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Abstract
In laser powder bed fusion additive manufacturing (AM), the number of build cycles required for a powder to go from its virgin state to a state that can alter final part mechanical properties is currently unknown. While ideal, the use of virgin powder for every AM build is not practical or economical. It is critical to investigate new methods that will help mitigate these cost drivers and enable the use of recycled powder in AM. Presented here is initial work on the use of an inductively coupled plasma (ICP) process to recondition AM powders used in laser and electron beam powder bed fusion, highlighting some challenges faced while developing optimum process parameters.  The manuscript focuses on the three-dimensional characterization of used powder, before and after the plasma reconditioning process, in order to  quantitatively understand the result of the ICP process on the shape and porosity of the  particles.  A distinct change in the morphology of the powder was observed before and after the ICP where most, but not all, irregular shaped powder particles and multi-particles were converted into more spherical particles. A detailed analysis of the percentage of spherical and non-spherical particles before and after the ICP process is also included, as well as the process’ effect on particle porosity, which was different for the two powders used, Inconel 718 and Ti-6Al-4V. The results indicate the value of using the ICP process as a viable option for recycling of these two powders.
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Introduction
As metal powder-based additive manufacturing (AM) becomes more widely accepted for part production, the importance of standardized material properties, repeatable AM processes, and cost reduction is critical. One problem in the AM industry is the uncertainty of changing powder properties after one or more AM cycles, where each build is referred to as a cycle. In efforts to save on costs, increase sustainability, and reduce environmental/safety impacts, it is essential to understand the effects of an AM cycle on powder quality and its potential for re-use. With many factors affecting powder degradation such as build environment, heat source, and material properties, this manuscript focuses on identifying important powder quality metrics and investigating a new technique to recycle powder.
Understanding a powder’s shape, size, and density is an important first step to powder characterization. Current metal powder characterization methods include scanning electron microscopy (SEM) for morphology [1], laser diffraction for particle size distribution (PSD) [2, 3], gas diffusion for chemical analysis [4, 5], microscopy for microstructure/porosity analysis [6, 7], and Hall flow for flowability and packing density [8]. Three-dimensional (3D) X-ray computed tomography (X-ray CT) has been used to characterize many kinds of particles [9-14], including metallic powders for AM [15-21], and X-ray CT combined with mathematical analysis can give a wide array of accurate 3D geometric shape parameters [22–24]. High temperature powder alloys such as Inconel 718 are chemically and microstructurally stable over many AM cycles, but their reusability is limited by their physical characteristics such as morphology and flowability [25-27]. Spherical particles that are smooth result in less internal friction, allowing the powder to be easily deposited in a powder bed or directed energy deposition (DED) process [28, 29].  It is important to characterize internal powder porosity, since inclusions or gas bubbles, which arose during the powder manufacturing process, can be incorporated into builds, lowering part mechanical strength due to increased crack propagation. When powders undergo high temperature melting during an AM process, the zone around the melt can be affected by the heat, potentially changing the shape and increasing the size of the powder within the build environment and in the recycled powder. Another outcome involves the possibility of satellite particles attaching to other powder particles, perhaps caused by ejecta from the melting process, potentially widening the PSD. Challenges with a wide particle size range are that smaller (and larger, non-spherical) particles can lower flowability as well as alter the batch density, which can lead to varying part properties or prompt changes to machine parameters [8].
A previously developed technique called inductively-coupled plasma (ICP) can provide a method for this powder morphology manipulation. The ICP process can be used to improve powder characteristics such as increased flowability, decreased internal porosity, and enhanced powder purity on many different powders. This process involves gravity feeding powder through a plasma, which melts the feed material. While in the molten state, surface tension pulls the particles into a more uniform shape while closing in voids and pushing out internal gases. The molten droplets are then cooled and solidified as they fall through the reactor vessel, resulting in denser and more spherical particles [30]. However, the evidence for the apparent increased sphericity is usually only before and after SEM images, which can indeed show the appearance of rounder particles but cannot address 3D aspects such as how many of the particles are welded together. Original work on Al2O3 discovered that the largest influences on the plasma spheroidization process were the position of the powder injector, the powder feed rate, and their interactions [31]. The ICP process has also increased flowability and density in tungsten, tungsten-6 % tantalum, and Nd2Fe14B powders [32, 33]. While there are possibilities for using ICP with unique materials, each powder type requires developmental work in order for ICP to become a viable recycling option.
In this paper, the characterization and reconditioning of laser powder bed AM Inconel 718 powder and Ti-6Al-4V electron beam powder for recycling has been studied. The characterization for pre- and post-ICP processed powder was performed to quantify 3D powder morphology, chemical composition, flowability, and PSD. The reconditioning of powder was performed using the ICP technology from Tekna Plasma Systems Inc,[footnoteRef:2] the TekSphero-15 system. X-ray CT, coupled with spherical harmonic series and other mathematical techniques and statistical analysis, gives accurate, quantitative 3D information regarding particle sphericity and the abundance of multi-particles (two or more clearly single particles welded together into one unit) before and after the ICP process. Since X-ray CT gives interior views of each particle, analysis of any changes in powder porosity can also be done.  A detailed overview for optimizing the ICP process parameters is also presented. [2:  Certain commercial equipment, software, and/or materials are identified in this paper in order to adequately specify the experimental procedure. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the equipment and/or materials used are necessarily the best available for the purpose.] 

