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� Super-high bake hardening increment
of 180 MPa can be achieved by non-
isothermal pre-aging treatment.

� The microhardness of pre-aged alloys
can remain unchanged up to 14 days
during natural aging.

� Precipitation behavior of pre-aged
alloys was deeply studied.

� The strengthening and natural
stabilizing mechanisms of alloys were
revealed in this paper.
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a b s t r a c t

A new non-isothermal pre-aging treatment was proposed and utilized in Al-Mg-Si-Cu-Zn alloys, together
with natural aging and artificial aging. The influence of cooling rates on subsequent precipitation behav-
iors was investigated by experimental and thermodynamic simulations. The results show that by control-
ling the formation of clusters/GP zones through changing pre-aging cooling rates, i.e. PA-0.2, PA-0.3 and
PA-0.4 (�C/min, from 80 �C to 40 �C), an excellent bake hardening increment and natural aging stability
can be obtained. The highest bake hardening increment can reach 180 MPa for PA-0.4 sample, which is
twice higher than those of Al-Mg-Si-(Cu) alloys. The microhardness remains almost unchanged within NA
for 14 days at a lower level of approximately 85 HV0.2. Thermodynamic simulations estimate the solvus
temperatures and chemical composition for GP zones, revealing the strengthening and stabilising mech-
anisms behind: a) Mg-Zn- clusters formed during pre-aging can suppress Mg-Si- clusters formation in the
natural aging process, b) non-isothermal hinders the precipitates growth, a faster cooling rate leads to
smaller and softer Mg-Zn- clusters, and c) the formation of a heterogeneous microstructure contributes
to the high bake-hardening response without changing the type of strengthening phase b00. Finally, the
clustering and aging process was illustrated and explained.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

6xxx series Al-Mg-Si alloys have been used extensively in the
automotive industry because they exhibit a high strength to
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weight ratio, good formability and corrosion resistance, which can
reduce the vehicle weight and lower the energy consumption and
CO2 emissions. However, even so, the strength is far from meeting
the requirements compared with steels, which hampers its wide
application. It is necessary to study the hardening mechanism
and accordingly improve the hardening behaviours [1,2]. It is gen-
erally accepted that phase precipitation in Al-Mg-Si alloys occurs
in the following sequence [3–7]:

SSSS ! Clusters ! GP zones ! b00 ! b ! b

where SSSS represents a supersaturated solid solution, clusters and
GP zones are precipitates that are fully coherent with the matrix,
and b00 is the main strengthening phase in Al alloys, which is
expected to form during the bake-hardening process. bʹ represents
metastable rod-like precipitates, and b is the equilibrium phase
Mg2Si. After involving Cu, the Qʹ phase was detected in the same
state as bʹ. Normally, Al alloys are stored at room temperature (nat-
ural aging) for some time before being stamped into a final shape,
during which precipitates inevitably form and cause the hardness
to increase. Therefore, the formability is damaged, and the bake
hardening response is also affected due to natural aging precipita-
tion. Improving the strength in the use state while maintaining
good formability before stamping is a trade-off for the wide appli-
cation of Al alloys [2].

Preaging treatment is a promising method to avoid hardening
precipitates during storage time, which is a thermal treatment that
brings solution-treated samples immediately to a temperature that
is higher than RT and holds for a certain time [8]. During the preag-
ing process, clusters and GP zones precipitate from the metastable
SSSS. On the one hand, the quenched vacancies are captured by
solutes to form clusters, and the ‘stable clusters’ are more stable
than SSSS during subsequent natural aging, hence inhibiting unex-
pected strengthening phenomena. On the other hand, ‘stable clus-
ters’ act as nucleation sites for the b00 phase during the artificial
aging process and accordingly accelerate the bake hardening
response.

The preaging treatment was proven to be workable under
appropriate heat treatment parameters [9]. Lizi He et al. [10] per-
formed a preaging treatment from RT (20 �C) to 140 �C and found
that the type of precipitates depended on PA conditions, and a pos-
itive effect occurred at PA over 80 �C. Chin-Hui Shen [11] combined
preaging at 70 �C and pre-straining 2% and successfully improved
the bake-hardening response in a natural aged alloy. Hengcheng
Liao et al. [12] studied high-temperature preaging at 120 �C and
detected the formation of b00 phases, which weakened the harden-
ing response. Lizhen Yan et al. [13] observed clusters in 140 �C PA
samples via 3DAP and proved that it is relevant to the b00 phase.
Furthermore, preaging at higher temperatures (170 �C to 210 �C)
has also been considered [14], aiming to overcome the negative
effect of natural aging. Recent research performed a new kind of
coil-cooling preaging treatment in Al-Mg-Si alloys and revealed
the importance of Mg-Si co-clusters formed during the preaging
step [15]. Some studies have also focused on solution treatment
with quenching processes and found that the quenching rate influ-
ences quenching precipitation and subsequent precipitation evolu-
tion; therefore, the final mechanical properties can be improved by
appropriate rate control [16]. Based on these findings, pre-aging
treatment is essential for controlling clusters and affecting later
precipitating behaviours. The non-isothermal pre-aging treatment
in [15] also explained better the clustering process and excellent
tensile test results in Al – Mg – Si alloy. However, the non-
isothermal pre-aging treatment itself haven’t been paid enough
attention to understand the clustering and connect with following
precipitating process.

Almost all the performed studies were to optimize the heat
treatment parameters to adjust the preforming precipitates and
2

characterise following precipitation behaviours, i.e., study the
preaging process in an indirect way. However, no study has
focused on the preaging process itself. This is because the clusters,
GP zones, and even b00 and bʹ phases, as metastable structures, are
difficult to detect and quantify, especially for clusters and GP zones
in the PA process, which do not have certain structures and compo-
sitions. Thus, there are very limited studies choosing to estimate
the solvus temperature of metastable phases, especially GP zones,
in a direct way in Al alloys. b00 phase simulation was performed by
several studies [17–20], but GP zone simulation was mostly per-
formed in Al-Cu-X series alloys [21–24].

