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Abstract: The microstructural characteristics and paint-bake response of 6022 alloy with 0.3% Cu (mass fraction) were studied using 
optical microscope, scanning electron microscope(SEM), transmission electron microscope(TEM) and tensile tester. The results 
indicate that the phase constituents in the as-cast microstructure are Mg2Si, Si, Al5Cu2Mg8Si6, Al5FeSi, α-Al(MnCrFe)Si and CuAl2. 
During the following homogenization, CuAl2, Al5Cu2Mg8Si6 and Mg2Si phases are almost completely dissolved, and Al5FeSi 
transforms to α-Al(MnCrFe)Si particles. After rolling, the phase constituents in the alloy change less except the precipitation of 
Mg2Si particles, and the precipitation behavior of Mg2Si strongly depends on the thermomechanical conditions. Cu addition 
significantly increases the paint-bake response of 6022 alloy by facilitating the formation of β" phase. Therefore, the tensile strength 
of 6022 alloy with 0.3% Cu is higher than that of 6022 alloy without Cu after paint-bake cycle. 
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1 Introduction 
 

The heat treatable 6xxx (Al-Mg-Si) series 
aluminum alloys have received considerable interests 
from the automotive industry as potential autobody sheet 
material due to their ability to be shaped in the solution 
treated state and then age hardened during the paint bake 
cycle[1−3]. The main alloys of interest are AA6022, 
which has reasonable strength and high formability[4], 
and AA6111, which has high final strength[3]. The 
product route of automotive sheet can be divided into 
three stages[2]: 1) the breakdown of cast ingot to 
solutionised thin sheet via thermomechanical processing, 
2) shaping of the product and 3) age hardening of the 
final product at temperatures of approximately 
150−200 ℃. The microstructure/precipitation response 
during stage 3 has been relatively well studied[3, 5−7]. 
The general accepted precipitation sequence during 
aging is as the following[7−8]: SSSS atomic clusters→β″
→β′→β, where, SSSS is super saturated solid solution. 
Because of the short duration and low temperature of the 
automotive paint bake cycle, the alloy is under-aged and 
the main strengthening phase is β″[3]. And Cu is often 
added to enhance the paint bake response[9−10]. 

In comparison, the microstructure evolution during 

stage 1 has received much less attention though its 
impact is critical for achieving successful stage 2. 
ENGLER and HIRSCH[1] suggested that the control of 
the state of β precipitation during the entire chain of 
thermomechanical processing is the key factor to achieve 
a good formability and final surface appearance. And 
GUPTA et al[11] proposed that the precipitation process 
and the aging kinetics of strengthening phase are 
dependent on both the composition and the processing 
conditions. Therefore, the objective of the present work 
is to investigate precipitation state of Mg2Si and Cu 
containing phases in AA6022 alloy with 0.3% Cu during 
the processing such as casting, homogenization, hot 
rolling and especially paint-bake cycle in order to 
develop a wider understanding of Al-Mg-Si-Cu alloy 
used for automotive panel. In addition, the paint-bake 
response of 6022 alloy with 0.3% Cu is compared to that 
of 6022 alloy. 
 
2 Experimental 
 

The alloys were prepared using high pure aluminum 
(99.9% Al), high pure magnesium (99.99% Mg), pure 
zinc (99.9% Zn), master alloys of Al-20% Si, Al-50%Cu, 
Al-10%Mn and Al-5%Cr (mass fraction). These raw 
materials were weighed precisely and melted in an electric 
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resistance crucible furnace, and then cast into an ingot 
(500 mm×115 mm×30 mm) in the water-cooling 
copper mould. The chemical compositions of the alloys 
are listed in Table 1. Two-stage homogenization 
treatment was performed at 425  for 10 h, then 550℃   ℃

for 8 h. The hot-rolled plate was cooled to room 
temperature followed by annealing at 550 ℃ for 1 h, 
then it was cold-rolled to a thin sheet of 1.0 mm. The 
cold-rolled plate was solutionised at 550 ℃ for 1 h, 
followed by water quenching, and then held at room 
temperature for 30 d (T4). Paint-bake treatment was 
conducted at 175  for 30 min℃  (T8X). 
 
Table 1 Chemical compositions of experimental alloys (mass 
fraction, %) 

Alloy Mg Si Cu Fe 
A(6022) 0.46 1.20 0.01 0.11 

B(6022+Cu) 0.44 1.15 0.30 0.11 
Alloy Mn Cr Zn Al 

A(6022) 0.04 0.03 0.02 Bal. 
B(6022+Cu) 0.07 0.04 0.02 Bal. 
 

