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Pre-print: Amberlee S. Haselhuhn, Michael W. Buhr, Bas Wijnen, Paul G. Sanders, Joshua M. Pearce, Structure-Property Relationships of Common Aluminum Weld Alloys Utilized as Feedstock for GMAW-based 3-D Metal Printing. Materials Science and Engineering: A, doi:10.1016/j.msea.2016.07.099 (in press, 2016) 2 3-D printing, a type of additive manufacturing, has technically matured, creating rapid growth in applications such as design and prototyping, small-batch production, and distributed manufacturing [START_REF] Gebhardt | Rapid Prototyping[END_REF][START_REF] Gershenfeld | Fab: The Coming Revolution on Your Desktop -from Personal Computers to Pers. Fabr[END_REF][START_REF] Wittbrodt | Life-cycle economic analysis of distributed manufacturing with open-source 3-D printers[END_REF] . 3-D printing can be used to fabricate functional components digitally from a computer model that is then sliced into discrete layers and converted into tool paths for the print head. Parts with varying size and complexity can be printed via 3-D printing for a variety of uses such as open source appropriate technologies (OSAT) for sustainable development [START_REF] Birtchnell | 3D Printing for Development in the Global South: The 3D4D Challenge[END_REF][START_REF] Pearce | 3-D printing of open source appropriate technologies for self-directed sustainable development[END_REF] , patterns for cast metal parts [START_REF] Wohlers | Wohlers Report 2014 Annual Worldwide Progress Report[END_REF] , fuel nozzles for airplane jet engines [START_REF] Wohlers | Wohlers Report 2014 Annual Worldwide Progress Report[END_REF] , consumer products [START_REF] Wittbrodt | Life-cycle economic analysis of distributed manufacturing with open-source 3-D printers[END_REF] , scientific equipment [START_REF] Pearce | Building research equipment with free, open-source hardware[END_REF][START_REF] Pearce | Open-source lab: How to build your own hardware and reduce research costs[END_REF] , and prototypes for tools and machine inserts [START_REF] Wohlers | Wohlers Report 2014 Annual Worldwide Progress Report[END_REF][START_REF] Pearce | Building research equipment with free, open-source hardware[END_REF][START_REF] Pearce | Open-source lab: How to build your own hardware and reduce research costs[END_REF] .

3-D printing is commonly used with polymers due to lower capital costs of the equipment, especially with the arrival of open-source self-replicating rapid prototyper (RepRap) 3-D printer designs [START_REF] Sells | RepRap: The Replicating Rapid Prototyper: Maximizing Customizability by Breeding the Means of Production[END_REF][START_REF] Jones | RepRap-the replicating rapid prototyper[END_REF][START_REF] Bowyer | 3D Printing and Humanity's First Imperfect Replicator. 3[END_REF] . Metal 3-D printing methods are used industrially and include laser sintering and melting [START_REF] Laeng | Laser metal forming processes for rapid prototyping -A review[END_REF]13,[START_REF] Santos | Rapid manufacturing of metal components by laser forming[END_REF][START_REF] Delgado | Comparison of forming manufacturing processes and selective laser melting technology based on the mechanical properties of products[END_REF] and electron beam melting [START_REF] Heinl | Cellular titanium by selective electron beam melting[END_REF][START_REF] Gaytan | Advanced metal powder based manufacturing of complex components by electron beam melting[END_REF][START_REF] Murr | Metal fabrication by additive manufacturing using laser and electron beam melting technologies[END_REF] . These industrial-grade additive manufacturing machines can be prohibitively expensive; they generally cost more than US$500,000 and some metal laser sintering machines can cost upwards of US$1.5 million, beyond the reach of consumers and small and medium sized enterprises (SMEs) [START_REF] Peels | Metal 3D printing: From lab to fab[END_REF] . Ribeiro (1998) proposed that metal 3-D printing might be accomplished with industrial robots and welding machines, but very little development in this area took place until recently [START_REF] Ribeiro | 3D printing with metals[END_REF] .

By augmenting a RepRap 3-D printer design meant for plastic parts, a low-cost metal 3-D printer utilizing gas metal arc welding (GMAW) technology was developed by Anzalone, et al. [START_REF] Anzalone | A low-cost opensource metal 3-D printer[END_REF] , and further developed by Haselhuhn, et al. [START_REF] Haselhuhn | Substrate release mechanisms for gas metal arc weld 3-D aluminum metal printing. 3-D Print[END_REF] , which enables SMEs and even individuals to print 3-D objects in metal. This system employs a common GMAW welder and is capable of printing steel and aluminum. Initial work to characterize the porosity, hardness, and ultrasonic moduli of parts produced found mechanical properties similar to the bulk wrought material [START_REF] Haselhuhn | Substrate release mechanisms for gas metal arc weld 3-D aluminum metal printing. 3-D Print[END_REF][START_REF] Haselhuhn | In situ formation of substrate release mechanisms for gas metal arc weld metal 3-D printing[END_REF] . Previously, a complete evaluation of mechanical properties has not been reported in the literature for this method of printing. It is important to understand how materials behave when they are 3-D printed as this can guide designs utilizing conventional alloys with GMAW-based metal 3-D printing. This baseline knowledge will also help identify opportunities for improved alloys and processing regimes.

