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Abstract: The particle size and shape distributions of metal powders used in additive manufacturing powder bed fusion processes are of technological importance for the final built product. Current three-dimensional (3D) measurements of these distributions assume a spherical shape, while techniques that measure both size and shape are always two-dimensional (2D) measurements of particle projections. This paper describes a set of techniques using X-ray computed tomography, combined with various mathematical algorithms, to measure the 3D size, shape, and internal porosity of individual particles. Calibrated by a limited amount of visual examination of 3D images of individual particles, these techniques can classify powder particles as single near-spherical (SnS) particles, and non-spherical (NS) particles, which consist of either single highly non-spherical particles or multi-particles, where two or more smaller particles have been “welded” together. From this 3D data, other algorithms can generate 2D particle size and shape information to compare with the results of 2D measurement techniques. These techniques are applied to two metal powders composed of a specific alloy of titanium with aluminum and vanadium, denoted as Ti64, which is in common use as a powder for selective laser or electron beam melting powder bed additive manufacturing. One powder was made with a gas-atomization process, the other with a plasma-atomization process, both have been recycled, and both pass the specifications for additive manufacturing use. The powders differ in the fraction of NS particles and porous particles, in their size and shape distributions, and in average shape and size statistics. The SnS/NS classification enables one to show how these classes contribute to the overall particle size distributions, even for a single powder type, and is useful for comparing different sources of powder as well as studying how a single powder type changes over multiple recycling events.
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1. Introduction
There are many techniques in current use for measuring a particle’s size and/or shape or, for many particles, the distribution of these parameters. These employ many different kinds of measurement techniques and physical principles [1,2]. All measurement techniques, in order to report particle size data, also need to know something about particle shape, assumed or measured.  Current techniques can all be grouped into one of two classes: (I) those that measure three-dimensional (3D) particle size while assuming a 3D shape, and (II) those that measure both size and shape but only in two dimensions (2D). The first class contains laser diffraction, electrical sensing volume (ESV), sieve analysis, and sedimentation; and the second class contains transmission and scanning electron microscopy, atomic force microscopy, and dynamic and static image analysis with optical techniques. In neither case is both size and shape measured accurately in 3D, although if the particles were all perfect spheres, all the measurement techniques, within measurement uncertainty, would give the same, accurate results.
If the particles of interest are not perfect spheres, then such techniques will, in principle, give different results. For metal powders used in laser powder bed fusion processes, there is a special challenge since there are often two or more particles that have been welded together, either in the original powder manufacturing process or in the additive manufacturing process, and then get swept up into the recycled powder volume. Individual particles can be not completely spherical, broken in some way, have large pores that have broken through the surface, or contain internal pores, or some combination of these factors. All the above measurement techniques will mix these particles together in their reported particle size/shape data, and none have the capability to separate these particle classes. The 2D particle measurement techniques in principle can, with new calculations applied to their often-extensive image analysis data, identify some of the different kinds of multi-particles, but only in 2D and can say nothing about internal porosity, since they operate on 2D projections of 3D particles. 
This paper will describe, in some detail, an X-ray computed tomography (XCT)-based process that analyzes real shape and size in 3D and uses computations to generate many different kinds of geometrical information, primarily in 3D but also in 2D [3,4]. This technique can approximately classify particles into two types: single particles that are nearly spherical (SnS), and non-spherical particles (NS), which are either single particles with an odd shape, either intrinsically non-spherical or caused by attached satellite particles, or multi-particles consisting of two or more individual particles that have been somehow welded together. This process can be useful in looking at changes that may take place in powder particles as they are repeatedly recycled. For example, recycling can cause an increasing number of multi-particles, which can be measured with this technique. As part of the XCT process, internal porosity can also be measured, per particle, and correlated to other measures of particle size and/or shape. 3D laser scanning can in principle supply all the same information as XCT, but at usually a larger length scale and without the internal porosity information [5].
This paper will first describe the XCT sample preparation and scanning process for a powder, then how 3D particles are identified, analyzed, and geometrical quantities calculated, along with internal porosity. The process for generating 2D projection information from these 3D data is described, which can be used to compare to data generated from the class II techniques mentioned above. Finally, an example of the use of these XCT-based 3D techniques is shown for two different types of titanium-aluminum-vanadium alloy (Ti64) powders, one manufactured with gas atomization (GA), and the other with plasma atomization (PA), both of which have been recycled a number of times. Although both powders meet the same specifications used for electron-beam powder bed fusion, the 3D techniques show shape and internal porosity differences between them.  This paper will also demonstrate how SnS and NS particles separately contribute to an overall particle size distribution for a single powder type.

2. Techniques – 3D
The basic technique for combining XCT and mathematical analysis for determining particle shape and size in 3D has been described in detail elsewhere [3,6,7]. The following sections recap these descriptions but add new details that have become part of the procedure since those references were published.
2.1 Sample preparation and XCT scanning
[bookmark: _Hlk14255775]A powder of interest is mixed by hand into a quick-setting epoxy, such that the volume fraction of powder in the powder-epoxy composite is about 10 % or less. This has been empirically shown to minimize touching powder particles [3]. Inspection of many types of samples, over many years, has shown that this kind of hand mixing, with the 10 % volume fraction guideline, serves well to disperse the particles so that there are very few, if any, particle contact artifacts. When particles do touch each other, artificially, because they are packed too closely, separation must be done mathematically using image analysis algorithm. These usually distort particle shape where two particles were touching, so it is best to avoid this possibility. 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 straw section is placed upright into an XCT (in this case, a Zeiss Versa XRM500)[footnoteRef:1] and scanned with a voxel size of 1 µm. Smaller particles might require a smaller voxel size, and larger particles a larger voxel size. A voxel size of 1 µm is typical for most metal powders used in laser powder bed fusion processes. Enough fields of view (FOV) are taken inside the straw, with about one thousand 1000 pixel x 1000 pixel images in each FOV, to assure that enough particles are scanned so that various averages and the shape of distributions will be independent of particle number. The X-ray tube voltage is chosen so that there is adequate transmission of photons through the sample – usually, this is not a problem, due to the low volume fraction of metal powder used. [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.] 

