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Abstract

:

Additive manufacturing is a rapidly expanding field, encompassing many methods to manufacture parts and coatings with a wide variety of feedstock. Metal powders are one such feedstock, with a range of compositions and morphologies. Understanding subtle changes in the feedstock is critical to ensure successful consolidation and quality control of both the feedstock and manufactured part. Current standards lack the ability to finely distinguish almost acceptable powders from barely acceptable ones. Here, novel means of powder feedstock characterization for quality control are demonstrated for the solid-state AM process of cold spray, though similar methods may be extrapolated to other additive methods as well. These characterization methods aim to capture the physics of the process, which in cold spray consists of high strain rate deformation of solid-state feedstock. To capture this, in this effort powder compaction was evaluated via rapidly applied loads, flowability of otherwise non-flowable powders was evaluated with the addition of vibration, and powder electrical resistivity was evaluated through compaction between two electrodes. Several powders, including aluminum alloys, chromium, and cermet composites, were evaluated in this effort, with each case study demonstrating the need for non-traditional characterization metrics as a means of quality control and classification of these materials.
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1. Introduction


Additive manufacturing has made significant advancements in recent years and has taken center stage in the manufacturing world. With the ability to manufacture net shape components and touting strong cost savings for R&D and low production batches, it has proven its usefulness over the challenges of traditional manufacturing. However, additive manufacturing is not without its own set of challenges. Part anisotropy and dependence on build orientation require additional research and development to evaluate and optimize and need to be considered for quality control [1]. Additionally, build rates can be slow and build envelopes small, especially when compared to full-scale production of large parts, potentially limiting applications [2]. Finally, while AM processes generally produce less waste than traditional subtractive manufacturing, feedstock can be very expensive and there is still a portion of feedstock wasted. As the effects of process parameters on reclaimed feedstock are still relatively unknown, much work remains to effectively reclaim and potentially reuse this feedstock [3,4,5,6,7]. Recognizing these challenges, organizations such as the US Department of Defense (DoD), US Department of Energy (DoE), US National Air and Space Administration (NASA), US Food and Drug Administration (USFDA), and the National Institute of Standards and Technology (NIST) have all recognized that part qualification and certification will be the underlying challenge and must be addressed moving forward if additive manufacturing is to be widely implemented [8,9,10,11].



Post-process inspection and in-process monitoring have been a major focus for development in recent years. This work discusses quality control of a less explored but equally important process component: the feedstock. The effect of variable feedstock on consolidated parts has been evaluated for a wide variety of materials on many additive manufacturing platforms [12]. This boils down to the need for quality control and the need to quantify acceptable bounds for manufacturing parameters. Currently, evaluating feedstock performance in an AM process is performed through an Edisonian trial-and-error approach. This approach is time consuming and does not lend itself well to the identification of key feedstock features or to the development of standards around those key features.



This work demonstrates the utility of three novel powder feedstock characterization methods to more accurately predict feedstock behavior in the additive manufacturing process of cold spray. These methods can help establish meaningful standards for individual material-application combinations, can be used to develop quality control metrics, and can be used as a pre-screening tool for novel materials for an application.



Cold spray specifically is a solid-state additive manufacturing process whereby powder feedstock is accelerated by a carrier gas through a converging diverging nozzle to supersonic velocities towards a substrate, where the particles deform, adhere, and build up layers [13]. It is capable of depositing a variety of materials, including aluminum and aluminum alloys, steels, refractory metals, cermets, and polymers. As cold spray is a solid-state process, any microstructural features or defects present in the feedstock are retained in the consolidated part as well. This can be advantageous when designing feedstock, but can also be difficult for quality control, as it requires tight tolerances.



Current means to control quality in feedstock for additive manufacturing center around flowability and sizing [14,15,16,17]. While flowability is an important metric in cold spray as powders must be able to flow in the powder feeder and through the system, current standards fail to capture the nuances of the cold spray system. If all other factors are equal, a more flowable powder will be more easily cold sprayed than a non-flowing powder. Two of the most popular methods for measuring flowability are Hall Flow and Carney flow [14,15]. Both involve measuring the amount of time it takes for a set amount of powder to flow through a funnel. What is lacking with these methods, however, is that it is possible to cold spray powders of low flowability, that might not flow through either the Hall or the Carney funnel. In cold spray, this can be accomplished through the use of mechanical vibration with feeding [18,19,20].



