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Abstract

:

Two types of nanoclusters, Cluster (1) and Cluster (2), formed at around room temperature and 100 °C, respectively, affect the age-hardening behavior in Al-Mg-Si alloys. Formation of Cluster (1) during natural aging (NA) is more accelerated in the high-Mg (9M10S) alloy than in the low-Mg (3M10S) alloy. Hardness at the early stage of two-step aging at 170 °C is not increased for the natural aging samples. On the other hand, hardness is directly increased for the pre-aged (PA) specimens. Furthermore, the formation of Cluster (1) during natural aging is suppressed by the formation of Cluster (2) during pre-aging at 100 °C. To understand the effects of heat treatment histories and Mg contents on the microstructure, transmission electron microscopy (TEM) was utilized. All the images were obtained at (001) plane, and peak aged samples with different heat treatments were used. Lower number density of precipitates is confirmed for the natural aging samples compared with the single-aged and pre-aged specimens. A higher number density of precipitates is confirmed for 9M10S in comparison to 3M10S. Hardness results correspond well to the TEM images.
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1. Introduction


Al-Mg-Si alloys have been used for the body panels of automobiles due to their good age-hardening response, formability and corrosion resistance. The precipitation sequence in Al-Mg-Si alloys is


SSS → GP Zone → β″ → β′, U1, U2, B′ → β



(1)




where SSS and β represent the super-saturated solid solution and an equilibrium phase, respectively [1,2]. SSS can be formed through solid solution treatment. The energetically stable β phase, compared with metastable phases such as GP Zone, β″ and β′, can be obtained with a prolonged aging treatment. Recently, atomic-scale analysis has become possible with the development of equipment. Information on the chemical composition and the size distribution of nanoclusters has been reported using a three-dimensional atom probe (3DAP) in Al-Mg-Si alloys [3,4,5,6]. Generally, Al-Mg-Si sheets are delivered from aluminum companies to automobile companies and are stored at room temperature. Finally, the Al-Mg-Si sheets are pressed into the design of the automobile, and the paint bake process is carried out. The paint bake process is usually conducted at around 170 °C for 1200 s. Bake hardening (BH) response is quite important in Al-Mg-Si alloys to enhance the strength of aluminum alloys in consideration of the production process.



The two-step aging behavior of Al-Mg-Si alloys has been extensively reported, since the commercial processes, transformation and storage of aluminum sheets and paint bake process are comprised of two-step heat treatments, i.e., natural aging (NA) and artificial aging (AA). Pashely et al. described the negative effects of two-step aging in Al-Mg-Si alloys [7]. The term ‘negative effects of two-step aging’ refers to the decrease in mechanical properties during two-step aging when natural aging is performed before isothermal aging, in comparison to single-step aging. This phenomenon is closely related to the role of nanoclusters formed during natural aging in two-step aging. Serizawa et al. clarified that there are two types of nanoclusters [8]. Cluster (1) and Cluster (2) are formed at around room temperature and 100 °C, respectively, based on three-dimensional atom probe (3DAP) analyses. Kim et al. confirmed that nanoclusters are strongly affected by the chemical composition [9,10]. However, the effects of chemical composition with the heat treatments on the age-hardening behavior have been poorly understood. Al-Mg-Si alloys with high and low Mg content were used, and the pre-aging (PA) in this study was designed to investigate the influence of Mg content on the age-hardening behavior and the role of nanoclusters in the two-step and multi-step aging behaviors of Al-Mg-Si alloys.




2. Materials and Methods


Two kinds of Al-Mg-Si alloys, 3M10S (low Mg) and 9M10S (high Mg) alloys, supplied by UACJ Corp, were used in this study. The details of the chemical compositions are described in Table 1. All specimens were solution-treated using a salt bath at 560 °C for 1800 s and quenched in ice-water at 0 °C for 60 s. Natural aging is performed at room temperature around 25 °C. Pre-aging is conducted at 100 °C for 3600 s using an oil bath in order to understand the effects of the pre-aging on the multi-step aging behavior. Isothermal aging was carried out at 170 °C using an oil bath. Micro Vickers hardness measurements were employed with a load of 200 g for 10 s using Mitsutoyo HV-113 (Mitutoyo, Kanagawa, Japan) in order to measure the mechanical property with the heat treatments. An average of five out of seven hardness results were used. The size of the specimen was 10 mm × 10 mm, with a thickness of 10 mm. All the hardness measurements were performed within 300 s after heat treatment to minimize clustering during the exposure time at room temperature. Thermal analyses were performed using NETZSCH DSC 204 F1 (NETZSCH, Selb, Germany) phoenix equipment with a heating rate of 0.33 °C/s under a nitrogen atmosphere. To analyze the clustering behavior, the DSC was started at −50 °C using liquid nitrogen with a diameter of 3 mm. The specimens for the observation by transmission electron microscopy (TEM) were electro-polished using Struers-Tenopol-5 (Struers, Ballerup, Denmark) with solution (33 vol % HNO3 + 67 vol % CH3OH) at −30 °C in order to observe the nano-precipitates using JEM-2010 (JEOL, Tokyo, Japan) with 200 kV accelerating voltage.