2.2 Identifying 3D particles from XCT images
On each FOV, software developed at NIST is run on each set of images, automatically segmenting them into binary images (white powder, all else black) using a version of Otsu’s method for three phases [8]. Metal powder particles embedded in epoxy are actually fairly easy to segment – defects in built AM materials require more sophisticated image analysis methods such as local thresholding [9], pore orientation analysis [10], or pore connectivity analysis [11]. In the powder particle case, a version of a burning algorithm used in percolation theory [12-16] is used to identify individual particles. If a white voxel is found, it is classified as “burned” and a “fire” is started from this voxel, spreading to all other white voxels that are attached to it via the six nearest neighbors for each voxel, iteratively classifying them as “burnt.” When this fire “burns out” for lack of “fuel,” then all burned voxels are classified as part of the same particle. If the number of voxels in the particle is larger than a cutoff value, the particle is labelled consecutively and further analyzed. A usual cutoff volume is 512 voxels (8 voxels across the particle, on average), since volumes smaller than this meant that particle shape could not be accurately analyzed [3,7]. At a voxel size of 1 µm, this means that only particles of “size” of about 8 µm or larger will be analyzed for shape. The voxel size can be adjusted to capture larger or smaller particles. All particles with volume larger than the cutoff value are computationally examined for internal pores. If some are found, they are recorded and removed from the voxel image of the particle. If a pore has a volume of 8 voxels or less, it could be simply noise from the XCT process – random fluctuations in gray scale that became segmented as a pore – so it is not recorded and does not contribute to the computed particle porosity. The porosity for all particles is recorded, by particle label, even those with zero porosity. The next step is to mathematically analyze a particle for 3D shape.
2.3 Analyzing the shape of star-shaped particles
[bookmark: _Hlk7176851]If a particle happens to be star-shaped [17], which is a weaker condition than convexity, it can be analyzed by fitting a spherical harmonic (SH) series to the numerically determined function r(,), where r is the distance from the center of mass of the particle to the particle surface along the (,) direction in 3D polar coordinates. The definition of a star-shaped particle is: there is at least one special point inside the particle, so that for any other point in the particle, the line segment connecting the two points is completely contained in the particle. The set of points that can serve as the special points themselves form a convex set, inside the star-shaped particle [18], and usually includes the center of mass. The equation for the SH series is then:

where N is the maximum index needed for the fit - its determination is given below. Usually N = 26 is used, so that all spherical harmonics are computed for a particle up to and including N = 26 [3]. This limit is a practical one, based on both typical double precision (16 significant digits) numbers and the typical digital accuracy of particles in XCT images. Both the coefficients anm and the spherical harmonic functions, Ynm, are complex. 
After the SH series is known, the particle’s r(,) function is approximately known analytically, so that any surface or volume integration can be carried out exactly. A star-shaped particle, in this paper denoted as an SH particle, is not necessarily a near-spherical particle, but can be a double particle or an ellipsoidal shape or even a quite random shape, like a natural or blasted/crushed rock [19,20]. Figure 1 shows three GA SH particles, where only (c) is almost perfectly spherical.
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Figure 1: Images of three GA SH particles: (a) single particle, ellipsoidal, (b) double particle, and (c) almost perfectly spherical particle.
[bookmark: _Hlk7436118] Geometric parameters that can be computed with an integral (assuming uniform density) include volume, surface area, moment of inertia tensor, mean and Gaussian curvature integrated over the particle’s surface, and volume equivalent spherical diameter (VESD, diameter of sphere with same volume as particle). Since the integrated Gaussian curvature is exactly equal to 4 for a closed object [3, 21], it is used as a quality control parameter when generating spherical harmonic coefficients. The number of spherical harmonic coefficients used to evaluate the integrated Gaussian curvature is increased systematically, up to the usual limit of 26. Increasing order spherical harmonic functions are needed to fit decreasing size surface features, so the highest order of spherical harmonic function used, N, when the integrated Gaussian curvature is more than 5 % (an arbitrary accuracy limit [3]) from its theoretical value of 4, determines the maximum value of N suitable for that particle. This value is recorded for the given particle, which is identified by its assigned numeric label. One can think of N as being determined by the voxel size of the original XCT images, since the higher the value of n, the smaller length scale surface features are captured, so there is no sense having mathematical features which are smaller than the voxel size, or even a few times the voxel size. A 3D Virtual Reality Modeling Language (VRML) image is saved for the particle, which contains, side-by-side, an image of the original voxels making up the particle and a smoother image rendered from the fitted spherical harmonic series.
2.4 Analyzing the shape of non-star-shaped particles
If a particle happens to not be star-shaped (nonSH), the image voxel locations (IJK) are stored, one voxel per line, in a file, and the surface voxels are identified in the file. A VRML image is made from the faces of the original voxels touching the the particle’s surface. As judged by the particle analysis software, one way a particle can be labelled as non-star-shaped is: there is a large internal pore containing the particle’s center of mass, or the particle is composed of several particles welded together; in both cases, the particle’s center of mass is not part of the particle. In this event, the origin of the r(,) function is not part of the particle, so the software concludes that the particle is nonSH. Another way to be labelled nonSH is when a particle’s shape is such that the overall shape cannot be fit well with a spherical harmonic series, even though the center-of-mass origin is within the particle. This condition is judged by comparing the volume, as computed from the tentative SH series, to the segmented voxel volume. An example would be a double particle where the second particle’s volume is more than 10 % or so of the primary particle. In this case, not enough of the particle’s surface can be reached from the center-of-mass origin so that the volume, as computed by a trial spherical harmonic expansion, is not within 3 % of the actual voxel volume. The parameter of 3 % for the volume was chosen so that each dimension could be off by 1 % or less, on average.  Figure 2 shows five nonSH particles, GA and PA, that illustrate some of these possibilities.
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Figure 2: 3D images of several GA and PA nonSH particles, illustrating some possible particle types: (a) GA particle with large internal pore, broken through to the surface, filled with several smaller particles; (b) GA multi-particle with one principal particle and at least four attached smaller particles; (c) GA triple particle consisting of two roughly equal-sized, fairly spherical particles and a smaller, non-spherical particle; (d) PA triple particle; (e) PA broken particle with pore space where its center of mass is.
It is important to note that the only real difference between SH and nonSH particles is in how they are analyzed mathematically. They both represent real particles. Both SH and nonSH particles can be ellipsoidal or multiple particles or even quite random in shape. However, because of the algorithms used, as just described, nonSH particles tend to be mostly multiple particles. It should be noted that spherical harmonic methods can also be used for some non-star-shaped particles, what is called here nonSH, but these methods are not used herein [22].
2.5 Computing L, W, T, and porosity for SH and nonSH particles
[bookmark: _Hlk7185386]Even though less geometric information can be computed for the nonSH particles versus the SH particles (the moment of inertia tensor can also be computed for the nonSH particles [23]), some important 3D geometric information can be computed for both the SH and nonSH particles. These are the length, L, width, W, and thickness, T. L is the longest point-to-point length across the particle, W is the longest dimension across the particle that is perpendicular to L, and T is the longest dimension across the particle that is perpendicular to both L and W. By this construction, the unit vectors in the directions of these dimensions are mutually orthogonal [10], and T ≤ W ≤ L and a rectangular box of dimensions L, W, and T is the rectangular box with the smallest volume that just contains the particle [19]. The line segments defining L, W, and T do not have to intersect. For the SH particles, the algorithm to find L is simply a search over all pairs of angles in a coarse grid, for the x, y, and z coordinates of the surface point with r(,), followed by a finer search between the angles found in the coarse grid search. W is found the same way, but the unit vector in the direction of W has to be perpendicular to that of L within about 10o of L. A coarse angle search is followed by a finer search grid. T is found like L and W, except that W has to be within about 10o of perpendicular to both L and W. Choosing a smaller limit for the angles would seem to give better results, but can often prevent values of W and T from being found in this algorithm. Because of numerical accuracy limits, when W and T are very close in value, occasionally the computed value of W will be slightly less than the computed value of T. This rarely occurs, and is found in a software check and W is set to the value of T. For the nonSH particles, the search is not over polar angles but rather over all surface voxels. Finding L, W, and T is then done similarly to the SH particle process. The three aspect ratios, L/T, W/T, and L/W, are useful for approximately classifying particles, in particular L/T. Note that only two of these ratios are independent. The unit vectors for L, W, and T, for each particle, are stored. For particles suspended in epoxy, these are particularly useful. However, individual pores in a solid matrix can be analyzed the same way, treating them as particles, and in this case, the distributions of the L, W, and T unit vectors can be linked back to how the pores were formed in the additive manufacturing [10] or other process, and can easily show any kind of preferred orientation.
Information for each particle that is analyzed is stored in a database, along with a 3D VRML image. All data are linked by the numeric label assigned to each kind of particle (SH or nonSH). When analyzing particles, the programs also measure how much porosity is inside each particle that is analyzed, and the location of the center of volume of the pore with respect to the center of mass of the particle. Databases are also generated for each of these quantities, linked by each particle’s assigned numeric label. 
Previously, it was found that analyzing 500 or more particles was judged to give adequate statistics for the various averages such as <L> and <L/T> [20]. This was determined by computing these averages for a decreasing number of particles, and seeing when the distributions and averages changed significantly the results obtained for all the particles. The standard ISO 13322-1 (2014) [24] gives a statistical analysis of 2D projection images obtained from a particle set whose sizes (three “sizes” are used in Appendix A.2 of this standard) are distributed log-normally. The AM particles in this paper might have 3D size parameters that could be fit by a log-normal distribution. However, the analysis in the standard is for 2D particle projections, not 3D particles, so it probably cannot be taken directly over to 3D data. A version of the analysis in the ISO standard might be a good starting place for such a 3D analysis. Therefore, the empirical results presented in Ref. [20], of simply varying the number of particles until some significant numerical difference in the distribution and averages of various parameters was seen, is the best analysis available in 3D, at present, of how many particles are needed for accurate statistics.
2.6 Classifying particles as either SnS and NS
After mathematically analyzing the SH and nonSH particles, the final step of separating them into SnS and NS particles must be made. The previous steps in this particle analysis, after the XCT scans are obtained and assembled into a 3D structure, were mainly automated. However, the calibration using the L/T parameter to be able to do the SnS/NS classification involves a manual step of examining some of the particles via their VRML images. One records the numerical labels of 100 randomly chosen SH and 100 randomly chosen nonSH particles, with L/T values ranging from 1 to 2, arranged in order from 1 to 2. The 3D images of these particles are examined, starting at the lowest values of L/T, classifying them according to the following guidelines.
The SH particles comprise single spherical particles, single non-spherical (ellipsoidal, containing small satellites, or broken in some way) particles, and usually only a few double particles and occasionally a multiple particle (more than two single particles welded together). The difference between a single particle with satellites and a multiple particle is the following: if the secondary particles that are attached to the principal particle have a size less than 0.1 of the main particle, where size is defined roughly as L, then the joint particle is classified as a single particle with a satellite. Otherwise, it is classified as a double (multiple) particle. Admittedly, there is some degree of subjectivity in this distinction. The nonSH particles have a few single spherical particles, although mainly with large pores that have broken through to the surface, and the rest are mostly double and multiple particles, which are easy to identify.  Starting with the lowest L/T value, usually nearly unity, the minimum value of L/T, separately for the SH and nonSH particles, is found such that all particles with L/T less than that value are single, near-spherical particles. Any particle with L/T larger than this value is by definition NS. One can stop when the first change from SnS to NS is seen, but spot checks have been made for larger values of L/T, both for the GA and PA powders, and other powders [25,26], and this classification holds as L/T increases past the cutoff values. For both SH and nonSH particles, which have separate cutoff values, the limiting value of L/T is usually between 1.1 and 1.3. Defining these L/T values by visual inspection means that for L/T less than these cutoffs, all particles were single near-spherical (SnS) particles. For L/T larger than these cutoff values, both the SH and nonSH particles were either multiple particles, or else single particles that were quite non-spherical. The images shown in Figs. 1 and 2 illustrated the general particle types that can occur.  This classification scheme is used to separate the particles into two classes: single, near-spherical particles (SnS) and non-spherical (NS) particles. Work is being carried out to automate this step, but this is a challenging task. It is possible that machine-learning techniques could help with this challenge [27,28]. The uncertainty associated with this cutoff L/T values is examined below, in Section 4.