The microstructure was examined using a NIKON 
200 optical microscope(OM) and a JSM 6480 SEM 
respectively. The composition analysis of the phases was 
performed by a GENESIS 7000 energy spectrometer 
coupled with the SEM, and the EDS results of the 
intermetallic compounds were corrected by ZAF (atomic 
number, absorption, fluorescence factors correction) 
method. The tensile properties were tested on a CSS 
44100 tensile machine before and after paint-bake 
treatments (in T4/T4P and T8X tempers, respectively). 
Differential scanning calorimetry(DSC) analysis was 
performed in a NETZSCH STA 449C. During DSC 
measurement, samples were protected with flowing 
argon. The TEM samples were prepared by grinding the 
slices to a thickness of about 100 μm, then by twin-jet 
electropolishing using a 33% nitric acid-methanol 
solution at −20 ℃. The foils were examined in an AJEM 
2010 transmission electron microscope operated at 200 
kV. 
 
3 Results and discussion 
 
3.1 As-cast microstructure 

The as-cast microstructure of alloy B presents a 
typical dendrite network structure. It can be observed 
from Fig.1 that the phase constituents show irregular 
shapes such as plate and particle. 

Fig.2 shows the SEM micrographs of phases of the 
as-cast alloy B. The EDS analyses indicate that the 
spherical particles are Al2Cu (as shown in Fig.2(a)),   
and the mole ratio of Cu/Al is 1.8−2.5. Besides Al2Cu 
phase, another Cu containing phase Q (Al5Cu2Mg8Si6) is  

 

 

Fig.1 As-cast microstructure of alloy B 
 

 

Fig.2 SEM micrographs of alloy B 
 
observed. It can be seen from Fig.2 that Mg2Si is a 
plate-like or block-shaped phase, and Si particles often 
present as binary eutectic with Mg2Si, as shown in 
Fig.2(a). Fe has a very low solid solubility in Al 
(maximum 0.05% at equilibrium)[12], and most of Fe in 
Al alloys form a wide variety of Fe-containing 
intermetallics such as Al13Fe4, α-Al8Fe2Si, Al5FeSi, 
depending on the alloy composition and its solidification 
conditions. There exists in the as-cast microstructure an 
amount of rod-like Al5FeSi, in which the content of Fe is 
15.63% and that of Si is 25.14%. Besides Al5FeSi, there 
exists also a few blocky α-Al(MnCrFe)Si[14], as 
indicated in Fig.2(b). The results of EDS analysis are 
summarized in Table 2, together with the results obtained 
by former studies. 
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Table 2 Composition of Al5FeSi and Al5Cu2Mg8Si6 phases 
(mass fraction, %) 

Phase Mg Si Fe Cu Ref. 

Al5FeSi 
 27.75 14.59  [13] 

 25.14 15.63  
Present 
work 

Al5Cu2Mg8Si6 
33 19.2  32.1 [14] 

29.22 15.2  26.9 
Present 
work 

 
3.2 Homogenization 

Fig.3 shows the OM and SEM micrographs of the 
homogenized alloy B. By comparing Figs.3(a) and (b) 
with Fig.1, it can be seen that the dendritic network 
formed during the cast disappears. SEM-EDS analyses 

show that most of the Al2Cu, Q and Mg2Si phases are 
dissolved. Plate-like Si with the size of 2−8 μm locates 
near the grain boundaries, as shown in Fig.3(d). Most of 
the rod-like β-Al5FeSi phases transform into the strings 
of spherical α-Al (MnCrFe)Si particles[13−14], as shown 
in Fig.3(c). 
 
3.3 Microstructure after hot rolling 

After hot rolling, the microstructure presents highly 
elongated grains, as shown in Fig.4(a), and the deformed 
microstructure is non-uniform. The phase constituents 
are almost unaffected by hot rolling, but secondary 
particles with the order of several micrometers are 
formed. These secondary particles include small 
α-Al(Fe,Mn)Si precipitates with the size of 50 nm to  

 

 
Fig.3 Optical (a) and SEM (b, c, d) micrographs of homogenized alloy B 
 

 

Fig.4 Microstructures of hot rolled alloy B (a) and precipitates after hot rolling (b) 
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several micrometers. Excessive Si particles with the size 
of several micrometers and Mg2Si precipitates with the 
size up to 1 μm can also be observed, as shown in 
Fig.4(b). In contrast to the primary constituents shown in 
Fig.2, some of the secondary particles, especially Mg2Si, 
can be re-dissolved during the further thermomechanical 
treatment. Accordingly, the size and dispersion of the 
secondary phases strongly depend on the conditions of 
the thermomechanical processing. Furthermore, Cu 
containing phases are not found in the deformed 
microstructure of alloy B. The precipitation of Mg2Si 
particles during thermo- mechanical processing changes 
the Mg, Si super saturation in the matrix, and thus 
influences the formation of strengthening phases during 
aging treatment, especially β″ phase. The effect of 
thermomechanical processing conditions on the 
precipitation behavior of the strengthening phases 
especially β should be further investigated. 
 
