Three-dimensional particle size, shape, and internal porosity characterization: Application to five similar titanium alloy (Ti-6Al-4V) powders and comparison to two-dimensional measurements
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Abstract: Two-dimensional (2D) dynamic image analysis (DIA) is often used to measure particle size and shape distributions of metal powders in terms of various size and shape parameters. In this present work, five titanium alloy (Ti-6Al-4V or Ti64) powders that were previously characterized with DIA are now characterized in three dimensions (3D) using a combination of X-ray computed tomography (XCT) and mathematical analysis, with various size and shape parameters, including porosity, measured and calculated for each particle. Measured 3D XCT-measured parameters are compared to 2D DIA-measured parameters. The 3D characterization was also used to mathematically generate 2D projection data, with particle orientation averaged over many directions, so that comparisons could be directly made to the previous DIA measurements. The 3D characterization is used to clearly see differences between the powders, including internal porosity and the percentage of single near-spherical particles (SnS) and non-spherical (NS) particles (mostly multi-particles) in each powder. In addition, the 3D data was used to generate 2D projections that were oriented along different directions, which was employed to show that the  DIA instrument generated particle projections that were partially oriented along different dimensions of the particles. This partial orientation was apparent in the 2D particle shape data, not the particle size data. All these results show that current powder standards, which all five powders met, are inadequate to completely characterize powder size and shape parameters that could be important in a metal additive manufacturing process.
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1. Introduction: 
 
	Additive manufacturers have an increasing choice of metal powder sources for powder bed fusion processes, which raises the question: Can current measurement techniques characterize the differences, if there are any, between powders from different sources that have been intended for the same purpose? ASTM committee F42 has published a standard on characterizing properties of metal powders for additive manufacturing, F3049 [1]. According to this standard, the major categories for powder characterization include the size distribution, the morphology (shape) of the powders, the chemical composition, the flow properties, and measures of the powder bed density. For each of these categories, individual ASTM standards apply that specify measurement details.  The existing powder standards for AM powders, for example ISO/ASTM 52907 or ASTM F3049, were developed to establish a minimum standard for feedstock quality. But these standards do not capture some of the issues that have been observed in practice. For example, these standards do not require techniques to detect powder artifacts such as inclusions [2] or internal particle porosity, which, along with powder granulometry (i.e. powder size and shape) [3] can affect built parts. 

	The current standards for powder characteristics will undoubtedly be modified over time to reflect evolving knowledge of the additive manufacturing processes. The relation between powder size and shape, for example, should be recognized in future standards. A simple thought experiment shows that powder size measurement cannot be considered independently of powder shape measurement, so that both must be measured – they are not independent quantities. Consider a cube and a sphere, with edge length of the cube equal to the sphere diameter. The two particles have different volumes and surface areas. Only quoting the single “size” number—edge length or sphere diameter--does not specify what kind of particle it is. Consider an ellipsoid and a rectangular prism, with the edge lengths of the prism equal to the major axes of the ellipsoid, which means that three “sizes” really should be specified. But even if these three sizes are measured accurately, the two particles have different volumes and surface areas, different moment of inertia tensor elements, will pack and flow very differently in a many-particle powder, and cannot be distinguished by these three lengths alone. For a random-shaped particle, there are many lengths that can be defined from one side of the particle to the other side, which do not characterize the particle shape, which in any event is not easily-defined for a random-shaped particle.

Several different particle measurement techniques currently exist and the most commonly used techniques can be separated into two broad classes: (A) three dimensional (3D) methods that assume spherical particle shape, and (B) methods that measure both size and shape but in two dimensions (2D) [4,5]. The ‘A’ category includes laser diffraction, sedimentation, electrical sensing volume, and sieve analysis [6], and the ‘B’ category includes optical dynamic image analysis (DIA) instruments [7,8] and electron microscopy [7,9] methods. It is clear that the ‘A’ methods do not measure shape at all [10] but their results are influenced by particle shape [11-14]. For non-spherical particles, their measurands are in terms of an equivalent spherical diameter, defined differently for different techniques. The ‘B’ methods give accurate size and shape parameters, since they form actual particle images, but these are only 2D projection images of particles. If all the particles were perfect spheres, then all possible projections give circles with the same diameters as the original spheres. For non-spherical particles, the 2D projections can only be analytically calculated for a few simple shapes [15-18] and vary with the projection angle to the original particle. Both categories of method are useful tools for giving practical parameters that can be used for quality and process control. In that sense, they are not “wrong” or “inaccurate.” However, all these methods treat non-spherical particles differently and give different values for the “particle size and shape.” Without a comparison of the standard techniques with the true powder size distribution and morphology, any future work could be based on wrong assumptions. The 3D technique based on X-ray computed tomography (XCT), which is used in this paper and is discussed later, does not fall into either category, A or B, since it is 3D but does not need to make any particle shape assumption to measure both the true particle size and shape.

The literature, including ISO/ASTM 52907, specifically points toward the powder size distribution and morphology as factors influencing the powder flow behavior during manufacturing [19, 20, 21]. The powder flow behavior therefore should be characterized. However, the terms often encountered in practice for powder flow, “spreadability” and “flowability,” are ill-defined, with at present no standard tests that quantitatively and adequately measure these quantities [19]. The various cup flow tests do not come close to adequately simulating the physical processes encountered during powder bed processes [19]. Funnel-type, shear cell, or rotating drum devices would seem to be closer to the actual physical powder processes in AM but how well these devices do in helping to predict the flow behavior in AM machines has yet to be determined [20]. We know from many years of granular materials research that particle shape does directly relate to powder flow and packing, which are the major aspects of the powder spreading process [3, 21]. The only way to have any hope of scientifically and non-empirically relating powder size and shape distribution to “spreadability” and “flowability” is to physically characterize all quantities and look, using many experiments and/or sophisticated DEM modeling, for a numerical relation between them. This paper is one step, on the powder granulometry side, of performing this difficult task by showing the relations between common 2D measurements and true 3D measures of particle shape and size. Others have worked on the powder flow side of this relation [20].  
 
