

  metals-14-00461




metals-14-00461







Metals 2024, 14(4), 461; doi:10.3390/met14040461




Article



Planning Mechanical Behavior of A356 Alloy Wheels by Using Distinct Heat Treatments



Adriano L. Tonetti 1, Wislei R. Osório 1,2, Ausdinir D. Bortolozo 1,2 and Giovana S. Padilha 1,*





1



Faculdade de Ciências Aplicadas, FCA, Centro de Pesquisa em Manufatura e Materiais Avançados (CPMMA), Campus II, Universidade de Campinas, UNICAMP, Limeira 13484-350, Brazil






2



Faculdade de Tecnologia, FT, Campus I, Universidade de Campinas, UNICAMP, Limeira 13484-332, Brazil









*



Correspondence: giovanap@unicamp.br







Citation: Tonetti, A.L.; Osório, W.R.; Bortolozo, A.D.; Padilha, G.S. Planning Mechanical Behavior of A356 Alloy Wheels by Using Distinct Heat Treatments. Metals 2024, 14, 461. https://doi.org/10.3390/met14040461



Academic Editors: Jingxiang Xu, Xingwei Zheng and Zhenhua Chu



Received: 5 March 2024 / Revised: 8 April 2024 / Accepted: 9 April 2024 / Published: 13 April 2024



Abstract

:

The aim of this investigation concerns evaluating the mechanical strength and microhardness values of A356 alloy samples in distinctive heat treatments, including those commonly applied to automotive wheels. It is recognized that A356 and Al-Si-based alloys exhibit considerable versatility across numerous industrial applications. The mechanical behavior obtained is intimately associated with different operational parameters (e.g., cooling rates, solution treatment, quenching, and artificial aging). In this study, a group of samples are quenched at 30, 60 and 80 °C. Another set is quenched and subsequently aged at three different temperatures, i.e., 180, 200, and 220 °C for 5 h, and mechanical responses are compared. Microstructural characterization, X-ray diffraction (XRD) analysis, tensile testing, and microhardness measurements are carried out. Using the Rietveld data and based on the modified Williamson–Hall method, the microstrains, crystallite size, and dislocation densities are calculated. Based on this, the resulting mechanical strengths from distinctive quenching and aging are understood. It was found that there exists a “quasi-optimal range” of operational parameters involving different A356 alloy treatments, which vary depending on the manufacturing route. Considering A356 alloy wheels, the planning of the powder coat treatment before or after T6 treating provides better mechanical properties and ductility.
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1. Introduction


The automotive sector has adopted light alloys as an efficient strategy for decreasing vehicle weight [1]. Aluminum and its alloys are replacing ferrous alloys, leading to a decrease in greenhouse gas emissions. This shift has resulted in the substitution of traditional steel frameworks in complex wheel configurations with lightweight alloys. The use of lightweight materials in wheel production not only enhances visual appeal but also reduces stress on the suspension system, requiring less effort for maneuvering. Furthermore, it facilitates the smoother braking and acceleration of vehicles [2,3,4]. Investigations concerning Al-Si-based alloys are widely reported [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. These provide various discussions concerning selecting die-casting parameters (e.g., mold materials, pouring temperature, etc.) and addition elements such as Ti and Sr as grain refiners, and Si for eutectic morphology modification. Moreover, the literature also discusses solution treating, quenching, and artificial aging of the microstructure and on mechanical behavior [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. These articles were probably written because Al-Si-based alloys exhibit excellent castability and affordability and have a low coefficient of thermal expansion and attractive mechanical properties, making them suitable for manufacturing wheels by casting [4,5,6].



It has also been reported that the microstructural characteristics are influenced by the presence of α-Al dendrites and lamellar eutectic Si [7]. It is widely recognized that a typical as-cast microstructural array affects the resulting properties [6,7,8,9,10,11,12,13,14,15]. When coarse Al and interdendritic Si particles are constituted, the reached ductility is considerably decreased [6,7,8,9,10,11,15,16,17,18,19,20,21,22,23]. This is associated with a plate-like eutectic Si morphology formation [6,7,8]. On the other hand, when manufacturing routes or treatments provide an acicular-like morphology and/or spheroidal-like morphology, reasonable yield or gains are obtained for both the strength and ductility [6,7,8,9,10,11].



The automotive wheel industry demands specific alloying elements to reduce porosity and improve the casting quality. For this purpose, Al-Ti-B master alloys are commonly used [10,11,12,13,14,15]. Moreover, an increase in microstructural homogeneity in the casting is also obtained [10,11,12,13,14,15]. Al-B master alloys are effective grain refiners [14,15], and consequently, the resulting mechanical properties are improved. A refined particle size not only improves the flowability of the molten material into the mold, minimizing the entrapped air and preventing cracks, but it also facilitates a more manageable machining [15,16].



In the manufacture of aluminum wheels, low-pressure die-casting (LPDC) is the most widely applied method. It provides a finer microstructural array, leading to improved fatigue characteristics, and a significant reduction in the resulting shrinkage. It is also reported that LPDC decreases the required lead time for wheel production [11,17,18,19]. T6 heat treatment improves A356 mechanical behavior mainly in terms of ductility and elongation [11,19]. Conventional heat treatment involves a typical solution treatment, quenching, and artificial aging, which improves the resulting ductility [20]. It is recognized that eutectic Si morphology is affected by the temperature at which it dissolves, with grain growth being maximized at temperatures around 550 °C.



