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Abstract

The effects of pre-deformation on the precipitation behavior of Al-Mg-Si-Cu
alloy were investigated by means of DSC, mechanical property testing, and
TEM. The results indicate that during slow heating, the dissolution rate of GP
zones in the pre-aged alloy decreases with increasing pre-deformation, and the
activation energies for GP zone dissolution in alloys with 0%, 5%, and 15%
pre-deformation were determined to be 137.1 kJ/mol, 189.5 kJ/mol, and 141.3
kJ/mol, respectively, using the Avrami-Johnson-Mehl method; when the alloy
was subjected to paint baking hardening at 185°C/20 min directly after differ-
ent pre-deformations, pre-deformation effectively promoted precipitate forma-
tion and increased the paint baking hardening increment, reaching a maximum
of 160 MPa; however, the increase in paint baking hardening slowed down when
the pre-deformation exceeded 10%; furthermore, the GP zone dissolution rate in
paint-baked alloys after pre-deformation was lower at certain temperatures, but
above a certain temperature, it became higher than that in the undeformed al-
loy, the resulting In[(dY/dT)¢/f(Y)]-1/T curves even exhibited a transformation
from high to low activation energy; however, with increasing pre-deformation,
the activation energy for 8’ phase precipitation continuously decreased while
the precipitation rate continuously increased, and the corresponding TEM mi-
crostructural observations were in good agreement with these results.

Full Text

Introduction

With growing awareness of energy conservation and environmental protection,
automotive lightweighting has become a forefront and hot issue in automotive
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industry technology in the 21st century. One important approach to achiev-
ing lightweighting is the use of lightweight aluminum alloy materials, such as
Al-Mg and Al-Mg-Si series alloys. The latter are widely used in manufacturing
automotive body outer panels due to their excellent stamping formability and
bake hardening properties. Currently, widely applied alloy grades in the Al-Mg-
Si series include AA6016, AA6111, and AA6022, which generally exhibit good
formability and bake hardening capability, attracting significant attention and
application from numerous domestic and international automotive manufactur-
ers.

However, with continuous development and in-depth research on aluminum al-
loys for automotive lightweighting, it is difficult for alloy sheets prepared with
a single composition or process to comprehensively meet the different require-
ments for formability and strength of various automotive body components. For
instance, some components undergo large deformation during stamping, impos-
ing strict requirements on sheet formability, while also requiring the highest
possible bake hardening increment during the paint-baking process to avoid
denting during collision. Previous studies have shown that pre-aging treatment
of solutionized Al-Mg-Si alloys can improve or stabilize sheet formability while
ensuring good bake hardening increments during the paint-baking process. Nev-
ertheless, pre-aged alloys subjected to different deformation amounts during sub-
sequent stamping will inevitably exhibit differences in bake hardening increment.
Therefore, understanding the influence of different pre-deformation amounts on
subsequent aging precipitation behavior, precipitate size, morphology, and dis-
tribution, as well as bake hardening increment, is crucial for designing aluminum
alloy materials for different automotive components and optimizing processing
parameters.

This work focuses on pre-aged Al-0.6Mg-0.9Si-0.2Cu-0.07Mn (mass fraction, %)
alloy sheets. The alloy was subjected to different degrees of pre-deformation
after pre-aging treatment, followed by investigation of precipitation behavior,
bake hardening response, and microstructural evolution to obtain the influence
law of different pre-deformation amounts on bake hardening increment, precipi-
tation behavior, and microstructure, thereby providing guidance for production
and application of this alloy system.

Experimental

The alloy composition was Al-0.6Mg-0.9Si-0.2Cu-0.07Mn. Raw materials with
mass fractions of 99.7% pure Al, Al-25.73%Mg, Al-12.7%Si, Al-50.29%Cu, and
Al-9.56%Mn master alloys were melted in a resistance crucible furnace following
a specific addition sequence. The alloy melt was then poured into a water-cooled
steel mold (180 mm length x 110 mm width x 90 mm height). After casting,
the ingot was trimmed and subjected to a two-stage homogenization treatment
at 485°C for 3 h + 555°C for 16 h, followed by hot rolling on a ®350 two-high
hot rolling mill at 5.5 r/min. The initial rolling temperature was 550°C, the
final rolling temperature was below 300°C, and the final thickness was 4 mm.
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After intermediate annealing at 400°C for 1 h, the sheet was cold-rolled to 1 mm
thickness. The cold-rolled samples were solution-treated at 555°C for 2 min in a
salt bath, pre-aged at 80°C for 12 h, and stored at room temperature for 14 days
(T4P condition). Subsequently, the T4P samples were pre-deformed to 0, 5%,
10%, and 15% strain, followed by simulated bake hardening treatment at 185°C
for 20 min to investigate changes in bake hardening increment and precipitation
behavior.

