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The effect of prestrain on the natural aging

and fracture behaviour of AA6111 aluminum
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In this paper, the effect of prestrain on the T4 behaviour as well as fracture behaviour of
AA6111 has been investigated with a view to understanding its strengthening
characteristics under this condition. The evaluation methods include tensile testing,
differential scanning calorimetry (DSC) and fractography using scanning electron
microscopy (SEM). It was found that AA6111 develops increased strength with increasing
levels of prestrain during natural aging. The application of plastic prestrain prior to natural
aging increases the speed with which the various phases form during natural aging, while
decreasing the volume fraction of GPI zones. Prior prestrain and subsequent natural aging
show improvement in the dimpled tensile fracture. However, the role of intermetallic
particles is significant in that they serve as nucleation sites for fracture.
C© 2004 Kluwer Academic Publishers

1. Introduction
In the continuing drive for weight reduction in new au-
tomobile designs, the 6000 series Al-Mg-Si alloys have
emerged as the most promising age-hardenable body
sheet material in the automotive industry. Currently, in
North America, the predominant candidate sheet alloy
used is the AA6111, an Al-Mg-Si-Cu alloy. This alloy
has good combination of strength and formability in the
T4 temper. Its strength can be further enhanced by pre-
cipitation hardening during the final paint bake process
in the automotive manufacturing process.

The effect of precipitation on the strength of vari-
ous Al-Mg-Si alloys has been investigated and reported
very extensively in the open literature, for example [1–
6], their strength being attributed to the precipitation of
the Mg2Si phase during artificial aging. It is noted that
in all these investigations, only the strength increase
due to precipitation mostly has been considered.

In recent times however, a number of researchers
have made some attempts at investigating the effect of
natural aging as well as preaging on precipitation in Al-
Mg-Si alloys. For example Poole and co-workers [7]
investigated the effect of natural aging on the evolution
of yield strength during artificial aging for Al-Mg-Si-
(Cu) alloys. They observed that with long term natu-
ral aging prior to artificial aging, the initial component
of yield stress (arising from natural aging) gradually
decreased as aging progressed. It is also very estab-
lished that the presence of Cu in Al-Mg-Si alloys en-
hances the precipitation kinetics of these alloys [8–13].
Murayama et al. [14] and Murayama and Hono [15]
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using the 3 dimensional atom probe field ion mi-
croscopy (APFIM) technique have investigated the
adverse age-hardening effect due to natural aging on
precipitation in Al-Mg-Si alloys. They found that sepa-
rate Mg- and Si-clusters are present in the as-quenched
condition, but Mg and Si atoms aggregate during nat-
ural aging to form Mg-Si co-clusters. It is envisaged
that the involvement of Cu-containing clusters during
natural aging will alter the precipitation sequence in
Al-Mg-Si-Cu alloys and therefore affect the natural ag-
ing behaviour of these alloys.

Although it is generally believed that long term natu-
ral aging would improve the strengthening characteris-
tics of AA6111 alloys, to the best of our knowledge not
much has been reported in the open literature, let alone
the effect of prestrain on the natural aging behaviour
of this alloy. In the present investigation, the effect of
prestrain on the natural aging behaviour of AA6111
aluminum is studied with a view to understanding
its contribution to the age-hardening characteristics of
this alloy under this condition. This is very crucial
since in the present and future applications of this
alloy for external and internal automobile body pan-
els, the interaction between prestrain and natural ag-
ing becomes paramount in the manufacturing process.
Again, the forming of various parts of an automobile
body panel will involve the application of various lev-
els of prestrain, which will turn to influence the ag-
ing characteristics of the alloy. Furthermore, natural
aging is unavoidable in the automobile manufactur-
ing processing line. The evaluation methods employed
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T ABL E I Chemical composition limit of AA6111 (weight percent)

Cu Fe Mg Mn Si Ti

Maximum 0.9 0.4 1.0 0.45 1.1 0.10
Minimum 0.5 0.5 0.1 0.6

in the present study include tensile testing, differen-
tial scanning calorimetry (DSC) and scanning electron
microscopy (SEM).