Jin et al. [21] demonstrated that hardness and tensile strength increase with the increase in solution temperature, i.e., close to 555 °C. These authors have also shown that mechanical behavior is increased. This is because heat treatment and aging affect Mg2Si formation [21].



It is remarked that certain studies have demonstrated the effect of the cooling rate on Si morphology formation. Dang et al. [10] have shown that the dendrite arm spacings decrease with increased cooling rate. Also, eutectic Si morphology is modified from coarse plate-like to short-rod shape and even spherical shape [21,22,23]. Associated with this, they have also observed that microhardness is increased. Yang et al. [23] have also shown that the eutectic morphology of an as-cast A356 alloy is modified from large plate-like eutectic to fine plate-like eutectic, applying cooling rates of 3 and 96 K/s, respectively. It is also extensively reported [10,23,24,25,26,27,28] that the modification of eutectic silicon during solution heat treatment is affected by using distinctive solution heat treatment temperatures. A combination of solidification parameters with solution heat treatment also implies an efficient eutectic Si morphology modification [10]. Roy and Maijer [25] have reported that a wide range of solution treatments associated with water quenching at distinct temperatures and various artificial agings minimizes or decreases the precipitation driving force necessary for artificial aging [25].



In the field of material science and engineering, extensive literature addresses Al-Si-based and A356 alloys, scrutinizing various manufacturing conditions, Si morphology modifiers, and different heat treatments [4,8]. The literature reported [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,29,30,31,32,33,34,35,36,37,38] has shown a great gamma of studies. When the PRISMA concept (preferred reporting items for systematic reviews and meta-analyses), stringers “Al-Si-based alloys”, and “eutectic” are utilized when searching articles, more than 1400 papers are obtained. When replacing the term “eutectic” with “solution” or T6 heat treatment”, more than 90,000 objects are reached. This suggests that Al-Si-based alloys and A356 alloys have been intensively studied. However, certain future gaps concerning these Al-based alloys still need to be investigated. Recently, a review proposed by Dash and Chen [37], containing more than 320 references, reported that Al-Si-based alloys are still focused on a wide range of automotive components. They are manufactured to supply the premier auto giants (e.g., Audi, GM, Nissan, Volkswagen, Chevrolet, Tesla, etc.) [38]. Although there exists a promising and exponentially growing market for hybrid and fully electric vehicles or electrified automobiles, the forecast of the global Al-Si alloy market indicates an increasing trend up to 2030 [37]. These alloys are also focused on the complex structural Al-Si alloy components in aerospace industries, e.g., Boeing, Airbus, and Bombardier [37].



Since the 1990s, the literature concerning Al-Si-based and/or A356 alloys, specifically covering the effects of heat treatments upon microstructural array and mechanical behavior, is vast with numerous articles, as previously commented [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38]. However, in this present investigation, the novelty provided has two distinct technological and scientific aspects. The first has an issue core involving technological aspects, independent of particularities or peculiarities of manufacturing stages. For the automotive wheel industry, the contribution favors planning the manufacturing route, including the paint curing temperature and time (e.g., powder polymeric coating). Another novelty concerns the use of the Rietveld method as a viable and cheaper tool to understand the microstructural modifications provided by different treatments. This permits the decline in more sophisticated and complex sample preparation techniques and more technologically robust equipment (e.g., transmission electron microscopy or high-resolution TEM). With this, it is possible to obtain, easily or conveniently, a “quasi-optimal operational range” of parameters considering different A356 alloy treatments.




2. Experimental Procedure


2.1. Die Casting Sample Preparation


An as-received commercial A356 (Al-7Si-0.3Mg) alloy ingot is produced at 760 (±5) °C by using an electric-induction furnace. The minimum and maximum contents of the main alloying elements are shown in Table 1. It is noted that, except for Si content, all other identified elements have their corresponding errors up to 10% from the reported values. This is because duplicates are considered, and the accuracy of the utilized equipment is also taken into account.



The molten alloy is poured into the permanent molds (AISI H13 steel), which are specifically designed for automotive wheels. A nitrogen gas flux (3 L.p.m) at 780 (±5) °C is applied to remove any impurities. A graphite rod is utilized for mechanical stirring of the molten. Both the grain refiners and modifiers, i.e., Al-5Ti-1B (0.12 wt.%) master alloy and Al-10Sr (0.004 wt.%) master alloy, are used. The molten alloy is subjected to a network of graphite pipes to the injector, operating under squeeze casting (~1 bar) at 680 (±5) °C, and the AISI H13 mold is filled. The sample solidifies with internal cooling channels in the top and bottom dies. This solidification is promoted by compressed air under pressures of 2 and 3 bars, for 4 min. Once the solidification process is finished, the mold parts are opened, and the casting is extracted. The average duration of the normal cycle is about 360 s. Triplicates are considered to obtain the specimens. The selected specimen is taken for all other complementary experimentations, i.e., microstructural characterization, heat treating, tensile tests, etc.




