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In the present study, an investigation is conducted into the effect of different aging treatments on the hardening 
properties of the 6151 aluminum alloy sheet. According to the research results, the artificial aging hardening response of 
the pre-aging sheet is significantly stronger compared to natural aging after the solution treatment. In the stage of 
artificial aging, 120 oC pre-aging treatment produces a more significant strengthening effect than 80 oC and 100 oC pre-
aging treatment. The longer the artificial time, the higher the hardness value. When the artificial aging temperature 
reaches 200 oC, the time taken to achieve peak aging is the shortest, and the occurrence of softening is evident in the 
over-aged state. When the artificial aging temperature is 200 oC, the softening effect becomes more significant. Natural 
aging can inhibit the strengthening effect of artificial aging. With the extension of natural aging, the hardening effect of 
artificial aging diminishes gradually. 
Keywords: aluminum alloy, aging, microstructure, mechanical properties. 

 
1. INTRODUCTION∗ 

6xxx series aluminum alloy demonstrates various 
advantages such as excellent formability and mechanical 
properties, strong corrosion resistance and ease of 
processing, which makes it widely applicable in the 
automobile industry [1]. It has the advantages of high 
strength and excellent corrosion resistance, and can be 
applied to automobile body structural parts and some 
external covering parts [2, 3]. Automobile lightweight is 
the inevitable trend of automobile production. At present, 
the aluminum alloys widely used in the automobile 
industry include 2 xxx series [4], 5xxx series and 6xxx 
series, for the production of automobile inner and outer 
plates. Some well-known automobile manufacturers such 
as Audi and Ford have succeeded in the development of 
all-aluminum body [5]. 

6xxx series aluminum alloy performs well in heat 
treatment. By coating and baking the formed plate, high 
hardness and yield strength can be achieved after age 
hardening, while the plate obtained after solution treatment 
stagnates at room temperature for some time. The 
hardening that occurs in the course of natural aging tends 
to hinder the strengthening effect of artificial aging 
(simulated paint baking) [6, 7]. The typical aging 
precipitation sequence of 6-series aluminum alloy is: 
supersaturated solid solution (SSSS)→solute atom 
segregation zone (G.P.) →β"→β′→β(Mg2Si). Since there 
are other alloying elements in the alloy, when the ratio of 
different alloying elements changes, the precipitated phase 
of the alloy will change [8]. 

According to some research, pre-aging treatment can 
suppress hardening in the natural aging process, which 
leads to relatively low T4 yield strength and improves the 
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artificial aging hardening response effectively [9, 10]. The 
atomic clusters or GP regions of thr aluminum alloy after 
pre-aging are larger than those of natural aging. Therefore, 
it can serve as the nucleating core of the β" phase- the main 
strengthening phase. The precipitation of phase can 
significantly improve the baking hardening ability of the 
plate. 

6151 aluminum alloy is a deformed aluminum alloy 
developed in the United States, with good corrosion 
resistance and forging performance. Its strength is slightly 
higher than 6061. 6151 aluminum alloy is suitable for 
manufacturing medium-strength complex forgings and 
supercharger impellers for machinery and automobile parts. 
With the 6151 aluminum alloy plate in different states as 
the research object, this study aims to find the best solution 
to improving the response of artificial age hardening by 
revealing the effect of aging treatment on artificial age 
hardening in different processes. 

2. MATERIALS AND METHODS 
The material used for the experiment is a 6151 

aluminum alloy cold-rolled sheet, the composition of 
which is shown in Table 1. With a thickness of 1.6mm, the 
sheet of the experimental specimen was cut into multiple 
test pieces sized 12 × 17 mm. 

Table 1. Composition of 6151 aluminum alloy 

Element Al Mg Si Cu Fe Mn Cr Ti 
Content, wt% Bal 1.0 0.8 0.4 0.18 0.29 0.08 0.06 

The experimental specimen was treated with a solid 
solution at 550 °C for 5 min, then quenched in water 
immediately after the solid solution. After water quenching, 
aging treatment was performed in different ways, as shown 
in Fig. 1. Firstly, after the pre-aging treatment carried out 
at 80 oC, 100 oC and 120 oC, it stopped at room 
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temperature, and then artificial aging occurred. The aging 
temperature was set to 160 oC, 180 oC and 200 oC, while 
the holding time was set to 20 min, 30 min and 40 min. 
Secondly, the test pieces obtained after solution treatment 
were treated for different periods of time: 0 h, 1 h, 2 h, 4 h, 
6 h, 8 h, 10 h, 24 h, 48 h, 60 h and 72 h, while the artificial 
aging temperature was set to 160 oC, 180 oC and 200 oC. 
The effect of artificial aging time on strengthening 
properties was analyzed. Lastly, artificial aging treatment 
was carried out on the specimens given different durations 
of natural aging from 0 to 14 days, an aging temperature of 
200 oC and a holding time of 2 h. The effect of natural 
aging on artificial aging hardening was analyzed. 