3. Techniques – 2D
Since we have a complete mathematical description, within the limits of XCT resolution, either in terms of an SH series or a list of voxels and their I, J, K labels, we can compute 2D projections for each particle and compute a number of 2D particle size and shape quantities that are often computed by dynamic image analysis instruments and techniques such as scanning electron microscopy (SEM) or optical microscopy. Once the projections are made, from either type of mathematical representation, the computation of the size and shape quantities is identical for both. Equivalent to 3D, the area-equivalent circular diameter, AECD, is the diameter of the circle with area equal to the projection area. 
For SH particles, the projection is always taken in the z-direction, onto the x-y plane. If projection in another direction is desired, then that direction is rotated into the z-direction, using the rotation matrices for the spherical harmonic coefficients discussed in [29]. For a given value of , the 2D polar angle, the projection along that direction onto the x-y plane is simply the value of r(max, ), where max maximizes the value of r for that choice of .  This is carried out for a series of values of , resulting in the set of points: [k, rk(k)], k=1,K, K = 120 if a 120-point Gaussian quadrature will be used for subsequent integrals.
For nonSH voxel-based particles, projections can be made, with equal ease, in the x, y, and z directions. For example, for a projection in the z-direction, a 2D image of pixels is made from the original voxels, {I J K}, by simply setting all the K values equal to 1 and only saving the unique {I J} pairs. By interpolating along different directions starting from the center of mass, a series of points is generated: [k, rk(k)], k=1, K, where  is the 2D polar angle and rk is the distance from the center of mass to the boundary of the projection, taken at where a line segment from the center of mass in that direction intersects a boundary pixel. For convenience in integration below, the K k points are taken from a 120-point Gaussian quadrature. The bounding box is generated for this set of points, being defined by the minimum and maximum x and y values for each projection. 
The result for both kinds of particles is the same: a series of points to which a Fourier series can be fit:

where the N+1 (n = 0, N) real coefficients are given by


where the pre-factor of 1/ becomes 1/2 in the definition of A0, and B0 = 0. Taking the discrete angles and value of r corresponding to the points of a Gaussian quadrature makes performing these integrals straightforward. Having an analytical function for r() means that we can now compute the perimeter P of the projection:

where r is the derivative of r() with respect to . 
It should be noted that mathematically, these 2D projections are made randomly, with no preferred direction relative to particle geometry. The original x, y, and z axes for each particle are just defined for however the particle ended up in the epoxy sample. In techniques like SEM, particles are laid down on a flat surface, so that the images, which are 2D projections, will not be projections with respect to any direction of the real 3D particle, since it is more likely that the T axis is normal to the flat surface, with the longer dimensions of the particle parallel to the surface. This can be taken into account in the projection process, by making the T-axis the z-axis, then doing the projection. Even though dynamic image analysis allows the particles to be dispersed in an air flow under gravity, the particles may not be completely randomly tumbled, biasing the data in a different way from that of an SEM.
3.1 Algorithm for computing Feret diameters
The algorithm for computing the Feret diameters [30] is described next. These diameters are often called caliper dimensions. Pairs of parallel lines are placed so that they are both tangent to a point of the perimeter, as shown in Figure 3a. A number of angles, 5000 in our work, are chosen between 0 and 2 and the curvature evaluated at each angle indicating a point on the perimeter of the projection, where the mean curvature K at a given angle is defined by:



where r is the 2nd derivative of r with respect to . The angles at which K is positive are saved, since the parallel tangent lines that define a Feret diameter can only be tangent at points of positive curvature. Figure 3b shows the same projection as in Fig. 3a, where the parts of the surface with positive curvatures are now approximately marked with a bold red line.



[image: ][image: ]



	
Figure 3: (a) A particle projection with a pair of parallel, tangent lines, where the distance between them in a Feret diameter, and (b) the same projection with the parts of the perimeter with positive curvature marked with bold red curve segments.
The slope of the tangent line is generated at these points of positive curvature and the points of intersection with the bounding box are recorded. The line segment between these points of intersection is checked to make sure it does not intersect the projection. If it does, it is removed from the saved list. All possible pairs are checked, and the pairs that have slopes that are equal within 1 %, and are thus parallel, are saved as caliper pairs. The perpendicular distance between them is calculated with simple geometry, and the minimum such distance is the minimum Feret diameter (Fermin) and the maximum such distance is the maximum Feret diameter (Fermax). In this paper, the 2D aspect ratio FR is defined as FR = Fermax/Fermin.
3.2 Algorithm for computing Xcmax and Xcmin
As seen in Fig. 4, chords can be drawn across a particle. These are parallel line segments, in the horizontal direction, which extend from the left side to the right side of the particle. For a given orientation of the particle, one finds the maximum length chord. Collecting this set of maximum chord lengths across all particle orientations, one defines Xcmin as the minimum of this set, and Xcmax is the maximum of this set [31] An algorithm to compute Xcmin and Xcmax [4] is straightforward. For a given orientation of the projection, a series of line segments, parallel to each other and to the x-axis, is generated from one side of the projection to the other, usually 200 line segments. The maximum length of this set is saved, and the process is repeated over many different orientations, again typically 200. Figure 4 illustrates this process for some of the lines and at two different angles. The red arrows indicate the orientation of the projection, for easier comparison between Fig. 4a and Fig. 4b.
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Figure 4: Showing the line segments used to define Xcmax and Xcmin for two different orientations of the same projection shown in Fig. 3. The red arrows show the orientation of the particle in the two directions, for ease of comparison.