Alternative means to evaluate powder materials have been used in the literature but have not been incorporated to standards. Powder compressibility is one such method. In this, powder is placed between two electrodes, pressure is applied, and the resistivity of the powder is measured. Historically this has been used to examine metallic powders with oxide coatings [21], the effect of porosity on the resistivity of titanium powders [22], and the resistivity of metal oxide-activated carbon nanocomposites [23]. Multiple pressures can be used, and curves for resistivity as a function of pressure can be generated. In the AM space, surface oxides and powder porosity can greatly affect the quality of the manufactured part. In cold spray specifically, surface oxides can affect particle deposition and bonding and reduce the overall strength of the deposited material, and are not easily detected via size or flowability [24,25].



While control over feedstock is important in all AM processes, it is especially so for a solid state process such as cold spray. Recently, there has been considerable interest in enhancing the ability to characterize this feedstock. Recently, machine learning and computer vision were applied to powder for AM, and achieved more than 95% accuracy at segregating commercial powders into their correct material systems [26]. Furthermore, nanoindentation was successfully used to characterize cold spray feedstock [27]. Cano et al. recently used powder properties as part of a comprehensive study on cold spray with optimization software [28]. Cote et al. recently performed extensive characterization of gas-atomized Al 5056 powders, showing that the powder had been experiencing aging effects [29]. The same group also examined using machine learning to examine powder flowability, and found an accuracy of 98.04% [30]. This is an area that will continue to grow as it has such a large effect on the final AM product, and there are still large advances to be made.



Feedstock evaluation techniques that can indicate potential differences in powders similar in size and flowability prior to use in AM processes can save time and development costs. In this work, a series of case studies of various powders for cold spray applications are used to demonstrate the need for novel characterization techniques. These case studies include (1) the ability to detect small compositional differences in CrC wear powders for quality control; (2) the ability to detect the effect of processing on a low-flowability Cr powder; and (3) the ability to differentiate between pre-processing conditions of aluminum powder. Together, they can be used to better understand feedstock powders and work to predict AM performance.



Finally, not all AM processes are the same, and differences in process drive different performance metrics that should be measured of the feedstock. For example, in cold spray the primary physical phenomenon is high strain rate deformation whereas in laser powder beds the primary phenomenon is the consumption of powder by a melt pool. Monitoring the physics offeedstock powder before its use in the manufacturing process gives greater quality control than simply measuring default characteristics. The extra techniques utilized here aim to measure and evaluate the physics of the process to ensure that similar phenomena are captured.




2. Materials and Methods


2.1. Materials


A variety of commercially available powders were evaluated as part of this study as a means to demonstrate the utility of the novel characterization methods relevant to cold spray. Each powder is discussed in the following sections relevant to each case study. To maintain impartiality, powders are identified by their composition, size, and morphology, rather than by vendor. Powders were broadly characterized for their size, morphology, and density. The particle size distribution was determined via a static image analysis method compliant with ISO 13322-1, densities (apparent, tapped, and Hausner ratio) were evaluated via ASTM B527-20, and morphology was determined via scanning electron microscopy (SEM) analysis of loose powder using a tungsten-source SEM (FEI Quanta 600) [31,32].



2.1.1. Quality Control of Cermet Powder Blends


For this case study, commercially available WIP-C1 and WIP-C2 chrome carbide-based powders were evaluated. WIP-C1 is chrome carbide nickel of the composition Cr-31Ni-3C, and WIP-C2 is chrome carbide nickel chrome of the composition Cr-26Ni-3C. As both are agglomerated chromium-carbide nickel powders, these powders have proven to be difficult to distinguish via traditional methods, and hence their evaluation via the novel methods discussed here. Powders were broadly characterized for their size, morphology, and density; these values are reported in Table 1. Example SEM micrographs for each powder can be seen in Figure 1 and Figure 2; full composition can be seen in Table 2.




