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Abstract:



Post-forging heat treatment is often necessary to achieve the mechanical properties required for aluminum alloy forged parts. In this study, hot-forged 6082 suspension parts are used to study the effect of rapid infrared (IR) heat treatment. The insoluble particles present in the matrix after the solutionizing process are observed. Experimental results show that using rapid IR heat treatment leads to superior solutionizing, and thus a larger critical onset strain in serrated tensile flow. The rapid IR heat treatment also had a more significant precipitation effect, which enhanced the mechanical properties of the material.
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1. Introduction


Among 6xxx (Al–Mg–Si) series aluminum alloys, 6082 aluminum alloy has a very attractive combination of light weight, high strength, corrosion resistance, and high recyclability [1]; hence, they had been widely used in the automotive industry, for instance, in automobile suspension components. The main additives for 6082 aluminum alloy are magnesium (Mg) and silicon (Si), with Fe, Mn, and Cr used as additional elements to enhance properties (e.g., tensile strength and grain size control) [2].



Most automobile suspension components are manufactured using a high-temperature forging process, which allows the production of high-precision near-net shape parts. The forging process changes the microstructure and mechanical properties of the material [3]. Although grains are prone to grow in the subsequent heat treatment [4], 6082 aluminum alloys are heat-treated to increase their strength, impact resistance, and toughness [5]. Thus, the subsequent heat treatment, called post-forging heat treatment (PFHT), is indispensable.



In the PFHT process, a solution heat treatment and the artificial aging is included. In the solution heat treatment process, once the material is held at an elevated temperature for a sufficient time, all the constituents (e.g., Al–Mg–Si phases) are taken into solid solution, producing a single phase. A supersaturated solid solution (S.S.S.S) forms after water quenching. Aging heat treatment then leads to the formation of finely dispersed precipitates, modifying the required mechanical properties. The precipitation sequence for 6xxx alloys is generally: S.S.S.S → Mg clusters, Si clusters and Mg-Si co-clusters → Guinier-Preston (GP) zones → β” → β’and B phase → β (Mg2Si, stable), where the most effective hardening phase is β” [6,7]. However, a typical PFHT cycle may take many hours, thus, a rapid heat treatment method is thus urgently needed. To curtail the PFHT duration, many heat treatment methods had been investigated.



Fluidized bed solution treatment is used as a rapid heat treatment method for Al–Mg–Si alloys [8]. However, the heat transfer media used in the fluidized bed (fine hard media, such as sand) is inconvenient for reheating and recycling. Using a salt bath method can reduce the duration of heat treatment and enhance the yield strength of 6082 extruded specimens [9]. However, salt bath heating is a liquid state heating method, and there is a danger that the salt particles will erupt and explode due to rapid cooling by water, causing a potential safety problem, and thus has been banned in many countries. Additionally, rapid infrared (IR) heating method had been used as a rapid heating method to curtail the pre-heating duration of forging process [9], in an IR heating furnace, heat transfer occurs via convection and radiation. The method is thus clean and has a rapid heating rate and accurate temperature control [10]. According to our previous study, it had been found that using rapid IR heating method could curtail the duration of PFHT of 6082 forgings [11]. However, in that study, the effect of IR heat treatment on hot-forged 6082 aluminum alloy has not been clarified, especially that of IR rapid heating on 6082 real body forgings. This investigation also determines the critical parameters for PFHT of 6082 real body forgings.




2. Experiments


Hot-forged 6082 suspension parts were used as the study material. Figure 1a shows a photograph of the real body 6082 forged parts. The chemical composition of the forgings is given in Table 1. The sampling location is shown in Figure 1b.


Figure 1. (a) Photograph of real body 6082 aluminum forging and (b) the diagram of sampling location (all dimensions are in mm).
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Table 1. Chemical composition of 6082 aluminum alloy.





	Element
	Mg
	Si
	Cu
	Mn
	Cr
	Fe
	Zr
	Al





	wt. %
	1.07
	1.18
	0.09
	0.90
	0.14
	0.24
	0.001
	Bal.