The minimum value of these 200 maximum lengths is defined as Xcmin, and the maximum value is defined as Xcmax. Of course, the theoretical values of Xcmin and Xcmax are defined in the continuum limit, where an infinite number of angles and points on the contour are used. The quantity 200 has been shown to give adequate accuracy in the algorithm, although other values can easily be used. The 2D aspect ratio AR is defined as AR = Xcmax/Xcmin.
3.3 Algorithm for computing L2D and W2D
A final set of dimensions can be computed from the projection, L2D and W2D, or 2D length and width, which are defined the same way as in 3D. Since L2D is the maximum surface point to surface point distance across the projection, it will be same, theoretically, as Xcmax. Numerically, given that only a finite number of points is computed in each algorithm, these quantities can differ. However, the amount by which they differ is a measure of whether enough points have been chosen in both algorithms. For all particles studied, the difference between these two quantities, for the same particle, was less than 0.1 %, indicating that the number of points evaluated for these two algorithms was adequate. It is important to note that Xcmin is not in general the same as W2D, since Xcmin does not have to be perpendicular to L2D, and in general would be smaller than W2D, since it is a minimum value over the set of projection orientations. In the same way, the (Fermin, Fermax) and (Xcmin, Xcmax) pairs are not necessarily the same, although all these 2D quantities would equal the circular diameter if the particles in question were perfect circles.

4. Gas vs. plasma shape statistics: Results and discussion
Two titanium (90 %)-aluminum (6 %)-vanadium (4 %) alloys, called Ti64 in this paper, were chosen to illustrate the techniques described above. This alloy is in common use as a powder for selective laser or electron-beam-melting powder bed additive manufacturing. One powder was made with a gas-atomization (GA) process, and the other with a plasma-atomization (PA) process. Both powders have been recycled and both passed the specifications for this kind of additive manufacturing use before this study. These two powders have been used in an electron beam powder bed process. Eight FOVs were taken of each powder in order to collect the number of particles shown below in Table 1. 
The time taken for each powder analysis was broken into the following segments. XCT scan time was about 4 h per FOV, so 32 h per powder. Output of image data took another 15 min per FOV, so 2 h for each powder. Computational analysis of all eight FOVs for one powder was about 3 h, with another 2 h preparing and examining the images to determine the critical values of L/T, so the total time per powder was about 39 h, of which only a few hours were actually hands-on time, since the XCT and computational analysis, once both were set up, ran automatically. 
4.1 Summary and porosity data
Table 1 shows summary results from the characterization of the two powder types in terms of the total number of particles analyzed for each particle type, the percentage that were SH or nonSH, and the percentage that were SnS or NS. 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. To check on the uncertainty of the L/T limits for both SH and nonSH particles, a second set of 100 particles was randomly selected, with 1 < L/T < 2, and examined to determine what values of L/T cutoffs would be produced from this completely different set of particles. For the GA powder, the L/T cutoff for the SH particles was determined to be 1.22 and for the nonSH, 1.20. For the PA powder, the L/T cutoff for the SH particles was determined to be 1.23 and for the nonSH, 1.30. In both cases, these results determined on two random sets were very close to each other, except for the GA nonSH limit. By inspection of the two nonSH particle sets, the difference between 1.11 and 1.20 would only change the classification of the nonSH particles between SnS and NS by a few particles, so this difference is negligible. This is because there is generally a smaller number of nonSH particles vs. SH particles, and the nonSH particles tend to be more irregular, so that the value of the L/T cutoff tends to fluctuate more than for the SH particles. The total volume of GA powder particles examined was 0.52 mm3, and for PA powder particles the total volume was 0.61 mm3. This was calculated by simply adding up all the individual particle volumes.


Table 1: Particle numbers and classifications
	Powder
	Total #
	Total particle volume (mm3)
	% SH
	% nonSH
	SH L/T limit 
	nonSH L/T limit
	% SnS
	% NS

	GA
	4536
	0.52
	66.2
	33.8
	1.20
	1.11
	38.4
	61.6

	PA
	4657
	0.61
	89.5
	10.5
	1.21
	1.28
	71.5
	29.2



Table 1 shows that there is a clear difference between the GA and PA powders in terms of the number percent of SnS and NS particles, with the PA powder about 2/3 SnS and 1/3 NS, while the GA powder is just the opposite, 1/3 SnS and 2/3 NS. This is one measure by which one could say that the recycled PA powder particles are in general “more spherical” than the recycled GA powder particles.
Table 2 shows the porosity statistics for the two powders, as detected by X-ray CT. The fraction of particles with pores and the average porosity averaged over just these particles are both somewhat lower for the PA powder vs. the GA powder. The difference becomes greater once the porosity is averaged over all particles, since the PA powder has a smaller number-percent of porous particles than does the GA powder. 
Table 2: Porosity statistics: the total number of particles analyzed, the percent that contained detectable internal pores, and the average porosity of just the porous particles and the average porosity of all particles, weighted by particle volume.

