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Abstract: To avoid the phenomenon of abnormal grain coarsening, and increase the Young’s modulus
of forgings, an infrared heat treatment was used on different mass forgings and compared with the
results of an air furnace heat treatment. This work focused on the effects of microstructural evolution
and the mechanical properties of two different mass 6082 real forgings. The experimental results show
that infrared heat treatment can effectively reduce the mass effect after heat treatment, inhibit the
coarse grains formed, and keep the non-equiaxed grains along the metal flows, thus significantly
improving the ductility of the material. In addition, the rapid heating characteristic of infrared can
effectively shorten the duration of heat treatment and greatly enhance the Young’s modulus and the
vibration resistance of 6082 entity forgings.
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1. Introduction

The 6082 alloy investigated is part of the AA6xxx (Al-Mg-Si) series of aluminum alloys.
Their characteristics include light weight, high workability, strength properties, and corrosion
resistance [1]; hence, they have been widely used in the automotive industry, for example, in automobile
suspension components.

Most automobile suspension components are manufactured using a high temperature forging
process [2,3]. The alloy forging process is conducted with an extruded bar and the use of pressure to shape
it into the required form under a set temperature condition. During the forging process, the microstructure
and the strength of the alloy changes, and the mechanical properties are improved [4]. Among them,
the heat treatable 6082 aluminum alloy can be used with a subsequent heat treatment to achieve the desired
mechanical material properties [5]; therefore, the heat treatment process is quite important in the 6082
forging process. Additionally, the effect of heat treatment on 6082 aluminum alloy forgings with different
mass is also of importance.

Nowadays, according to previous studies, the coarse grain formed during the forming process
can easily become coarser after the air furnace solution treatment process, which has been a thorny
problem and has greatly affected the development of the 6082 aluminum alloy forging industry [2,3].
Grain coarsening is affected by the heat treatment time and temperature; hence, an infrared (IR) heat
treatment was used in this study.

Compared to the air furnace heating method, the advantages of Infrared (IR) heat treatment are
that it is convenient, cheap, energy saving, high penetration, has a short heating up period, and the
temperature is easy to control [6]. It has been reported that using the IR heat treatment could preheat
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billets rapidly [7] and may shorten the duration of solution treatment of AA2618 and AA6061 [6,8],
and our team also reported that IR heat treatment could be used to heat 6082 aluminum cast-forging
parts [9]. Therefore, in this study, it is expected that the solution heat treatment and precipitation
aging process can be completed in a short duration through the high penetration efficacy and short
heating up characteristics of infrared heat treatment. This study also evaluates the effects of mechanical
properties corresponding to the same heat treatment of different masses.

Young’s modulus was calculated after the heat treatments. A higher Young’s modulus results in
better workability and enhances the thinning potential; hence, a higher Young’s modulus has a great
significance for the use of 6082 forgings. Xie et al. [10] reported that the Young’s modulus of the
6082 aluminum alloy increases after the aging process. In addition, Reeb et al. [11] also reported
that the Young’s modulus increased after the aging process; however, the improvement was not
shown to be significant. Furthermore, based on our previous research [12], rapid heat solutionizing
can increase the solid solution concentration (Mg, Si atoms) and provide improved precipitation
benefits; hence, the Young’s modulus after an IR heat treatment is calculated to put forward data for
the application of 6082 forgings with high vibration resistance.

Here, we present an investigation of the influence of IR heat treatment regimens with different
masses on 6082 forgings. The findings regarding the mass effect and microstructure, respectively,
and their contribution to mechanical properties are an attempt to lead to a better understanding of and
improvement in heat treatments following the 6082 aluminum alloy forging process.

2. Materials and Experimental Process

High temperature (500 ◦C) forged 6082 aluminum forgings were used in this study. The chemical
composition of the forgings is given in Table 1. An IR heat treatment was used to clarify the property
differences between 6082 forgings (L and S) with two different masses. Large forgings (L) were made from
60 mm diameter extruded bars, for which the size was 542 mm (l) × 50~90 mm (w) × 30 mm (h), and the
weight was 1.68 kg. The small ones (S) were made from 35 mm diameter extruded bars, for which the
size was 224 mm (l) × 23~43 mm (w) × 22~35 mm (h), and the weight was 0.24 kg, as shown in Figure 1.

