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Aging response investigation of 2017 Al alloy processed by gravity and squeeze casting Suitable pressure levels and heat treatment of casting wrought aluminum alloy are key process parameters in making components with better metallurgical properties. For this purpose, the effect of applied pressure and aging treatment on the microstructure and the mechanical properties of an industrial 2017 aluminum alloy manufactured by gravity and direct squeeze casting processes are investigated in this paper. After treating to various aging states, the correlation between these parameters and the characteristics of the cast alloy has been analyzed and discussed.

ties of squeeze cast 6061 Al alloy and found that the strength of the alloy decreases with the presence of the (FeCrMn) 3 SiAl 12 phase and increases with that of the finely dispersed Mg 2 Si phase. Zhang et al. [8] reported that the heat treatment caused an improvement of the tensile strength and elongation of SC Al-Cu based alloy. However, reports on aging temperature effect of SC wrought Al alloy are very few. It must be noted that precipitation behavior is known to have an important influence on the metallurgical properties of Al alloys.

Al-4 wt.%Cu (2xxx series) alloys are a precipitation hardening in which Cu promotes the formation of h-Al 2 Cu precipitates. The decomposition of the supersaturated solid solution (SSS) is believed to proceed in the following steps: SSS ? Guinier-Preston (GP) zones ? h'' ? h' ? h-Al 2 Cu [9]. Obviously, the development of high-performance alloys requires a great understanding of the relationship between processing parameters and mechanical properties through a quantitative prediction of the precipitation behavior. More specifically, wrought 2017 aluminum alloy, which is widely used in aircraft and aerospace structures [10,11], has gained a growing interest in it especially when formed by the SC technique [12 -15]. Moreover, it is reported that the combination of squeeze pressure and heat treatment offers several advantages that make wrought aluminum alloys acquire improved mechanical properties [6,8]. An understanding of the interrelationships between these parameters is particularly important since the mechanical properties of casting components are highly correlated with the final microstructure and crystallographic texture. Thus, the main objective of the present work is to investigate the effects of the aging temperature and to develop a suitable age-hardening heat-treatment process for gravity die casting (GC) and SC wrought 2017 Al alloy. It focuses on the relationship between the microstructure and the mechanical behavior of the material.

Experimental procedure

Material and specimen preparation

The casting experiments were conducted using a 2017 A aluminum alloy, which is widely used as wrought product in various mechanical areas [START_REF] Vargel | The most common wrought aluminum alloys[END_REF][START_REF]Metallic materials and elements for aerospace vehicle structures[END_REF]. Its chemical composition, as determined by spectral analysis, is shown in Table 1.

It was received as an extruded bar of diameter 80 mm and melted at 700 8C in a graphite crucible using an electric resistance furnace. The casting process was carried out

Introduction

Among the different techniques described for materials forming, the squeeze casting (SC) process is used to produce high integrity and low cost aluminum alloy [1]. During the solidification of the melt, the direct action of pressure activates two principal phenomena that are not generally observed in traditional die casting methods. First, the pressure generates a high cooling rate due to the reduction of the air gap between the metal and the die wall, hence, there is a much larger effective contact area [2]. In addition to that, the temperature of the liquidus could rise upon application of pressure, leading to a higher degree of undercooling [3]. The change in the nucleation ratio and cooling rate would increase, which creates a finer grain size [3]. The second phenomenon caused by SC is the fact that direct applied pressure inhibits defects associated with shrinkage cavities and porosity formation [4]. This eliminates casting drawbacks and results in a better quality of casting products with a much higher density. On the other hand, heat treatment processing is considered as a promising method to improve the quality of aluminum alloys. Yet, some research studies investigating the effect of heat treatment process on casting wrought Al alloys have been reported in literature [5 -8]. In this regard, Kim et al. [6] studied the effect of aging times on the microstructure and mechanical properties of 7075 Al alloy. The results show that the fine-grained structures and the uniform distribution of eutectics at the periphery of the grain boundaries caused significant changes in hardness and tensile strength of specimens. Skolianos et al. [7] assessed the influence of T6 heat treatment on the microstructure and tensile proper-through a solid mold and a punch made from heat treated H13 steel.

The direct SC experiments were conducted on a hydraulic press, where the pressure on the molten metal is kept at 90 MPa until the end of solidification. In GC, molten alloy was poured directly into the die without external pressure. The mold was preheated up to 200 8C. The as-cast billets were rod-shaped; 23 mm in diameter and 110 mm in length. The choice of casting parameters was based on previous works [12 -14]. Afterwards, the billets were solution treated at 500 8C for 8 h followed by water quenching. In order to investigate the effects of aging temperature and the applied pressure on the microstructure and mechanical properties, some quenched specimens were placed in the furnace (6 h) for the artificial aging process at different temperatures. Figure 1 shows an overall scheme of the elaboration process and the experimental set-up followed in the present study.