Much of the traditional welding literature can be directly applied to GMAW-based metal 3-D printing to understand fundamental concepts and behaviors of printed metal parts. 3-D printing via GMAW most closely resembles single-layer, multi-pass welding, also known as multi-run welding [START_REF] Easterling | Introduction to the physical metallurgy of welding[END_REF][START_REF] Lancaster | Metallurgy of Welding[END_REF][START_REF] Zhao | A 3D dynamic analysis of thermal behavior during single-pass multi-layer weld-based rapid prototyping[END_REF][START_REF] Zhao | Three-dimensional finite element analysis of thermal stress in single-pass multi-layer weld-based rapid prototyping[END_REF] . This type of welding process reheats previously welded material, thus altering the grain structure, which can improve weld mechanical properties such ductility while reducing residual stress [START_REF] Easterling | Introduction to the physical metallurgy of welding[END_REF][START_REF] Lancaster | Metallurgy of Welding[END_REF] . Although GMAW-based metal 3-D printing is analogous to single-layer multi-pass welding technology, 3-D printing with this technology requires special considerations since the weld material comprises the entire part, rather than a small portion [START_REF] Zhao | A 3D dynamic analysis of thermal behavior during single-pass multi-layer weld-based rapid prototyping[END_REF] .

This results in a unique distribution of thermal stresses, microstructures, and mechanical properties as a function of process parameters and part geometry.

Aluminum alloys that are commonly used as weld filler material include ER1100, ER4043, ER4047, and ER5356 (Table 1). 

4

ER4943 is a newly developed aluminum welding alloy based from the ER4043 alloy system 29 .

Dilution of weld filler materials in the weld is typically anticipated to prevent weld cracking and to produce desired mechanical and electrochemical properties with the exception of ER4943 which was designed to negate the requirement of dilution [START_REF] Martukanitz | Selection and Weldability of Heat-Treatable Aluminum Alloys[END_REF] In order to understand and design for thermodynamic environment and resulting material properties that arise in the unique welding environment associated with GMAW-based metal 3-D printing, this study evaluates specimen mechanical properties in both compression and tension and also with respect to different print orientations. Microstructural analysis, such as dendrite arm spacing analysis, was also performed on the printed specimens and the fracture surfaces were evaluated. Additional testing, including print resolution, porosity, and ultrasonic

Pre-print: Amberlee S. modulus were included in this study to develop more baseline data for 3-D printed aluminum properties.

Materials and Methods

Description of the 3D Metal Printer

The open-source GMAW-based metal 3-D printer and software tool chain utilized in this study have been described previously [START_REF] Nilsiam | Integrated voltagecurrent monitoring and control of gas metal arc weld magnetic ball-jointed open source 3-D printer[END_REF] . A Millermatic 190 GMAW welder with a Miller Spoolmate 100 weld gun were used to supply the weld power and the weld material. G-Code to control the 3-D printer was written manually and uploaded to a custom web server that directly interfaced with the printer [START_REF] Haselhuhn | Substrate release mechanisms for gas metal arc weld 3-D aluminum metal printing. 3-D Print[END_REF]33 2). Wire compositions were obtained directly from their respective suppliers [START_REF]Alloy 1100 weld data sheet[END_REF][START_REF]Hobart MAXAL[END_REF][START_REF]Hobart MAXAL[END_REF][START_REF]Aloy 4047 weld data sheet[END_REF][START_REF]Hobart MAXAL[END_REF] . Aluminum was printed onto low carbon steel as this was previously found to allow easy sample removal [START_REF] Haselhuhn | Substrate release mechanisms for gas metal arc weld 3-D aluminum metal printing. 3-D Print[END_REF][START_REF] Haselhuhn | In situ formation of substrate release mechanisms for gas metal arc weld metal 3-D printing[END_REF] . The welder and 3-D printer settings are described in Table 3 whereas the print path for each sample is described in Figure 1. Print settings were constant for all print alloys in order to evaluate the behavior of each alloy under identical processing conditions. All specimens were water quenched immediately after printing. Five (5) identical blocks were printed for each alloy. 

Specimen Machining and Analysis

Prior to machining, dimensions of test specimens and bulk porosities were measured. The average center bead width in the top print layer was measured in each alloy using Mitutoyo digital calipers with a 0.01 mm measurement resolution. This measurement was chosen as it was the most consistent and reliable bead in the top layer of the printed parts, although it did represent a worst-case scenario as the bead widths in the topmost layer would be the largest. Due to topological differences in the print specimens, ten measurements were taken along the entire length of the specimen and averaged. The center bead width provides engineers a metric for print resolution, allowing them to more accurately design 3-D printed components. Internal (closed) porosity in all mechanical test specimens was measured in water according to the Archimedes' principle as described in a previous study [START_REF] Haselhuhn | In situ formation of substrate release mechanisms for gas metal arc weld metal 3-D printing[END_REF] .