The primary aim of the present work is to compare three dimensional (3D) measurements of particle size, shape, and internal porosity to two-dimensional (2D) DIA measurements of particle size and shape for five out of six previously studied [22] commercially available Ti-6Al-4V powders, obtained from five different sources. The five powder samples have the same size range as determined from analysis of projected particle areas [22], which has been classified above as an ‘B’ technique. The 3D technique is XCT-based, in conjunction with mathematical analysis that extracts shape and size information from the 3D images, as well as particle internal porosity. The 2D technique is (DIA), with the data obtained previously and partially reported [22]. The comparison is supported by calculation of what the 2D projection results would be, obtained from the 3D XCT results. 


2. Methods 
The three-dimensional (3D) X-ray computed tomography in conjunction with mathematical analysis techniques for measuring particle size, shape, and internal porosity on dispersed AM powders [23-29] and isolated pores in builds (treated as particles) [30] has been previously described in detail. There has been other work using XCT for 3D particle characterization, but always on powders packed or placed closely together [31-41], which then would require sophisticated image analysis to separate individual particles. In this paper, the 3D XCT techniques and analysis procedures described in Refs. [26,27] have been followed closely. Small samples of the powders were taken randomly from a larger sample that was stirred before sampling. Recent work showed that this kind of powder sampling did not produce substantial variability [42]. Random amounts of the powder were then dispersed by hand in a quick-setting epoxy, such that the volume fraction of powder in the powder-epoxy composite was about 10 %. This assures that the powder particles are on the whole not touching each other, so that no separation via image analysis is generally necessary. The epoxy-powder mixture is drawn into a 3 mm diameter straw using a small vacuum pump, which serve as XCT samples that were scanned at a voxel size of 1 µm using a Zeiss Versa XRM500[footnoteRef:1]. Four or five fields of view (FOV) were taken inside the straw, for each of the five particle classes, with about one thousand 1000 pixel x 1000 pixel images in each FOV, to assure that enough particles were scanned so that various averages and distributions would be independent of particle number. Figure 1 shows segmented cross-sections for powder Num-3 (left) and powder Num-2 (right). Both have about the same percentage of NS particles, and both show adequate dispersion, so the particles that look like they are touching are actual multi-particles. There are no internal pores seen in these particular cross-sections. It is possible that there are a few multi-particles that only appear connected, and are just accidentally touching, but this is at most only a negligibly small fraction of the multi-particles found, especially at these levels of dispersion. [1:  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.] 


[image: ]
Figure 1: Showing segmented cross-sections for powder Num-3 (left) and powder Num-2 (right). Each image is about 1 mm across (1000 pixels  1 µm/pixel = 1 mm).
Only particles that had a volume of at least 512 voxels (8 voxels across the particle) were analyzed, since volumes smaller than this meant that particle shape could not be accurately analyzed. Therefore, the minimum particle size studied, based on a volume-equivalent sphere, was about 10 µm. Each particle that was analyzed was stored in a database, and a 3D image was also stored for each particle. The analysis results in a mathematical representation of each particle, so that this particle could be rotated or re-sized in any way and various shape parameters computed for each particle using integrals and derivatives of various kinds [26,27]. All information was linked by a unique numeric label assigned to each particle. Three-dimensional geometric information was stored for each particle, including volume, length L, width W, and thickness T, where T  W  L, and T ≤ W ≤ L. A rectangular box of dimensions L, W, and T is the smallest volume box that just contains the particle [43]. The three aspect ratios, L/T, W/T, and L/W, were useful for approximately classifying particle shape. A commonly used shape parameters is sphericity, usually defined as some combination of surface area and volume in3D, and perimeter and area in 2D. Sphericity was not used in this paper, as we have found that it does not distinguish well between different powder shapes. How much porosity inside each particle is analyzed, on the basis of volume fraction of each particle in which pores are detected. A useful size parameter is the volume equivalent spherical diameter, VESD, which is the diameter of the sphere with volume equal to the actual particle volume. A record is kept of all these quantities, linked to the particle numeric label. The final result of the analysis in Refs. [26,27], which is based on a visually-determined cutoff L/T value, similar but not the same for each powder type, is a classification of the particles into two classes: single, near-spherical particles (SnS) and non-spherical (NS) particles. The NS particles are mainly multi-particles, i.e., particles consisting of two or more smaller particles welded together. The SnS particles are usually more desired for the laser fusion powder bed process, but NS particles, as will be seen, are always present even in virgin particles from the manufacturer.
Given a 3D mathematical representation of the 3D particles, it is straightforward to compute 2D projections of the particles in any direction [26,27]. Three mutually orthogonal directions were chosen for each particle, along the directions of the unit vectors associated with L, W, and T for that particle, to simulate the extremes of the different projection directions possible as the particles would fall inside a dynamic image analyzer. All these projections were treated as different 2D particles, so that the total 2D particle number for each powder was three times the 3D numbers given in Table 1. Algorithms were created [26] to compute L2Dand W2D, the equivalent of L and W in 3D, the minimum and maximum Feret diameters (Femin, Femax), and the values of Xcmin and Xcmax for each projection orientation [8]. Xcmin and Xcmax are defined in the following way. For a given orientation of the projection in the plane, find the largest surface-to-surface distance in the horizontal direction. Rotate the particle in the plane by some angle, and find a similar length. Once these distances have been collected over many rotation angles, the smallest distance in this set is defined as Xcmin and the largest such distance is defined as Xcmax. Ratios of these 2D dimensions were used as aspect ratios to help define particle shape and to compare to 3D aspect ratios. The equivalent circular diameter is defined by the diameter of the circle with the same area as the projection. For each 2D particle, this number is computed and is then used as the equivalent diameter of a sphere, defined as VESD-2D in this paper. This same parameter is used in the DIA measurement technique in all the “volume-based” averages performed by the DIA software, so it has been adopted for the 2D projection data computed from the 3D XCT data. For all graphs in this paper, an average is assumed to have been taken over all three orientations unless the paper specifically states otherwise. 
For the DIA measurements, a Retsch Camsizer XT instrument [822] was used to analyze the powder. For the powders used in this study, vibration-driven or pressurized air-driven feeding is used to move the powder particles along a feeder tray until they fall into an instrument gap that is aligned with the illumination and CCD camera axis, possibly assisted by the pull of a vacuum, and the projected area and shape of each particle are recorded. The DIA instrument was calibrated using the vendor-supplied calibration tool. The parameters that were recorded, in histogram form, were VESD-2D, XFe max, Xcmin, and the ratio XFe min/XFe max, which was subsequently inverted to XFe max/XFe min for better comparison with the XCT data. About 10 million particles were scanned for each powder, at a pixel size of 0.8 µm, which is close to the voxel size of 1.0 µm used in the XCT measurements.

