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Abstract

:

Cu-11Al-5Ni-4Fe wt% alloy is processed by additive manufacturing using the laser powder bed fusion (LPBF) technique in two building orientations (90° and 0° to the building platform) to determine which laser parameters are more critical to obtain better mechanical properties. The resulting printed material is characterized microstructurally and mechanically by XRD, optical microscope, and under compressive stress. The results indicate that the alloy achieved good densification and mechanical properties similar to an as-cast counterpart. The as-built microstructure comprises acicular martensite and other thermodynamic equilibrium phases, while exothermic and endothermic curves show a poor response to temperature induce phase transformation at ~350 °C. The mechanical results show that it is possible to reach a compressive strength of 1300 MPa, up to 20% strain, and better mechanical properties in those samples fabricated in a vertical direction (90°) than the horizontal. The volumetric energy density also affects the samples’ maximum strength and superficial roughness.
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1. Introduction


Cu-11Al-5Ni-4Fe wt% alloy, also known as NAB (nickel aluminum bronze), has been studied comprehensively throughout the history of its use due to its attributes relative to similar alloys, i.e., high strength, good impact toughness, damping capacity, good corrosion, wear and cavitation resistance, and non-sparking when cast [1]; finding applications in aerospace, architecture, marine defense, and commercial offshore oil/gas and petrochemical, desalination, and water processing industries [2]. NAB’s naval applications include seawater piping and valve systems, sealing flanges, sonar equipment, flexible couplings, and periscope assemblies [1]. The alloy is also essential to submarines [3] since it can suppress sound for silent operations due to its damping properties which are superior to steel [2].



Because of the damping properties, Cu-11Al-5Ni-4Fe wt% alloy has also been studied for its ability to exhibit shape memory properties (SMA). According to Marques de Araujo et al. [4], this alloy would not have the property of pseudoelasticity (PSE) nor the shape memory effect (SME) in the “original” state because the addition of Ni and Fe alters the microstructure, leading to the formation of intermediate phases that impair the stability of the martensitic phase, which is responsible for the shape memory properties [5]. However, studies have shown that alloying with Al or Ni [4] and heat treatments [6] could improve the SMA properties of the alloy.



The condition enabling the presence of PSE and SME is a microstructure with twinned martensite, which can be achieved by plastic deformation and annealing. In this context, it is possible to obtain nano-twins from the additive manufacturing process as laser metal deposition, as shown in the example of alloy Cu-9Al-5Fe-5Ni [7], which seems to be characteristic of as-built samples produced by AM [8,9]. This means that rapid cooling produced by additive manufacturing, particularly by the laser powder bed fusion (LPBF) technique, would be beneficial to producing the martensitic phase and obtaining homogeneously distributed grain refinement under controlled fabrication-induced anisotropy [5,10].



Nevertheless, the fabrication of Cu and Cu-based alloy components by additive manufacturing is challenging because of their relatively high thermal conductivity, reflectivity, and low absorbance at the infrared laser wavelength, which requires higher energy densities to achieve consolidation [11,12,13,14,15,16]. Therefore, apart from the higher laser energy and smaller laser spot size, the fabrication requires a Cu-based build platform [17] to increase laser energy density and promote the melting of the powder particles.



Mazzer et al. [18] studied the Cu-Al-Ni-Mn alloy system with SMA properties, reporting that the optimal laser parameters to obtain the densest samples were laser power of 300 W and scan velocity of 500 mm·s−1 over a Cu-10% Sn build-platform. Gustmann et al. [19] optimized the manufacturing parameters by applying an additional remelting step, obtaining an alloy of 81.95Cu-11.85Al-3.2Ni-3Mn with a relative density of 99%. The alloy densification relevance was the degree of porosity, the distribution of the pores, the grain size, and the grain morphology. The porosity is a relevant factor which determines in a great proportion the success of the specimens fabricated by AM, the reason why it has been studied and reported [20]. Further, considering the mechanical properties, Shen et al. [21] studied the NAB samples fabricated by wire-arc additive manufacturing (WAAM) and the relationship between the mechanical response with the orientation of tensile specimens. They concluded that the highest strength is produced in the longitudinal and transverse sample direction rather than in the normal, evidencing the inherent fabrication anisotropy of the printed samples. The anisotropy is an intrinsic consequence in pieces fabricated by LPBF, evidenced by the crystallographic texture observed by the material characterization [22].