Using a lathe, four blocks of each alloy were machined into standard round tensile bars (6.35 mm gauge diameter by 25 mm gauge length) according to ASTM B557 [START_REF]Standard Test Methods for Tension Testing Wrought and Cast Aluminumand Magnesium-Alloy Products[END_REF] . Each block was machined into 4 tensile bars. One block of each alloy was machined into compression samples and a specimen for microstructural analysis using a 2½ axis CNC mill (Figure 2). Two compression rectangular solids were oriented parallel and three compression rectangular solids were oriented perpendicular to the print layer to evaluate any anisotropy. The 12.5 x 12.5 x 19 mm compression specimens had a height to width ratio of 1.5:1. The top and bottom surfaces of the specimens were polished to 0.05 µm using silica to reduce friction with the compression platens. Microstructural specimens were polished to 0.05 µm silica prior to being etched in Keller's solution for 30 seconds for examination in an optical microscope Tensile specimens were pulled to failure in an Instron load frame with an MTS control package using a 22 kN load cell at a strain rate of 10 -3 sec -1 according to ASTM B557 [START_REF]Standard Test Methods for Tension Testing Wrought and Cast Aluminumand Magnesium-Alloy Products[END_REF] . An Epsilon clip-on axial extensometer with a 25 mm gauge length was used to measure the elongation of the specimen during tensile loading. Only specimens that broken within the gauge section were used for quantitative and qualitative analysis. Tensile fracture surfaces were analyzed in a JEOL 6400 scanning electron microscope (SEM).

Prior to compression, the ultrasonic modulus of the machined compression specimens was measured using an Olympus 38DL Plus ultrasonic thickness gage. The longitudinal wave velocities were measured using an Olympus M112 transducer (10 MHz frequency, 6 mm transducer diameter) with a glycerin couplant. The shear wave velocities were measured using an Pre-print: Amberlee S. Olympus V157 transducer (5 MHz frequency, 3 mm transducer diameter) with a shear gel couplant. Longitudinal and shear velocities were measured in two specimen orientations:

Vertically from the top of the print to the bottom across many layers and horizontally across few layers. Using the longitudinal and shear velocities, in addition to the density measured via the Archimedes' principle, Poisson's ratio, elastic moduli, and shear moduli were calculated for each alloy as described in previous study [START_REF] Haselhuhn | In situ formation of substrate release mechanisms for gas metal arc weld metal 3-D printing[END_REF] . Using Poisson's ratio (𝜈𝜈) and elastic modulus (E), the bulk modulus (K) of each alloy was calculated (Equation 1) [START_REF] Meyers | Mechanical Behavior of Materials[END_REF] .

𝐾𝐾 = 𝐸𝐸 3(1-2𝜈𝜈) (1)
Following ultrasonic modulus testing, compression specimens were lubricated with graphite powder, preloaded to 44.5 N to ensure sample positioning, and loaded in an Instron load frame with a 150kN load cell at a strain rate of 10 -3 sec -1 . Specimens were compressed to a maximum of 10% strain. The compression specimens were not loaded to failure as the load cell capacity was reached.

Low silicon solubility in 4043, 4943, and 4047 enabled cooling rate analysis via measurement of secondary dendrite arm spacing (SDAS) from images obtained using a standard optical microscope. SDAS was measured along the center of the 4043, 4943, and 4047 microstructural specimens using ImageJ software [START_REF] Rasband | [END_REF] . The SDAS was measured across the length of three or more secondary dendrite arms in an edge-to-edge fashion (Figure 3). 2) and a characteristic cooling rate was subsequently calculated (Equation 3). L is the length in µm and N is the number of dendrite arm spaces. The variable B is a fitting factor for a specific alloy and n is a constant. For 4043 aluminum, B = 50 µm (Ks -1 ) n and n = 0.33, a unitless number [START_REF] Bouchard | Prediction of dendrite arm spacings in unsteady-and steady-state heat flow of unidirectionally solidified binary alloys[END_REF][START_REF] Su | Solidification behavior of an Al-6Si alloy during spray atomization and deposition[END_REF] . Heard, et al. found agreement between calculated and experimental data when these 4043 aluminum constants were applied to 4047 aluminum [START_REF] Heard | Solid freeform fabrication of Al-Si components via the CSC-MIG process[END_REF] . The same computational approach was applied to this study and extended to 4943 aluminum.

