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Abstract:



Al-Si-Zn-Mg-Cu samples were produced using Laser Powder Bed Fusion from mixed AlSi10Mg and 7075 powders. It was observed that the introduction of silicon to an Al-Zn-Mg-Cu alloy strongly reduced the crack density, probably because of the reduction of the solidification range, the improved fluidity of the molten phase and the reduction of the coefficient of thermal expansion. The density measurements showed that crack-free samples can be successfully produced with this powder mixture. The obtained Al-Si-Zn-Mg-Cu samples were characterized in terms of microstructure, hardness and tensile properties showing that this composition is very promising for future powder bed additive manufacturing processes.
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1. Introduction


Laser Powder Bed Fusion (LPBF) is a powder bed Additive Manufacturing (AM) process that enables the production of metal components by means of a layer-by-layer process. This technology has been found to be very attractive for some alloys such as titanium and nickel based alloys due to its ability to produce near net shape components and hence to reduce the amount of material used and the post processing phases needed for conventional production techniques [1,2]. The production of aluminum parts by laser-based AM faces many challenges because of the high reflectivity and thermal conductivity of aluminum. This leads to the necessity for high power levels in order to melt the scan tracks. Moreover, aluminum powders are generally characterized by a limited flowability that may produce non-homogeneous powder beds and lead to the formation of pores within the parts [3]. Furthermore, some high strength aluminum alloys contain highly volatile elements, such as Zn and Mg, and these are particularly critical for AM technologies because of the extremely high temperatures of the melt pool [4]. Recently, many studies have been carried out on the production of aluminum alloys by LPBF techniques. Al-Si alloys and, in particular, AlSi10Mg have been shown to be very suitable for AM technologies [5]. This casting alloy, with a near eutectic composition, has in fact a narrow solidification range and a good fluidity in the molten state. These characteristics allow the AM production of fully dense metal parts [6,7].



Despite this growing interest in the AM processability of Al-Si alloys, to date, to the best of our knowledge, only a few studies have been published on the AM process of high strength aluminum alloys. It is well known that the alloys belonging to the 7xxx series are suitable for many applications in aerospace industries as they are characterized by high specific strength and toughness achieved mainly through the precipitation of the MgZn2 phase. However, these alloys are not weldable because they suffer strongly from liquation cracking. Notwithstanding this, because of the strong industrial interest in the AM processability of these alloys, in recent years, some studies have focused on the microstructural characterization of AM 7075 samples. Li et al., for example, studied the processability of a 7075 alloy by means of the drop-on-demand (DOD) method [8]. They focused on drop cooling rate and morphology, however, no consideration on cracks was reported. Kaufmann et al. studied the LPBF processing of a 7075 alloy and showed that, because of the rapid cooling that arises during the laser scanning, with the fixed parameters, the samples were characterized by hot cracks oriented along the building direction [9]. Furthermore, in their study, they investigated the chemical composition of the LPBF samples and observed that a significant quantity of zinc evaporates as a consequence of the extremely high temperatures of the melt pool. The reduction in the zinc content was also observed by Qi et al. who investigated the cracking phenomena during the LPBF process of the 7075 alloy [10]. They found that three types of cracks, all oriented along the grain boundaries, form during the LPBF process of this alloy. Furthermore, the crack density was correlated to the melting mode that arises during the laser scanning: the lowest crack density was observed when the keyhole melting mode arose due to the solidification of fine and irregular grains.



Recently, different studies have focused on the modification of the 7075 chemical composition, in order to make it processable by AM technologies. Montero Sistiaga et al. for example, studied the processability of a Si-modified 7075 by LPBF and pointed out that the introduction of Si particles strongly decreases the crack formation during LPBF due to the improved fluidity of the molten phase and the reduction of both the melting range and the coefficient of thermal expansion [11]. The authors also investigated the effect of the heat treatment on hardness; with the most suitable heat treatment, it was possible to achieve a hardness value of 171 HV. However, clarification on the Si distribution within the LPBF samples was not carried out. The distribution of Si in these samples might be very critical; previous studies have demonstrated in fact that the use of pure metallic particles for the in-situ formation of an alloy may cause a non-homogeneous composition within the samples [12,13]. Finally, Martin et al. obtained crack free LPBF 7075 parts by adding hydrogen stabilized Zr nanoparticles to the 7075 powder [14]. The introduction of these particles allowed the precipitation of the Al3Zr phase which is strongly coherent with the Al structure. These coherent precipitates resulted in a heterogeneous nucleation, fine grain sizes and therefore crack free samples.



