+— ;
computation

Article

Optimized Packing Titanium Alloy Powder Particles

Zoia Duriagina /2

Igor Lemishka !

check for
updates

Citation: Duriagina, Z.; Pankratov,
A.; Romanova, T.; Litvinchev, L.;
Bennell, J.; Lemishka, I.; Maximoyv, S.
Optimized Packing Titanium Alloy
Powder Particles. Computation 2023,
11,22. https://doi.org/10.3390/
computation11020022

Academic Editor: Sergey

A. Karabasov

Received: 18 December 2022
Revised: 26 January 2023
Accepted: 30 January 2023
Published: 1 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alexander Pankratov 34, Tetyana Romanova 3.4 Igor Litvinchev 5#(, Julia Bennell 6,
and Sergiy Maximov

3

Department of Materials Science and Engineering, Lviv Polytechnic National University, 12 Bandera St.,
79013 Lviv, Ukraine

Department of Natural Sciences and Technology, Institute of Engineering and Sciences, Katolicki Uniwersytet
Lubelski Jana Pawta II, Al. Ractawickie 14, 20-950 Lublin, Poland

Department of Mathematical Modelling and Optimal Design, Institute for Mechanical Engineering Problems
of the National Academy of Sciences of Ukraine, Pozharskogo St., 2/10, 61046 Kharkiv, Ukraine
Department of Systems Engineering, Kharkiv National University of Radioelectronics, 14 Nauky Ave.,
61166 Kharkiv, Ukraine

Graduate Program in Systems Engineering, Nuevo Leon State University (UANL), Av. Universidad s/n,
Col. Ciudad Universitaria, San Nicolas de los Garza 66455, Nuevo Leon, Mexico

Faculty of Business, University of Leeds, Maurice Keyworth Building, Leeds LS2 9]T, UK

*  Correspondence: igorlitvinchev@gmail.com

Abstract: To obtain high-quality and durable parts by 3D printing, specific characteristics (porosity
and proportion of various sizes of particles) in the mixture used for printing or sintering must
be assured. To predict these characteristics, a mathematical model of optimized packing poly-
hedral objects (particles of titanium alloys) in a cuboidal container is presented, and a solution
algorithm is developed. Numerical experiments demonstrate that the results obtained by the algo-
rithm are very close to experimental findings. This justifies using numerical simulation instead of

expensive experimentation.
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1. Introduction

Additive manufacturing is important in economy, medicine, industry, and education.
Many challenging issues in energy and material saving, as well as important environmental
problems, can be solved using additive manufacturing [1,2]. Using a 3D printer, physical
objects can be created based on their three-dimensional images [3]. Additive technologies
are widely used in industrial production, medical and aerospace industries [4].

State-of-the-art laser 3D printers can work with different materials: Polymers, ce-
ramics, organics, etc. [4]. However, most industrial technologies use metal powders as
consumables. Metal raw materials are subjected to the sintering process (or completely
melted), which allows obtaining a variety of products, from specialized precision parts to
models, prototypes, or jewelry. During sintering, the metal powder is partially melted so
that the particles can merge with each other [4].

Materials, such as titanium, titanium alloys, steel, stainless steel, aluminum, copper,
nickel alloys, and superalloys, can be used as powder raw materials [5]. Some high-value
metals are also available in powder form. Among all these materials, the most promising
for industrial purposes are powders of titanium and nickel alloys, which are characterized
by high strength and corrosion resistance while low density [5].

There are two main technologies for producing metal powder parts by additive
manufacturing: Bed deposition and direct deposition [4]. In this paper, we focus on
the first technique based on fixing (melting, sintering) the previous layer of powder and
supply of already sintered powder layer by layer to obtain a product in accordance with
the developed CAD model.
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After layer-by-layer build-up, metal powders in the microstructure become close to
equilibrium, and some annealing or aging effect may arise caused by the low cooling
rate [1].

The high porosity of the finished products during the 3D printing process leads to
decreasing their mechanical properties [6]. The packing density influences the ability of
powder sintering. Optimization of the particle size distribution before sintering is important
in the process of 3D printing when the microstructure is subject to certain requirements,
such as a combination of fraction sizes and a microstructure of individual particles [1,4].
Thus, a certain proportion between the particle characteristics must be maintained to reduce
the porosity.

To get a quality product (or 3D part), the shapes of particles, as well as their size
distribution, must be controlled to optimize the technological process of obtaining metal
powders. This enables eliminating defects on the product surface.