Therefore, broadening the application options of the NAB alloy, such as damper scaffolds or small actuators, is necessary to obtain the best mechanical properties. For that, adequate additive manufacturing parameters and the orientation of the sample built are required to ensure powder consolidation, higher densification, and the appropriate phase composition. It should be elucidated that the microstructural array can affect positively or negatively the resulting properties. This is independent of the actual matter or the research field, but considering the general aspects and correlating it with the operational parameters, microstructure and attained properties, these are closely related [23,24,25].



One example can be found when NAB alloy is used in water pipes or valves, where the microstructural array can certainly make a difference in their corrosion behavior. For NAB alloy, it has been seen that the α-phase (Cu-rich) containing intermetallic precipitates (κ-phases) is more susceptible to be corroded selectively [26]. However, other studies indicated that the β-phase, rich in aluminum, can be largely affected by natural water [27]. A fact that also needs to be considered is that all these phases are present in the NAB specimens fabricated by additive manufacturing.



This work aims to study the Cu-11Al-5Ni-4Fe alloy proceeded by the LPBF technique to determine the optimal build orientation and laser parameters to achieve better mechanical properties comparable to the as-cast counterpart and its potential application as a shape memory alloy. For that, the alloy is microstructurally characterized and mechanically evaluated in the as-built condition, taking additive manufacturing parameters as primary variables, such as laser power and scan velocity.




2. Materials and Methods


2.1. Sample Fabrication


Cu-11Al-5Ni-4Fe wt% alloyed powders of particle size <40 μm, obtained using Nitrogen atomization, were purchased from CNPC powder group CO. The test samples were manufactured using Selective Laser Melting through a Concept Laser Mlab cusing 200R Ge machine. The fabrication implemented the design of the experiment (DOE) with variables power (P) and laser speed (V), both on three levels, producing each variable set in triplicate. Details of laser parameters are summarized in Table S1 (Supplementary Material). The layer thickness and hatching space were set to 30 μm and 80 μm, respectively. The test samples were cylinders of 8 mm diameter and 6.4 mm height according to the standard ASTM E9 [28], fabricated under a nitrogen atmosphere and constructed vertically and horizontally (90° and 0° respective to the platform) over a build platform consisting of electrolytically refined copper. A graphical representation of DOE and the visual appearance of the as-build specimens is shown in Figure 1.



After fabrication, the samples were removed from the Cu platform using wire electrical discharge machining (W-EDM), keeping the voltage and current constant at 100 V and 2.5 A, respectively.




2.2. Microstructural Characterization


The apparent porosity of the metallic samples, as a global porosity percentage, was estimated by Archimedes’ method, following the Standard Test ASTM C373-88 [29].



The surface roughness measurements were conducted through the optical profilometry scan module (OSP470) coupled to BioLogic’s modular M470 scanning electrochemical workstation. The average surface roughness (Ra) was selected to assess the surface topography of the printed sample. It should be noted that the porosity and roughness measurements were repeated three times.



The phase transformation temperature was measured once in each sample using a DSC Perkin Elmer 6000, under Nitrogen flux of 20 mL·min−1, scanning from 0 °C to 420 °C at a scan rate of 10 °C·min−1.



The metallographic specimens were prepared by wet grinding with grit sandpaper from #400 to #4000 and polishing with colloidal silica suspension. The microstructure was revealed using a reagent composed of 5 g Fe3Cl, 10 mL of HCl, and 100 mL of distilled water, etching time of 10 s. Images were obtained by optical microscope (OM) Olympus model GX41 and field emission-scanning electron microscope (FE-SEM) QUANTA FEG 250.



The crystalline phases were characterized by X-ray diffraction (XRD) using Rigaku equipment, MiniFlex 600, detector D/tex Ultra 2 High-Speed 1D, and equipped with Cu Kα1 radiation source (λ = 1.54056 Å)




2.3. Mechanical and Physical Properties


Hardness was evaluated in the top face using an HRf durometer (Wilson, Rockwell hardness tester series 500, model B503T) and converted to the Brinell scale (HB). The compression test was assessed following the ASTM E9 using an Instron 4200 testing machine at the deformation rate of 0.05 mm·mm−1·min−1. All the mechanical tests were conducted in triplicate.