Experimental
The following is a description of the ICP instrument and the characterization methods used to determine the quality of powder before and after the ICP process. The argon gas-atomized powders used in this study were “virgin” and “used” titanium alloy and “used” nickel alloy powders. The nickel alloy was Inconel 718, designed for use in laser powder bed fusion, and the titanium alloy was Ti-6Al-4V (Ti64), designed for use in electron beam powder bed fusion. Two statistically independent but nominally identical used Inconel 718 powder samples were studied. The used Inconel 718 powder had undergone about 10 builds in a laser powder-bed fusion system, single laser with an inert build environment and the used Ti64 powder had undergone 5-10 recycles in an electron beam instrument.
ICP Instrument
A flow diagram of the ICP plasma spheroidization process is shown in Figure 1. The image on the left of Fig. 1 shows the complete system, while the blue arrows lead to enlarged images of the top and bottom of the instrument. The red arrows show the process flow. The ICP instrument has a maximum power output of 15 kW, sufficient for medium-scale conditioning of metal powders. The system consists of a standard inductively coupled plasma torch placed on the top of a water-cooled stainless-steel chamber. Two filters, a cyclone filter and a porous wall nano-filter, are connected in-line at the mid-point of the reactor chamber. Vacuum is pulled on the entire system and reactor through these two filters. The cyclone filter removes particles under 10 µm in size while the nano filter removes particles less than 1 µm in size, both with high but not 100 % efficiency. The nano filter has a sintered porous wall that controls the pressure of the reactor at 15 PSIG, while also exhausting fumes produced during processing. After purging the reactor of any oxygen and checking for leaks, feed material is injected axially into the plasma with the help of argon carrier gas. Two options are available for feeding powder: a disk-feeder that is good for powders with some flowability and an ultrasonic vibratory feeder that can feed particles with low or no flowability. The material flows from the feeder (top of instrument in Fig. 1) into a water-cooled injection probe. This probe sits centrally within the plasma plume and can be adjusted up to have more resonance time with the plasma plume or down to have less time. As the individual particles of the feed material are heated and melted in the plasma, surface tension forms a dense molten metal droplet that cools and solidifies as it falls to the bottom of the reactor. Processed powders are recovered in a collection container located outside of the machine. The location of the collection container allows the instrument to run continuously and collect powders without stopping the plasma. The collection container can then be isolated and transferred into an inert glove box without any exposure to air. Similarly, the feeder hopper can be refilled quickly, without stopping the plasma.  Any remaining small particles that were not pulled away into the nano filter have to be manually washed out using an ultrasonic process with water as they affect the overall chemistry as well as physical properties of a powder sample. The process is cumbersome for large powder quantities as maintaining consistency can become an issue.
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Figure 1: The image on the left shows the full Tek-15 ICP system. The blue arrows show enlarged images of the powder feed setup (powder input) and the ICP reactor on the bottom. The red arrows indicate the process flow from used powder input into the feed setup through the reactor and filters, to the spheroidized powder collection unit, and finally where the spheroidized powder can be further analyzed.
Standard Characterization Methods
The following standard characterization methods were utilized to analyze the metal powders. Some, but not all, analysis methods were performed on two kinds of powder both pre and post ICP processing. A Hitachi S-3700N scanning electron microscope (SEM) was used to analyze both Inconel 718 and Ti64 powders pre and post ICP. A random sampling from the bulk feedstock powder was mounted via carbon tabs following ASTM B215 (Standard Practices for Sampling Metal Powders, ASTM International, West Conshohocken, PA, United States). The accelerating voltage was 15 kV and the working distance was 5.1 mm.
The LECO ONH836 instrument uses an inert-gas-fusion technique to measure oxygen, nitrogen, and hydrogen content in only the Inconel 718 metal powders. Samples (0.100 g) of powder were loaded into a nickel boat inserted into a graphite crucible. A custom method was created to optimize the data collection, where 4800 W of power was used to melt the sample in the furnace. Oxygen releases and bonds with carbon from graphite to form CO/H2, which flows through an oxidizing agent to form CO2/H2O. Hydrogen and oxygen gases are detected by non-dispersive infrared (NDIR) cells while nitrogen is detected using thermal conductivity (TC) detectors. For each batch run, three samples were analyzed.
A laser diffraction dry particle size analyzer (Beckman Coulter LS 13 320) was used to study the Inconel 718 particle size before and after  the ICP process was applied. This machine is compliant with ISO standard 13320-1 (Particle Size Analysis) and utilizes a multi-component standard operating procedure (SOP) to ensure repeatability. The multiwavelength detection provides volume-based statistics for size distribution (D10, D50, D90), but no particle shape information can be obtained from this analysis.
A Hall flow meter was used to determine the free-flowing Inconel 718 powder’s apparent density and flow rate. Flow and density measurements were performed according to ASTM standard test methods for flow rate of metal powders (B212, B213). For each batch run, three samples were analyzed.
X-ray CT Analysis
This technique was developed over the past 20 years [9-11, 22-24] and has recently been described in detail [35, 36]. It was applied to both the Inconel 178 and Ti64 powders. The link at doi.org/10.18434/M32265, mentioned in Ref. [36], contains all the programs needed to run this technique on X-ray CT images of the powders prepared in the following way. Briefly, a powder is dispersed by hand in a quick-setting epoxy, such that the volume fraction of powder in the powder-epoxy composite is about 10 %. This assures that the powder particles are not touching each other so that no artificial separation via image analysis is necessary, as is the case with most X-ray CT powder investigations [15-21]. The epoxy-powder mixture is drawn into a 3 mm diameter straw using a small vacuum pump. After the epoxy has hardened, a 50 mm long section is placed upright into an X-ray CT system (Zeiss Versa XRM500) and scanned with a voxel size of 1 µm. Enough fields of view (FOV) are taken of each sample to assure that enough (at least 1000) particles are scanned [24]. This ensures that various particle averages and distributions will be independent of particle number. Figure 2a and Figure 2c shows two slices from an Inconel 718sample before the ICP process but after image segmentation. NIST-written software was run on the original gray-scale reconstructed X-ray CT images, automatically segmenting them into binary images (white powder, black matrix) using a version of Otsu’s method for three phases [34]. Figure 2b shows two porous particles enlarged from part (a) and Figure 2d shows several highly irregular particles enlarged from part (c). The scan was made in a mode such that a virtual core was taken from the middle of the sample, cutting off some particles that were near the edge. The software identifies and discards these partial particles. Figure 3 shows a single cross-sectional slice, segmented, of an Inconel 718 powder sample after the ICP process was applied. The yellow circles indicate multiple and irregular particles, which still exist even after the ICP process. However, when comparing Figures 2 and 3, the majority of the particles in Figure 3 do appear more circular than those in Figure 3.
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Figure 2: Two slices of an Inconel 718 sample, before ICP process but after image segmentation. The yellow rectangle in (a) is shown enlarged in (b), and the red rectangle in (c) is shown enlarged in (d).