Note that in DIA methods, powder particles cross a light path, with many images taken by a digital camera per unit of time. This process, if impelled by a gas current [44], may tend to partially orient the particles. If one used mono-shape ellipsoids of various sizes, using the exact relationships between ellipsoids and their projected ellipses [15-18], one could determine if any orientation had occurred in the DIA process. This paper takes an alternative approach, using the 3D particle images, in various orientations, to mathematically generate 2D projections that can be compared to the DIA results to determine if any particle orientation takes place within the DIA instrument used. Particle orientation effects were previously found [45] for the DIA instrument employed in this research [8].


[bookmark: _Hlk41658753]3. Results
3.1 3D differences between powders: SnS vs NS, porosity, and size
Appendix A shows screenshots of the 3D VRML (Virtual Reality Modeling Language, visualized by a plug-in for HTML browser) images for a mixture of eight SnS and NS particles for each of the five powders.  Table 1 shows summary results from the 3D characterization in terms of the total number of particles analyzed for each particle type and the percentage, by number, which were SnS or NS. Variation in the number of particles analyzed between the five types 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 [46]. There are clear differences between the number percentage of SnS particles, ranging from a low of 50.3 % for Num-1 powder to a high of 90.9 % for Num-5 powder.

Table 1: Particle numbers and classifications for all five powder types
	Particle
	Total #
	#% SnS
	#% NS
	#% porous particles
	Avg porosity, #%

	Num-1
	1504
	50.3
	49.7
	56.6
	0.8

	Num-2
	2227
	75.8
	24.2
	26.9
	0.4

	Num-3
	1610
	73.6
	26.4
	2.2
	0.04

	Num-4
	1841
	68.4
	31.6
	11.8
	0.5

	Num-5
	1436
	90.9
	9.1
	6.2
	0.06



Table 1 also shows the number fraction, in percent, of particles in which pores were found by the XCT measurement. SnS and NS particle data have been combined, since there was no outstanding difference, in terms of porosity and percent of porous particles, between the two classes. Any pore that was found that was less than eight (23) voxels was discarded and not counted towards the porosity, since such pores could well just be noise generated the gray scale fluctuations in the original gray-scale reconstructed images. The pores were identified using the same software as was used for the particles, treating the pores within a particle as particles themselves that had the same voxel size as did the metal particles. The porosity was determined for each particle that contained individual pores with volumes larger than eight voxels by adding up the pore volumes and dividing by the total volume, solid plus pores, for a given particle. No attempt was made to characterize the shape of individual pores. The average porosity is defined for these particles and reported in Table 1 (column 6) for each particle class. The definition of average porosity is a number-weighted average over all particles in which pores were actually found (5th column of Table 1), The porosity of a porous particle is defined as the ratio of pore volume to the total particle volume (in percent) of a particular particle. Table 1 shows clear differences between the five powder types. The powder with the lowest fraction of porous particles was Num-3, with only 2.2 % of its particles containing internal pores. The powder with the largest fraction of porous particles was Num-1, with almost 57 % containing internal pores. Num-1 also had the highest average porosity per porous particle, 0.8 %, while the lowest average porosity per porous particle was powder Num-3, with 0.04 %. So Num-1 had the most porous particles and the highest average porosity, while Num-1 was the lowest in both quantities. Powder Num-5 was quite close to Num-3, while powders Num-2 and Num-4 close to powder Num-1 with respect to these quantities.
Before looking at the full distributions, it is useful to first examine the average quantities, both size and shape parameters, and compare 3D and 2D. Table 2 lists the volume-weighted average values of the 3D size quantities, L, W, T, and VESD for all five powders, using the actual 3D volumes determined from XCT. The uncertainties on the average dimension measurements are about ± 2 µm, due to both image segmentation and forcing W and T to be perpendicular to L and each other in 3D (more on that later in the paper) [26,27]. For each powder, the 3D averages are given both for all particles in the powder, and separately for the SnS and NS particles. 
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Table 2: Volume-weighted average 3D particle dimensions for all particles and for sub-classes (µm); SnS = single near-spherical, NS = non-spherical.
	[bookmark: _Hlk3886978]Particle
	Class
	<L>
	<W> 
	<T>
	<VESD>
	# particles

	Num-1

	All
	101
	79
	70
	76
	1504
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	SnS
	78
	74
	69
	70
	756