3. Results


3.1. Powder Characterization


Figure 2 shows the Cu-Al-Ni-Fe powder characterization obtained through an FE-SEM image and its particle distribution. FE-SEM image shows the morphology and size of alloy powder, which are spheric with some satellite features [30]. The particle size distribution shows a lognormal distribution with P90 under 30 μm, and 50% of particles smaller than 17 μm.




3.2. Characterization of Microstructure and Density of As-Built Samples


Figure 3 shows the relative density and the average surface roughness (Ra) measured on samples printed vertically and horizontally. All samples reached a relative density of 97.5% under a wide energy density window, which is relatively high compared to the 100% of the wrought material, whose density is 7.59 g·cm−3 [2,31]. There is a higher variability of the error bars of the vertical samples compared with horizontal ones, traducing into a slightly higher relative density. The values are consistent with the literature data. Gustmann et al. [19] reported that Cu–11.85Al–3.2Ni–3Mn and Cu–11.35Al–3.2Ni–3Mn–0.5Zr alloy fabricated by LPBF through SLM (volume energy density of 30 and 50 J·mm−3) reach 99 to 100% in the relative density. Murray et al. [32] reported that Cu-9.8Al-5.2Ni-4.6Fe-0.3 Mn (wt%) fabricated by LPBF through SLM (volume energy density between 97 to 257 J·mm−3, variable laser power, and scan rate) result in 90 to 99.5% relative density.



Regarding surface roughness, it varies between 15–30 μm vertically and horizontally, a range previously observed by the same manufacturing technique and in a Cu alloy [17]. Vertically printed samples presented higher Ra at lower energy density (E), whereas samples printed horizontally exhibited a higher Ra at ~140 J·mm−3. Zakrzewski et al. [33] studied the correlation between the CoCr density and its roughness. They found an asymptotic relationship between E and density since as E increases, density increases, and thus porosity decreases. The latter is consistent with the energy density sufficient to produce the powder melting, which causes a drop in Ra.



The parameters used in this work proved to be in the appropriate range to produce the Cu-Al-Ni-Fe alloy since it is observed that neither the density percentage nor the roughness varied significantly, showing to be in a plateau at any volumetry energy.



Figure 4 shows the micrographs obtained by optical microscope and FE-SEM images of samples fabricated with 125 J·mm−3 and vertically oriented. The grain size is close to 30 μm, and some structures show the typical morphology of the martensite (β′) phase, which is acicular in shape [34]. This observation is consistent with the literature data. Shen et al. reported similar microstructure in Cu-Al-Ni-Fe alloy fabricated through wire-arc additive manufacturing (WAAM); in particular, the presence of equiaxed grains of Widmanstätten α-phase and martensitic β′-phase. Additionally, they detected the presence of columnar grains associated with the layer-by-layer deposition of the alloy. These features are also visible in FE-SEM micrographs of the cross-section, as columnar grains and characteristic microstructure of the β′ phase (see Figure 4c,d).




3.3. Analysis of Phase Composition


Figure 5 shows the X-ray diffraction patterns of the alloy powder and as-built samples. The powder diffraction demonstrates the solid solution formation from all the alloying elements. It is also possible to observe that it is mainly composed of a cubic α-Cu (111) and β′ martensite phases, most likely formed during the atomization process [35]. As-built samples exhibit similar diffraction patterns, mainly composed of martensite phases β′ (orthorhombic and monoclinic) and an α (cubic) phase [5,36]. The β′-martensite is a nonequilibrium phase typically associated with a high cooling rate, such as quenching, which suppresses the formation of equilibrium phases by the diffusion of the alloying elements. The monoclinic structure is associated with the space group P21/m, while the 18R is the orthorhombic associated to the ordered martensite [4,32,36]. The presence of martensite is feasible in additive manufacturing due to the rapid cooling generated from the melt pool supported on the cooler bulk and its subsequent solidification [7]. Pisarek has described the hypo-eutectoid phase transformation of Cu-Al-Fe-Ni, identifying the crystallizing phases regarding the cooling rate [37]. The typical phases in thermodynamical equilibrium in this type of alloy are α (space group Fm/3m), γ, and κ. In our case, the XRD data indicates the presence of martensite, α, and κ phases. The intermetallic κ combines Fe3Al (space group Fm/3m) and NiAl (space group Pm/3m) phases reported in the literature as fostering hardness and mechanical resistance [36].