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿 𝑁𝑁 (2) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = � 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐵𝐵 � -1 𝑛𝑛 � (3) 
The microstructural specimens were also analyzed in a Philips XL 40 environmental scanning electron microscope. Characterization of an iron gradient within the first two print layers was performed using energy dispersive spectroscopy for an alloy with a large solidification range (4043) and an alloy with a small solidification range (4047). All
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Results

As-Printed Dimensions & Porosity

The top layer center bead width ranged from approximately 5 to 6.5 mm (Figure 4). The bead width of 1100 was the smallest followed by the 4047 and 4043. The two alloys with magnesium additions, 4943 and 5356, exhibited the largest bead widths and were statistically equivalent. Average porosity was generally low and ranged from 0.65 to 1.85% (Figure 5). The 1100 and 4043 as-printed parts were significantly less porous than the other three aluminum alloys.

The high magnesium 5356 alloy exhibited the greatest porosity. 

Influence of Specimen Location and Orientation on Mechanical Properties

The shear modulus and elastic modulus (Figure 6), the tensile behavior (Figure 7), and the compressive behavior (Figure 8) of each aluminum alloy were evaluated based upon specimen orientation in the printed block. Horizontal elastic modulus, shear modulus, and compression specimens had their long axis in the x-y plane; vertical specimens had their long axis in the z-direction across many layers. In the tensile specimens bottom specimens were closer to the steel print substrate and had more heat flow through them than top specimens. Very minor 13 differences in moduli, tensile behavior, or compressive behavior were observed based upon specimen orientation. The 1100 alloy vertical specimens exhibited higher moduli than the horizontal specimens. The only differences in ultimate tensile strength based upon sample location occurred in 1100 and 4047 in which the strengths of the bottom specimens were less than those of the top specimens. In elongation, the bottom specimens of 1100, 4943, and 4047 were all less than the top specimens. 15

Average Mechanical Properties

The shear and elastic moduli of all alloys were greater than those for 1100 (Table 4). The elastic and shear moduli of 4047 were also greater than those observed for 4943. There was no significant difference in the moduli of 4043 and 4943. Greater variation in the data was observed for 4043 and 5356 specimens. The bulk modulus was largest for 1100 specimens. The lowsilicon 4043 and 4943 specimens exhibited a larger bulk modulus on average than 4047 although this trend was not statistically significant. The 5356 specimens exhibited the smallest bulk modulus. Tensile specimen fracture surfaces were highly ductile with typical cup-cone surface morphology (Figure 9). Variation in specimen diameters in Figure 8 demonstrate the reduction of area associated with tensile deformation. The 1100 tensile specimens also exhibited macroconing. Some of the 4047 tensile specimens exhibited some regions of brittle fracture while some of the 5356 tensile specimens exhibited cracking along discrete lines, likely corresponding to barriers between print layers. All fracture surfaces also exhibited higher than average bulk Rounded gas porosity was observed in all alloys (Figure 10). In all alloys except 1100, interdendritic or intergranular shrinkage was observed on the fracture surfaces. In these alloys, shrinkage porosity would often be combined with gas-type porosity. It should be noted that the Figure 10 images were taken of typical poor sizes for each alloy and thus shown at appropriate magnification to make them clear, but they are not all the same size and as can be seen in Figure 9 there are also much larger macro pores. The brittle regions in 4047 also exhibited porosity, although to a lesser extent than the ductile regions (Figure 11). These brittle regions were only observed in some of the tensile specimens machined closest to the print substrate. The brittle fracture regions were marked by transgranular fracture in which aluminum grains were sheared. Element mapping of brittle regions in the 4047 fracture surfaces yielded large features containing primarily silicon with small amounts of iron exhibited as lamellar features. The iron lamellae were only visible in the bottom 1-2 mm of the gauge section. Given than no significant differences were observed with respect to sample location and orientation, all the mechanical measurements were averaged for subsequent analysis.

Additionally, defective 4047 tensile specimens with visible brittle regions were removed from the analysis. The ultimate tensile strengths of the magnesium containing 4943 and 5356 alloys were the highest followed by 4047, 4043, and 1100 (Figure 12). The 2% offset tensile yield strengths generally followed the same trend except that 4943 fell to the same level as 4047.

Compressive yield strength was significantly higher than tensile yield strength. Compressive and tensile yield strengths followed the similar trends on a per alloy basis. Elongation to failure was generally in the range of 15 to 17% except for 5356 which was at 10%. The 1100 alloy had the most elongation variation. 

Microstructural Analysis

The single-phase 1100 and 5356 compression specimens exhibited few microstructural features whereas the aluminum and silicon phases were visible in unetched 4043, 4943, and 4047 specimens (Figure 13). The similar Si contents of 4043 and 4943 produced microstructures with comparable amounts of interdendritic dendrites; whereas 4047 had larger areas of eutectic microconstituent. Black features in the "bottom" images may correspond to either hydrogen porosity or regions in which the iron was pulled out of the specimen during polishing procedures. The secondary dendrite arm spacing (SDAS) of all the 4000 series alloys averaged 8-10 µm (Figure 14). The 4043 and 4047 cross-sections exhibited consistent SDAS with no long range trends within the sample, while the 4943 SDAS increased linearly with distance from the substrate (Equation 4). 