In the present work, a different method to modify the composition of a 7075 powder for LPBF was investigated. The 7075 powder was mixed with an AlSi10Mg powder in order to increase the Si content. The microstructure and the mechanical properties of LPBF samples with this new Al-Si-Zn-Mg-Cu were studied and reported below.




2. Materials and Methods


Gas atomized 7075 and AlSi10Mg powders provided by LPW Technology Ltd. (Cheshire, UK) and EOS GmbH (Krailling, Germany), respectively, were used. The Field Emission Scanning Electron Microscopy (FE-SEM) images, reported in Figure 1, reveal that the 7075 batch contains many particles characterized by an irregular shape; in the AlSi10Mg powder, most of the particles have a spherical shape. Furthermore, the AlSi10Mg batch contains some finer particles and some satellites with respect to the 7075 one (Figure 1b).


Figure 1. Field Emission Scanning Electron Microscopy (FE-SEM) micrographs of (a) 7075 and (b) AlSi10Mg powders.
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A mixed powder batch was prepared by dry mixing AlSi10Mg with 7075 powders in ceramic jars for 24 h without any grinding medium in order to avoid the damage of the particles. The rotational speed of the system was fixed at 60 rpm. This mixing method was used because in previous works it was demonstrated not to damage the particles shape [15,16]. The flow behavior of the commercial and mixed powders was evaluated by the tap density measurements in order to assess the effect of different particles morphology on the powder flowability. The Hausner Ratio (HR) values were calculated as the ratio of tap density (ρtap) and loose poured bulk density (ρbulk).



The mean nominal composition of the mixed powder batch (50% 7075), selected on the basis of the results of a previous work [17], is reported, together with the composition of AlSi10Mg and 7075, in Table 1.


Table 1. Nominal chemical composition of the powders.





	Weight %
	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al





	7075
	<0.40
	<0.50
	1.2–2.0
	<0.3
	2.1–2.9
	0.18–0.25
	5.1–6.1
	<0.2
	Bal.



	AlSi10Mg
	9.0–11.0
	<0.55
	<0.05
	<0.45
	0.2-0.45
	-
	<0.10
	<0.15
	Bal.



	50% 7075 *
	4.7–5.5
	<0.50
	0.6–1.0
	<0.38
	1.15–1.7
	0.09–0.13
	2.5-3.1
	<0.17
	Bal.







* Calculated starting from the commercial powder composition.








An EOS M270 Dual Mode system was used to build all the samples. This machine uses an Yb fiber laser with a power up to 200 W and a scan speed up to 7000 mm/s; the whole process is carried out in Ar atmosphere on a heatable platform.



Cubic samples (10 × 10 × 10 mm) were built on 100 °C heated platform with the mixed powder batch varying the main building parameters such as power (P), scan speed (v), hatching distance (hd). All samples were built using 30 μm as layer thickness (t) and the rotated EOS scanning strategy [18].



The overall effect of the building parameters on the porosity was studied by the Volumetric Energy Density (VED) parameter which obeys to the following equation:
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The building parameters used for the process optimization were varied in the ranges reported in Table 2.


Table 2. Ranges of building parameters used for cubes.





	Parameters
	Power (W)
	Scan Speed (mm/s)
	Hatching Distance (mm)





	Min. value
	180
	400
	0.15



	Max. value
	195
	800
	0.17









After a coarse polishing, in order to remove the surface roughness, the porosity values were evaluated by the Archimede’s method. Based on the porosity values, optimized building parameters, that allow the production of dense samples, were selected among the parameters tested. The densest cubic samples were cut along the building direction, polished and etched for 10 s with a Keller solution in order to observe the microstructure. Energy Dispersive X-ray spectroscopy (EDX) analyses were carried out using a Phenon XL Scannin Electron Microscope (SEM) (Phenom-World BV, Eindhoven, The Netherlands) equipped with and EDX detector on sample cross sections in order to see whether the flows that arise in the melt pool, due to the Marangoni effect and the recoil pressure, allow the production of a homogeneous alloy throughout the samples [19,20].



Sample hardness was measured by means of Brinell hardness tests, using a 2.5 mm tungsten carbide ball and applying 62.5 kg. Micro-hardness was also measured using a Leica micro-hardness Tester VMHT (Leica, Wetzlar, Germany.) with a load of 100 g applied for 15 s. In both cases, the average hardness values were determined from five indentations on the X–Z cross section of each sample. Samples made with the optimized parameters underwent different direct ageing treatments and were characterized in terms of hardness and microstructure. In particular, as ageing temperatures 170, 160 and 150 °C were selected based on the 7075 alloy standard ageing treatments present in the literature for alloys with similar compositions [21,22]. Furthermore, some samples underwent the stress relieving heat treatment at 300 °C for 2 h, in order to have a more complete comparison with the AlSi10Mg mechanical properties.