	
	NS
	119
	83
	70
	80
	748

	Num-2
	All
	89
	72
	68
	71
	2227

	
	SnS
	72
	68
	66
	66
	1688

	
	NS
	123
	80
	73
	80
	539

	Num-3
	All
	87
	71
	64
	68
	1610

	
	SnS
	71
	67
	63
	64
	1185

	
	NS
	108
	77
	67
	74
	425

	Num-4
	All
	92
	75
	70
	73
	1841

	
	SnS
	75
	72
	68
	69
	1259

	
	NS
	116
	81
	72
	79
	582

	Num-5
	All
	89
	78
	75
	78
	1436

	
	SnS
	77
	76
	73
	74
	1305

	
	NS
	146
	91
	83
	94
	131



In Table 2, note that <L> for the NS particles is always much larger than <L> for the SnS particles, because of the multi-particle nature of most of the NS particles. The differences between the SnS and NS particles for the dimensional parameters <W> and <T> are much smaller, indicating that the individual particles making up the NS multi-particles are similar to the SnS particles. Imagine two spheres, both with L = W = T = diameter. If the two spheres were welded together, without too much overlap, then L  2D but W = T = D. For all particles, <L> is the largest for powder Num-1, but for the NS particles, <L> is the largest for the Num-5 powder, even though this powder had by far the fewest percentage NS particles. For the SnS particles, using <L> as a measure of average particle size, the Num-1 and Num-5 powders were the largest, and the other powders were slightly smaller and similar to each other. Since the uncertainty was about 2 µm for each of the size measurements, then the value of <L> for these five powders was about 75 µm + 3 µm, close to the estimated uncertainty of the measurements.
In 3D, the width W is often used as a reasonable measure of particle size [6], since it is intermediate between L and T. This is not always the case - in laser diffraction data, the particle “size” that best matches the equivalent scattering sphere that results from the laser diffraction process has been found to be some mixture of L, W, and T [43]. Figure 2 shows the W distributions for the SnS and NS particles separately, with the same bin widths in each graph but differing between graphs, so that the relative heights are comparable in each graph. The SnS particle W distributions are more highly peaked at smaller values of W and do not extend to as high W values as do the NS distributions. However, there is not a substantial difference between the two particle classes, which again can be qualitatively explained by our simple two-sphere example, which would indicate a greater difference between the L distributions than the W distributions. Figure 3 shows the equivalent histograms for the L distributions, and a much greater difference is now seen between the SnS and NS particles for all five powders. 
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[bookmark: _Hlk41658454][bookmark: _Hlk4400588]Figure 2:  The 3D particle size distribution, as a function of W, for all five powder types, showing the W distributions for the SnS (single near-spherical) and NS (non-spherical) particles on the same graph for every powder type. The histogram bin sizes were the same for both kinds of particles in each graph but differed somewhat between powder types.
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Figure 3:  The 3D particle size distribution, as a function of L, for all five powder types, showing the L distributions for the SnS (single near-spherical) and NS (non-spherical) particles on the same graph for every powder type. The histogram bin sizes were the same for both kinds of particles in each graph but differed somewhat between powder types.

Next, we consider the data for the averages of various aspect ratios of the particles in 3D and try to compare to the 2D values computed from the XCT data. Aspect ratios give some idea of particle shape. Table 3 shows the average values for the three (only two of which are independent) aspect ratios that can be formed from L, W, and T in 3D, L/T, W/T, and L/W. 
Consider the 3D ratios for the NS particles. If we consider our example above, of two identical spheres of diameter D lightly welded together as being a “typical” NS particle, with L  2D and W = T = D, then L/T = L/W= 2 and W/T = 1. As can be seen in Table 3, when examining these ratios for the NS particles, L/W is much closer in value to L/T than it is to the value of W/T, which is qualitatively like this simple example. Of course, the NS particles that are constructed of two







Table 3: Various aspect ratios for 3D particle data, SnS = single near spherical, NS = non-spherical.
	Particle
	Class
	<L/T>
	<W/T> 
	<L/W>
	# particles

	Num-1

	All
	1.44
	1.13
	1.27
	1504

	
	SnS
	1.12
	1.06
	1.06
	756

	
	NS
	1.69
	1.18
	1.44
	748

	Num-2
	All
	1.29
	1.06
	1.22
	2227

	
	SnS
	1.09
	1.03
	1.06
	1688

	
	NS
	1.68
	1.10
	1.54
	539

	Num-3
	All
	1.34
	1.11
	1.21
	1610

	
	SnS
	1.13
	1.07
	1.06
	1185

	
	NS
	1.63
	1.16
	1.42
	425

	Num-4
	All
	1.30
	1.08
	1.20
	1841

	
	SnS
	1.10
	1.05
	1.05
	1259

	
	NS
	1.61
	1.13
	1.43
	582

	Num-5
	All
	1.18
	1.04
	1.13
	1436

	
	SnS
	1.05
	1.03
	1.02
	1305

	
	NS
	1.76
	1.10
	1.62
	131



particles do not usually have the two particle the same size and are often significantly melted together and many of the NS particles are composed of three or more individual particles (see images in Appendix A). The Num-5 powder NS particles have the highest value of <L/T> of all five powders, even though this powder, as shown in Table 1, had the least percentage of NS particles. The SnS particles have 3D aspect ratios that are close to unity, indicating a more spherical shape. The Num-5 powder particles, by this measure, are the most spherical and the other four powders are less spherical and all about the same, again by this measure. 
Figure 4 shows the L/T distributions for all five powder types, for all particles, using the same bin size for all five graphs. The upper vertical axis limit, though, changes in the graphs. Powder Num-5 has a sharp peak near L/T = 1, and powder Num-1 is clearly the most non-spherical, as it is peaked a bit away from 1, and powder Num-5 has its initial peak farthest from 1 of all five powders. This is what might have been expected from the results of Table 3. Powder Num-2 is the next more spherical, judging from Figure 4, after powder Num-5, followed by powders Num-3 and Num-4, which have similar L/T distributions. One should note that even for powder Num-5, the most spherical powder judging from Figure 4, there is still a small peak between L/T = 1.5 and L/T = 2, indicating double or higher multi-particles.
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Figure 4: The L/T aspect ratio distribution for the five powder types: Num-1, Num-2, Num-3, Num-4, Num-5. The histogram bin sizes were the same in all five graphs. Note the different vertical axis limits in several of the graphs.