2.1.2. Pre-Processing of Chromium Powder


For this case study, commercially available chromium powder was evaluated in the un-processed and dried conditions. Size, morphology, and density values are reported in Table 3. The dried chromium was dried at 60 °C for 24 h. Example SEM micrographs for each powder can be seen in Figure 3 and Figure 4, and composition of the Cr powders can be seen in Table 4.




2.1.3. Pre-Processing of Aluminum 6061


For this case study, commercially available gas atomized aluminum 6061 powder was evaluated at three different oxygen content levels; these were high, medium, and low as shown in Figure 5. Oxygen content was determined by inert gas fusion using ASTM E1019-18. In additive manufacturing, powder pre-processing can include heat treatments or drying techniques that will change oxygen content but have little effect on other powder attributes. This case study serves to evaluate the sensitivity of 6061 powder to specific processing conditions and the ability of the novel characterization metrics to detect that sensitivity. Particle size, morphology, and density for each condition are reported in Table 5. Example SEM micrographs for each powder can be seen in Figure 6, Figure 7, and Figure 8; composition for the 6061 powder is shown in Table 6 and oxygen content specifically is shown in Figure 5.





2.2. Characterization


2.2.1. Flowability


Flowability of the powders considered in this work was evaluated via Carney flow and Hall flow, as well as a modified, vibrated Hall flow [14,15]. In the latter method, a commercially available vibrator motor (DC 6V, 6800RPM, 31 mm by 24 mm diameter, Xingdong Environmental Ventilation Engineering, Dongguan, China) was attached to the Hall funnel via a clamp ring as shown in Figure 9. Powder was loaded into the funnel with the orifice closed, and the vibration was initiated when the orifice was opened. Flow rate was recorded as a function of time and time to empty funnel was calculated and compared to the standard Hall and Carney flow metrics. Tests were completed six times per sample.



Analysis was performed at a single vibration level, and additional work could be done to evaluate the effect of varying vibration parameters on the flowability of the powder. The effort here aimed to show the utility of including such a test when evaluating low flowability powders for use in the cold spray process and additional work will be performed to evaluate the relationship between powder attributes such as size, varied vibrational conditions, and the resultant flow properties.



The level of accuracy for this proposed method is dependent upon the resolution of the timer and the scale; as the input mass does not change over time during testing, the accuracy with the equipment used here is expected to be +/− 0.095 s.




2.2.2. Compressibility


Figure 10 shows a schematic of a cross section of the apparatus used to evaluate powder compressibility. A total of 1.8 mL (tapped) of powder was loaded into an 29.5 mm long section of unthreaded rigid PVC 3/8 pipe size with a 12.5 mm inner diameter and a 17.1 mm outer diameter compressed between two 11.9 mm phosphor bronze electrodes. Load was applied downward on the upper electrode incrementally up to pressures of 22.75 MPa. Pressure and resistivity were recorded at each step and plotted. Resistivity was measured using a DMM6500 Keithley Multimeter (Tektronix, Beaverton, OR, USA). Tests were repeated six times for each condition.



The level of accuracy for this proposed method is dependent upon the resolution of the graduated cylinder, the multimeter and the load cell; as the input mass does not change over time during testing, the accuracy with the equipment used here is expected to be +/− 100 nV, +/− 10 pA, +/− 1 µΩ, and +/− 0.35 MPa.




2.2.3. Compactibility


A third novel method, powder compactibility, was used to evaluate the feedstock powders in this study. This method is similar to ISO 3927 in that powders are compressed in a die and the strength and density of the green body is evaluated; however, in this method, a single rapidly applied load is used to compact the powder. Figure 11 shows a schematic of a cross section of the powder compaction method. A total of 0.03 mL (untapped) of powder was loaded into the support base with paper liner and enclosed with a 6.35 mm pin. Then, a rapidly applied blow of 1 MPa was applied to the pin. After the load was applied, the powder forms a coherent green body; Figure 12 shows an example of an aluminum green body. Uncompacted powder was removed from the green body via light tapping and the weight of the green body was compared to the initial weight of the input powder. Thickness of the green body was also measured. Error bars for all methods are shown as standard error (square root of the standard deviation divided by the number of samples). Tests were completed six times for each sample.