Forged parts were heated using conventional heat treatment (resistance heating, RH) and IR heat treatment, respectively. Typical solution temperatures and times were utilized to establish baseline information. To replace the conventional heat treatment, the longest duration for solution heat treatment was controlled to be less than 2 h. The experimental parameters and codes are shown in Table 2.


Table 2. Experimental parameters and specimen codes.





	Code
	Solution Heat Treatment
	Artificial Aging





	RH10
	RH, 560 °C, 10 min
	-



	RH30
	RH, 560 °C, 30 min
	-



	RH120
	RH, 560 °C, 120 min
	-



	IR10
	IR heating, 560 °C, 10 min
	-



	IR30
	IR heating, 560 °C, 30 min
	-



	IR120
	IR heating, 560 °C, 30 min
	-



	RH30-2H
	RH, 560 °C, 30 min
	RH, 180 °C, 2 h



	RH30-6H
	RH, 560 °C, 30 min
	RH, 180 °C, 6 h



	IR30-6H
	IR, 560 °C, 30 min
	IR, 180 °C, 6 h









In addition, the comparison of temperature profiles between specimen heated in RH furnace and that heated in IR furnace is showed in Figure 2.


Figure 2. Comparison of temperature profiles between specimen heated in resistant heat (RH) furnace and that heated in IR furnace.
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The measurement conditions for Rockwell hardness followed the B-scale. The mean value for five impressions was taken as the hardness of the corresponding condition. The microstructure and secondary phase of the alloy after heat treatment were observed using optical microscopy (OM; OLYMPUS BX41M-LED, OLYMPUS, Tokyo, Japan) and scanning electron microscopy (SEM; HITACHI SU-5000, HITACHI, Tokyo, Japan) with energy-dispersive X-ray spectrometry (EDS; EDAX, Singapore, Singapore). 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. To quantify the microstructural changes after solution treatment, an image analysis method was applied to determine the area fraction of the secondary phase, which were measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA, version: 1.48), where each value was calculated from 10 images. X-ray diffraction (XRD; Bruker AXS GmbH, Karlsruhe, Germany) analysis with Cu Kα radiation was employed in the 2θ range of 10° to 60° to identify the secondary compounds. Microstructural feature (precipitates) observations were carried out using transmission electron microscopy (TEM; Tecnai F20 G2, EFI, Hillsboro, OR, USA). The specimen of tensile test is cut from the sampling location (showed in Figure 1b) by wire electrical discharge machining method. The dimensions of the tensile test specimen are shown in Figure 3. Tensile tests were performed using a universal testing machine in air at room temperature. And the strain rate is 1.66 × 10−3 s−1.


Figure 3. Schematic diagram of tensile test specimens (all dimensions are in mm).
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The tensile testing of the as-quenched specimens was conducted after 10 min (T4 condition). TEM, XRD, and SEM analyses on the samples were conducted after 7 days of natural aging.




3. Results and Discussion


3.1. Effect of IR Heating on Solutionization


Figure 4a shows the hardness profiles of the solutionized specimens after water quenching. Initially, the IR-heated specimens have higher hardness than that of RH-heated specimens. Figure 4b shows the hardness of the specimens after 7 days of natural aging. The common solution heat treatment time for 6082 aluminum alloy is 120 min [9,11]. On both IR-heated specimens and RH-heated specimens, the hardness values become identical after 30 min of solutionizing. And after 7 days natural aging, specimen IR30 has the highest hardness value, showing that the higher heating up rate leads to a better hardenability. The results also show that the best solutionization time for IR heating, among the conditions tested, is 30 min. However, it is inadequate to measure the effectiveness of solution heat treatment only by hardness. As a result, calculation of the second phases area fraction and the mechanical properties after T4 and T6 heat treatment were performed in the followed experiment.


Figure 4. Hardness of various heat-treated specimens of (a) as-quenched; (b) natural aging for 7 days.
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Figure 5 shows metallographic images of various heat-treated specimens.


Figure 5. Microstructural features of (a) RH10; (b) RH30; (c) RH120; (d) IR10; (e) IR30; and (f) IR120.
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On the IR10 and RH10 specimens, lots of recrystallized grains can be observed; these grains formed during the hot working process (dynamic recrystallization during extrusion and forging). With the solution heat treatment duration prolonged to 30 min, some of these dynamically recrystallized grains became coarse, with the grains in RH30 coarser than those in IR30. Further coarsening was observed when the duration was prolonged to 120 min (IR120 and RH120).