Recently, the use of various alloys based on zirconium and titanium powders incre-
mented significantly [7,8]. An important stage in the formation of high-quality parts is
the assessment of the chemical, phase, and fractional composition of the powder mixture.
To control the configuration of individual powder particles, the specific correspondence
between various sizes fractions and the porosity of the prepared mixture for printing or
sintering is important. This can be done by physical, mathematical, and computer modeling.
After all, to solve material science and technological issues, one should simultaneously
optimize the filling of a given volume for powder particles of different shapes and sizes.

The proposed multidisciplinary study uses smart technologies for controlling the techno-
logical processes of 3D printing and monitoring the degradation of the microstructure [9-14].

The aim of this work is to develop an approach to modeling layer-by-layer filling of a
certain 3D volume (container) with non-spherical (polyhedral) particles. A fast heuristic
is proposed for solving the packing problem. Experimental findings for titanium alloys
and computational results for polyhedral particles are compared. The close results permit
using cheap numerical simulations instead of expensive experimental studies.

The novelty of the paper involves four main contributions:

Optimizing characteristics of titanium alloys used for 3D printing.

Nonlinear programming model for filling a working volume with polyhedral particles.
Fast solution approach based on a flexible active layer strategy.

Comparing numerical and experimental findings.

The paper is organized as follows. A general formulation for packing convex poly-
hedral in a cuboidal container is presented in Section 2. The corresponding nonlinear
programming problem is formulated in Section 3 using the phi-functions approach. A
heuristic solution scheme is highlighted in Section 4. Numerical indicators are provided in
Section 5, and Section 6 presents concluding remarks.

2. Formulation of the Packing Problem

LetQ = {(x,1,2): 0<x <1,0<y <w,0 <z < h} be a cuboidal container (a model
of given volume). As models of non-spherical particles, a set of convex polyhedra K;,
iely=1{L12...,N}is given. Assume that u; = (v;,6;) denotes the variable motion
vector (placement parameters) of K;, where 6; = (6},62,63), 6,62, 6> are Euler angles.

The motion of each polyhedron K is denoted by K (11)= {p € R®: p = v+ M(8)-p°, p° € K}
where K is non-rotated and non-translated polyhedron, M(9) is a rotation matrix of the form:

cos 0! cos 0% — sin 0 cos62sin@ — cos 6! sin 6% — sin B! cos B2 cosH®  sin H! sin 62
sin 01 cos 83 + cos 0! cos #2sin 6  — sin 6! sin 6% + cos 81 cos 02 cos 02 — cos 6! sin 62
sin 62 sin 6° sin 62 cos 63 cos 62

A problem of filling a certain 3D volume (container (2) with non-spherical (polyhedral)
particles can be stated as an optimization packing problem as follows.
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Let L be the number of given types (shapes) t1, 2, ..., ¢ of polyhedra with M grada-
tions of the average Ferret diameter 71,717,...,7) for each type. Therefore, we associate
with each polyhedron K; an appropriate type T; € {t1,t,...,t1} of the average Ferret
diameter (a measure of particle size), denoted by R; € {r1,72,...,rpm}-

The number N of polyhedra that must be completely arranged into () is unknown,
therefore, we assume that N = Vq/V. Here, V is the minimum volume of objects to
be placed.

The statistic probabilities p1, pa, ..., pm of the appearance of the average Fere diame-
ters are given, where p;;, = (the number of packed polyhedra of radius 7,;)/(a total number
of packed polyhedra) Y™ _, p,, = 1 and statistical probabilities fi, f, .. ., fi. of object type
occurrence, where f; = (the number of packed polyhedra of type t;)/(a total number of
packed polyhedra), Y-* | f; = 1. Here, numerators and denominators are determined using
fragments of the test filling of the cuboid found experimentally.

We need to pack a set of polyhedra K;, i € Iy minimizing the volume of a cuboidal
container () subject to the following placement conditions:

Pairwise non-overlapping of objects, i.e., intK;(u;) NintK;(u;) = @,i > j € Iy, and con-
tainment of each object in the container () of variable sizes I, w, h, i.e., K;(u;) C Q(l,w,h),i € Iy
meeting statistical probabilities fi, f2,. .., f1. of the appropriate object type occurrence.