The alloy powder XRD patterns differ from the as-built material in the relative height of the peaks, with a clear preference for the martensite phase in the orientation planes of (320) and (400), at 2θ of 72° and 73°, respectively. The latter also suggests the presence of a high anisotropy of the constructed samples. It should be mentioned that the differences in peaks account for built pieces are attributed to surface polishing and any oxide formation. Despite this difference, all peaks diffract at the same angles.




3.4. Mechanical Properties


Figure 6 shows the hardness of the top face of as-built samples fabricated vertically and horizontally as a function of volumetric energy density. Samples fabricated vertically in the whole E range exhibit a higher hardness than horizontal samples, and their values are in the range of wrought Cu-Al-Ni-Fe [2]. The low horizontal hardness agrees with similar values of the same alloy obtained as-cast, ranging from 140–150 HB [2]. This is because the as-cast samples, unlike the wrought samples, are inhomogeneous and have more internal defects [31].



Figure 7 shows the compressive stress-strain curves of samples fabricated vertically and horizontally with an E of 99 and 198 J·mm−3. It should be noted that the latter shows two tests completed on different specimens, one depicted by a continuous line and the other by a dashed line, to demonstrate the reproducibility of the test. The first stage (I) shows the elastic deformation until around 800 MPa, where it is possible to observe a slope change corresponding to plastic deformation (stage II) [38]. The low plastic deformation supported by the alloy could be related to the martensite phase, which caused a brittle intergranular fracture, well observed by the sample and its ~51° fracture. As observed, samples fabricated vertically demonstrated a better mechanical performance than horizontally, exhibiting a higher strength and compressive strain, which is also related to the length of the scanning vectors. In the vertical position, the scanned areas are lower, hence the solidification rate.



Figure 8 summarizes the relationship between the mechanical properties extracted from the compression test with laser parameters and fabrication orientation. The contour graph allows for comparing three parameters to distinguish the appropriate combination of laser parameters to produce Cu-Al-Ni-Fe. Figure 8a,c shows the maximum strength and strain of vertical samples, where it is observed that at low P and high V, it is possible to achieve about 1300 MPa of strength and ~20% of strain. Figure 8b,d shows the maximum strength and strain of horizontal samples, where it is observed that at high P and low V, it is possible to achieve about 1200 MPa of strength and ~18% of strain. Similar values were shown by Nigam et al. [39], who studied the Cu-10Al-5Ni-5Fe by tensile and compression test of as-cast and heat-treated samples produced from the metal casting method. In the compression test, the as-cast pieces achieve 1300 MPa and 25% strain.



The above is evidence of the anisotropy generated by fabrication in different orientations. It is quite congruent thinking that the vertical ones were evaluated normal to their direction of fabrication, while the horizontals were longitudinally assessed.




3.5. Thermal Properties


Figure 9 shows the exothermic and endothermic curves of Cu-Al-Ni-Fe as powders and the as-built samples. DSC (differential scanning calorimetry) results show the transformation temperature of β′ (M) and austenite phase (A) [34]. The temperatures are highlighted for each curve for the stable phase transformation start and finish as As and Af, respectively. In contrast, the martensitic transformation temperature of start and finish was denominated as Ms and Mf. The results revealed that the observed peaks tended to be sharped between 250 °C and 350 °C in heating and 300 °C to 350 °C in cooling. The latter is due to different intermetallics types or phases that limit the stability of the low-temperature phase and result in an individual transformation [40,41]. Marques de Araujo et al. [4] studied the Cu-Al-Ni-Fe and its shape memory effect capability through phase transformation by adding Cu, Al, and Ni. They found that the original alloy had no response to DSC tests, but adding Al to the alloy promoted thermoelastic transformation. Therefore, modifying by adding other elements or heat treatments [6] is required to intensify the phase transformation response and shape memory properties.