[image: ]

Figure 3: One slice of an Inconel 718 sample, after ICP process and after image segmentation. The yellow circles mark multiple and irregular particles.

Only particles that had a volume of at least 512 voxels (8 voxels across the particle, on average) were analyzed since volumes smaller than this meant that particle shape could not be accurately analyzed [22]. Therefore, the minimum size particle studied was about 8 µm in size. Each particle that was analyzed was stored in a database, and a 3D image was also stored for each particle, with all information linked by a unique numeric label. Three-dimensional geometric information was computed and stored for each particle, including volume, length L, width W, and thickness T. L is the longest length across the particle, W is the longest length across the particle that is perpendicular to L, and T is the longest length across the particle that is perpendicular to both L and W. An image of an Inconel 718 particle, shown in Figure 4, illustrates this definition. By this construction, T, W, and L are mutually perpendicular, and T ≤ W ≤ L, so that a rectangular box of dimensions L, W, and T is the smallest volume box that just contains the particle [37]. The three aspect ratios, L/T, W/T, and L/W, were useful for approximately classifying particles, in particular L/T. Note that only two of these ratios are independent. When analyzing particles, the programs also measure how much 3D porosity is inside each 3D particle that is analyzed, and the location of the center of volume of the pores with respect to the center of mass of the particle. Pores that break the surface of the particle are not counted as particle porosity. A record is kept of all these quantities, linked to the assigned particle number.
[image: ]
Figure 4: For a sample Inconel 718 particle, the dimensions for length (L), thickness (T), and width (W) are shown for three non-spherical (NS) particles
A final step in the analysis, discussed in [35,36], separates the particles into two classes: single, near-spherical particles (SnS) and non-spherical (NS) particles [35,36], comprised of mostly multiple particles and highly irregular single particles. This classification is done through visual analysis of a limited, random sample of particles to determine a value of the L/T ratio that gives a cutoff between SnS and NS particles [35,36]. The Inconel 718 particle shown in Figure 4 has been classified as NS.
Results & Discussion
The various characterization methods were performed in order to fully understand the effects of the ICP process on a metal powder as it undergoes cycling and then reconditioning. SEM imaging shows changes from the feedstock (pre-ICP) powder to the post-ICP processed powder, albeit in 2D. X-ray CT provides 3D visualization of the effects of the ICP process on the relative abundance of non-spherical and spherical particles, porosity, along with other statistical shape and size measurements. Powder characterization methods like laser diffraction particle size distribution, Hall flow, and chemical composition provide a qualitative, descriptive means to quantify changes in the powder arising from the ICP process.
Pre-ICP Powder
It is known for Inconel 718 powder that the oxygen content increases over use-cycles [38] and using recycled powder can affect the ultimate strength and the ductility of the final part [4]. However, in these two studies, powder shape changes were not considered. In this current study, powder particle shape was measured in 3D to see if there were any effect of the ICP refurbishing process on particle morphology. Before the 3D analysis was performed, SEM imaging was used to qualitatively provide an idea of  what these changes might include (Fig. 5).
Figure 5 shows several effects that can occur in Inconel 718 powder due to thermal exposure during repeated builds. In the top right corner of the image, satellites can be observed where small particles are sintered to a larger particle. On the right side of the image, an agglomerate of small particles sticking to one another can be seen. In the case of multiple agglomerates, this can result in unwanted friction during powder flow. At the bottom of the image, a particle split into two or more segments (fragmented particle) is highlighted. The last interesting particle feature is fusion, where fusion occurs between two spherical particles when exposed to enough heat to melt and bond together (left center of Figure 5). All of these are common morphological features that can negatively affect the AM process and that can be measured quantitatively using X-ray CT.
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Figure 5: SEM image of the pre-ICP Inconel 718 powder. Labels are identified in the text.
 