The level of accuracy for this proposed method is dependent upon the resolution of the graduated cylinder, the scale, and micrometer; the accuracy with the equipment used here is expected to be +/− 1 mL, +/− 0.0001 g, and +/− 0.01 mm.




2.2.4. Cold Spray


The Cr powders were additionally evaluated via cold spray. Samples were consolidated using a high-pressure cold spray system (Gen III from VRC Metal Systems, Box Elder, SD, USA) using a He carrier gas at 575 °C and 3.6 MPa (525 psi), and deposits were built up onto a C2-Almen strip (SAE 1070 steel of HRc 44–50, 76.098 mm long by 18.987 mm wide by 2.410 mm thick) before cross sectioning and metallurgical preparation for imaging.






3. Results and Discussion


3.1. Quality Control of Cermet Powder Blends


WIP-C1 and WIP-C2 chromium carbide-based powders share similar powder properties that can make them difficult to evaluate for quality control if not characterized using appropriate techniques. The two powders highlighted here have (1) nearly identical apparent and tapped density, (2) similar flowability values when measured using a Carney flow device, and (3) average particle sizes with D50 values within a few microns of one another. Table 7 shows a breakdown of values for each of these characteristics with the percent difference reported. The percent differences are less than 3% for each type of measurement listed. Additionally, both WIP-C1 and WIP-C2 are composed of the same three elements in slightly different concentrations. WIP-C1 is chrome-carbide nickel of composition Cr-31Ni-3C. WIP-C2 is chrome-carbide nickel-chrome of composition Cr-26Ni-3C. While measuring composition is a way to differentiate between these two powders, not all additive manufacturing facilities or laboratories have the in-house capabilities to conduct such testing and utilizing external testing facilities can be time consuming and expensive. For this case study, the percent mass compacted metric is highlighted as a method for detecting slight differences in soft phase composition, which have been shown to correlate to cold spray properties like deposition efficiency [19]. This method allows for much faster iteration and quality control than slower, more expensive methods such as compositional analysis.



Commercially available WIP-C1 and WIP-C2 samples were collected and evaluated using the powder impact device, which rapidly compacts samples using a known applied load. Five different lots of powder for each material type were tested. Each lot of powder was measured for percent mass compaction three times. Figure 13 shows the average percent of all measurements for each material and error bars representing standard error. The average percent mass compacted values for WIP-C1 and WIP-C2 were 35.2% and 23.9% respectively. This trend correlates with what is seen in cold spray; when deposited at the same processing conditions, WIP-C2 has a deposition efficiency approximately 10–15% less than that of WIP-C1.



The higher percent mass compacted value and improved deposition efficiency in cold spray for WIP-C1 can be attributed to the higher nickel concentration of the powder. Nickel is ductile compared to the carbide it is blended with, and in cold spray and in this compaction method, the ductility and concentration of the binding agent (the nickel) in the powder effect how much of the material binds together when energy is applied; this is considered powder cohesion. Similar to cold spray, consolidation of the powder into a bulk compact due to the impacting load applied with this device causes plastic deformation of ductile materials. The chromium carbide in both materials does not plastically deform during impact. WIP-C1 has more nickel but less chromium content than WIP-C2. Because nickel is softer than chromium, a larger green body forms during compaction, which corresponds to a higher mass compacted value. The powder compactibility method demonstrated here provides additional information relating to the ductility of powder which is critical for additive manufacturing technologies such as cold spray. This technique can be used to assist in developing novel materials and act as a quality standard for validating conformance during powder manufacturing. This method is entirely novel in this particular application. Powder compaction methods typically utilize slowly and consistently applied loads, such as isostatic pressing, to create a green body, whereas with this method, the rapidly applied load mimics the underlying phenomena of cold spray, namely the high strain rate deformation. The advantage of using the powder compactibility method is the ability to screen powders for cold spray much faster than actually utilizing them in the cold spray process; this can help reduce development time as well as be used as a quality control metric.