Currently, studies are also trying to improve performance by
widening Al-Mg-Si elemental systems [25–34], Zn addition [25–
28] has proven to be effective in improving bake hardening
response due to its high solubility in the Al matrix. The studies
found Zn-containing solute clusters/GP zones based on the atom
probe tomography characterisation, but there was no evidence of
forming Mg-Zn phases even with high Zn content of 4.0 wt.% per-
cent [27]. The reason for this phenomenon and how the Zn behaves
at different aging process, are still unknown.

In the present study, we performed a new non-isothermal
preaging treatment in Al-Mg-Si-Cu-3.0 wt%Zn alloy, aiming to
affect the formation of multi-scale and multi-type clusters/GP
zones by controlling the cooling rate within a specific temperature
range, and also explore the behaviours of Zn element by chemical
composition analysis of precipitates. By characterizing the
microstructure and the following hardening effect, we are able to
investigate their influence on subsequent precipitation behaviours
during both natural aging and high temperature aging processes,
both in experimental and modelling aspects.
2. Materials and experimental methods

The chemical composition of the experimental alloy is listed in
Table 1. The raw materials were melted in a graphite crucible in an
electrical resistance furnace (SG2-12-10) and then cast into an
ingot in a steel mold.

After hot rolling, homogenization and first cold rolling, a 3 mm
thick plate was obtained and subjected to an intermediate anneal-
ing process at 400 �C for 2.5 hrs to soften the material, which was
followed by final cold rolling to obtain a 1 mm thick plate.

The plate was divided into four parts. After solution treatment
at 555 �C for 2 min, the plate was subjected to different non-
isothermal preaging treatments at rates of 0.2 �C/min, 0.3 �C/min,
and 0.4 �C/min from 80 �C cooling to 40 �C. PA samples were
marked as PA-0.2, PA-0.3, and PA-0.4. The solid solution-treated
specimen PA-0 represents the specimen that was not subjected
to the preaging treatment.

Vickers hardness measurements were performed under a load
of 200 g and holding time of 15 s using a Wolpert-402 MVD micro-
hardness tester. Each value was obtained by averaging at least
seven indentations. Tensile tests were conducted with an Instron
tensile testing machine after the specimens were thermomechan-
ical treated, and a gauge length of 60 mm was utilized. Meanwhile,
the precipitation behavior was analysed by differential scanning
calorimetry (DSC) using QS2000 under an argon atmosphere with
pure aluminum as a reference. The DSC test was carried out from
room temperature (20 �C) to 370 �C at a heating rate of 10 �C/
min. Transmission electron microscopy (TEM) images of precipi-
tates were obtained using a Tecanai G2 F20 S-TWIN operated at
an acceleration voltage of 200 kV. The specimen was prepared by
standard mechanical grinding to a thickness of �80 lm and then
subjected to twin-jet electropolishing at �20 �C in a mixture solu-
tion with 30% HNO3 and 70% CH3OH. High-resolution TEM
(HRTEM) characterization was performed along the [001]Al direc-



Table 1
Chemical composition of experimental alloy (wt.%).

Alloy Zn Mg Si Cu Mn Fe Al

L 3.0 0.9 0.7 0.2 0.3 �0.4 Bal.
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tion. The TEM results were analysed using Digital Micrograph soft-
ware released by Gatan. The precipitates were confirmed by
directly comparing to standard crystal structures created by Crys-
talMaker. Thermodynamic calculations were performed with
Thermo-Calc 2021a using the TTAL7 and MALDEMO databases
(see Fig. 1).
3. Results

3.1. Age hardening behavior

Fig. 2 shows the changes in the microhardness of samples PA-0,
PA-0.2, PA-0.3 and PA-0.4 during the NA process. After heat treat-
ment and NA for within 20 h, PA-0 sample has much lower hard-
ness than PA samples, but it arises rapidly from 68HV to 90HV
and reach almost the same hardness value with PA samples; From
NA 20 h and forwards, the hardness of PA-0 exceeds PA samples
and continues to rise during the following natural aging of thou-
sands hours. Meanwhile, the hardness of the PA samples remains
basically stable at approximately 83–85 HV. Within the NA treat-
ment of 400 h (approximately 17 days), the hardness of the PA
samples remains unchanged. After the NA of 500 h, the hardness
begins to rise slowly but it was far lower than that of the PA-0 sam-
ple. After the NA of 3000 h (approximately 4 months), the hardness
of the PA samples increases to 100 HV, reaching the same growth
rate as that of the PA-0 sample. The difference in hardness between
the PA-0 and PA samples gradually decreases after NA of 5000 h
(approximately 7 months).

Among PA samples, there was no significant difference within
the NA of 400 h. However, when NA time is over 400 h, there is
a slight difference can be seen: the PA-0.2 sample maintains a
lower hardness value during the slow hardness increasing process.
This means that among the three pre-aging processes, PA-0.2 is
beneficial to the inhibition of the formation and growth of precip-
itates, which displays better NA stabilization.

To meet the strength requirement, stamped alloys usually
require a bake-hardening treatment, which can accelerate the pre-
cipitation of hard phase bʹʹ in a short time; accordingly, the
strength is improved. To understand the effect of PA on bake-
hardening response, samples after NA for 0 days, 2 months, and
6 months are pre-strained 2% and then artificial aged at 185 �C,
simulated bake-hardening treatment, to observe the changes in
Fig. 1. Heat treatment process of studied alloy.
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micro hardness. The corresponding hardness curves are shown in
Fig. 3 below.

For the samples with a NA after 0 days, as shown in Fig. 3(a), the
hardness value fluctuates significantly during the artificial aging
process. The PA-0.4 sample exhibits the highest hardness value,
while the PA-0.3 and PA-0.2 samples are lower and fluctuate in a
higher range, making the peak value not notable. The peak value
appears at 150 min, with PA-0.4 the highest of 125HV, PA-0.2
the lower, and the PA-0.3 the lowest of only 120HV. The hardness
change can be roughly divided into third stages. The first stage is
the overall increase of hardness within 200 min, from beginning
to the peak value of 125HV; the second stage is the period from
250 min to 850 min, the hardness value remains basically
unchanged, maintaining at approximately 120HV; the last stage
is after 850 min, the hardness value starts to decrease significantly
after the plateau period.