Figure 6 shows the microstructural features of RH-heated and IR-heated specimens. The dark and gray secondary phases tend to decrease after solution heat treatment (Figure 7).


Figure 6. Secondary phase observations of (a) RH10; (b) RH30; (c) RH120; (d) IR10; (e) IR30; and (f) IR120.
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Figure 7. Area fractions of Al–Mg–Si phase and Al(FeMnCr)Si secondary phases.
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The results of EDS analysis, which focused on secondary phases, are shown in Table 3 and Table 4. The gray secondary phases were Al(FeMnCr)Si phases, and the dark phases were Al–Mg–Si phases. Based on the results of Figure 7, the decrease in the secondary phase area fraction is due to the solutionization of Al–Mg–Si phases. It should also be noted that the secondary phase area fraction of IR10 was lower than that of RH10, and that of IR30 was lower than that of RH30; IR30 had the same secondary phase area fraction as those of RH120 and IR120. Thus, it is reasonable to suggest that IR heating produces a better solutionizing effect of Al–Mg–Si phases than does RH. From the results of hardness (Figure 4) and the secondary phase area fraction results (Figure 7), 30 min of IR heat treatment is sufficient to reach the maximum solution effect (at 560 °C) of the alloy.


Table 3. Energy-dispersive X-ray spectrometry analysis results for RH-heated specimens.





	
Sample Condition

	
RH10

	
RH30

	
RH120




	
Element at. %

	
A

	
B

	
C

	
D

	
E

	
F






	
Fe

	
0.07

	
2.54

	
0.08

	
3.58

	
0.54

	
2.96




	
Cu

	
0.21

	
0.33

	
0.15

	
0.34

	
0.95

	
0.77




	
Mg

	
45.13

	
1.41

	
3.65

	
1.55

	
9.75

	
1.87




	
Al

	
28.75

	
72.74

	
37.76

	
71.04

	
65.06

	
82.45




	
Si

	
22.01

	
9.36

	
54.01

	
9.91

	
22.71

	
7.20




	
Cr

	
2.24

	
2.92

	
2.91

	
3.42

	
0.56

	
0.80




	
Mn

	
1.59

	
10.69

	
1.45

	
10.15

	
0.43

	
3.95









Table 4. EDS analysis results for IR-heated specimens.





	
Sample Condition

	
IR10

	
IR30

	
IR120




	
Element at. %

	
G

	
H

	
I

	
J

	
K

	
L






	
Fe

	
0.42

	
0.48

	
0.81

	
4.02

	
0.28

	
5.16




	
Cu

	
1.00

	
1.00

	
1.69

	
1.59

	
0.42

	
0.82




	
Mg

	
33.71

	
1.71

	
2.68

	
1.62

	
1.83

	
0.93




	
Al

	
36.49

	
81.17

	
91.96

	
79.24

	
94.90

	
73.49




	
Si

	
27.16

	
6.77

	
1.15

	
7.23

	
1.93

	
9.17




	
Cr

	
0.65

	
0.45

	
0.61

	
1.36

	
0.39

	
0.79




	
Mn

	
0.58

	
0.77

	
1.09

	
4.95

	
0.25

	
0.74










The XRD results for the IR- and RH-heated specimens are shown in Figure 8. The results show that with prolonged solution heat treatment duration, the signal of the Al–Mg–Si primary phase (at 40.2°) decreased and that of Al(FeMnCr)Si became obvious. However, it is hard to distinguish the difference between RH and IR specimens.


Figure 8. X-ray diffraction patterns of specimens treated under various solution heat treatment conditions.
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Figure 9 shows the tensile deformation flow curves for RH30 and IR30. The tensile strength (ultimate tensile strength (UTS) and yield strength (YS)) of IR30 is higher than that of RH30. Significant serrated flow due to dynamic strain aging (DSA) was found for both RH30 and IR30. The mechanism of DSA is related to the concentration of the solute solution and the precipitates [12,13]. A comparison of the critical onset strain (εc) of serrated flow shows that εc tends to increase for specimens subjected to IR heating.