X-ray CT of Pre and Post-ICP Powder
Table I shows summary results from X-ray CT characterization in terms of the total number of particles analyzed for each particle type and the number percent that were classified as near-spherical (SnS) or non-spherical (NS). Fig. 6 shows two 3D images of powder particles that were classified as NS particles. The two nominally identical but independent Inconel 718 samples were denoted as Ni1 and Ni2. The “Pre” and “Post” prefixes in Table I represent the Inconel 718 powders before and after the ICP process. The “Ti64” designation has suffixes to describe whether virgin, recycled, or post-ICP process powder is meant. Variation in the number of particles analyzed result from how densely the particles were added to the epoxy, and how many fields of view were taken of each particle type. Analyzing 1000 or more particles was judged to give adequate statistics based on past experience [39]. The fairly small differences between the Ni1 and Ni2 powders, both before and after the ICP process, give an estimate for statistical differences between powder samples taken from the same container. 









Table I: Particle numbers analyzed and SnS/NS classifications. “Pre” and “Post” Ni1 and Ni2 powders represent the Inconel 718 powders, “Ti64” is the Ti-6Al-4V powder.

	Particle
	Total #
	% SnS
	% NS

	Pre-Ni1
	8562
	45.4
	54.6

	Post-Ni1
	7415
	89.5
	10.5

	Pre-Ni2
	16600
	59
	41

	Post-Ni2
	16195
	89.1
	10.9

	Ti64-virgin
	2364
	73.6
	26.4

	Ti64-recycled
	1195
	89.8
	10.2

	Ti64-post ICP
	918
	92.7
	7.3










Figure 6: X-ray CT analysis showing two kinds of NS particles: a double particle (left) and a single pseudo-ellipsoidal particle (right)

By comparing the statistics for the particles that did not undergo the ICP process versus those that did, the effect of the ICP process can begin to be seen. Comparing the Pre-Ni1 and Pre-Ni2 to the Post-Ni1 and Post-Ni2 particles, respectively, one can immediately see that the ICP process increased the percentage of SnS particles and decreased the percentage of NS particles in these two Inconel 718 powders. In going from the virgin Ti64 powder to the recycled Ti64 powder, there is actually some increase in SnS and decrease in NS particles, perhaps because the extra sieving process that the recycled powder undergoes eliminated some of the larger multi-particles that were present in the virgin powder. However, the ICP process was applied to the recycled powder, and there is only a slight increase in the SnS particles and a correspondingly slight decrease in the NS particles for post ICP versus recycled powder.
Table II lists the average values of L, W, T, L/T, W/T, and L/W for all seven powders. These averages are all volume-weighted. The uncertainties on the L, W, and T measurements are about ± 2 µm, due to both image segmentation and the algorithm forcing W and T to be perpendicular to L and each other. For each powder, the averages are given for all particles in the powder, and separately for the SnS and NS particles. Note that the SnS particles for Pre-Ni1 and Post-Ni1, and Pre-Ni2 andPost-Ni2, have almost identical average L, W, and T values while the aspect ratio averages are all lower for the Post-Ni1 particles. This is an indication that the ICP process does tend to make particles more spherical without changing their size appreciably, at least for the SnS particles. The same is true for all three of the Ti64 particles. However, note that for all the NS particles, while there are fewer after the ICP process, their lengths and <L/T> and <L/W> values increase, while the value of <W/T> decreases. This behavior of the ratios is consistent with the individual particles become more rounded, even those in multi-particles. Two perfect spheres, of diameters D and d, D>d, lightly welded together, would have W/T = 1 and L/T = (D+d)/D = L/W. All measures of average particle size are larger for the Ti64 than for the Inconel powders, which is not surprising since the Inconel 718 powder was designed for the laser fusion powder bed process, and the Ti64 powder was designed for the equivalent electron beam process. Powder size is always larger for the electron beam process vs. the laser process.

