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Abstract: The effects of different solution methods on microstructure, mechanical properties and precipitation behavior of 
Al−Mg−Si alloy were investigated by scanning electron microscope, transmission electron microscope, tensile test, and differential 
scanning calorimetry. The results revealed that the recrystallized grains of the alloy after the solution treatment with hot air became 
smaller and more uniform, compared with solution treatment with electrical resistance. The texture of the alloy after two solution 
treatment methods was different. More rotated cube components were formed through solution treatment with electrical resistance, 
which was better for improving the drawability of the alloy. The strength of the alloy under the solution treatment with hot air was 
higher before stamping, because of the small uniform grains and many clusters in the matrix. The alloy solution treated with hot air 
also possessed good bake hardenability, because the transformation occurred on more clusters in the matrix. 
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1 Introduction 
 

In recent years, the heat-treatable Al−Mg−Si alloys 
have played an important role in automotive body sheet 
materials. The first step aging after solution treatment is 
beneficial to stamping and maintaining resistance to 
natural aging during transportation [1]. The alloys 
achieve quick-bake hardening (BH) response after the 
second step aging. Extensive studies have been reported 
on the two-step aging process [2−5]. However, solution 
treatment before artificial aging influences the 
microstructure, especially grain size and texture, and 
further influences formability and final properties of 
alloys [6,7]. There are many different heating methods 
during solution treatment, such as electrical resistance, 
hot air and salt bath. Thus, it is important to choose an 
appropriate solution method for automotive body sheets 
in industrial production. 

The effects of different solution heat treatment rates 
on the microstructure and texture were studied [7,8]. LIU 

and MORRIS [7] observed coarse and elongated 
recrystallized grains and relatively strong P type texture 
formed on slow annealing. On the contrary, the 
recrystallization texture contained weak cube component 
during rapid annealing treatment and the size of grains 
was governed by the annealing temperature in AA3105 
aluminium alloy. WANG et al [9] observed weaker 
mechanical property anisotropy and more uniform 
equiaxed grains formed with rapid heating rate. The 
equiaxed grains are the main recrystallization 
microstructure in the case of rapid heating rate, while the 
elongated grain appears in the case of slow heating rate 
based on the study of Al−Mg−Si alloy with different 
heating rates. However, the above findings did not 
involve the influence of different solution methods 
including heating rate and uniformity. Few works have 
been studied about the influence of different solution 
methods on Al−Mg−Si alloy. It is still unclear whether 
the solution methods  will affect the precipitation 
behavior and nano- precipitates. 

Two solution methods were adopted in this study. 
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The following experimental conditions for the two-step 
aging process are same to eliminate the factors 
introduced by the differences in heating treatment 
conditions. The goal of this study is to investigate the 
effect of two solution methods on microstructure 
evolution, precipitation behavior and mechanical 
properties of Al−Mg−Si alloy. 

 
2 Experimental 
 

A commercial Al−Mg−Si alloy cold rolled to 1 mm 
in thickness was prepared for this study. Homogenization 
and hot rolling process were carried out prior to cold 
rolling. The homogenized alloy was heated at 540 °C for 
25 h and then air-cooled to room temperature. The alloy 
sheet was hot rolled to 5 mm in thickness before cold 
rolling. The chemical composition of the sheet was 
measured by inductively coupled plasma optical 
emission spectroscopy, and determined to be 
Al−0.55Mg−1.10Si−0.14Fe−0.10Cr (mass fraction, %). 

The alloy was divided into two parts for different 
solution treatment methods. Sheet A was heated in 
air-circulation oven, and sheet B was heated in electrical 
resistance oven. The heating curves of solution treatment 
are shown in Fig. 1. Sheets with different heating 
methods were solution-treated at 560 °C for 30 min, 
water-quenched to room temperature (RT), and then 
immediately pre-aged at 160 °C for 8 min in an 
air-circulation oven, air-cooled to RT, finally placed at 
RT for two weeks (T4P). 2% tensile deformation was 
applied to simulating the stamping process. The bake 
hardening was heat treated at 175 °C for 30 min, in an 
air-circulation oven and air-cooled to RT. Figure 2 shows 
the processing route of heat treatment. 
 