 
Fig. 1. Diagram of the aging process 

The hardness of samples as obtained after different 
aging treatments was measured by using a MH-5l 
microhardness tester. The load was set to 500 g and the 
loading time was set to 20 s. Material’s crystallographic 
structure was determined by X-ray diffraction (XRD) 
measurement with a D/Max 2500V/PC diffractometer 
(Rigaku Corporation, Japan) and Cu K<alpha> targets 
(λ = 0.154 nm), at a scanning rate of 0.0202θ s-1.The 
transmission specimens were prepared under different 
aging conditions by means of ion thinning (PIPS) (voltage 
6 kV, room temperature), and the transmission experiment 
was carried out by using JEOL JEM-2100F transmission 
instrument to examine the microstructure. 

3. EXPERIMENTAL RESULTS AND 
DISCUSSION 

3.1. Effect of pre-aging treatment on the artificial 
aging hardening of 6151 sheet 

Fig. 2 shows the effect of the artificial aging process 
on the strengthening properties of materials under different 
aging conditions. It can be seen from the figure that the 
hardness of materials in different pre-aging states shows an 
upward trend with the extension of artificial aging time and 
the rise of aging temperature. The artificial aging 
hardening response of the pre-aged specimen is 
significantly stronger compared to the naturally aged 
specimen. Besides, given the same aging temperature, 
artificial aging hardness increases with the rise of the pre-
aging temperature. This is because there are more atomic 

clusters and GP regions in the aluminum matrix with the 
increase of the pre-aging temperature, which provides 
more nucleation points for the formation of the second 
phase. 
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Fig. 2. Effect of pre-aging treatment on artificial aging hardening 
at different artificial aging temperature: a – aging 
temperature 160 oC; b – aging temperature 180 oC;  
c – aging temperature 200 oC 

The more and finer the strengthening phase that 
develops during artificial aging, the higher the hardness 
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value of the material [11]. The higher the artificial aging 
temperature, the more significant the strengthening 
property, and the more it precipitates in the process of 
artificial aging β". The longer the artificial aging time, the 
more extensive and uniform the phase is, and the better the 
strengthening effect. 

As for the specimens in the natural aging state, the 
hardness of the material increases with the extension of the 
artificial aging time at the artificial aging temperature of 
180 oC and 200 oC. However, when the aging temperature 
reaches 160 oC, the hardness of the material decreases first 
and then increases with the extension of the aging time. 
This is because the GP zone formed in the natural aging 
process is re-dissolved during the artificial aging process, 
which decreases the strengthening effect of the GP zone on 
the matrix [12]. According to the study of Lorimer et al. 
[13] on the precipitation nucleation kinetics, only the GP 
region in excess of a certain critical size has the potential 
to develop into the core of transition phase precipitation. 
However, the size of the GP region formed in natural aging 
is very small, which is adverse to the occurrence of 
nucleation. In the course of artificial aging, these GP zones 
are re-dissolved into the aluminum matrix to precipitate 
again, which explains why the artificial aging response of 
the naturally aged specimen is less significant than that of 
the pre-aged specimen. 

By comparing the hardness of specimens as obtained 
in different aging states after artificial aging, it can be 
found out that the parameters of an aging process that 
produces the best artificial aging hardening effect for 6151 
aluminum alloy are as follows: a pre-aging temperature of 
120 oC, an artificial aging temperature of 200 oC and a 
holding time of 40 min. In this case, the hardness reaches 
134 HV after artificial aging. 

