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Simulation modeling results for powder mixtures comprised of saponite and stainless steel powders 
are presented. A literature review focusing on methods for modeling the filling and production of 
powder materials in technological processes was conducted. Computer modeling employed to 
examine the behavior of particulate mixtures in two-dimensional and three-dimensional planes, 
considering their volumetric characteristics, was studied theoretically. The properties of AISI430 
steel and saponite powders, such as grain-size composition and sphericity factors, were studied 
experimentally. The density of workpieces made from steel and saponite powders for modified and 
unmodified powder particles was calculated as percentage. A method for calculating the distribution 
of particles and determining the density of workpiece layers using the ImageJ2x software was 
proposed. Image stacks were generated and image series were analyzed using object mask functions 
and threshold and image inverter brightness threshold functions. The processed microscopy data 
enabled the determination of void percentage within the visible areas of the samples. A simulation 
model was proposed to describe the formation of powder materials with varying geometries and 
sphericity. The process of filling a cylindrical container with the powder mixture was simulated. A 
3D computer model was developed to visualize the formation of a two-component powder mixture 
using the Blender 3D application software. Maps depicting the distribution of powder particles in 
selected planes were constructed.  

Keywords: simulation modeling, computer model, saponite, stainless steel, ImageJ2x, powder 
mixture, sphericity, layer density, grain-size composition. 

INTRODUCTION 

Modern formation methods for powder materials enable the production of workpieces with unique physical 
and chemical properties. Complex structures are developed using a wide range of powder mixtures and various 
additives, such as binders, pore agents, and plasticizers. Possessing an array of techniques, manufacturers focus on 
comprehensive prediction of the material development process to minimize costs and ensure the highest quality of 
their products. Studying the characteristics of powders is crucial in the formation of powder products. This study 
involves analysis of particle morphology, bulk density, size, shape factor, thermal properties, etc. Furthermore, the 
powder mixtures (10–40 m) commonly used in the production of powder workpieces are so fine that visual 
examination of their behavior is highly complicated and possible only with microscopic analysis or impossible at  
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all. Therefore, simulation 3D modeling employing up-to-date software tools to analyze the behavior of particles in 
powder mixtures in the production of multicomponent powder workpieces is a relevant approach for predicting the 
formation of powder materials. 

ANALYSIS OF LITERATURE DATA 

Nominally homogeneous spherical particles are predominantly used in computer modeling for analyzing 
the behavior of powder mixtures [1–3] since the selection of particle sizes for production of workpieces has been 
most extensively studied for such powders. In other instances, the behavior of particulate powder environments is 
modeled in a 2D plane without considering the volumetric characteristics of the particles. Paper [4] introduced a 
computer model relying on lattice Boltzmann methods for mixing two elements using the powder bed fusion 
process, where the particles are simulated as spheres and droplets, while the heat capacity and thermal conductivity 
of the starting materials are accounted for in the modeling process. The research employed methods for modeling 
the movement of wettable powder particles in a manner similar to the modeling of liquid systems. Calculations 
performed with particle interaction algorithms including a modified collision operator demonstrated that niobium 
and tantalum powder particles distributed uniformly as their sizes decreased, allowing the workpiece to achieve 
high density. To develop 3D models, spherical particles, which are actually produced by the spheroidization of 
metal powders [5], are used. The process of producing spherical particles involves techniques including plasma arc, 
granulation [6], rolling, and pressing in granulators of various designs. The spherical particle shape significantly 
influences the behavior of the entire mixture in the formation process. This is supported by studies that examine 
compaction models for particles of different shapes. Paper [7] determined the relationship between the particle 
shape (descriptors) and workpiece (packing) through correlation analysis. The particle packing porosity correlates 
with particle descriptors characterized by angularity/roundness, shape, and texture. These model elements are 
addressed as spherical triads. National research efforts led by Academicians Skorokhod, Solonin, and other 
researchers focused on the development of theories for powder filling into dies. Shtern, Povstyany, Pasternak, and 
Sergeev studied various methods for modeling the behavior of powder materials: discrete method, Monte Carlo 
simulation, and static tests. The scientists confirmed that the simulation modeling results were consistent with 
analytical calculations. The simulation models were primarily developed using the Matlab Simulink and Avizo 
software and C, C++, and Python programming languages. We believe that modern software, particularly the 
object-oriented Blender 3D software for developing 3D models, will improve the simulation modeling processes for 
powder mixtures. The development of a 3D model for forming particles in powders of different grain-size 
compositions and physical properties will not only help visualize the formation process but also predict the 
distribution uniformity and other characteristics of the finished products. 