Table 1. Chemical composition (wt. %) of a 6082 aluminum alloy.

Element Mg Si Cu Mn Cr Fe Al

wt. % 0.97 1.2 0.06 0.86 0.16 0.18 Bal.

Figure 1. Photograph of the 6082 aluminum forgings: (a) Large forgings (L), (b) Small forgings (S).
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According to our previous experimental results and previous research [2,13], the solution treatment
condition for air furnace should be under 530 ◦C/4 h or grain would grow, hence, 525 ◦C/1 h was chosen
as the air furnace heat treatment temperature and times for S forging (SAir). On the other hand, to make
sure the L forgings can be fully solutionized in the air furnace, 540 ◦C/2 h was chosen as the L forging
experiment parameters (LAir), whereas, due to the high penetration of IR, the solution treatment could be
done in 30 min. at 560 ◦C. The specimen codes for all experiments are shown in Table 2.

Table 2. Experimental parameters and specimen codes.

Sample Condition Solution Treatment Artificial Aging Code

Forging L

Air, 540 ◦C, 2 h Air, 175 ◦C, 2 h LAir
IR, 560 ◦C, 30 min. IR, 180 ◦C, 6 h L180-6H
IR, 560 ◦C, 30 min. IR, 190 ◦C, 1 h L190-1H
IR, 560 ◦C, 30 min. IR, 190 ◦C, 2 h L190-2H

Forging S

Air, 525 ◦C, 1 h Air, 175 ◦C, 6 h SAir
IR, 560 ◦C, 30 min. IR, 180 ◦C, 6 h S180-6H
IR, 560 ◦C, 30 min. IR, 190 ◦C, 1 h S190-1H
IR, 560 ◦C, 30 min. IR, 190 ◦C, 2 h S190-2H

The microstructure observation and the hardness test sample sampling location are shown
in Figure 2. The microstructure and the second phases of the alloy after heat treatment were
observed using optical microscopy (OM, OLYMPUS BX41M-LED, OLYMPUS, Tokyo, Japan), Scanning
electron microscope (SEM, SU-5000, HITACHI, Tokyo, Japan,) equipped with an energy dispersive
spectrometer (EDS, EDAX, Singapore, Singapore) and X-ray diffraction (XRD, Bruker AXS Gmbh,
Karlsruhe, Germany). For the OM observations, the samples were ground using SiC papers from
#120 to #4000, and polished in an Al2O3 aqueous suspension (1.0 and 0.3 µm) and an SiO2 polishing
suspension and then etched (using Keller’s reagent and KMnO4 (Taiwan Green Version Technology
Ltd., Taipei, Taiwan).The XRD patterns were recorded when Cu Kα radiation was employed from
2θ = 10–60◦ to identify the intermetallic compounds. Hardness measurements were performed on heat
treated samples and were evaluated using the Rockwell hardness (HR) test (Mitutoyo, Kawasaki-shi,
Japan). The measurement conditions for the HR test followed the B-scale, and the mean value for five
impressions was taken as the hardness of the corresponding condition.

Figure 2. Diagram of microstructure and hardness test specimens: (a) L, (b) S.

Tensile tests were performed using a universal testing machine at room temperature, and a stretching
rate of 1.66× 10−3 s−1 was used. The dimensions and the sampling location of the tensile test specimen
are provided in Figure 3.
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Figure 3. Sampling position and the specimen geometry of the tensile test: (a) L, (b) S.

The Young’s modulus was calculated from the relation in the Young’s region as follows: E = ∆σ/∆ε.
This indicates that the Young’s modulus is equal to the ratio between changes in the stress in a specimen
and its elongation. This relation is known as Hook’s law. All of the calculations were based on the data
from the tensile test graph.

3. Results and Discussion

3.1. Hardness Values and Microstructural Observation

Figure 4 shows the hardness value for the L and S forgings after the heat treatments. It should
be noted that the L forgings showed larger fluctuations than the S forgings, and according to the
forming process, it is reasonable to suggest that the precipitate location makes a difference owing to
the different deformation processes. However, the S forgings show smaller fluctuation than the L
forgings because the S forgings experienced greater deformation levels during the forging process and
became more uniform than the L forgings.