3.2. Effect of artificial aging time on strengthening 
performance of 6151 sheet 
Fig. 3 shows the curve of changes in hardness value 

with aging time for 6151 aluminum alloy plate at different 
artificial aging temperatures of 160 oC, 180 oC and 200 oC. 
It can be seen from the figure that when the artificial aging 
temperature varies, the hardness curve of the specimen 
changes in the same way. With the extension of artificial 
aging time, the hardness value decreases gradually after 
reaching a certain peak, but the response rate of artificial 
aging hardening differs. The time taken for the specimen to 
reach the maximum hardness at the artificial aging 
temperature of 160 oC, 180 oC and 200 oC is 4 h, 10 h and 
24 h, respectively. With the rise of artificial aging 
temperature, there is a sharp increase in the hardening rate 
of the specimen. There are two reasons for this. On the one 
hand, the increase of atomic kinetic energy is accompanied 
by a sharp rise in the precipitation and growth rate of the 
second phase. On the other hand, the response rate of 
artificial aging improves with the rise of the artificial aging 
temperature. As shown in Fig. 3, the aging hardening curve 
at an artificial aging temperature of 200 oC shows a more 
significant aging softening effect that at 160 oC and 180 oC. 
Its hardness value drops steeply to 105 HV after reaching 
the peak value of 125 HV, and then it decreases at a slow 
pace. This is possibly attributed to a large amount of 

metastable state β". The phase expands rapidly at high 
temperatures and shifts into a relatively stable β′ phase, 
because it is partially coherent with the matrix β′. Since the 
strengthening effect of the relative matrix is less significant 
than that of the coherent matrix β" phase, there is a rapid 
reduction in the hardness of the specimen. 

-10 0 10 20 30 40 50 60 70 80

70

80

90

100

110

120

130

H
a
r
d
n
e
s
s
l
, H

V

Baking time, h

 160℃
 180℃
 200℃

 
Fig. 3. The change of hardness value with the aging time at 

different artificial aging temperature 

Fig. 4 shows the TEM structure as observed at 
different stages at the artificial aging temperature of 200 oC. 
Fig. 4 a presents the microstructure of solid solution state, 
showing no obvious precipitated structure in the aluminum 
matrix. As shown in Fig. 4 b, there are plenty of uniformly 
distributed point precipitates in the matrix. Since the 
precipitate is extremely small, it is difficult to determine its 
crystal structure. However, its spherical shape is found 
highly consistent with that of the GP region of the 6-series 
alloy. In addition to the GP region, there is a tiny fraction 
of needle-like precipitation in the matrix β" phase, despite 
its smaller size. 

Fig. 4 c shows the TEM image of the specimen 
captured after 4 h of artificial aging at 200 oC. It can be 
seen from the figure that there are a large number of 
circular precipitates formed in the alloy and distributed 
along three <100>Al directions. According to some 
research, these precipitates are of the β" phase. Most of the 
granular precipitates shown in Fig. 4 c are β". This is the 
cross-section of the phase, and the rest represents the 
undissolved GP area. They are small and evenly distributed 
β". The phase significantly increases the difficulty in free 
movement of dislocations and thus the strength of the alloy 
[14]. Phase β" is considered to be the main strengthening 
phase in 6-series aluminum alloy. 

Fig. 4 d shows the TEM image in the overaged state. 
Unlike in the peak aged state, the spherical GP region 
disappears and the needle-like β" emerges. Increasingly 
replaced by a large number of rod-shaped precipitates, the 
phase is usually referred to as β′ phase. Due to the re-
dissolution of GP area, the formation of rod β′ phase and 
the growth of phase β", the hardness value of the alloy 
declines gradually. Besides, the longer the holding time, 
the less extensive the phase β", the more the rod 
precipitates and the lower the hardness value. Fig. 5 
shows the XRD patterns of 6151 aluminum alloy in 
different states at the artificial aging temperature of 200 oC. 
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Fig. 4. TEM images of different states of artificial aging temperature 200 ℃: a – not-aged; b – under-aged; c – peak-aged;  
d – over-aged 

 
As is shown in the figure, there are the diffraction 

peaks of Mg2Si, Mg2Cu and AlMnSi in addition to the 
diffraction peaks of aluminum alloy a-Al matrix under 
artificial aging. 