For sample after NA of 2 months, as shown in Fig. 3(b), three PA
samples do not show an effect on the hardness change. In the early
stage of aging, the hardness values are lower than that of NA 0 days,
indicating that after two months of NA, some unstable solute clus-
ters in the alloy matrix redissolve. The hardness of PA-0.2 is the
lowest, but it quickly rises to a level similar to that of the other
two processes, indicating that the ageing response rate of PA-0.2
is the fastest. The peak hardness appears after 200 min, at approx-
imately 125 HV, and there is no significant difference in the peak
value among the three PA samples.

For sample after NA of 6 months, as shown in Fig. 3(c), at the
early stage of aging, within 50 min, the hardness decreases signif-
icantly, indicating that the precipitated phase is redissolved in the
matrix and then continues to precipitate and grow during the sub-
sequent aging process to make the hardness rise and reach the
hardness peak. As the aging time increases, the strengthening
phase grows and transforms from the bʹʹ phase to the bʹ and Qʹ
phases, resulting in a decrease in hardness. Compared with the
peak hardness of NA 2 months, the peak hardness after 6 months
of NA has a significant decrease, and the peak also appears after
200 min. After the peak hardness time, the hardness value of PA-
0.4 decreases most significantly, while PA-0.2 and PA-0.3 show
better aging stability.

The three PA samples have similar harness tendencies at the
same NA state. With the extension of the artificial aging time,
the hardness first increases to the peak and then begins to decrease
after reaching the peak. However, with the extension of the NA
time, there are obvious differences: before the increasing trend,
there is a slight decrease at the beginning of artificial aging process,
as shown in the insert enlarge curves, the decrease is found within
first 5 min for NA 2 months-artificial aging samples, ranging from
105HV to 100HV, while the decrease is found to occur within first
40 min for NA 6 months-artificial aging samples, ranging from
110HV to 95HV. This trend was not observed for the NA 0 day arti-
ficial aging samples.

This is mainly because a large number of dislocations are
induced by 2% pre-strain deformation. During the artificial aging
process of the NA 0 day samples, someMg, Si, Zn atoms can quickly
move through the dislocation channel, thereby accelerating the
rapid precipitation of the strengthening phase, so the hardness val-
ues of Fig. 3(a) are the highest. After a long-term NA of 2 months or
6 months, the precipitated clusters and GP zones increase; with the
increase in artificial aging time, these clusters and GP zones redis-



Fig. 2. Microhardness changes of samples PA-0, PA-0.2, PA-0.3, and PA-0.4 during the 6-month natural aging process (a) Natural aging for 6 months; (b) Zooming in the first
15 days of natural aging.

Fig. 3. Microhardness changes during 185 �C artificial aging of samples: (a) PA + PS 2% + 185 aging; (b) PA + NA 2 months + PS 2% + 185 aging; (c) PA + NA 6 months + PS 2% +
185 aging.
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solve. At the same time, the dislocations introduced by pre-strain
are consumed by recovery at the beginning of artificial aging. The
joint effect causes the hardness to decrease, and the longer the
NA time is, the more significantly the hardness value of aging
decreases. With the extension of the aging time, the bʹʹ strengthen-
ing phase is continuously precipitated, resulting in the alloy hard-
ness rising again.
3.2. Mechanical property characterization

To directly evaluate the hardening response and mechanical
properties, tensile tests were performed on samples that were PA
treated and then NA for different times (marked as the T4P state).
Similar to the hardness measurement, simulated paint baking
treatments of 2% pre-strain and artificial aged for 20 min at 185
�C were also added to each T4P state (marked as the T4P + PB
state). In the T4P state, the yield strength (YS) and elongation are
recorded to evaluate the formability, while after baking in the
T4P + PB state, the new yield strength (YS) allows us to calculate
the hardness increment and reveal the hardening response. The
testing results are shown in Table 2 and Fig. 4 below.

Table 2 shows that during the 6-month NA process, the YS in
the T4P state tends to decrease and that in the T4P + PB state tends
to increase, leading to a gradual drop in the YS increment. The
highest bake hardening increment was found in the shortest NA
samples. PA-0.2 and PA-0.3 show an increment of approximately
160 MPa, but PA-0.4 shows the highest 180 MPa, which comes
from a 10 MPa lower YS in the T4P state and a 10 MPa higher YS
in the T4P + PB state compared with the other 2 samples. The bake
hardening increment is twice higher than those of traditional Al-
4

Mg-Si-Cu alloys (such as AA6016, AA6022) [15,35,36]. With NA
time lasting, the increment of three samples gradually decreased
and approached. After NA 2 months, the increment dropped below
100 MPa at around 70 ± 10 MPa, and after NA 6 months, the incre-
ment for three samples became almost the same at around 60 MPa,
but the yield strengths of the alloys in the T4P + BH still can reach
around 270 MPa.

Fig. 4 shows a more visible tendency of the YS increment during
the long NA process. After NA 2 months, PA-0.2 shows a better
bake hardening property. PA-0.4 decreased the fastest and PA-0.2
decreased the slowest, corresponding to the microhardness change
tendency in the artificial aging state. Compared with relative stud-
ies in references as shown in Fig. 4 (b), which summarised all paint
baking response of 6xxx series alloys up to date [36–47]. Appar-
ently, the data line from references are more or less parallel to each
other, indicating a similar YS increment. For YS at T4P state mostly
lower than 150 MPa, the maximum YS at T4P + PB can reach
275 MPa, the best YS increment was observed in Ref. [47], from
around 200 MPa to 340 MPa, leaving a 140 MPa hardenability than
all the other research. However, our PA samples exhibit excellent
hardening response that can reach 325 MPa at T4P + PB state while
keeping the low YS at T4P state of only 150 MPa, combining the
formability and hardenability successfully.
3.3. Precipitation kinetics analysis

Differential scanning calorimetry (DSC) is employed to study
the effect of different PA treatments on precipitation behavior,
which is an effective method for non-isothermal characterization.
For the kinetic problems related to phase transformation and pre-



Table 2
Mechanical properties of PA samples in the T4P and T4P + PB states.