Figure 9. Effect of heating rate before solutionization on critical onset strain (εc) of tensile serrated flow curve of 6082 forging specimens.
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According to studies on Al-Mg alloy [14], with increasing concentration of solid solution Mg atoms in the matrix, and with the follow-up precipitation process, the critical onset strain (εc) increases. Thus, a comparison of the onset strain (εc) to the tensile strength and hardness values (Figure 4) and the secondary phase observation results (Figure 7) reveals that the IR30 specimen had the highest concentration of Mg and Si atoms in the matrix, and thus the largest amount of dynamically formed precipitates in the tensile test. These Mg and Si atoms and dynamically formed precipitates have strong solute interactions and impede the formation of a dislocation atmosphere, increasing the hardness and the strength. Figure 10 shows TEM images of IR30 and RH30. There are some unsolutionized secondary phases in the matrix of RH30, implying that IR heating leads to more complete solutionization, and this observation result implying the same result as mentioned above.


Figure 10. Transmission electron microscopy images of (a) RH30 and (b) IR30.
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3.2. Effect of Rapid IR Solutionization on T6 Process


Figure 11 shows the hardness profiles of aged specimens. The IR-heated specimens initially show better hardening rates than those of RH-heated specimens, and achieve a peak aging condition within 2 h. However, the peak hardness values were eventually almost identical for all solutionization heating rates.


Figure 11. Effect of IR heat treatment on hardness profiles of specimens aged at 180 °C.
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Figure 12 shows the results of XRD analysis. The peaks of Al–Mg–Si and Al(FeMnCr)Si can be detected, and the IR30-6H specimen showed more obvious secondary phases/precipitates signal than the RH30-6H condition.


Figure 12. XRD patterns of A6082 alloys treated under various T6 heat treatment conditions.
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In order to determine the best heat treatment parameter settings, the tensile test results of RH30-6H, IR30-2H, and IR30-6H are shown in Table 5. Compared to RH30-6H, IR30-2H has a similar ultimate tensile strength (UTS) but a lower yield strength (YS). The yield and ultimate tensile strength of IR30-6H are higher than those of RH30-6H. According to our previous experiment, using a rapid solution heat treatment method (salt bath) can increase strength [9]. Thus, it is reasonable to suggest that the IR-heated specimen achieved higher tensile strength due to rapid solutionization. To sum up, using IR heating as a rapid heating method leads to better solutionization, reduces the required duration of the PFHT process, maintains a small grain, and increases tensile strength.


Table 5. YS, UTS, UE, and TE values and strain hardening exponent obtained from tensile test curves.





	Sample
	Yield Strength (YS)
	Ultimate Tensile Strength (UTS)
	Uniform Elongation (UE)
	Total Elongation (TE)
	Strain Hardening Exponent, n
	Coefficient of Determination, R2





	RH30
	115
	270
	26
	37
	0.32
	0.9995



	IR30
	125
	281
	27
	34
	0.29
	0.9987



	RH30-6H
	328
	360
	6
	10
	0.09
	0.9994



	IR30-2H
	305
	364
	12
	13
	0.08
	0.9995



	IR30-6H
	366
	390
	7
	8
	0.11
	0.9965









However, the requirement for a commercial suspension part is not only a high tensile strength (YS > 285 MPa, UTS > 340 MPa) but also an adequate tensile elongation of 8–10%. Hence, even the peak aging condition of IR heat treatment can provide a superior tensile strength, the elongation is slightly inadequate. Comparing the IR-heated samples, IR30-2H had a lower tensile yield strength compared to that of IR30-6H but better tensile elongation. Hence, four hours of aging might be optimal for industrial applications.



