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Abstract 
The study investigates the effects of pre-strain on the bake hardenability and 
precipitation behavior of Al-Mg-Si automotive body sheets. The scanning 
electron microscopy, transmission electron microscopy, tensile test, Vickers 
hardness test, and differential scanning calorimetry were conducted for the 
purpose. It was found that the pre-strain treatment partially inhibits the natural 
aging hardening effect but cannot completely eliminate it. The pre-straining sig-
nificantly enhances the bake hardening effect, with the 5% pre-strain sample 
showing the highest increase in yield strength and hardness. The formation of 
fine β" precipitates and dislocation structures contribute to the observed 
strengthening. Additionally, the study highlights the importance of optimiz-
ing pre-strain levels to achieve the best balance between strength and ductility 
in bake-hardened aluminum alloys. 
 

Keywords 
Al-Mg-Si Alloy, Pre-Strain, Bake Hardenability, Precipitation Behavior,  
Clusters 

 

1. Introduction 

Compared with traditional steel automotive sheets, Al-Mg-Si alloys are the pri-
mary choice of automotive manufacturers to replace steel due to their high 
strength-to-weight ratio, good formability, and favorable corrosion resistance 
[1] [2]. To achieve optimal bake-hardening effects, the alloy sheets undergo rap-
id cooling after solution treatment to obtain a highly supersaturated solid solu-
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tion. The sheets have poor deformation resistance at high temperatures, which 
easily introduces residual stress and may lead to warping. Hence, the stretch-bend 
straightening process can be employed, causing plastic elongation of the strips be-
low their yield limit to improve the sheet shape. 

In industrial production, depending on the degree of warping deformation of 
the alloy sheets, the deformation amount in stretch-bend straightening generally 
does not exceed 3%. Extensive research on the pre-strain process of simulated 
stretch-bend straightening has been conducted both domestically and interna-
tionally [3] [4]. The results indicated that the large number of dislocations in-
troduced through deformation can enhance the natural aging hardening effect, 
while improving the bake-hardening property of alloy sheets. During the stamping 
process, the alloy sheets can achieve the desired part shape, with an average de-
formation of approximately 2% and local deformation reaching up to about 15%. 
After stamping, a large number of dislocations were similarly generated in the 
matrix, increasing the stored energy within the alloy and providing more nuclea-
tion sites for the strengthening phase, thereby enhancing the bake-hardening 
property of the alloy [5]. 

During the production process, fine-tuning the alloy composition of aluminum 
alloy automotive sheets and the deformation amount in stretch-bend straighten-
ing have different effects on inhibiting the natural aging hardening effect and 
improving the bake-hardening property. Therefore, further exploration is needed 
on the influence of deformation amount in the stretch-bend straightening process 
on the bake-hardening property and precipitation microstructure of the alloy. 

2. Experimental 

An Al-Mg-Si ingot with a chemical composition of Al-1.10 wt% Si-0.55 wt% 
Mg-0.14 wt% Fe-0.10 wt% Cr was fabricated in a resistance furnace. To reduce 
content segregation, the ingot was first homogenized at 540˚C, then hot rolled, 
and finally cold rolled to a 1.0-mm-thick sheet. According to the dimensional 
requirements of the GB/T 228.1 - 2010 standard, tensile samples were taken and 
processed from the alloy sheet perpendicular to the rolling direction. Tensile 
samples were directly subjected to solution treatment at 560˚C for 10 min on the 
ultra-fast solution and quenching heat treatment experimental line, followed by 
air cooling to room temperature (RT) and immediate immersion in liquid ni-
trogen to prevent natural aging hardening. The pre-strain treatments were con-
ducted at deformation amounts of 0%, 0.5%, 2%, and 5%. After two weeks of RT 
storage, the samples underwent T8X treatment (2% deformation + 185˚C for 20 
min) and 185˚C for 4 h of bake-hardening treatment. The schematic diagram of 
the pre-strain treatment process is shown in Figure 1. 

The mechanical properties and hardness of the alloy samples were measured 
using an INSTRON 4206 100 kN tensile testing machine and a KB3000BVRZ-SA 
universal hardness tester. The recrystallized microstructure and fracture surfaces 
of the alloy were observed and characterized using a QUANTA 600 scanning 
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electron microscope (SEM) equipped with an electron backscattered diffraction 
(EBSD) analysis system. After electrolytic dual-jet thinning, microstructure and 
precipitate phases were observed using a TECNAI G2 F20 200 kV field emission 
transmission electron microscope (TEM). Differential scanning calorimetry 
(DSC) was conducted using a Q100 thermal analyzer to measure the DSC heat-
ing curve. Pure aluminum crucibles were used as reference samples, and the 
process was conducted under argon gas protection during the heating process. 

