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Abstract
AlMgSi (6xxx) alloys are widely used in the lightweight
construction of automotive structures. In addition to light
weighting, the recycling of aluminum alloys plays an
important role for the optimization of the carbon footprint
in the automotive industry. On the one hand, optimized
AlMgSi alloys require a narrow tolerance window, both
for chemistry and process parameters, and on the other
hand, increasing recycling rates are a challenge to achieve
a defined chemistry. In this work, the influences of alloy
chemistry, grain size, pre-deformation and heat treatment
parameters such as quench rate and time/temperature
profiles were analyzed. 20 different AlMgSi alloys, both
with and without Cu, quench rates from 500 K/min to
30,000 K/min and ageing procedures including and
excluding pre-deformation and natural ageing were
systematically examined. For the alloy 6082 (AlMgSiMn)
yield strength values above 400 MPa and elongation to
fracture values exceeding 20% were measured.
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Introduction

The traditional process steps for age hardenable aluminum
alloys (e.g. 6XXX-T6 alloys) are:

1. Melting, casting and homogenization (*550 °C [1, 2])
2. Solution heat treatment (SHT, *550 °C [3])
3. Water quench

4. Natural ageing (NA)
5. Artificial ageing (AA, 150–250 °C [4]).

Dependent on the manufacturing process route, there is a
deformation between process steps, e.g. after step 1 in the
case of cold forging (impact extrusion) or between steps 2
and 3 in the case of traditional forging. However, new
production technologies use a deformation step between step
3 and 5 (cold deformation of the water quenched state, with
or without natural aging, resulting in 6082-T8 condition) or a
deformation step after step 5 (cold deformation of the T6
state, resulting in 6082-T9 condition).

During melting and casting, the chemical composition of
the alloy is set. Furthermore, the hydrogen content and initial
grain size are influenced by melting and casting parameters.
During Solution Heat Treatment (SHT), all elements, which
dissolve below the solidus temperature (in the case of 6XXX
alloys magnesium (Mg), silicon (Si) and copper (Cu)), form
a solid solution. This solid solution is frozen during water
quenching, resulting in a supersaturated solid solution.
Ultimately, these dissolved elements precipitate during nat-
ural and/or artificial aging. It is not the nominal chemical
composition, which defines the achievable hardness; rather it
is the level of elements, which can be kept in supersaturated
solid solution after the solutionizing and quenching
processes.

In a previous study [5], different 6XXX alloys had been
analyzed in a pre-deformed T8 and T9 state. In the initial
experiments, the pre-deformation was not isothermal (tem-
perature increase due to deformation energy up to 250 °C).
This led to dislocation depletion and softening during
deformation, disguising the real hardening potential.

Consequently, in the present study, the hardening
potential of isothermal pre-deformation and the interaction
with natural and artificial aging parameters have been ana-
lyzed. Additionally, the effects of chemical composition and
quench rate were examined. Finally, the influence of the
aging parameters and surface condition on corrosion prop-
erties was studied.
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Experimental Details

In this study, more than twenty 6XXX alloys were analyzed,
of which seven are presented here in detail (Table 1).
Samples in the as-cast state were homogenized and solution
heat-treated at 540 ± 10 °C for 1 h. Different quench-rates
were realized along with different water quench tempera-
tures, ranging from 20 to 100 °C. Samples were naturally
aged between 10 min (minimum transfer time between
quench and artificial aging, respectively between the quench
and the hydraulic press in experiments with
pre-deformation) and 1 week at 20 ± 5 °C. Isothermal cold
deformation was performed at 20 ± 5 °C with a strain rate
of approx. 0.1 s−1 in a hydraulic press, the temperature
increase was <10 °C during deformation. Artificial aging
(AA) was performed at −20, 20, 80 and 160 °C up to 360 h.
Hardness tests were performed on a “KB Prüftechnik”
hardness tester and tensile tests were performed with flat
tensile specimens on a “Zwick Universal Prüfmaschine
Z100”. For corrosion testing (PV1113 intergranular corro-
sion test (IGC)) the samples were ground, cleaned and
120 ± 5 min exposed to the etchant, consisting of deionized
water with 2.3% HCl and 1.8% NaCl. In the areas where the
strongest intergranular corrosion was visible with the
microscope, metallographic specimens were prepared and
depth of the corrosion cracks measured.

Results and Discussion

Influence of Chemical Composition and Elements
in Solid Solution on Mechanical Properties

The peak hardness (T66 condition, peak-aged condition) of
the analyzed alloys as a function of the total content of
soluble elements (Mg, Si and Cu) in wt% is shown in Fig. 1.
It should be noted, there is only an empiric relation between
the content of soluble elements and the peak hardness, as
with different ratios between Mg, Si and Cu different types
of precipitations are formed. Cu levels as low as 0.01 at.%
may change the atomic structure of precipitates significantly

[6]. Furthermore, for a more detailed analysis, the content in
at.% should be used, as the number of atoms is the relevant
factor in precipitation formation. However, in most
cast-houses, wt% is used, and using at.% instead of wt% on
the abscissa changes the graph only slightly (due to the
difference in atomic weight of the elements). Finally, it is
important to note, that 6061 is significantly stronger than
expected based on the Mg, Si and Cu content. This can be
explained by the much stronger effect of Cu (resulting in a
different kind of Cu-containing precipitates) compared to
Mg and Si.