3.2 3D-2D powder size and shape comparisons for XCT data 
Table 4 lists the average values of some 3D particle size quantities, L, W, and VESD, along with the 2D parameters L2D, W2D, VESD-2D, and Xc min, for all particles in all five powders, determined from the XCT data. The 2D quantities are weighted by VESD-2D. The uncertainties on the average 2D dimension measurements are about ± 2 µm, same as in 3D [25,26]. The maximum and minimum Feret diameters, XFe max and XFe min, used below but not listed in Table 4, have similar uncertainties. The values for Xc max are not given in Table 4, since it can be shown that in 2D, L2D and Xcmax are equivalent [26]. 
Table 4: 3D and 2D average particle dimensions for all particles (µm).
	Particle
	Class
	<L>
	<L2D>
	<W> 
	<W2D> 
	<VESD>
	<VESD-2D>
	<Xc min>

	Num-1
	All
	101
	95
	79
	73
	76
	80
	71

	Num-2
	All
	89
	86
	72
	71
	71
	74
	69

	Num-3
	All
	87
	82
	71
	67
	68
	71
	65

	Num-4
	All
	92
	91
	75
	72
	73
	77
	70

	Num-5
	All
	89
	89
	78
	77
	78
	80
	75



Comparing the (<L2D>, <W2D>) pair to the (<L>, <W>) pair in Table 4, we see that the values are reasonably close, although the 2D averages are always less than the 3D averages. If enough particle orientations were taken for each particle, there would be equality between these 3D and 2D averages, but not for length to width ratios. For powder Num-5, we see that the 3D and 2D average length and width parameters are almost identical. If a powder consisted of perfect spheres, then <L> = <W> = <L2D> = <W2D>, for any 2D projection direction. Table 1 can be interpreted as stating that powder Num-5 is the most spherical, since 90.9 % of the particles analyzed fall into the SnS class, hence the near equivalence between the average 2D and 3D length and width parameters. The average VESD and VESD-2D parameters track each other fairly closely, and neither differentiates much between the five powders. 
Next, we consider the data for the averages of various aspect ratios of the particles and compare 3D to 2D values, all computed from the XCT data. Aspect ratios give some idea of particle shape. Table 5 shows the average values for the 3D aspect ratios from Table 3, but now adds three more aspect ratios that can be formed in 2D: L2D/W2D, AR = Xc max/Xc min, and FR = XFe max/XFe min.  In 2D, for circles or ellipses, these three aspect ratios are all the same. For the general particles studied here, the theoretical connection between these three is difficult to specify. 

Table 5: Various aspect ratios, 2D and 3D.
	Particle
	Class
	<L/T>
	<W/T> 
	<L/W>
	<L2D/W2D>
	<AR>
	<FR>

	Num-1

	All
	1.44
	1.13
	1.27
	1.29
	1.33
	1.30

	Num-2
	All
	1.29
	1.06
	1.22
	1.20
	1.22
	1.21

	Num-3
	All
	1.34
	1.11
	1.21
	1.21
	1.25
	1.24

	Num-4
	All
	1.30
	1.08
	1.20
	1.20
	1.24
	1.22

	Num-5
	All
	1.18
	1.04
	1.13
	1.11
	1.13
	1.13



Even though the values of L and W in 3D, and the values of L and W in 2D, are not in principle equivalent, the average values of the L/W aspect ratios in 2D and 3D are nearly identical, as can be seen in Table 5. The only way that they could be exactly identical was if the projections of the 3D particle were precisely along the direction of T for every particle. The trends in the other 2D aspect ratios appears to roughly match the trends in the 3D aspect ratios, but there is only close numerical agreement between the 3D and 2D L/W average ratios. Note that in all cases, the value of <L/T> was larger than <L2D/W2D> as would be expected, since the true value of L/T would only be reflected in L2D/W2D for a given particle if the projection direction was exactly along the W direction. Any other projection mixes the 3D dimensional parameters, so that L2D/W2D would always be less than L/T.
Figure 5 plots the full distributions of L/W and L2D/W2D, for all particles. In Figure 5, it is rather remarkable that the 3D and the 2D L/W distributions seem to track each other quite closely. The 3D distributions are all somewhat more sharply peaked near L/W = 1, but other than that, the shapes of the 3D and 2D L/W distributions are quite close to each other. This result implies that at least one of the three 3D aspect ratio distributions formed from L, W, and T, only two of which are independent, can in principle be obtained, within a good approximation, in 2D DIA measurements.
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Figure 5: The L/W and L2D/W2D aspect ratio distributions for the five powder types: Num-1, Num-2, Num-3, Num-4, Num-5. The histogram bin sizes were the same between the 3D and 2D distributions in each graph, and not the same but similar between the five graphs. Note the different vertical axis limits in several of the graphs.