DSC analyses

The differential scanning calorimetry (DSC) experiments were conducted on a SETARAM DSC-92 instrument for temperatures ranging from 25 to 600 8C at a heating rate of 10 K min -1 . The specimens were turned to disks of 4 mm diameter and 6 mm high and placed in a hermetic alloy sealed aluminum capsule.

Microstructural characterization

The X-ray diffraction (XRD) measurements were performed using a Philips PW 1800 with Cu-K a radiation.

The fracture surfaces of the tensile specimens were examined with a JEOL 6460 LV scanning electron microscope (SEM).

Mechanical tests

Vickers microhardness (HV) tests were performed with a MEKTON hardness tester, at a load of 300 g applied for 30 s. Five measurements were taken at randomly selected points on the middle transverse section of the billet with a diamond pyramidal indenter. Tensile tests were carried out at room temperature using an MTS-810 universal testing machine with a crosshead speed 2 mm min -1 . In order to ensure the reproducibility of the tensile results, three tests were performed for each condition.

Results and discussion

The DSC thermograms and the Vickers microhardness measurements, as a function of aging temperature after water quenching of both GC and SC specimens, are plotted in Fig. 2. It is clearly shown that the microhardness of SC alloy is higher than those of the GC alloy. This is a result of the change in microstructure and the densification of an as-cast alloy caused by the applied pressure [6]. The first intense exothermic signal centered at around 70 8Ci sa ssigned to the formation of GP zones while the following weak endothermic peaks (around 85 8C) to their dissolution. The wide exothermic peak centered at 170 8C is associated with h" phase precipitation. These metastable precipitates are responsible for the maximum microhardness values [18], and this is commonly observed at 180 8C. It was also noticed that the h" peak of the SC (90 MPa) sample is larger than that of the GC (0 MPa), which is consistent with its higher microhardness. However, the wide exothermic peaks at 320 8C are ascribed to the formation of incoherent h' precipitates. Thus, the formation of the latter leads to a substantial decrease in microhardness [START_REF] Birol | [END_REF]. Added to that, the intense endothermic peaks at 519 8C for GC and 528 8C for SC specimens are attributed to the melting of the intermetallic compound h-Al 2 Cu [19]. Moreover, the thermal effects associated with h' ? h transformation may not be sufficient to exhibit a separate signal during the DSC scans.

As shown in Fig. 2b, this indicates that the peak relative to the melting of h phase is shifted toward higher temperatures with respect to that of GC specimen. This can be attributed to the increase in eutectic temperature in correlation with the increase in pressure [6]. X-ray diffractograms of the three states of GC and SC samples are illustrated in Fig. 3. The XRD patterns of both cast alloys under 0 MPa (Fig. 3a) and 90 MPa (Fig. 3b) reveal the Bragg reflections of the soluble Al 2 Cu and insoluble Al 12 (Fe,Mn,Cu) 3 Si intermetallic phases. Other residual phases are expected to be dissolved into the matrix by solution treatment. These diffraction results are consistent with those published by Birol [START_REF] Birol | [END_REF]20,21]. It is also seen that the intensity of the diffraction peaks related to the Al 2 Cu phase tends to broaden with aging temperature, confirming the reported precipitation sequence. This indicates that, during the aging process, the Cu separated out in the form of Al 2 Cu which are predominant precipitates in the alloy. Figure 4 presents the results of the SEM and EDX (energy dispersive X-ray) analysis of the sample aged at 180 8C prepared by gravity and squeeze casting process, respectively. The SEM-image shows a wide intermetallic precipitation distributed among the grain boundaries, as already observed in the optical micrographs. Also, a lot of shrinkage microporosity is seen in gravity samples (Fig. 4a), while nearly no porosity is observed in squeeze casting samples (Fig. 4b). The predominant phases were identified by EDX (Fig. 4a' and Fig. 4b') analysis once again to be the h-Al 2 Cu intermetallic phases in both GC and SC samples aged at 180 8C.