Iron contamination was observed in the first layer microstructure of each printed alloy (Figure 15), but the iron concentration decreased significantly in the second layer. In the 4000 series specimens, iron contaminants were present as randomly oriented plates. These plates were not visible beyond the first print layer (approximately 3.8 mm above the print substrate) where the iron content was significantly lower than in the previous portion of the specimen (Figure 16). 
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The 4047 microstructure in brittle regions of the tensile fracture surface exhibited silicon and iron within the lamellar features (Figure 17) shown previously (Figure 15). Portions of the iron plates were pulled out during the polishing process, leaving behind crack-like formations that appear as voids. 

Discussion

As-Printed Dimensions & Porosity

At similar cooling rates, one would expect alloys with large freezing ranges to take more time to solidify and thus have the potential to flow into wider beads. Indeed, the commercially pure 1100 aluminum and near-eutectic 4047 exhibited the smallest bead widths while the alloys with magnesium (4943 and 5356) had larger bead widths. 
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magnesium additions have been shown to decrease the internal friction in molten aluminum alloys, resulting in a decrease in viscosity [START_REF] Hatch | Aluminum Properties and Physical Metallurgy[END_REF] . Metal fluidity increases as the solidification range decreases such that pure alloys (1100) and near-eutectic alloys (4047) will exhibit less shrinkage porosity than alloys with larger solidification ranges (4043, 4943, and 5356) Error! Bookmark not defined. . The observed interdendritic shrinkage (Figure 10) is common in aluminum weld structures [START_REF] Easterling | Introduction to the physical metallurgy of welding[END_REF] . Alloys with higher silicon contents such as 4047 have fewer primary aluminum dendrites and are less likely to exhibit interdendritic shrinkage and cracks as interdendritic feeding is able to fill the space between dendrite before the metal is fully solidified [START_REF] Kou | Welding Metallurgy[END_REF] . In alloys with more primary aluminum, such as 4043 and 4943, interdendritic feeding is more difficult resulting in interdendritic porosity. Additionally, unlike aluminum, silicon has higher specific and latent heats, and expands as it solidifies; thus, alloys with higher silicon contents suffer less from interdendritic shrinkage Error! Bookmark not defined.Error! Bookmark not defined. . Solidification shrinkage can be described as a ratio of an alloy's solid and liquid densities, ρs and ρl, respectively (Equation 5) [START_REF] Magnusson | Density and solidification shrinkage of hypoeutectic aluminum-silicon alloys[END_REF] .

𝑆𝑆ℎ𝑓𝑓𝐶𝐶𝐶𝐶𝑟𝑟𝑅𝑅𝐶𝐶𝑅𝑅 = 𝜌𝜌 𝑠𝑠 -𝜌𝜌 𝑙𝑙 𝜌𝜌 𝑠𝑠 (5) 
Magnusson and Arnberg observed experimentally that increasing silicon content in hypoeutectic aluminum-silicon alloys increased the alloy's liquid density and simultaneously decreased the solid density, reducing the shrinkage observed in castings [START_REF] Magnusson | Density and solidification shrinkage of hypoeutectic aluminum-silicon alloys[END_REF] . The changes in density were attributed to silicon's ability to expand upon solidification [START_REF] Magnusson | Density and solidification shrinkage of hypoeutectic aluminum-silicon alloys[END_REF] . Magnesium additions in 4943 and 5356 produce larger solidification ranges leading to higher shrinkage porosity.

Weld porosity due to dissolved atmospheric gases such as hydrogen and nitrogen is a well-established phenomenon [START_REF] Easterling | Introduction to the physical metallurgy of welding[END_REF][START_REF] Lancaster | Metallurgy of Welding[END_REF][START_REF] Kou | Welding Metallurgy[END_REF] . Aluminum has a high affinity for hydrogen, which is less Pre-print: Amberlee S. 
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soluble in solid metal than in a liquid metal [START_REF] Kou | Welding Metallurgy[END_REF] . Upon cooling, this gas comes out of solution and either escapes or, if solidification is sufficiently fast, is trapped to form gas porosity. If reactive magnesium is oxidized, it can increase porosity by serving as heterogeneous nucleation sites for pores Error! Bookmark not defined. . Thus, alloys with magnesium additions (4943 and 5356) would exhibit more nucleation sites for porosity formation.

Influence of Specimen Orientation on Mechanical Properties

Mechanical properties were not observed to differ significantly based upon specimen location or orientation. The layered structure of the 3-D printed parts did not negatively affect mechanical properties. Elevated iron levels were observed in the first layer of all alloys, up to approximately 4 mm above the print substrate, which resulted in fibrous iron intermetallics in the first layer (Figure 17). This iron gradient did not extend far enough in the 3-D printed blocks to cause elevated iron content in the gauge section of tensile specimens or in the compression specimens.