3.3 Analysis of DIA data in comparison to 2D XCT data
In this section, we compare the DIA experimental data with the 2D projection data generated from the XCT scans. This XCT-generated projection data has been averaged over three orientations for each particle (the L, W, and T orientations), so there is no preferred orientation of the particles. We first compare the values of D50 for several particle size quantities, which is defined as the size parameter at which 50 % of the particles, weighted by VESD-2D, have size parameters above and below this value. Given that the uncertainties for the XCT 2D data and the DIA data are about + 2 µm, the trends in the values track each other fairly well and mostly agree within uncertainty. One should note that the XCT-2D values are all, except for two cases, smaller than the DIA values. This will appear in the full distributions below.
Table 6: Volume-based D50 values for DIA and XCT 2D data, for VESD-2D, Xc min, and XFe max. All lengths are in units of µm.
	Powder, parameter
	Num-1
	Num-2
	Num-3
	Num-4
	Num-5

	[bookmark: _Hlk40710687]DIA D50 VESD-2D
	74.3
	73.5
	73.2
	77.1
	80.2

	XCT D50 VESD-2D
	76.2
	70.0
	71.2
	74.7
	77.9

	

	DIA D50 Xc min
	68.7
	70.1
	68.6
	72.9
	77.6

	XCT D50 Xc min
	68.4
	65.3
	65.7
	68.6
	74.9

	

	DIA D50 XFe max
	92.1
	78.5
	78.8
	83.0
	84.1

	XCT D50 XFe max
	86.7
	76.9
	79.5
	82.8
	81.0



In Figures 6-8, the full distributions for the DIA data and for the XCT 2D data are plotted on the same graph for VESD-2D, Xc min, and XFe max. In all these graphs, the bin size in the histograms are equal, so that the bin heights can be quantitatively compared. In Figs. 6-8, the shapes of the distributions are very similar, but the XCT 2D data histograms are shifted a little to the left of the DIA histograms, reflecting the slightly smaller D50 values seen in Table 6. Figures 6-8 clearly show that the XCT 2D data, averaged over general orientations, agrees well with the DIA data. 
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[bookmark: _Hlk46224449]Figure 6: Distribution of VESD-2D for all five powders: experimental DIA data and projection data generated from XCT.
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 Figure 7: Distribution of Xc min for all five powders: experimental DIA data and projection data generated from XCT. 

[image: ] [image: ] [image: ][image: ] [image: ]
Figure 8: Distribution of XFe max for all five powders: experimental DIA data and projection data generated from XCT. 

The various size parameters illustrated in Figures 6-8 imply that the DIA data is averaged over orientation substantially just as the XCT 2D data was. However, size parameters could be less sensitive to possible orientations in the DIA instrument than are shape quantities, which are studied next.

3.4 Particle orientation and its effect on DIA results
In the DIA instrument, powder falls under gravity and/or gas flow and an LED light shines from one side and the CCD camera is on the other side. The important aspect of particle orientation is how much, if any, orientation is along the direction of the light beam, which is transverse to the falling direction. If there is any partial orientation of the particles as they fall, due to the flow field, the projections will not be of randomly oriented particles but will be preferentially oriented. To better picture this effect on the measured projections, imagine an ellipsoidal particle, with axes of length L, W, and T, all mutually perpendicular, and L > W > T. If this ellipsoid orients with the L axis along the light beam, then the projection will be ellipses with major axis of length W and minor axis of length T. If the ellipsoid falls with the W direction lined up with the light beam, then the projections will look like ellipses with major axis of length L and minor axis of length T. Finally, if the T axis of the ellipsoid is aligned along the light beam, then the projected ellipse will have its major axis of length L and its minor axis of length W. So the size and shape of the projections will depend on any orientation. The same arguments apply to a random particle with L, W, and T parameters. Of course, the alignment or orientation caused by motion in a flow field is only approximate, as has been shown analytically for ellipsoids [44].
The XCT 2D projection data was studied first to see what the effect of particle orientation might be on the L2D and W2D size parameters, which are more easily comparable to the 3D XCT data.  Table 7 illustrates the effects of particle orientation on <L2D> and <W2D> for the 2D projected data calculated from the XCT measurements.  Lz, Wz, or Tz means that the projection was taken along the associated particle direction, which was unique to each particle.  The averages are weighted by the volume associated with the sphere of diameter VESD-2D. The 5th and 6th columns show the 3D L, W, or T average, appropriate to that orientation, as was described above. For example, in the first row for powder Num-1, the projections were taken along the L direction for each particle, so one might expect that the values of <L2D> and <W>, and <W2D> and <T>, would be similar. In the second row, when the projections were along the W direction for each particle, one might expect that <L2D> and <L>, and <W2D> and <T>, would also be similar. And in the 3rd row, when the projection was along the T direction for each particle, one might expect that <L2D> and <L>, and <W2D> and <W>, would be similar. For all five powders, this is the case, with similar trends, and with agreement between appropriate quantities mainly within the measurement uncertainty of + 2 µm. For example, consider the 5th row for powder Num-5. The value of <L2D> increases sharply between the Lz orientation and the Wz and Tz orientations. This closely follows the 3D trends, as seen in the 3D equivalent columns. However, the values of <W2D> closely follows the 3D <T> and <W> values, which do not vary much between them. This is true for all five powders.





Table 7: Effect of 3D particle alignment on 2D length and width parameters (L2D, W2D), volume averaged. All units are in µm.
	Powder
	Alignment
	<L2D>
	3D equivalent
	<W2D>
	3D equivalent

	
Num-1
	Lz
	88
	<W> = 79
	72
	<T> = 70

	
	Wz
	98
	<L> = 101
	75
	<T> = 70

	
	Tz
	98
	<L> = 101
	74
	<W> = 79

	

	
Num-2
	Lz
	79
	<W> = 72
	70
	<T> = 68

	
	Wz
	90
	<L> = 89
	71
	<T> = 68

	
	Tz
	88
	<L> = 89
	71
	<W> = 72

	

	
Num-3
	Lz
	76
	<W> = 71
	66
	<T> = 64

	
	Wz
	85
	<L> = 87
	68
	<T> = 64

	
	Tz
	84
	<L> = 87
	67
	<W> = 71

	

