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Introduction

The use of aluminum alloys for automotive body materials has been driven by a number of issues, in
particular weight reduction. The heat treatable Al-Mg-Si alloys of the 6xxx series are often chosen for
these applications, since they show a good combination of formability, corrosion resistance and
weldability [1]. The strengthening of Al-Mg-Si alloys is based on a precipitation hardening process. The
precipitation sequence in the Al-Mg-Si alloys is generally accepted [1–3] to be:

a (sss)3 GP zones3 b03 b93 b

wherea (sss) is the supersaturated solid solution, GP zones are generally considered spherical clusters
with unknown structure. Theb0 are fine needle-shaped zones along,100.Al, with a monoclinic
structure (different values of the lattice parameters were reported [2,3]), andb9 are rod-shaped
precipitates (circular cross sections) along,100.Al, having a hexagonal crystal structure with a5
0.705 nm and c5 0.405 nm [2,4]. However, other lattice parameters forb9 have also been reported [5].
Theb phase are usually Mg2Si platelets on {100} of Al having the fcc CaF2 structure with a5 0.639
nm [4].

Although the precipitation process in Al-Mg-Si alloys has been extensively studied, the understand-
ing of the hardening process is still incomplete, since any change in composition, processing and aging
practices etc. could affect the precipitation hardening behavior. In this paper, hardness measurements,
differential scanning calorimetry and transmission electron microscopy have been utilized to study the
precipitation hardening behavior in aluminum alloy 6022.

Experimental Procedure

The composition of the 6022 alloy used in this study is given in Table 1. The alloys were cast,
homogenized, hot and cold rolled to 1.9 mm sheets. The sheet samples were solution treated for 20 min
at 560°C and quenched in ice water. Artificial aging was carried out at a temperature of 175°C to imitate
the paint bake temperature used in automotive applications. All specimens were quenched to room
temperature at the completion of aging. In one set of samples, the interval between solution treatment
and artificial aging was limited to a few minutes or less. In another set of samples, the alloy was
naturally aged for 30 days prior to artificial aging.
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Six Rockwell 15T hardness measurements were taken and averaged for each of the samples.
Differential scanning calorimetry (DSC) analysis was carried out in a Perkin-Elmer DSC-2 at a heating
rate of 10°C/min. During DSC measurements, the samples were protected with flowing argon. A high
purity Al sample of the similar mass to that of the specimen was used as a reference. Transmission
electron microscopy (TEM) was performed in a Philips TM420 microscope operating at 120 kV. TEM
specimens were prepared by jet-polishing in 30 vol% HNO3 - 70 vol% CH3OH solution at220 to
230°C.

Results and Discussion

Figure 1 presents the DSC curve obtained at a heating rate of 10°C/min for the 6022 alloy immediately
after solutionizing and quenching. The DSC curve showed four exothermic peaks and one large
endothermic peak. The four exothermic peaks were centered near 95°C (peak I), 240°C (peak II), 290°C
(peak III) and 335°C (peak IV), respectively. The endothermic peak (V) appeared at around 515°C.

To reveal to which precipitation reactions the peaks on the DSC curve in Figure 1 correspond, TEM
observations were made on samples annealed in the DSC at a heating rate of 10°C/min to temperatures
just above the corresponding peaks. For the sample heated just above the DSC peak I, no ordered
precipitates were observed by TEM. Comparison with previous results suggests that DSC peak I is
probably related with the formation of GP zones [6,7].

Figure 2 shows the TEM micrographs of a sample heated just over peak II (; 260°C). The bright
field image revealed strain contrast of needle-like precipitates oriented along [010]Al and [100]Al

directions together with some fine dots. The needles were typically 20–40 nm long. Most of the dots
should be the end-on sections of the needles along [001]Al. The dark-field image showed that the
diameter of the needles was in the range of 2–5 nm. The selected area diffraction pattern showed faint
streaks along [010]Al and [100]Al due to the needle-like precipitates [4,8]. This indicates that DSC peak
II corresponds to the precipitation ofb0.

TABLE 1
Actual Compositions of the 6022 Alloy

Alloy Mg (wt%) Si (wt%) Fe (wt%) Cu (wt%) Mn (wt%) A1 (wt%)

6022 0.58 1.28 0.11 0.07 0.08 balance

Figure 1. DSC trace of an as-quenched sample taken at a scan rate of 10°C/min.
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Figure 3 shows the microstructure of a sample heated just over DSC peak III in Figure 2. At first
sight, some rod-like precipitates with different diameters were observed along [010]Al and [100]Al

directions. However, close examination of the end-on section of these precipitates revealed rectangle
shape in addition to round shape. The round-shape was due tob9 which is considered rod-like. The
rectangle-shape suggested that the corresponding precipitates were lath-like. The appearance of lath-
like precipitates were previously reported in Al-Mg-Si(-Cu) alloys [9–12]. Although the determination
of the crystal structure of the lath-like precipitates is still under investigation, the analysis of the
diffraction pattern in Fig. 3 suggests that the crystal structure of the lath-like precipitates observed in
this study is very close to B9 reported in reference [10]. Chakrabarti et al. [11] have suggested that this
phase be denoted as Q.

