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Abstract: The effects of copper on the ageing precipitation behavior of as-quenched and pre-aged AA6016 aluminum alloy were
studied by differential scanning calorimetry (DSC), Vickers hardness measurement and transmission electronic microscopy (TEM).
The results indicate that the addition of copper facilitates the growth of clusters (GP I) to the critical size during pre-ageing.
Therefore, the addition of copper accelerates the transition from GP I (pre-f") to GP II (5") during final artificial ageing, and finally
results in the favorable paint-bake response. However, the one with the copper level of 0.3% does not show significant baking
hardening response as expected. Pre-aging can also reduce the detrimental effect due to natural aging of copper-containing alloys.
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1 Introduction

Heat treatable Al-Mg—Si aluminum alloys are
extensively used for auto body sheet applications
recently. Special Al-Mg—Si alloys with improved
formability and baked strength are in demand by the
automotive industry. The strength and paint bake
response of auto body sheet are important and these are
not only influenced by the alloy compositions but also by
the processing cycles. In Europe, AA6016 sheets are
particularly applied successfully in gauge of 1-1.2 mm
[1]. The material is delivered in the T4 temper to ensure
low vyield strength and high elongation for good
formability. Pre-aging treatment is employed shortly
after quenching (often denoted as T4P) for the purpose of
reversing GP I zones formation and providing GP II
zones (f") nuclei, which lead to a large number of "
precipitates during final artificial aging (i.e., the paint
bake cycle). These high density " precipitates contribute
to the higher final strength for dent resistance after
forming operation [2].

The summary of information from the latest
investigations on precipitation sequence [3—8] of
Al-Mg-Si alloy shows inconsistency about the initial
stages of decomposition of the solid solution. And

natural ageing occurs during processing, which has a
significant negative effect on artificial ageing of
Al-Mg-Si alloys. The Mg/Si co-clusters were found in
the 6061 alloy aged at room temperature [3], while GP I
zones were also found by TAMIZIFAR and LORIMER
[5]. But there is a common sense that such kind of
microstructure formed during low-temperature ageing
influences the final aged strength [8—12]. Though the
natural ageing between quenching and artificial ageing is
generally detrimental, there are a number of variables,
determining the beneficial or detrimental effects, such as
Mg,Si in the alloy, duration of delay. As the distribution
of hardening GP I zones and GP II zones (8") strongly
depends upon the distribution of co-clusters, EDWARDS
et al [3] proposed that for any low-temperature
pre-ageing to be beneficial, sufficient time must be
allowed to develop a large number of co-clusters. In
these cases, copper is general accepted to enhance the
ageing kinetics and increase stability of GP I zones
during paint-baking and the final strength. It is believed
that addition of copper to Al-Mg—Si aluminum alloys
are needed to enhance post paint-bake strength [2,5,13],
but leads to decrease in formability [13,14] and
deleterious effect on the corrosion resistance properties
of the natural-aged alloys. This complexity is why an
effort has been launched to do such analyses on the
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effect of copper addition on the ageing behavior of
Al-Mg—Si alloys. And there are numerous reports on the
effect of the quaternary element addition on ageing
precipitation of AI-Mg—Si alloys [4,7-9,13,15].

In order to understand the effect of copper on age
hardening due to natural aging and the following
artificial aging of 6016 aluminum alloy, it is worthy of
detailed study of the effect of copper addition on
pre-ageing and final artificial ageing precipitation
behavior of the investigated alloys. For this purpose, it is
attempted to clarify the precipitation products which
form after pre-ageing, natural ageing and artificial ageing
in AA6016 based alloys with different amounts of
copper addition by Vickers hardness measurement,
differential scanning calorimetry (DSC) and transmission
electron microscope (TEM).

2 Experimental

The chemical composition of the investigated are
given in Table 1, i.e., three alloys based on 6016 with 0,
0.1% and 0.3% Cu. The materials were cast in an
induction furnace. The as-cast alloys were homogenized
at 550 °C for 12 h in an air furnace, and then were hot-
and cold- rolled to 1.0 mm-thick sheets.

Table 1 Chemical composition of experimental AA6016 based
alloys (mass fraction, %)

Alloy Mg Si Cu Fe Mn Al
A4 0.42 1.25 0 0.08 0.13 Bal.
A21 0.41 .30 0.10 0.07  0.08 Bal.
A10 0.37 126 032 009 0.13 Bal.

The cold-rolled sheets were solution heat treated at
550 °C for 30 min and quenched in cold water. The as-
quenched sheets were pre-aged at 100 °C for 2 h and at
200 °C for 20 s respectively. The pre-aged sheets were
artificially aged at 170 °C for 30 min to stimulate
paint-baking cycle after 30 d delay at room temperature.