3. Results


3.1. Thermal Analyses


Figure 1 shows the DSC results of the as-quenched 9M10S and 3M10S specimens. One endothermic and four exothermic peaks are identified ranging from 0 to 500 °C. The exothermal peaks are considered to be the formation of nanoclusters, with β″, β′ and β phases being indicated by peaks I, III, IV and V, respectively. Peak II is attributed to the dissolution of nanoclusters formed during DSC running. These results are in good agreement with previously obtained results [11,12]. Two overlapping peaks appeared, ranging from 0 to 150 °C, as indicated by arrows for both the 9M10S and 3M10S samples, as shown in Figure 1b. The overlapping peaks are well separated by the Gaussian function method, as shown in Figure 1c,d. The multiple peaks were fitted by the parameters such as the number and center of peaks based on the following equation:


  y =  y 0  +  A  w   π − 2      e  − 2    (  x −  x c   )     w 2       








where y0, xc, w and A stand for bottom, center, width and area of the peak. Serizawa et al. confirmed two types of nanoclusters, i.e., Cluster (1) and Cluster (2), based on thermal and 3DAP analyses [8]. The separated peaks corresponded to Cluster (1) and Cluster (2), as shown in Figure 1c,d, respectively.




3.2. Mechanical Properties


3.2.1. Clustering and Age-Hardening Behavior with Mg Addition


Nanoclusters are formed during low-temperature aging, and they affect the subsequent age-hardening behavior. Nanoclusters are comprised of solute atoms, such as Mg and Si atoms, and vacancies. To understand the formation behavior of Cluster (1) with Mg addition, natural aging is performed with the different Mg contents. Figure 2 shows the hardness results during natural aging in the 3M10S and 9M10S. The hardness is basically increased due to the formation of Cluster (1) during natural aging. Higher hardness is confirmed in the 9M10S than in the 3M10S. It is noted that the formation of Cluster (1) is more accelerated by Mg addition based on the hardness results during natural aging. Meanwhile, Cluster (2) is formed at around 100 °C [8]. Pre-aging is performed before natural aging to understand the effect of clustering on the following aging behavior. Figure 3 shows the hardness results during aging at 170 °C after PA-NA or NA. Hardness is increased during pre-aging due to the formation of Cluster (2). Higher hardness during pre-aging is confirmed in the 9M10S than in the 3M10S. It is noted that the formation of Cluster (2) is enhanced by Mg addition. Also, the higher hardness during single aging indicated by the black line is analyzed in the 9M10S compared with 3M10S, as shown in Figure 3. This means that the formation of precipitates is accelerated by Mg addition. As displayed by the black line, hardness is directly increased during aging at 170 °C, but there is a retardation of hardness increase at the early stage of aging at 170 °C for the natural aging samples, regardless of chemical composition. On the other hand, hardness is directly increased for the pre-aging specimens. The β″ phase is generally formed during aging at 170 °C [11]. It is noted that Cluster (1) formed during natural aging does not directly transform into the β″ phase, but Cluster (2) transforms into the β″ phase during aging at 170 °C. In the case of 3M10S, a similar peak hardness is identified between the PA-NA, NA-AA and single-aged specimens. On the other hand, the highest and lowest peak hardnesses are observed in the 9M10S for the single-aged and natural aging specimens, respectively. To clearly understand the effects of cluster formation on the following aging treatment, the hardness difference is calculated. The hardness difference is obtained from the difference between the hardness during isothermal aging at 170 °C and before isothermal (BI) aging. Namely, the BI condition corresponds to the hardness value after NA or PA-NA. Figure 4 shows the hardness difference during aging at 170 °C with the different heat treatment histories. BI on the horizontal axis in Figure 4 stands for before isothermal aging at 170 °C. The different age-hardening behavior under different pre-aging conditions is clearly revealed. The retardation period of the hardness increase is clearly identified only in the natural aging specimens. Interestingly, a larger difference is observed in the 3M10S than in the 9M10S under the natural aging condition, but a similar hardness difference is observed between 3M10S and 9M10S in the case of pre-aging samples. It is noted that the competitively formed nanoclusters during natural aging or pre-aging strongly affect the age-hardening behaviors during two-step or multi-step aging. The details of those phenomena are discussed in the next section.




