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Abstract: The 6xxx aluminum alloy is the first choice for automotive lightweight forgings due to its
excellent performance, high strength and low weight. The production time of current aluminum alloy
forging generally exceeds 10 h. To reduce the production time of traditional aluminum alloy forgings,
6082-T6 aluminum alloy is used in the forming process. The effects of different heating temperatures
(200 ◦C, 300 ◦C, and 400 ◦C) and deformation degrees (30%, 50%, and 70%) on the deformability
and properties of 6082-T6 billets have been investigated. The results show that when the heating
temperature is higher than 300 ◦C, the compressive deformation resistance obviously decreases with
increasing strength. With compression at 200 ◦C and 70% deformation with short heating time, the
strength of the sample is close to the T6 (solution treatment and artificial aging) state. A large number
of dislocations and subgrains were introduced due to the compression deformation, and their amounts
decreased as the heating temperature increased. The size of the precipitated phase β′′ slightly grows
under a heating temperature of 200 ◦C. However, when the heating temperature is higher than 300 ◦C,
the precipitated phase gradually changes from β′′, which is optimal for the strengthening effect, to β′

and β, which offer weaker strengthening. Therefore, under a lower heating temperature of 200 ◦C
for 5 min, a large number of dislocations are introduced with the β′′ precipitated phase, leading to
higher strength with less heat treatment time.

Keywords: 6082-T6 aluminum alloy; compressive deformation; mechanical properties; precipitated
phase; dislocation

1. Introduction

In recent years, with increasingly stringent regulations on energy and emissions reduction,
lightweight technology in the automobile industry has received extensive attention and research.
The 6082 aluminum alloy, which has the advantages of high strength, high surface finish, and less
processing, has become the preferred material for lightweight automotive forgings [1]. However, the
traditional process of aluminum alloy forming is complex. Many scholars have engaged in numerous
studies to minimize the processing time, reduce energy consumption, and ensure that the product has
good mechanical properties [2]. Huo et al. [3] investigated the warm-forming properties of 7075-T6
sheets. The properties and precipitates after forming at different temperatures were studied, revealing
that the inherent high strength of the T6 blank was perfectly preserved after 200 ◦C. Ehab et al. [4]
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studied the effect of temperature on the forming properties of 6082-T4 aluminum alloy. Under different
heating temperatures, there were considerable differences in the mechanical properties. Zhang et al. [5]
studied the compressive stress state of 6082 aluminum alloy in a T4 and annealed state and analyzed the
softening phenomenon under different heating temperatures and strain rates. Birol et al. investigated
the influence of the preparation method of 6082 aluminum alloy billets on forging products. When a
6082 aluminum alloy billet produced by casting is used, the grain structure of the product after forging
is fine-grained and uniform. At the same time, the blank was heated and forged into a shape, and
a quenching process was performed. In this process, the blank was directly aged without solution
treatment, and products with good mechanical properties and grain structure were obtained [6,7].
Bouquerel et al. [8] investigated the microstructure change of 6082 aluminum alloy before and after cold
forming. Garrett et al. [9] studied the effects of solution time and deformation rate on the flow stress,
ductility, and anisotropy of a 6082 aluminum alloy. Dadbakhsh et al. [10] strengthened a commercial
6082 Al alloy by using equal channel angular pressing (ECAP). An increase in both strength and
ductility of the ECAPed specimen was achieved. Cabibbo [11] studied microstructure strengthening
mechanisms in different equal channel angular pressed aluminum alloys.

There is little research on the forging abilities and post-forging performance of aluminum alloys
with T6 states. Normally, aluminum alloy billet used for forging is applied in soft conditions (O or F
temper), and after forging, the formed part develops the hardened conditions (T6 tempers) by solution
and artificial aging treatment. It is well known that the solution and artificial aging treatment for
the parts takes more than 10 h, which makes the traditional forming production of aluminum alloy
time-consuming and labor-intensive. A new forging process is designed as follows: Forging billet
(T6 temper)—heating—forging—edge cutting after cooling. The T6 treatment aluminum alloy is
directly used as the billet and no heat treatment is required after forging. The billet with T6 temper is
rapidly formed at a suitable temperature to ensure that the part has good thermoplastic processing
properties and high mechanical properties after deformation. This method significantly reduces the
production time during forging and reduces equipment expenses for post-forging heat treatment
(shown in Figure 1).
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Figure 1. Experimental process and sampling area.