Elevated iron content within the first 4 mm was a result of printing the aluminum test specimens on a steel substrate. To evaluate whether this iron content was the result of solid state diffusion, liquid mixing in the weld pool, or a combination thereof, the theoretical steady state diffusion length of iron in aluminum was calculated (Equation 6) [START_REF] Porter | Phase Transformations in Metals and Alloys[END_REF] .

𝐿𝐿𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅ℎ = �𝑆𝑆𝐶𝐶𝑓𝑓𝑓𝑓𝑠𝑠𝐷𝐷𝐶𝐶𝐷𝐷𝐶𝐶𝑅𝑅𝐷𝐷 * 𝑅𝑅𝐶𝐶𝜇𝜇𝑅𝑅 (6) 
The diffusivity of iron in pure aluminum was reported by Hirano, et al., to be 4.9*10 -9 exp(-13,900/RT) cm 2 /sec [START_REF] Hirano | Diffusion of iron, nickel, and cobalt in aluminum[END_REF] . Using this information, the diffusion length of iron into aluminum was calculated at the melting temperature of pure aluminum (933 K) and at the eutectic temperature of a hypoeutectic aluminum-silicon alloy (850 K) (Figure 18). From Figure 18 it was evident that even at long solidification times of 300 or more seconds, the maximum diffusion length of iron in aluminum is less than 1 mm. Thus, solid state diffusion cannot fully account for the iron gradient observed in 3-D printed aluminum parts. Fluid flow within the liquid metal weld pool mixed iron compounds into the first layer of the welded part, resulting in iron contents further into the welded part than could be accounted for by solid state diffusion [START_REF] Kou | Welding Metallurgy[END_REF] . In the aluminum-silicon alloys this resulted in lamellar features. These same features were observed in hypoeutectic aluminum-silicon alloyed with iron additions and were determined to be Al5FeSi platelets [START_REF] Lu | Iron-rich intermetallic phases and their role in casting defect formation in hypoeutectic Al-Si alloys[END_REF] prints, such as alumina or nitride coatings, may eliminate iron contamination when printing aluminum on steel [START_REF] Haselhuhn | Substrate release mechanisms for gas metal arc weld 3-D aluminum metal printing. 3-D Print[END_REF][START_REF] Haselhuhn | In situ formation of substrate release mechanisms for gas metal arc weld metal 3-D printing[END_REF] .

Microstructural Analysis

The SDAS in this study were similar to those reported by Heard, et Additionally, differences in specimen size and shape could result in different cooling that could explain differences in SDAS. The specimens in this study were blocks consisting of 15 layers requiring 40 minutes to print, whereas the specimen's in Heard's study were 4 layer cylinders.

The larger specimen size in this study would contribute to slower cooling and thus a larger microstructure. Additionally, only a 1 minute pause was utilized between print layers in this study whereas 5 minutes per print layer reported in Heard's study. Overall, results from this study were similar to those reported by Heard, allowing for small differences due to differences in experimental set-up.

Pre-print: Amberlee S. There were no observed differences in the macro solidification structure such as a finer structure near the print outer surface as compared to interior. In castings, the metal solidifies first at the specimen edges and then directionally cools from the outside in [START_REF] Campbell | Elements of Metallurgy and Engineering Alloys[END_REF] . Thus, the smallest microstructural elements would be found at the specimen edges, yielding to columnar growth inward then to large equiaxed grains in the center of the casting where slower cooling occurred.

In welds solidification occurs faster because there is less material deposited at a given time and less heat to extract prior to solidification of the weld. In multi-layer welds, similar to weld-based 3-D printing, the edges of previously welded beads are melted or partially melted which promotes homogenization of the microstructure [START_REF] Lancaster | Metallurgy of Welding[END_REF][START_REF] Kou | Welding Metallurgy[END_REF] . SDAS on the order of 10 µm is common in welding whereas larger dendrite arm spacings on the order of 100 µm are more common in casting [START_REF] Cross | Aluminum Welding[END_REF] .

Mechanical Properties

The average yield strengths and ultimate tensile strength of aluminum containing alloying elements such as silicon and magnesium (4043, 4943, 4047, and 5356) were greater than that of commercially pure 1100 aluminum. All 3-D printed alloys exhibited similar or superior mechanical properties in comparison to standard wrought, weld, or sand cast counterparts (Table 5). Two exceptions to this trend were the lower ductility of 1100 printed specimens and the lower strength of printed 5356 as compared to the wrought material. The 3-D printed aluminumsilicon alloys may have exhibited greater ductility than their cast counterparts due to a smaller microstructure, as described previously. The SDAS of 3-D printed specimens was smaller than average cast SDAS. These smaller dendrites would allow for greater dislocation motion prior to plastic deformation. In general, the fine structure of the printed materials outperformed their sand cast counterparts and approached the performance of wrought-processed material.