3.2.2. Clustering and Bake-Hardening Response


The paint-bake process is generally conducted at around 170 °C for 1200 s. The enhancement of the mechanical properties is quite important in the early stage of final aging due to the limited production process. Figure 5 shows the hardness changes in consideration of the paint-bake process. There is a hardness increase during natural aging due to the formation of Cluster (1) in the case of the natural aging specimen, as shown in blue. The hardness increase for the bake hardening condition is displayed in red. There is little increase in hardness in 3M10S during bake hardening for the natural aging specimen. Additionally, a slight increase in hardness is confirmed in the 9M10S. Smaller bake hardening responses are confirmed in the natural aging samples than in the single aged ones for both 3M10S and 9M10S. On the other hand, a hardness increase due to the formation of Cluster (2) during pre-aging is observed, and is shown in green. Importantly, the hardness increase due to the formation of Cluster (1) during natural aging after pre-aging is clearly suppressed. Higher and lower hardnesses are observed in the pre-aging and natural aging samples, respectively, than in the single-aged samples. It is noted that the positive and negative aging behaviors are found to be due to the competitively formed nanoclusters. The bake hardening response is markedly affected by the clustering during low temperature aging.





3.3. Microstructure


The Al-Mg-Si alloys are mainly strengthened by precipitate formation. Figure 6 shows TEM micrographs with different chemical composition and heat treatment histories. All images were finally and obtained at (001) plane in Al matrix after being aged at 170 °C for 43,200 s (12 h), as shown in selected area diffraction pattern (SADP). The red circle area of Figure 6b was enlarged in order to understand the structure of the precipitate. The precipitate is identified as the β″ phase based on the structure analysis, as shown in the upper right side of Figure 6b. A similar method for the structural analysis of precipitates based on TEM images has been introduced previously [2,13]. A higher number density of the β″ phase is observed in the 9M10S than in the 3M10S for the directly aged samples. It is noted that β″ phase formation is enhanced by Mg addition. In the case of naturally aged samples, a lower number density of the β″ phase is identified for the naturally aged samples than for the single-aged one regardless of chemical composition. This means that formation of Cluster (1) during natural aging interferes with the formation of β″ phase during two-step aging. A lower number density is observed in the 9M10S than in the 3M10S for the naturally aged samples. Detailed reasons for this will be discussed in the next section. Meanwhile, higher number densities of precipitates are observed for the pre-aged samples in the both 9M10S and 3M10S than in the naturally aged samples. This means that the formation of β″ phase is accelerated by the formation of Cluster (2).





4. Discussion


4.1. Clustering Behavior with Mg Addition


The negative effects of two-step aging, such as the decrease in mechanical properties, are generally accepted in Al-Mg-Si alloys [14,15]. This phenomenon is caused by the formation of nanoclusters during natural aging. The clustering behavior is strongly affected by the chemical composition [9,10]. Also, the chemical composition and the size of nanoclusters are affected by the heat treatment histories [16,17]. Firstly, higher hardness is confirmed during natural aging in the high-Mg-content alloy (9M10S) than in the low-Mg-content alloy (3M10S), as shown in Figure 2. Also, higher hardness after pre-aging is confirmed in the 9M10S than in the 3M10S, as shown in Figure 3. This means that the formation of Cluster (1) and Cluster (2) is enhanced by Mg addition. After pre-aging, both alloys were naturally aged for 7 days. The hardness during natural aging after pre-aging is increased by 3.2 and 9 HV for the 9M10S and 3M10S, respectively. The hardness increase is lower in the 9M10S than in the 3M10S. It is interesting that the formation of Cluster (1) is strongly suppressed due the formation of Cluster (2) during pre-aging. It is noted that nanoclusters are competitively formed based on the results of the hardness increase during natural aging after pre-aging. At this moment, it is not yet clear whether the second hardness increase during natural aging after pre-aging is caused by the formation of Cluster (1) in the Al matrix, or the growth of Cluster (2). Further research using three-dimensional atom probes is required to clarify the mechanism of hardness increase during natural aging after pre-aging.