X-ray analyses were carried out on the X–Z cross section of the as-built and heat treated samples in order to analyze the precipitates that forms during the LPBF process and the above mentioned stress relieving heat treatment.



Samples in the as built and heat treated conditions were cut, polished and etched with a Keller’s reagent for 10 s. The samples’ cross sections were then observed by optical and FE-SEM microscopy (Zeiss Merlin, Zeiss, Oberkochen, Germany).



Finally, flat tensile samples with 4 mm thickness, 6 mm width and 25 mm gage length were built with the optimized parameters parallel to the building platform with volume type support structures, removed from the building platform with EDM and then shot peened and tested according to the ASTM E8M. The tensile tests were performed with a Zwick Z100 tensile machine (Zwick Roell, Ulma, Germany) connected to a contact extensometer and using 8 × 10−3 s−1 as strain rate on as-built and heat treated 50% 7075 samples and on AlSi10Mg samples built with the AlSi10Mg standard parameters (P = 195 W, v = 800 mm/s, hd = 0.17 mm).




3. Results


At first, the effect of the mixing method on the powder quality was evaluated by tap density measurements. The HR values of AlSi10Mg, 7075 and 50% 7075 powder batches were 1.27, 1.22 and 1.25 respectively. These values are in the ranges generally referred to as “Fair/Passable”. It can be noted that, despite its spherical shape, the AlSi10Mg powder is characterized by a slightly worst flow behavior with respect to the 7075. The mixed powder batch has an intermediate HR value and can be therefore used for the LPBF process.



Samples built with 7075 powder and the 50% 7075 powder batch were built; the optical micrographs of two samples’ cross section clearly show the advantages of the introduction of Si to the 7075 alloy (Figure 2). It is clear in fact that in the LPBF 7075 sample a strong liquation cracking phenomenon arises (Figure 2a). This cracking phenomenon is due to the presence of a thin liquid film at the grain boundaries that cannot follow the shrinkage due the solidification. Based on these considerations, it is evident that a narrow solidification range, a high fluidity of the molten phase, a low coefficient of thermal expansion (CTE) and a reduced solidification shrinkage may reduce this cracking phenomenon. In agreement with literature, in LPBF samples, 7075 cracks are oriented along the building direction. Previous works demonstrated that the cracks that generate during the laser scanning are oriented along the building direction as they follow the columnar grain boundaries [10,14]. The comparison of (Figure 2a,b) clearly demonstrates that the introduction of silicon to the 7075 composition strongly reduces the crack density of the samples. The reduction of the crack density can be therefore ascribed to the narrower solidification range of the alloy, to the lower coefficient of thermal expansion (CTE) value and to its improved fluidity [11].


Figure 2. Optical micrographs of (a) 7075 alloy and (b) 50% 7075 alloy built with not optimized process parameters (P = 195 W, v = 600 mm/s and hd = 0.17 mm).
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The densities of the 50% 7075 samples built were firstly evaluated by the Archimede’s method. It must be pointed out that this method was valid as the porosity was not interconnected.



From the porosity versus VED graph of the 50% 7075 reported in Figure 3 it can be noted that dense samples can be easily produced and that this alloy mainly follows the typical trend observed in most of the alloys processed by LPBF; the higher is the energy density the lower is the porosity [23]. Based on this graph, the parameters corresponding to the arrow (P = 195 W, v = 600 mm/s and hd = 0.15 mm) were selected as the optimized ones for this new alloy. These parameters are characterized by a slightly higher VED with respect to the EOS standard parameters for aluminum; this might be due the lower Si content of this alloy, with respect to the AlSi10Mg, that causes a lower laser absorption and lower fluidity of the molten phase.


Figure 3. Porosity versus Volumetric Energy Density (VED) graph of 50% 7075 Laser Powder Bed Fusion (LPBF) samples.
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The porosity values reported in Figure 3 were compared with image analyses data, obtained with the ImageJ software (version: v1.51J8, National Institutes of Health, Bethesda, MD, USA) on eight 50× images taken on each sample cross section. Similar results were obtained, in particular the porosity of the samples built with the optimized parameters was calculated to be 1.1%.



