly varying minimal
hardness, an ensuing growth stage is caused by the formation of
new hardening precipitates. The hardness minimum can be
viewed as the outcome of partial compensation of cluster
dissolution and precipitation. Our aim is to elucidate how these
two processes during RA are influenced by variables such as the
RA temperature and time, as well as the alloy composition.

4.2.1. Cluster Dissolution

Dissolution of clusters is crucial since it reduces the undesired
hardening caused by clusters and also partially reverts the accom-
panied negative effect, i.e., it facilitates AA. Hardness curves dur-
ing RA are highly dependent on the RA temperature and as the
aging temperature rises minimum hardness decreases
(Figure 2). This can be explained by a higher rate of dissolution
at increased temperature.[22] Comparatively increased dissolu-
tion compared to precipitation at a higher temperature can be
also derived from the DSC traces at various heating rates
(Figure 8). The DSC signal is a complex superposition of precip-
itation (exothermic) and dissolution (endothermic) reactions. As
the heating rate is enhanced, the entire DSC curve shifts to

higher temperatures, so the average reaction temperatures are
increased. There, the endotherm becomes more pronounced
(arrow “2” in Figure 8), which indicates that dissolution becomes
more dominant compared with precipitation.

We now consider the process of cluster dissolution as a func-
tion of time. In addition to the hardness reduction, DSC traces
provide more but indirect information on the microstructural
change (Figure 9). Here, we avoid discussing details such as
which exact phase is promoted or suppressed but focus on
the most elementary aspects of precipitation. To understand
the change of the DSC trace caused by RA, we need to under-
stand the course of the DSC trace in the unrefreshed state (bro-
ken line in Figure 9). This, as has been partially discussed above,
is first a predominant cluster dissolution (endotherm 2, possibly
coupled with weak precipitation) and then the major precipita-
tion reactions (exotherm 3). The latter is influenced by the former
since it contains also the reprecipitation of the formerly dissolved
solutes. After RA, the initial status before linear heating in DSC
is varied, which leads to a different course of DSC endotherms
and exotherms. To depict such changes clearly, we calculate the
difference between the trace after and before RA, see Figure 9b,d.
As RA proceeds, it shows a rising exothermic differential peak a
and a progressing endothermic differential peak b. There can be
two reasons contributing to the exothermic differential peak a.
First, the endothermic cluster dissolution during DSC is reduced
as clusters have already been dissolved during RA. Second, as
more free solutes are available after RA, precipitation can occur
at lower temperatures during linear heating, even at the temper-
ature where the previous dissolution trough was. This shift of
precipitation to lower temperatures during DSC is also partly
the reason for the endothermic differential peak b. Another pos-
sible reason for peak b is the precipitation during RA, which
reduces s.s. One peculiarity related to the growth of peak a is
that it is not proportionate in the high- and low-temperature

Figure 9. DSC traces measured after performing various RA treatments on alloy a) AA6016 and c) 6014. Dashed curves are the reference DSC traces
without RA. The differences in DSC traces before and after RA in (a, c) are shown in (b, d).
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regimes. A clear two-stage behavior can be seen as RA proceeds,
especially for low RA temperature (e.g., 230 °C), which shows
that the low-temperature part of the peak (a1) first emerges when
RA time is short, and as RA gets longer, a1 gradually saturates
and the high-temperature part a2 arises. This suggests that clus-
ter dissolution might not be uniform throughout the RA process.
Clusters in the later stage of RA require a higher temperature to
dissolve or will reprecipitate at a higher temperature during DSC
heating. A plausible interpretation is that the clusters in our
“expired” alloy states have different stabilities. The model of
Pashley et al. predicts that the stability of clusters can be influ-
enced by the time and temperature of pretreatment.[22] A higher
temperature produces clusters with higher stability, such as
reported by Kim et al. that clusters formed at 100 °C are more
stable than those formed at 20 °C, thus causing less hardness
reversion during RA.[23] In addition, Poznak et al. claimed that
the stability of clusters is related to the Mg/Si ratio by analyzing
the chemistry of the clusters before and after AA using atom
probe tomography, with Mg-rich clusters found to be more stable
than Si-rich clusters.[24] Si-rich clusters that dissolve before
Mg-rich clusters were also argued by Madanat et al. to explain
the discrepancies of hardness and electrical resistivity evolutions
during NSA.[11] PA clusters also have a higher Mg/Si ratio than
NA clusters in these two alloys.[25,26] Therefore, we propose
that the Si-rich clusters formed predominantly during NA are
dissolved first during RA, causing an overall exothermic signal
difference a1. As RA is prolonged, this process gradually comes
to an end, and the Mg-rich clusters, formed mainly during PA,
are dissolved, which then gives rise to the signal a2. RA at a
higher temperature accelerates the entire dissolution process,
which is why such transition is only partially visible or not cap-
tured at all, such as for RA at 270 °C. An increased RA tempera-
ture also enlarges the maximum peak area of a, indicating that
more clusters are dissolved. However, only the magnitude of a2
is enlarged, implying that more Mg-rich clusters (presumably PA
clusters) are dissolved. The height of a1 is less impacted, which is
understandable since most clusters are already dissolvable even
at 230 °C due to a generally lower stability.