3.2. Pre-Processing of Chromium Powder


The Cr powder evaluated in this study was of a less than 20 µm size cut, which frequently results in low flowability and difficulty in cold spraying. Comparing the unprocessed Cr to the processed Cr powder, the size distribution and density data shown in Table 2 indicate no significant change in the d-values or density after processing. Additionally, when powder flowability is evaluated via standard Carney and Hall metrics, both powders produce a no-flow condition. Given this information, it might be predicted that the powders would behave similarly in cold spray. However, when the different Cr powders were cold sprayed under the same conditions, they resulted in different coating thicknesses and quality. Figure 14 shows optical micrographs of the coatings; it can be seen that the processed Cr has a more uniform and denser coating as well as a thicker build up in the same number of passes. Feedstock evaluation techniques that can indicate these potential differences prior to spraying can save time and development costs. With this in mind, the novel characterization methods proposed here were used to characterize the Cr powders.



Figure 15 indicates powder compressibility, showing powder resistivity as a function of applied pressure; it can be seen that little to no difference between the powders was measured via this method. Figure 16 and Figure 17 show powder compactibility for each powder. This method provides the metrics of percent mass compaction and green body thickness, and differences in the powder can be seen in both metrics with the dried Cr compacting better than the unprocessed Cr. As was seen in the WIP-C1 powder, this correlates to improved deposition in cold spray due to the improved ductility, plastic deformation, and powder cohesion.



Additionally, the standard error for the dried Cr powder is much lower than that of the unprocessed Cr powder, and while improved repeatability may be an indicator of powder quality, additional work is needed. Table 8 shows the modified Hall flow data compared to the standard Carney and Hall flow data; only the modified Hall flow was able to discern a difference between the powders. Unlike the aluminum and wear powders also considered in this study, the Cr powder has an angular morphology and a much finer size distribution, both of which reduce its flowability and make it difficult to quantify. The improved flowability of the processed Cr seen over the unprocessed Cr powder seen in the vibrational Hall method is likely the driver of its improved coating quality. While the flow rate of the dried Cr powder was still slow, especially compared to the aluminum or wear powders also considered in this study, it flowed consistently and evenly throughout the testing time, a marked improvement over the standard Hall and Carney methods. In a cold spray system, this translates to consistent feeding, which would result in a more uniform coating thickness. The advantage of using this modified flowability method is the ability to differentiate between powders that would otherwise be categorized as “no flow”, extending the measurement range and providing additional screening and quality control methods.



Overall, this case study demonstrates the benefits of utilizing a modified vibrational Hall flow method when considering fine powders of poor flowability and the benefits of utilizing powder compaction. Specifically, the addition of vibration to a flowability device allows for improved resolution on powder flowability, enabling data to be generated on powder that would otherwise simply be characterized as “No Flow” through traditional flowability methods. Additionally, the powder compaction metrics of percent mass compacted and green body thickness both indicate that the dried Cr compacts better than the unprocessed Cr, a relationship that is seen in the cold spray deposits.




3.3. Pre-Processing of Aluminum 6061


To isolate the effect of the processing conditions on aluminum powder characteristics, small batches of Aluminum 6061 powder were evaluated in high, medium, and low oxygen content conditions. Table 3 indicates that no significant changes to the size distribution or densities resulted from the processing. While measuring composition is a way to differentiate between these powders, not all additive manufacturing facilities or laboratories have the in-house capabilities to conduct such testing and utilizing external testing facilities can be time consuming and expensive. The methods used here aim to differentiate between the powders without needing to directly measure composition.



Figure 18 and Figure 19 show how processing influenced the cohesive properties of the powder. The mass compaction (Figure 18) of the high oxygen powder (65.7%) fell short of the medium and low oxygen powders, but the medium oxygen (76.8%) and low oxygen (82.0%) powders remained too close to distinguish one parameter set from the other. The thickness of the resulting compacts (Figure 19) gave similar results, with the high oxygen powder forming thicker compacts with an average thickness of 0.58 mm while the medium and low oxygen conditions both form pucks with an average thickness of 0.36 mm. Evaluating the powders’ flow characteristics through Carney flow (Figure 20) also yielded little distinction between the high oxygen powder and the medium and low oxygen powders.