2.2. Heat Treatments


After the wheel design with the 360 s cycle, the samples are obtained by cutting the front surface of the wheel to proceed with the heat treating (Graphical Abstract). A solution treating is carried out with a heating rate of 20 °C/min, reaching a plateau at 540 (±3) °C. Subsequently, the samples are maintained at 540 (±3) °C for 5 hours. Sequentially, the quenching in three distinct water temperatures is carried out, i.e., 30, 60, and 80 (±2) °C. This provides three different quenching rates. For this mentioned purpose, a water-to-sample ratio of 320 mL H2O per gram of the sample and a magnetic stirrer (Fisatom—752A, São Paulo, Brazil) are utilized. For the next stage, the three artificial agings are adopted. After water quenching, three distinct artificial aging treatments (T6) are carried out at 180, 200, and 220 (±3) °C for 300 min. These parameters represent the commonly applied T6 in wheel manufacturing. In order to guarantee reproducibility, a duplicate is considered for each selected condition, and the average result is taken into account for analysis. Figure 1 depicts the representative temperature vs. time profile for the solution treating, quenching, and three distinctive T6 heat treatments for the examined A356 alloy samples.




2.3. The Sample Characterization


A universal electro-hydraulic servo machine operating at environmental temperature (25 ± 2 °C) with a loading speed of approximately 25 mm/min and a strain rate of 2 × 10−4 s−1 is utilized. In order to guarantee reproducibility, triplicate is considered, and average values are depicted. Vickers hardness measurements (HV) (Buehler—Wilson VH1102, Lake Bluff, IL, USA) are conducted at environmental temperature (25 ± 2 °C). A least 20 measurements are performed for each one of the examined samples. A polished surface by applying a load of 9.8 N and a dwell time of 10 s is utilized to attain Vickers microhardness.



The experimental thermal curves comprising TG/DTG/DSC (TA Instruments—Q600, New Castle, DE, USA) are obtained between 50 and 700 °C. For this purpose, the samples with 18 (±0.8) inside α-alumina pan (30 μL), and applying a heating rate of 20 °C/min, are utilized. A nitrogen atmosphere of about 50 mL/min during examination is maintained. A duplicate is adopted and average curves are considered.



A scanning electron microscopy (SEM) (TESCAN® model VEGA3, Brno, Czech Republic) coupled with an energy-dispersive X-ray spectroscopy (EDS) is utilized for the microstructural characterization. Magnifications ranging between 500 and 1000 times are used. Typical SEM micrographs representing each selected condition are taken into account. To characterize the constituents and microstructural parameters, standard metallographic procedures are adopted. X-ray diffractometry (Panalytical diffractometer, X’Pert model, Malvern, UK), in Bragg–Brentano geometry is utilized. This is carried out at 25 (±2) °C with a Ni filter and Cu-Kα radiation (λ = 0.15406 nm, 45 kV, and 40 mA). Angles (2θ) between 10° and 120° with a scan rate of 0.008 s are utilized.





3. Results and Discussion


3.1. Quenching and Aging Effects on Mechanical Behavior


Three distinctive aging temperatures are evaluated, i.e., 30, 60, and 80 (±2) °C. It has previously been reported that a higher quenching rate provides increased mechanical strength [10,23]. These are attributed to finer eutectic Si morphology, which is modified from the coarse plate-like to spherical shape and/or fine plate-like eutectic. It has also been observed that the solution temperature affects the constituted eutectic silicon [10,16,23,33,35]. Based on this, solutioning at 540 °C is adopted. To correlate the mechanical strengths with heat treatments, the resulting mechanical behavior represented by conventional stress vs. strain curves and microhardness are carried out.



Figure 2a,b depict the experimental results of stress vs. strain for distinct quenching and aging temperatures, respectively. As previously reported, the highest ultimate tensile strength (UTS) is that of the A356 alloy sample quenched at 30 °C, i.e., 241 (±6) MPa. The intermediate and the lowest UTS values are those corresponding to the samples quenched at 60 and 80 °C, respectively. From a scientific and technological aspect, no intrinsic novelty was obtained, as previous investigations [10,16,23,33,35] have also reported similar UTS values.



It is recognized that Mg2Si particles decrease mechanical behavior [21,22,23,38]. Additionally, it has been found that its dissolution occurs at solutioning, and this process is commonly rapidly obtained, i.e., between 2 and 4 min [38]. It is also understood that the optimal solutioning temperature and time is close to 540 °C for 3 and 6 h [10,35,38]. In the quenching stage, a supersaturated solid solution forms a significant number of vacancies. Dang et al. [11] demonstrated that after solutioning at 540 °C for 1 h, followed by water quenching (~2.6 K/s), a completely spheroidized Si morphology microstructural array is obtained, and the resulting microhardness is increased. It is also found that the highest ductility (represented by resulting elongation) is that of the sample quenched at 30 °C.



For the as-cast samples, the intermediate ductility values are confirmed, while the lowest are those of samples quenched at 60 and 80 °C. Ductility is a critical attribute for the performance of vehicle wheels, and the mechanical responses are affected by plastic deformation of the Al matrix and dislocation interactions. The yield strength (YS) and elongation (ε) values are determined from stress vs. strain at 0.2% proof strength, and these values are depicted in Figure 3.