Cluster stability and its relationship with cluster composition
can be supported by the fact that cluster dissolution is also influ-
enced by alloy chemistry. At the same temperature, the achiev-
able relative hardness reversion is notably higher in alloy AA6016
(Figure 2c). An almost full hardness reversion is observable for
AA6016 subjected to RA at 270 °C. This shows that the clusters
are easier to dissolve in commercial AA6016 than in AA6014.

An effective activation energy for cluster dissolution can be
calculated from the shift of the dissolution peak position at vari-
ous heating rates by displaying lnðΦ=T2

i Þ versus 1=Ti, where Ti is
the temperature of the minimum and Φ the heating rate.[27] The
activation energy Ea can be then calculated from the slope of the
linear fitting. Here, we choose only the high heating rates for
linear fitting since at low heating rates, the dissolution is partially
masked by simultaneous precipitation. As in DSC at a higher
heating rate cluster dissolution is predominant and precipitation
suppressed, dissolution can be considered as the first reaction
during DSC heating with a minimal influence of precipitation.
Activation energies of 0.46 and 0.76 eV are obtained for cluster
dissolution in AA6016 and AA6014, respectively. The latter is

close to the one obtained for AA6061,[10] while the value for
AA6016 is much lower. Therefore, the lower activation energy
found in AA6016 alloy might be the reason for the higher revert-
ability of clusters.

4.2.2. Precipitation

Precipitation during RA is in general undesired since it hardens
an alloy and is normally accompanied by a loss of ductility, both
complicate sheet forming. It consumes the s.s. which can be seen
in the shrinking exothermic peaks (Figure 9a,c). The reduced s.s.
reduces PB hardening, read in Section 4.3.1. Therefore, under-
standing precipitation during RA helps to determine the process-
ing window of refreshment. Although precipitation relative to
cluster dissolution is more suppressed at a higher aging temper-
ature its absolute rate is enhanced due to increased thermal acti-
vation, thus shortening the time to reach a hardness minimum
and the duration of the hardness trough, which narrows the proc-
essing window. The hardening effect of the precipitates formed
at a higher RA temperature is lower, as seen by the hardening
rate of AA6016 at 270 °C which is lower than at 250 °C, as well as
the overaging stage observed for 290 °C in AA6014 is not seen for
RA at lower temperatures. Precipitation during RA is faster and
stronger in alloy AA6014 than AA6016, which can be attributed
to two reasons: first, the AA6014 alloy used in this study has a
stronger inherent age-hardening potential than the AA6016 as
evidenced by the higher hardness in both direct PB and “expired”
states, see Figure 2, possibly because the alloy composition is
more balanced, which leads to stronger AA hardening than in
either Si-rich or Mg-rich alloys.[28] Second, the higher stability
of the clusters in AA6014 gives rise to less cluster dissolution
at the same RA condition. The remaining clusters are presum-
ably stable and might transform into larger precipitates, thus
resulting in faster precipitation.

4.3. Reprecipitation after Refreshment

4.3.1. PB Hardening

It has been demonstrated that both the absolute PB hardness and
the PB hardness increase can be improved by applying suitable
RA treatment, see Figure 2, which indicates that the solutes
released from the dissolved clusters during RA lead to the
formation of more hardening precipitates during PB than that
in the unrefreshed sample. In AA6016, this partially reverts
the “negative effect” caused by prolonged NA, while in
AA6014 this yields a PB hardness even higher than that of
the “fresh” sample. This suggests that there are already some
deleterious clusters in the “fresh” state of AA6014, which are
either due to the low PA temperature used or the NA included
in the industrial processing procedure.

