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Stanisław Kut1, Grażyna Ryzińska2 

The influence of the type of test in determining the constitutive equations of 

hyperelastic bodies 

 

Abstract 

This paper presents the results of research aimed at assessing the effectiveness of four 

selected constitutive equations for hyperelastic bodies in numerical modeling of the first 

compression load cycle. An polyurethane elastomer with a hardness of 90 ShA was used for 

the tests. The constitutive equations selected for the study are: 1. - Neo-Hookean, 2. - James 

Green Simpson, 3. - Arruda Boyce and 4. - Gent. 

An analysis was carried out for four variants of determining the constants in the 

constitutive equations. In variants I, II and III, the material constants were determined on the 

basis of a single material test, i.e. the most popular and available in engineering practice, the 

uniaxial tensile test (variant I), the biaxial tensile test (variant II) and the tensile test in a plane 

strain (variant III). In variant IV, the constants in the constitutive equations were determined on 

the basis of all three above material tests. The accuracy of the obtained results was verified 

experimentally. An important stage of the research was development of stress-strain curve for 

the first load cycle of the sample on the basis of individual material tests (Fig.1.). Then,  the 

material constants in the constitutive equations were calculated. The knowledge of the 

coordinates of individual points of the experimentally determined stress-strain curve is the basis 

for determining the values of the coefficients (material constants) in individual constitutive 

equations. In this work MSC Marc / Mentat 2020 was used to determine the constants in the 

constitutive equations selected for the study. After entering the coordinates of the points of the 

stress-strain curve determined by the experimental tests, the software adjusts the regression 

curves of selected constitutive models with the experimentally determined curves. 
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Fig.1 . Experimental stress-strain curve for the three load patterns 

 

This adjustment can be made on the basis of data from one or more tests. Based on the fit 

of the curves from the individual tests, the software calculates the numerical values of the 

material constants for the individual constitutive equations. In this paper, the differential 

evolution algorithm was used to determine coefficients in the constitutive equations.  

In case of modeling the behavior of an elastomer under a compressive load, the material 

constants in constitutive equations can be determined on the basis of the biaxial tensile test 

(variant II) the best. Then the modeling results do not depend on the choice of the constitutive 

equation or depend to a small extent. For this variant of determining the material constants, the 

obtained results of modeling coincide with the experiment. In the case of the models 1 -4, a 

similar convergence with experiment was obtained (ψ≈ -9%). In the most complex variant IV, 

in which the constants were determined on the basis of three tests, similarly to variant II, the 

modeling results practically do not depend on the choice of the constitutive equation. However, 

despite a more complex and costly procedure of determining material constants, in variant IV, 

worse results were obtained than in variant II.  

A large convergence of the modeling results with the experiment (higher than in variant 

IV) can be obtained using variant III. However, as the carried out research has shown, the 

effectiveness of such modeling depends on the constitutive equation used. 
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Marta Wójcik1, Andrzej Skrzat1 

Numerical simulation of the KOBO extrusion process using coupled 

Eulerian-Lagrangian (CEL) modeling 

Abstract 

The development of material forming processes and their practical application caused the need 

of proper describing the material behaviour at very high strain rates. The experimental 

determination of material properties at high strain rates is complicated and restricted by the 

ambiguity the methods used, as well as, the complexity of the strain phenomenon. Previous 

numerical simulations describing the material behaviour subjected to loading at high strain rates 

are necessary, therefore.   

In forming processes for which the material properties depend on the strain rate, the 

unified plasticity theory has indicated sustainability for use. The unified plasticity theory which 

is related to both elasticity and plasticity theories is used for modelling the behaviour of material 

under loading for the wide range of temperature and strain rates including its dependence on 

time. It does not include the plasticity condition which is characteristic for the classical 

plasticity theory. Additionally, the micromechanisms of plastic deformation are also considered 

in a unified plasticity theory. All issues above confirm the validity of use the unified plasticity 

theory in numerical simulations of metals forming processes. 

The unified plasticity theory is mainly based on the material model developed by the 

Bodner and Partom (B-P model). It is an elastic-viscoplastic model described by physical and 

phenomenological factors based on the continuum mechanics in order to take into account the 

dislocation dynamics in isothermal loading conditions, kinematic and isotropic hardening, the 

material damage, the relaxation and the creep, as well as the change of a temperature. More 

detailed information about the B-P model is described in [1-2]. The material behaviour under 

loading using B-P model is described using 14 temperature dependent and independent 

parameters contained in Table 1. 