Figure 4. Hardness of the various heat-treated specimens.
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In addition, the hardness of the L forgings after the IR heat treatment was similar to that of LAir,
but the hardness of the S forgings after the IR heat treatment was higher than that of SAir. This indicates
that 30 min of IR heat treatment can achieve the same solutionizing effect as that of the air furnace heat
treatment. Moreover, the hardness of the L forgings and S forgings after the same IR heat treatment
resulted in different hardness values, which could infer that the deformation during the forging process
changed the material properties, which also means that the precipitation hardening behavior of the L
forgings and S forgings was different even under the same IR heat treatment conditions. On the other
hand, the fluctuations in the L190-1H became smaller with as the aging duration increased, and as is
known from the discussion above, it can be suggested that under the L190-1H condition, the Mg and
Si solute atoms are still in the process of precipitation and conversion.

Figure 5 demonstrates the grain size of the Al-α phase in the L forgings after the heat treatments.
Both under the IR heat treatment condition and the air furnace heat treatment condition, significant
dynamic recrystallization occurred in the matrix. These dynamic recrystallizations were formed during
the forming process (extrusion and forging). To avoid the formation of coarse grains after the air
furnace heat treatment, the solutionizing temperature was reduced (540 ◦C). However, equiaxial
dynamic recrystallization grains and alignment in the remaining metal flows disappeared when the
duration of the heat treatment was prolonged to 2 h. On the other hand, although the temperature
used in the IR heat treatment process was higher than 540 ◦C (560 ◦C) for only 30 min, there was no
evidence of coarse grains, and the dynamic recrystallization grains still aligned in the remaining metal
flows after the IR heat treatment.

Figure 5. Metallographic images of the various heat-treated specimens: (a) LAir, (b) L180-6H, (c) L190-1H,
(d) L190-2H.

Figure 6 demonstrates the grain size of the Al-α phase in the S forgings after the heat treatments.
Both under the IR heat treatment condition and air furnace heat treatment condition, significant
dynamic recrystallization occurred in the matrix. These dynamic recrystallizations were formed during
the forming process (extrusion and forging), and no coarse grain formed. Furthermore, under both
conditions, dynamic recrystallization grains aligned in the remaining metal flows. Comparing with
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LAir, the SAir retention in the remaining metal flows occurred because SAir only solutionized for 1 h.
Therefore, it could be inferred that with the solution treatment duration prolonged, non-equiaxed
grains aligned in the remaining metal flows did not occur.

Figure 6. Metallographic images of the various heat-treated specimens: (a) SAir, (b) S180-6H, (c) S190-1H,
(d) S190-2H.

Moreover, it has been reported that the occurrence of abnormal coarse grains is often due to the
high temperature air furnace heat treatment [4] as well as the influence of fatigue properties [14]. In this
study, although the IR heat treatment was performed at 560 ◦C, due to the efficiency of the high heat
treatment, the heat treatment duration could be shortened, and therefore, no coarse grains developed.

Many black holes could be found on the specimens, as shown in Figures 5 and 6 compared with
the non-corrosion specimens, these black holes were produced by the intermetallic compounds that
preferentially eroded during the feature etching process. Figures 7 and 8 and Table 3 show the results
of the SEM observation and EDS analysis focused on these intermetallic compounds.

Table 3. Energy dispersive spectrometer (EDS) analysis results for the examined specimen.

Forgings L Forgings S Forgings

Element at. % A B C D E F G H

Fe 2.52 4.67 5.86 5.76 4.79 7.01 6.62 8.17
Cu 0.47 0.68 0.38 0.49 1.14 1.42 1.37 1.63
Mg 1.60 0.88 0.55 1.01 1.71 1.18 0.91 1.31
Al 81.18 74.49 73.23 70.52 82.67 75.35 77.06 73.26
Si 6.53 9.55 11.24 9.65 5.65 7.91 7.86 8.46
Cr 2.42 2.66 1.98 3.43 0.75 0.87 0.70 1.16
Mn 5.28 7.07 6.76 9.14 3.29 6.25 5.48 6.01
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Figure 7. SEM observation results for the various heat-treated L forgings: (a) LAir, (b) L180-6H, (c) L190-1H,
(d) L190-2H.