Our objective is to study the grain-size composition and sphericity of AISI430 steel and saponite powders 
and develop a computer model to emulate the formation of two-component mixtures for analyzing the uniformity of 
powder particle distribution. 

EXPERIMENTAL PROCEDURE 

We used powders produced from reduced sludge of AISI430 stainless steel (analogous to 12Kh17 steel) 
and natural saponite mineral Mg[Si4O10](OH) × nH2O. The fine and partially dusty (d < 0.05 mm) AISI430 steel 

sludge, which contained shaving elements (4 < l < 0.7 mm), was collected from the production settling areas after 
metal grinding operations. However, this sludge cannot be used in its original condition as it contains abrasives and 
cutting coolant inclusions and becomes contaminated and partially oxidized in the settling areas. The grain-size 
composition of the stainless steel and saponite powders was determined experimentally through sieve analysis           
(SL-026 laboratory sieves). The screening process allowed determining the percentage ratio between the weight of 
the powders on each sieve and the total weight of the powders. To be further used, the sludge needed to be reduced 
with alternating centrifugation, dehydration, reducing annealing, sieving, magnetic separation, grinding, drying, and 
size classification. In addition, paper [8] noted that modification of the starting powders with PEG400 plasticizer 
after the reduction, followed by further processing, positively influenced the formation of materials and increased  
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Fig. 1. Microscopy of the AISI430 steel (a, b) and saponite (c, d) sludge samples before (a, c) and 

after (b, d) reduction 

the sorption and catalytic properties. The process significantly altered the particle size of the steel powders, to                
–0.63+0.35 mm, and changed the particle shape from acicular and filamentary to lamellar and dendritic (Fig. 1a, b). 
Moreover, preliminary treatment of AISI430 steel metal powders not only results in higher purity of the starting 
material but also improves the particle shape (by rounding) and increases the bulk density [9]. 

The saponite clay material, in its natural form and after grinding and size classification, primarily 
consists of scalelike or angular fragmented particles, which became rounded after reduction according to the 
mentioned process scheme (Fig. 1c, d). The research involved microscopic analysis using the Microptik Smart Eye 
software. 

Analysis of the microstructure and particle size of the samples led to the conclusion that the powder 
reduction process significantly influenced the subsequent formation of powder workpieces from oval and rounded 
saponite particles with a grain-size composition of –0.1+0.063 mm and dendritic and rounded lamellar AISI430 
steel particles with a grain-size composition of –0.63+0.4 mm. Particles with these shapes were used in the 
development of a computer simulation model in the Blender 3D environment. Metal and clay were selected from 
the programming library of materials as the closest matches to the starting materials. 

Structural studies of the materials were conducted by optical microscopy methods to determine the size, 
shape, and arrangement of particles within the sample. The porous structure was examined for both experimentally 
produced samples and computer simulation models. The optical analysis and calculations were carried out using the 
ImageJ2x image analysis and processing software [10]. 
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Fig. 2. Generation of images in the ImageJ2x environment for calculating the density of a workpiece 

layer 

The processing of color image objects is necessary for the most accurate analysis and quantitative 
information on the material structure. The object selection methods include brightness, texture, and color selection. 
Typically, a digitized image for analysis consists of a set of points (pixels), whose brightness values for 8-bit 
monochrome systems fall within the [0–255] range. 