The tensile properties such as ultimate tensile strength (UTS), yield strength (YS) and elongation percent (El%) of the GC and SC specimens in the different states I (quenched), II (quenched + aged 180 8C) and III (quenched + aged 320 8C) are compiled in Table 2. This shows that the GC specimens have low tensile properties than the SC specimens since the intensity of the applied pressure has a significant influence on the mechanical properties of the 2017 Al alloy [6,13]. The effect of aging temperature on tensile properties showed that the aging temperature of 180 8C (state II) presents the highest values of UTS and YS and the lowest value of El%. The enhancement of UTS and YS are likely due to the higher precipitates density of metastable Al 2 Cu and insoluble Al 12 (Fe,Mn,Cu) 3 Si precipitates. These precipitates reduce the dislocation movement and thus a higher stress is required for its bowing. It is observed that the best combination of properties, i. e. high UTS (298 MPa) and YS (223 MPa), is achieved when aging and pressure are at 180 8C and 90 MPa, respectively. In addition as expected, the El% varies inversely with the other tensile features. It is thus fair to conclude that the variation of tensile properties with squeeze pressure and heat treatment shows a good synchronized effect with microhardness measurements. This variation is the result of microstructural changes that have been observed previously.

Figure 5 shows typical fracture surfaces of the tensile specimens. On a macroscopic scale, the tensile fracture surface of the GC (0 MPa) specimens is at around 908 angle relative to the load direction for uniaxial tension, which is the characteristic of a brittle fracture surface. However, the SC (90 MPa) specimens are considered to be ductile and typically fail at approximately 458 with respect to the load direction of the uniaxial tension.

High magnification examination of the fracture surface of the GC specimens shows that the existence of microporosity (see arrows in GC) and the coarse grain size become the principal source of low ductility. This is a typical feature of intergranular fracture paths. Obviously, with no applied pressure, the alloy exhibits shrinkage problems associated with gas porosity due to the low interdendritic fluidity of the molten material [22]. The tensile fracture surface of the SC specimens corresponds to transgranular fracture and reveals that microvoids mostly disappear and that equiaxed dimples occupy a large area. Inclusions and precipitates that initiate the ductile rupture are also observed in the fractography. However, the Al 2 Cu intermetallic compounds that inevitably exist at the grain boundaries (see arrows in SC), lead to early fractures by creating notch effects during the tensile test [23]. It is also revealed that the breakage of intermetallic phases into smaller parts facilitates the dislocation motion. Generally, it can be concluded that the existence of cavities and higher density of precipitates is the principal source of lower ductility.

Conclusion

In this study, the effect of squeeze pressure combined with the artificial aging process on the microstructure and the mechanical properties of the cast 2017 A aluminum alloy have been quantified. The conclusions of this work can be summarized as follows: 1. Microhardness evolution of the investigated alloy at various aging temperatures shows that the microhardness increases at first and then decreases as aging temperature increases. The maximum and the minimum values are attained when aging at 180 8C and 320 8C, respectively. In addition, the differential scanning calorimetry (DSC) analysis reveals the transformations of the different phases dissolved in the Al matrix. 2. After aging at 180 8C, the microstructure of both SC and GC alloys was characterized by a high density of metastables precipitates, which corresponds to the maximum value of microhardness. 3. The rise of UTS, YS, microhardness and the fall of ductility at an aging temperature of 180 8C is more likely due to the precipitation of hard Al 2 Cu phase and the elimination of gas porosity by applied pressure. These results are in good agreement with the microstructural evolution according to the different aging temperatures. 4. The examination via SEM fractography and elongation results of both SC and GC alloys indicates that the fracture mode becomes more ductile at 320 8C.
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 23 Fig. 2. (a) Microhardness variations and DSC thermograms of GC and SC specimens. (b) Magnification of the DSC curves showing the melting peaks of h phases.
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 4 Fig. 4. SEM images and corresponding EDX analysis of: (a, a') gravity, and (b, b') squeeze cast samples each aged at 180 8C.
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 5 Fig. 5. SEM micrographs of tensile fracture of the selected samples: I, II and III under 0 MPa and 90 MPa.
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 1 Chemical composition of 2017 A aluminum alloy.

	Elements	Cu	Mg	Si	Fe	Mn	Ni	Pb	Zn	Cr	Al
	Mass %	4.47	0.4	0.52	0.65	0.37	0.1	0.03	0.25	0.1	Bal.

Table 2 .

 2 Tensile properties results of the investigated alloy in the different metallurgical states.

	Process	Metallurgical state	UTS (MPa)	YS (MPa)	El (%)
	GC	I (quenched)	200	125	1.7
	(0 MPa)	II (aged 180 8C)	219	175	1.2
		III (aged 320 8C)	175	118	2.5
	SC	I (quenched)	278	199	2.2
	(90 MPa)	II (aged 180 8C)	298	223	1.85
		III (aged 320 8C)	276	121	3.1