The precipitation behavior of alloys in different states was analyzed using a
Q2000 differential scanning calorimeter (DSC). Disc specimens of 3 mm diame-
ter x 1 mm thickness (approximately 15 mg) were prepared, with high-purity
Al as the reference standard, and heated from 20°C to 400°C at 10°C/min. Ten-
sile tests were conducted on an MTS810 electro-hydraulic servo material testing
machine at a strain rate of 3 mm/min, with specimens sampled along the rolling
direction according to GB3076-1982 specifications. Microstructural observation
was performed using a Tecnai G2 F30 field emission transmission electron mi-
croscope (TEM). Samples were prepared by mechanical thinning followed by
twin-jet electropolishing in a solution of 25% HNO; + 75% CH4;OH (volume
fraction) at -25 to -10°C and 20-30 V.

Theoretical Analysis

Numerous studies have reported on aluminum alloy precipitation behavior us-
ing various theoretical models. This work employs non-isothermal DSC analysis
combined with the Avrami-Johnson-Mehl model to investigate precipitation ki-
netics. The relevant kinetic equations are as follows:

Y =1—exp(—kt™) (1)

where Y is the volume fraction transformed within time t (in minutes), and k
and n are constants related to nucleation type and growth mechanism.

k = kyexp (—%) (2)

where k; is a constant, Q is the activation energy (in kJ/mol), R is the universal
gas constant (8.31 J/(mol - K)), and T is the thermodynamic temperature (in

Taking logarithms of both sides of Eq. (1) yields:
In[—In(1-Y)]=Ink+nlnt (3)

The value of n can be easily obtained from the slope of the linear relationship
between In[—In(1 —Y)] and Int.
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Differentiating Eq. (1) gives the transformation rate during non-isothermal
processes:

dy

— =knt" 1 f(Y) (4

Wt pv) (@)
where f(Y) is an implicit function of Y. From Egs. (1) and (4), the expression
for Y as a function of T is:

where A(T) is the area between the baseline and the DSC peak from the peak
onset to temperature T, and A_ f is the total peak area.

The expression for % can be derived as:
v 1aam o
dI Ay dT

where ¢ is the heating rate (¢ = 10°C/min in this experiment).
From Egs. (2), (4), and (7), we obtain:

- [<dY/dT>¢
)

Equation (8) shows that In[(dY /dT)¢/f(Y)] and 1/T satisfy a linear relation-
ship. By plotting In[(dY /dT)¢/f(Y)] versus 1/T, the activation energy can
be determined from the slope —Q/R, thereby establishing the corresponding
dissolution or precipitation kinetic equation.

} = In(kyn) — % +(n—1)lnt (8)

Results and Discussion

3.1 Effect of Pre-deformation on Precipitation Behavior of Pre-aged
Alloy

Figure 1 [Figure 1: see original paper] shows the DSC curves of T4P-treated
Al-0.6Mg-0.95i-0.2Cu-0.07Mn alloy after different pre-deformations. The DSC
curves of the pre-aged alloy primarily include a dissolution peak a, and precipita-
tion peaks b and c. Pre-aging can effectively promote the formation of nano-sized
Mg-Si solute atom clusters, which are relatively stable and can directly serve as
nucleation sites for precipitation strengthening phases during subsequent high-
temperature bake hardening. Consequently, pre-aged alloys exhibit no other
solute atom cluster precipitation peaks in the low-temperature region, and the
dissolution peak a is smaller compared to alloys without pre-aging treatment.
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However, if the alloy does not receive appropriate pre-aging treatment, solution-
quenched alloys will rapidly form Mg-Mg and Si-Si solute atom clusters within
7 days of natural aging. The Mg-Mg clusters will dissolve within 7 days, while
Si-Si clusters remain relatively stable at room temperature. With prolonged
natural aging, Mg atoms continuously enter Si clusters to form Mg-Si clusters.
This precipitation process fails to produce a large number of stable Mg-Si clus-
ters or results in clusters that are too small, leading to a larger dissolution peak
at lower onset temperatures in DSC analysis. Direct high-temperature bake
hardening may cause bake softening, and various other solute atom clusters will
continuously form during DSC heating. Therefore, recent research on Al-Mg-
Si alloys for automotive lightweighting has emphasized appropriate pre-aging
treatment to improve both formability and bake hardening performance.