Pre-print: Amberlee S. Compressive yield strength was expected to be higher than in tension. Porosity defects, and particularly non-spherical porosity defects such as interdendritic shrinkage, act as stress concentrators. In tension these defects severely limit material strength whereas in compression they are less detrimental. The decrease in yield strength may also be related to the Peierls stress in aluminum alloys [START_REF] Hertzberg | Deformation and Fracture Mechanics of Engineering Materials[END_REF][START_REF] Shin | Possible origin of the discrepancy of Peierls stresses of fcc metals: First-principles of dislocation mobility in aluminum[END_REF] . Peierls stress, also known as lattice friction, is the shear stress required to move a dislocation in a given crystal structure. The stress required to move a dislocation increases in compression due to the closer spaced planes and obstacles to dislocation motion. As dislocation pileup occurs, the mobility of dislocations concurrently decreases and more stress Pre-print: Amberlee S. must be applied to plastically deform a material, resulting in work hardening [START_REF] Hertzberg | Deformation and Fracture Mechanics of Engineering Materials[END_REF] . There is also more dislocation pileup during compression than in tension, which can be further compounded by alloying additions Error! Bookmark not defined. . For instance, magnesium has been observed to increase dislocation multiplication and storage rates, thus increasing work hardening and suppressing recovery in aluminum-magnesium alloys.

An estimate of the strain hardening behavior can be made by subtracting the tensile yield strength from the ultimate tensile strength for each alloy (Figure 19) [START_REF] Tiryakioglu | Physical Metallurgy and the Effect of Alloying Additions in Aluminum Alloys[END_REF] . As solute concentration increases, the amount of strain hardening also increases. Although there are only slight differences in silicon content between 4043 and 4943, the small magnesium solute concentration in 4943 contributes significantly to the strain hardening response. In aluminum-silicon alloys, dislocations pile up at silicon phases during plastic deformation because the hard silicon phases cannot be sheared by dislocations. However, Peierls stress may be insufficient to explain the differences observed in yield strength.

Porosity defects can act as stress concentrators causing premature tensile yielding.

Interdendritic shrinkage porosity, which is typically elongated and has sharper edges, acts as a greater stress concentrator than spherical gas porosity. Fracture of the tensile specimens occurred in regions of higher than average porosity. Future work is necessary to optimize printer parameters (e.g., welder power, wire feed rate, welding speed, etc.) to minimize defect density.

Hydrogen was likely a significant cause of the spherical gas porosity; these defects can be minimized through improved environmental control. Gas porosity defects in 1100 and the combination of gas porosity and interdendritic/intergranular shrinkage defects in 4043, 4943, 4047, and 5356 led to reductions in mechanical properties, particularly elongation. The 4000 series alloys performed better than the other alloys studied when considering porosity and strength. The 1100 specimens exhibited the smallest bead width and lowest porosity, but were also the weakest in tension and compression. The 4000 series alloys exhibited similar bead widths and porosities compared with 1100. Unlike 1100, the 4000 series alloys exhibited significantly higher strengths. The small magnesium additions in 4943 significantly increased its strength over 4043. While the 5356 specimens were the strongest, they also exhibited the largest bead width and the greatest amount of porosity. These porosity defects likely limited the 5356 test specimens' strength compared with their wrought counterparts.

Conclusions

These relationships between microstructure and properties can be used by researchers and engineers in the development of new parts, processes, alloys, and technologies for additive manufacturing. Thorough reviews of the structure-property relationships of additively manufactured aluminum are not widely available. However, the properties of 3-D printed aluminum alloys, and particularly 4000 series alloys, evaluated in this study were comparable or superior to those produced via other processes.

  . However, in GMAW-based metal 3-D printing, there is only one material and alloy dilution does not occur. It is important to characterize how common aluminum weld alloys behave in the GMAW-based 3-D printing environment in order to adjust 3-D printing processes on a per-alloy basis, and to guide future alloy development. By printing all materials at the same settings it is straightforward to determine which alloys would benefit from more heat input, faster print speeds, etc. Heard, et al., analyzed microstructure and fatigue life properties of ER4047 specimens produced via GMAW-based 3-D printing 31 . They observed dendrite arm spacing of 3.5µm in the first layer which coarsened to 6.6 µm in the fourth layer as heat accumulated in the print substrate. Heart, et al., also observed flexural strengths of 3-D printed samples comparable to their cast counterparts. This paper compares to the work of Heard, et al., and extends it to additional aluminum alloys, ER1100, ER4043, ER4943, and ER5356, and evaluates the structure-properties relationships associated with GMAW-based metal 3-D printing of aluminum.
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Table 1 .