The explicit integration algorithm for the 3-D B-P model was used in this work. The 

method is conditionally stable but the stable time increment is very small. The input data are 

the total strain increment for which increments of inelastic strains and stress are determined. 
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Tab.1 Interpretation of the B-P material parameters 

Parameter Unit Description 

𝐸 𝑀𝑃𝑎 Young elastic modulus 

𝜈 - Poisson’s ratio 

𝐷0 𝑠−1 Limiting shear-stress rate 

𝑍0 𝑀𝑃𝑎 Initial value of the isotropic hardening variable 

𝑍1 𝑀𝑃𝑎 Limiting (maximum) value for isotropic hardening 

𝑍2 𝑀𝑃𝑎 Fully recovered (minimum) value for isotropic hardening 

𝑍3 𝑀𝑃𝑎 Limiting (maximum) value for kinematic hardening 

𝑚1 (𝑀𝑃𝑎)−1 Hardening rate coefficient for isotropic hardening 

𝑚2 (𝑀𝑃𝑎)−1 Hardening rate coefficient for kinematic hardening 

𝑛 - Strain rate sensitivity parameter 

𝐴1 𝑠−1 Recovery coefficient of isotropic hardening 

𝐴2 𝑠−1 Recovery coefficient of kinematic hardening 

𝑟1 - Recovery exponent of isotropic hardening 

𝑟2 - Recovery exponent of kinematic hardening 

 

The numerical simulations of the KOBO process were done using the finite element 

program ABAQUS. The B-P model is not included in it and therefore, its usage in the 

commercial software requires to write an own VUMAT procedure. The constitutive equations 

of the B-P model were included in a VUMAT which was written in a FORTRAN language and 

then was implemented into ABAQUS. The elastic-viscoplastic material with isotropic and 

kinematic hardening was applied. The selected results - the Huber-Mises-Henky (HMH) 

equivalent stress and the equivalent plastic strain (PEEQ) distributions are shown in Figure 1. 

 

a) b)  

Fig.1 The HMH stress (a) and the equivalent plastic strain PEEQ (b) distributions in the 

extruded material 

References  
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Konrad Laber1, Jacek Madura2, Dariusz Leśniak2, Maciej Balcerzak2, Marek Bogusz2 

Elaboration and verification of dedicated material models of the EN AW-

7021 aluminium alloy for numerical modelling of the industrial extrusion 

process of profiles from difficult-to-deform aluminum alloys through 

portholes dies 

Abstract 

In order to properly design or modify existing technological processes, it is necessary to 

know the characteristics describing the rheological properties of the investigated material [1, 

2]. For each technological process, it is possible to set of features describing the material's 

susceptibility to a given process can be determined. In the case of plastic working processes, 

the fundamental feature defining the ability of a given material to plastic forming is the yield 

stress and the maximum strain  value [2]. In this paper, dedicated material models were 

elaborated and verified for three melts of the EN AW-7021 aluminium alloy with different 

content of zinc and magnesium [3, 4], for the extrusion process conditions of pipes with 50 mm 

in diameter and 2 mm of wall thickness. Based on the conducted plastometric tests, it was found 

that, within the tested range of strain parameters, the three analyzed melts of the same 

aluminium alloy were characterized by high sensitivity to both the strain rate and temperature, 

depending on the content of the main alloying elements. Moreover, a significant effect of 

magnesium and zinc content on the plasticity of the tested material was observed. Therefore, 

dedicated material models (mathematical models) were developed, describing changes in the 

yield stress as a function of strain, strain rate and temperature, for each analyzed melt. 

Plastometric tests of the EN AW-7021 aluminium alloy, on the basis of which its 

rheological properties were determined and the yield stress function coefficients were 

determined, were carried out in uniaxial compression tests using the GLEEBLE 3800 

metallurgical process simulator [5]. These tests were carried out in the temperature range of 

450–570°C and the strain rate in the range of 0.05–5.0 s-1. In order to practically use the results 

of plastometric tests and to obtain a mathematical relationship that makes the value of the yield 
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stress dependent on the strain parameters, the results of the tests were approximated by the 

Henzel-Spittel equation [6]. The developed mathematical models of the rheological properties 

of each melt were then implemented into the material database of the QForm-Extrusion 

computer software [7], which was used for the theoretical analysis of the industrial extrusion 

process. 