The hardness in condition T66 is defined by the content
of alloying elements in the solid solution after quenching
and not on the nominal chemical composition. To achieve
maximum hardness, all Mg, Si and Cu has to dissolve during
SHT. Secondly, quenching from > 500 to < 200 °C has to
be fast enough to freeze all elements in solid solution. The
threshold for a high-alloyed 6082 (6082") is approx. 15 s,
corresponding to a cooling rate of 1,200 K/min. For lower
alloyed 6XXX alloys (e.g. 6060, 6063, 6005) a lower
cooling rate is sufficient, because the “force” to precipitate
elements is weaker.

Age-Hardening Response Without
Pre-deformation

Figure 2 shows the age-hardening response of different
6XXX alloys for aging temperatures between −20 and
+160 °C and for aging times up to 320 h. As expected with
increasing content of alloying elements (Table 1 and Fig. 2),
the hardness/strength in the as-quenched state increases,
which is in good accordance with calculations based on [7],
indicating that during SHT all soluble alloying elements
(Mg, Si and Cu) were dissolved and kept in solid solution
during quenching.

At −20 °C (circles in Fig. 2) there is minimal hardness
increase until 320 h, indicating very little
clustering/precipitation. For 6063 (Fig. 2b) there is an
increase in hardness after 100 h at −20 °C (Fig. 2b). At
+20 °C (room temperature storage, diamonds in Fig. 2), all

Table 1 Chemistry of the used
alloys [wt%]. The signs (#, ")
indicate the level of the total
magnesium, silicon and copper
content (Mg + Si + Cu), which is
shown in the last row, e.g. 6060#
is a low alloyed 6060 alloy,
6060" is a higher alloyed 6060
alloy

Alloy Si Fe Cu Mn Mg Cr Mg + Si + Cu

6060# 0.46 0.23 0.01 0.05 0.35 0.01 0.82

6060" 0.47 0.23 0.02 0.05 0.38 0.01 0.87

6063 0.59 0.23 0.01 0.06 0.49 0.01 1.09

6005 0.63 0.20 0.04 0.16 0.61 0.01 1.28

6082# 0.92 0.20 0.04 0.52 0.69 0.16 1.65

6082" 1.20 0.23 0.08 0.54 0.81 0.18 2.09

6061 0.80 0.28 0.34 0.13 1.00 0.12 2.14
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Fig. 1 a Hardness of different 6XXX-T66 alloys as a function of Mg, Si and Cu content, the Cu content of 6061 increases the hardness
significantly compared to 6082". b Hardness of 6082"-T66 alloy as a function of quench rate after solutionizing

Fig. 2 Hardness of undeformed 6XXX-T6 alloy as a function of aging parameters and alloy composition. a 6060", b 6063, c 6082#, d 6082" and
e 6061
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alloys show significant natural aging with a hardness
increase of *15 HB after 320 h. At +80 °C (pyramids in
Fig. 2), all alloys show a hardness increase of *50%
compared to the hardness in the as-quenched state.

Interestingly, for 6060", the hardening response at
+20 °C is faster than at +80 °C in the first 35 h (Fig. 2a).
A possible explanation could be the dissolution of clusters,
which were formed during quenching. At 160 °C (open
rectangles in Fig. 2) all alloys reach peak hardness after
20–40 h. 6082# (Fig. 2c) and 6082" (Fig. 2d) show a
decrease of hardness after 40 h, whereas 6060", 6063 and
6061 (Fig. 2e) remain stable at the peak hardness until
320 h. This indicates that Cu-free high-alloyed alloys (6082)
are prone to over-aging compared to low-alloyed alloys
(6060", 6063) and Cu-containing high-alloyed alloys
(6061). In low-alloyed alloys, the “pressure” for cluster
formation is lower, as the content of elements in the solid
solution is lower. In Cu-containing high-alloyed alloys, Cu
slows down the cluster/precipitation kinetics.

Figure 3 shows the elongation to fracture as a function of
natural aging time and artificial aging parameters. The TEM
inserts in Fig. 3 show the precipitation free zones (PFZ) at
the grain boundaries with a thickness, dependent on the
aging parameters, up to 100 nm. With increasing aging
temperature and time, the elongation to fracture decreases.
However, when the aging temperature exceeds 200 °C,
which is typically not used in industrial processes due to the
low hardening potential, the elongation to fracture increases
with longer aging times. This can be explained by the dif-
ference in strength of the PFZ and matrix. In the peak-aged
condition, the difference in hardness (DH) reaches its max-
imum of DH * 90 HB due to the low strength of the PFZ
(consisting of 99.7% pure aluminum [8] with HPFZ * 30
HB) and the high strength of the matrix (Hmatrix * 120 HB).