Figure 21 shows the compressibility curves of the three powders. The high oxygen powder was consistently one to two orders of magnitude of electrical resistance above the medium and low oxygen powders at any given pressure, and the medium oxygen powder was between the high and low oxygen powders. Figure 22 shows the final resistance measurement for the high and low oxygen powders, along with the standard error for both the resistance and pressure measurements. The high oxygen powder had a higher average resistance (989 ohms) than the low oxygen powder (134 ohms) under similar maximum forces. From these figures, a clear difference between the otherwise indiscernible powders can be identified.



This case study serves to highlight that, while powders can be produced with different oxygen contents that were similar in size, flow, and compaction metrics, they can be separated electrically. Given that powder compressibility has been tied to surface oxides and powder defects, both of which are generally negative relative to the cold spray process, having an understanding of the differences in these feedstock powders will enable users to have better quality control over their final part quality. It has been shown that processing of aluminum powders affects cold spray performance, but the characterization performed in these studies requires advanced techniques and only evaluates small sample sizes [33,34,35]. Powder compressibility can be performed on a relatively large sample of powder in a matter of minutes. Additional work is needed to correlate powder compressibility with microstructure and hardness, but it remains clear that compressibility can still be used to differentiate between conditions of otherwise similar aluminum powders. The advantage of using the powder compressibility method is the ability to screen powders for cold spray much faster than actually utilizing them in the cold spray process; this can help reduce development time as well as be used as a quality control metric.





4. Conclusions


The case studies presented here highlight critical challenge points for the cold spray community and this study has demonstrated the utility of novel powder feedstock characterization methods in addressing these concerns. These metrics, namely powder compressibility, powder compactibility, and a modified vibrational flow, in addition to traditional techniques, such as size distribution, morphology, and chemistry, can differentiate between key feedstock features. The chrome carbide case study demonstrated the ability of powder compactibility to differentiate between binder content in two otherwise similar (size and flowability) powders. The processing of Cr powder case study demonstrated the ability of the vibrational Hall method and powder compaction to differentiate between powders that would otherwise be considered identical for all other attributes including composition and size. Finally, the processing of aluminum case study demonstrated the ability of powder compressibility to differentiate between oxygen levels in three powders, providing a level of quality control missed by only evaluating size and flowability. When correlated to consolidated properties, these metrics can be used to create standards and for quality control. When standards have been developed, these methods can serve as a rapid screening tool during novel powder development, decreasing overall development time.
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Figure 1. BSE image of WIP-C1 powder. 
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Figure 2. BSE image of WIP-C2 powder. 
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Figure 3. BSE image of unprocessed Cr powder. 
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Figure 4. BSE image of dried Cr powder 






Figure 4. BSE image of dried Cr powder
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Figure 5. Oxygen content of evaluated aluminum powders. 
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Figure 6. BSE image of high oxygen Al powder. 
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Figure 7. BSE image of med oxygen Al powder. 






Figure 7. BSE image of med oxygen Al powder.
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Figure 8. BSE image of low oxygen Al powder. 






Figure 8. BSE image of low oxygen Al powder.
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Figure 9. Schematic showing cross section of vibrational flowability test. 
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Figure 10. Schematic showing cross section of compressibility test; support base and ohmmeter not to scale. 
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Figure 11. Schematic showing cross section of compactibility test. 
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Figure 12. Example of aluminum green body formed by compactibility testing. 
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Figure 13. Percent mass compacted values for WIP-C1 and WIP-C2. 
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Figure 14. Optical micrographs showing cross sections of cold spray deposits for unprocessed Cr (top) and dried Cr (bottom). 
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Figure 15. Powder compressibility data for evaluated Cr powders. 
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Figure 16. Percent mass compaction data of impacted green bodies for evaluated Cr powders. 
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Figure 17. Green body thickness data of impacted green bodies for evaluated Cr powders. 
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Figure 18. Percent mass compaction data of impacted green bodies for evaluated AL6061 powders. 
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Figure 19. Green body thickness data of impacted green bodies for evaluated AL6061 powders. 
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Figure 20. Carney flow data for evaluated AL6061 powders. 
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Figure 21. Compressibility data for the evaluated AL6061 powders. 
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Figure 22. Final resistance value with one standard error in resistance and pressure for med and low O2 AL6061 powders. 
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Table 1. General characterization metrics for the WIP powders considered in this study.
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	Powder
	Morphology
	D10(µm)
	D50(µm)
	D90

