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Abstract: A novel forging process of 6082 aluminum alloy is proposed, which can save time and reduce energy
consumption while ensuring mechanical properties. In this process, the billet was preforged at solid solution
temperature and then preaged, followed by warm forging at 200 °C. The flow behavior of the preaged samples during
compression and the mechanical properties of the formed samples were investigated by hot compression tests. The
differences in the precipitated phases of the samples with different processing parameters were analyzed by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and differential scanning calorimetry (DSC).
The best comprehensive performance was obtained after preaging at 120 °C for 4 h and holding at 200 °C for 10 min,
and the Vickers hardness was HV 128, which was higher than that of the traditional process. Precipitation strengthening
and dislocation strengthening were improved when the samples were formed at 200 °C. This forging process shows the
advantages of short time consumption and low energy consumption, which can effectively improve the production
efficiency while ensuring the strength after forming.
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initial geometric shape and then transferred to the
final forging die for final forging to complete the
detailed deformation followed by edge cutting
treatment to obtain the desired shape. After forming,
solid solution treatment at 535 °C for 1.5h and

1 Introduction

Lightweighting of automobiles is an important
way to reduce automobile emissions. 6082 Al alloy,

as a typical lightweight material [1], has good
formability, strength, toughness, and corrosion
resistance [2], and is widely used in hot forging
manufacturing of automobile chassis parts [3,4].
The traditional hot forging process of 6082
aluminum alloy is as follows. The billet is heated to
450 °C for large-deformation preforging to form the
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artificial aging at 180 °C for 8 h are carried out to
ensure satisfactory mechanical properties. A large
number of scholars have researched the forging
process. BIROL and ILGAZ [5] produced
suspension parts using the above process of forming
at 450 °C, solid solution treatment at 535 °C, and
aging for 8 h. To reduce energy consumption and
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improve production efficiency, BIROL et al [6]
studied the properties and microstructure of 6082
aluminum alloy forged without postforming solid
solution process, and with only artificial aging. It
was concluded that by combining the solid solution
treatment and forging into one process, energy
savings and efficiency improvement were achieved.
To improve the efficiency of artificial aging, DIN
et al [7] studied the mechanical properties and
microstructure of an Al-Mg-Si alloy treated by
different heat treatment methods, including solid
solution treatment and subsequent artificial aging
(T6 treatment) and solid solution treatment
followed by cold working and artificial aging (T8
treatment). It was found that applying cold working
between solid solution treatment and artificial aging
can accelerate the precipitation, resulting in higher
mechanical properties of the alloy and less peak
aging time. However, cold deformation might lead
to forging cracks and reduce the fatigue
performance due to local stress concentrations,
resulting in the narrow applicability of this
process [8].

In the view of the above problems, a new
forging process was proposed in this work, which
included solid solution treatment, preforging, aging
and final forging, as schematically shown in Fig. 1.
By applying the proposed process, the postforging
solid solution treatment was omitted. The low-

New forging process
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temperature preaging of the forgings after
preforging reached the underaged state. Peak

aging was performed by medium-temperature
preservation before final forging. To verify the
feasibility of the proposed process, the flow
behavior of preaged samples, mechanical properties,
and microstructure of samples after isothermal
compression were investigated. To reveal the
reasons for the difference in mechanical properties
among different samples, the relationship between
mechanical properties and microstructure was
studied, and the relationship among grain structure,
dislocation, precipitate, and mechanical properties
was analyzed.

2 Experimental

The composition of 6082 aluminum alloy is
given in Table 1. The 6082 aluminum alloy material
was cut into cylinders of 10 mm in diameter and
15 mm in height by a wire-cut machine.

6082 aluminum alloy samples were compressed
on a DATA SCIENCES INTERNATIONAL
Gleeble 3500 testing machine. To enhance the
thermal conductivity, tantalum plates were added at
both ends of the sample. In this experiment, the
heating rate was 5 °C/s, and the strain rate was 1 s .
The solid solution treatment was performed
at 535 °C for 30 min, after which preaging was
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Fig. 1 Comparison of new process and traditional process

Table 1 Composition of 6082 aluminum alloy sample (wt.%)

i — —— — i sttt ]

Si Fe Cu Mn

Mg

Cr Zn Ti Al

0.95 0.18 0.06 0.45

0.65

0.12 0.005 0.1 Bal.
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conducted at 120 °C for 2, 4 and 6 h followed by
constant temperature holding before compression at
200 and 250 °C for 5 and 10 min, and the samples
were quenched to room temperature immediately
after compression. To compare the difference
between the preaging process and the natural aging
process (T4 treatment), the T4-treated sample was
also tested, which was aged at room temperature for
96 h, as shown in Fig. 2.