Solute atoms liberated from dissolving clusters are consumed
if precipitation occurs at RA temperature, which can lower the
thermodynamic driving force for precipitation during PB.
These precipitates can still contribute to some hardening and,
therefore, the final PB hardening can be roughly viewed as a
competition between the hardening by the precipitates formed
during RA and formed during PB.
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4.3.2. NSA Stability

Reprecipitation of solutes from the dissolved clusters occurs also
during NSA, but compared to AA, it relies more on the excess
vacancies.[29] Madanat et al. modeled the kinetics of NSA after
RA as a function of the s.s. and vacancy fraction evolutions dur-
ing RA.[11] The kinetic factor, which is essentially a proxy of the
rate constant describing the course of clustering after RA, is sche-
matically represented in Figure 10, with the first climb due to the
increased s.s. and vacancy site fraction, and the following drop
attributed to the precipitation-related s.s. reduction. The hard-
ness increment is monotonically related to the clustering rate
constant. Our result of hardness increment after 50 days of
NSA agrees well with the model, see Figure 5. The hardness
increments as a function of RA time for various RA temperatures
shown in Figure 5 can be illustratively overlaid on the master
curve in Figure 10 to fit into the various stages of the process.
The kinetics of both vacancy and cluster evolutions during RA
are enhanced by a higher aging temperature, therefore for the
same aging time, RA at higher temperatures lies in a later stage
in the course.

A pronounced difference is seen between the NSA stability of
the two investigated alloys. Figure 4 shows that NSA stability is
higher for AA6014 when the same RA condition is performed,
see Section 3.1.3, which is related to the higher difficulty to dis-
solve the clusters in AA6014, as discussed in Section 4.2.1, which
results in less solute replenishment in the matrix. Of particular
interest is the case of RA270/10, where a similar hardness drop is
obtained in AA6016 (Δ= 21 HBW) and AA6014 (Δ= 20 HBW),
see Figure 4. Since the hardening of clusters is reported approxi-
mately proportional to solute fraction,[14,30] enhancements of s.s.
in both alloys are close. However, the outcome of the two alloys is
very distinct. Refreshed AA6016 experiences a marked harden-
ing within NSA for 1 day, whereas only a slight hardness incre-
ment is seen on AA6014 only after NSA for 7 days, see purple
lines in Figure 4. There might be a difference in the exact Mg
and Si contents in the alloy, but it does not explain such a huge
discrepancy between the two alloys, as previous studies have
shown for NA of alloys with different Mg and Si contents.[28,31]

Moreover, stronger hardening during subsequent PB is seen in

AA6014, confirming that the remaining s.s. is at least not lower
than in AA6016.

The key could lie in the mobile vacancies after RA. The
vacancy dynamics simulation shows that the equilibrium vacancy
concentration at 250 °C is reached within 15 s (dislocation den-
sity 1011 m�2, jog fraction 0.02, grain size 50 μm).[21] At 270 °C,
10 s should be enough since the kinetics is much faster.
However, what vacancy simulation does not include is the influ-
ence of solute clusters which can buffer the vacancy evolution
due to a higher interaction energy.[29] As there are more undis-
solved clusters in AA6014, the buffering effect is stronger.
Moreover, the dissolution of clusters also frees the vacancies
imprisoned in them. A higher relative fraction of dissolution
in AA6016 could free more vacancies. However, the trapped
and freed vacancy concentration must be lower than 7� 10�7,
because otherwise it would have been detected by positron anni-
hilation lifetime measurements.[11] Another possible mechanism
is the vacancy partitioning between the matrix and vacancy
traps (clusters). This mechanism suggests that although the
equilibrium vacancy concentration might have been reached at
270 °C, the repartition of vacancies between matrix and vacancy
traps happens when the temperature is decreased to 20 °C, thus
lowering the mobile matrix vacancy concentration.[29,32] More
solute clusters have survived in AA6014 after RA, which could
induce a stronger repartitioning effect. It is currently still unclear
which mechanism is dominant, but what is in common among
these mechanisms is that the remaining undissolved clusters
play a pivotal role in controlling themobile vacancy concentration
after RA.