3.4 Paint-bake response 

Before stamping, the plates in T4 temper are 
required to have low yield strength (preferably less than 
140 MPa) for low spring-back and high formability   
(＞24%) for obtaining complex automotive panels with 
high accuracy[9], and a relatively high yield strength (no 
less than 160 MPa) is required after paint-baking for 
in-service dent resistance. As listed in Table 3, alloys A 
and B all meet these requirements, and the Cu addition 
significantly increases the aged strength of plate. Whilst, 
the paint-bake response (PBR) is remarkably enhanced 
by increasing Cu content, as shown in Fig.5. This 
indicates that the Cu addition is favorable for paint-bake 
cycle of the alloy. 
 
Table 3 Mechanical properties of alloys in T4 and T8X 
conditions 

Alloy and temper Rp0.2/MPa Rm/MPa A/% 

Alloy A in T4 condition 131 271 33.2 

Alloy B in T4 condition 135 280 32.8 

Alloy A in T8X condition 162 276 26.5 

Alloy B in T8X condition 176 295 24.2 

 
To characterize the precipitation state of Mg2Si 

phase before and after bake cycle and understand the 
mechanism of the Cu addition on the paint-bake cycle, 
DSC and TEM experiments were employed in this work. 
Fig.6 shows the bright-field TEM images of alloy B in 
T4 condition. No distinct features of pre-β precipitates 
are observed in Fig.6(a). However, some Al, Fe, Mn, Si 
containing phases are observed as shown in Fig.6(b). 
Pre-β precipitates have not been observed in alloy A-T4. 

After paint-bake treatment, some dot-like pre- 

 

Fig.5 Paint-bake response (PBR) of studied alloys 
 

 

Fig.6 TEM images of alloy B in T4 state 
 
cipitates are observed in alloy B-T8X, as shown in 
Fig.7(a). According to the work of MURAYAMA et 
al[15], these precipitates should be β″ phase. 
Furthermore, some Al and Cu containing phases are 
observed after paint-bake, as indicated in Fig.7(b). 
TEM-EDX results suggest those phases are θ phases or 
the precursor of θ phases (the Cu/Al molar ratio being 
about 2). Thus, it could be concluded that β″ and 
precursor of θ phase are formed in T8X condition of 
6022 alloy with 0.3% Cu. This finding is different from 
the result obtained by MIAO et al[10], who reported that 
β″ and precursor of θ phase were not observed in 6022 
alloy with 0.91% Cu after paint-bake treatment. But 
GUPTA et al[11] proposed that an addition of Cu≥
0.25% will induce the precipitation of additional pre-  
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Fig.7 Morphologies of β″ (a) and precursor of θ (b) in T8X 
state experimental alloy 
 
cursors of the CuAl2 phase during paint-bake cycle. 
GUPTA et al[11] further proposed that the precipitation 
process of strengthening phases is dependant not only on 
alloy composition but also on processing conditions. 
Meanwhile, β″ phase was not found in alloy A-T8X. This 
is consistent with the report of MORLEY et al[16] and 
MIAO et al[10]. Therefore, it can be concluded that Cu 
addition enhances the formation of β″ during paint-bake 
cycle, which is further confirmed by DSC experiments. 

Fig.8 shows the formation peak of β″ in 
as-quenched samples of the alloys A and B, and the peak 
temperatures are listed in Table 4. From the DSC curves, 
a clear difference can be observed about β″ formation in 
alloys A and B. β″ forming in alloy B is slightly earlier 
than that in alloy A and shows a much higher potential in 
strengthening, which indicates that copper facilitates the 
formation of β″ during paint-bake cycling. Meanwhile, it 
can also be found that the peak reaction temperatures 
(Table 4) for β″ formation shift to lower temperatures, 

 

 

Fig.8 DSC curves of as-quenched samples 
 
Table 4 DSC peak temperature ( )℃  for β″ formation in Fig.8 

Heating rate/(℃·min−1) Alloy A Alloy B 
5 239.1 236.2 

 
further indicating the easy formation of β″, and thus a 
faster rate of formation of β″ phase owing to Cu 
additions. 
 
4 Conclusions 
 

1) The main phases in the as-cast microstructure of 
6022 alloy with 0.3% Cu are Mg2Si, Si, Al5Cu2Mg8Si6 
(Q), Al5FeSi, α-Al(MnCrFe)Si and CuAl2. During the 
homogenization process, most of Al2Cu, Q and Mg2Si 
are dissolved, and plate-like Al5FeSi particles are 
transformed into multiple, spherical α-Al(MnCrFe)Si 
particles. After deformation processing, the phase 
constituents in the alloy change less, except the 
precipitation of Mg2Si. 

2) Cu addition increases the paint-bake response of 
the 6022 alloy by facilitating the formation of β″ phase. 
Therefore, the strength of 6022 alloy with certain Cu 
addition is higher than that of 6022 alloy without Cu 
after paint-bake cycle. 
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