 

 
Figure 1. Schematic diagram of pre-strain treatment process for Al-Mg-Si alloy. 

3. Results 
3.1. Mechanical Properties and Microstructure  

with Different Strain Levels 

Figure 2 shows the stress-strain curves of alloy samples after solution and 
quenching followed by immediate pre-strain treatments of 0%, 0.5%, 2%, and 
5%. The yield strengths of the alloy sheets after deformation were approximately 
59.4 MPa, 71.7 MPa, 92.4 MPa, and 133.1 MPa, respectively. It can be seen that 

 

 
Figure 2. Stress-strain curves of Al-Mg-Si alloy treated with different pre-strain treatments. 
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with increasing strain levels, the yield strength increased while the fracture 
elongation decreased. The tensile strengths of the alloy sheets were 185.4 MPa, 
187.1 MPa, 185.8 MPa, and 191.6 MPa, respectively, showing minimal variation 
with strain levels. Compared to conventional curves, the stress-strain curves ob-
tained immediately after solution treatment and pre-strain exhibited serrations 
rather than smoothness. 

After pre-strain treatment, the recrystallized grain morphology of the alloy 
underwent changes to some extent with increasing strain levels. Figure 3 shows 
the microstructure of longitudinal cross-sections of alloy samples after 0%, 0.5%, 
2%, and 5% pre-strain treatments. It can be observed that after solution treat-
ment, recrystallization occurred in the alloy sheets, with some recrystallized 
grains slightly elongated along the rolling direction. According to statistical re-
sults, the aspect ratios (length-to-width ratios) of recrystallized grains with dif-
ferent strain conditions are 1.38, 1.30, 1.23, and 1.13, respectively. It was evident 
that with increasing strain levels, the number of elongated grains decreased, and 

 

 
Figure 3. Recrystallization microstructure of alloy samples treated with different pre-strain: (a) 0%; (b) 
0.5%; (c) 2%; (d) 5%. 
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the aspect ratio of recrystallized grains showed a decreasing trend. 
Figure 4 shows the fracture surfaces of alloy samples after 0%, 0.5%, 2%, and 

5% pre-strain treatments followed by two weeks of RT storage. For the alloy 
without pre-strain treatment, deep and coarse dimples were present, with a 
fracture elongation of approximately 25.8%. After 0.5% pre-strain treatment, 
there were fewer coarse dimples, mainly smaller and shallower ones, with a 
slight decrease in ductility. At a strain level of 2%, almost no large dimples were 
observed, and ductility continued to decrease. With a strain level of 5%, the 
number of small dimples sharply decreased, and in some local areas of the frac-
ture surface, a “river-like” morphology appeared, indicating the absence of dim-
ples, with a fracture elongation decreasing to approximately 19.3%. 

 

 
Figure 4. Fracture morphology of alloy samples treated with different pre-strain: (a) 0%; (b) 0.5%; (c) 2%; 
(d) 5%. 

3.2. Changes in Strength during Alloy Room Temperature Storage 

After different pre-strain treatments, during the first 12 h of RT storage, signifi-
cant natural aging strengthening effects were observed in the samples. For the 
samples without pre-strain, the strength increment was approximately 62.5 MPa, 
while from 12 h to two weeks of storage, the strength increment was only about 
25.4 MPa. The total increase in yield strength of the samples over two weeks of 
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RT storage was approximately 87.9 MPa. With increasing strain levels, the yield 
strength increment of the alloy samples gradually decreased. When the strain 
level was 5%, the yield strength increment of the alloy was about 37.0 MPa. 
During 12 h to two weeks of storage, the strength increased very slowly, with an 
increment of only about 11.0 MPa. The total increase in yield strength over two 
weeks of RT storage decreased to about 48.0 MPa, as shown in Figure 5. 

3.3. Bake Hardenability and Precipitation Behavior 

Figure 6 shows the high resolution transmission electron microscopy (HRTEM) 
images of alloy samples subjected to 0% and 5% pre-strain treatments followed 
by two weeks of RT storage. Upon observation, for the alloy sample with 0% 
strain, numerous atomic clusters of approximately 1 nm in size were present in 
the matrix. These atomic clusters were fully coherent with the matrix, causing 

 

 
Figure 5. Yield strength increment of alloy samples treated with different pre-strain dur-
ing RT storage. 