Figure 13a–d shows TEM images and selected area diffraction patterns (SADP) of IR30-6H and RH30-6H specimens. The IR30-6H specimen has a larger amount of precipitates, and the precipitates in RH30-6H (15.9 ± 3.5 nm) are longer than those in IR30-6H (12.4 ± 3.0 nm). According to previous research and the selected area diffraction patterns, the precipitates in RH30-6H and IR30-6H specimens belong to the stage in which the GP zone (~1–3 nm; coherent to the matrix) transforms into the β’’ phase (~4 × 4 × 50 nm3), which is semi-coherent to the matrix [15]. Considering the coherence effect of the precipitates and the matrix [16,17], the precipitates in RH30-6H are less coherent than those in IR30-6H; however, IR30-6H has a larger amount of precipitates. Hence, a possible explanation for the better precipitate hardening effect observed in IR30-6H compared to that in RH30-6H is the large amount of precipitates, and caused a better tensile strength (as showed in Table 5).


Figure 13. TEM images (a) bright field image of RH30-6H; (b) selected area diffraction pattern (SAPD) image of RH30-6H; (c) bright field image of IR30-6H; (d) SAPD image of IR30-6H.
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3.3. Effect of Rapid IR Solutionization on Tensile Deformation and Fracture Features


Figure 14 shows the fracture surfaces after the tensile test. The fracture surface of specimens is composed of many dimples, which suggests that the fracture mechanism is ductile fracture. There is no significant difference between the RH-heated and IR-heated samples.


Figure 14. Fracture images of (a) RH30; (b) IR30; (c) RH30-6H; and (d) IR30-6H.
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To evaluate the work hardening ability and behavior of IR-heated samples, the n value (strain hardening exponent) were estimated (Table 5). The n value is used to evaluate the work hardening ability and necking resistance [18]. The n values for RH30 and IR30 are similar (0.32 vs. 0.29, respectively). The strain hardening exponents for RH30-6H and IR30-6H are 0.09 and 0.11, respectively. The strain-hardening exponent of T6 samples is lower than those of RH30 and IR30. This is due to the formation of precipitates, which cause uneven deformation but still increased strength.



The results show that using IR heating as a rapid heating method leads to better solutionization, reduces the required duration of the PFHT process, maintain small grains, and increases tensile strength. However, the requirement for a commercial suspension part is not only a high tensile strength (YS > 285 MPa, UTS > 340 MPa) but also a sufficient tensile elongation of 8–10% [19]. Hence, even the peak aging condition of IR heat treatment can provide a superior tensile strength, the elongation is slightly inadequate. Comparing the IR-heated samples, IR30-2H had a lower tensile yield strength compared to that of IR30-6H but better tensile elongation. Hence, four hours of aging might be optimal for industrial applications.



Using IR heating as a rapid heating method leads to higher hardness. And with the increasing of solution heat treatment duration, the fraction of Al–Mg–Si phases decreased. It should be also noted that the solutionizing rate of Al–Mg–Si phases by IR-heated faster than the RH-heated specimens. On the other hand, the critical grain size of RH-heated specimen could be observed in the earlier stage of solutionizing.



Besides, using IR heating as a PFHT method can attain a higher solutionizing level, acquire more precipitates and achieve a higher tensile strength. The microstructural features and hardness evolution of 6082 forged samples after different solutionizing methods are plotted in Figure 15. The possible mechanism of rapid IR heating is plotted in Figure 16.


Figure 15. Evolution of microstructure and hardness during rapid heating process.
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Figure 16. Schematic diagram of rapid heating process. Process can be applied to acquire larger amount of precipitates and slightly higher tensile strength.
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4. Conclusions


In this study, IR heat treatment was used as a rapid heat treatment method for 6082 suspension parts. Using IR rapid heating can reduce the duration of the solutionizing process to 30 min. Experimental results confirmed that the critical onset strain (εc) of tensile serrated flow is a useful parameter related to amount of Mg and Si atoms in solid solution.



For aged specimens, the hardness profiles and tensile test data indicate that IR rapid heating can increase the effect of aging. The peak aging condition was achieved in 2 h. IR-heated specimens showed a more predominant precipitation effect than did RH-heated specimens, and showed higher tensile strength; however, their fracture features were still mainly those of ductile fracture and the work hardening behavior remained unchanged.



The results obtained in this study show that IR heating can be considered as a potential method for rapid solutionization. The results can be used as a reference for industrial applications.
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