The microstructure of a sample heated to 377°C (end of DSC peak IV in Figure 1) was also
examined. Large particles with different morphologies and a few large rods were observed. Energy
dispersive spectroscopy and microdiffraction analysis showed that they were eitherb-Mg2Si or Si,
suggesting that the DSC peak IV corresponds to the precipitation ofb and Si. Consequently, the broad
endothermic peak (peak V) on the DSC curve in Figure 1 is most likely caused by the dissolution of
the b and Si.

Figure 4 shows the hardness as a function of artificial aging time for samples with and without
natural aging. For samples without natural aging, the hardness increased with aging time up to 500 min.
After that, the hardness decreased slightly. For the artificial aging condition most interesting to the
automotive industry (about 175°C for 20 min), the alloy was still under-aged. As expected, the naturally
aged sample exhibited higher initial hardness when compared with samples which had not been
naturally aged. However, the naturally aged sample showed a decrease in hardness upon initial artificial
aging. Then, the hardness began to increase to a slightly higher peak hardness than samples which had
not been naturally aged. It should be noted that after 20 min at 175°C, the hardness of the naturally aged
sample was lower than that of the sample without natural aging.

Figure 2. Bright-field TEM micrographs ([001]Al zone axis) of the sample heated to 260°C at 10°C/min immediately after
solutionizing and quenching. Needle-likeb0 precipitates oriented along,010.Al directions are observed.
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The detrimental effect of natural aging on precipitation hardening has been reported previously
[12,13], and is thought due to the fact that the clusters formed during natural aging consume the
vacancies and solute atoms and are hard to redissolve. It is clear from the present study that the initial
decrease of hardness for the naturally aged sample (see Figure 1) was attributed to the reversion of GP
zones formed during natural aging. On the other hand, it seemed that natural aging had little effect on
prolonged aging at 175°C. This is contrary to the effect of natural aging on the artificial aging at a
similar temperature in an Al-Mg-Si alloy, where even lower peak hardnesses were observed [12].

Figure 5 shows the microstructure of a sample aged at 175°C for 1000 min which was slightly
over-aged. The microstructure was very similar to that shown in Fig. 2. This indicates thatb0 is the main
strengthening phase in 6022 alloys.

Figure 3. Precipitation morphology ([001]Al zone axis) of the sample heated to 300°C at 10°C/min immediately after solution-
izing and quenching. At this stage, rod-like and lath-like precipitates predominate.

Figure 4. Dependence of hardness on artificial aging time at 175°C. (a) without natural aging; (b) 30 days of natural aging.
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In Figure 6 the DSC plots for a sample naturally aged for 30 days and a sample artificially aged at
175°C for 1000 min are displayed. Compared with the DSC curve in Figure 1, it is seen that the
exothermic peak around 95°C (peak I) disappeared on both of the DSC curves in Figure 6. For the
naturally aged sample, it seemed that an endothermic peak was present at around 215°C, overlapping
with the exothermic peak at 247°C. Two exothermic peaks also presented at around 290°C and 345°C,
corresponding to peak III and IV in Figure 1, respectively. Another endothermic peak appeared at
around 518°C. Since for solution treated samples, the DSC peak I and peak II (see Figure 1) correspond
to the formation of GP zones andb0 respectively, it is not difficult to understand the DSC traces in
Figure 6. The disappearance of peak I on the DSC curves of the naturally aged sample indicates that

Figure 5. Microstructure ([001]Al zone axis) of the sample artificially aged at 175°C for 1000 min without natural aging.
Comparison with Fig. 2 suggests that the precipitates areb0.

Figure 6. DSC curves at a scan rate of 10°C/min for samples (a) naturally aged for 30 days and (b) artificially aged at 175°C
for 100 min without natural aging.
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either GP zones already existed in the sample. For the sample artificially aged at 175°C for 1000 min,
it is not surprising to see the disappearance of both peak I and peak II sinceb0 precipitates were already
in the sample (Fig. 5). The endothermic peak at 215°C in Figure 6a was caused by the reversion of the
GP zones and the exothermic peak at 245°C in Figure 6b should be due to the dissolution ofb0.
Comparison of Fig. 6a with Fig. 1 revealed that the peak temperature for the DSC peak corresponding
to the precipitation ofb0 was slightly higher in naturally aged alloy than in as-quenched alloy. This may
help explain the sluggish aging kinetics in the naturally aged alloy (see Fig. 4).

Summary

Based on the results of DSC measurements and TEM observations, we suggest that the precipitation
sequence in aluminum alloy 6022 be as follows:a(sss)3 GP zones3 needle-likeb0 3 rod-like
b9 1 lath-like precipitates3 b 1 Si with various morphologies.

During artificial aging at 175°C, the hardening in alloy 6022 is mainly caused by the precipitation
of needle-likeb0. The hardness of the alloy without natural aging increases with increasing aging time.
A relatively long aging time is required to reach peak hardness. Natural aging has a deleterious effect
on the hardness of the alloy in the initial artificial aging stage but appears to increase the peak hardness
slightly.
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