Figure 3a shows that a similar decreasing trend of UTS and YS is obtained. It is remarkable that those mechanical strengths corresponding to the three different aging temperatures are obtained for quenching at 30 °C. Another interesting observation corresponds to the ductility, which is not substantially modified after the three different aging temperatures, as shown in Figure 3b. Moreover, the YS values corresponding to the aged and quenched samples are not substantially modified. This induces a very similar resulting microstructural array in terms of how the dendritic arm spacings and possible intermetallic phases are constituted. This will be confirmed when SEM micrographs are analyzed below. It is also noteworthy that decreasing trends are verified for the microhardness values obtained, i.e., with the increase in quenching and aging, the microhardness decreases, as depicted in Figure 4.



Quenching temperature and time have important roles in the achieved hardness. When selecting or adopting appropriate quenching parameters, the hardness can be tailored to reach certain desirable requirements. Based on the obtained results, a low quenching temperature induces a hardness increase. On the other hand, high temperature promotes a decreasing trend in hardness. At 30 °C, the high hardness obtained seems to be attributed to the formation and transformation of the strengthening phases. These phases act as obstacles to dislocation movement, impeding deformation and contributing to the increase in the hardness.



When aging at 180 °C is carried out, an optimized mechanical response is achieved. This suggests that there is an optimal aging temperature without excessive particle growth. With an increase in the aging temperature to 200 °C and 220 °C, a decrease of about 10% in the tensile strength is verified. This seems to be associated with a possible occurrence of overaging, which leads to the dissolution of precipitated phases. Notably, the decrease in tensile strength does not coincide with the major alterations in the elongation. This suggests that similar ductility is obtained in all examined temperature ranges.



The correlations between UTS and YS and microhardness (HV) are proposed in order to compare with previous investigations [39,40,41,42,43,44,45], as shown in Figure 4. The problem of finding meaningful relationships between hardness and tensile strength has been widely reported [39,40,41,42,43,44,45].



Figure 5a depicts the relations between UTS and HV and UTS and YS and HV of the examined samples. These were quenched at 30, 60, and 80 °C, and aged at 180, 200, and 220 °C. Exponential equations with exponents 1/2 and 1/4 prescribe the relation for both the YS and UTS (i.e., 21.5 HV½) for the quenched and aged samples, respectively, and between UTS and YS with HV for the quenched and aged samples, respectively.



However, a linear regression model previously proposed by Cerri and Ghio [42] and Krishna et al. [43] is evaluated in Figure 5b. Krishna et al. [43] have proposed linear equations, i.e., UTS = 3.865 HV and YS = 1.97 HV, which overestimate the experimental results obtained for the samples aged in the three different aging temperatures. On the other hand, when only the quenched samples are considered (closed point in Figure 5b), the experimental results are within the range prescribed by the linear equations proposed, i.e., UTS = 3.865 HV and YS = 1.97 HV.



Cerri and Ghio [42] proposed a simplified correlation between HV and UTS, modifying the Tabor and Cahoon equations [42]. In this sense, they also utilized linear equations adjusting the regression (constant) coefficients, i.e., to 3.328 and to 2.155 for UTS and YS correlations, respectively, as depicted in Figure 5b.



It is also clearly perceived that both the YS and UTS = f(HV) equations proposed by Cerri and Ghio mainly encompass or outline the experimental results. However, the experimental YS values corresponding to the aging treatment are overestimated by equation YS = 2.155 HV. To adjust these regression coefficients, the equations proposed by Cerri and Ghio [43] are modified, i.e., new equations prescribing the experimental results are UTS = 2.12 HV and YS = 1.65 HV, respectively, as shown in Figure 6a. It is worth noting that the coefficient (constant) described in both Krishna et al. and Cerri and Ghio’s equations should range from 2.9 and 3.1, as suggested by Tabor and Cahoon [42]. This is intimately associated with Meyer’s coefficient, which represents the “strain hardening” of the material, as reported by Cerri and Ghio [42].



Figure 6b shows a correlation between the yield strength (YS) and microhardness (in MPa) considering two other investigations. The first equation is based on Abdulwahab et al.’s [40] study with YS = 0.303 HV − 79.7, and another investigation, by Rometsch and Schaffer [39], describes YS = 0.266 HV − 34.6.



The negative portion highlighted in the referenced equations corresponds to the strain (during Vickers indentation) on the flow stress during indentation, which is less than the representative strain, as previously reported [35,39,40,41]. Considering all experimental data (both quenching and aging), it is confirmed that no match is obtained when both the Abdulwahab et al. [40] and Rometsch and Schaffer [39] equations are used.



These equations only prescribe the best results of the quenching, i.e., the value of YS of the sample quenched at 30 °C, and, similarly, the result of the UTS corresponding to the sample aged at 220 °C. Mathematically, adjustments should be provided in these equations to describe the results of the applied quenching and aging, i.e., YSquenching = 0.106 HV + 102 and YSaging = 0.106 HV + 75. Although the same slope is used, this is lower than the range indicated by Abdulwahab et al. [40] and Rometsch and Schaffer [39]. Additionally, the positive portion is not commonly reported. With these considerations, it is observed that the adapted linear equations prescribed by Cerri and Ghio [43] and Krishna et al. [44] provide a more inclusive range that encompasses both the quenching and aging outcomes when assessing YS and UTS.