This problem is aimed at modeling the filling of the container () with polyhedra K;
of type T; of the average Ferret diameter R;,i € Iy by “pouring” the polyhedral particles
down to the axis OZ into the container (), while calculating the packing factor (the inverse
of the porosity).

Many publications address packing non-spherical shapes (see [15-17] and correspond-
ing references). The approach presented in the next section permits formulating the packing
problem in the form of a nonlinear optimization problem. We use the phi-function technique
for the arrangement of non-spherical particles (polyhedra) in the container, considering
their continuous rotations [18-21].

3. Geometric Tools and Mathematical Model

We use a quasi-phi-function for two convex polyhedra K;(u;) and K; (uj) for describing
non-overlapping of particles. .

Let convex polygons K;(u;) and K;(u;) be given by their vertices pj, k = 1,...,m;, and
p) 1= 1,...,mj. Let P(up) = {(x,y,2) : yp =a-x+ B -y +7-z+ pp < 0} be a half-space,
a = sin6hsin63, B = —cos:sin63, v = cos63. Here 6} and 62 are the corresponding
variable Euler angles (while 9% =0).

A quasi-phi-function ®; (ui, uj, uj; = up) for convex polyhedra K;(u;) and K; (ig) can
be defined in the form:

@:] (1/[1‘, uj, up) = min{CDKiP(Mi, up), K" (u]-, up) } 1

where ®X (1;, up) is the phi-function for the polyhedron K;(u;) and the halfspace P(up),
oK (uj,up) is the phi-function for the polyhedron K;j(u;) and the halfspace

P*(up) = R3\intP(up), intP(up) is the interior of P(up), up = (05,63, up),
KiP (4. = j i KiP™ (u; = ] - ]
Q%" (uj, up) gzlgnmiil’P(Pk)rcD " (uj,up) 12};”,”]_( p (pl))‘

If &% (u;,uj,up) > 0then Lp = {(x,,2) : p(up) = 0} is a separating plane for
convex polyhedra K;(u;) and K;(1;).

Thus, if intK;(u;) N intK;(u;) = &, then there exists a vector up = (65,63, up), such
that n%xq);f (i, uj,up) > 0.

Therefore, q)gj(ui, uj, up) > 0 for some up implies intK; (u;) N intK]-(u]-) = 0.

Let us describe the containment constraint, K;(u#;) C Q < intK;(u;) N Q" = &.

Denote vertices of a convex polyhedron K; (1;) by pi, k=1,...,m;, p} = (p;k, p;k, p;k) .
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A phi-function for K;(u;) and the container Q" can be defined in the following form:

K0 Y = mi ool N i
N (1L, w, h,uy) mln{lggnmi¢k]<l,w,h,uz),J 1,...,6}, )

@h1(ui, L, w,h,) = x; + ply, @ho(uil,w,h,) = *(xi + P;k) +1,
(P;(?)(uil l/ wrh) - }/i + p]i/k/ (P;‘(4(ui/ l/ w, h/) - - (yl + p;k) + w,

?;;5(”1'/ lr w/ hl) - Zi + p;k/ ?ié(”ir l/ w/ hr) - — (Zi + p,lzk) + h

Using continuous functions (1), (2), a mathematical model of the polyhedral packing
problem can be stated in the form:
mink (1) ®3)

subject to:
CID/ij(ui, uj, u/i]‘) >0, (Z,]) clyxlIy,i< j,(I)i(Mi, l,w,h) >0,iely 4)

where u € RY is a vector of all variables; ¢ = 3+ 6N + 3N (N — 1)/2 is the number
of the problem variables; u = (¢,7) € R?, ¢ = (uy,...,un,l,w,h,); l,w, h are variable

metrical characteristics of cuboid Q); u; = (v;,0;) is a variable motion vector of K;(u;);
1 . o .
T = (u",...,u'™) is a vector of auxiliary variables; u’* = (0%,0%,u3%), s = 1,...,m,

m=3N(N—-1)/2;x(u) =1-w-h, @ is a quasi-phi-function (1) for K;(u;) and K;(u;); @;
is a phi-function (2) for K;(u;) and Q* (I, w, h).

4. Solution Approach

The non-spherical particle packing algorithm is a modification of the spherical particle
packing algorithm [22]. In practice, millions of polyhedral particles are used for filling
a given volume to define the correspondence between the cuboid dimensions and the
average Fere diameters of polyhedra. Taking into account the additive production, all
filling operations should be performed in the upper layer of the container, which is referred
to as an active layer. The placement of non-overlapping polyhedra is controlled in the
active layer only. The height of the active layer is iteratively updated to the current data.
This way, the simulation time can be reduced significantly.