Temperature

Compression 1
TSHT (-

Compression 2

T4 sample:
Natural aging 96 h

Heating
200 °C
250 °C,
5, 10 min

Preagmg

Time

Fig. 2 Time—temperature curves of samples

The flow behavior was tested by a Gleeble
3500 testing machine. The heating rate was 5 °C/s,
and isothermal compression was carried out after
heating to the deformation temperature. The Vickers
hardness of the samples was tested by a Huayin
HV-1000A Vickers hardness tester. The indenter
pressure was 200 g, and the holding time was 10 s.
At least ten points at different positions were
selected for each measuring sample, and the
average value of ten measured results was taken as
the hardness of the sample. The area of Vickers
hardness test is shown in Fig. 3. A German Netzsch
STA449F3 synchronous thermal analyzer was used
to perform differential scanning calorimetry (DSC)
experiments. At a heating rate of 10 °C/min, the
temperature rose from room temperature to 550 °C,
and the DSC curves of heat absorption and heat
release were recorded. The microstructure of the
samples was observed by a Zeiss Axio Scope Al
optical microscope (OM), and the characterization
position for microstructure is shown in Fig. 3. An
FEI QUANTA 450 SEM was used to observe
the amount and distribution of precipitates.
Transmission electron microscopy (TEM) was
conducted by a JEM—1400plus TEM to observe the
morphology of precipitates of the samples, which
were twin-jet electropolished at —25°C with a
mixture of 30% HNO; and 70% CH;OH after being

mechanically polished to a thickness of 0.04 mm.

‘&a(m

Vlckers hardness area
6082 sample

Microstructure area

Forged sample

Fig. 3 Characterization position for microstructure and
HV tests

3 Results

3.1 Compression behavior after pretreatment

Figure 4 shows the true strain—stress curves of
isothermal compression under conditions of
different temperatures and different holding time.
This behavior represents the compression behavior
of aluminum alloys, and compression behavior is
very important for the forming behavior of
aluminum alloys [9]. When the deformation
temperature is 200 °C and the holding time is
5 min, the compressive strength is 250—290 MPa
(Fig. 4(c)). When the holding time is 10 min
(Fig. 4(a)), the sample has the most compressive
strength with a maximum value of 328 MPa. When
the deformation temperature rises to 250 °C and the
holding time is 5 min (Fig. 4(d)), the compressive
strength is 140—150 MPa. When the holding time is
10 min (Fig. 4(b)), the compressive strength is
130—160 MPa. The results show that the plasticity
at 250 °C is better than that at 200 °C, and the metal
softens more fully with increasing temperature. The
flow behavior of samples during hot compression
can be used to obtain the deformation resistance
with different parameters [10], and the load of final
forging at 250 °C is lower than that at 200 °C.
According to the trend of isothermal compression
true strain—stress curves, when the strain reaches a
certain level, the work hardening and softening
reach dynamic equilibrium and the curve tends to
be stable [11]. Since the deformation temperature of
samples is below recrystallization temperature [12],
the softening mechanism can be judged as dynamic
recovery [13]. The compressive strength of the
T4-treated sample (Fig. 4(e)) compressed at 200
and 250°C is similar to that of the sample
compressed at 200 °C after preaging. When the
temperature rises to 300 °C, softening phenomenon
is also observed.
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Fig. 4 True strain—stress curves of different samples: (a) 200 °C, 10 min; (b) 250 °C, 10 min; (c) 200 °C, 5 min;

(d) 250 °C, 5 min; (e) T4-treated

3.2 Mechanical properties after deformation
Figure 5 shows the Vickers hardness values of
samples formed after different heat treatments, and
the Vickers hardness value of samples after
pretreatment without deformation is also marked in
Fig. 5. When different pretreated samples are
formed at 200 °C, the hardness of the samples
increases with the prolongation of the presaging
time, regardless of whether the holding time is 5 or
10 min. The hardness of the sample preaged at
120 °C is higher than that of the T4-treated sample.
The maximum hardness is HV 130 when preaging

for 6 h and holding at 200 °C for 10 min. The result
shows that there is no obvious correlation for the
hardness of samples under different pretreatments
when formed at 250 °C. The hardness of the
samples after being held for 5 and 10 min at 250 °C
is not significantly different. Compared with the
samples formed at 200 °C, the hardness of the
samples decreases significantly, and the hardness is
between HV 80 and HV 90. Compared with the
pretreated samples, the hardness of the samples
formed at 200 °C significantly increases, while the
hardness of the samples formed at 250 °C decreases.