In this paper, the formability of a 6082-T6 alloy at temperatures ranging from 200 ◦C to 400 ◦C
and compression degrees ranging from 30% to 70% is investigated. The microstructure evolution of
6082-T6 after forming is also studied. A proper temperature range is determined that enhanced forging
ability and maintained high strength after forging.
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2. Materials and Experimental Methods

A 6082 aluminum alloy with chemical composition of Si 0.95 wt%-Fe 0.18 wt%-Cu 0.06 wt%-Mn
0.45 wt%-Mg 0.65 wt%-Cr 0.12 wt%-Zn 0.005 wt%-Ti 0.1 wt% and Al balanced was produced by casting
and extrusion process. Small cylindrical specimens with 10 mm in diameter and 15 mm in height
were cut from the extruded rods using an electric discharge machining wire cutter. The cylindrical
specimens were T6-treated (solution treatment at 530 ◦C for 2 h→ quenched to room temperature (RT)
in water→ aged at 180 ◦C for 8 h).

The T6-treated cylindrical specimens were subjected to a hot compression test on a Gleeble 3500
(DATA SCIENCES INTERNATIONAL Inc., St. Pau, MN, USA) testing machine. To improve the
formability, the sample was rapidly heated to the specified temperature using a thermocouple with
a heating rate of 5 ◦C/s, and a compression test was performed after 5 min of incubation at the test
temperature. The compression strain rate was 1 s−1. After completing the compression test, the sample
was quenched to room temperature in water immediately. Three groups of different temperatures
(200 ◦C, 300 ◦C, and 400 ◦C) and three groups of different compression degrees (30%, 50%, and 70%)
were combined into 9 groups of variables. To evaluate the post-forming mechanical properties of the
samples, tensile microspecimens were taken from the samples using an electric discharge machining
wire cutter, as shown in Figure 1.

Samples machined from the specimen at different test temperatures were used to investigate the
microstructure (Figure 1). The microstructures of the samples were characterized by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). A FEIQUANTA 450 SEM (FEI
Inc., Hillsboro, OR, USA) was used for electron backscattered diffraction (EBSD) analysis and observed
precipitated phase distribution. Thin foils for TEM observation were mechanically thinned down to
0.1 mm thickness and then were twin-jet electropolished at −23 ◦C in a solution consisting of 30%
HNO3 and 70% CH3OH. TEM examinations were performed on a JEM-1400Plus (JEOL, Tokyo, Japan).

3. Experimental Results

3.1. Compression Behavior of 6082-T6

Figure 2 shows the true strain–stress curves of 6082-T6 under different compression degrees (30%,
50%, and 70%) and temperatures (200 ◦C, 300 ◦C, and 400 ◦C). In different compression conditions, as
the strain increased, the stress value rose rapidly, and the work hardening rate (δ/ε δ: stress, ε: strain)
was consistent at low strain. When the stress reached a certain value, the deformation resistance no
longer increased with the increase of the strain, and showed a state of steep rising then stabilizing on
the compression curve. The maximum true stress required for compression increased as the heating
temperature increased. The compression degree had little effect on the compressive strength. At the
same temperature, the compressive strengths obtained by different compression degrees were similar.
The compressive strength of the samples at temperatures of 200 ◦C, 300 ◦C, and 400 ◦C were between
245 MPa and 275 MPa, between 130 MPa and 145 MPa, and between 50 MPa and 55 MPa, respectively.
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3.2. Post-Forming Mechanical Properties