 

 
Figure 6. HRTEM images of alloy samples treated with different pre-strain after RT storage for 2 weeks: (a) 
0%; (b) 5%. 
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minor lattice distortions around them. When the strain level was 5%, the num-
ber of atomic clusters in the alloy matrix decreased significantly, indicating a 
reduction in cluster quantity with increasing strain level. 

Figure 7 illustrates the yield strength variation of alloy samples after different 
pre-strain treatments followed by T8X processing. For samples with 0% strain, 
the yield strength after T8X processing was approximately 161.7 MPa, with a 
modest increase of about 14.3 MPa in yield strength. With increasing strain le-
vels, the strength after T8X processing significantly increased, and the increment 
in yield strength also rised accordingly. When the strain level reached 5%, the 
yield strength after T8X processing was about 220.1 MPa, with an increase in 
yield strength increment to approximately 39.1 MPa before and after T8X 
processing. 

Figure 8 shows the hardness of alloy samples subjected to different pre-strain 
treatments and then bake hardening treatment at 185˚C for 4 h. When the defor-
mation amount of the alloy sample was 0%, the hardness after baking treatment 
reached approximately 109.5 HV. For the alloy sample with a 5% deformation 

 

 
Figure 7. Yield strength of alloy samples treated with different pre-strain after T8X treatment. 

 

 
Figure 8. Vickers hardness of alloy samples treated with different pre-strain after 185℃-4 
h paint-bake hardening treatment. 
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amount, the hardness was about 117.3 HV. It was evident that as the deforma-
tion amount increased, the Vickers hardness of the alloy samples significantly 
improved after bake-hardening treatment. 

To investigate the effect of pre-strain on bake-hardening, samples with de-
formation amounts of 0% and 5% were subjected to bake-hardening treatment at 
185˚C for 4 h after two weeks of RT storage. The precipitate phases were ob-
served using a TEM, as shown in Figure 9. The figure shows that regardless of 
whether pre-strain treatment was performed, a large number of needle-like β" 
strengthening phases formed in the alloy matrix after bake-hardening at 185℃ 
for 4 h. In the sample with a 5% deformation amount, dislocations formed by 
pre-strain treatment were also observed. The needle-like β" strengthening phases 
formed at the dislocations, traversing or pinning them. Furthermore, the β" 
strengthening phases in the 5% deformed sample were significantly larger than 
those in the undeformed sample. In the matrix of the alloy samples, smaller 
dot-like clusters were also observed, which may have formed during storage at 
RT. After bake-hardening, these clusters neither dissolved nor transformed and 
remained in the alloy matrix. 

 

 
Figure 9. TEM images of alloy samples treated with different pre-strain after 185℃-4 h paint-bake hardening 
treatment: (a) 0%; (b) 5%. 

3.4. Analysis of DSC Curves 

Figure 10 shows the DSC heating curves of alloy samples subjected to different 
pre-strain processes and stored at RT for two weeks. As shown in the figure, 
there was an endothermic peak and two exothermic peaks on the DSC curves of 
the alloy samples with different pre-strain amounts. As previously discussed, ex-
othermic peaks II and III corresponded to the precipitation of β" and β' phases, 
respectively. With the increase in pre-strain, the temperature corresponding to the 
exothermic peaks gradually decreased. Specifically, the temperature of the exo-
thermic peak for the β" phase decreased from 240.1˚C for the non-pre-strained 
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sample to 233.8˚C for the 5% pre-strained sample. 
 

 
Figure 10. DSC curves of alloy samples treated with different pre-strain after RT storage 
for 2 weeks 

4. Discussion 

As the amount of deformation increases, the aspect ratio of the recrystallized 
grains decreases, but the size change is not significant. Therefore, the influence 
of grain size on alloy strength is excluded (Figure 3). The increase in alloy de-
formation leads to a rise in dislocation density. Under the influence of stress, a 
large number of dislocations generated from dislocation sources move along the 
slip planes, easily intersecting and forming steps, causing dislocation entangle-
ment. These randomly distributed dislocation entanglements can further trans-
form into cellular substructure organizations. The larger the deformation, the 
finer the substructure, and the stronger the resistance to deformation [6] [7]. 
Consequently, with the increase in deformation, the alloy strength increases sig-
nificantly (Figure 2). Additionally, from the fracture morphology, it can be seen 
that with the increase in pre-strain, the alloy transitions from a ductile fracture 
with significant plastic deformation to a brittle fracture with no significant plas-
tic deformation. This is also due to the increased strength and decreased plastic-
ity of the alloy samples under work hardening (Figure 4). 