The following iterative algorithm simulates filling the cuboid with different shapes
and sizes of polyhedra. The active level parameters are updated in each iteration of
the procedure.

4.1. The Principal Steps of the Approach

Step 1. “Normalizing” objects and the container ().

Define
r 1 ™ ) w h 1 «—Mm M
! !l / _ — _ — —_ = - . =
7—(71/”2/-~/7M)—(7/7/'--’ r)’L_r’ —r,H—r,r—MEmzlrm pm,M Emzlrm

Next, consider packing polyhedra of type T; € {t1,f»,...,t1 } associated with the appropri-
ateradii R; € {r{,75,...,7},} into a cuboid of sizes L x W x H.

Step 2. Seti =2, jo = 1, hyax, A = 4-max{r},r},...,7,}. Define P = (P, P,,...,Py),
Py =Y} pjym=1,2,...,M.Set F = (F,Fy,..., F), where F;, = zj,zlfj.

Step 3. Randomly generate the radius R; (see algorithm Q) associated with the polyhedron
K of type T (see algorithm G).

Step 4. Place the center of the polyhedron Kj at a point (x1,y1,z1), where x; € [Ry,L — Ry],
y1 € [R1, W — Ryq], z1 = R;. Assume Euler angles are random variables.
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Step 5. Create the arrangement of the object with the center at a random point (x?, y?, z?)
in a cuboid with dimensions L x W x (H + 2R;), providing non-overlapping with already
packed polyhedra (algorithm S). If a feasible point cannot be found, then go to step 9.

Step 6. Solve the nonlinear programming problem to search for the minimum of z.; (coordinate
of the gravity center of the polyhedron K;):

min(z), s.t. (u,u') € V;

V, = {(ul-, ugj) €R°

‘I’Kio*(ui) >0,z; > Zyin, j = jo,jo+1,...,0i— 1}

/ /
q>1] (ui/ uj/ ul]) Z 0/

where u; = (x;,;,2;, ), 0; = 6},62,63, CD;]- (ui, uj, u%) is the quasi-phi-function (3) for fixed
uj, ok’ (u;) is the phi-function (4), ¢ = 6 +2(i — jo) Zyin (algorithm S). The corresponding
optimal solution (x?,y?,z?, 69, u' ?]) gives the appropriate placement parameters of the

polyhedron K; and is considered as the initial point for the algorithm D below.
Step 7. Updating the size of the active layer:

e  Change the thickness of the active layer: if z; = hmax + R; — A then define A = 1.1 X A
(increasing the thickness if the lower limit of the active layer is attained) and set
jo = jo — 1, while jo > 1 and Zjy = Niax — Rj, —A (see Figure 2);

e Set H = 1000 (the maximal height of the active layer). If z; > H then set
hmax = Mmax + %, otherwise set hmax = Mmax + Zﬁ to determine the upper bound of
the active layer.

e  Polyhedra that are arranged under the active layer are not considered: set jo = jo + 1
for zj, < Hmax — Rj, —A (Figure 1).

Pmax

Pmax —

(a) (b)

Figure 1. Illustrations to step 7: (a) z; > hmax + R; — A; (b) recalculation of the values h,y and A of
the active layer.
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(a) (b)

Figure 2. Illustrations to step 7: (a) z; = hmax + R; — A; (b) recalculation of . and A of the
active layer.

Step 8. If i < N, seti =i+ 1 and go to step 4, otherwise, go to step 9.

Step 9. Recalculate corresponding coordinates for the centers of polyhedra, multiplying
them by r while updating the original size of the polyhedra and the cuboid.

Step 10. Delete from the set of polyhedra that are not completely packed in a cuboid with
dimensions I x w x h.

4.2. Description of Algorithms Q, G, S, and D Used in This Optimization Procedure

In the subsection, we provide a brief description of algorithms Q, G, S, and D used in
this optimization procedure.

Algorithm Q. Generating a discrete value of the radius R depending on vectors ' and P.
Step Q1. Find random value of p € [0, 1].

Step Q2. Find the minimum index m for which p < P,.

Step Q3. Set R = r7,.

Algorithm G. Generating a discrete value of the type T with distribution law defined by
vectors ' and F.