	
Num-4
	Lz
	83
	<W> = 75
	72
	<T> = 70

	
	Wz
	94
	<L> = 92
	72
	<T> = 70

	
	Tz
	94
	<L> = 92
	74
	<W> = 75

	

	
Num-5
	Lz
	81
	<W> = 78
	76
	<T> = 75

	
	Wz
	92
	<L> = 89
	76
	<T> = 75

	
	Tz
	94
	<L> = 89
	78
	<W> = 78



Any aspect ratio defined by the 2D measurements will be affected in similar ways by any orientation in the DIA instrument. The hope is that the effect of particle orientation, which was seen in the XCT 2D size parameter data, at least for L2D and W2D, but not seen in the DIA data, might be more pronounced in the particle orientation data. However, to specify any such orientation, we need to have independent, 3D knowledge of what the particles are, so that we can analyze what, if any, orientation exists. Fortunately, the XCT data can serve this purpose. 
In Figure 9, the DIA data for the aspect ratio defined by the ratio of XFe max/XFe min is graphed together with the three curves generated for the three orientations of the projected data from XCT, for the same aspect ratio. A cumulative distribution is used for each graph since that is how the data was stored on the DIA instrument. Using a cumulative distribution also avoids the problem of making sure that the bin widths are equal when comparing two histograms.
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Figure 9: Cumulative probability distributions for the aspect ratio XFe max/XFe min for all five powders. For each powder, the DIA data is plotted along with the data computed from the XCT data for three orientations (XCT-L, XCT-W, XCT-T) of the analyzed particles. 

Figure 9 shows, for powders Num-2 to Num-5, that the XCT projection data that was oriented along the L direction (solid black curve) closely matches the DIA experiment data while the projection data taken along the W and T directions (dashed curve and solid red curve) does not agree well with the DIA data. Taking a projection along the L direction means that the aspect ratio should be smaller, since the L direction is normal to the projection and so the longer lengths would not come into the projected images. The powder Num-1 graph in Figure 9 shows less of a clear difference between the projections. This may be due to the fact that powder Num-1, as was seen in Table 1, has a much higher percentage of NS particles compared to powders Num-2 to Num-5. The NS particles tend to be larger and of odd shape compared to the SnS particles (see Appendix A). Another source of uncertainty is that when the L, W, and T directions were computed, there was random errors in making sure that the L, W, and T directions were mutually orthogonal. The difference in each angle, L-W, L-T, and W-T, from 90o was determined and the averages were computed, both of the absolute difference and the signed relative difference. Table 8 displays the results. The average absolute difference in angles from perpendicularity was about 3o, and the averages of the signed differences were close to zero. More of the averages were negative than were positive, which may imply a slight bias in the computational algorithm towards underestimating the perpendicular angles. A random mixture of positive and negative averages would be expected if there were absolutely no bias in the computation.
This data implies some degree of orientation caused by the air current in the DIA instrument - partial orientation, not full orientation. In the DIA instrument, the particles fall vertically and the light shines through them horizontally and hits the camera. These results imply that the particles are at least partially oriented along the L direction in the light beam. Refs. [18, 44,45] examined the partial orientation of anisotropic particles in a flow field, with Refs. [18,45] also considering the implications for DIA. 

Table 8: Average errors in L-W, W-T, and L-T angles, in terms of the differences from 90o of these angles in 3D. Units are degrees. Averages are computed both for the absolute value of the difference from 90o and of their actual signed values. 
	Powder
	<|L-W|>
	<L-W>
	<|L-T|>
	<L-T>
	<|W-T|>
	<W-T>

	Num-1
	2.9
	-0.05
	3.5
	-0.15
	3.4
	-0.21

	Num-2
	3.3
	0.37
	3.7
	-0.17
	3.5
	-0.33

	Num-3
	2.7
	-0.07
	2.8
	-0.13
	2.8
	-0.20

	Num-4
	2.9
	-0.02
	3.1
	-0.33
	2.9
	-0.13

	Num-5
	2.7
	0.15
	2.8
	-0.17
	2.8
	-0.25



4. Discussion
The results of this 3D particle shape/size characterization technique have shown clear differences between these five powders. We reiterate that all five powders had passed all the standard tests so have all been deemed fit for laser powder bed fusion use. An immediate question to ask is: would any of these powders result in more build defects than the other powders? This question could be answered empirically, of course, by performing nominally identical builds with each powder, characterizing pore defects with XCT, and carrying out mechanical measurements (e.g., fatigue). Such complete studies do not currently exist. If all these measurements show clear differences, the conclusion could then be made that the current powder characterization methods were inadequate to control/predict the quality of the built parts. We believe that there would be clear defect and mechanical property differences between these five powders and try to make this case by discussing a number of papers from the literature.
Reference [47] states that “A higher packing density of the powder bed is preferred for powder bed fusion processes because of the lower internal stresses, part distortion, porosity and surface roughness in the built part. The packing density of the powder bed is significantly affected by the particle morphology, size and distribution…A spherical particle morphology improves the flowability of the powder to achieve a high packing density in the powder bed, which improves the final quality of the SLM-processed parts.” The authors of Ref. [47] therefore imply that particle shape has a direct influence on the quality of the additively manufactured sample. That means if the methods that characterize particle shapes (and sizes) cannot reflect the actual shapes, the current practices and standards will likely lead to wrong predictions.
Reference [48] shows that, based on experimental analysis of powder bed uniformity and defects in AM parts, irregularities in powder beds cause microstructural defects, which in turn cause variations in part properties, for example, in fatigue behavior. Since powder bed packing [47] and powder rheology [49] is influenced by particle shape, a clear link can be made between the powder shape/size and part properties. In fact, Ref. [49] investigated two 316L powders, which yielded differences in the mechanical properties of AM test coupons. Both powders had passed the current powder standards. Shape analysis was carried out but in 2D only, showing some differences. The main point of our paper is to use 3D ground truth to calibrate 2D shape analysis, since the 2D method is cheaper and faster. However, 2D methods cannot be relied upon without understanding their relationship to 3D ground truth. Reference [50] relates pore defects and fatigue properties in AM parts, and pores in powder particles can contribute to that relation [51], which are not measured in current powder standards but are measured in the 3D technique used here. Reference [51] also describes changes in powder characteristics with powder recycling. The 3D method we used can track and quantify particle shape and size changes happening throughout powder recycling [25].
One way to look at the work of this paper is to consider the accuracy of current powder size distribution and shape distribution measurements. Without a 3D ground truth to 2D reference point—the data presented in this work—this question cannot be answered. The wider question is therefore if accuracies of measurement techniques should be known and what impact that knowledge has. At the minimum, this work will help current standards and techniques define a bias when using 2D shape and size measurements, so that perhaps they can be corrected to better fit 3D ground truth.