2. Experimental procedure
The AA6111 material used in the present study was
supplied by Alcan International Limited, Kingston,
Ontario, its composition limit is presented in Table I.
The material was manufactured by a special technique,
the details of which are reported in [16].

2.1. Tensile testing
The tensile specimens were machined from a 1 mm
thick stock plate in accordance with ASTM E-8 speci-
fications, with a gauge length of 50 and 12 mm gauge
width. They were solution heat treated at 560 ± 5◦C
for 30 min in a constant temperature air furnace and cold
water quenched. Plastic prestrains of 0, 2, 5 and 10%
(by stretching) respectively were then applied to the
samples which were subsequently aged at room tem-
perature for various lengths of time. To ensure that the
samples did not begin aging between solution heat treat-
ment and tensile testing, they were stored at −10◦C.
The period between solution heat treatment and pre-
strain maintained at six to twelve hours to ensure that
the material did not begin to naturally age. Tensile tests
were then performed on the samples at room tempera-
ture using an InstronTM screw-driven machine (model
# 1122) at an initial strain rate of 0.025 s−1. The tensile
strength and the 0.2% off set yield strength values were
determined from the resulting stress vs. strain plot. The
percentage elongation was also determined.

2.2. Differential scanning calorimetry (DSC)
DSC analyses of samples subjected to various lev-
els of prestrain (0, 2, 5 and 10%) and naturally aged
for various lengths of time were carried out using a
temperature-modulated DSC 2910 system (MDSCTM,
TA Instrument Inc., USA) which incorporates a liquid
nitrogen cooling accessory and a nitrogen gas DSC cell
purge. The instrument was calibrated for enthalpy and
temperature using a standard high purity elemental in-
dium and operated in the non-modulated regime. Three
DSC runs were conducted for each natural aging time
in order to ensure reproducibility. All DSC runs began
at 30◦C and ended at 240◦C at a constant heating rate
of 10◦C min−1. This temperature range was intention-
ally chosen to isolate GPI zone reactions since they are
the most paramount under the natural aging condition.
In order to correct for the additional heat flow arising
from the difference in weight of the sample pan and the
reference pan, and also to compensate for any asym-
metry in the measuring system, a preliminary blank
experiment was performed with commercially pure alu-

minum. Thus the heat flow obtained was the difference
between the measured and the blank values.

2.3. Scanning electron microscopy (SEM)
The fracture surfaces of AA6111 tensile samples which
had been subjected to different levels of prestrain
and naturally aged for various lengths of time were
examined using a Jeol JSM-5900LV scanning elec-
tron microscope (SEM) equipped with INCA energy-
dispersion spectrometry (EDS) analysis system.

3. Results and discussion
3.1. Tensile
Figs 1 and 2 show the variation of yield and ultimate
tensile strengths with aging time at room tempera-
ture respectively, for AA6111 aluminum subjected to

Figure 1 Variation of yield strength with natural aging time for various
levels of prestrain in AA6111 aluminum.

Figure 2 Variation of ultimate tensile strength with natural aging time
for various levels of prestrain in AA6111 aluminum.
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Figure 3 Variation of percentage elongation with natural aging time for
various levels of prestrain in AA6111 aluminum.

various levels of prestrain. It can be observed in Fig. 1
that the yield strength rises very sharply within the first
48 h of aging, the sharpness increasing with increas-
ing level of prestrain, after which the rate of increase
in yield strength decreases and levels off with further
aging. This indicates that the overall aging sequence of
AA6111 aluminum is unaffected by the application of
plastic prestrain.

However, a few other features of Fig. 1 are worthy
of note. First, the unstrained sample attained a mono-
tonic maximum after approximately 120 h of natural ag-
ing while the prestrained samples attained a monotonic
maximum after about 96 h of natural aging irrespective
of the level of prestrain. Thus, the application of plastic
prestrain accelerates the early precipitation kinetics of
the alloy under the natural aging condition. Secondly,
as expected, there is an increase in yield strength with
increasing level of prestrain. Fig. 2 also shows gen-
eral increase of tensile strength with increasing level of
prestrain.