Processing Sample T4P state T4P + PB state DYS (MPa)

YS (MPa) Elongation % YS (MPa) UTS (MPa)

NA < 1 day PA-0.2 155.9 27.1 316.2 376.7 160.3
PA-0.3 152.2 23.2 310.0 368.2 157.8
PA-0.4 143.2 23.9 325.1 369.4 181.9

NA 2 months PA-0.2 187.8 23.6 267.6 345.8 79.8
PA-0.3 181.2 23.7 249.0 343.1 67.8
PA-0.4 186.3 22.4 255.8 340.1 69.5

NA 6 months PA-0.2 212.0 20.0 269.2 349.5 57.2
PA-0.3 212.3 20.5 272.2 350.2 59.9
PA-0.4 211.9 18.2 270.9 349.0 59.0

Fig. 4. Tensile test results of samples during long-term natural aging: (a) YS increment of PA samples; (b) comparable results from previous studies in all relating 6xxx series
alloys (focus only on final paint baking response without considering optimizing methods like chemical composition or heat treatments).
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cipitation during the preaging process, the Avrami-Johnson-Mehl
equation is usually utilized [48,49]. We use the same calculation
procedures to identify the activation energy Q and constant k0
based on experimental results.

To study the influences of the PA and NA processes on the pre-
cipitation behaviour of alloys, the samples with different PA treat-
ments and NA for 0 days and 6 months were subjected to DSC tests.
The testing temperature rises from 20 �C to 380 �C with a heating
rate of 10 �C/min. The test results are shown in Fig. 5.

Fig. 5(a) shows that there are two obvious peaks, which are at
approximately 240 �C and 280 �C. There is also a small peak, which
Fig. 5. DSC experimental results of PA samples

5

is before 150 �C. The exothermic peak at approximately 240 �C cor-
responds to the precipitation of the bʹʹ phase; the exothermic peak
at approximately 280 �C corresponds to the precipitation of the bʹ
and Qʹ phases [13]. For PA samples with different treatments, the
three cooling preaging processes had no significant difference in
the phase transition temperature of the bʹʹ phase. The peak areas
of the PA-0.2 and PA-0.3 samples are larger than that of the PA-
0.4 sample. In detail, the PA-0.2 sample exhibits a higher bʹʹ phase
precipitation peak at approximately 240 �C and possesses a larger
area, indicating that PA-0.2 can increase the amount of bʹʹ phase
precipitation.
after NA for (a) 0 days and (b) 6 months.
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The test results in Fig. 5(b) show that the samples have a small
endothermic peak at approximately 80 �C, two large exothermic
peaks at approximately 250 �C and 280 �C, and one small exother-
mic peak at approximately 340 �C. The redissolution peaks appear-
ing at approximately 80 �C are redissolution of the GP zone and
Mg-Si clusters that precipitated during the NA process. The PA-
0.2 sample has the narrowest redissolution peak and the smallest
area, indicating that the PA-0.2 sample has the least clusters and
the most stable performance during the natural aging process.
However, comparing the peak areas of bʹʹ precipitation and bʹ and
Qʹ formation, the PA-0.2 sample shows the lowest fraction of bʹʹ
phase, resulting in the lowest peak-aging hardness compared to
the other two samples.

Fig. 6(a) shows that the bʹʹ phase precipitation of PA-0.2 occurs
slightly earlier than that of the other two samples, indicating that
this treatment reduces the phase transition point, which is con-
ducive to the precipitation of the bʹʹ phase. The precipitating end
temperature is also higher, indicating that there is a longer time
for bʹʹ phase precipitation compared with the other two processes.
This corresponds to the largest precipitation peak area in the DSC
curve. Although PA-0.4 is always on the top of the other two lines,
the later starting point and earlier ending point make the precipi-
tation time of the bʹʹ phase shorter, causing a lower fraction of the
bʹʹ phase. This is because in the previous cooling preaging process,
the PA-0.2 sample has a slow cooling rate and a long aging time,
during which more precipitated or grown clusters or GP regions
are formed. There are more nucleation sites for the bʹʹ phase at
the early stage of precipitation, so the total volume of bʹʹ is greater.
For the PA-0.4 sample, the phase precipitation rate is faster, but the
Fig. 6. Calculation procedure of bʹʹ phase activation energy for PA-0.2, PA-0.3 and PA-0.4
lnln(1/(1 � Y))-lnt curves for n fitting, (c)[(dY/dT)*//f(Y)]-1/T curves for calculation slop
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total number of nucleation sites is limited, resulting in the lowest
precipitation fraction of the bʹʹ phase.

Fig. 6(b) shows that the slopes of the three curves are similar,
which is calibrated n = 2 after linear fitting. The parameter n in
the Avrami-Johnson-Mehl equation is set to 2. Then, we get
Fig. 6(c). The calculated activation energies for bʹʹ phase precipita-
tion of the three PA samples are PA-0.4 > PA-0.3 > PA-0.2, which
are 21.5 kJ/mol, 20.0 kJ/mol, and 19.9 kJ/mol, respectively, all
approximately 20.0 kJ/mol. The lower the activation energy is,
the easier the bʹʹ phase precipitates. Therefore, among the three
PA treatments, no significant difference was found, but the slowest
cooling pre-ageing treatment PA-0.2 slightly improved the bake
hardening response.

Substituting the activation energy of bʹʹ phase precipitation and
the constant k0, the kinetic equation of bʹʹ phase precipitation can
be obtained, as shown in Table 3.

Similar to the previous analysis, Avrami-Johnson-Mehl is uti-
lized to calculate the activation energy of bʹʹ and precipitation
kinetics, and the calculation results are shown in Fig. 7.