4.4. Industrial Refreshment Strategy for Expired Alloys

Refreshing the 6xxx alloys relies on dissolving the clusters
formed during prior aging. However, this should not be the only
criterion since higher RA temperatures or longer RA times,
which usually promote more cluster dissolution, are found to
induce more precipitation of less-hardening precipitates.
Moreover, we found that undissolved clusters can be involved
in controlling the mobile vacancy concentration, which helps
to stabilize the alloy during NSA. In view of this, dissolution
of some clusters, especially those formed during PA, seems
undesired. Hence, the optimal refreshment window depends
on the balance of these concerns, i.e., it should be carried out
at a temperature as low as possible but as high as necessary,
and for a time as short as possible but as long as necessary to
dissolve undesired NA clusters. Using these criteria, the optimal
processing window for the current alloys can be determined as
(230–250 °C, 10–30 s) for alloy AA6016, and (250–270 °C, 5–20 s)
for alloy AA6014. The processing window is dependent on the
alloy composition, as it influences the thermal stability of the
clusters. Generally, a higher temperature range should be used
for clusters that are harder to dissolve, i.e., Mg-rich ones.

The effect of refreshment is sensitive to the highest RA tem-
perature applied. Even minimum aging times in the current
study (2 s, including 1 s for heating) lead to very pronounced dif-
ferences in cluster reversion (Figure 2). However, refreshment
experiments in various media demonstrate that refreshment is
not sensitive to the heating rate in the range from 2.5 to

Figure 10. Schematic representation of the NSA kinetics versus progress
of RA according to the study of Madanat et al.[11] and the overlay of
hardness increments after 50 days of NSA from Figure 5.
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220 Ks�1, which indicates that the treatment is not sensitive to
the history at lower temperatures. Instead, the soaking time at
the maximum temperature matters most and should be counted.
The fact that a high heating rate is not required facilitates indus-
trial application.

Refreshment is easy to apply since only low temperatures and
short times (compared with, e.g., solution heat treatment) are
required. Therefore, it could be employed at the car manufac-
turer directly before forming, in which case NSA stability is
not a concern. The serrations occurring in the tensile curve
(Figure 7) should be considered since they might impact the sur-
face quality after forming. Alternatively, refreshment can be
employed at the aluminum producers. Here, NSA stability
and its influence on the subsequent PB hardening have to be
taken into consideration. It depends on the RA condition as well
as on the alloy composition. We show that NSA can be further
reduced by conducting PA, which can also enhance the PB hard-
ness. We chose 80 °C for 20 h in our test, but other parameters,
such as the normal PA used for the freshly solutionized and
quenched alloy should in principle also work. In finding optimal
treatment parameters, convenient hardness tests can replace the
usual tensile tests for quick screening in the parameter space
since an approximate linear relationship between yield strength
(Rp0.2) and hardness exists. Tensile tests are then merely needed
to confirm results or to obtain elongation values.

5. Conclusion

We explored the feasibility of refreshing two commercial alloys,
namely AA6016 and AA6014, that have naturally aged too long,
here �3.5 years, and have lost their ability to reach sufficient
strength during short AA, the so-called “paint baking (PB)”.
We show that in such alloys, clusters can be reverted and PB
hardness enhanced by applying a short aging treatment at a tem-
perature between 230 and 290 °C for seconds up to a minute
depending on the temperature. The following conclusions can
be made: 1) RA leads to pronounced dissolution of clusters in
the initial seconds of aging, after which precipitation sets
in and increases hardness. Dissolution of clusters takes place
in two stages, possibly in correlation with the Mg/Si ratio of
the clusters. A higher temperature enables the dissolution of
more clusters. 2) Clusters are more difficult to dissolve in
AA6014 than in AA6016. RA at 270 °C can revert the hardness
of the AA6016 close to the AQ state after solutionizing. An acti-
vation energy of 0.46 eV was found for cluster dissolution in
AA6016, while the energy is 0.76 eV for AA6014. Therefore, a
higher temperature is suggested for refreshing the AA6014 alloy.
3) Variation of the heating rate from 2.5 to 220 Ks�1 has a minor
effect on refreshment, indicating that RA is insensitive to some
initial exposure to lower temperatures and the duration of soaking
at the highest temperature should be considered instead of the
overall heating time. 4) NSA after RA is influenced by the RA time
and temperature, which agrees well with the model proposed by
Madanat et al.[11] NSA also depends on the alloy composition.
Alloy AA6014 is more stable against NSA than AA6016, which
can be explained by the effect of vacancy trapping by the remain-
ing undissolved clusters. PA can be performed on the refreshed
alloys to further enhance NSA stability and PB hardening.

We expect that our refreshing strategy is applicable to other
6xxx alloys and also to alloys naturally aged longer than 3.5 years,
since NA clustering progresses already very slowly after such a
long storage.
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