Since alloy sheets require stamping forming after pre-aging, the deformation
amount varies with component geometry. To better analyze the effect of different
deformation amounts after pre-aging on precipitation behavior, T4P-state alloys
were pre-deformed to 5%, 10%, and 15% strain. Figure 1 shows that after 5% pre-
deformation, the GP zone dissolution peak is relatively small, while after 15%
pre-deformation, the dissolution peak area significantly increases. However, the
dissolution completion temperatures for both pre-deformed conditions are higher
than that of the non-pre-deformed alloy. The higher dissolution completion
temperature in pre-deformed alloys also shifts the § phase precipitation onset
temperature to higher values compared to the non-pre-deformed alloy.

This phenomenon occurs because pre-deformation accelerates solute atom diffu-
sion, promoting rapid growth of solute atom clusters formed during T4P treat-
ment or precipitating new clusters. Since no new solute atom cluster precipi-
tation peaks are observed in the low-temperature region of DSC curves, it can
be concluded that pre-deformation does not promote the precipitation of new
solute atom clusters during DSC heating but rather facilitates further growth
of existing clusters formed during T4P treatment. However, the diffusion rates
of Mg and Si solute atoms differ significantly, with Mg diffusion being much
slower than Si (at 177-325°C: D_{Mg} = 0.06-0.0616 cm?/s, D_{Si} = 2.42-
2.45 cm?/s). This leads to substantial Si atom segregation into existing Mg-Si
clusters during DSC heating, reducing the Mg/Si ratio of the original clusters
below that of the 8 phase (Mg/Si ratio of 0.9-1.2). These segregated clusters
cannot serve as nucleation sites for § phase growth. When the temperature
increases sufficiently, they must first partially dissolve until their Mg/Si ratio
re-enters the 5 phase range, after which they can nucleate and grow rapidly.
Moreover, as pre-deformation increases, solute atom diffusion accelerates fur-
ther, causing more severe cluster growth during the low-temperature DSC heat-
ing stage and greater deviation of the Mg/Si ratio from the 8 phase range. This
explains why the GP zone dissolution peak area increases and the § phase pre-
cipitation peak shifts to higher temperatures with increasing pre-deformation
(the shift is attributed to the heat required for dissolution exceeding the heat
released by 8 precipitation, resulting in an apparently higher precipitation on-
set temperature). Consequently, to avoid non-uniform diffusion of Mg and Si
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atoms into T4P-formed clusters after stamping deformation, alloy sheets should
be heated as rapidly as possible; otherwise, this phenomenon will reduce the
bake hardening increment.

To quantitatively analyze the effect of different pre-deformation amounts on GP
zone dissolution activation energy and kinetics, Figure 2 [Figure 2: see original
paper] illustrates the detailed calculation process using the Avrami-Johnson-
Mehl model. Figure 2(a) shows that both 5% and 15% pre-deformation increase
the GP zone dissolution onset temperature and significantly reduce the dissolu-
tion rate compared to the non-pre-deformed alloy. From the In[(dY/dT)¢/{(Y)]-
1/T curves in Figure 2(c), the GP zone dissolution activation energies for pre-
aged alloys with 0, 5%, and 15% pre-deformation are determined to be 137.1,
189.5, and 141.3 kJ/mol, respectively. The activation energies of pre-deformed
alloys are higher than that of the non-pre-deformed alloy due to the non-uniform
diffusion of excess Si into Mg-Si clusters during low-temperature DSC heating.
However, the activation energy after 5% pre-deformation is significantly higher
than after 15% pre-deformation. This is because the rapid DSC heating process
is too short to completely eliminate the high density of dislocations introduced
by 15% pre-deformation. Residual dislocations promote GP zone dissolution,
resulting in lower activation energy for the 15% pre-deformed alloy compared to
the 5% pre-deformed condition. The corresponding kinetic equations are: Y =
1 - exp[-2.8928x107{15}$ exp(-16534/T) x t], Y = 1 - exp[-1.06428x107{21}$
exp(-22846/T) x t], and Y = 1 - exp[-2.577$x107{15}$ exp(-17011/T) x t].
The theoretically predicted GP zone dissolution Y-t kinetic curves are shown
in Figure 2(d), clearly demonstrating that pre-straining increases dissolution
difficulty due to reduced Mg/Si ratio and increased cluster size. The dissolution
rates after 5% and 15% pre-strain are lower than in the non-pre-strained alloy,
which requires only 6-7 min at 185°C for complete GP zone dissolution, whereas
pre-deformed alloys need 20-30 min.

