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A differential scanning calorimetry study of aluminum alloy 6111 with

different pre-aging treatments
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Age-hardenable Al-Mg-Si(-Cu) alloys have attracted
increasing attention in recent years [1-3], partly due
to the demand for lighter vehicles as part of the over-
all goal to improve fuel efficiencies and reduce vehicle
emissions. The strengthening of Al-Mg-Si(-Cu) alloys
in automotive applications is usually realized through
precipilation hardening occurring during the automo-
tive paint bake cycle with an average temperature of
175°C and typical duration of about 20 min. Unfortu-
nately, the paint bake cycle always leaves the alloys in
an underaged condition. In addition, for most Al-Mg-
Si(-Cu) alloys, the hardening response during artificial
aging is adversely affected by natural aging, i.e. the
practically unavoidable delay between solution treat-
ment and artificial aging [4-6]. Previous studies [2,
51 have shown that a suitable pre-aging procedure, i.c.
aging at an intermediate temperature immediately after
solution treatment, is effective in reducing the detri-
mentul effects of natural aging on the artificial aging
responsc during the paint bake cycle. However, due to
the difficulties related to the observation of ultrafine
clusters or zones formed during pre-aging treatments
by the use of electron microscopy techniques, the un-
derstanding of the underlying mechanisms is far from
complete. In this study, differential scanning calorime-
try has been used in conjunction with hardness mea-
surements and transmission electron microscopy to in-
vestigate the effects of diffcrent pre-aging treatments
on the precipitation behavior in an aluminum alloy
6111.

The composition of the alloy used in this study was
Al-0.54Mg-0.558i-0.69Cu-0.29Fe-0.1Mn  (in wt%).
The alloy was solution treated for 20 min at 560°C
and quenched in cold water. After quenching, samples

Fig. 1 shows the DSC curve, taken at a heating rate of
20°C min~', of an as-quenched sample and the corre-
sponding hardness curve. The hardness data were ob-
tained from samples heated to the corresponding temp-
cratures on the DSC curve at a heating rate of 20°C
min~! and kept there for 1 min before quenching to
room temperature. Based on the previous DSC inves-
tigations of Al-Mg-Si(-Cu) alloys [2, 3, 7], the peaks
on the DSC curve of the as-quenched sample can be
correlated to the precipitation process as follows: the
exothermic peaks centered at around 100°C and 250°C
are caused by GP zone or cluster formation and 8" pre-
cipitation, respectively. The exothermic peak at around
300°C should correspond to 8" and/or Q' precipitation
[3, 8]. Tt is seen that the hardness increased with in-
creasing temperature until a maximum was reached at
around 250°C. This indicated that although the forma-
tion of GP zones certainly hardened the alloy, the 8
precipitates are more effective in strengthening the al-
loy. In addition, the fact that no hardness reduction was
observed between GP zone formation and 8 precipi-
tation suggests that no GP zone dissolution occurred.
The precipitation of 8’ and/or Q' is mainly responsible
for the decrease in hardness at higher temperatures.

Fig. 2 displays the DSC curve taken at a heating ratc
of 20°C min~' and the corresponding hardness curve
of a sample naturally aged for 30 days. Unlike the DSC
curve of the as-quenched sample, the DSC curve of the
naturally aged sample did not show any exothermic be-
havior at around 100°C. Instead, a very broad endother-
mic bump appeared between 140°C and 230°C. The
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were subjected to two diffcrent thermal treatments. In
the first treatment, samples were kept at room tempera-
ture for 30 days. In the second treatment, a pre-aging at
75°C for 8 h, followed by 30 days of room temperature
storage was imposed. Differential scanning calorime-
try (DSC) analysis of the samples was performed in a
Perkin-Elmer DSC-7. During the DSC measurements,

" the samples were protected with flowing argon. A high
purity Al sample of the similar mass to that of the spec-
imen was used as reference. Rockwell 15T hardness
measurements were carried out in a Wilson hardness
tester. Transmission electron microscopy (TEM) was
carried out in a Philips TM420 microscope operating at
120kV. TEM specimens were prepared by jet-polishing
in 30 vol% HNO;—78 vol% CH;OH solution at. —20
to —30°C.

02618028 € - 2000 Kluwer Academic Publishers

£
& 4 80
035 L
s
@ 03F Tl B
g © 4
S 4
& 025 16 £
] =
= 4 60
o2l 4
° EEH
o
0.15 L. L L L L1 50
50 100 150 200 250 300 350

Temperature (“C)

Figure 1 DSC trace (scan rate 20°C min ) and the corresponding hard-
uess plot for as-quenched aluminiim alloy 6111. :
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Figure 2 DSCeurve (scantate 20°Cmin ')and the corresponding hardl-
ness plot for 4 sumple naturally aged for 30 days.
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Figure 3 DSC trace {scan ate 20°C min~") and the corresponding hard-
ness curve for a sample pre-aged at 75°C for 8 b followed hy 30 days of
natural aging.

disappearance of the exothermic peak around 100°C
indicates that GP zones already existed in the nawrally
aged sample. The broad cndothermic bump is accom-
panicd by a harness reduction, indicating that at lcast
some of the GP zones in the naturally aged sample dis-
solved during the heating. The broadness of the bump
suggests that different kinds of zones/clusters existed
in the naturally aged sample, or that the sizes of the
zones/clusters in the naturalty aged samples are far from
being uniform. With the precipitation of 87, the hard-
ness began to increase. Again, the precipitation of g’
and/or Q' causcd a reduction in hardness.