Figure 8. SEM observation results for the various heat-treated S forgings: (a) SAir, (b) S180-6H, (c) S190-1H,
(d) S190-2H.

Figure 7 shows the results of the SEM observation of the L forgings, where many white
intermetallic compounds could be found in the Al matrix. Based on the results of the EDS analysis
focused on the intermetallic compounds, as provided in Table 3 (A, B, C, D), these white intermetallic
compounds were Al(FeMnCr)Si phases. Previous reports have confirmed that the Al(FeMnCr)Si
intermetallic compounds are the primary crystal phase formed during the casting process, and the
relative content is changeable and stable at high temperatures. Thus, in this study, it is difficult to
distinguish the specific composition of the Al(FeMnCr)Si phase and the Al(FeMnCr)Si intermetallic
compounds remaining after the solution treatment process [5,15,16]. It should also be noted that these
Al(FeMnCr)Si intermetallic compounds aligned the original extruded rod in the long axis direction.
Previous studies have shown that these permutations may affect the grain size and Mg2Si precipitation
location [3].

Figure 8 shows the results of the SEM observation of the S forgings, where many white
intermetallic compounds could be found in the Al matrix. From the results of the EDS analysis
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focused on the intermetallic compounds, as provided in Table 3 (E, F, G, H), these white intermetallic
compounds were Al(FeMnCr)Si phases. Al(FeMnCr)Si intermetallic compounds also obviously aligned
along the long axis of the original extruded rod arrangement, but the smaller size as compared with
the forming process suggests that the extruded bar used in the S forging forming process was slimmer
(with a larger extruded ratio) than that in the L forging forming process.

The XRD results for the L and S forgings are shown in Figures 9 and 10, respectively. The results
confirmed that the α-Al, Al(FeMnCr)Si, Mg5Si6, and Mg2Si phases existed. The Al (FeMnCr) Si
phases were in agreement with the SEM and EDS analysis results. The Mg2Si and Mg5Si6 were the
strengthen phases that formed during the aging process [4,17,18]. And this matches the result of
hardness (Figure 4) and the tensile strength discussed in the next section.

Figure 9. X-ray diffraction patterns of L forgings for the different heat treatment states.

Figure 10. X-ray diffraction patterns of S forgings for the different heat treatment states.

3.2. Tensile Mechanical Properties and Fracture Observation

Figures 11 and 12 and Table 4 show the results of the tensile test, indicating that the tensile strength
and the tensile elongation were better than commercial 6082 forgings (Tensile strength: * 1 (Ultimate
tensile strength, UTS); * 2 (Yield strength, YS) ; Tensile ductility: * 3 (Total elongation, TE) [19,20]).
Comparing the effect of heat treatment on the L forgings, L180-6H achieved similar tensile properties
to those of LAir. When the aging temperature was increased to 190 ◦C, and the aging duration was
prolonged to 2 h, the tensile strength and the tensile elongation of L190-2H were better than either LAir
or L180-6H. A comparison of the effect of heat treatment on the S forgings indicated that the tensile
strength of S180-6H was less than that of SAir, but similar elongation was achieved. After increasing
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the artificial aging temperature and duration (S190-2H), the tensile strength and elongation was better
than that of S180-6H and S190-1H.

Figure 11. Stress-strain forging curves for the different heat treatment states.

Figure 12. Specific properties of Figure 11 and Table 4 (* 1 (Ultimate tensile strength, UTS), * 2 Yield
strength, YS): data from Ref. [19], * 3 (Total elongation, TE): data from Ref. [20]).

Table 4. Specific tensile strength and elongation values of Figure 11 (L: L forgings, S: S forging).

Sample Yield Strength
(MPa)

Ultimate Tensile Strength
(MPa)

Uniform Elongation
(%)

Total Elongation
(%)

LAir 380 430 7 17
L180-6H 380 425 7 16
L190-1H 340 419 12 21
L190-2H 400 438 12 24

SAir 405 440 8 20
S180-6H 350 405 8 20
S190-1H 350 400 6 18
S190-2H 320 431 12 21

Figures 13a–d and 14a–d demonstrate the fracture surface of the specimens after the tensile test.
Dimples could be observed on both the L and S forgings specimens, which means that the fracture of
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the material was caused by microvoid coalescence. Microvoid coalescence proceeds in three stages:
nucleation, growth, and coalescence of microvoids. For 6082 aluminum alloys, the nucleation site of
microvoids often occurs between the intermetallic compounds (or precipitate particles) and the matrix.
In this study, Al(FeMnCr)Si intermetallic compounds could be found in large dimples. In the case
of the small dimples, based upon research and the XRD results, it could be concluded that the small
dimples were caused by the fine Al(FeMnCr)Si phase and precipitates (Mg5Si6 and Mg2Si) [3,15].