 1 Common Aluminum Weld Alloys[START_REF] Dickerson | Welding of Aluminum Alloys[END_REF]29 

	Alloy	Main Alloying Element	Commonly Used to Join:
	ER1100	None; ≥ 99% Al	1xxx series alloys, 3003/3004 Al alloys
	ER4043	4.5-6% Si	1xxx series alloys, 2xxx series alloys, 3003/3004 Al
			alloys, 6xxx series alloys
	ER4943 5-6% Si + 0.3-0.5% Mg	1xxx, 3xxx, 5xxx with less than 3.0% Mg, and 6xxx
			series alloys.
	ER4047	11-13% Si	6xxx series alloys
	ER5356	4.5-5.5% Mg	5xxx series alloys, 6xxx series alloys, 7xxx series alloys
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Table 2 .

 2 Compositions of Aluminum Weld Wire (wt%; Single values are maximum values unless otherwise noted)

	Others

Table 3 .
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	3-D Printing Parameters	
	Parameter	Value
	Welder Power Setting (unitless)	1
	Wire Feed Rate (mm/sec)	124.6
	Print Speed (mm/sec)	10
	Wire Stick-Out (mm)	10
	Shield Gas Flow Rate (L/sec)	0.24
	G-Code Layer Height (mm)	2.5
	G-Code Lateral Bead Spacing (mm)	3.3
	Pause After Each Layer (sec)	60
	Number of Print Layers	
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Table 4 .

 4 Average calculated elastic properties for each aluminum alloy with ±2 standard error

	Alloy Poisson's Ratio Elastic Modulus	Shear Modulus	Bulk Modulus
			(GPa)	(GPa)	(GPa)
	1100	0.36 ± 0.005	67.7 ± 0.5	25.0 ± 0.3	77.8 ± 2.5
	4043	0.34 ± 0.009	71.5 ± 2.7	26.7 ± 1.2	75.0 ± 1.4
	4943	0.34 ± 0.005	70.4 ± 0.9	26.2 ± 0.4	75.2 ± 2.1
	4047	0.34 ± 0.001	72.7 ± 0.2	27.1 ± 0.1	76.5 ± 0.4
	5356	0.31 ± 0.010	71.4 ± 1.6	27.4 ± 0.8	61.2 ± 1.8
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  al. who observed an approximately constant SDAS of 5.7 µm in four layers of 4047 printed by a GMAW-based 3-D printer with five minute pauses between layers 31 . The 4043 and 4047 specimens in this study had approximately constant SDAS of 8.4 µm across 15 print layers. In contrast, the 4943 SDAS averaged 10 µm but with an increasing linear trend with vertical distance from the substrate.Weld current and voltage in this study were lower than those used by Heard, et al[START_REF] Heard | Solid freeform fabrication of Al-Si components via the CSC-MIG process[END_REF] . Heat input is directly proportional to voltage and current and inversely proportional to weld speed[START_REF] Lancaster | Metallurgy of Welding[END_REF] . Greater heat input results in slower cooling and larger SDAS. A weld speed was not reported by Heard, et al., but a faster speed could produce the smaller SDAS than that observed in this study.

  Haselhuhn, Michael W. Buhr, Bas Wijnen, Paul G. Sanders, Joshua M. Pearce, Structure-Property Relationships of Common Aluminum Weld Alloys Utilized as Feedstock for GMAW-based 3-D Metal Printing. Materials Science and Engineering: A, doi:10.1016/j.msea.2016.07.099 (in press, 2016)

	28

Table 5 .

 5 Haselhuhn, Michael W. Buhr, Bas Wijnen, Paul G. Sanders, Joshua M. Pearce, Structure-Property Relationships of Common Aluminum Weld Alloys Utilized as Feedstock for GMAW-based 3-D Metal Printing. Materials Science and Engineering: A, doi:10.1016/j.msea.2016.07.099 (in press, 2016) 29 Mechanical Properties of Aluminum Alloys from Multiple Processes Compared with

			Study Results		
	Alloy	Process	Tensile Yield (MPa) UTS (MPa) Elong. (%)
	1100-O 53	Wrought	34	90	40
	1100/1100 28	Weld	31 (min)	75.8 (min)	29
	1100	This Study	49 ± 1	92 ± 6	17 ± 6
	443.0 (Al-5.2Si) 53	Sand Cast	55	130	8
	Al-5Si 54	Sand Cast	60	125	5
	4043 (~5.3 Si)	This Study	61 ± 3	141 ± 4	17 ± 3
	4943 (~5.5 Si)	This Study	85 ± 4	193 ± 7	15 ± 2
	Al-11.5 Si 54	Sand Cast	65	170	8
	4047 (~12 Si)	This Study	88 ± 2	180 ± 4	15 ± 1
	5356-O 53	Wrought	130	285	-
	514.0 (Al-4Mg) 53	Sand Cast	83	172	9
	535.0 (Al-6.9Mg) 53	Sand Cast	124	250	9
	5356 (~5 Mg)	This Study	109 ± 2	230 ± 10	10 ± 2
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