3.2. XRD and DSC Characterizations


The experimental X-ray diffractometry (XRD) patterns and Rietveld profiles of the A356 alloy samples in the as-cast, quenched at 30 °C, and aged at 180 °C are shown in Figure 7a–c, respectively. Based on the obtained mechanical behavior of the A356 alloy samples, only these aforementioned three distinct samples are selected. The as-cast is the initial condition and acts as a control or reference. The other two samples, i.e., quenched at 30 °C and aged at 180 °C, are those samples with “quasi-optimal” obtained mechanical responses. It is observed that all conceivable reflections of the α-Al and Si phase are identified. Major constituent phases, such α-aluminum and the Al-Si eutectic phase, are indexed. It is considered that Mg2Si, β-Al5FeSi, and many other Fe-containing non-stoichiometric phases have been fully dissolved in these samples. These mentioned phases are not identified. It is remarkable that the Fe-rich intermetallic phases are not detected in XRD patterns. This seems to be associated with few portions being detectable, which has its fraction lower than the detection limit of the diffractogram equipment.



From Rietveld refinement of XRD data, the average crystallite sizes and lattice strains of the examined samples are determined, as shown in Figure 7d. The dislocation density (ρ) of the as-cast, quenched at 30 °C, and aged at 180 °C samples are determined by using the Equation (1) [45,46], as follows:


  ρ =   2  3  ε   D b    



(1)




where the term “ε” is the microstrain, D is the crystallite size, and the term “b” means the burger vector. Based on the modified Williamson–Hall method [45,46,47,48,49], the microstrain (ε) and crystallite size (D) are determined. For this purpose, XRD peaks obtained for each examined sample and an analytical software X’pert HighScore Plus (version 4.5), by PANalytical® are used. There are other models to calculate ε and D, e.g., the modified Warren–Averbach model [49] and Shear Lag and Nes models [50], which are not used in this present investigation.



The fundamental equation utilized in this methodology incorporates the phenomenon of XRD peak broadening resulting from both ε and D, as described in Equation (2) [46].


  B cos  θ b  =   λ K  D  + 4 ε sin  θ b   



(2)




where B is the width of the XRD peak measured at FWHM (full width at half-maximum); qb is the Bragg’s angle sample; K is a constant (commonly defined as 0.9); and l is the wavelength of the incident radiation (Cu Ka), i.e., 0.15405 nm. It is assumed that the crystallite strain is uniform in all directions of crystallography, as previously reported by Sutapa et al. [48].



Wang et al. [48] have also demonstrated that by employing the modified Williamson–Hall method, the FWHM is inversely proportional to the grain size and is proportional to the mean square strain, which is directly correlated with the dislocation density. Although it is recognized that TEM (Transmission Electron Microscopy) and EBSD (Electron Backscattering Diffraction) are techniques used to identify dislocations, XRD measurements offer more precision in quantifying dislocation density [48]. However, in this present study, no substantial apparent increases in the peak widths of these examined samples are verified, as shown in Figure 7.



Table 2 shows the calculated dislocation density (ρ) considering the (200) and (111) peaks of the as-cast, quenched at 30 °C, and aged at 180 °C. Although there exist limitations when using XRD techniques to precisely quantify the dislocation density of a material, qualitative assessments of the variations in the dislocation densities from different treatments are provided. The compensation for instrumental broadening in the peak width is achieved by estimating the Gaussian and Lorentz coefficients of the examined A356 alloy samples, and these are used as the default settings for line profile analysis. It is also recognized that the heat treatment potentially provokes a significant impact on dislocation density, which affects the resulting mechanical behavior.



Table 2 indicates that the sample quenched at 30 °C, and considering its (200) and (111) planes, is about 16 and 13% higher ρ than the as-cast sample (i.e., ρ of 7.2 × 1015 m−2 against 6.2 × 1015 m−2 and 8.9 against 7.9 × 1015 m−2), respectively. It is evidenced that the quenching provokes internal stresses possibly associated with the differences in the thermal expansion among its constituent phases.



At (111) and (200) planes, both the quenched and aged alloy samples have slightly higher strains than the as-cast sample. Moreover, the crystallite sizes are considerably (12%) lower (~350 nm) than those of the as-cast sample (~390 nm). This occurred in the majority of all the planes examined when the heat-treated samples and the as-cast sample were compared. This is coherent with the dislocation density ρ shown in Table 2. Additionally, this also corroborates with our understanding of the UTS and YS values obtained, i.e., with the increase in the ρ, mechanical behavior also increases. However, when the quenched sample is compared with the sample artificially aged at 180 °C, the dislocation densities ρ in both (200) and (111) planes are higher than those observed for the sample quenched (i.e., 7.9 against 7.2 × 1015 m−2 and 9.4 against 8.9 × 1015 m−2), respectively.