 

Fig. 1 Heating curves of alloy sheets solution-treated in 

air-circulation oven and electrical resistance oven 

 
The recrystallization microstructure and texture of 

longitudinal sections of sheet (T4P) were characterized 
with a field emission scanning electron microscope 

(ZEISS ULTRA 55), equipped with an electron 
backscattered diffraction (EBSD). Precipitates in the 
matrix were observed using a Tecnai G2 F20 
transmission electron microscopy (TEM) operated at  
200 kV. Specimens were prepared with a TenuPol-5 
jet-polisher. The electrolyte consisted of HNO3 and 
CH3OH (3:7), and the temperature of the electrolyte was 
kept between −20 and −25 °C. Tensile tests were 
performed in accordance with the China Standard (GB/T 
228−2002) using a 10 t INSTRON 4206 type testing 
machine. The properties of sheets in three directions of 
0°, 45° and 90° with respect to the rolling direction were 
tested before 2% tensile deformation (T4P state), 
including yield strength (Rp0.2), ultimate tensile strength 
(Rm) and plastic strain ratio (r) values. The sheets in the 
0o direction after bake hardening were also investigated. 
The strain rate was 3 mm/min. Differential scanning 
calorimetry (DSC) was carried out with Q100 differential 
scanning calorimeter. Samples for DSC analyses were 
0.5 mm in thickness and 5 mm in diameter, and were 
cleaned with ultrasonic wave pool. They were obtained 
after 2% tensile deformation. The mass of each sample 
was about 20 mg. Empty pure aluminium crucibles were 
used as container and reference material. The samples for 
DSC testing were heated from RT to 400 °C at 10 °C/min 
under an argon atmosphere. 
 

 
Fig. 2 Heating treatment process for aluminum alloy sheet 

 
3 Results and discussion 
 
3.1 Recrystallization microstructure 

To study the differences in recrystallization 
microstructure between sheets A and B, EBSD analysis 
of samples with T4P state was performed. Figure 3 
shows the IPF maps and volume fraction diagram of 
grain size for sheets A and B, respectively. Obviously, 
the recrystallized equiaxed grains of sheet A were more 
uniform than that of sheet B, because of the presence of 
very large grains, as shown in Fig. 3(b). According to the 
results of statistical calculation, the average grain size of 
sheet A (21.58 µm) was smaller than that of sheet B 
(25.64 µm). The uniformity and size of recrystallized 
grains for sheets A and B are related to different solution 
methods. 
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Fig. 3 IPF maps (a, b) and volume fractions (c, d) of sheets with T4P state: (a, c) Solution treatment with hot air; (b, d) Solution 

treatment with electrical resistance (Recrystallization grain size distribution function of sheets) 

 

The main difference in the solution methods 
between sheets A and B is heating rate and uniformity. 
The heating rate of solution treatment for sheet A was 
larger than that of sheet B as shown in Fig. 1. Samples 
heated in air-circulation oven were more uniform during 
solution treatment. This led to the difference in 
microstructure between sheets A and B. Faster heating 
means that external condition can provide higher driving 
force for recrystallization. Nucleation is promoted when 
the driving force is high. In addition, uniformity in 
heating also affects the recrystallization microstructure. 
Nucleus of recrystallized grains distribute unevenly in 
the matrix in the case of local overheating, and 
individual grains become coarse after solution  
treatment [10]. Therefore, the recrystallized grain of 
sheet A was smaller and more homogeneous than that of 
sheet B, as shown in Fig. 3. 
 
3.2 Texture and drawability 

Bright-field TEM images for sheets A and B after 
bake hardening are shown in Fig. 4. Since new dispersed 
particles would not form by heating below 200 °C for 
short time (e.g., pre-aging and bake hardening). Thus, 
samples after bake hardening can be used for TEM 
observations. The average size of these dispersed sphere 
or rod-shaped particles observed in sheet A was 300 nm. 
There were also some coarse particles over 1 µm 
embedded in the matrix. EDS analysis indicated that 

these single coarse particles were AlMgSiCr 
intermetallic compounds containing Cr element, as 
shown in Figs. 4(a) and (b). On the contrary, only 
spherical or rod-shaped particles were observed in sheet 
B, there was no presence of coarse particles. The 
compositions of these dispersed particles in sheet A or B 
matrix, were composed of Al, Mn, Fe, Cr and Si 
elements, as seen in Figs. 4(c) and (d). The existence of 
these particles had an effect on the recrystallization 
texture of the alloy. 