Fig. 3 presents the DSC trace (scan rate 20°C min~')
and the corresponding hardness curve of a sample pre-
aged at 75°C for 8 h followed by 30 days natural
aging. The disappearance of the GP zonc formarion
peak and the presence of 87 precipitation peak indicates
that GP zoncs not 8" existed in the pre-aged sample. On
the DSC curve, no endothermic peaks were observed
below 180°C either, suggesting that the zones or clus-
ters formed during pre-aging and subsequent natural
aging are more stable than those in the naturally aged
sample. This is in accordance with the hardness data
where essentially no hardness drop was observed for the
pre-aged sarmplc until 180°C. However, an endothermic
bump did exist on the DSC curve between 180°C and
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Figure 4 Vatiation of hardness with arlilicial aging time at 175°C for
samples () naturally aged for 30 days, (b) pre-aged at 75°C for 8 h
followed by 30 days of natoral aging.

230°C. This relatively small bump was accompanied
by a slight hardness decrease, indicating a dissolution
of some of the pre-existing zoncs. However, compared
with those of the naturally aged sample (Fig. 2), both
the heat absorbed during the dissolution and the degree
of hardness reduction were much smaller.

Fig. 4 shows the artificial aging response at 175°C
for the sample pre-aged at 75°C for 8 h followed by
30 days of natural aging. Also shown in Fig. 4 is the
artificial aging response for the samples naturally aged
for 30 days only. For the naturally aged sample, there
was a hardness decrease in the initial artificial aging
stage. This is thought to be caused by the dissolution
of the pre-existing zones, as was evident from the en-
dothermic bump on the corresponding DSC curve (see
Fig. 2). On the other hand, the sample pre-aged at 75°C
for 8 h followed by 30 days of natural aging did not
show any hardness reduction in the sume initial artificial
aging period. Although the peak hardnesses were more
or less the samne, the artificial aging kinetics was signif-
icantly enhanced by the pre-aging treatment at 75°C.
For the condition currently of most interest to the auto-
motive applications (20 min at 175°C), the hardness of
the pre-aged sample was considerably higher than that
of the naturally aged counterpart (~76 vs. ~70).

Fig. 5 shows the bright ficld TEM micrographs
and the corresponding [001]4; selected area electron
diffraction patterns of samples artificially aged at 175°C
for 20 min after different pre-aging treatments. For the
natorally aged sample, artificial aging at 175°C for
20 min did not produce any distinguishable features
of precipitates in either the bright field image or the
diffraction pattern. On the other hand, for the sample
pre-aged at 75°C for 8 h, atter being artificially aged at
175°C for 20 min, the micrograph reveals the presence
of dot-like precipitates. The streaks along [(H10]4) and
[00114; directions on the diffraction pattern indicatc
that the precipitates are needle-like 8 along (001)4;
directions, The dot-like precipitates are necdles viewed
cnd-on. However, largely due to very small strain con-
trast since these precipitates are fully coherent with the
matrix along their long axis [9], needles along [100]
and [010]4 directions are not clearly visible.



Figure 5 Bright field TEM miciographs and the corresponding [001]a: selected area diffraction patterns of samples artificially aged at 175°C for
20 min after (a) being paturally aged for 30 days, (b) pre-aged at 75°C for 8 h followed by 30 days of natural aging,

TEM investigations of the sample naturally aged for
30 days and the sample pre-aged at 75°C for 8 h fol-
lowed by 30 days of natural aging failed to find evidence
of any precipitation. Nevertheless, based on DSC re-
sults and previous studies {3, 10], ultrafine GP zones or
clusters should exist in both samples. However, the DSC
and hardness measurements suggest that thc GP zoncs
or clusters in the sample naturally aged for 30 days only
are less stable than those in the sample pre-aged at 75°C
for 8 h followed by 30 days of natural aging. Therefore,
the sizes of a significant part of the GP zones in the
naturally aged sample must be suberitical and would
dissolve in the early stage of subsequent artificial aging
at 175°C. On the other hand, most of the GI’ zones in
the pre-aged sample should be stable enough (o act as
nuclei for 8" precipitation during subsequent artificial
aging.

In conclusion, pre-aging treatments impose a signif-
icant effect on the precipilation hardening behavior of
aluminum alloy 6111, Tn particular, the results of this
study show that the GP zoncs formed during natural
aging and pre-aging at 75°C for § h diffcr in size and/or
structure. During subsequent artificial aging, a rever-
sion precess cxists for the GP zones or clusters in the
naturally aged sample. On the other hand, the GP zones
or clusters formed during pre-aging are more stable
and can act as nuclei for the precipitation of the main
strengthening phase, A", and hence enhance the artifi-
cial aging response.
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