Considering these slight differences (~10 and 5%), the crystallite size and lattice strain reveal noteworthy disparities. It is observed that aging increases the dislocation density of all examined planes, accompanied by comparable strain values, as shown in Figure 7d. It is known that the dislocation density of a material is directly proportional to the lattice strain and inversely proportional to the crystallite size. Based on this, and associated with the fact that the aged sample has a similar microstrain level (from Rietveld treatment) and slightly higher crystallite size than the quenched sample, we deduce that the dislocations are responsible for the similar UTS and YS values when compared with the quenched sample, as shown in Figure 5a. Additionally, it is also clearly verified that it has substantially higher (~33%) microhardness (i.e., 120 against 90 HV), as depicted in Figure 4. These observations seem to be associated with the resulting microstructural arrays, not only at the micrometer scale but also at the nanometer scale. For example, at the microscale, there is a similarity in the dendrite arm spacings and the eutectic Si morphology and size. On the nanoscale, the characterization and observation of the dislocation densities and microstrains require TEM, EBSD, and/or HRTEM techniques. These advanced methods demand a more complex sample preparation and are more expensive than conventional microstructural characterization techniques.



From the metallurgical point of view, it is known that quenching forms a supersaturated solid solution containing numerous vacancies [38]. Associated with this, the sharp difference in the thermal expansion coefficient between the Al matrix and Si particle induces high thermal stress at the Al/Si interface. Consequently, high dislocation density is constituted, initiating from the interface inducing a mismatched lattice. Since Mg2Si dissolution and homogenization are very fast processes (occurring from 2 up to 15 min to complete its homogenization [38]), the remaining possible particles are β-Al5FeSi, as previously reported [38].



Conversely, the aging treatment achieves a more even distribution of precipitates within the material. To reach peak hardness, a specific duration of treatment is required, typically 10 h at 170 °C, although a period as brief as approximately 20 min at 210 °C can be sufficient [38,42]. From the calculated dislocation densities and microstrains results associated with the mechanical responses, it was found that the sample aged at 180 °C still exhibits a high dislocation level. This seems to be correlated with fine θ′ precipitates, which commonly nucleate on dislocation sites. It has been reported [42] that these θ″ coherent precipitates on dislocations are responsible for the earlier and higher peak hardness.



Unfortunately, in this present investigation, to identify these dislocations, TEM and EBDS techniques are not carried out. However, SEM micrographs corresponding with the fractography of the examined samples are exploited and will be depicted and discussed below. Associated with the micrographs, mechanical results, and the calculated parameters from Rietveld treatments, the correlation between the mechanical behavior and the dislocation level is evaluated. This seems to constitute an important and complementary tool to prescribe and correlate the mechanical responses with applied heat treatments. Thus, a more complex and expensive microstructural characterization technique is not required.



The experimental DSC melting results show the cooling curves as a function of the thermodynamical transformation temperatures of the A356 alloy samples before (as-cast) and after aging (adopting T6 at 220 °C), as depicted in Figure 8. A first endothermic peak is associated with an inflexion and plateau characterized at ~620 °C, as shown in Figure 8a. This is correlated with α-Al dendritic matrix transformation, and from the Al-Si phase diagram, it is designated as liquid transformation (TL) [10]. Dang et al. [10] also obtained this peak at 620 °C. Figure 8b shows a second one, which represents an endothermic peak occurring at ~590 °C. This corresponds with the Al-Si binary eutectic reaction, as reported in [10].



Dang et al. [10] also verified this transformation at a similar temperature range (i.e., ~580 °C). Considering a thermodynamic equilibrium condition, this transformation corresponds to the eutectic transformation temperature (TE) occurring at ~570 °C [10]. Considering the solidification of an A356 alloy, depending on the Si and Mg contents, another reaction can occur, i.e., one associated with Al + Si + Mg2Si ternary eutectic at 563 °C, as also demonstrated by Dang et al. [10]. As expected, after T6 treatment, the ternary eutectic transformation trends to be substantially dismissed or eliminated. This is suggested when DSC curves corresponding with the aged samples are observed.



Also, from the metallurgical point of view, depending on the Si and Mg contents, the Mg-containing phases during solidification are the Mg2Si and π-Al8Mg3FeSi phases, [10,21,24,38,39,40]. Additionally, Mg2Si particles tend to become dissolute and homogenized in a short period when heat treatment is carried out [38]. Based on the DSC results associated with the dislocation density and the microhardness and mechanical strength results, the as-cast sample is the sample exhibiting more remaining Mg2Si particles, as shown in Figure 9c. This is also clearly confirmed in DSC curves.



Considering the aged sample, the eutectic ternary reaction is almost omitted or eliminated, as depicted in the obtained DSC curves. This is provided by a solution treatment and possible thermodynamic transformation of these Mg-rich phases in β-Al5FeSi, mainly associated with more dilute Mg content (i.e., 0.3 wt.%), as reported by Chen et al [38]. Although the results of DSC and XRD have not substantially confirmed Mg2Si particles, the dislocation density results reveal a high level, which permits us to understand the reason for the increasing microhardness. This seems to be associated with fine θ phases, which are nucleated at the dislocation sites.