The DSC analysis was carried out using a
Perkin-Elmer DSC7 instrument with a scanning rate of
10 °C/min in the temperature range of room temperature
to 350 °C on the solution treated and pre-aged specimens.
The Vickers hardness values of 5 samples were measured
and averaged to estimate the hardening response using a
ZXTM-HVS-50 with a load of 4.9 N and holding time of
20 s on the samples. The traditional TEM was performed
using a JEOL-JEM—2100F on the specimens after
pre-ageing and artificial ageing.

3 Results and discussion

3.1 Precipitation sequence
The precipitation sequence in AlI-Mg—Si alloys has

been investigated by many researchers, which includes
the stages listed as follows: supersaturated solid solution
(SSSS)—formation of Mg, Si clusters—dissolution of
Mg clusters — formation of Mg+Si co-clusters — small
precipitates of unknown structure (GP I or pre-f") —
formation of coherent A" needles (GP II) — formation of
semi-coherent ' rods + lath-like particles — formation
semi-coherent f plates — formation of incoherent 5.

Such sequences are not particular and valid for any
temperature. Some of the phases might not occur at low
temperatures or may evolve into others almost
instantaneously at high temperatures and there may be
ranges of co-existence with more than one phase. The
exact precipitation sequence depends on the alloy
compositions (excess in Mg or Si, or balanced alloy) and
the possible presence of additional elements (Cu, Mn, Fe,
etc) [16].

Figure 1 shows the DSC curves of the experimental
alloys as-quenched and the following pre-aged at 200 °C
for 20 s. The DSC curves of as-quenched alloys illustrate
a slight precipitation peak A at 70 °C and a dissolution
trough B at 155 °C. The exothermic peak A is ascribed to
the formation of Si—-Mg-vacancy clusters and nucleation
of GP zones [17]. Since the clusters can dissolve and
then transform to pre-f” and " during the heat treatment,
trough B is due to the solution of atomic clusters. The
process associated with trough C is not known exactly. It
is considered that the pre-f” precipitates are formed
during ageing at around 70 °C. The peak A is followed
by a sharp peak D, which is supposed to be caused by
random precipitates, exhibiting irregular arrangement of
bright dots in the HRTEM image [18]. According to
ESMAEILI et al [16] the precipitation of £, Q" and Q'
phase. Lead to the exothermic peaks F, H and I.

The first stage in the precipitation sequence, i.e., GP
zone or clusters formation, is a complex process. Based
on previous studies, this stage consists of three types of
clusters: clusters of Si atoms, clusters of Mg atoms, and
co-clusters of Mg and Si atoms. These three types of
clusters compete with each other. However, due to the
ultrafine size of the clusters, the details of the clustering
process are unclear. According to a recent three-
dimensional atom probe study, in this stage, Cu did not
have a significant effect on the chemical compositions of
the GP zones [19].

The DSC curves of the alloys with 0.1% copper
pre-aged at 100 °C for 2 h don’t show peak A and trough
B. This indicates that the atomic clusters are formed and
grow into the critical size which is stable during
pre-ageing. And the density of the peak D shows a
significant increase as shown in Fig. 1(b).

As shown in Fig. 1(c), a peak H appears at the
temperature of around 275 °C and a peak I appears at
the temperature of around 340 °C in addition to the
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Fig. 1 DSC curves of as-quenched, pre-aged at 100 °C for 2 h
and pre-aged at 200 °C for 20 s of AA6016 based alloy with
out Cu (a), 0.1% (b) and 0.3% (c) Cu

corresponding peak A and trough B are found in the DSC
curves of the pre-aged alloy with 0.3% Cu. These two
peaks mean the formation of Q" and Q' phases [16].
Figure 1(c) suggests that the addition of 0.3% Cu leads to
the formation of Q" and Q' precipitates, but has no
obvious effect on the formation of the atomic clusters in
Al-Mg—Si system alloys, which may be attributed to the
low diffusion coefficient of copper in aluminum matrix.

3.2 Vickers hardness measurement
Figure 2 shows the Vickers hardness evolution
during pre-aging, natural aging and final artificial ageing.

The hardness values of specimens pre-aged at 100 °C for
2 h and then artificially aged are higher than those
pre-aged at 200 °C for 20 s and then artificially aged,
which suggests that clusters in the specimens after
pre-ageing at 100 °C for 2 h become more stable and
effective to develop into S” precipitates (confirmed by
larger peak D in corresponding DSC curves in Fig. 1).
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Fig. 2 Vickers hardness evolution curves of three alloys during
processing with pre-aging at 100 °C for 2 h (a) and pre-aging at
200 °C for 20 s (b)

It is considered that nucleation of Q" and Q' phases
occurs in the alloy with 0.3% Cu, particularly at the
temperature about 200 °C (Fig. 1(c)). The influence of
copper addition on the growth of clusters is weakened
accordingly and results in high density of the clusters.
Therefore, the amount of " precipitates decreases,
which results in decreasing paint-baking response in the
alloys as shown in Fig. 2(b).