794 Lin HUA, et al/Trans. Nonferrous Met. Soc. China 32(2022) 790—800

According to the comparison of hardness and 3.3 Microstructure after deformation

tensile strength, the tensile strength also presents Figure 6 shows the grain structure of each
the same varying tendency. sample under an optical microscope (OM). By
140
130 1120°C,2h
& =120°C,4h
M 120°C,6h
£ 120 B8 T4
]
£ 110
e
=
o 100 3
o 5 75
== 5] B3
2 90
>
70 R
None 200 °C, 10 min 200 °C, 5 min 250°C,10 min 250 °C, 5 min
Deformation

Fig. 5 Vickers hardness of samples

(2)

Fig. 6 Microstructures of samples under OM: (a) 120 °C, 2 h + 200 °C, 10 min; (b) 120 °C, 4 h + 200 °C, 10 min;
(¢) 120 °C, 6 h +200 °C, 10 min; (d) 120 °C, 4 h + 200 °C, 5 min; (¢) 120 °C, 6 h + 250 °C, 10 min
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comparing the samples aged at 120 °C for 2, 4 and
6 h (Figs. 6(a, b and c)), the samples with forming
temperatures of 200 and 250 °C (Figs. 6(c, ¢)), and
the samples with different holding time of 5 and
10 min (Figs. 6(b, d)), it can be observed that there
is no obvious difference in the grain size of the
samples. It can also be concluded that the grain size
of samples aged at 120 °C for 2, 4 and 6 h shows
almost no difference. Similarly, the grain size of
samples formed at 200 and 250 °C shows nearly no
difference, and holding for 5 or 10 min practically
has no effect on the grain size.

3.4 Forging process parameters

According to Fig. 5, when the deformation
temperature is 200 °C, the hardness is apparently
higher than that when the deformation temperature
1s 250°C, and the hardness increases with
increasing preaging time and holding time.
According to Fig. 4, the plasticity at 250 °C is
better than that at 200 °C. However, due to the
small amount of deformation of the final forging,
the required compression force is low, and the
forming temperature and holding time can be
selected as 200 °C and 10 min. By comparing the
mechanical properties of the compressed samples
after preaging at 120 °C for different time and T4
treatment, it is found that when forming at 200 °C,
the preaging time has little effect on the hardness.
Combined with the properties and energy
consumption, the preaging time should be 4 h. In
general, the forging process parameters should be as
follows: preaging at 120 °C for 4 h and then
holding at 200 °C for 10 min.

From the research results, it can be concluded
that the new process of short-term heat preservation
after preaging can ensure good formability and
mechanical properties after forging of the
workpiece. Therefore, the new process and its best
parameters are determined. First, the billet is
subjected to solid solution treatment at 535 °C,
followed by upsetting, flattening, and preforging at
the solid solution temperature. After that, the
workpiece is preaged at 120 °C for 4 h. Finally, the
workpiece is kept at 200 °C for 10 min and
transferred to the final forging die for final forging,
as shown in Fig. 7(a). The mechanical properties of
the workpieces obtained by the new process are
significantly improved compared with those of the
workpieces obtained by the traditional process

(Fig. 7(b)). Meanwhile, the final forging die is
preheated to 200 °C to ensure that the temperature
of the contact surface does not drop greatly, thus
improving the formability and mechanical
properties. Compared with the traditional
process, the process segments are decreased by
approximately 40% by reducing the operation time
from 10 to 6 h.
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Fig. 7 New forging process (a) and comparison with
traditional process in mechanical property (b)