3.2 Effect of Pre-deformation on Bake Hardening Performance

Figure 3 [Figure 3: see original paper] shows the stress-strain curves of T4P-state
alloys after pre-deformation to 0, 5%, 10%, and 15% strain followed by simulated
bake hardening at 185°C for 20 min. With increasing pre-deformation, the
elongation decreases while the yield strength increases, with a maximum increase
of approximately 160 MPa compared to the T4P state. However, the strength
increment for the 15% pre-deformed alloy is only slightly higher than that for
the 10% pre-deformed alloy. The bake hardening increments after 185°C/20 min
aging with 0, 5%, 10%, and 15% pre-deformation are 45.7, 132.4, 158.8, and
167.1 MPa, respectively, clearly demonstrating that pre-deformation promotes
bake hardening increment.

The introduction of pre-deformation generates dislocations in the alloy matrix,
which effectively promote the formation and growth of solute atom clusters
during high-temperature bake hardening, resulting in numerous fine precipitates
and increased strength. If the pre-deformation is too small, this promotion
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effect is insignificant; however, if the pre-deformation is excessive (e.g., 15%),
the promotion effect also diminishes. Although dislocations provide effective
diffusion channels for solute atoms, high dislocation densities lead to dislocation
tangles in localized regions, causing non-uniform diffusion and consequently non-
uniform precipitate size and distribution, which limits strength enhancement.
Particularly, due to the difference in diffusion coefficients between Mg and Si
elements, excessive strain energy causes rapid Si diffusion into solute clusters.
Combined with the inherently high Si concentration, this further accelerates
diffusion and ultimately limits the formation of the most strengthening-effective
B phase. As predicted by DSC results, only rapid heating to high temperature
(e.g., direct 185°C bake hardening) can accelerate 5 phase precipitation in pre-
deformed alloy sheets.

3.3 Effect of Pre-deformation on Subsequent Precipitation Behavior
of Bake-Hardened Alloy

Even after 185°C/20 min bake hardening, Al-Mg-Si alloys remain in a severely
under-aged condition, making precipitates difficult to characterize clearly. To
better analyze differences in solute atom clusters, GP zones, and [ phases
formed in bake-hardened alloys and understand the influence of pre-deformation
on aging precipitation behavior, further DSC analysis was performed on several
bake-hardened alloys, as shown in Figure 4 [Figure 4: see original paper]. No so-
lute atom cluster precipitation or dissolution is observed in the low-temperature
region for alloys pre-deformed to 5% or 15%, whereas the non-pre-deformed al-
loy shows some cluster re-dissolution. This indicates that 185°C/20 min aging
transforms the originally distributed solute atom clusters into numerous fine GP
zones or [ phases, while also forming certain amounts of new fine clusters or GP
zones. Due to fewer diffusion channels compared to pre-deformed alloys, solute
atom diffusion is relatively slow, and the newly formed clusters or GP zones
during 185°C/20 min aging are small (some may be smaller than the critical dis-
solution size r_ c), resulting in slight re-dissolution during DSC heating. With
further temperature increase, all alloys exhibit larger dissolution peaks, which
can be preliminarily identified as GP zone dissolution based on the correspond-
ing temperatures, confirming that 185°C/20 min aging does not produce large
amounts of 5 phase but rather GP zones. Additionally, comparison of GP zone
re-dissolution peaks and 8 /8 phases reveals that increasing pre-deformation
before bake hardening reduces the GP zone dissolution peak area, advances the
B phase precipitation onset temperature (especially for the 15% pre-deformed
alloy), and increases the area of the C peak corresponding to 8 phase pre-
cipitation compared to peak c in Figure 1. This further demonstrates that
appropriate pre-deformation effectively promotes the transformation of solute
atom clusters to GP zones and even [ phases, significantly increasing precipi-
tation kinetics during paint-baking. However, the promotion effect slows when
pre-deformation exceeds a certain level, as evidenced by GP zone dissolution
peak area and tensile properties.
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Figure 5 [Figure 5: see original paper| and Figure 6 [Figure 6: see original pa-
per]| illustrate the calculation processes for GP zone dissolution and S phase
precipitation activation energies in bake-hardened alloys. The Y-T and dY/dT-
T curves for GP zone dissolution (Figure 5) reveal that at certain temperatures,
the dissolution rates of 5% and 15% pre-deformed alloys are lower than that
of the non-pre-deformed alloy. However, above a specific temperature, the GP
zone dissolution rates become higher than in the non-pre-deformed alloy. No-
tably, the In[(dY/dT)¢/f(Y)]-1/T curve for the 15% pre-deformed alloy consists
of two segments: the first with high activation energy and the second with low
activation energy (only 97.7 kJ/mol), even lower than the non-pre-deformed
alloy. In contrast, the GP zone dissolution activation energy for the 5% pre-
deformed alloy remains higher than that of the non-pre-deformed alloy through-
out. This again demonstrates that increasing pre-deformation promotes not
only the growth of clusters formed during T4P treatment but also the forma-
tion of new clusters during 185°C/20 min aging. Due to limited time, these new
clusters are small and dominate the later dissolution process, requiring lower
activation energy and resulting in the two-stage dissolution behavior. For [
phase precipitation in bake-hardened alloys, Figure 6 [Figure 6: see original
paper] shows that increasing pre-deformation continuously increases the precip-
itation rate and decreases the activation energy. This is because dislocation
defects generated by pre-deformation serve as short-circuit diffusion channels,
accelerating atom migration. The new solute atom clusters or GP zones formed
during 185°C/20 min aging can also serve as nucleation sites for 8 phase growth
during subsequent heat treatment, leading to gradually decreasing 5 phase pre-
cipitation activation energy. This result is consistent with findings by Hirata
and Matsue.

