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Abstract: The influences of high temperature pre-straining (HT-PS) on the natural aging and bake hardening of AI-Mg—Si alloys
were investigated by Vickers microhardness measurements, differential scanning calorimetry (DSC) analysis and transmission
electron microscopy (TEM) characterization. The results show that pre-straining at 170 °C immediately after quenching can
effectively resolve the rather high T4 temper hardness caused by the conventional room temperature (RT) pre-straining treatment,
and give a better bake hardening response (BHR) after paint-bake cycle. HT-PS 7% at 170 °C for 10 min is chosen as the optimum
process as it provides lower T4 temper hardness and better BHR. The simultaneous introduction of dislocations and Cluster (2) can
significantly suppress the natural aging and promote the precipitation of f” phase, and reduce the effects of deformation hardening by

dynamic recovery.
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1 Introduction

Heat-treatable Al-Mg—Si alloys have been widely
utilized as light-weight materials for the body panels of
automobiles owing to their good age hardening [1-3].
However, the hardening response of these alloys cannot
be fully exploited in the commercial paint-bake cycles
due to the low temperatures and short time involved [4].
Besides, storage at room temperature (RT) before
paint-bake cycle results in a low density of " phase (the
so-called negative effect of natural aging). It is therefore
essential to improve the precipitation kinetics during the
paint-bake cycle and suppress the adverse effect of
natural aging [5,6]. Much effort has been devoted in
recent years to study the introduction of pre-aging or
pre-straining shortly after quenching, which is effective
in suppressing the natural aging and improving the back
hardening response (BHR) of AI-Mg—Si alloys [7—10].

Pre-straining has been reported to have a substantial
effect on the precipitation behavior of Al-Mg—Si
alloys [11-15]. The dislocations introduced by
pre-straining are believed to act as sink of quenched-in
vacancies and avoid clustering at room temperature, thus

suppressing the negative effect of natural aging. While
during the paint-bake cycle, the dislocations could
provide heterogeneous nucleation sites for the Guinier-
Preston (GP) zones that easily grow and transform into
S" phase by the enhanced atomic transport [16,17].
However, the deformation hardening caused by
dislocations also gives a rather high strength in T4
temper, which could harm the formability in the
stamping process [8]. The unfavorable formability in T4
temper limits the application of the pre-straining
treatment. In the present study, pre-straining at high
temperatures (above recrystallization temperature) was
employed immediately after solution heat treatment to
explore whether this special process could resolve the
disadvantage of RT pre-straining and maintain a good
BHR after paint-bake cycle.

2 Experimental

The Al-Mg-Si alloy used in the present
investigation was a typical AA6022 alloy with a
composition of  Al-1.11%Si—0.62%Mg—0.06%Cu—
0.16%Fe—0.06%Mn (mass fraction). It was cast and
homogenized at 560 °C, and hot- and cold-rolled to sheet
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with 1 mm in thickness. The rolled sheets were solution-
treated at 560 °C for 30 min and then water-quenched to
room temperature. High temperature pre-straining
(HT-PS) was performed at 170 °C for 3, 5 and 10 min
respectively, with different pre-strain levels (3%, 5%, 7%,
10%), and the straining was performed before the high
temperature holding. For comparison, pre-straining at
room temperature (RT-PS) was employed at the same
pre-strain level. Several sheet samples without
pre-straining (PS 0) were also prepared. All samples
were then held at room temperature for 14 d. A simulated
paint bake treatment referring to an artificial aging at 180
°C for 30 min was applied to the natural aged samples. A

schematic representation of the heat treatment
procedures is shown in Fig. 1.
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Fig. 1 Schematic representation of heat treatment procedures
for AA6022 alloy

All the pre-straining treatments were performed
with a tension speed of 0.3 mm/min. The hardness of
samples after different heat treatments was measured
using an MH—5L microhardness tester with a force of
5 N and a loading time of 10 s. Precipitation behavior
was analyzed by differential scanning calorimetry (DSC)
operated in an argon atmosphere using a
METTLER-1100LF system ranging from 20 to 500 °C
with a heating rate of 10 °C/min. Microstructure
investigations were carried out on a Zeiss Libra 200FE
transmission electron microscope (TEM). The specimens
were prepared by electropolishing using a Struers
TenuPol-5 machine. The electrolyte consisted of
30% HNO; in methanol and was kept at a temperature
between —25 and —35 °C. For each sample, ten TEM
bright-field images were taken together with the
corresponding thickness measurements for the purpose
of quantifying the average precipitate cross-section,
length and number density. All the images were acquired
along (100),; zone axis. A Gatan parallel electron
energy loss spectrometer (EELS) was used to determine
the thickness of the investigated area. A full description
of the statistic methodology has been
elsewhere [18].