3.3 Microstructural aspects

Figures 3 and 4 show TEM bright field images and
the [001]4; selected area diffraction patterns (SADPs)
obtained from those pre-aged at 100 °C for 2 h or
pre-aged at 200 °C for 20 s, and then artificially aged at
170 °C for 30 min, respectively. No clusters, which are
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Fig. 3 TEM bright field images and selected area diffraction patterns with B=[001],, obtained from alloys; (a) alloy A4 pre-aged at
100 °C for 2 h; (b) Alloy A4 pre-aged at 100 °C for 2 h and aged at 170 °C for 30 min; (c) Alloy A21 pre-aged at 100 °C for 2 h; (d)
Alloy A21 pre-aged at 100 °C for 2 h and aged at 170 °C for 30 min; (¢) Alloy A10 pre-aged at 100 °C for 2 h; (f) Alloy A10

pre-aged at 100 °C for 2 h and aged at 170 °C for 30 min

indicated in the DSC results, are found in the pre-aged
samples. But the distribution of the precipitates in the
artificially aged 6016 based alloy differs. This is due to
the fact that the clusters with a lower solute
concentration and undefined morphology are not large
enough to give contrast in TEM images. For the
artificially aged alloy, the precipitates with 0.1% Cu
pre-aged at 100 °C for 2 h are denser than those in the
copper-free one or the one with 0.3% Cu. This suggests
that copper addition has an adverse effect on the kinetics
of the subsequent artificial ageing in the case of copper
less than 0.3% and pre-aging at 100 °C for 2 h. Mg and
Si clusters are present in the as-quenched alloys, but Mg

and Si atoms aggregate during natural aging to form
Mg-Si co-clusters. By aging at 100°C, spherical GP
zones with Mg, Si atoms similar to the co-clusters. GP
zones give contrast in TEM images but the co-clusters
are formed, because the former has a higher solute
concentration than the later. The precipitation products
after artificial aging for 30 min at 170 °C are GP zones
regardless of the prior aging conditions, but the number
density of the GP zones is significantly affected by the
pre-aging conditions. Natural aging suppresses the
precipitation kinetics of the GP zones in artificial aging,
but pre-aging at 100 °C increases the number density of
the GP zones in the artificially aged alloy. This suggests
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Fig. 4 TEM bright field images and selected area diffraction patterns with B=[001],, obtained from alloys: (a) Alloy A4 pre-aged at
200 °C for 20 s; (b) Alloy A4 pre-aged at 200 °C for 20 s and aged at 170 °C for 30 min; (c) Alloy A21 pre-aged at 200 °C for 20 s;
(d) Alloy A21 pre-aged at 200 °C for 20 s and aged at 170 °C for 30 min; (e) Alloy A10 pre-aged at 200 °C for 20 s; (f) Alloy A10

pre-aged at 200 °C for 20 s and aged at 170 °C for 30 min

that the GP zones formed in the pre-aging condition
grow in the subsequent artificial aging process, but the
co-clusters formed by natural aging are completely
reverted. Thus, it can be concluded that the major
contributor for age hardening in the paint-baking cycle is
the GP zones. An increase in the number density of 5"
precipitates by artificial aging after 100 °C pre-aging
indicates that the spherical GP provide
heterogeneous nucleation sites for the ” precipitate. On
the other hand, a low number density of " precipitates
with natural aging suggests that co-clusters are reverted
at the temperature of artificial aging, resulting in reduced
precipitation kinetics. This study also reveals that the

zones

atom ratio in the co-clusters, GP zones and " is close to
that of the alloy composition. This finding suggests that
excess Si causes a higher number density of precipitates
[18]. When pre-aged at 200 °C for 20 s, coarser and
lower density precipitates are formed, especially after
aging at 170 °C for 30 min (Fig. 4).

The addition of Cu has a large effect on the artificial
age-hardening kinetics and a small but noticeable effect
on the maximum hardness and the higher copper alloy
shows evidence of Q" and (' precipitates. The
distribution of the precipitates in the alloy with 0.1% Cu
after pre-ageing and artificial ageing is denser than that
in the artificially aged alloys with copper-free or 0.3%
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Cu, revealing that the corresponding paint bake
responses of the alloys present a significant difference
shown in Fig. 2.

4 Conclusions

1) Clusters in the specimens after pre-ageing at 100
°C for 2 h become more stable and thus more effective to
develop into B” precipitates during final artificial ageing,
which is beneficial to paint-bake responses.

2) Copper addition accelerates ageing precipitation
at above room temperature and retards room temperature
natural ageing. However, the density of copper atoms in
the Al-Mg-Si system with copper addition of 0.3%
decreases, which means no acceleration of nucleation of
the clusters.
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