Table 1 summarizes the phase transformation temperature of both heating and cooling of Cu-Al-Ni Fe alloy in as-built and powders specimens. As is observed, as the applied volumetric energy density (E) increases, there is a temperature displacement toward higher in as-built samples. It could be attributed to a higher amount of second phases limiting the phase transformation, such as κ phases formed during a slower cooling rate. Since as E increases, the built samples could conserve or dissipate heat more slowly than those samples fabricated at lower E and then give way to the equilibrium phases.





4. Discussion


4.1. Effect of Sample Build Direction


As was demonstrated, the construction orientation of samples obtained through LPBF is crucial in mechanical properties performance. It was observed through the intensive material properties, such as density and surface roughness, which varied if specimens were built at 90° or 0°. The latter has been observed by Ren et al. [42], who studied Ti-6Al-4V obtained by SLM in five different directions. They noticed that as they decreased the manufacturing angle, the minimum angle recorded was 0° (which corresponds to the horizontal sample in this article) and the material achieved became denser. The latter is explained due to the sample’s cooling rate, which is increasing at lower angles. However, it also depends on the laser parameters, which could modify the cooling rate and, consequently, the sample density. La-Fe et al. [43], who researched the influence of laser parameters in 316L sample fabrication, demonstrated that the layer thickness and the laser power are the parameters that have a larger effect on the final sample density. Therefore, lower layer thickness and higher laser power positively influenced the density reached, the former due to a reduction in the volume melted and the latter due to the increased energy applied over each volumetric layer. Figure 10 shows a scatter matrix graph of the vertical and horizontal samples and their correlation between measured sample features. In vertical samples, the surface roughness positively correlates with strain (Pearson’s r = 0.56) but had null correlation with the max. strength (Pearson’s r = 0.08). Horizontal samples demonstrated an evident correlation with the max. strength and strain (Pearson’s r = 0.67 and r = 0.61) and very low correlation with the density (Pearson’s r = 0.17). Despite what the literature says about density, in this work it was not correlated with the other measured characteristics, both vertical and horizontal samples, perhaps due to the high density achieved in all samples during the manufacturing process.



Regarding mechanical properties, they were affected by two phenomena. Firstly, as-built samples have internal defects such as pores and residual stresses [44] and are anisotropic [21,45]. Secondly, the as-built samples were rapidly cooled, allowing nonequilibrium phase formation (martensite). Therefore, compressive stress is expected to decrease due to the first phenomenon; it is demonstrated that the maximum strength is in the range of wrought material. This also could be observed by the hardness, whose wrought quenched samples reached 260 HB, while in the as-build condition, its values are close to 180 HB [2].



On the other hand, the differences in hardness between vertically and horizontally printed samples are attributed to material requests. The vertically printed samples were evaluated in the direction normal to the manufacturing surface. In contrast, the horizontally printed samples were tangentially assessed, i.e., over the layers interface and therefore in the most defective zone. It also was studied by Güden et al. [46], who researched a 316L alloy fabricated by LPBF with different inclination angles to the building platform. They observed differences about 6% in hardness between samples fabricated at 90 and 0° to the platform, explained by the pool formation and its internal porosity. Yufur et al. [47] also attribute to the internal porosity the decreased surface hardness of the samples manufactured horizontally vs. those manufactured vertically.



Compressive stress results, represented in the stress-strain curves, could be analyzed following the abovementioned phenomena. As summarized in Figure 8, the vertical samples had higher compressive strain and maximum stress than those printed horizontally. This is due to the material direction request and its layer-by-layer welding. In the vertical pieces, the material was compressed in the normal built direction; therefore, the layers were even more joined due to the compressive stress, while the horizontals were tested tangentially, fostering the break between layers. In other words, the horizontal samples were requested by their poorer-quality fusion zone. It should be mentioned that despite the compressive stress direction regarding the sample, all specimens have a brittle failure with an angle near to 51°.



Additionally, the material texture should be considered since the columnar grains in the fabrication direction could also affect the yield stress and maximum stress. The latter also has been observed by Güden et al. [46], who showed that tensile and compression specimens fabricated at 0° and 90°, present different mechanical properties, changing their yield strength. They associated the differences in orientation response to the fiber texture on their 316L alloy. Mfusi et al. [48] also studied an aluminum alloy fabricated in a different orientation and evaluated its mechanical properties through tensile stress. They observed the anisotropy of the samples, where the pieces manufactured horizontally exhibited the highest UTS despite also showing the highest porosity percentage [49], as well as was described by Ren et al. [42].