Fig. 7(a) shows the volume fraction Y of the bʹʹ phase precipi-
tated with temperature T. Apparently, the PA-0.3 sample is the ear-
liest to precipitate, PA-0.2 is the latest and the reaction time is the
shortest, and PA-0.4 is in the middle but with the longest precipi-
tation time. PA-0.2 sample contains the least fraction of bʹʹ phase.
This is because in the early cooling preaging process, the PA-0.2
sample has more clusters or GP zones, which are relatively stable
during 6 months of NA. However, in the PA-0.4 sample, clusters
and GP zones are relatively small after PA, so they are unstable dur-
ing the NA process. More GP zones are formed, which provides a
after preaging treatments (a) Y-T curves of bʹʹ phase fraction with temperature, (b)
e Q, (d) Y-t curves of bʹʹ phase fraction versus time.



Table 3
Activation Energy and Kinetics Equation of bʹʹ after PA treatments and NA for 0 days.

Sample Q（KJ/mol） k0（min�1） Kinetics Equation

PA-0.2 19.9 2.71 � 1020 Y = 1-exp[-(2.71 � 1020

exp(–23.84/T)t)2]
PA-0.3 20.0 4.22 � 1020 Y = 1-exp[-(4.22 � 1020

exp(-24.12/T)t)2]
PA-0.4 21.5 1.51 � 1022 Y = 1-exp[-(1.51 � 1022

exp(-25.84/T)t)2]

Table 4
Activation Energy and Kinetics Equation of bʹʹ after PA treatments and NA for
6 months.

Sample Q（KJ/mol） k0（min�1） Kinetics Equation

PA-0.2 31.8 1.03 � 1032 Y = 1-exp[-(1.03 � 1032

exp(-38.24/T)t)2]
PA-0.3 33.3 2.74 � 1034 Y = 1-exp[-(2.74 � 1034

exp(-40.10/T)t)2]
PA-0.4 19.7 7.45 � 1019 Y = 1-exp[-(7.45 � 1019

exp(–23.70/T)t)2]
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large number of precipitation sites for the subsequent bʹʹ phase. As
a result, in the PA-0.4 sample, the volume fraction of the bʹʹ phase
precipitated during the DSC heating process of the alloy exceeds
that of the other two alloys.

Fig. 7(b) shows that the slopes of the curves are approximate,
which is approximately 2 after linear fitting; the obtained n = 2
is brought into Fig. 7(c). The calculated activation energies of bʹʹ
phase precipitation in the three PA samples are PA-0.3 > PA-0.2 >
PA-0.4, which are 33.3 kJ/mol, 31.8 kJ/mol and 19.7 kJ/mol, respec-
tively. In other words, the PA-0.4 sample precipitates most of the
bʹʹ phase, and PA-0.2 and PA-0.3 are more or less the same. This
is consistent with the hardness change during artificial aging at
185 �C.

From the previous calculation, the kinetic equation of bʹʹ phase
precipitation can be obtained, as shown in Table 4.

In summary, among the three cooling PA processes, the slowest
cooling rate, i.e., The PA-0.2 sample shows better ageing hardening
ability and promotes bʹʹ precipitation after NA 0 days; although
after NA 6 months, its ageing hardening ability is not as good as
Fig. 7. Calculation procedure of bʹʹ phase activation energy for PA-0.2, PA-0.3 and PA-0.4
with temperature, (b) lnln(1/(1 � Y))-lnt curves for n fitting, (c)[(dY/dT)*//f(Y)]-1/T cur
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that of the other two pre-ageing treatment samples, taking into
account its excellent natural ageing stability, the PA-0.2 sample
is the most beneficial for improving alloy properties.

According to the above analysis, the PA-0.2 sample shows the
best NA stability during NA 6 months, good bake hardening
response during artificial aging, and a better softening resistance
at the over peak aging state. It is necessary to evaluate the precip-
itation in the corresponding state to determine the underlying
hardness changes.

For comparison, PA-0.2 samples after NA for 0 days and
6 months and artificial aged before peak aging, at peak aging,
and over peak aging states are selected for TEM characterization.
As shown in Figs. 8 and 9, samples were pre-strained to 2% and
artificially aged at 185 �C for 20 min, 150 min and 20 hrs for PA-
0.2NA 0 days state, and 185 �C for 20 min, 180 min and 20 hrs
for PA-0.2NA 6 months state, respectively. High-resolution TEM
images, together with fast Fourier transform (FFT) and correspond-
ing diffraction spot simulation, are displayed below. Due to the
after preaging treatments and NA for 6 months (a) Y-T curves of bʹʹ phase fraction
ves for calculation slope Q, (d) Y-t curves of bʹʹ phase fraction versus time.



Fig. 8. TEM and HRTEM images with fast Fourier transform (FFT) and diffraction spot simulation of PA-0.2 samples after NA 0 day, pre-strained 2% and artificially aged at (a)
(b) 185 �C for 20 min；(c)(d) 185 �C for 150 min；(e)(f) 185 �C for 20 h.
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image quality of FFT spots, here we display simulated diffraction
spots for each precipitate, based on the measurement results and
standard crystal structures.
8

Fig. 8(a)(b) shows the sample in the underaged state. A large
number of dot-like precipitates and small inconspicuous acicular
precipitates appear in the matrix. These small dot-like precipitates



Fig. 9. TEM and HRTEM images with fast Fourier transform (FFT) and diffraction spot simulation of PA-0.2 samples after NA for 6 months, pre-strained with 2% and artificially
aged at (a)(b) 185 �C for 20 min; (c)(d) 185 �C for180 min; (e)(f) 185 �C for 20 h.
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are GP zones with diameters of approximately 2 nm, but the distri-
bution density is relatively high, which will provide nucleation
sites for the rapid precipitation of the subsequent strengthening
phase bʹʹ. By performing fast Fourier transformation on the circled
precipitate in the HRTEM image along the [001]Al direction, it is
9

found that except for diffraction spots of the Al matrix, no other
precipitated phases are seen.