Figure 3a–c shows the true strain–stress curves of post-forming samples under different conditions.
The tensile strength of the 6082-T6 billet was approximately 315 MPa, and the elongation was 9.5%.
When the heating temperature was 200 ◦C, the tensile strength (UTS) corresponding to compressions
of 30%, 50%, and 70% was 291 MPa, 280 MPa, and 301 MPa, respectively. Detailed data are shown
in Figure 3d,e. Different compression degrees (30%, 50%, and 70%) affected the tensile strength in
200 ◦C. When the heating temperature increased from 200 ◦C to 300 ◦C, the UTS of the specimens
obviously decreased, as for the range from 300 ◦C to 400 ◦C. This reduction is not as obvious as the
previous case. As is clear from these figures, compression degree has little effect on tensile strength in
temperatures 300 ◦C and 400 ◦C. After compression deformation at higher temperatures, the specimen
showed good elongation. After compression in different temperatures 200 ◦C, 300 ◦C, and 400 ◦C, the
true total elongations were between 11% and 12%, between 15% and 17%, and between 21% and 24%,
respectively (Figure 3e). Similarly, there was no obvious effect of different deformation degrees on the
increase of true total elongation at the same temperature.
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3.3. Microstructural Evolution

The heating temperature had a great influence on the properties after forming, while the degree
of deformation under the same heating temperature had little effect. Therefore, samples with different
heating temperatures of 50% compression degree were selected to investigate the microstructural
evolution. Figure 4 shows the electron backscattered diffraction (EBSD) images of the original 6082-T6
sample and the post-forming samples with a deformation degree of 50%. Figure 4a shows the grain
size of the undeformed T6 sample. The overall grain size was large and shows long strips due to an
extruded 6082 billet. The average grain thickness was approximately 80–100 µm, and a few small
grains were evident at the edge of large grains. After forming at 200 ◦C, a large number of small grains
were introduced. Figure 5 shows a grain boundary misorientation angle map under the field of view
in Figure 4. The T6 sample (Figure 5a) had a small number of small angle grain boundaries. Compared
with the unformed 6082-T6 sample, compression introduced a large number of small angle grain
boundaries of 2–15◦ grain boundaries (often considered subgrains and dislocations). The dynamic
recovery and recrystallization were incomplete during compression, and a large number of dislocations
and subgrains have been preserved.
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Figure 5. Small angle grain boundary maps (a) T6; (b) 200 ◦C.

Figure 6 shows SEM dark field images of 6082-T6 and post-forming samples with 50% at 200 ◦C,
300 ◦C, and 400 ◦C. The white spots in the figures are the precipitated phases and insoluble phases,
which are different from the aluminum matrix component. As shown in Figure 6a, the white spots
in the picture vary in size. According to the EDS analysis of the point indicated by the red cross in
Figure 6a, the main components of the large-size phase are Mn and Fe. They are usually considered to
be intermetallic phases and insoluble phases. The small white points in the picture are the precipitated
phases with a strengthening effect. Figure 6b shows that the number of precipitated phases of
the 6082-T6 aluminum alloy is large and uniformly distributed. After deformation, the number of
precipitated phases decreased gradually as the temperature increased. Other experimental results,
such as precipitated phase morphology and dislocation density, need to be further observed and
confirmed by TEM.
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Figure 6. Scanning electron microscope (SEM) dark field image under (a) energy dispersive spectroscopy
(EDS) analysis of T6 sample; (b) T6; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C under 50% compression.

Figure 7 shows bright-field TEM microstructures of the 6082-T6 and formed samples with 50% at
three different temperatures. The undeformed T6 sample, as shown in Figure 7a, has a low dislocation
density. The undeformed T6 sample had a large grain size, and no small grains and dislocation-formed
subgrains were found. The other three groups of deformed samples shown in Figure 7b–d have
introduced a large number of dislocations [12]. The grain boundary slipped due to deformation, and a
large number of dislocations entanglements gradually formed fine sub-grains. This was particularly
noticeable at 200 ◦C. An increased heating temperature promotes dynamic recovery, leading to a
gradual decrease in dislocation density [13].
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4. Discussion