4.2. Clustering and Final Aging Behavior


It is very useful to obtain a high number of nuclei in the precipitate for the enhancement of the mechanical properties in the age-hardenable Al alloys. In other words, high-strength Al alloy can be obtained if all the nanoclusters formed during low-temperature pre-aging play a role in the nuclei of the precipitate. However, not all the clusters transfer to the strengthening phase in Al-Mg-Si alloys. Meanwhile, the initial stage of two-step aging is strongly affected by the cluster formation, as shown in Figure 3. This means that control of the cluster formation is quite important in Al-Mg-Si alloys when considering the bake hardening condition. The second hardness increase during natural aging after pre-aging is suppressed, resulting in a higher bake hardening response being observed in the 9M10S than in the 3M10S, as shown in Figure 5. The negative and positive effects on bake hardening response were confirmed to be due to the formation of different types of nanoclusters.



Higher hardness is identified in the 9M10S than in the 3M10 for NA-AA and PA-NA-AA, as shown in Figure 3. The hardness difference is calculated in this study as shown in Figure 4. Interestingly, a lower increase is confirmed in the 9M10S than in the 3M10S for the NA-AA. It is probable that there are fewer opportunities to form the β″ phase since more solute atoms, such as Mg and Si atoms, and vacancies were consumed during natural aging. That is why the lower number density of the β″ phase is observed in the 9M10S than in the 3M10 based on TEM images, as shown in Figure 6. With this, control of nanoclusters is quite important in Al-Mg-Si alloys, since the nanoclusters formed at low temperatures strongly affect the bake-hardening response and final age-hardening behavior of Al-Mg-Si alloys.





5. Conclusions


The influence of Mg addition and pre-aging on the age-hardening behavior in Al-Mg-Si is discussed based on the experimentally obtained hardness and TEM results.




	(1)

	
Formation of nanoclusters such as Cluster (1) and Cluster (2) and the β″ phase is accelerated by Mg addition, based on hardness tests and TEM observation.




	(2)

	
Formation of Cluster (1) is suppressed by the formation of Cluster (2) through pre-aging at 100 °C. The negative effect of the two-step aging is suppressed and the bake-hardening response is clearly enhanced through the pre-aging treatment. Higher number density of the β″ phase is observed in the pre-aging specimen than that of the natural aging one, based on TEM images.




	(3)

	
The hardness difference during two-step aging for the natural aging samples is lower in the 9M10S (high-Mg-content alloy) than in the 3M10S (low-Mg-content alloy), since more solute atoms and vacancies are consumed during natural aging for the formation of Cluster (1) by Mg addition.
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Figure 1. Differential scanning calorimetry (DSC) curves over the full range of the as-quenched specimens during a heating rate of 0.33 °C/s in the 9M10S (a) and 3M10S (b). The overlapped peaks were separated through the Gaussian function method for 9M10S (c) and 3M10S (d). 
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Figure 2. Hardness changes during natural aging in the 3M10S and 9M10S. AQ represents as-quenched. 
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Figure 3. Hardness during aging at 170 °C with the different heat treatments in (a) 3M10S and (b) 9M10S. AQ, PA, NA and AA stand for as-quenched, pre-aging at 100 °C for 3600 s, natural aging at room temperature for 7 days, and artificial aging at 170 °C, respectively. 
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Figure 4. Hardness difference during two-step and multi-step aging at 170 °C in (a) 3M10S and (b) 9M10S. Hardness difference is defined as the difference value of the obtained hardness during the two-step or multi-step aging at 170 °C from the hardness value at the state of PA-NA or NA. BI, NA, PA and AA stand for before isothermal aging at 170 °C, natural aging for 7 days, presaging at 100 °C, and artificial aging at 170 °C, respectively. 
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Figure 5. Hardness changes with each step of heat treatment in the (a) 3M10S and (b) 9M10S. AQ, ST, PA, NA, AA and BH stand for as-quenched, solid solution heat-treated, pre-aged at 100 °C for 3600 s, naturally aged for 7 days, artificially aged at 170 °C for 1200 s, and bake hardening response, respectively. 
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Figure 6. TEM micrographs with different heat treatments in 3M10S and 9M10S. (a) AA, (c) NA-AA, and (e) PA-NA-AA in 3M10S; and (b) AA, (d) NA-AA, and (f) PA-NA-AA in 9M10S. NA, PA, and AA stand natural aging at room temperature for 7 days, pre-aging at 100 °C for 3600 s, and artificial aging at 170 °C for 43,200 s (12 h), respectively. The precipitate is identified as the β″ phase based on structure analysis as shown in upper right of (b). 
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Table 1. Chemical compositions used in this study.
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	Materials
	Mg
	Si
	Al
	Mg/Si





	9M4S
	0.9
	0.4
	Bal.
	2.5



	6M6S
	0.6
	0.6
	Bal.
	1



	3M10S
	0.3
	1.0
	Bal.
	0.3











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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