Fig. 8(c)(d) shows the sample in the peak-aged state. There are a
large number of dot-like and needle-like precipitates that dis-
tribute perpendicularly to each other. The diameter of the dot-
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like phase is slightly more than 2 nm, part of which is the cross sec-
tion of the plug-in variant needle-like phase; others may be
unknown precipitated phases or GP zones. The length of the acic-
ular precipitates is approximately 20 nm, and they are distributed
along the [100]Al and [010]Al directions. Meanwhile, an obvious
coherent strain field can also be observed around the precipitates,
i.e. the existence of a zero contrast line (shown by the black line in
the figure) means that the alloy matrix basically consists of a
coherent bʹʹ phase along three h100i Al directions. It is generally
believed that the needle-shaped bʹʹ phase is the main strengthen-
ing phase in Al-Mg-Si-Cu alloys because it is completely coherent
with the matrix and can hinder the movement of dislocations,
thereby significantly improving the strength of the alloy. Fig. 8(d)
shows the peak-aged HRTEM structure and its FFT image with a
diffraction spot simulation diagram. By comparing the experimen-
tal results and standard crystal structure simulation, certain orien-
tations between bʹʹ and the Al matrix are revealed. In the upper left
corner, the FFT spots of needle-shaped bʹʹ showing parallel rela-
tionship is: [010]b‘‘//[001]Al, (601)b”//(200)Al, (40�3)b‘‘//(020)Al;
At the lower left corner, the FFT spots of cross section b” showing
parallel relationship is: [010]b‘‘//[001]Al, (�403)b”//(200)Al,
(601)b‘‘//(020)Al.

Fig. 8(e)(f) shows the sample in the overaged state, and the pre-
cipitated phase in the matrix grows thicker and darker. The cross-
section of the plug-in variant grows from dot-like to plate-like
(rectangular) in shape, from 2 nm to 5 nm in diameter. The number
of needle-like bʹʹ phases decreased, and a rod-like phase with obvi-
ous contraction was formed. Phases with rod-like and plate-like
morphologies are usually recognized as the bʹ phase and Qʹ phase,
which contribute less hardness than the bʹʹ phase, causing a hard-
ness drop after peak aging. The HRTEM morphology and FFT anal-
ysis show that there is still some strengthening phase bʹʹ that
nucleates later in the over-aging state, but most of which grows
into the bʹ and Qʹ phases. The upper left corner of Fig. 8(f) shows
the inserted bʹ phase, and the orientation relationship with the
matrix is [0�10]b‘‘//[001]Al, (601)b”//(200)Al, and (�403) b‘‘//
(020)Al. The phase inserted into the matrix at the bottom left cor-
ner is the Qʹ phase, with an orientation relationship to the matrix of
[000�1]Q’//[001]Al, (14�50)Q’//(200)Al, and (�3210)Q’//(020)Al.
The lattice parameters of bʹʹ phase measured from artificial aged
samples in Fig. 8 are a = 1.2 nm, c = 0.7 nm, b = 110� in average,
compared to that in [47], where the parameters are around
1.5 nm, 0.67 nm, and 106� respectively, the structure of bʹʹ phase
at peak aging state was slightly affected by the higher Zn content
in studied alloys. The lattice parameter of Al matrix is 0.201 nm,
which is lower than the standard pure Al of 0.286 nm.

Fig. 9 shows the TEMmicrostructure of PA-0.2 samples after NA
6 months, pre-deformed by 2%, and subjected to artificial aging at
185 �C. Compared with samples NA for 0 days, significant differ-
ences were found in the size, density and morphology of the
precipitates.

Fig. 9(a)(b) shows a sample in the underaged state. The size and
density of the precipitated spherical GP zone is much smaller than
that shown in Fig. 8, which cannot be detected even at high reso-
lution. This is because at the beginning stage of aging, the precip-
itates formed during the NA process are quickly redissolved into
the matrix via channels induced by pre-strain, and few precipitated
particles are observed.

When reaching the peak-aging state, as shown in Fig. 9(c)(d),
the strengthening phase continues to precipitate and grow. Dot-
like precipitates approximately 2 nm in diameter with high density
are dominant, while needle-like precipitates are barely observed,
which is the reason for the decrease in the peak age hardness value
compared with the NA 0 day samples. Through FFT analysis, it is
found that these precipitated phases are intercalated variants of
bʹʹ phases. The orientation relationship between the upper left cor-
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ner bʹʹ phase and the matrix is [010]b00//[001]Al, (�403)b00//(200)Al,
(601)b00//(020)Al; the orientation relationship between the lower
left corner inserted bʹʹ phase and the matrix is [0�1 0]b‘‘,
(40�3)b”//(200)Al, (601)b‘‘//(020)Al.

After aging at 185 �C for 20 h, as shown in Fig. 9(e)(f), short
needle-like precipitates were uniformly distributed in the matrix,
with a length of only 4 nm. There are very few long needle-like pre-
cipitates. HRTEM analysis shows that the bʹʹ phase transformed
into the bʹ phase and Qʹ phase. The orientation relationship
between the b0 phase and matrix is, (12�30)b0//(200)Al, and (-
3210)b’//(020)Al, while the orientation relationship between the
Q’ phase and the matrix is [0001]Q’//[001]Al, (3�210)Q’//(200)Al,
and (14�50)Q’//(020)Al.

The lattice parameters of bʹʹ phase measured from Fig. 9(d) has
similar a and c values as in Fig. 8, but b is 107�, which is very close
to the 106� in reference. The possible composition change of bʹʹ
phase couldn’t be reflected by the measurements of lattice param-
eters after the natural aging process. However the minor difference
can still be found when compared to Zn-free alloys[47,50].

Above all, TEM analysis reveals a significant difference between
NA states and the following artificial aging states, specifically for
the type, morphology and orientation of precipitates/phases. After
2% pre-strain, a large number of dislocations are induced into the
alloy matrix. The alloy without natural aging does not contain sig-
nificant precipitates, and Mg, Si, Zn atoms can quickly diffuse
through the dislocation channel and promote nucleation, thereby
accelerating the rapid precipitation of the strengthening phase.
For alloys that have undergone long-term natural aging, as the nat-
ural aging time increases, the precipitated clusters and GP zones
increase. Therefore, during the aging process at 185 �C, the clusters
and GP zone redissolve first, the dislocations provide a fast diffu-
sion channel for the redissolution of solute atomic clusters at the
initial stage of aging at 185 �C, and the rediecipitation of the
strengthening phase occurs only after redissolution to a certain
extent. This is the main reason that the precipitated phases in
Fig. 9 are less than those in Fig. 8 under the TEM view.