	Particle
	Total #
	% particles that are porous
	Avg porosity of just the porous particles, %
	Avg porosity of all particles, %

	GA
	4536
	74.7
	0.36
	0.19

	PA
	4657
	28.1
	0.16
	0.077
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Figure 5: The non-zero internal porosity of the particles for (a) GA and (b) PA powders.
Figure 5 shows the internal porosity of each particle that contained internal pores plotted vs. the value of VESD for each particle, for both the GA (Fig. 5a) and PA (Fig. 5b) powders. A log scale is used for the porosity axis so that the full range of internal particle porosities could be displayed. Figure 5 does not seem to display any distinct trends of porosity with particle size, as measured by VESD, although the GA powder seems to fall in two distinct groups according to the value of VESD. Having more powder particles analyzed may remove that distinction.
4.2 Particle dimensions
Table 3 lists the average values of the 3D quantities, L, W, T, and VESD, along with the 2D parameters L2D, W2D, AECD, and Xcmin, for both powders. These averages are all weighted by volume (3D) or area (2D). The measurement uncertainties for the average dimension measurements, 3D or 2D, are about 2 µm, due to both image segmentation and forcing W and T to be perpendicular to L in 3D, forcing W2D to be perpendicular to L2D, and the algorithm for determining Xcmin. Computing the standard deviations of these quantities is not a measure of uncertainty but is only a measure of the width of their distributions. The full distributions for some of these quantities are discussed below, so there was no need for discussing standard deviations. The maximum and minimum Feret diameters, used below for computing FR but not listed in Table 3, have similar uncertainties. For each powder, the 2D and 3D averages are given for all particles in the powder, and separately for the SnS and NS particles in 3D. The values for Xcmax are not given in Table 3, since as it was shown earlier that L2D and Xcmax are equivalent. In both cases, for all the GA and PA particles, <L2D> was less than <L>, <W2D> was less than <W>, and <Xcmin> was the smallest average dimension of all those listed. The direction in which a projection is made does not, in general, line up with the direction of either L, W, or T, so that L2D and W2D are a mixture of the 3D equivalents. Note that the average values of VESD and AECD were quite close numerically. 
It is interesting to study the differences between the SnS and NS classes for the two powders in terms of the particle dimension parameters. For both GA and PA powders, the average value of T was similar for the SnS and NS classes, the average value of W was significantly larger for the NS class than the SnS class, while for the average value of L, the NS value was much larger than the SnS value. This can be understood from the definitions of L, W, and T, and the nature of the NS particles. As was said before, most of the NS particles are multiple particles. Suppose they were all double particles, made from two SnS particles. Then <T> for the NS class should be about equal to the SnS value, since T measures the maximum distance across the particle that is still perpendicular to L and W. For a double particle, this would be the smaller diameter of the two SnS particles composing this double particle, so averaged over all the NS particles <T> should be similar to the SnS <T>. The value for <L> for the NS particles would be approximately double that of the SnS particles, with the NS <W> value somewhat larger than the SnS <W> value, since W would be taken to be the larger diameter of the two particles in the double particle. This is what we see for the PA particles, comparing the SnS and NS rows in Table 3. However, for the GA powder, the NS <L> is only about 1.5 times that of the SnS <L>, indicating that the approximation of having only double NS particles is much less accurate than for the PA powder. 

Table 3: 3D and 2D average particle dimensions for both kinds of particles and for sub-classes (µm)
	[bookmark: _Hlk3886978]Particle
	Class
	<L> 3D
	<W> 3D 
	<T> 3D
	<VESD> 3D
	<L2D>
	<W2D>
	<AECD> 
	<Xcmin> 

	[bookmark: _Hlk3553138]Gas

	All
	99
	78
	71
	75
	87
	69
	74
	66

	
	SnS
	77
	73
	69
	69
	

	
	NS
	117
	83
	72
	79
	

	Plasma
	All
	101
	79
	72
	77
	87
	69
	75
	67

	
	SnS
	73
	71
	69
	69
	

	
	NS
	146
	92
	78
	90
	



4.3 Particle aspect ratios 
Table 4 shows the average values for the various aspect ratios that can be formed from L, W, and T in 3D, and in 2D, those that can be formed from L2D, W2D, Xcmin, Xcmax, and Fermin and Fermax.  In general, the average values of the 2D aspect ratios are different from those in 3D, except for the L/W and L2D/W2D pair. Even though the values of L and W in 3D, and the values of L2D and W2D in 2D, are not on average equivalent, as was seen in Table 3, the average values of the length/width aspect ratios in 2D and 3D are nearly identical. The only way that they could be exactly identical was if the projection of the 3D particle was exactly along the direction of T, making L = L2D and W = W2D. This agreement is interesting, but perhaps not too useful, since L/T is the maximum aspect ratio for a 3D particle, indicating its overall shape. The full distributions will be examined below. As far as the other 2D aspect ratios, their trends appear to roughly match the trends in the 3D aspect ratios, but the 3D and 2D L/W average ratios have close numerical agreement. As before, computing the standard deviations of these quantities is not a measure of uncertainty but is only a measure of the width of their distributions. The full distributions for some of these quantities are discussed below.
Again, it is interesting to compare the SnS and NS average values for the two powders. For both GA and PA, the SnS average values of L/T are close to unity, as are also the other two aspect ratios, indicating that the algorithms described above are doing a good job at separating out the near-spherical particles. For the PA particles, <L/T> is almost 2, indicating that most of the PA NS particles are probably double particles. The NS <L/T> value is only 1.62, in accord with the discussion of Table 3. For both GA and PA NS particles, the average value of <L/W> is significantly larger than is <W/T>, again indicative of mainly a double-particle character to the NS particles. 