Figure 5 shows the ODFs of sheets with T4P state. 
The difference in recrystallization texture between sheets 
A and B can be easily observed. Sheet A was composed 
of typical cubeRD orientation, accompanied by P    
{011}122 components. But the intensity of dominant 
recrystallization texture cubeRD orientation was only 5.2. 
On the contrary, the main texture component of sheet B 
was cubeND orientation, accompanied by a small amount 
of P {011}122 and Brass {011}211 orientation. 
However, compared with sheet A, the intensity of cube 
orientation was 9.4 for sheet B. The main texture volume 
fractions for sheets A and B were 10.2% and 19.8%, 
respectively. The details of typical recrystallization 
texture components are summarized in Table 1. 

Some researchers [9,11,12] indicated that if there 
are a certain amount of coarse particles (greater than    
1 µm) in the matrix, it resulted in particle stimulated 
nucleation (PSN) response during solution treatment for 
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Fig. 4 Bright-field TEM images (a, c) and corresponding EDS analyses (b, d) of coarse particles in sheets: (a, b) Solution treatment 

with hot air; (c, d) Solution treatment with electrical resistance 
 

 

Fig. 5 Recrystallization texture of sheets with T4P state: (a) Solution treatment with hot air; (b) Solution treatment with electrical 

resistance 
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Table 1 Intensity and volume fraction of typical 

recrystallization texture components for sheets solution treated 

with hot air and electrical resistance obtained from ODFs 

Sheet Component Intensity Volume fraction/%

A 
CubeRD 5.2 10.2 

P {011}122 1.8 7.5 

B 

CubeND 9.4 19.8 

P {011}122 0.6 3.3 

Brass {011}211 0.5 3.7 

 
aluminium alloys. A number of recrystallization nuclei 
form around these coarse particles. The subsequent 
recrystallization texture components mainly contained 
rotated cube and P types. In our study, coarse particles 
were observed (Fig. 4(a)) in sheet A matrix. The texture 
components of sheet A were cubeRD and a small P 
orientation with PSN mechanism, as shown in Fig. 5(a). 
On the contrary, only some micron-sized dispersed 
particles formed during recrystallization in sheet B at 
slow heating rate (Fig. 4(c)). The appearance of these 
fine particles effectively prevents recrystallized grains 
from rotating along ND and RD orientations. Thus, the 
texture component is mainly cubeND orientation     
(Fig. 5(b)). 

Figure 6 shows that r values with T4P state were 
different in three directions. The r value in the 45° 
direction was lower than the other two directions. In 
addition, the average r value of sheet A was 0.62, lower 
than 0.72 of sheet B with T4P state. Generally, the value 
of r reflects deep drawability of sheets, and a high r 
value is beneficial for stamping. Texture components 
have a great effect on the r value. It is reported that 
rotated cube and P texture are favorable to improve the 
deep drawability [13]. The stimulated r value 
corresponding to cube component is 0.5, and that of P 
component is 2.8 [9]. LIU et al [14] indicated that 
cubeND texture is more obvious to increase r value than  
 

 

Fig. 6 r value of sheets solution treated with hot air and 

electrical resistance with T4P state in three directions 

cube texture, the corresponding r value is greater than 
0.5. In this study, although the volume fraction of P 
component for sheet A was higher than sheet B and 
recrystallized grains were smaller and more uniform, 
with high volume fraction of cubeND component for sheet 
B, the effect in increasing r value was more remarkable 
than sheet A. 
 
3.3 Mechanical properties and precipitation behavior 

Strength increment in automotive body sheets is 
needed after bake hardening in order to meet the dent 
resistance. Figure 7 shows the stress−strain curves of 
sheets A, B with T4P and BH treatment. For individual 
sheet A or B, the strengths in three different directions 
were almost the same. The average yield strength of 
sheet A was higher than that of sheet B. Strength 
increment in the 0o direction for sheet A was higher than 
that for sheet B (104 and 90 MPa respectively) after bake 
hardening. The detailed mechanical properties of sheets 
A and B are shown in Table 2. 