3.3. Microstructural Array and Fractograph Characterizations


Figure 9a–d show typical microstructural arrays of the examined A356 alloy in the as-cast condition and after quenching at three distinctive temperatures, i.e., 30, 60, and 80 °C, respectively. It is known that Al-Si-Mg alloys are constituted by a lamellar Si morphology and primary α-Al phase constituting the dendritic Al-rich matrix. It is also known that Al-Sr master alloy has effective action to spheroidize Si particles. Since all examined samples contain portions of the mentioned Al-Sr master alloy, similar spheroidization levels are observed. This spheroidized Si morphology is associated with a finer eutectic microstructure and seems to be responsible for improving the resulting ductility of the casting, as previously reported [11,19,25,26,27,28,29,30,31,32,33,34,35,36]. Moreover, similar dendrite arm spacings (λ) are also characterized, i.e., λ = 38 (±6) μm. As expected, throughout the lattice of all examined samples, Fe-rich phases (commonly designated as β-Al5FeSi) are homogeneously distributed. These resulting microstructural arrays are confirmed and are associated with the results previously discussed concerning DSC and XRD. Based only on these microstructural characterizations, it is not possible to conclude that a correlation exists between the results of the distinct quenching temperatures with the obtained mechanical behavior.



Although it is recognized that a finer dendrite spacing increases the mechanical response, this parameter is very similar for all quenched samples. The Si spheroidization is also very similar among the three quenched samples, including the as-cast sample. This differentiates only with Mg2Si particles constituting its resulting microstructural morphology. These observations reasonably corroborate with the mechanical behavior reached, mainly when low mechanical strengths are compared. However, among the quenched samples, the microstructural array characterizations do not substantially corroborate to explain the distinctive results of the UTS, YS, and microhardness.



As previously discussed and reported [38], quenching induces high thermal stress at the Al/Si interface, which generates a higher dislocation density (~7.2 × 1015 m−2) than the as-cast sample (6.2 × 1015 m−2), as shown in Table 2. Additionally, due to the same thermal mechanism, when quenching is carried out at a slightly higher temperature, such as at 60 and 80 °C, it is expected that a lower dislocation density is obtained. This helps us understand the decreasing trends of UTS, YS, and microhardness including the ductility behavior corresponding with the samples quenched at high temperatures.



The typical microstructural array of the as-cast sample is similar to the quenched samples. However, differences concerning the Mg2Si particles are observed, and it induces a distinct interpretation of their portions or volumes contributing to the decrease in mechanical strength. On the other hand, by analyzing the XRD and dislocation density results, the differences in the mechanical responses between the as-cast and the quenched samples are reasonably understood. The experimental XRD patterns characterize peaks corresponding with Mg2Si particles into the as-cast lattice, which are dissolute and homogenized into the quenched lattice samples due to solution treatment and/or associated with subsequent aging, as previously demonstrated and discussed.



Figure 10a depicts a typical fractured surface and the corresponding SEM micrographs of the examined A356 samples after distinct quenching and aging treatments. An analysis of the physical features of fracture surfaces indicates the possible failure reason. With this, a correlation and understanding between these microstructural characteristics, fractured surface, and adopted heat treating can be provided.



Figure 10b,c correspond with the examined fractures of the quenched A356 alloy samples. The typical cleavage planes (white arrows) coexisting with typical dimples with certain tendon fossa sites (yellow dashed circles) are characterized. These characteristics have been previously reported when heat treatments of the A356 alloys are applied [50]. Additionally, the tearing edges (red dashed circles) are clearly characterized, interposing the dimple regions. These tearing edges suggest typical brittle fracture behavior [51].



Figure 10d shows the fractured SEM micrograph of the aged sample at 180 °C. When this is compared with the micrographs shown in Figure 10e,f (after quenching), both the cleavage and dimples still coexist. However, it is perceived that the former fractography has both cleavage and tearing edge regions that decreased considerably when compared with the latter one. This observation corroborates with the obtained results of the UTS, YS, and dislocation density. Based on this, it is seen that aging decreases the brittle aspect, and UTS and YS are very similar, and no substantial decrease in the ductility has been verified. Additionally, the aged samples at 180 °C have their microhardness increased when compared with the quenched samples at 30 °C.



From both quenching and aging treatments, it can reasonably be concluded that the highest mechanical behavior is that of the sample treated at 30 °C (i.e., UTS of ~245 MPa and hardness of about 120 HV). Interestingly, the highest elongation (~6%) is also reached at this temperature. When samples are aged, the highest mechanical behavior is reached after aging at 180 °C, i.e., ~240 MPa, with elongation of about 4.5%. Interestingly, its hardness is about 50% lower than the aged sample. This means that if the highest UTS is desired, quenching and aging provide very similar mechanical behavior, based on the UTS results. However, if yield strength or deformation capacity is the crucial point of the design, then the sample quenched at 30 °C has YS ~ 16% higher than the sample aged at 180 °C. These assertions are corroborated by the calculated dislocation results. The samples aged at 180 °C achieved up to 10% more dislocations than those quenched at 30 °C. This is not characterized by using typical SEM micrographs. However, due to microstructural modifications at the nanoscale level, dislocation changes are calculated by using XRD patterns and then corroborated with the mechanical results observed.



With this, Al-based alloy wheel manufacturers can plan and control heating treatments, taking into account that curing coating treatments take up to 2 h at 160 and 180 °C to complete. Consequently, we found that a quasi-overaging of the wheels can be carried out, resulting in a deleterious effect on the mechanical response.





4. Conclusions


Based on the experimental results of the mechanical behavior and microstructural characterizations concerning the A356 alloy samples after different quenching and aging treatments, the following conclusions can be drawn:




	
When the A356 alloy samples are quenched at 30, 60, and 80 °C, decreasing trends in both UTS and YS results are observed. Analog tendencies are also obtained when aging treatments at 180, 200, and 220 °C are applied. It was found that the UTS results corresponding with the aging at 180 °C and quenching at 30 °C are similar (i.e., ~240 MPa). Analog YS results are also similar in these same treatment temperature ranges, i.e., ~190 MPa.