4.2. Suitability for Developing Shape Memory


According to the martensite phase, identified by optical images and X-ray diffraction, the alloy may exhibit shape memory properties such as superelasticity, memory effect, and damping capacity [5]. The superelasticity was slightly observed in the first step of the compression stress-strain curve at room temperature. However, the thermal study showed a low heat absorption and desorption of heat until 420 °C, suggesting that the martensite-austenite transformation would have a poor response. If so, it could be attributed to a partial phase transformation since the samples contain portions of martensite, α-phase, and κ-phases in their microstructure, and some could interrupt the phase transformation at a constrained range of temperature. Indeed, the Kappa phases, i.e., intermetallic phases [40], could prevent complete transformation at a given temperature since they block the diffusion of the alloying elements. [34]. For this reason, the observed peaks are flat over a range of temperatures.





5. Conclusions


SLM successfully fabricated Cu-11Al-5Ni-4Fe wt% based on the LPBF technique in two different orientations, horizontal and vertical, with respect to the building platform. The results allow concluding that the alloy is suitable for LPBF processing, showing potential for producing a shape memory effect, based on the following observations:



The average mass density of 97.5% was produced in a processing system using a wide volumetric energy density window from 90 to 210 J·mm−3.



The surface roughness of all the samples has values commonly found in additive manufacturing samples, i.e., about 15–30 μm.



The predominant presence of acicular martensite in the laser printed samples is independent of the energy density from which they were manufactured.



The hardness in samples fabricated vertically was higher than that manufactured horizontally, with values ranging from 180 HB to 140 HB.



The maximum strength under compressive stress was obtained by samples fabricated vertically, which showed to be more affected by the velocity of fabrication than the potential.



The maximum strain under compressive stress was obtained by samples fabricated vertically, with values near 20% until rupture.



Samples fabricated with high energy density exhibited higher austenite transformation temperature than lower energy density due to the moderated cooling rate during solidification, giving rise to intermetallic phase precipitation.
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Figure 1. (a) DOE representation of fabricated samples varying scan speed (V) and laser power (P) laser. The right column represents the volumetric energy density (E). (b) Real image of specimens fabricated in vertical and horizontal orientation with respect to the building platform. A graphical representation of DOE, which has 9 experimental points (enumerated in the figure) and the visual appearance of the as-build specimens is shown in the figure. 
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Figure 2. Characterization of the Cu-Al-Ni-Fe feed powder: (a) Morphology as seen in FE-SEM and (b) particle size distribution. 
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Figure 3. (a) Relative density and (b) surface roughness as a function of volumetric laser energy for samples fabricated vertically and horizontally. 
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Figure 4. Microstructure of sample fabricated vertically with 125 J·mm−3 (a,b) Optical microscopy images of the top view and (c,d) FE-SEM micrographs of the cross-section. 
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Figure 5. The X-ray diffraction pattern of powder alloy and as-built samples fabricated with different volumetry energy densities (E). 
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Figure 6. Hardness (HB) of samples fabricated vertically and horizontally as a function of volumetric energy density. 
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Figure 7. Compression stress-strain curves of samples fabricated in different orientations with E of (a) 99 J·mm−3 and (b) 198 J·mm−3. 
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Figure 8. Summary of maximum strength and strain extracted from compression test as a function of laser parameters. (a,c) Vertically and (b,d) horizontally samples. 
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Figure 9. DSC results of alloy powder and as-built samples under (a) heating and (b) cooling in a nitrogen atmosphere at 20 mL·min−1. 
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Figure 10. Scatter matrix graph of the correlation between the energy density (E) with intensive and mechanical properties measured of (a) vertical and (b) horizontal as-built samples. 
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Table 1. Phase transformation temperatures obtained from DSC results.
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Sample

	
Phase Transformation Temperature °C




	
As

	
Af

	
Ms

	
Mf






	
Powders Cu-Al-Ni-Fe

	
215.8

	
325.8

	
358.5

	
340.7




	
E = 99 J·mm−3

	
312.9

	
314.3

	
366.4

	
355.7




	
E = 125 J·mm−3

	
318.6

	
324.9

	
366.2

	
354.0




	
E = 198 J·mm−3

	
320.6

	
328.3

	
366.5

	
341.8
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