In order to assess the homogeneity of LPBF parts produced from mixed powders, EDX measurements were carried out on the cross section of samples built with the optimized parameters. The EDX lines revealed that a homogeneous distribution of the reinforcing elements throughout the melt pool can be achieved (Figure 4). The thermophysical phenomena that arise in the melt pool produce the homogeneous dispersion of most of the alloying elements and therefore the formation of the 50% 7075 alloy starting from AlSi10Mg + 7075 powder mixture. However, it must be pointed out that the chemical composition of the alloy measured with EDX analyses revealed that, because of the high temperatures reached in the melt pool, part of the Zn evaporates (Table 3).


Figure 4. Energy Dispersive X-ray spectroscopy (EDX) lines of (a) Si (b) Zn and (c) Mg.
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Table 3. Measured and nominal composition of a 50% 7075 sample built with the optimized parameters.





	Weight %
	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al





	Measured
	5.3
	-
	0.8
	-
	1.6
	-
	2.02
	-
	Bal.



	Nominal
	4.7–5.5
	<0.5
	0.6–1.0
	<0.38
	1.15–1.7
	0.09–0.13
	2.5–3.1
	<0.17
	Bal.









The optical micrographs of 50% 7075 etched samples, reported in Figure 5, reveal that their microstructure is constituted by the interconnection of multiple melt pools as in the case of the AlSi10Mg samples [5]. A sample was built without the rotating scanning strategy in order to analyze the shape of the melt pools for this alloy (Figure 5a). The comparison of this image with a micrograph of a sample built with the rotation (Figure 5b) clearly shows the advantages that the scanning strategy brings to the densification. The samples built without the 67° rotated scanning strategy is characterized by irregular pores that suggest a poor melt pool interconnection due to a repetitive scanning strategy. Furthermore, Figure 5b,c shows that the melt pools are characterized by areas with different cells size and shape. The melt pool center contains fine and equiaxed cells while elongated cells are present at the melt pool boundaries.


Figure 5. Optical micrographs of 50% 7075 etched samples built (a) without the 67° rotating scanning strategy; (b–d) with the rotating scanning strategy and the optimized parameters.
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FE-SEM images of the as-built 50% 7075 alloy reported in Figure 6 confirm that the microstructure is similar to the as-built AlSi10Mg one and is constituted by fine α-Al cells (dark grey) surrounded by the eutectic network (bright grey). Similar cellular microstructures were observed by Wu et al. who deeply investigated the complex formation mechanism of Al cells during the LPBF process of AlSi10Mg [24]. However, in the 50% 7075 case, the eutectic network results to be less continuous with respect to the AlSi10Mg one [5,25].


Figure 6. FE-SEM micrographs of 50% 7075 built with the optimized parameters.
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Since previous works suggested that LPBF aluminum alloys in the as-built state can be considered as supersaturated solid solutions [26,27], the effect of a direct ageing on the phase composition and the mechanical properties was investigated by XRD measurements, hardness and tensile tests. Figure 7 reports the Brinell hardness trend with the ageing time of 50% 7075 LPBF samples and clearly shows that the direct ageing strongly increases the mechanical properties of this alloy, suggesting that some precipitation arises. The highest hardness values were achieved by ageing the samples for 6 h at 160 °C. The Brinell hardness value of the stress relived 50% 7075 was 65.0 HB and has not been reported in the graph.


Figure 7. Brinell hardness as a function of the ageing time.
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The XRD patterns of 50% 7075 sample in different conditions, reported in Figure 8, confirm that this alloy in the as-built state is mainly constituted by Al and reveal that the stress relieving and the ageing heat treatments favor the precipitation of silicon and some intermetallic phase (Figure 8b). It must be pointed out that, notwithstanding the longer heat treatment time, because of the lower temperature, a smaller precipitation arises during samples’ ageing than during stress relieving. The intermetallic peaks that were also identified in the pattern of the as-built sample suggest that part of the alloying elements precipitates during the building process.


Figure 8. (a) XRD patterns of 50% 7075 alloys in the as built state and after different heat treatments and (b) magnification in the range of 22–42°.
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The precipitation of some intermetallic phase during ageing was confirmed by the comparison FE-SEM micrographs of aged samples (Figure 9) with the as-built ones (Figure 6). After the heat treatment, in fact, some bright phases can be recognized within the Al cells. No clear difference could be observed between the microstructures of samples aged in different conditions (Figure 9a,b).