Figure 13. Fracture surface of the L forgings after the tensile test: (a) LAir, (b) L180-6H, (c) L190-1H,
(d) L190-2H.

Figure 14. Fracture surface of the S forgings after the tensile test: (a) SAir, (b) S180-6H, (c) S190-1H,
(d) S190-2H.

In addition, the dimples on the LAir specimen were more uniform in size than the dimples on
the L180-6H, L190-1H, and L190-2H specimens. According to a previous report [21], a fracture occurs
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due to incorporated dimples, where the mixed dimple sizes delay dimple linkage. When the dimple
linkage is delayed, the elongation property of the material is increased, which is consistent with the
results shown in Figure 12. However, the dimple size was effect by the second phases and the grain
size of the matrix. Grain sizes in the S forgings were similar; hence, it was difficult to observe the
obvious differences between the fracture surface of the S forgings.

3.3. Young’s Modulus Rise Effect

Figure 11 and Table 5 show the Young’s modulus of the strain-stress curves, where using the
IR heat treatment, the Young’s modulus of the L forgings increased by 30–45.3%, and the Young’s
modulus of the S forgings increased by 32.6–42.9%.

Table 5. Young’s modulus of the forgings after heat treatment. (↑: went up by).

Sample Young’s Modulus
σ/ε (GPa) Comparison with Air Furnace Heat Treatment Specimens

LAir 22.3 -
L180-6H 32.4 ↑45.3%
L190-1H 29.0 ↑30.0%
L190-2H 32.2 ↑44.4%

SAir 21.9 -
S180-6H 31.3 ↑42.9%
S190-1H 29.1 ↑32.6%
S190-2H 29.7 ↑35.6%

Young’s modulus is associated with the lattice distance and the bonding forces of atoms, where a higher
Young’s modulus allows a material to have greater resistance during the Young’s deformation. Based on
previous research [14], the Young’s modulus of a 6082 aluminum alloy is strongly influenced by precipitates.
Our previous work revealed that a solution heat treatment with a faster heating rate can increase the
magnesium content in the Mg, Si precipitates [12]; hence, it can be inferred that the increment in the Young’s
modulus in this study is due to differences the in Mg, Si solute content and precipitates.

The mechanical properties and microstructure of the L and S forgings after different heat treatment
processes are plotted in Figure 15. Firstly, different masses of the 6082 aluminum forgings after air
furnace heat treatment show different Young’s modulus values and elongation. Secondly, the IR
heat treatment was shown to increase the Young’s modulus and the elongation of the 6082 aluminum
forgings, where the grain still aligned in the remaining metal flows. In addition, the total heat treatment
duration could be reduced.

Figure 15. A schematic diagram of the mechanical properties and microstructures in the different heat
treatment processes.



Metals 2018, 8, 239 12 of 13

4. Conclusions

In this study, the superiority and the feasibility of an IR heat treatment was investigated. The following
findings were obtained:

1. The variability in the mechanical properties of L and S primarily affected by different forging
processes can be reduced through an IR heat treatment. An air furnace heat treatment can’t
achieve the same results.

2. For IR heat treatment specimens, the best IR heat treatment condition for L and S forging is a solution
heat treatment for 30 min at 560 ◦C and artificial aging for 2 h at 190 ◦C. The tensile strength was
shown to be similar to that of the air furnace heat treated specimens, and the non-equiaxed grains
remained aligned in the remaining metal flows, which enhanced the elongation.

3. Using an IR heat treatment can curtail the duration of the heat treatment, which showed a striking
benefit, according to the Young’s modulus. The Young’s modulus values for the IR heat treatment
specimens were higher than those for the air furnace heat treatment.
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