Table II: Particle dimension and aspect ratio data for all seven powders.
	Particle
	Subset
	<L>, µm
	<W>, µm
	<T>, µm
	<L/T>
	<W/T>
	<L/W>

	Pre-Ni1
	All
	63
	45
	38
	1.63
	1.18
	1.37

	
	SnS
	42
	39
	36
	1.17
	1.08
	1.08

	
	NS
	75
	49
	39
	1.89
	1.24
	1.54

	Post-Ni1
	All
	51
	41
	39
	1.27
	1.05
	1.21

	
	SnS
	40
	39
	38
	1.05
	1.02
	1.02

	
	NS
	87
	49
	43k
	2.01
	1.12
	1.82

	Pre-Ni2
	All
	52
	39
	34
	1.49
	1.12
	1.32

	
	SnS
	35
	33
	31
	1.12
	1.05
	1.06

	
	NS
	67
	43
	37
	1.79
	1.17
	1.54

	Post-Ni2
	All
	54
	41
	39
	1.34
	1.06
	1.26

	
	SnS
	35
	35
	34
	1.05
	1.03
	1.02

	
	NS
	90
	54
	48
	1.91
	1.12
	1.73

	Ti64-virgin
	All
	91
	75
	72
	1.26
	1.04
	1.20

	
	SnS
	76
	73
	71
	1.07
	1.02
	1.05

	
	NS
	120
	79
	73
	1.64
	1.09
	1.52

	Ti64-recycled
	All
	89
	76
	74
	1.20
	1.04
	1.16

	
	SnS
	76
	74
	72
	1.06
	1.03
	1.03

	
	NS
	144
	86
	81
	1.78
	1.07
	1.67

	Ti64-Post-ICP
	All
	99
	83
	80
	1.21
	1.03
	1.17

	
	SnS
	75
	75
	74
	1.02
	1.01
	1.10

	
	NS
	176
	108
	99
	1.79
	1.08
	1.69



Pre and Post ICP Powder Characterization
[bookmark: _Hlk62217576]The key properties that are looked at before and after processing are size, packed powder density, chemical content, and morphology. Table III shows the powder particle size distribution (PSD) of pre-ICP and post-ICP powder for the combined Inconel 718 Ni01 and Ni-2 powders, as measured by laser diffraction, in terms of the DN parameters, where DN means the diameter at which N % of the powder, by mass, has a measured diameter less than DN. Table III shows that after running the powder through the plasma system, the particle size distribution seems to tighten a small amount, since the D90 parameter in the post-ICP powder distribution 49.4 µm, as compared to 52.9 µm in the pre-ICP distribution. This is a fairly small change, but is significant, since the uncertainty for the D90 measurement is estimated to be about 0.1 µm. The slight reduction in the D10 and D90 values is due to the increase in SnS particles and the decrease in NS particles, although laser diffraction does not show as many changes in the powder, pre and post ICP, as does the X-ray CT analysis. This is likely because the laser diffraction only measures an equivalent-scattering spherical diameter for each particle, whether it is indeed well-approximated by a single sphere (SnS) or not. Although laser diffraction was not performed for the Ti64 powders, it would probably have shown even less difference between the pre and post ICP powders, since Table I showed that there was only a small difference in the percentage of SnS particles between these two powders.


Table III: Particle size distribution as measured by laser diffraction for the pre and post ICP Inconel 718 powders. DN = diameter at which N mass % of the powder has a D < DN, and <D> is the mass-averaged diameter.
	