5. Conclusions and Future Work
[bookmark: _GoBack]The 3D XCT method used in this paper showed clear differences between the five powders in terms of the relative percentage of SnS (single, near-spherical) and NS (non-spherical, mostly multi-particles) particles in each powder, the percentage of particles that contained pores, and the average porosity in those particles. The ability to separate SnS and NS particles in 3D is unique to this method, at present. Differences in the percentages of SnS and NS particles between two different powders may give insight into any differences seen in their respective flow and packing properties. Since it is known that packing and flow characteristics are generally affected strongly by particle shape [51,52,53,54], measurement of non-spherical shape can now be used to build a quantitative relation between flow, packing, and particle morphology. Differences in porosity might affect the number of pore defects retained in built parts. The comparison between 2D DIA and 3D XCT was for Ti64 powders, but it would work equally as well for any metal powder. Present research is focusing on various nickel super-alloy powders. 
Several 2D particle size parameters, including Xc min, VESD-2D, and the maximum Feret diameter (XFe max), measured by the DIA instrument agreed well, both in median values and in full distributions, with the XCT 2D data, averaged over all particle orientations, which was computed from the 3D data. This is an indication that these 2D projection calculations made using the 3D XCT data are accurate. 
The 3D aspect ratios and the 2D aspect ratios did not have much relation to each other, although their values were fairly close. However, the average values and full distributions of the aspect ratios L/W and L2D/W2D did agree quite closely, arguing that this is at least one 3D aspect ratio that could be measured in an DIA instrument. Further work comparing the 2D and 3D aspect ratios is needed to develop any empirical relations between 2D and 3D aspect ratios. These would be useful since the 2D DIA measurement samples more particles, in a much shorter time, than does the 3D XCT measurement. However, having the 3D ground truth is necessary to be able to decide which 2D measurements can be reliably used to build relations to powder particle flow and packing. 
The 2D XCT data was computed, for each particle, in the three directions along the L, W, and T directions. Computing three cumulative distributions with this data and comparing to the DIA data for the 2D aspect ratio XFe max/XFe min, it was clearly seen that the particles in the DIA instrument tended to be partially oriented along the L direction parallel to the light beam. The size parameters studied seemed to be less sensitive to particle orientation than did particle shape. This is probably because the 2D projected areas, even for partial orientation along the L axis, can range over almost all the values that unoriented particles would cover. For example, a large value of W and T can give a projected area that is similar to one that had L and a smaller value of T. But for particle aspect ratios, the largest values would be for a large value of L and a small value of T, which can never be obtained by particles that are partially oriented in the L direction. 
The 3D XCT-based characterization was able to reveal information about the particles that the 2D characterization could not and showed where 2D information could not be accurately extended to 3D. However, where the 3D and 2D information was comparable, there was good agreement. More work should be done in quantitative comparisons of 2D and 3D so that more accurate use can be made of the much faster 2D characterization available in dynamic image analysis. 
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Appendix A: Example images of SnS and NS particles for all five powders
Below are 2D snapshots of 3D VRML images, in the original voxels as came from the segmented XCT images, of eight particles, SnS (single near-spherical) and NS (non-spherical), for each of the five powders studied. The range of W and L/T for the particles is in the caption of each figure. 
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[bookmark: _Hlk534382614]Figure A1: Screen captures of 3D VRML images for eight Num-1 particles. Each particle is designated either SnS or NS. The values of W range from 56 µm to 109 µm. The values of L/T range from 1.12 and 1.18 for the two SnS particles up to a maximum of 1.88 for the NS particles. 
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[bookmark: _Hlk41558128]Figure A2: Screen captures of 3D VRML images for eight Num-2 particles. Each particle is designated either SnS or NS. The values of W range from 46 µm to 113 µm. The values of L/T range from 1.08 and 1.11 for the two SnS particles up to a maximum of 1.98 for the NS particles. 
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[bookmark: _Hlk41558979]Figure A3: Screen captures of 3D VRML images for eight Num-3 particles. Each particle is designated either SnS or NS. The values of W range from 38 µm to 89 µm. The values of L/T range from 1.15 and 1.17 for the two SnS particles up to a maximum of 1.81 for the NS particles. 
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Figure A4: Screen captures of 3D VRML images for eight Num-4 particles. Each particle is designated either SnS or NS. The values of W range from 50 µm to 121 µm. The values of L/T range from 1.09 and 1.18 for the two SnS particles up to a maximum of 1.93 for the NS particles. 
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Figure A5: Screen captures of 3D VRML images for eight Num-5 particles. Each particle is designated either SnS or NS. The values of W range from 20 µm to 144 µm. The values of L/T range from 1.08 and 1.21 for the two SnS particles up to a maximum of 1.95 for the NS particles. 
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