Apart from the intermetallic compounds, some 
needle-shaped precipitates were observed in the Al 
 

 

Fig. 7 Stress−strain curves of sheets with T4P and BH treated 

in three directions of 0°, 45° and 90° with respect to rolling 

direction: (a) Solution treatment with hot air; (b) Solution 

treatment with electrical resistance 
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Table 2 Mechanical properties of sheets solution treated with 

hot air and electrical resistance with T4P in three directions of 

0°, 45° and 90° with respect to rolling direction 

Sheet Direction/(°) Rp0.2/MPa Rm/MPa 

A 

0 139 270 

45 140 265 

90 139 260 

0 (BH) 243 325 

B 

0 128 240 

45 126 240 

90 125 235 

0 (BH) 218 295 

 

matrix, which formed during bake hardening [1,15]. 
These precipitates appeared in the matrix during bake 
hardening were the main reason for the strength 
increment [16,17]. Figure 8 shows HRTEM images of 
the precipitate and corresponding fast Fourier transform 
(FFT) image. The images were projected along [001] and 
[110] axes of Al matrix, respectively. According to the 

conclusion of calibration, the unit cell of these 
precipitates was C-centered monoclinic crystal structure 
with a=1.52 nm, c=0.67 nm and β=105.25°. The 
orientation relationship between β" precipitates and Al 
matrix can thus be expressed as: (010)β"// Al(001) ,  
[001]β"//[130]Al, and [100]β"// Al[320] . The misfit degree 
was 3.8% along a axis between the unit cell and matrix, 
5.3% along c axis, and b axis of precipitate was 
completely coherent with [001]Al [15,18−20]. These 
precipitates embedded in the matrix are identified as β" 
phase, which is the major hardening phase [21]. HRTEM 
image projected along [110]Al axis is shown in Fig. 8(c). 
The length of β" precipitate was ~15 nm and four atom 
layers in thickness. The plane of precipitate was parallel 
to Al(111) . Needle-shaped β" precipitates were more 
projected along [110]Al axis than along [001]Al axis. 

To study the precipitation behavior during bake 
hardening and further explain the different mechanical 
properties of sheets A and B, DSC was performed at a 
heating rate of 10 °C/min. Figure 9 shows the DSC 
thermograms obtained for sheets A and B. The response 
to  DSC  heating  of  these  samples  agrees  with  the 

 

 
Fig. 8 HRTEM images of needle-shaped precipitate: (a) Projected along [001]Al axis; (b) FFT pattern of (a); (c) Projected along 

[110]Al axis; (d) FFT pattern of (c) 
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Fig. 9 DSC thermograms for sheets solution treated with hot air 

and electrical resistance with T4P state samples obtained at 

heating rate of 10 °C/min 

 
well-established precipitation sequence of Al−Mg−Si 
alloys: supersaturated solid solution→clusters/zones→ 
β"→β′→β [19].There were several endothermic and 
exothermic peaks in DSC curves from RT to 400 °C. The 
endothermic peak I may be caused by initial β"   
formed during pre-aging treatment, re-dissolved into Al 
matrix [22]. The neighboring small exothermic peak II at 
~135 °C is supposed to be the result of formation of GP 
zones. The endothermic peak III associated with the 
redissolution of GP zones formed. Peaks IV and V of 
sheets A and B are mainly related to the appearance of β" 
and β′ precipitates, respectively [23−26]. From the 
thermograms of sheets A and B, the temperature of 
exothermic peaks for sheet A was all lower than that for 
sheet B. 

According to Johnson−Mehl−Avrami equations (1) 
and (2) [27−29], the activation energy of given 
precipitates with Q, can be obtained from the slope of the 
straight line fitted. 
 