	D10
	D25
	D50
	D75
	D90
	<D>

	Pre-ICP
	32.8 µm
	36.8 µm
	42.1 µm
	47.8 µm
	52.9 µm
	42.1 µm

	Post-ICP
	31.7 µm
	35.4 µm
	40.0 µm
	45.0 µm
	49.4 µm
	40.0 µm



Figure 7 shows the particle size distribution for the Pre-Ni1 and Post-Ni1 SnS and NS particles as based on the value of the 3D parameter W. As W is between L and T in value, W is a reasonable choice for the “size” of a random particle [39] but not always for strongly non-spherical particles, where a contribution of L, W, and T is needed to match laser diffraction data [40]. The y-axis shows the volume fraction of the total amount of particles in a given bin. The area in the bins adds to 1.0.
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Figure 7: The particle size distribution, as a function of W, for the Pre-Ni1 and Post-Ni1 Inconel 718 particles that were classified as (a) single near-spherical (SnS) and (b) non-spherical (NS). The histogram bin sizes were the same for both kinds of particles in each graph, though different between the two graphs.
It is clear from Fig. 7 that the PSDs of both kinds of Inconel 718 particles, SnS and NS, are nearly the same for Pre and Post-ICP powders. However, remember that Table I showed that there was a sharp reduction in the number percentage of NS particles after the ICP process was applied.
Figure 8 shows the volume-based distribution of the aspect ratio L/T for the Inconel 718 powders. It is clear that the ICP process creates a greater volume percentage of spherical particles that are closer to spheres, since the first bin in Fig. 8 for the Post-Ni1 particles goes to 0.66, well off this graph. Comparing the two curves out to about L/T = 1.5, one could interpret the ICP process result as decreasing the L/T parameter for many particles, by making them more spherical. In particular, the pre-ICP particles that were single, perhaps with satellites or small double particles, which resulted in them having L/T up to 1.5, were spheroidized, reducing their L/T values. However, the peak around L/T = 1.9 is relatively unchanged, although there is some reduction apparent for L/T > 2, indicating that the ICP process still leaves a sizable percentage of NS particles, probably double particles, since a double particle made up of identical particles would have W and T close in value, with L then about twice as big as either. Again, the reader is reminded that Table I showed that the ICP process reduced the number percentage of NS particles but did not seem to change the character of those NS particles remaining. This is an important result: the ICP process reduces the number of NS particles but does not spheroidize all the NS particles.
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Figure 8: The L/T aspect ratio distribution for all the Pre-Ni1 and Post-Ni1 Inconel 718 particles. The histogram bin sizes were the same for both kinds of particles. Note that the first bin for the Post-Ni1 particles extends upward to 0.66.
Figures 9 and 10 show the W and L/T distributions for the Ni2 particles, similar to Figs. 7 and 8. The comparisons between the Pre and Post-ICP particles are quite similar to those of the Ni1 particles. It is clear from Fig. 9 that the PSDs, in terms of W, for the SnS and NS particles, are nearly the same for Pre and Post-ICP Ni2 powders. Recall that Table I showed that there was a sharp reduction in the number percentage of NS particles after the ICP process was applied, but how these particles were distributed in terms of W did not change appreciably, for both the Ni1 and Ni2 powders, as might be expected, since these were nominally identical populations. We do note that the W or size distribution of the Pre-Ni2 NS particles in Fig. 9b seems to be peaked at a slightly smaller value that that of the Post-Ni2 particles. This can also be seen in Table II, comparing the <W> values for the NS particles for the Pre and Post-Ni2 particles. In Fig. 10, there is again a distinct peak in the L/T distribution histogram at L/T ∼1.8 for the Ni2 particles.
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Figure 9: The particle size distribution, as a function of W, for the Pre-Ni2 and Post-Ni2 Inconel 718 particles that were classified as (a) single and spherical (SnS) and (b) non-spherical (NS). The histogram bin sizes were the same for both kinds of particles in each graph, but different between graphs.
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Figure 10: The L/T aspect ratio distribution for all the Pre-Ni2 and Post-Ni2 Inconel 718 particles. The histogram bin sizes were the same for both kinds of particles. Note that the first bin for the Post-Ni2 particles extends upward to 0.56.
Similar analysis was performed for the virgin-recycled and recycled-post-ICP Ti64 particle pairs. Figure 11 shows the W distributions for the Ti64 virgin-recycled powder pair, for both SnS (Fig. 11a) and NS (Fig. 11b) particles. It is clear that the SnS and NS distributions are quite similar for both kinds of particles, as are the L/T distributions for these particles, shown in Fig. 12.
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Figure 11: The particle size distribution, as a function of W, for the Ti64 virgin and Ti64 recycled particles that were classified as (a) single near-spherical (SnS) and (b) non-spherical (NS). The histogram bin sizes were the same for both kinds of particles but different between the two graphs.
Figures 13 and 14 show the size and shape parameters from which one can judge the effect of the ICP process on the recycled Ti64 powder. Figure 13 shows that the W distributions for SnS and NS particles for the Pre and Post-ICP powders are quite similar; however, Fig. 13 (b) implies that the recycled NS powder is slightly smaller in terms of W than is the Post-ICP powder. The same trend can also be seen by comparing the <W> values between these two Ti64 powders. Figure 14 shows that the Post-ICP powder has a much higher peak near L/T = 1, indicating more spherical particles, since the first bin for these particles actually reaches a value of 0.8, off the graph. However, the bins for L/T > 1.5 are about the same for both kinds of powder, recycled and Post-ICP.

[image: ]
Figure 12: The L/T aspect ratio distribution for all the Ti64 virgin and Ti64 recycled particles. The histogram bin sizes were the same for both kinds of particles.

[image: ]   [image: ]
Figure 13: The particle size distribution, as a function of W, for the Ti64 recycled and Ti64 post-ICP particles that were classified as (a) single near-spherical (SnS) and (b) non-spherical (NS). The histogram bin sizes were the same for both kinds of particles but differed between the two graphs.