Fig. 3 shows the variation of percentage elongation
to fracture as a function of natural aging time for var-
ious levels of prestrain. There is a continual decrease
in percentage elongation to fracture with aging time.
A rapid fall in percentage elongation to fracture is ob-
served during aging of up to 48 h, after which the rate
of reduction decreases.

The precipitation sequence for Cu-containing Al-
Mg-Si alloys for a long time has been traditionally con-
sidered to be analogous to the ternary Cu-free Al-Mg-Si
alloys shown in Equation 1:

SSS → GPI (Mg/Si rich) → GPII (Mg/Si rich)/β ′′

→ β ′ → β (1)

However, Gupta and co-workers [17] in their study of
the precipitation sequence in AA6111 (an Al-Mg-Si-Cu
alloy) proposed another possible sequence that could be

(a)

(b)

Figure 4 DSC thermograms of quenched samples of AA6111 at various
levels of prestrain at: (a) 168 h natural aging and (b) 500 h natural aging.

Figure 5 Variation of DSC peak dissolution reaction temperature (Tp)
of GPI zones with level of prestrain at 24 h natural aging.
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followed as:

SSS → GPI (Cu/Al rich) → GPII (Cu/Al rich)/θ ′′

→ θ ′ → θ (2)

Recently, the precipitation of the quaternary Q phase
and its precursor Q′ in Cu-containing Al-Mg-Si has
been reported [18–23]. As a result, the precipitation
sequence in AA6111 has come to be accepted as:

SSS → clusters/GP zones → β ′′ + Q′

→ equilibriumQ + Mg2Si (3)

Natural aging is generally believed to be due to the oc-
currence of clusters of solute atoms followed by the
growth of GPI zones. For this particular alloy, this
entails the formation of separate Mg-, Si-, Cu-, and co-

Figure 6 SEM fractograph of unstrained AA6111 at: (a) 0 h and (b) 500 h natural aging.

clusters of Mg-Si and/or Cu-Al [9, 11, 17] in the matrix
at the early stages of natural aging (see Equations 1 and
2). These coherent GPI zones distort the aluminum ma-
trix, setting up large strain fields around the GPI zones,
which impede the movement of dislocations thereby in-
creasing the strength of the alloy. This stage of precip-
itation is very complex as the clusters tend to compete
with each other, resulting in a lot of dissolution and for-
mation of new clusters. With the formation and growth
of the GPI zones, the contribution from increased in-
ternal stresses and the movement of quenched in va-
cancies to the GPI zones gives rise to a further increase
in strength. However, further aging increases the size
of the GPI zones, resulting in coherency loss, causing
the vacancy concentration in the zones and matrix to
reach their equilibrium values. Consequently, the rate
of increase of strength becomes sluggish as depicted
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by the portion of the curves showing monotonic in-
crease in yield strength with further aging. Further-
more, the application of plastic prestrain to the samples
prior to room temperature aging, results in the gener-
ation of increased dislocation tangles with increasing
level of prestrain and hence an increase in the yield
strength of the material. These high energy disloca-
tion sites may favor a faster movement of quenched
in vacancies on GPI zones and further increase the
yield strength of the material as depicted in Figs 1
and 2.

3.2. Differential scanning calorimetry (DSC)
The DSC thermograms of AA6111 samples, which had
been solutionized, quenched, prestrained to various lev-
els and naturally aged for times of 168 and 504 h are

Figure 7 SEM fractograph of 2% prestrained AA6111 at: (a) 0 h and (b) 500 h natural aging.