[bookmark: _Hlk10531618]Table 4: Average values of various aspect ratios, 3D and 2D. Note that FR = Fermax/Fermin, AR = Xcmax/Xcmin.
	[bookmark: _Hlk10554794]Powder
	Class
	<L/T>
	<W/T> 
	<L/W>
	<L2D/W2D>
	<AR>
	<FR>

	Gas

	All
	1.39
	1.11
	1.25
	1.25
	1.30
	1.27

	
	SnS
	1.11
	1.05
	1.06
	

	
	NS
	1.62
	1.15
	1.41
	

	Plasma
	All
	1.38
	1.10
	1.25
	1.25
	1.27
	1.25

	
	SnS
	1.06
	1.03
	1.03
	

	
	NS
	1.89
	1.22
	1.61
	



4.4 Distributions of various 3D quantities
[bookmark: _Hlk16059212]Figure 6 shows the complete histogram for the 3D W dimension, for both particle types on the same graph.  Note the units on the y-axis, volume fraction/ µm, which are required to make the area of each bin equal a volume fraction, and all the bin areas sum to unity. The width W is often used as a reasonable “size” for a particle, since it is between L and T [32], so that this kind of figure can be called a particle size distribution (PSD). The PSDs for the two powders, in terms of this size parameter, are similar in width. However, the GA PSD seems to have less weight at lower values of W, between 30 µm and 55 µm, while having more weight than does the PA powder between 60 µm and 80 µm. The weight is similar for larger W values. Table 3 shows that <W> is almost the same for the two powders, so that these differences balance out in the average.
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Figure 6: PSD for GA and PA powders, in terms of W, for all particles analyzed for both types. Histograms have the same number of bins and same bin width.

Figure 7 again shows the histograms for the distribution of W for both powders on the same graph, but breaks the full particle distribution into SnS and NS particle classes. The W distributions for the SnS particles appear similar to that in Figure 6, but the W distributions
[image: ] [image: ]
Figure 7: PSD for GA and PA, in terms of W, for (left) SnS particles, and (right) NS particles. Histograms have same number of bins and same bin width.

for the NS particles of both powder types clearly shows that the PA particles tend to have larger values of W than do the GA particles. This is reflected in Table 3, where the PA <W> was larger than the GA <W> for the NS particles. 
Figures 8 and 9 are the equivalent of Figures 6 and 7, but using VESD as the particle size parameter, rather than W. These graphs appear quite similar to Figures 6 and 7, and the average values of VESD, both for all the particles and for the SnS and NS classes, also have similar interrelationships. It should be noted here that a particle size distribution can be constructed from any single dimension measured on a particle, of any kind. None are more 

[image: ]
Figure 8: PSD for GA and PA powders, in terms of VESD, for all particles analyzed for both types. Histograms have same number of bins and same bin width.
valid than any other, since only a perfect sphere or cube can be completely characterized by a single length, the diameter, and even then the actual shape has to be specified. For any more complicated shape, and especially random-shape particles, using one dimension to characterize “particle size” is only an approximation [7].



[image: ] [image: ]
Figure 9: PSD for GA and PA powders, in terms of VESD, for (left) SnS particles, and (right) NS particles. Histograms have same number of bins and same bin width.
Another way of analyzing the powders is to put, on a single graph for a single powder, the SnS W distribution, the NS W distribution, and the SnS + NS W distribution. The SnS + NS W distributions for the GA and PA powders will match those in Fig. 6.  Figure 10 shows these 

[image: ]
[bookmark: _Hlk12267499]Figure 10: The W distributions for the SnS, NS, and SnS+NS GA particles, all with the same bin size. 
[image: ]

Figure 11: The W distributions for the SnS, NS, and SnS+NS PA particles all with the same bin size. 
results for the GA powder, and Fig. 11 is for the PA powder. The SnS and NS distributions are shown in full histogram form, and the distribution for all the powder is shown as a black line just tracing the top of the histogram.
In both the GA and PA cases, Figs. 10 and 11 demonstrate that the peak of the NS W distribution is shifted towards larger particles than are the SnS W distributions, and the NS distributions add a long tail for particles with W larger than about 120 µm. Therefore, if one simply measures a particle size distribution, using some kind of instrument and some kind of length parameter, it is possible that if one wants the PSD of the spherical particles, it should be shifted towards smaller particles and any long larger-length-parameter tail eliminated.
Figure 12 shows the distribution, in the form of a histogram, for the aspect ratio L/T, for both GA and PA powders graphed together. A value of L/T near 1 would indicate an SnS particle (see Table 1). It is clear that the PA powder has much more weight in the bin nearest to L/T = 1, peaking there, while the GA powder peaks across the next few bins. However, both have a second peak at around 1.75, indicative of double or higher multiple particles. So even if the PA powder is judged to be “more spherical” than the GA powder, it still has a significant number of multiple particles. This is also true for particles that have been “rounded” by plasma processing processes. The SnS particles are indeed more spherical after such processing, and there is a higher percentage of them, but NS particles, mainly multiple particles, still persist [25]. Note from Table 4 that even though both powder types have <L/T> for all particles to be about 1.39, the value of <L/T> for the NS particles is 1.62 for GA and 1.89 for PA, indicating there are many PA multiple particles. 
[image: ]









Figure 12: L/T distribution for GA and PA powders for all particles analyzed for both types. Histograms have same number of bins and same bin width.
Figure 13 shows similar behavior as was seen in Figure 12, but now for the L/W aspect ratio. The PA powder is more strongly peaked near L/W = 1, but both powders have a small, flat second peak at around L/W = 1.6. Table 4 indicates that for both powder types, <L/W> = 1.25 for all particles, while for the NS particles, the GA value is 1.41 and the PA value is 1.61.
[image: ]
Figure 13: L/W distribution for gas and plasma for all particles analyzed for both types. Histograms have same number of bins and same bin width.