As the aging time increases, the strengthening phase bʹʹ begins
to precipitate and grow. After reaching the peak state, the coherent
strengthening phase bʹʹ transforms into the noncoherent bʹ phase
and Qʹ phase, resulting in a decrease in hardness. The hardness
curve and TEM analysis correspond well.
4. Discussion

4.1. Phase constituents and microstructure evolution in Al-Mg-Si-Cu-
Zn alloys

The equilibrium condition was considered in the calculation,
which provided a predicting tendency for precipitation evolution
in the following sessions, i.e., the potential evolution pathway from
the metastable state to the ideal stable state, the Scheil solidifica-
tion model and phase property diagram are shown in Fig. 10.

Fig. 10(a) displays the Scheil solidification model in our alloy
system, fromwhich we can read the information of the nonequilib-
rium solidification process and the solid phase constituents versus
temperature. The equilibrium line starts to significantly discretize
from the solid line at approximately 620 �C, indicating that solute
redistribution occurs. A new phase will form that is totally differ-
ent from the previously formed solid phase, representing the for-
mation of the a-Fe-rich phase. Following the a-Fe-rich phase,
Mg2Si, b-Fe-rich phase, Al8FeMg3Si6 and Si particles are also subse-
quently precipitated, and Cu- and Zn-containing phases are not
shown in the solidification results compared with the property dia-
gram in Fig. 10(b), indicating that the solidification model mainly
focuses on the solid–liquid interface and heterogeneous solutes,



Fig. 10. Thermal calculation under equilibrium conditions: (a) Scheil solidification, (b) property diagram.

G. Li, M. Guo, J. Du et al. Materials & Design 218 (2022) 110714
while Cu and Zn diffusion that occurs only in the solid-state will
further change the phase constituents.

Combining both solidification and property diagrams, it can be
concluded that Mg2Si- and Fe-rich phases were first formed during
solidification, with temperature cooling down, and Cu and Zn dif-
fusion then occurred in the already formed solid phase. Zn tends
to consume Mg atoms, forming the MgZn2 phase and resulting in
a reduction in the amount of Mg2Si, as shown in Fig. 10(b). At
approximately 160 �C, the purple line Mg2Si decreases while the
blue line MgZn2 increases with temperature cooling down to room
temperature. In addition, according to the phase property diagram,
MgZn2 would be the stable at room temperature, but will be com-
pletely dissolved at temperatures higher than 160 �C (for example
artificial aging temperature 185 �C), which is important for subse-
quent precipitation analysis.

4.2. Precipitation behavior of GP zones

GP zones are fully coherent with the matrix, so we remove the
stable phase FCC from the system during the calculation, and then
the formation behavior of metastable GP zones can be evaluated.
The formation temperature was 109.44 �C, and the fraction of GP
zones at PA temperature and chemical compositions were also cal-
culated, as shown in Fig. 11.

Fig. 11(a) shows that the precipitating fraction increased from
the formation temperature to room temperature, and the forma-
tion rates can be read from the slope of the fraction lines. Since
all three PA treatments were in the same temperature range, the
fractions of GP zones were the same; specifically, the forming rates
were also the same during the PA temperature range. Therefore,
the change in PA cooling rates only changes the morphology and
distribution of GP zones instead of volume fractions. Compared
to isothermal or step cooling pre-aging that hold long time at soe-
cific temperature, the clusters and GP zones will continusly grow,
accordingly lead to lower number density (then have less nucleate
sites for strengthening phase at painting stage). According to the
differential method, the PA treatments PA-0.2, PA-0.3, and PA-0.4
can be interpreted as holding 5 min, 3.3 min and 2.5 min per
degree, respectively. Therefore, the slowest cooling rate allows
more full solute diffusion during longer PA time, and larger and
more stable GP zones can be obtained.

Fig. 11(b) diaplays the chemical composition of GP zones at
temperatures within the PA range. Zn and Mg are dominant in
GP zones, while Si is minimally contained, which is different from
the traditional thinking of Mg-Si clusters in Al-Mg-Si alloys [10–
14], but corresponds with the finding of Zn-containing precipitates
mentioned in previous research [27]. During the metastable calcu-
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lation process, the chemical composition changed slightly with
cooling, and the ratio of Zn and Al gradually decreased; in contrast,
the fraction of Mg and Cu increased. Considering that MgZn2 and
Al5Cu2Mg8Si5 are stable phase formats for Zn and Cu atoms from
the property diagram in the last session, the chemical composition
change with temperature can be seen as a stabilization process
from meta-stable precipitates to a room temperature stable phase.
However, before reaching the final stable phase, the clusters pre-
cipitation behavior will be also affected by the aging (natural or
artificial) process.

Above all, a longer PA time was beneficial for the full diffusion
of elements from precipitates to the stable phase. We can conclude
that the slowest cooling rate of the PA-0.2 sample contains the
most stable GP zones, while the PA-0.4 sample contains the least
stable GP zones. This explained the hardness change in Fig. 2. A
lower hardness value was observed in PA-0.4 immediately after
PA treatment, corresponding to the less stable GP zones. Then,
PA-0.2 and PA-0.3 samples rapidly joined the same tendency, indi-
cating the similar phase formation. Specifically, the hardness of all
three PA samples remained almost unchanged within the first
14 days, and excellent natural aging resistance was obtained by
PA treatment and Zn-containing precipitates. Apparently, the exis-
tence of Mg-Zn- clusters is an obstacle for the formation of pure
Mg-Si phase, which need more time to exclude Zn atoms while rea-
sile the aging stability.