Consequently, the deformation is located in the soft PFZ
with low elongation to fracture values.

With decreasing difference in strength between the PFZ
and matrix, the elongation to fracture increases. E.g. in the
under-aged condition Hmatrix can be as low as the hardness of
the solid solution (Hmatrix = HSS * 60 HB). In the
over-aged condition Hmatrix can be as low as the hardness of
the soft annealed material (Hmatrix = Hsoft * 40 HB). This
results in a hardness difference (DH) going down to 10-30
HB, leading to a delocalization of deformation with higher
elongation to fracture values. Consequently, it is expected
that elongation to fracture values for aging temperatures
below 200 °C will also increase in the severe over-aged
condition. However, this has low importance for most
industrial processes due to long aging times (�50 h) and
low strength levels.

Age-Hardening Response with Pre-deformation

Figure 4a shows the age-hardening response for
pre-deformation immediately after quenching (10 min
transfer time/natural aging), followed by artificial aging.
A peak hardness of 130 HB is reached after 30–40 h at
120 °C. Figure 4b shows the age-hardening response for
pre-deformation after 1 week of natural aging at room
temperature (20 °C), followed by artificial aging. A peak
hardness of 140 HB is reached after 30–40 h at 100 °C.
However, it has to be mentioned that pre-deformation
reduces the ductility and the elongation to fracture decreases
from 12 to 15% in the T66 state to 6–10% in the T8 state.

For a traditional T6 process, natural aging has a negative
effect on strength/hardness, as some of the soluble elements
get lost in “bad” clusters, which are not transforming to b′′

Fig. 3 Elongation to fracture as
a function of natural aging time
(NA#: 10 min natural aging,
NA": 1 week natural aging) and
artificial aging temperature and
time. TEM inserts are showing
the precipitation free zone at the
grain boundaries, increasing
from <10 nm for 140 °C aging
temperature up to *100 nm for
160 °C aging temperature
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particles during artificial aging and consequently not con-
tributing to strength in the T6 state [9, 10]. However, these
“bad” clusters, which are formed during natural aging, can
“pin” the dislocations during deformation in a T8 process
and therefore the work hardening/dislocation hardening
effect is stronger for pre-aged materials. Overall, after a T8
process, the artificial aging temperature has to be kept low
(e.g. 100–120 °C). If not kept at low temperature, disloca-
tions heal faster than precipitation hardening happens, which

is also well known for severe plastic deformation
(SPD) processes [11].

Influence of Artificial Aging and Surface
Condition on Corrosion Properties

The results of corrosion testing (PV1113 intergranular cor-
rosion test (IGC)) are shown in Fig. 5. In the peak-aged

Fig. 4 Hardness of pre-deformed 6082"-T6 alloy as a function of aging temperature and time. a 10 min natural aging between quenching and
pre-deformation. b 1 week natural aging between quenching and pre-deformation

Fig. 5 Intergranular corrosion attack of high alloyed 6082 (6082") as a function of artificial aging time and surface condition
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condition (T66, Fig. 5a) there is no significant influence
between the as-pressed and machined surface, all surfaces
show intergranular corrosionwith a depth up to 250 µm. In the
over-aged condition (T7, Fig. 5b–d) the corrosion attack
decreases on the machined surface. In the severe over-aged
condition (Fig. 5e, f) there is no corrosion on the machined
surface any more. An explanation for this behavior is that
impurities (e.g. residues and decomposition products of the
metal containing lubricant) on the as-pressed surface initiate
corrosion (electrochemical corrosion). Furthermore, machin-
ing generates a fine-grained surface layer due to deformations
[12, 13], which delays intergranular corrosion attack due to
longer corrosion pathways on the grain boundaries.

Conclusion

There is a tendency in the aluminum industry, especially the
forging industry, to shift chemical alloy compositions to the
upper limit of the standards. It has been shown that higher
concentrations of alloying elements result in higher strengths
only with a sufficiently high SHT temperature and adequate
fast quenching in combination with tailor made artificial
aging parameters. With this, hardness values of 130 HB,
both for 6082" and 6061, can be reached, exceeding the
limits of the standards (95 HB) by 40%. If the material is
pre-deformed between natural and artificial aging, 6082" can
reach a hardness of 140 HB and a yield strength exceeding
400 MPa.

It has to be considered that with higher contents of Mg, Si
and especially Cu, the corrosion properties, in particular the
resistance against intergranular corrosion, degrade. How-
ever, with the right heat treatment strategy (over-aging),
combined with a surface treatment (machining), intergran-
ular corrosion can be reduced significantly.
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