Y=1−exp(−ktn)                               (1) 
 
k=k0exp[−Q/(RT)]                             (2) 
 

Since automotive body sheets were applied in 
under-aged condition, only activation energies of GP 
zone and β" precipitates were calculated in the present 
work. Figure 10 shows the linear fit to data plots 
according to Johnson-Mehl-Avrami equation for peaks II 
and IV. Since overlapping effects and an uncertain 
baseline construction for the thermograms of sheets A 
and B, deviations for the calculated value of activation 
energy may be present. As shown in Fig. 10(a), the 
obtained activation energy of GP zone for sheet A was  
63 kJ/mol, while 66 kJ/mol for sheet B. Figure 10(b) 
shows that the values of β" precipitate for sheets A and B 
were 124 and 118 kJ/mol, respectively. All plots had a    
good linear correlation, and there were no obvious errors 

 

 
Fig. 10 Linear fit to data plots according to Johnson−Mehl− 

Avrami equation for GP zone (a) and β" precipitate (b) 

 

among the calculated values according to the previous 
researches [10,24,29,30]. 

Mechanical properties of sheets are influenced by 
microstructure and particles. The smaller and more 
uniform recrystallized grains contribute to the high 
strength of sheet A with T4P state (Fig. 3(a) and Table 2). 
Moreover, soluble phases dissolved in the matrix    
after solution treatment, despite the influence of 
insoluble phases, the main particle is nano-precipitate 
Mg2Si2Al7 [15], which forms at low temperature and 
remains stable at RT. Sheet A possesses higher free 
energy because of the contribution of smaller 
recrystallized grains. The volume fraction of Mg2Si2Al7 
phases in sheet A was larger than that of sheet B for the 
identical heat treatment. Therefore, the strength of sheet 
A with T4P state was higher compared with that of sheet 
B. Actually the value of strength is influenced by the 
interaction of all the above factors. Stable Mg2Si2Al7 
phases at RT rapidly transform into Mg2+xSi2+yAl7−x−y 
during bake hardening, a small amount of β" precipitates 
appear concurrently [15]. The dent resistance of sheets is 
improved. These nano-precipitates are the dominant 
strengthening phase of sheets in application. Since 
activation energies of GP zone and β" phase for sheets A 
and B are almost the same. The sheet A with higher free 
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energy forms more strengthening precipitates under 
identical heat treatment condition during bake  
hardening [31,32]. Therefore, the increment in the 
strength of sheet A is higher than that of sheet B. 
 
4 Conclusions 
 

1) The recrystallized grains of sheet with 
air-circulation method and electrical resistance solution 
method led to equiaxed grains. Compared with the 
electrical resistance solution method, the grains of sheet 
solution treated in air-circulation oven were smaller and 
more uniform. 

2) The main textures of sheet with the 
air-circulation solution method were cubeRD and P 
components by PSN mechanism, while texture of sheet 
with the other solution method was cubeND, accompanied 
by a small amount of P and Brass components. Deep 
drawability was influenced by texture component, and 
high volume fraction of cubeND component for sheet with 
the electrical resistance solution method, was more 
favorable with increasing r value. 

3) The strength of sheet with T4P state solution 
treated in air-circulation and electrical resistance oven 
possessed relatively low value, but was higher for the 
former method, which influenced recrystallized grains 
and nano-precipitates. The transformation of Mg2Si2Al7 
phases in the sheet with the air-circulation solution 
method was larger than that with the electrical resistance 
solution method during bake hardening. Accordingly, the 
increment of strength for the sheet with the former 
method was higher than that of the latter solution 
method. 
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不同固溶方式对 Al−Mg−Si 合金组织 
性能及析出行为的影响 
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摘  要：采用扫描电镜、透射电镜、拉伸试验及差示扫描量热技术研究不同固溶方式对 Al−Mg−Si 合金组织性能

和析出行为的影响。结果表明：热风固溶比电阻固溶的合金再结晶晶粒更加均匀细小。经两种方式固溶后，合金

织构不同，电阻固溶产生更多旋转立方织构，有利于提高合金的成形性。冲压前，均匀细小晶粒和基体中大量团

簇存在使热风固溶合金强度较高。烤漆时，更多团簇发生转变，同时具有较好的烤硬化性。 

关键词：Al−Mg−Si 合金；固溶方式；再结晶晶粒；织构；力学性能；析出激活能 
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