 

Fig. 5. XRD results of the 6151 aluminum alloys after 200 oC 
artificial aging 

When the alloy is in the initial test state, there are 
basically no other obvious diffraction peaks except for the 
relatively high diffraction peaks of the a-Al matrix; The 
diffraction peak of Mg2Si is wide and short during  
under-aging, which means that Mg2Si phase begins to 

precipitate fine and is in microcrystalline state and GP 
region appears at this time; When the sample is in the peak 
aging state, it can be seen that the diffraction peak intensity 
has obvious changes, the Mg2Si diffraction peak increases, 
and the Mg2Si diffraction peak further increases in the 
over-aging state, and the second phase begins to form. This 
corresponds to TEM images of different states of artificial 
aging temperature 200 oC in Fig. 4. 

3.3. Effect of natural aging on artificial aging 
hardening of 6151 plate 

In order to further explore the effect of natural aging 
on artificial aging hardening, 6151 aluminum alloy was 
artificially aged at 200 oC for 2 h during 0~14 days of 
natural aging, and the hardness value curve with natural 
aging time was obtained. The results are shown in Fig. 5. 
It can be seen from Fig. 6 that with the increase of 
natural aging time, the hardness value before artificial 
aging gradually increases, and tends to be stable with 
time. The hardness value after artificial aging gradually 
decreases with the increase of natural aging. After 
artificial aging treatment, there is a significant 
improvement on hardness value reached by the 
aluminum alloy specimen under the context of natural 
aging. After one day of natural aging, the hardness value 
of solution-treated samples increased significantly. This is 
because the supersaturation of solute atoms increases after 
solution treatment, with many quenching vacancies formed 
in the alloy. Due to the quenching vacancies, the solute 
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atoms precipitate rapidly from the aluminum matrix to 
form plenty of atomic clusters, which hinders the 
dislocation that occurs during the deformation of the alloy. 
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Fig. 6. Effect of natural aging on artificial aging hardening 

The strengthening effect of the alloy improved 
significantly [15]. With the extension of natural aging, the 
supersaturation of solute atoms diminishes gradually, the 
precipitation rate of atomic clusters decreases, and the 
hardness value of the alloy increases slowly and stabilizes 
[16]. After artificial aging treatment, there is a sharp rise in 
the hardness value of natural aging specimens. This is 
attributable to the shift of a large number of GP regions 
and atomic clusters in the matrix into metastable short rod 
pre-aging β" phase and acicular β" Phase. Due to the 
formation of some insoluble atomic clusters during natural 
aging, β" phase is hindered by these atomic clusters during 
artificial aging. The amount of β" phase in the alloy is 
reduced, and the number of phases causes the artificial age 
hardening effect to diminish gradually with the extension 
of natural aging time. Besides, the longer the natural aging 
time, the larger the number of insoluble atomic clusters 
formed, and the worse the artificial age hardening effect. 

4. CONCLUSIONS 
1. The artificial age hardening effect of pre-aged 

aluminum alloy is significantly improved. The 
higher the pre-aging temperature, the more significant 
the artificial age hardening effect. At the same 
artificial aging temperature, the post-aging hardness 
value increases progressively with the extension of 
holding time. Given the same artificial aging time, the 
higher the aging temperature, the more significant the 
strengthening effect. This is because the 
supersaturation of solute atoms diminishes gradually, 
the precipitation rate of atomic clusters decreases, and 
the hardness value of the alloy increases slowly and 
stabilizes. The parameters required for the aging 
process to produce the best artificial aging hardening 
effect for 6151 aluminum alloy are as follows: a pre-
aging temperature of 120 oC, an artificial aging 
temperature of 200 oC and a holding time of 40 
minutes. 

2. With the extension of artificial aging time, the 
hardness value of aluminum alloy rises rapidly at first, 
and then decreases gradually. The response rate of 
artificial age hardening shows an upward trend with 
the rise of aging temperature. Since the strengthening 
effect of the relative matrix is less significant than that 
of the coherent matrix β" phase, there is a rapid 
reduction in the hardness of the specimen. After the 
hardness value peaks, the softening effect becomes 
more significant at the artificial aging temperature 
of 200 oC. 

3. The hardness value of aluminum alloy obtained 
after natural aging treatment is lower than after 
artificial aging treatment. With the extension of 
natural aging time, the supersaturation of solute 
atoms diminishes gradually, the precipitation rate of 
atomic clusters decreases, and the hardness value of 
the alloy increases slowly and stabilizes. The effect of 
artificial aging hardening gradually diminishes. 
Given an artificial aging temperature of 200 oC and 
a holding time of 2 h, the post-aging hardness value 
gradually decreases with the extension of natural 
aging, which interferes with the effect of artificial 
aging. 
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