Various criteria and equations for their calculation were proposed by many researchers to determine a 
criterion for evaluating the quality of powder materials, such as the degree of dispersion, degree of mixing, content 
of the key mixture component, homogeneity criterion, quality factor, segregation rate, mixing completeness, etc. 
For powders of the experimental materials, paper [11] calculated the inhomogeneity in the distribution of particles 
in the dispersed medium and found that the die filling density and the concentration of particles with the same shape 
factor at certain locations increased as the bulk density of the steel and saponite powder mixtures changed from 1.24 
to 6.82 g/cm3. 

The method for calculating the distribution of particles through optical computer analysis (Fig. 2) using the 
ImageJ2x software includes the following steps: 

1. Set the pixel-to-millimeter ratio (Analyze–Measure). 
2. Set brightness thresholds for the image files (Image–Adjust–Threshold). 
3. Apply mask functions to all objects present within the picture’s field of view (Show–Masks). 
4. Generate the Results table with built-in Analyze–Analyze Particles and Image Inverter functions, 

including calculation results such as the number of the selected element with zero monochrome values within the 
image, the area of the outlined particle image, the total number of pixels in the outline of the selected particle, and 
the number of minimally bright (256) and maximally bright (0) pixels present in the closed volume that outlines the 
particle. 

As seen, image microscopy processing produces a matrix. In general, a digital image is represented by a 
matrix of numbers. The matrix elements can be subject to mathematical operations. In particular, the volume of 
occupied contrast elements (particles) within the images can be quantified by summing the pixels of the outlined 
particles (indicated in the Mean column of the Analyze Particles function matrix). The calculation was executed 
using the Results–Summarize function. The percentage of voids (pores) in the visible sample areas was found by 
determining the ratio of contrast structures in the image. 
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 EXPERIMENTAL RESULTS 

Computer modeling to simulate the behavior of particulate media is primarily aimed at producing 
statistically sufficient laws that can numerically describe the structurization of powder materials. The development 
of a computer model for a particulate medium requires knowledge of the morphology and sizes of its particles.  

Table 1 presents the results from analyzing a series of images with the ImageJ2x software. The density of 
workpieces from modified stainless steel and saponite powder mixtures in image layers ranges from 68.5 to 74.8%, 
while the density of workpieces from unmodified mixtures ranges from 47.9 to 51.3%. 

 
TABLE 1. Density of Workpieces in ImageJ2x Layers  

Sample name Reduction and modification Density, % 

Particle 1 – 51.320 
Particle 1-1 + 70.423 
Particle 1-2 + 71.454 
Particle 2 – 48.512 
Particle 2-1 + 74.708 
Particle 2-2 + 72.175 
Particle 3 – 47.976 
Particle 3-1 + 68.512 
Particle 3-2 + 68.811 

1.0 1.00.63 0.630.4 0.40.315 0.3150.2 0.20.16 0.160.1 0.10.063 0.063 BottomBottom

Grain-size composition of powders, mm
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Fig. 3. Grain-size composition of the saponite (a) and AISI430 steel (b) powders determined by sieve 

analysis 

The low density of workpieces in image layers with unmodified particles can be attributed to the particle 
shape and the voids generated in the filling and molding process. 

Figure 3 provides data on the grain-size composition. The distribution diagrams show the relative number 
of particles in each size fraction as percentage along the ordinate axis. Because of losses in the sieving process, the 
total weight of the samples on each sieve does not exactly add up to 100% of the sample weight. To determine the 
percentage content of the sieved samples, the ratio between the weights of the samples on each sieve and their total 
weight, rather than the weight of the starting powder material, was calculated: 
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where a1, a2, …, an are the weights of samples on each sieve.  

The analysis indicated that the sizes of stainless steel powder particles increased significantly after 
reduction and modification, as evidenced by their potential granulation and by grinding and rounding of metal 
shaving elements. 