	
When comparing the experimental correlations between UTS and YS with microhardness with those previously reported (e.g., Krishna et al. [43] and Cerri and Ghio [42]), a good exponential adjustment prescribes the experimental data. On the other hand, when linear equations proposed by Abdulwahab et al. [40] and Rometsch and Schaffer [39] are utilized, no good adjustments are obtained.



	
It was found that the calculated microstrains, crystallite sizes, and dislocation densities from the Rietveld treatments corroborate our understanding of the distinctive mechanical behavior of the A356 alloy samples subjected to different aging and quenching treatments. We found that the dislocations are responsible for similar UTS and YS values when compared with those samples quenched at 30 °C and aged at 180 °C. It was also found that by using the Rietveld treatment, the dislocation densities are calculated and correlation with mechanical responses can be constituted.



	
It is important to remember that industrial practices commonly use artificial aging after a quenching procedure. However, for automotive wheels, it is noted that a complementary powder coating wheel treatment is often applied. This can promote a certain curing of coating, which prevents corrosion damage and provides a shiny aesthetic aspect. Although certain industrial secrets are required, this abovementioned curing coating treatment takes up to 2 h at 160 and 180 °C to complete. In this particular context, it seems that it is thermodynamically sufficient for a “preaging” or “overaging” to be conducted. We found that a “quasi-overaging” of the wheels results in a deleterious effect on mechanical behavior. This is attributed to “overaging” when associated with T6. With this, operational practices can be planned in order to obtain the required mechanical properties, which is particularly useful for manufacturers of A356 alloy wheels.
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Figure 1. Representative temperature vs. time profile for the heating rate (I), solution treating (II), quenching (III), and three distinctive T6 heat treatments for the examined A356 alloy samples (IV). All adopted quenching are carried out in 120 s, and all aging treatments are performed for 180 min (3 h). 
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Figure 2. Experimental engineering stress vs. strain curves of A356 alloy after distinct (a) quenching and (b) aging. The as-cast (non-treated) results are also depicted. 
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Figure 3. Relation among UTS, YS, and ductility in distinctive (a) quenching and (b) aging temperatures. 
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Figure 4. Microhardness obtained after three different quenching and three different aging temperatures. 
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Figure 5. Correlation between yield strength (YS) and microhardness and ultimate tensile strength (UTS) and microhardness by using (a) exponential and (b) linear regression equations based on Krishna et al.’ [43] and Cerri and Ghio’s [42] equations. 
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Figure 6. Correlation between YS and UTS with microhardness fitted by (a) Cerri and Ghio’s [42] linear equation and (b) YS and UTS with microhardness (in MPa) considering the investigations of Abdulwahab et al. [40] and Rometsch and Schaffer [39]. 
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Figure 7. XRD patterns of the A356 alloy samples in condition: (a) as-cast, (b) water-quenched at 30 °C only, (c) artificially aged (T6) at 180 °C for 3 h; and (d) the calculated crystallite size and remaining strain determined by using Rietveld data (gray lines). 
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Figure 8. (a) Experimental DSC curves obtained by using 10 °C/min of the A356 alloy samples: (a) quenched at 30 °C and artificially aged at 220 °C and (b) the as-cast condition; (b) A typical XRD pattern corresponding with the as-cast A356 alloy sample, evidencing (inset) remaining Mg2Si particles. 
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Figure 9. Typical SEM micrographs of the A356 alloy samples of the as-cast samples (a), and quenched at (b) 30 °C, (c) 60 °C, and (d) 80 °C, evidencing Fe-rich particles and Mg2Si particles (as-cast sample). 
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Figure 10. (a) A typical micrograph of the fractured surface of the specimens examined, SEM micrographs of the samples quenched at (b) 30 °C and (c) 60 °C; and the samples after aging at (d) 180 °C, (e) 200 °C, and (f) 220 °C. The white arrows indicate the cleavage planes and yellow and red dashed circles represent tendon fossa (dimples sites) [50] and tearing edges, respectively. Yellow arrows depict the constituted porosity/voids. 
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Table 1. The chemical composition of the commercial A356 alloy.
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	Alloying Elements
	Si
	Mg
	Cu
	Fe
	Ti
	Sr
	Al





	Min. content (%wt.)
	6.5
	0.2
	----
	---
	0.1
	0.01
	Balance



	Max. content (%wt.)
	7.5
	0.45
	0.2
	0.3
	0.2
	0.02
	Balance










 





Table 2. Calculated dislocation density (ρ) at (200) and (111) Al peaks obtained from XRD patterns of the as-cast, quenched at 30 °C, and aged at 180 °C samples.
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As-Cast

	
Quenched at

30 °C

	
Aging at

180 °C






	

	
ρ (m−2 × 1015)




	
(200)

	
6.2 (±0.2)

	
7.2 (±0.2)

	
7.9 (±0.2)




	
(111)

	
7.9 (±0.2)

	
8.9 (±0.2)

	
9.4 (±0.2)
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