Figure 9. FE-SEM micrographs of 50% 7075 built with the optimized parameters aged for (a) 3 h at 170 °C and (b) for 6 h at 160 °C.
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Tensile tests were carried out on 50% 7075 in the as-built state and aged with two ageing treatments. The tensile properties and the most representative tensile curves of the alloys are reported in Table 4 and Figure 10 and compared with the curve of an as-built AlSi10Mg sample built with its standard parameters. It is evident that the 50% 7075 composition seems very promising for the LPBF process. This alloy in the as built state has in fact 25% and 7% higher yield (σy) and ultimate tensile (UTS) strengths, respectively, with respect to the as built AlSi10Mg. Furthermore, as expected, the direct ageing treatment allows a further 11% increase in σy due to the precipitation of intermetallic phases. The highest mechanical properties, σy = 350.6 MPa and UTS = 415.1 MPa, were achieved by ageing the samples at 160 °C for 6 h.


Figure 10. Tensile curves of 50% 7075 samples in the as-built state and aged in different conditions compared with the AlSi10Mg one in the as-built state.
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Table 4. Tensile properties of the 50% 7075 samples in different ageing condition compared to the AlSi10Mg ones in the as built state, tested just after shot peening.





	Alloys
	σy (MPa)
	UTS (MPa)
	εr (%)





	50% 7075 As built
	315
	387
	2.7



	50% 7075 3 h 170 °C
	315
	370
	2.1



	50% 7075 6 h 160 °C
	350
	415
	2.3



	AlSi10Mg As built
	250
	362
	3.3









The hardness values and the tensile strengths of the 50% 7075 alloy measured in different conditions are compared in Table 5 with literature data of alloys with similar compositions. It is evident that the hardness of 50% 7075 in the as-built state is slightly lower with respect to the AlSi10Mg one [12]. Notwithstanding this, the 50% 7075 is characterized by higher tensile properties and in particular higher yield strength than the AlSi10Mg. Furthermore, it must be noted that the hardness and the tensile properties of 50% 7075 increase after the ageing treatment and reaches values that are lower than the 7075 but comparable with other high strength 7xxx alloys (e.g., hardness of 7050). Besides, it must be mentioned that the stress relieving heat treatment (300 °C for 2 h), generally used for LPBF AlSi10Mg parts, is not suitable for this composition as it strongly reduces samples’ hardness. This reduction in hardness is mainly due to the growth of the microstructure and to the over ageing caused by high temperature involved in the stress relieving heat treatment.


Table 5. Hardness values of 50% 7075 samples built with the optimized parameters compared with literature data related to other Al alloys.





	Material
	Process
	HB
	HV
	σy (MPa)
	UTS (MPa)





	AlSi10Mg [12]
	LPBF
	128.6
	135.3
	250
	362



	50% 7075
	LPBF
	126.9
	135.8
	315
	387



	50% 7075
	LPBF stress relieved
	65.0
	73.4
	-
	-



	50% 7075
	LPBF 3 h 170 °C
	140.2
	148.8
	315
	370



	50% 7075
	LPBF 6 h 160 °C
	143.8
	152.9
	350
	415



	7075 [11,21]
	Extruded and T6
	165–169
	175.0
	406
	582



	7050 [21]
	Cold rolled and T6
	150–155
	-
	430
	606



	4% Si modified 7075 [11]
	LPBF
	-
	160.0
	-
	-



	4% Si modified 7075 [11]
	LPBF and aged (150 °C 6 h)
	-
	171.0
	-
	-



	7075 + Zr [14]
	LPBF and aged
	-
	~130-140
	-
	-









Finally, the comparison of the 50% 7075 properties with literature data shows that it was not possible to achieve the T6 7075 tensile properties. However, with respect to new alloys for AM processes, the 50% 7075 values have similar or higher hardness values.




4. Conclusions


In this work the properties of a new aluminum alloy were investigated. The main results can be summarized as follows:

	-

	
The introduction of silicon in the 7075 alloy strongly reduces the solidification cracking probably by reducing the solidification range and the coefficient of thermal expansion.




	-

	
EDX analyses revealed that it is possible to obtain samples with a homogenous composition starting from mixed powders. The reinforcing elements are in fact distributed thanks to the Marangoni flow and the recoil pressure phenomenon that arise in the melt pool.




	-

	
The hardness tests revealed that it is possible to increase the mechanical properties of as built LPBF samples by the selection of an optimized ageing heat treatment.




	-

	
The tensile tests performed on the as-built and aged samples confirmed that the 50% 7075 samples are characterized by higher mechanical properties than AlSi10Mg and revealed that the ageing heat treatment allows a further increase in both yield and ultimate tensile strength.
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