Furthermore, the stress-strain curve obtained from the tensile test imme-
diately after solution treatment and pre-strain processing of the alloy exhibits a 
serrated yield phenomenon, known as the Portevin-Le Chatelier (PLC) effect 
(Figure 2) [8]. This effect arises from the interaction between mobile disloca-
tions and solute atoms during the plastic deformation of aluminum alloy plates. 
During deformation, the solute atoms in the aluminum alloy tend to gather 
around the dislocation lines, forming Cottrell atmospheres. These atmospheres 
capture the moving dislocations, pinning and locking them, leading to a sudden 
increase in stress. When the stress reaches a critical value, the dislocations can 
suddenly break free from the atmospheres, reducing the stress until the moving 
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dislocations are captured again. This repetitive process results in the appearance 
of serrations on the stress-strain curve [9]. 

During the solution treatment and RT storage process of the alloy, if no 
pre-strain treatment is performed, the supersaturated solute atoms in the matrix 
rapidly aggregate at RT, forming clusters (1). With the extension of RT storage 
time, the number of clusters continuously increases, leading to a natural aging 
hardening effect in the alloy [10]. This hardening effect is particularly evident in 
the early stages of RT aging, but subsequently weakens due to the consumption 
of supersaturated solute atoms and vacancies. After solution treatment and 
pre-strain processing, a large number of dislocations are introduced into the 
matrix. The formation of these dislocations not only enhances the strength of 
the alloy but also provides numerous traps for the supersaturated Mg and Si so-
lute atoms and vacancies in the matrix, making solute atom segregation difficult 
[3]. Although clusters (1) still form during RT storage after pre-strain treatment, 
their number is significantly reduced, and the increase in yield strength is consi-
derably lower compared to the alloy samples without pre-strain treatment (Fig-
ure 5). Thus, the pre-strain process can partially inhibit the natural aging har-
dening effect. 

The pre-strain process after solution treatment can not only inhibit the natu-
ral aging hardening effect to some extent but also enhance the bake-hardening 
properties of the alloy sheet. With the increase in pre-strain, both the strength 
and the increase in strength of the alloy sheet after T8X treatment improve. After 
185˚C-4 h bake-hardening treatment, the Vickers hardness of the 5% pre-strained 
alloy sample is about 7.8 HV higher than that of the unstrained sample (Figure 
8). Additionally, the DSC curves show that with the increase in pre-strain, the 
exothermic peak temperature corresponding to the β" strengthening phase sig-
nificantly decreases (Figure 10). After pre-strain treatment, dislocations are in-
troduced into the matrix, and the energy fluctuations around these dislocations 
are higher, providing numerous heterogeneous nucleation sites for the precipi-
tated phase during the bake-hardening process [11]. Therefore, pre-strain treat-
ment can promote the formation of the strengthening phase and enhance the 
bake-hardening properties of the alloy sheet. Moreover, due to the higher strain 
energy near the dislocations, the precipitated phase can acquire more energy dur-
ing bake-hardening, resulting in larger β" phases observed near the dislocations, 
which are typically distributed in a chain-like continuous or semi-continuous 
manner [12]. 

5. Conclusions 

In this study, the effects of pre-strain on the bake hardenability and precipitation 
behavior of Al-Mg-Si automotive body sheets were studied. The following con-
clusions may be drawn. 

1) Pre-strain treatment partially inhibits the natural aging hardening effect but 
cannot completely eliminate it. The greater the pre-strain, the more significant 
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the inhibitory effect on natural aging. The yield strength of the unstrained sam-
ple increases by approximately 87.9 MPa after two weeks of RT aging, while for a 
pre-strain of 5%, the increase in yield strength is reduced to about 48.0 MPa. 

2) The work hardening induced by pre-strain can damage the formability of 
the alloy. Therefore, while improving the shape of the sheet, it is essential to mi-
nimize the pre-strain in the stretch-bend leveling process. 

3) Pre-strain treatment can enhance the bake-hardening properties of alloy 
sheets. For the sample without pre-strain, the strength increment before and af-
ter T8X treatment is only about 14.3 MPa; for the sample with a pre-strain of 
5%, the yield strength increment increases to approximately 39.1 MPa. After 
bake-hardening at 185˚C for 4 h, the hardness of the sample with 5% pre-strain 
is about 7.8 HV higher than that of the sample without pre-strain. 
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