[image: ]
Figure 14: The L/T aspect ratio distribution for all the Ti64 recycled and Ti64 post-ICP particles. The histogram bin sizes were the same for both kinds of particles. Note that the first bin for the Post-Ni2 particles extends upward to 0.8.
Flowability, Density, and Chemical Characterization
Flowability, density, and chemical characteristics of the pre and post-ICP Ni1 Inconel 718  powders are shown in Table IV. Due to the reduction of NS particles and an increase in SnS particles, the post-ICP Ni1 powder showed an increase in both apparent and packing density. However, the actual Hall flow results did not change within the uncertainty of the measurement, indicating that the Hall flow measurement was not sensitive to the change in particle shape, probably due to the 2500 µm bottom opening being much larger than the average particle size. The oxygen content reduced to 0.016 % (by mass) from pre to post-ICP, which is an acceptable value according to the ASTM F2924 material/process specification (<0.020 %). These measurements were not performed for the Ti64 powders.

Table IV: Pre and post-ICP Inconel 718 Ni1 powder characteristics. Note*: Maximum oxygen content as per PST powder spec for nickel alloys is 0.02 % by mass.

	
	Pre-ICP
	Post-ICP

	Hall Flow
	12.7 s/50 g
	12.6 s/50 g

	Apparent Density
	4.3 g/cm3
	4.6 g/cm3

	Packing Density
	4.4 g/cm3
	4.8 g/cm3

	Oxygen Content
	0.02%*
	0.016%*



[image: ]Figures 15 and 16 show sample SEM images of the Ni1 Inconel 718 powder before and after the ICP process, including the effect of washing, qualitatively supporting the quantitative X-ray CT measurements.
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Figure 15: Morphology of the Ni1 Inconel 718 particles showing used powder (left), unwashed reconditioned powder (middle), and washed reconditioned powder (right).






Figure 16: Powder morphology of the Ti64 alloy showing used powder (left) and washed reconditioned powder (right).

The morphology of the powder processed through the plasma was observed to be quite spherical (Fig. 15 right), in qualitative agreement with the X-ray CT results, eliminating the typical irregularities seen in the used powder (Fig. 15 left). However, the 2D SEM image cannot really show the extent of multi-particles, as was seen above. The processed powder from the system, however, comes with a lot of fines that must be washed (Fig. 15 middle). The fines are a result of powder being converted into gaseous condensate of the alloy while transitioning through the plasma. The reconditioned powder images show powder that was washed and dried after the plasma conditioning process. This was the powder used for the X-ray CT measurements. 

Porosity Analysis
In the particle analysis done using the X-ray CT results, the porosity in each particle was also measured, both quantity and position relative to the center of mass of the particle in which the pore was contained. The shape of these pores tends to be near-spherical, as judged by inspecting various slices, but the actual shape was not determined since the pores tended to not be large enough (8 to 10 voxels across) to be analyzed. Therefore, only their volume, in terms of a total porosity per particle, and the distance of each pore’s center of volume from the particle center of mass normalized by the volume-equivalent spherical diameter (VESD) of the particle (determined without pores) was recorded. The VESD of a particle is the diameter of a sphere with volume equal to that of the particle. Pores smaller than 8 voxels in volume could have come from grayscale noise from the reconstruction process, which was subsequently segmented to look like a small pore, so were not analyzed.

Table V: Number of porous particles found in each particle set and volume weighted average porosity for just those porous particles and for all particles

	Particle
	% particles with pores
	Average porosity  of particles with pores (%)
	Average porosity of all particles (%)

	Pre-Ni1
	37.8
	0.12
	0.05

	Post-Ni1
	3.4
	0.20
	0.007

	Pre-Ni2
	10.3
	0.24
	0.025

	Post-Ni2
	1.0
	0.10
	0.001

	Ti64-virgin
	14.5
	0.36
	0.05

	Ti64-recycled
	17.2
	0.53
	0.09

	Ti64-post-ICP
	15.5
	0.08
	0.01



 Table V shows the results for the seven particle sets. Comparing the Pre-Ni1 and Post-Ni1 Inconel 718 particles, along with the Pre-Ni2 and Post-Ni2 particles, it is seen that the percentage of particles containing pores was reduced sharply by the ICP process, but the average porosity per remaining porous particle was similar. For the Ti64 particles, the number percent of particles containing pores stayed about the same for all three kinds of Ti64 powder, but the average porosity per porous particle decreased sharply after the ICP process. Some speculation for this difference is given next based on the results of Table VI.
[bookmark: _Hlk61002852]Table VI shows the distance R of each pore center of volume to the particle center of mass, normalized by the VESD of that particle and averaged over all pores with volume greater than eight voxels. The standard deviation shown for each powder type has nothing to do with uncertainty but only reflects the width of each R distribution. Number-based averages are used. 
The question we are attempting to answer is, does the ICP process result in pores that are found either closer or farther away from particle centers? The number-based averages and standard deviations are more relevant to this analysis, since only the position of the pore center was important, not the pore volume. We see that for both the Ni1 and Ni2 Inconel 718 particles, the ICP process on the average tended to result in pores that were a little closer to the center of each porous particle, presumably because pores that were very close to the particle surface and so had higher values of R could migrate out of the particle during the high-temperature ICP process, while pores further in could not move very far. The average porosity per porous particle did not change much but the percentage of porous particles dropped sharply. However, for the Ti64 powder, the Post-ICP particles had a larger value of <R> than either the virgin or recycled powder, which both had about the same <R> value. Along with the much-decreased porosity per porous particle shown in Table V, one way to explain these results is that the Ti64 pores were more mobile during the ICP process, causing all pores to migrate towards the surface, eliminating many and resulting in a larger value of <R> for the remaining pores, which ended closer to the surface after the ICP process was applied. This explanation for the Pre and Post ICP porosity results is speculation based on the <R> values listed in Table VI.