In order to verify the results of numerical calculations, industrial tests of the extrusion 

process were carried out on a 25 MN hydraulic press with a 7-inch diameter container equipped 

with a process data acquisition system. The main parameters analyzed were the force 

parameters and the speed of the extrusion process. 

Based on the obtained results, it was found that the use of three different (dedicated) 

material models for each melt of the analyzed aluminum alloy had a positive effect on the 

accuracy of the numerical modelling of the analyzed process. A high agreement was obtained 

regarding, among others, the theoretical and experimental extrusion force (fig. 1) and the flow 

rate of metal from the die hole (bearing). 

 

 

 

Fig. 1. Comparative graph of the force parameters of the extrusion process as a 

function of the punch path recorded during the trial tests (black), in relation to the values 

determined in the numerical simulations (orange). 
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Ján Slota1, Andrzej Kubit1, Ivan Gajdos1, Pavol Stefcak1, Viliam Kapral1 

Friction Stir Welding of Aluminum Alloys Using a Carbide Tool: 

Experimental and Simulation-Based Analysis 

Abstract 

The paper presents results of a study on the joining of sheet materials with a carbide tool. 

The effect of technological parameters on the quality of the joint during friction stir welding 

(FSW) of aluminum alloy was studied. The proper settings of welding parameters were also 

evaluated. Macroscopic and microscopic defects in the joints were detected using naked–eye 

microscopy and scanning electron microscopy (SEM).  The quality of the joints was evaluated 

by a shear tensile test and Vickers microhardness. During the process, the axial force acting on 

the tool was measured as a response to varying welding conditions. It has been demonstrated 

that it is possible to achieve a high-quality friction stir weld joint using a WC tool. The joint 

strength is comparable to that of the parent material.  

The FSW process was predicted by numerical simulation in the Simufact Forming 

software. The aim was to analyze the effects of input parameters on the simulation results and 

to achieve a high-quality joint with the required mechanical properties by gradual optimization. 

FE simulations of the FSW process were performed in both 2D and 3D settings. However, 

comparison of the simulation results showed that there are significant differences in the results. 

To achieve correct results as in 2D, it is necessary to use a very fine Tetmesh mesh in 3D. The 

problem, however, is that the simulation itself will take a very long time and due to self-contact, 

the simulation can be very unstable. A possible solution to this problem is shown in the paper. 
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Tomáš Jezný1, Gerhard Mitaľ 2,Emil Spišák 3 

Research into the tribological properties of polycarbonate produced by 3D 

printing using FDM technology 

Abstract 

This paper deals with the investigation of tribological properties of polycarbonate (PC) 

produced by 3D printing using Fused Deposition Modeling (FDM) technology. Samples were 

fabricated with different layer deposition strategies. The fabricated structures were then tested 

against abrasive wear. The aim of the experiment was to compare the effect of different layer 

deposition strategies in the 3D printing process on the abrasive wear of the material at specified 

process parameters. The testing conditions of the samples were followed in accordance with 

ASTM G65/16. Based on these tests, different strategies were compared and evaluated for their 

ability to resist abrasive wear.  

Material and method The samples were printed with two types of placement on the printer 

platform. For samples 1-4, the fill strategy is applied parallel to the wear tested surface and in 

the second case for samples 5-9, the fill is applied perpendicular to the worn material surface. 

9 strategies were printed and three samples from each strategy were labeled as M•, M••, 

M•••fig.1. The samples were then subjected to abrasive wear according to the ASTM G65-01 

test standard. 

 

Fig.1 Applied strategies for PC samples 
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Evaluation of the experiment From the results of the weight loss percentage experiment, it is 

clear that the 3D printing strategy affects the abrasive wear of individual surfaces. From the 

graph, we can see the lowest wear for strategies no. 1 and no. 4 (samples no. 6 and no. 7) fig.2, 

fig3. 