The use of T6 aluminum alloy to achieve rapid prototyping products can reduce the production
process. When the heating temperature gradually increases from 200 ◦C to 400 ◦C during forming,
the deformation resistance decreases with increasing temperature at the same compression degree
(see Figure 2). High temperature promotes dynamic recovery and reduces dislocation density, thus
reducing deformation resistance. The increased ductility of the metal at higher temperatures makes
the material much easier to form. An analysis of the tensile curve from the compressed specimen
shows that the higher the heating temperature during compression, the lower the tensile strength and
longer true total elongation of the sample after compression, showing better ductility (Figure 3e). The
experimental results show that the strength properties of the 6082-T6 material are considerably lowered
when the heating temperature at the time of compression is higher than 300 ◦C. Therefore, to obtain
a product with better performance, the heating temperature should be between 200 ◦C and 300 ◦C.
It can be seen from the tensile stress–strain curve at 200 ◦C in Figure 2 that, compared with the T6
sample, in which the UTS is approximately 315 MPa, the minimum UTS appearing in the deformation
degrees of 50% is also 280 MPa. All the samples formed at this temperature reach more than 80% of the
T6 treatment.

The reasons for the differences in strength at the three experimental temperatures were investigated
through microstructural observations. Fine grains have a strengthening effect. The strengthening
effect can be expressed by the following equation: ∆σy = kyd−1/2 [3,14] (d: average grain size, ky:
Hall-Petchslope constant, ky value of high-strength aluminum alloy is usually 0.12 MPa m1/2). In this
experiment, the grains are coarse because an extruded aluminum alloy is used. The average grain
size is 80–100 µm both before and after forming. This ky value indicates that ∆σy approximates zero
when the grain diameter d varies to micron scales. High temperatures reduces dislocation density, and
small grains merge and grow. While compression deformation introduces dislocations, sub-grains
appear [15,16].

The mobility of the alloy is increased, which is manifested by an increase in elongation. Generally,
small angle (ranging from 2◦ to 15◦) grain boundaries increase after compression, which means that
subgrains and dislocation density increase. These microstructures have the ability to improve strength.
The dislocation strengthening is generally described using ∆σdis = αMGbρ1/2 [17,18] (α: constant,
G: the shear modulus of pure aluminum, b: the Burgers vector, ρ: the dislocation density). As the
temperature rises, the number of small-angle grain boundaries decreases, resulting in a decrease in
grain slip resistance and a decrease in deformation resistance. The mechanical properties show that the
higher the temperature during compression, the higher the elongation of the sample after deformation
and the lower the strength.

In the undeformed T6 sample, there are a large number of fine precipitated phases arranged
evenly, and the precipitated phase is needle-like with a diameter of a few nanometers or tens of
nanometers. Figure 8b shows a TEM micrograph of the precipitated phases of a sample heated at
200 ◦C. The precipitated phase is still more evenly distributed, but is thicker in size than the T6 sample.
The diameter is approximately 15–20 nm. Figure 8c,d show images of the precipitated phases at
300 ◦C and 400 ◦C. The number of precipitated phases begins to decrease, and most of them are
rod-shaped phases with diameters of approximately 30 nm and larger plate-like phases with diameters
of approximately 100 nm. Compared to 300 ◦C, the precipitated phases at 400 ◦C are much larger in
size and less distributed. Relevant literature shows in Table 1 [19] indicate that the phases in Figure 8a
are mostly GP zones and β′′ phase, and Figure 8b is likely U1 and U2 phase due to the morphology.
After compression at 300 ◦C and 400 ◦C, the rod-like plates or cubes in Figure 8c,d are regarded as β′

and β phases according to Table 1.
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Table 1. Overview of observed precipitation phases in Al-Mg-Si alloy.

Phase Composition Morphology

GP [20] MgxAl5-xSi6
Ranging from 1 nm to 3 nm spherical particles to needles of

~2 nm × 2 nm × 20 nm
β” [21,22] Mg5Si6 Needles of ~4 nm × 4 nm × 50 nm

U1 (type A) [23] MgAl2SI2 Needles several hundred nanometers long, with ~15 nm diameter
U2 (type B) [23,24] MgAlSi Needles several hundred nanometers long, with ~15 nm diameter

β’ [25,26] Mg1.8Si Rods several hundred nanometers long, with ~10 nm diameter
β [27] Mg2Si Plates or cubes cut-off size value: ~80 nm