Step G1. Find random value of f € [0,1].

Step G2. Find the minimum index m for which f < F,.

Step G3. Set T = t},,.

Algorithm S. Generating a feasible packing of polyhedra (with radius R) of the active layer
of the cuboid with size L x W x (H + 2R) subject to i already packed polyhedra.

Step S1. Select g € [1,100] to determine the “gravity” that affects the particles and define
Zmin = H +2R.

Step S2. Set k = 1, zpi, = 9999999 (a large number) and fix the angles of rotation of
the object.

Step S3. Form and fix randomly chosen values of variables x; € [R,L — R], y; € [R, W —R].
Step S4. Define an index set

xi—xj| <Ri+R]*,

E:{j:j:j()/jo“'l/”'/i_l/ yl_y]|<R1+R]}
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Step S5. Solve the nonlinear programming problem

min(zi), s.t. (Zi, Ulij) eV
V; = {(zi,u'y) € RM3|®' i (uy,uj,u'3j) > 0,(i,f) € E,
z > max(Zyj, Zmin) }

where ®7;; (u;, uj, u';;) is the quasi-phi-function of the form (2) provided that x;, y;, 0; u; are
fixed, g is the cardinality of the set E.

Step S6. If zpmin > z; then set Xmin = ¥max, Ymin = Ymax, Zmin = Zmax-

Step S7. Setk = k+ 1. If k > g, then terminate algorithm S, otherwise go to step S2.

The output of algorithm S is a point (Xmin, Ymin, Zmin, 0;)-

If zmin > H + R, then the current polyhedron cannot be placed in a cuboid with dimensions
L x W x (H+2R).

Algorithm D. Finding the minimal value of the z-th coordinate of a polyhedron using (x?,1°,2%,6°)
as a starting feasible point.

Step D1. Set k = 0 and perform the decomposition step § = 2 for the problem with normalized
dimensions of the polyhedron.

Step D2. Define

X*Xj’ <R1‘+Rj+5,

Ee={j:j=jojo+1...,.i—1, y—yj| <Ri+R;+6}
Step D3. Obtain the zth-coordinate of the i-th polyhedron by solving the following nonlinear
programming problem:
min(zi), s.t. (uj,u';) € VE
VE = {(uj,u'yj) € RET3| @' (uj, uj,u'yj) >0, (i, ) € By
OO (1) > 0,2; > Zyin, = forjo+ 1,1 = 1

where u; = (x;,y;,2,0;), 0; = (6},67,67), @ ij is the quasi-phi-function (1), provided that
the vector u; = (xj,yj,zj, Qj) is fixed, K"

set &.

is the phi-function (2), g is the cardinality of the

Take (xi-‘,y;‘, zi.‘, 65‘, u’i-{j) as a starting point.
Step D4. Find a vector of coordinates (xk“, Y, zkH) of the center of the polyhedra.

Step D5. If ZKt1 = 2K then algorithm D is terminated, otherwise, set k = k 4+ 1 and go to
step D2.

5. Computational Results and Comparison with Experimental Findings

Computational results found by our algorithm and compared with experimental
findings are considered in this section. We used AMD FX(tm)-6100, 3.30 GHz computer,
Programming Language C++, Windows 7. The open solver IPOPT [23] was used for local
optimization under default options.

The study was performed for powders of titanium alloys VI20 with particle sizes
from 100 to 300 um. The corresponding chemical composition (in %) was as follows: 88.9Tij,
6.5Al1, 0.3Fe, 0.1C, 0.15Si, 1.0Mo, 0.8V, 0.05N, 0.7Zr, 0.5 impurities.

The sieve method was used to get powder fractions with a small variance of particle
sizes (Figure 3). Metallographic analysis demonstrates that (after the hydrogenation-
dehydrogenation process) the powder particles have non-spherical shapes and similar sizes.
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(b)

Figure 3. Morphology of polyhedral particles of VT20 alloy powder for different fractions:
(@) 200250 pm, (b) 160-200 pm, (c) 100-160 pm.

To get a quality product, the parameters of powders of titanium alloys must be
optimized. In particular, the powder particles must be maximally homogeneous.

The sizes of the particles in titanium alloy powder VT20 were analyzed by the image
analysis software Image]J [24,25]. Corresponding results are presented in Figure 4.