Table VI: Total number of pores found in each particle class, average distance of pore center of mass from particle center of mass, normalized by the particle VESD and averaged over all pores by number (#) with volume greater than eight voxels.

	[bookmark: _Hlk3554602]Powder type
	# pores
	<R> (#)
	Std R (#)

	Pre-Ni1
	650
	0.61
	0.33

	Post-Ni1
	168
	0.52
	0.30

	Pre-Ni2
	499
	0.58
	0.38

	Post-Ni2
	130
	0.46
	0.29

	Ti64-virgin
	327
	0.52
	0.29

	Ti64-recycled
	228
	0.52
	0.30

	Ti64-post-ICP
	296
	0.71
	0.24



Conclusions
With no current ASTM or ISO standards governing powder re-usability, this work provides insight into the benefits of using the ICP spheroidization process to change recycled powder characteristics. The actual effect of the ICP process on the powder morphology was measured in 3D using a combination of X-ray CT scans and mathematical and statistical methods, enabled quantitative measurements showing the morphology of particles both before and after an ICP process. The ICP process was successful in restoring the morphology of used powder and removing most, but not all, of the fused particles/ agglomerates that may have been formed over multiple builds for nickel and titanium powders. This was confirmed but considering the L/T ratio volume-based distributions for the powders. This is an important finding, which could not have been found without using a 3D powder shape characterization analysis, and which may give some insight into the details of the ICP process. Similarly, there was a positive effect on porosity from the ICP process, which was different for the different alloys. For the Inconel 718 powders, the ICP process reduced the number of porous particles but the average porosity per porous particle stayed about the same. For the Ti64 alloy, the number fraction of porous particles stayed nearly the same, but the average porosity per porous particle sharply declined.  The reduction in the value of <R>, where R is the distance of each pore center of volume to the particle center of mass, normalized by the VESD of that particle, for the Inconel 718 powder implied that the pores moved outward but mainly stayed in the particles, while the increase in <R> for the Ti64 alloy particles implied that all the pores moved outward, and many escaped, in accord with the reduction in average porosity for the Ti64 alloy particles. More work on the meaning of <R> is needed, perhaps helped by consider the pore mobility in different metals during the ICP process. Note that this study of powder porosity changes could not have been done without using X-ray CT analysis, which was also made easier by the particle suspension in epoxy sample preparation technique. 
 The two batches of Inconel 718 powders gave similar results, with some small differences due to random variability in selecting samples from a larger batch. For the Inconel 718 powders, the percent of SnS (single, near-spherical) particles versus NS (non-spherical) particles increased markedly after the ICP process. However, the shape and size distribution of the remaining NS particles, judging by the W and L/T distribution, seems to have been mainly unchanged by the process. This finding was made possible by being able to separate the SnS and the NS particles in each powder. The oxygen ppm levels for the Inconel 718 powder was greatly lowered by the ICP process and the apparent density of the Inconel 718 powder, as judged by the Hall flowmeter, increased almost 10 % after the ICP process, with the Hall flowmeter flowrate the same before and after the ICP process. Overall, the ICP process seemed to have a much less-marked effect on the morphology of the Ti64 powder than it did on the Inconel 718 powder, since the number percentage of SnS and NS particles did not change much Pre and Post ICP, and the L/T distribution was quite close before and after the ICP process. This fact may also give insight into the details of the ICP process on different metals. However, it was found that the average particle size of the Ti64 powder was larger than that for the Inconel powder, but it is not clear how this would have affected the ICP process. 
With many different nickel and titanium alloys being used for AM applications, a powder recycling study will need to be performed for all materials being used and for each AM process. Reconditioning of powder can be less expensive than purchasing new virgin powder, leading to significant cost savings depending on the cost of the refurbishing process. However, there are several challenges to overcome in the ICP process before being able to run a continuous operation of high-volume recyclability including over-melting (splashing), too high of a feed rate (probe clogging), and irregular gas flow (material build-up). These problems can reduce the efficiency of powder spheroidization. The ICP process parameters must be optimized to address these challenges, which will involve further research. 
This study is just one step towards understanding Inconel 718 nickel and Ti64 powder characteristics during ICP recycling but inexpensive technologies and processes that allow the reuse of powders are vital for the development, adoption, and widespread use of AM in the manufacturing community.
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