given

3 Results

The hardness curves of samples with different
RT-PS treatments during 14 d RT storage and paint bake
treatment are shown in Fig. 2. In the sample without
pre-straining, the hardness increased from HV 56.7 to
HV 84.3 during 14 d RT storage, and rose up to
HV 107.4 after paint bake treatment, which was lower
than that of the paint baked sample without natural aging
(HV 116.3), implying that natural aging significantly
increased the T4 temper hardness and reduced the BHR
after paint-bake cycle, posing an unfavorable effect on
formability and in-serve dent resistance. While after
introducing the RT-PS treatment, the hardness of the
pre-strained samples was higher than that of the
un-deformed sample under each condition. With
increasing the pre-straining level, both the hardness of
freshly solutionized, T4 temper and paint baking samples
increased gradually, as shown in Table 1. It is fair to
claim that the RT-PS treatment could effectively reduce
the natural aging and improve the BHR after paint bake
treatment, but the over high T4 temper hardness is
unfavorable to its formability.
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Fig. 2 Vickers hardness curves of RT-PS samples during 14 d
RT storage and paint bake treatment

The hardness curves of HT-PS samples during 14 d
RT storage and paint bake treatment are shown in Fig. 3.
The HT-PS samples only showed a small hardness
change during the RT storage and the T4 temper
hardness of these samples was lower than that of the
RT-PS samples, confirming that the clustering during RT
storage was greatly suppressed. After paint bake
treatment, nearly all the HT-PS samples showed higher
BHR than those RT-PS samples at the same pre-strain
level. With increasing the holding time at 170 °C, the
change of natural aging hardness decreased and the BHR
increased. While with the increase of HT-PS level, higher
T4 temper hardness and paint baked hardness were
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Table 1 T4 temper hardness, paint-baked hardness, change of natural aging hardness and BHR of RT-PS treatment and HT-PS

treatment samples (HV)

Pre-strain RT-PS HT-PS (10 min)
level T4 hardness Paint-baked Ch?nge of natural BHR T4 hardness Paint-baked Chgnge of natural BHR
hardness aging hardness hardness aging hardness
0 84.2 107.5 27.5 233
3% 85.8 113.2 23.9 26.2 81.4 115.1 6.1 33.7
5% 89.4 114.5 23.6 25.5 79.5 115.4 2.8 359
% 90.5 1163 20.5 25.8 80.9 118.1 2.9 37.2
10% 92.8 117.5 15.2 24.8 84.2 121.3 2.1 37.1
(a) achieved, but HT-PS 10% always resulted in higher T4
200 temper hardness, which is unfavorable to the alloys.
- 39 Thus, HT-PS 7% for 10 min is chosen as the optimum
S 1107 == 32? process as it provides lower T4 temper hardness (HV
il
T 00 — 10‘% 80.9) and better BHR (HV 37.2). Compared with RT-PS
2 I 2 7%, the T4 temper hardness of the HT-PS 7% sample
§ § decreases by about HV 9.6, and the BHR increases by
< r = . . . .
£ 9 = about HV 12.3, as shown in Table 1, which is beneficial
%0 % to the formability and in-serve dent resistance. Therefore,
: /M it can be deduced that HT-PS treatment is more effective
70 L E in suppressing the natural aging and improving the BHR
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Fig. 3 Vickers hardness curves of HT-PS samples during 14 d
RT storage and paint bake treatment for 3 min (a), 5 min (b)
and 10 min (c)

compared with RT-PS treatment.

In order to study the mechanism responsible for the
improvement in BHR by the HT-PS treatment, DSC and
TEM investigations were performed. DSC was carried
out in the RT-PS 7% and HT-PS 7% (10 min) samples
after 14 d RT storage and the results are shown in Fig. 4.
In contract with the sample without pre-straining, both
the RT-PS and HT-PS samples displayed an exothermic
peak between 120 and 160 °C which links to the
formation of GP zones. A dissolution trough between 180
and 220 °C, which came from the reversion of clusters
during natural aging, was largely reduced or disappeared
in the pre-strained samples, suggesting that both the
RT-PS and HT-PS treatments could effectively suppress
the natural aging [8,11].In addition, the " precipitation
peak shifted to lower temperature for the pre-strained
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Fig. 4 DSC curves of samples under different pre-straining
conditions
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samples, and the HT-PS sample presented a lower "
precipitation temperature (235.3 °C) than the RT-PS
sample (242.5 °C), indicating that the HT-PS treatment is
more effective in accelerating the precipitation of "
phase.

The bright-field TEM images and corresponding
selected area diffraction patterns (SADP) of the PS 0,
RT-PS 7% and HT-PS 7% (10 min) samples after RT
storage and paint bake treatment are shown in Fig. 5. All
the images were acquired along (100)4; zone axis. In the

Fig. 5 Bright-field TEM images of PS 0 (a), RT-PS 7% (b) and
HT-PS 7% (10 min) (c) samples after paint bake treatment
(Corresponding diffraction patterns were inserted)

sample without pre-straining, large numbers of dot-like
precipitates were homogeneously distributed in the Al
matrix, and some needle-like precipitates were also
clearly observed. Most of the tiny dot-like precipitates
(about 2 nm) are identified as GP zones, and some larger
dot-like precipitates (3—4 nm) are the end-on sections of
the S” phase along (100)4,, as evidenced by the faint
rings seen in the diffraction pattern [19]. So, it can be
deduced that most of GP zones in the sample without
pre-straining have not evolved into the " phase during
paint bake treatment, implying a poor BHR. While in the
pre-strained samples, most of GP zones have been
evolved into the A" phase, and an inhomogeneous
distribution of larger precipitates nucleated along
dislocation lines was observed. The HT-PS treatment
produces less dislocations than the RT-PS treatment. The
microstructure quantification in Table 2 shows that the
precipitates (mainly A") in the HT-PS sample have a
higher volume fraction and smaller average radius than
those in the RT-PS sample, causing higher BHR, which
are in agreement with the hardness measurements shown
in Fig. 3.