Based on the Q and k, values calculated from Figures 5 and 6, the kinetic
equations for GP zone dissolution and 8 phase precipitation are summarized in
Table 1 . The corresponding Y-t curves at 185°C are plotted in Figure 7 [Figure
7: see original paper]. Figure 7(a) shows that with increasing pre-deformation,
the GP zone dissolution rate eventually exceeds that of the non-pre-deformed
alloy with prolonged aging time. For 5 phase precipitation (Figure 7(b)), the
precipitation rate continuously increases with pre-deformation, with the 15%
pre-deformed alloy essentially completing precipitation in approximately 2 h.

3.4 TEM Microstructural Analysis

To better compare the effect of pre-deformation on precipitate size and distri-
bution, alloys with different pre-deformation amounts were bake-hardened at
185°C for 20 min, then heated from 20°C to 250°C at 10°C/min (identical to
the DSC heating process in Figure 4), water-quenched, and examined by TEM,
as shown in Figure 8 [Figure 8: see original paper|. Statistical analysis software
calculated the area fractions of precipitates in the three alloys as 40.1%, 47.2%,
and 49.7%, respectively. Figure 8 reveals that increasing pre-deformation not
only reduces precipitate size but also significantly increases precipitate num-
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ber density compared to the non-pre-deformed alloy. The alloy with 15% pre-
deformation contains substantially more fine dot-shaped or short needle-shaped
[ precipitates than the other two conditions. However, precipitate distribu-
tion uniformity begins to decrease due to significant increases in dislocation
density with pre-deformation, leading to some non-uniformity in precipitation.
This explains why the bake hardening increment for the 15% pre-deformed al-
loy is only slightly higher than that for the 10% pre-deformed alloy. The Y-T
curves in Figure 6(b) also show that the transformed fraction Y increases with
pre-deformation when heating from 20°C to 250°C, consistent with the TEM
observations.

Conclusions

(1) Pre-aged Al-0.6Mg-0.9Si-0.2Cu-0.07Mn alloy subjected to pre-deformation
exhibits reduced Mg/Si ratio in solute atom clusters formed during pre-
aging due to the higher diffusion rate of Si during slow heating. This not
only fails to promote S phase precipitation at high temperatures but also
increases the GP zone dissolution peak area. Using the Avrami-Johnson-
Mehl method, the GP zone dissolution activation energies for alloys with
0, 5%, and 15% pre-deformation are determined to be 137.1, 189.5, and
141.3 kJ/mol, respectively, and corresponding GP zone dissolution kinetic
equations are established.

(2) When pre-aged alloys with different pre-deformation amounts are directly
subjected to high-temperature simulated bake hardening at 185°C for
20 min, pre-deformation effectively promotes precipitate formation. The
bake hardening increment increases with pre-deformation, reaching a max-
imum of approximately 160 MPa, but the increment rate slows when pre-
deformation exceeds 10%.

(3) Avrami-Johnson-Mehl analysis of bake-hardened alloys reveals that
GP zone dissolution rates for 5% and 15% pre-deformed alloys are
lower than that of the non-pre-deformed alloy below certain tempera-
tures, but become higher above specific temperatures. The resulting
In[(dY/dT)¢/f(Y)]-1/T curves even exhibit a transition from high to
low activation energy. However, with increasing pre-deformation, the 5
phase precipitation activation energy continuously decreases while the
precipitation rate continuously increases.
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