 

Fig.2  Average percentage of weight loss 

 

Fig.2  Weight  

Conculusion 

From the printing technology where the sample was with the longest edge dimension 

parallel to the X axis, we concluded that the most advantageous strategy for polycarbonate is 

No. 1. This strategy was similar to strategy No. 4 where the results were almost at the same 

level and therefore we can define them as strategies with the same properties against wear.  
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Emil Spišák, Ema Nováková-Marcinčínová, Janka Majerníková.1 

The Influence of Selected Technological Parameters on Additively 

Manufactured Metal Components Printed by Direct Laser Sintering 

Abstract 

The topic of the influence of selected technological parameters on additively 

manufactured metal components produced by Direct Laser Sintering (DLS) focuses on the 

study of factors that affect the quality and properties of metal products made using this 

advanced technology. DLS, also known as selective laser sintering, is becoming increasingly 

popular in the industry due to its ability to produce complex geometries and reduce material 

waste. However, these advantages depend on the correct setting of technological parameters, 

such as laser power, scanning speed, temperature, and sintering depth, which can significantly 

influence the final mechanical and physical properties of the components. 

The aim of this study is to identify key technological factors that affect the quality of additively 

manufactured metal parts and compare their impact on the resulting microstructure, strength, 

hardness, and precision. Direct Laser Sintering (DLS) is an additive technology that uses a high-

energy laser to selectively melt and bond fine metal powder layer by layer. This process occurs 

in a protective atmosphere to prevent material oxidation. The laser energy gradually melts the 

powder material, which, after cooling, fuses into a solid layer, creating the desired component 

geometry. This process is repeated for each layer until the part is completed. 

The results of this study may help in more precise production process adjustments, thereby 

contributing to the more efficient and reliable use of DLS technology in various industrial 

fields. 

Direct Laser Sintering (DLS) Direct Laser Sintering (DLS) is an advanced additive 

manufacturing process that belongs to the methods of powder metallurgy and additive material 

processing. This technology enables the production of three-dimensional objects by direct 

sintering (sintering) of metal or polymer powders in a layer-by-layer method using a high-

power laser beam. The quality of the resulting part, in terms of mechanical properties, 

dimensional accuracy, surface roughness and internal microstructure, depends to a large extent 

on the optimization of the technological parameters of the process. This article focuses on the 
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key process variables that fundamentally affect the quality of the print. Operating principle DLS 

technology is based on a digital model (e.g. a .STL file), which is divided into thin layers. Each 

layer is then built up by selectively irradiating the bulk powder material with a laser and locally 

heating it to a temperature close to the melting or sintering point. At the laser impact points, the 

particles fuse together, creating a solid structure. After one layer is completed, the work surface 

is reduced by a defined layer height (typically 20–100 μm) and the cycle is repeated until the 

entire object is completed.  

 

Fig.1 Microscopic testing samples from Maraging Steel MS1 material  

 

1. Laser power and scan speed One of the most important parameters of the DLS process 

is the laser power (typically in the range of 100–1000 W) and its combination with the scan 

speed. These factors directly affect the linear energy density (LED), which is the amount of 

energy delivered per unit path. Too low an LED leads to insufficient sintering, porosity and 

poor bonding between layers, while too high an LED can cause excessive melting, deformation 

or evaporation of the material. The optimal power to speed ratio ensures uniform melting of the 

particles, thereby improving the density, strength and surface quality of the component. The 

laser power is usually regulated dynamically depending on the material type and object 

geometry. 

2. Layer thickness The thickness of the individual layers (typically 20–100 μm) primarily 

affects the resolution and detail of the model. Thin layers allow for better rendering of fine 

details and achieve a smoother surface, but at the same time increase production time. Thicker 

layers shorten printing time, but can lead to loss of detail, higher surface roughness and weaker 

bonding between layers. The layer thickness must always be adapted to the properties of the 

powder material (especially particle size) and the requirements for the resulting part. 
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3. Working chamber temperature and substrate preheating The working chamber 

preheating is a critical parameter, especially when processing polymers and some metals, such 

as titanium alloys. A high and stable chamber temperature reduces the temperature gradient 

between layers, thereby minimizing residual stresses and the risk of deformations (e.g. twisting 

or cracks). Typically, the chamber is maintained just below the glass transition temperature (for 

polymers) or just below the melting point (for metals). Appropriate preheating also aids uniform 

sintering and reduces the need for post-heat treatment. 