DSC experimental results in Fig. 5, that samples after PA show
an exothermic peak approximately 160–200 �C, according to above
analysis, after PA treatment without NA process, Mg-Zn phases are
still the dominant precipitates that would tend to form MgZn2

structure, according to the Enthalpy calculation in Fig. 12(a), the
exothermic peak must be dissolution of MgZn2 structure and after
then Mg-Si clusters can form and play the important role in follow-
ing b00 phase formation. Fig. 12(b) reveals that Si is sensitive to tem-
perature change, which is also the nature of phase precipitation in
Al-Mg-Si alloys. Therefore, after long-term NA, Fig. 5 (b) did not
have the exothermic peak of MgZn2; instead, an exothermic peak
at approximately 70–100 �C was observed, indicating that tradi-
tional Mg-Si clusters formed during the long NA process.
4.3. Effect of PA treatment on age-hardening behaviors

Fig. 13 illustrates the clustering process at different states; here,
we display only the slowest PA-0.2 and fastest PA-0.4 cooling rates,
and PA-0.3 can be considered to fall within this range. As described
in the experimental results and discussed above, the clustering
process can be divided into three main stages after PA treatment.



Fig. 11. Precipitation behavior evaluation of GP zones: (a) fraction of GP zones versus temperature, (b) chemical composition of GP zones versus temperature.

Fig. 12. The diffusion behaviour of Zn and Si versus temperature in our alloy system: (a) The standard molar enthalpy of Mg2Si and MgZn2, (b) The tracer diffusion coefficient
of Zn and Si in the matrix.
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Immediately after PA treatment, Mg-Zn clusters were the dom-
inant precipitates at this stage. Due to the difference in PA time, the
PA-0.2 sample has a longer time for solute clustering (precipitate
growth) and accordingly has larger precipitates than that in the
Fig. 13. Cluster evolution process at different sta
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PA-0.4 sample, which is expressed as a higher hardness value in
Fig. 2. When performing DSC at this stage, Mg-Zn clusters will first
redissolve to allow Si atoms to participate, and PA-0.2 and PA-0.4
will exhibit similar exothermic peaks and b00 activation energies
tes for alloys with different PA cooling rates.
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because of the same fraction of GP zones after PA, which corre-
sponds well with Fig. 5 and Table 3. When performing tensile tests
at this stage, larger precipitates in PA-0.2 will cause a higher YS,
small precipitates in PA-0.4 cause lower YS, and after paint baking,
more nucleus sites in PA-0.4 will accelerate the formation of the
strengthening phase, hence an extremely bake hardenability of
180 MPa was obtained, which corresponds with the data in Table 2,
Fig. 3(a) and Fig. 4(a).

After PA samples were NA for some time, Si atoms gradually dif-
fused and joined with Mg-Zn clusters, Mg-Zn clusters tended to
form a stable Mg-Zn phase, but Si particles tended to capture Mg
and form Mg-Si clusters (a further stable Mg2Si phase). Since there
is no in situ characterization of the clustering process, the Mg-Zn-
Si clustering stage can be considered within NA 14 days, where the
hardness value did not increase significantly, as shown in Fig. 2.
Considering the smaller size of clusters in the PA-0.4 sample, more
Mg atoms are exposed to the matrix and attract Si atoms than that
in PA-0.2 sample, which deteriorates the formability by increasing
the YS value faster.

When PA samples were NA for enough time, Mg-Si clusters
(exothermic peak in Fig. 5(b)) and Mg-Zn clusters coexisted, and
Mg-Zn-Si clusters were not dominant any more. More precipitates
will form in PA-0.4 than in PA-0.2 due to the previous size advan-
tage. NA 6 months can be seen at this stage, hardness keep increas-
ing (Fig. 2), bake-hardening increment was lowered a lot (Table 2),
strengthening phase bʹʹ was much less than PA state (smaller peak
area in Fig. 5(b) and Figs. 8, 9). After 6 months of NA, the PA-0.2 and
PA-0.4 samples did not show significant differences in mechanical
properties, although DSC proved slightly easier formation of the b00

phase in the PA-0.4 sample, which can be attributed to the smaller
size of precipitates and more pre-existing Mg-Si clusters, as illus-
trated below.

5. Conclusions

(1) The new pre-aging treatment with different cooling rates
exhibits excellent natural aging stability and a bake-
hardening response. The bake-hardening increment can
reach 180 MPa, and the hardness remains unchanged for
14 days at a lower level of approximately 85 HV0.2. Non-
isothermal pre-aging on the one hand suppress the growth
of GP/cluster/precipitates, contributing to lower hardness
level; On the other hand provided enough small size precip-
itates, offering nuclei sites for strengthening phase easier
formation.

(2) The formation of GP zones during PA treatment was mod-
elled and analysed, with a precipitation temperature of
109.44 �C and constitution of Mg2Zn3. Zn is dominant in
the GP zones of the studied Al-Mg-Si-Cu-Zn alloy. The pre-
formed Mg-Zn clusters need extra time to dissolve before
the formation of Mg-Si- clusters/phase, therefore enhancing
the natural aging stability of alloys.

(3) TEM characterization exhibits different types of phases
formed at the corresponding aging state: the alloy matrix
in the underaged state is dominated by clusters and GP
zones, that in the peak-aged state is dominated by the bʹʹ
phase, and that in the overaged state is dominated by the
b0 and Q0 phases, which all have certain orientations with
the matrix. However, after 6 months of natural aging, there
is a significant decrease in the size, density, and ratio of
the strengthening phase, which also met the peak hardness
value drop.

(4) Activation energy of bʹʹ phase is measured. DSC analysis
shows that the precipitation energy of bʹʹ is related to the
cooling rate of the PA treatment. Within a specific tempera-
13
ture range, lower cooling rate allows precipitates to grow,
resulting in less activation energy needed later. After long-
term NA, nucleation sites are consumed by room tempera-
ture precipitation; hence, the advantage disappears.

(5) The phase constituents and microstructure were under-
stood, and the clustering process and ageing behaviour over
a long time scope were illustrated and explained.
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