The HRTEM image of the precipitates along
dislocation lines of the HT-PS 7% (10 min) samples after
paint baking is shown in Fig. 6. From the HRTEM
image and corresponding fast filtering transforms (FFT)

Table 2 Statistical distribution of precipitates in pre-aged
samples after paint bake treatment

Cross-  Length/
section/nm’*  nm

Volume
fraction/%

Number

Treatment .
density

RT-PS 7% 10.2+0.2 42+2.5 (1.22£0.4)x10°° 0.23+0.05

HT-PS 7% 11.6£0.3 35+5.5 (1.48+0.4)x10° 0.38+0.1

(020
£(000)

(200),,

(020) 51
()

(200),,

Fig. 6 HRTEM of precipitates along dislocation lines in HT-PS
sample
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patterns, the ” and Q' phases can be identified [20,21].
Compared with the precipitates in the matrix, the
precipitates along dislocation exhibit a coarser structure.
The cross-section of " phase shows an elongated shape
compared with a round shape " phase in the matrix. The
precipitation of Q' phase along dislocation is due to the
segregation of added trace Cu during HT-PS process.
Therefore, the dislocations serve as the nucleation sites
for precipitation and change the morphology, size and
distribution of these precipitates, which improves the
BHR of Al-Mg—Si alloys.

4 Discussion

The results presented above demonstrate that the
HT-PS treatment gives better properties in T4 temper and
after bake hardening compared with the RT-PS treatment.
During the RT-PS treatment, dislocations introduced by
the straining could act as sinks of quenched-vacancies
which are essential for the clustering activities during
natural aging. The relaxed supersaturation of vacancies
could greatly suppress the natural aging. While during
paint bake treatment, the dislocations could provide
heterogeneous nucleation sites for GP zones and
accelerate the precipitation of f” phase, which is the
main precipitates contributing to the peak hardness [22].
However, the dislocations also lead to deformation
hardening, thus giving a rather high hardness in the T4
temper.

It is understood that the clustering of solute atoms
during the pre-aging affects the precipitation of 5" phase
in the final aging. SERIZAWA et al [23] reported that
two types of nanoclusters, i.e., Cluster (1) and Cluster (2),
were formed near room temperature and at 100 °C,
respectively. The Cluster (1) structure has a wide range
of Mg/Si ratio and is hardly dissolved at the paint bake
temperature. The Cluster (2) has a Mg/Si ratio similar to
that of the " phase, which enhances the formation of 4"
phase during the paint bake treatment. Thus, during the
HT-PS treatment, the effect of pre-straining and
pre-aging simultaneously takes place. The Cluster (2)
could be formed at temperatures above 100 °C, which
suppresses the formation of Cluster (1) during RT storage
and improves the BHR during paint bake treatment.
Therefore, both the dislocations and Cluster (2) could
accelerate the precipitation of B" phase, resulting in
higher BHR than of the RT-PS treatment, which are in
agreement with the hardness measurements and TEM
observation in Figs. 3 and 5. Besides, the deformation
hardening and recovery simultaneously occur and reach a
dynamic equilibrium during the HT-PS process, which
reduces the effect of deformation hardening
accompanying by decreased dislocation density. The
remaining dislocations could still suppress the natural

aging by trapping quenched-vacancies. Therefore, lower
hardness of the HT-PS samples is gained in T4 temper.
The HT-PS treatment resolves the detrimental effects of
the RT-PS treatment, and gives a high BHR after
paint-bake cycle.

5 Conclusions

1) Pre-straining immediately after quenching is
effective in suppressing the natural aging and improving
the BHR. The introduced dislocations can trap the
quenched-vacancies and avoid clustering at RT storage,
and provide heterogeneous nucleation sites for GP zones
that readily grow to £" phase during the paint-bake cycle.
But a rather high T4 temper hardness due to deformation
hardening is generated, which can risk the formability in
the stamping process.

2) The HT-PS treatment first introduced can resolve
the negative effect caused by the RT-PS treatment and
give a lower T4 temper hardness and better BHR after
paint-bake cycle. HT-PS 7% at 170 °C for 10 min is
selected as the optimum process as it provides good
properties in both T4 temper and paint-bake cycle.

3) The simultaneous occurrence of pre-straining and
pre-aging promotes the precipitation of " phase by the
introduced dislocation and Cluster (2), and the dynamic
recovery process reduces the detrimental effect of
deformation hardening. Therefore, the HT-PS treatment
has the potential of use in industrial production.
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