(µm)
	Apparent Density

(g/mL)
	Tapped Density

(g/mL)
	Hausner Ratio





	WIP-C1
	Agglomerate
	18.0
	28.0
	41.2
	3.9
	4.4
	1.1



	WIP-C2
	Agglomerate
	19.1
	30.7
	45.7
	4.0
	4.5
	1.1
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Table 2. Composition of WIP powders.
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	Element

Concentration (wt%)
	Co
	Cr
	Fe
	Ni
	W
	Al
	B
	Mo
	Si
	V
	C





	WIP-C1
	0.02
	68.45
	0.08
	27.84
	0.01
	0.06
	0.04
	0.01
	0.43
	0.01
	3.00



	WIP-C2
	0.01
	72.01
	0.08
	24.35
	0.01
	0.07
	0.04
	0.01
	0.39
	0.01
	2.94
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Table 3. General characterization metrics for the Cr powders considered in this study.
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	Powder
	Morphology
	D10

(µm)
	D50

(µm)
	D90

(µm)
	Apparent Density

(g/mL)
	Tapped Density

(g/mL)
	Hausner Ratio





	Un-processed Chromium
	Irregular
	9.8
	16.9
	24.0
	2.2
	3.2
	1.5



	Dried Chromium
	Irregular
	9.6
	16.3
	23.4
	2.5
	3.4
	1.3
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Table 4. Composition of Cr powder.






Table 4. Composition of Cr powder.





	Element
	Cr
	O
	N
	Si
	C
	Ni
	Other





	Concentration (ppm)
	Bal
	1900
	310
	180
	62
	19
	<2115
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Table 5. General characterization metrics for the aluminum powders considered in this study.
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	Powder
	Morphology
	D10

(µm)
	D50

(µm)
	D90

(µm)
	Apparent Density

(g/mL)
	Tapped Density

(g/mL)
	Hausner Ratio





	High O 6061
	Spherical
	23.0
	34.6
	53.8
	1.3
	1.6
	1.2



	Med O 6061
	Spherical
	23.0
	34.3
	54.2
	1.3
	1.6
	1.2



	Low O 6061
	Spherical
	22.8
	33.9
	55.5
	1.3
	1.6
	1.2
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Table 6. Composition of Al powder.






Table 6. Composition of Al powder.





	Element
	Cr
	Cu
	Fe
	Mg
	Mn
	Si
	Ti
	Zn
	Other
	Al





	Concentration (wt%)
	0.11
	0.28
	0.11
	0.98
	0.0043
	0.61
	0.01
	0.014
	<0.20
	Bal
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Table 7. Comparison of WIP-C1 and WIP-C2 powder properties.
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	Powder
	D50 µm)
	D50

% dif.
	Apparent

Density (g/mL)
	Apparent

Density

% dif.
	Tapped Density (g/mL)
	Tapped Density

% dif.
	Carney Flow (g/s)
	Carney Flow

% dif.





	WIP-C1
	28.0
	
	3.93
	
	4.40
	
	17.3
	



	
	
	2.3%
	
	0.2%
	
	0.4%
	
	1.1%



	WIP-C2
	30.7
	
	3.96
	
	4.47
	
	18.1
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Table 8. Standard and modified flowability data for Cr powders.






Table 8. Standard and modified flowability data for Cr powders.





	Powder
	Standard Carney Flow Rate (g/s)
	Standard Hall Flow Rate (g/s)
	Vibrated Hall Flow Rate (g/s)





	As-Received Cr
	NF
	NF
	NF



	Dried Cr
	NF
	NF
	0.07 g/s
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