No variance analysis method allows examining each particle of the particulate powder material in three 
dimensions. In modeling, powder particle sizes are typically fitted to correct geometric shapes (Fig. 4a). Figure 4b 
shows the morphology of AISI430 steel powder particles after reduction and modification. The increase in 
roundness and sphericity characterizes a particle with one numerical value, such as the radius of a spherical particle, 
providing sufficient and comprehensive information. However, for a dendritic prism-like particle, a single 
numerical value cannot capture its dimensions as it can refer to its diagonal, height, or thickness. This issue is 
addressed in [12] as follows. First, the weight, volume, or surface area is used as a numerical characteristic for 
particles with irregular shapes. Second, the ‘equivalent sphere theory’ approach is applied, which considers the ratio 
between the weight of an irregularly shaped particle and the weight of a spherical particle from the same material. 
Therefore, when characteristics of irregular particles are measured, it is assumed that they are comparable to the 
equivalent spherical particle. 

Particle sphericity (according to H. Wadell): 
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where Vp 
is the particle volume and Ap is the particle surface area. 

To determine the sphericity of AISI430 steel and saponite powder particles, direct methods for finding the 
particle shape, such as optical microscopy, are involved. The primary particle shape parameters are presented in 
Table 2. 

Experimental evidence [13] shows that powder particles can adhere to hard surfaces of substrates, bunkers, 
and containers in the bulk formation process and subsequent vibration treatment of the powder bed. This adhesion 

 

 
Fig. 4. Computer 3D models of metal and clay materials (a); mixtures of rounded polysized particles 

(b); structural simulation model for packing of particles with different geometrical shapes (c) 
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TABLE 2. Shape of AISI430 Steel and Saponite Powder Particles 

Description of 
geometrical shape 

Particle shape 

Spherical  Rounded Dendritic Lamellar  

Optical microscopy 

   
Size, a : b : c 1 : 1 : 1 1 : 2 : 1 1 : 2–3,4 : 1,5–2 1 : 2–4 : 1,3–4 
Sphericity   1 ~0.5 ~0.3–0.1 ~0.05 

 

   
a b 

Fig. 5. Surfaces of digital microstructure analysis for AISI430 steel and saponite powder samples with 
51.3% (a) and 74.1% (b) density 

results from van der Waals forces of interaction between molecules of the powder particles and the container 
material. The molecular forces of adhesion can be reduced either by processing the container surface (polishing, 
grinding, treatment with lubricating materials such as graphite, etc.) or by reducing the dispersion of particles in the 
loose medium. As can be seen (Fig. 4b), simulation modeling, considering the particle sizes of selected materials, 
also shows signs of adhesion at the bottom of the cylindrical container base, confirming the phenomenon without 
real-object experiments. 

The microstructure being studied is represented as additive (RGB color synthesis) color response surfaces 
(in shades of gray in the paper) (Fig. 5). Image objects are commonly selected based on their brightness using 
brightness threshold values. All image points falling within these values are selected on the image as object masks, 
generated with built-in functions of the ImageJ2x software. 

The diagrams are presented as point depth maps, with the surface elements shown in RGB colors (in shades 
of gray in the paper) for convenience of analysis (256 gradations for each of the three colors). In these maps, depth 
values in the near range are indicated by colors ranging from orange to green, while more distant points are 
indicated by colors ranging from red to blue. Bitmap functions are used to convert from the color (source) to black 
and white (target) mode. The intensity of the peaks is explained by structural inhomogeneity. In general, three-
dimensional surfaces are useful for visual representation of the inhomogeneous distribution of powder particles in 
the studied field. 
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CONCLUSIONS 

A method for calculating the density distribution within workpieces through optical computer analysis 
using the ImageJ2x software has been proposed, and the density of porous structures has been determined as 
percentage. The layers of workpieces produced from modified powder mixtures are approximately 20.6% denser 
than those produced from unmodified powder mixtures. 

The sphericity of AISI430 steel and saponite powder particles has been studied. The sphericity values range 
from 0.05 to 1, indicating that the powder mixture is a dispersed multicomponent one. A three-dimensional model 
has been developed using Blender 3D software tools to simulate the formation of particles, considering the physics 
of the starting powders. The model simulates the filling of powder mixtures into the container. 

Maps displaying the surfaces of emulated structures have been constructed to visualize the distribution of 
particles in selected planes. Three-dimensional simulation modeling makes it possible to imagine, conveniently 
visualize, and predict the behavior of powders in the process of their formation. 
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