To further explore the effect of temperature on the change of the precipitated phase after
deformation, EDS analysis (Figure 9) indicates the elemental composition after deformation at 400 ◦C.
Through the Mg, Si distribution map, the enriched area corresponds to the rod-like and plate-like
structures in the bright field image. Simultaneously, the two elements are evenly distributed in the
field of view. The results show that some of the precipitated phases are significantly enlarged, and
the other precipitated phases produced by T6 treatment are dissolved. Some round structures that
contain Fe and Mn in the bright field image are dispersoids which usually form in the structure of 6082
aluminum alloys. These dispersoids has no strengthening effect.
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The main strengthening mechanism of aluminum alloys is precipitation phase
strengthening [8,28–30]. As shown in Figure 3, in the dark field of SEM, the number of precipitated
phases at three different temperatures is reduced compared with the T6 sample: The higher the
temperature, the more the number decreases. The enhanced phase shape and distribution information
are shown in Figure 7. The precipitate strengthening phase of the 6xxx series aluminum alloy
is composed of Al, Mg, and Si, which result from the following precipitation sequence: GP
zone→β′′→U1→U2→β′→β phase [25]. The size also gradually increases. After T6 treatment,
a large number of GP zones and β” phases, which are well coherent with the Al matrix, are obtained.
The strengthening effect is strongest, and the sample strength reaches the peak. After deformation
at 200 ◦C (Figure 7b), the size of the precipitated phase is significantly coarser than that after T6
treatment, which is translated to the U1 and U2 phases, which also effectively strengthens the phase.
Thus, the 6082-T6 aluminum alloy still has high strength after forming at this temperature. After
deformation at 300 ◦C, the β′′ phase of the sample (Figure 7c) grows significantly, and a rod-like β′

phase and a plate-like β phase with a large size appear. The semicoherent β′ and the noncoherent
β substituted β′′ phase with good coherence results in a significant decrease in strength. When the
deformation temperature is increased to 400 ◦C, the high temperature causes further growth of the
precipitated phases and main phase present is the β phase, which is not coherent with the Al matrix.
Moreover, heating temperature of 400 ◦C causes the precipitation of dispersoids which main elements
are Fe and Mn, and β′′ basically disappears in this sample. Under the macroscopic tensile test, the
sample exhibits a lower strength according to the precipitation hardening mechanism ∆σp = cf1/2r−1

(f: volume fraction of precipitated phase. r: radius of the precipitated phase, the unit is µm. c: alloy
constant) [31,32]. This result verifies that the increase of the radius for precipitation leads to a decrease
in strengthening.

5. Conclusions

The compressive formability and microstructure evolution of 6082-T6 aluminum alloy have been
investigated through different heating temperatures (200 ◦C, 300 ◦C, and 400 ◦C) and deformation
degrees (30%, 50%, and 70%). The following conclusions can be drawn:

(1) The experimental results indicate that after short-term heat preservation and compression
deformation, the mechanical property of the alloy is more sensitive to heating temperature. The
strength and elongation of the sample after compression deformation at a temperature of 200 ◦C is
301MPa and 11%, respectively, which are close to the 6082-T6 billet. When the temperature is increased
to 300 ◦C and 400 ◦C, the strength of the samples decreases significantly.



Metals 2020, 10, 469 10 of 11

(2) When the temperature is 200 ◦C, a large number of small-angle grain boundaries are produced,
and the dislocation density increases significantly due to the compression deformation, leading to an
increase in deformation resistance and strength. The needle-like β′′ precipitated phase obtained by the
original T6 treatment becomes larger, and the strengthening effect decreases. Therefore, the changes
in these microstructures cause a slight decrease in strength compared with the T6 raw material. It is
further noted that precipitated phase strengthening is the most important strengthening method for
6082 aluminum alloys.

(3) Under temperatures of 300 ◦C and 400 ◦C, the compression deformation also induces a large
amount of low angle grain boundaries and increased dislocation density, but less than that at a
temperature of 200 ◦C. Many precipitated phases are transferred from β′′ to β′ at 300 ◦C, and a large
amount of β phase and dispersoids appear when the temperature is 400 ◦C, leading to an obvious
decrease in the strength of the samples. When the temperature is 200 ◦C, good mechanical properties
of the samples can be obtained during short heating and forming times.
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