shown in Fig. 4a and b. The samples were aged at room
temperature for three weeks. The exothermic peak A
indicates the formation of GPI zones while the en-
dothermic trough B indicates their dissolution. A vi-
sual evaluation of the area under peak A shows that
it is larger for the quenched, unstrained and naturally
aged sample compared to the quenched, prestrained and
naturally aged samples, indicating a decrease in the vol-
ume fractions of the GPI zones with increasing level of
prestrain. It is further observed that the application of
plastic prestrain higher than 2% causes the GPI zone
phases to disappear. For the unstrained condition, this
may be attributed to the formation of initial clusters of
Mg, Si, and/or Cu following quenching and the speed
with which these transform into stable GPI zones. This
is consistent with the reported results of DSC scans con-
ducted on other Al-Mg-Si alloys [23, 25–29]. It is also
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possible that Mg-Si co-clusters may have formed [14,
15, 30]. The application of various levels of prestrain,
it is believed, further increases the speed with which
quenched in vacancies move to GPI zones and form at
the high energy sites within the material with natural
aging time.

In some other results of research underway, the disso-
lution reaction peak for quenched, unstrained and natu-
rally aged samples have been observed to shift to higher
temperatures with increasing natural aging time. This
is attributed to a greater thermal stability of GPI zones
resulting from their increased size. A close look at the
dissolution peak B for the quenched, prestrained and
naturally aged samples however, shows a shift to lower
temperatures. The variation of DSC peak dissolution
reaction temperature (TP) of GPI zones with prestrain
at room temperature for 24 h of natural aging times is
plotted in Fig. 5 to illustrate this point. It can be ob-

Figure 8 SEM fractograph of 10% prestrained AA6111 at: (a) 0 h and (b) 500 h natural aging.

served that peak reaction temperature during GPI zone
dissolution occurs at lower temperatures as the level of
prestrain increases. This is attributed to sites of high
energy generated in the material due to the increased
dislocation density, causing the GPI zones to dissoci-
ate faster for the attainment of stability in the material
during the DSC run.

3.3. Fractography
Figs 6–8 show the SEM fractographs of failed tensile
specimens, which had been subjected to various levels
of prestrain and naturally aged for up to 500 h. Fig. 6a
and b show a comparison of the fractographs for the
quenched unstrained samples and those subjected to
500 h natural aging. It can be observed from the two
figures that there are more dimples on the 500 h nat-
urally aged sample compared to the 0 h natural aging.
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This is attributed to clusters and stable GPI zones
formed as a result of natural aging. Fig. 7a and b show a
comparison of fractographs for quenched samples sub-
jected to 2% prestrain with 0 and 500 h natural aging
respectively. It can be observed that Fig. 5b has more
dimples on its surface than in Fig. 7a. The formation
of smaller dimples along the surface of the ledges be-
tween the bigger ones may be attributed to the inter-
action between dislocations and GPI zones, resulting
in dislocations cutting GPI zone [31]. Furthermore, a
comparison between Figs 6 and 7 show that the strained
and naturally aged samples have more dimples on their
surfaces than the unstrained samples. Thus, the appli-
cation of prestrain prior to room temperature aging has
a significant effect on the subsequent tensile ductility of
these samples. Fig. 8a and b compare the fractographs
of 10% prestrained samples subjected to 0 and 500 h
natural aging respectively. A close look at these figures
illustrates that some of the dimples are the result of the
presence of second phase particles in the alloy. These
particles have been identified, using EDS, to be inter-
metallics of the Alx FeSi type [32]. They are believed to
serve as initiation sites for fracture in the materials dur-
ing tensile testing as the caps have been dislodged from
the cones around them in addition to their dislodgement
from GPI zones.

4. Conclusions
1. There is an increase in yield strength of 6111 alu-

minum with increasing levels of prestrain during natu-
ral aging, thus suggesting that dislocations interact with
GPI zones to improve its strengthening characteristics
under this condition.

2. The application of plastic prestrain does not alter
the aging sequence of AA6111 significantly, as demon-
strated by the tensile and DSC results. However, the
speed with which the various phases form is enhanced.

3. The application of plastic prestrain changes the
relative quantities of the various phases formed dur-
ing natural aging, in particular, with a decrease in the
volume fraction of GPI zones.

4. Prior prestrain and subsequent natural aging show
improvement in the dimpled tensile fracture. However,
the role of intermetallic particles is significant in that
they serve as nucleation sites for fracture.
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