4 Discussion

4.1 Effect of grain boundary strengthening and

dislocation strengthening

To explore the reasons for the differences in
the mechanical properties of the samples, the effect
of grain boundary strengthening on the mechanical
properties was considered. The strength provided
by grain boundary strengthening can be calculated
by the Hall-Petch equation [14,15]:

o, =0'0+kaf_”2 (1)

where k£ is a constant related to the material and
d is the average diameter of the grain. According to
Eq. (1), grain boundary strengthening is only
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related to the average diameter of the grain.
Figure 6 shows that there is no obvious difference
in the grain size of each sample, and the strengths
of the samples provided by o, are almost identical.
Figure 8 shows the dislocation of samples at
200 and 250 °C under bright-field TEM. Figure 8(a)
shows the sample aged for 6 h and formed after
being held at 200 °C for 10 min. A large number of
dislocations are formed after the samples are
compressed at low temperature. When the
deformation temperature is 200 °C, the dynamic
recovery is relatively slow, and the dislocations
cannot be eliminated in time, resulting in
dislocation accumulation. When the deformation
temperature is 250 °C, as shown in Fig. 8(b), the
increase in temperature accelerates the dynamic
recovery, and then the dislocation density is reduced.
The strength provided by dislocation strengthening
can be expressed by the following equation [16]:

3 e

= o

o, =MaGb\[p ()

where b is the magnitude of Burgers vector, G is the
shear modulus, « is a constant close to 0.5, and M is
the Taylor factor. In Fig. 8, the dislocation density
of the sample at 200 °C is relatively high, so the
strength provided by the dislocation is higher,
which is also a factor of the better mechanical
properties of the sample.

4.2 Effect of precipitation strengthening with

different temperatures and time

The mechanical properties of AlI-Mg—Si alloys
can be improved by obtaining dispersed nanoscale
precipitates during aging treatment [17]. A large
number of studies [18—20] have revealed that the
structure and size of precipitates play the main role
in the variation in the strength of AI-Mg—Si alloys.
Figure 9 shows the bright-field TEM morphologies

Disloction

Rod-like precipitates 5’

Fig. 9 TEM morphologies of precipitate phases: (a) 120 °C, 6 h + 200 °C, 10 min; (b) 120 °C, 6 h + 250 °C, 10 min
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of the samples preaged at 120 °C for 6 h and then
formed after being held at 200 and 250 °C for
10 min. A large number of needle-like " phases
precipitate in the sample formed at 200 °C
(Fig. 9(a)), and the £" phase is the main precipitate,
while the B’ phase and £ phase hardly appear.
However, in the sample formed at 250°C
(Fig. 9(b)), there exist mainly rod-like S’ phases and
plate-like f phases. The Vickers hardness of the
120 °C, 6 h + 200 °C, 10 min sample is HV 130,
while that of the 120 °C, 6 h + 250 °C, 10 min
sample is only HV 80. We can conclude that the
structure and size of precipitates have a great
influence on the hardness.

Figure 10 shows the SEM images of samples
preaged at 120 °C for 6 h, held at 200 °C for 5 and
10 min, and held at 250 °C for 10 min. Figure 10(b)
shows EDS analysis results of the 120 °C, 6 h +
200 °C, 10 min sample. It can be seen that the large
white spot contains a large amount of Fe and Mn,
while the main strengthening precipitates are Mg
and Si compounds. Therefore, it can be judged that
the large white spots are the insoluble phase without
a strengthening effect; in contrast, the small white
spots are the strengthening precipitates. In the
120 °C, 6 h + 200 °C, 10 min sample (Fig. 10(a)),
the strengthening precipitates are the most abundant,
so it has the highest strength. When the temperature
increases to 250 °C (Fig. 10(c)), strengthening
precipitate phases are rarely observed, resulting in a

¥
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decrease in strength. Similarly, when the holding
time is shortened to 5 min (Fig. 10(d)), the
strengthening precipitate phases are also reduced
compared to the 120°C, 6 h + 200 °C, 10 min
sample, and its strength also decreases.

Many studies [21—-23] indicate that the
strength contributed by precipitates in AI-Mg—Si
alloys can be expressed as

M -1/2(3 vz _
o, =§(2ﬂGb2) (%) F¥? (3)
where F is the mean obstacle strength, 7 is the
mean particle size, f is the volume fraction, and
[ is a constant of approximately 0.5. According to
Eq. (3), the strength provided by the precipitate is
low when the size of the precipitate is large. In
addition, the larger the volume fraction (f) of the
precipitate is, the greater the proportion of strength
it can provide. Many studies [24—27] show that the
precipitation order of Al-Mg-Si alloys is as
follows:

Clusters of Si atoms — GP I zones — GP II
zones/f" — p'— f

Among these precipitates, the f” phase has the
minimum size, which is the best strengthening
precipitate in the AI-Mg—Si alloy. The greater the
amount of f" phase is, the higher the strength of the
workpiece [28,29].