5. 3D vs. 2D shape measures
The technique of generating 2D projections from 3D particles, characterized either with spherical harmonic functions or with simple lists of voxels, was described in Section 2. These are useful to be able to compare with 2D experimental data, like that obtained from microscopy or dynamic image analysis.  In this paper, three projections were generated for each stored 3D particle, in three orthogonal directions, and used to generate distributions of various quantities that can be compared with the “ground truth” 3D statistics. Since the particles were already randomly oriented in the epoxy-matrix sample, taking these projections was essentially the same as taking a randomly oriented projection for each particle. Three were taken per particle in order to generate more data to compare with  dynamic image analysis data, which typically scans many more particles. 
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[bookmark: _Hlk5190737]Figure 14: PSD for gas in terms of (left) W3D and W2D, and (right) VESD and AECD, for all particles analyzed. Histograms have same number of bins and same bin width.
Figure 14 shows two graphs, one comparing the distribution of W and W2D, and VESD vs. AECD, for the GA powder. The bulk of the particle size distributions for the 2D and 3D dimensions are very similar to each other, with the 2D shifted slightly to smaller values than the 3D data. At low values of dimensions, there appears to be an anomalous peak for the 2D quantities. This may come from having certain projections being more in the L direction, so that (W, T) play the role of (L2D, W2D). 
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Figure 15: PSD for plasma in terms of (left) W3D and W2D, and (right) VESD and AECD, for all particles analyzed. Histograms have same number of bins and same bin width.

Figure 15 is the equivalent of Fig. 14 but now for the PA particles. We see a general similarity between the 3D and the 2D particle size distributions, but still with anomalously high weight for the 2D quantities for small values of W2D and AECD.
Comparing the distributions for L/W and L2D/W2D is quite interesting, since it was already shown that the average values of these quantities closely agreed. Figure 16 shows the full distributions for both the GA and PA powders, with the 3D and 2D quantities on the same graph. Both powders show close agreement between 3D and 2D for this aspect ratio, although the exact reason why this is so is not clear. It is important to remember that this aspect ratio in 2D quantifies something like the true aspect ratio of the particles, but in 3D this is an intermediate aspect ratio. However, the results in Table 4 show that <L/W> in 3D is much larger than <W/T>, so that L/W captures most of the magnitude of <L/T>  <L/W>  <W/T>. Therefore, one might, with caution, use L2D/W2D as an empirical measure of this same aspect ratio of the particles in a 3D measurement, keeping in mind that the average value one looks at is smaller than the actual 3D maximum aspect ratio. Of course, this could not be on an individual particle basis, but only in an average sense or in the distribution, and one would have to assume that the particles in the 2D measurement were not preferentially oriented in some manner. Table 4 also shows that <AR> is a bit larger than <L2D/W2D> but still not as large as <L/T>. Lacking the simple visual interpretation of length and width, and since it does not really add any new information compared to the length and width, the ratio L2D/W2D is preferred to AR or FR.
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Figure 16: L/W distribution for 3D and 2D, for all particles analyzed: (left) GA, and (right) PA. Histograms have same number of bins and same bin width.

6. Conclusions
The technique described in this paper, which combines XCT with mathematical analysis, generates its results by individually considering each particle scanned. Results for each particle scanned are stored, not just histograms of the many particles measured, as in laser diffraction particle size analysis, for example. Histograms can then be made from these individual particle results. Having a 3D image made for each particle as it is analyzed can bring much insight into the particle analysis process, since numerical results for various measured parameters can be linked to particle images, from which understanding of the numerical results can be obtained.  It should be remembered that the voxel size and resolution of the original XCT image data is the ultimate limit on what particle sizes can be considered and how accurate various geometric quantities can be computed.
The parameters that are measured/computed at present, in 3D, include volume, surface area, length (L), width (W), thickness (T), the three ratios of L, W, and T, the mean curvature integrated over a particle’s surface, the moment of inertia tensor, the size of internal pores and total porosity per particle, and the distance of the pores from the center of mass of a particle. Other quantities can be added, including the convexity, which is the ratio of the particle volume to the volume of the convex hull, the minimum volume convex particle that just engulfs the particle. If this ratio equals 1, the particle is convex [33]. Other geometric parameters can be added to this list, since an algorithm simply needs to be created for SH and nonSH-voxel based particles, which are usually well-known from the literature. Examples include the volume of the maximum volume inscribed sphere, the biggest sphere that totally fits inside the particle, and the minimum volume circumscribed sphere, the smallest sphere in which the particle just fits [34].
Having a complete mathematical description of a particle, whether in spherical harmonic functions or in simple voxel collections, allows one to generate 2D projections, equivalent to the results of dynamic image analysis or microscopy. It is possible to allow for non-random distribution of 2D projections in order to match with a process like SEM, where particles tend to lie on the flattest side, roughly normal to the T-axis. Since a Fourier series completely describes the shape of the 2D projection, it is straightforward to compute various shape and size measures including area, perimeter, minimum and maximum Feret diameters, Xcmin, Xcmax, L2D, W2D, and any other quantities that can be derived from the Fourier series. 
The techniques were applied to two powders, gas-atomized and plasma-atomized, where both were made from the same titanium alloy metal. Significant differences were seen, reflecting on the original manufacturing process convolved with their individual recycling history. It was found that the L2D/W2D ratio distribution agrees well with the 3D L/W ratio, but the utility and validity for using 2D methods to predict 3D quantities is not clear. Other applications of these techniques are being used to quantitatively assess the effect of plasma processing designed to “improve the shape” of the powder particles [25], as well look at the effect on powder shape due to amount of oxidation [35] and the range of particle shape one gets from various vendors for nominally identically manufactured powders [26]. Using the techniques of this paper, one could also study if powder recycling affects the relative amounts of SnS and NS particles in the powders. As far as the authors know, this is the only particle analysis technique that can separate powder particles into SnS and NS particles, using 3D measured quantities.
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