L 241 35

0,
o

204
18 4
16
14 4

~—— Gaussian curve

12 4

0y
[ %

354

30 4

—— (aussian curve
254

20 4

(©

Figure 4. Gaussian curves for distributions of powder alloy VT20 particles corresponding to various
fractions after hydrogenation-dehydrogenation: (a) 200-250 microns, (b) 160-200 um, (c) 100-160 pum.
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Distribution histograms for powder particles of the alloy BT20 show that in the fraction
200-250 pm, dominant particles have an average diameter 226 um, while for the fraction
160-200 pm, the dominant diameter is 177 pm, and for 100-160 um—114 pm, respectively.

As can be seen from Figure 4, decreasing the average particle size of the powder
within a certain fraction results in increasing the scatter of sizes relative to this value of
other particles.

Numerical results are presented in Table 1. Here, columns 3 and 4 present distributions
of sizes of particles, absolute and percentage, while Ferret diameters corresponding to each
fraction are presented in column 2. From Table 1, we may conclude that the fractions of the
powder are well homogeneous for use in 3D printing processes.

Table 1. Experimental distribution of titanium alloy powder particle sizes with polyhedral shapes.

Powder Fracti Experimentally Determined Particle Number of Particles
RSl Sizes by Ferret Diameter, um Pcs. %
96.6 1 2.3
156.9 2 4.7
Fraction 1 (200-250 pm) ;?Z; g ggg
228.3 5 11.6
241.3 6 14.0
178.8 14 19.2
183.4 7 9.6
Fraction 2 (160-200 pwm) 187.6 18 24.7
193.6 14 19.2
200.1 20 27.4
75.9 5 6.6
92.3 3 39
106.2 7 9.2
118.4 6 79
Fraction 3 (100-160 pm) 129.5 5 6.6
139.8 2 2.6
149.3 7 9.2
158.3 20 26.3
166.8 21 27.6

Table 2 presents results obtained by the proposed algorithm for powder filling into a
cuboid with (I, w, h) = (2000,2000,2000) compared with experimental results. The experi-
mental results correspond to the bulk packing density of VT20 alloy powder particles [26].
For each fraction, the filling factor was defined as the ratio (total volume of packed poly-
hedra)/(container volume). As can be seen from Table 2, the difference between the
algorithmic results and the experimental findings is less than 5%. The arrangement of
particles calculated by the algorithm for 13 h 24 m, 18 h 35 m, and 27 h 41 m are presented
in Figures 5-7, correspondingly.

Table 2. Filling factors for polyhedral particles.

Powder Fraction Experimental Filling Factor, % Calculated Filling Factor, % Error, %
Fraction 1 (200-250 pum) 62.07 59.43 2.64
Fraction 2 (160-200 pwm) 67.18 62.21 497

Fraction 3 (100-160 pm) 73.56 68.77 4.79
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Figure 6. Arrangement of particles for Fraction 2.
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Figure 7. Arrangement of particles for Fraction 3.

We may conclude that the proposed approach is reliable and can be applied to estimate
the density (inverse of the porosity) for powders with different fractional compositions. Thus,
cheaper numerical simulations can be used instead of expensive experimental research.

6. Conclusions

The size of fractions for non-spherical powders in VT20 titanium alloy is important
to reduce defects in built-up layers. The surface morphology of VT20 alloy powder with
different fractional compositions is studied. In contrast to traditional DEM methods used
for analyses of granular structures [27-30], here, an optimization approach was applied.
The results of the algorithm demonstrate that the built-up layers of non-spherical powders
of Fraction 1 (200-250 microns) of VT20 titanium alloy have the best micromechanical
properties. To avoid nonlinear optimization problems, simple grid approximations [31,32]
can be considered to linearize optimized packing problems. The proposed models and
algorithm can also be used for other alloys, such as stainless steels and superalloys, subject
to adjusting the corresponding input parameters.

In this paper, non-spherical shapes of the alloy powder particles were studied. Com-
pared with pure spherical shapes, considering convex polyhedral particles provides a
more realistic approximation of real shapes and gives novel modeling opportunities. How-
ever, to make analyses of granular structures more realistic, more sophisticated shapes
must be introduced. Considering irregular, non-convex, or convex-composed shapes is
an interesting area for future research. Some results in this direction are on the way. The
proposed modeling and algorithmic approach can also be used for ceramic materials [33,34].
Testing the approach for ceramics based on zirconium oxide modified with yttrium oxide
is planned in the near future.
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