According to Fig. 9(a), most of the precipitates
in the 120 °C, 6 h + 200 °C, 10 min sample are 5"

§ (D)

Al
Element wt.%  at.%
Al 67.39 76.59
Si 9.82  10.72
Cr 1.84 1.09
Mn 11.17  6.23

Fe 9.77 5.37

Fig. 10 SEM morphologies of samples and EDS analysis result: (a, b) 120 °C, 6 h + 200 °C, 10 min; (c) 120 °C, 6 h +

250 °C, 10 min; (d) 120 °C, 6 h + 200 °C, 5 min
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phases, and Fig. 10(b) shows that the distribution
of precipitates is very dense, so the strength
of the sample is the highest, while most of the
precipitates in the 120 °C, 6 h+250°C, 10 min
sample (Fig. 9(b)) are transformed into S’ and f
phases, and Fig. 10(c) shows that the density of
precipitates is low, so the strength is poor.

Figure 11(a) shows the DSC curve of 6082
aluminum alloy after solid solution treatment. There
are four exothermic peaks of 6082 aluminum alloy
after solid solution treatment. Peak 1 is located at
approximately 100 °C, which is considered to be
the formation of the GP zone. The second
exothermic Peak 2 is located at approximately
235 °C, which is considered the precipitation peak
of the " phase. At this temperature, the precipitates
transform into the " phases. With a further increase
in temperature, the precipitates in the alloy continue
to transform. When the temperature reaches
approximately 300—320 °C, the third exothermic
Peak 3 appears on the curve, which is the
precipitation peak of the ' phase. Peak 4 appears

(@)

GP zone

0 100 200 300 400 500 600
Temperature/°C

(b) 2

—T4
—120°C, 2 h
—120°C, 4 h
—120°C,6h

0 100 200 300 400 500 600
Temperature/°C

Fig. 11 DSC curves of 6082 aluminum alloy after solid
solution treatment (a) and samples after different aging
treatments (b)

when the temperature reaches 450 °C, and the
precipitates transform into the stable § phase, which
is Mg,Si [30—32]. According to Fig. 5, the hardness
of samples preaged for 2, 4 and 6 h shows little
difference. Combined with Fig. 11(b), the first peak
of the DSC curve after aging disappears, which
indicates that the GP zone is completely
precipitated after aging at 120 °C for 2h. The
height of Peak 2 decreases with the increase of
aging time, which indicates that the transformation
from the GP zone to the " phase is more thorough
with the increase of aging time. The heights of Peak
3 and Peak 4 are similar to those for the sample
after solid solution treatment, indicating that the
precipitates do not transform into ' and £ during
aging at 120°C. On the DSC curve of the
T4-treated sample, only Peak 1 disappears, and the
heights of Peaks 2, 3, and 4 are almost the same as
those of the solid solution sample, which indicates
that the precipitation of the GP zone only occurs
during natural aging, and the does not transform
into B".

5 Conclusions

(1) A new forging process of 6082 aluminum
alloy with high efficiency and energy savings is
proposed: solid solution treatment + preforging +
short time preaging + final forging. The sample
formed after aging at 120 °C for 4—6 h and holding
at 200 °C for 10 min has the best mechanical
properties, and the Vickers hardness of the
workpiece is HV 20 higher than that obtained from
the traditional process.

(2) The Vickers hardness of the samples
formed at 200 °C is higher than that at 250 °C.
When the samples are formed at 200 °C, the sample
preaged for 6 h and held for 10 min before forming
has the highest Vickers hardness with a value of
HV 130.

(3) In this forging process, the strength of
workpieces that are finally-forged at 200 °C is
effectively improved by dislocation strengthening
and precipitation strengthening.  Extensively
distributed £" phases are observed accompanied by
dislocations in workpieces that are finally-forged at
200 °C, especially in workpieces that are finally-
forged after being held at 200 °C for 10 min.
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