Experimental material for DLS EOS Maraging Steel MS1 – Characteristics and 

properties of the additive tool material EOS Maraging Steel MS1 is a high-strength iron alloy 

processed using Direct Metal Laser Sintering (DMLS) technology, developed by EOS GmbH. 

This material is intended primarily for applications that require a combination of high strength, 

toughness and excellent machinability, while also enabling the precise production of complex 

geometries. MS1 is based on the composition of maraging steel type 18Ni300 (EN 1.2709, 

X3NiCoMoTi18-9-5), which is known for obtaining its final mechanical properties not through 

carbon, but through precise precipitation hardening (aging) in the final processing phase. Uses 

and benefits The main advantages of EOS Maraging Steel MS1 in additive manufacturing 

include: • Production of complex tool components without the need for assembly, e.g. 

conformal cooling channels in molds. • Reduced production time compared to traditional 

machining and assembly of multiple parts. • Good machinability after hardening, which is 

advantageous for final machining of bearing surfaces or assembly elements. • Possibility of 

repeated heat treatment and repair of damaged areas (e.g. remelting or welding). 

Conclusion  

Optimization of technological parameters in Direct Laser Sintering is key to achieving 

high quality prints. While each parameter has its own specific impact on the result, their mutual 

interaction is complex and requires system adjustment with respect to the specific material, part 

geometry and application requirements. Modern DLS systems therefore increasingly use 

adaptive parameter control and advanced monitoring systems that allow real-time control of the 

production process. EOS Maraging Steel MS1 represents one of the most important additive 

metal materials in the field of toolmaking and high-strength applications. Thanks to the 

combination of excellent mechanical properties, precise processing and design flexibility, it 

offers manufacturers new possibilities in the production of functional parts and prototypes. Its 

successful implementation depends on correctly set printing, appropriate heat treatment and 

consistent quality control. The correct choice of parameters is therefore one of the main 
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prerequisites for the successful implementation of DLS in industrial production, whether it is 

prototyping or serial production of functional components. 
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Gennady Mishuris1 

Toughness averaging: Can we perform toughness upscaling with 

confidence?  

Abstract 

This talk will discuss whether and how an averaging-based approach to the material 

toughness can be confidently utilized. Usually, various upscaling procedures are applied to 

achieve the goal. Recently, we have proposed an averaging-based approach that is dependent 

not only on the material but also process dependent parameters. The respective measures come 

from temporal averaging (in contrast to the spacial one). They require the instantaneous crack 

tip velocity during each specific process. The temporal average approach is general in nature 

(not specific to HF), and can be used in analysis of any stable fracture propagation process.  

Numerous simulations have been performed utilizing our extremely accurate and 

effective in-house built time-space adaptive solver, which can obtain solutions for any of the 

classic 1D (in space) HF models (PKN, KGD, Radial) with arbitrary fluid rheology, leak off 

and pumping regime. The solver uses the crack opening and the fluid velocity as the basic 

unknowns in contrast to the conventional crack opening and fluid pressure pair [1]. We analyse 

the KGD and Radial HF models in an elastic homogeneous material characterised by periodic 

toughness distributions (see in figure (a), one of possible instantaneous crack velocity profiles). 

The simulations allow us to demonstrate the temporal-averaging concept [2], showing, among 

others, how the effective (averaged) toughness approaches its maximum value when the crack 

is sufficiently long (Figure (b)).    

We discuss various peculiarities of the HF propagation in such a media. In particular, we 

show how local energy redistribution affects the process, resulting in local (in time and space) 

changes of the propagation regime. For example, even if both the maximum and minimum 

values of the toughness distribution correspond solely to the high toughness regime (under a 

given fluid rate), local regions exhibiting viscosity dominated behaviour are apparent. Another 

interesting feature of the measures: even though the toughness and energy release rate fracture 

criteria are equivalent in the problem under consideration (homogeneous elastic material), 

temporal averaging based on the energy argument appears to be more accurate. Finally, we 
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show an interesting effect of the fluid reversal within the fracture for small time fraction and 

questioning quasi-static approach to the HF propagating in inhomogeneous material.  

 

 

 

 

 

 

 

 

 

 

More detailed picture on the propagation of the hydraulic fracture crack in media with 

variable toughness can be found in [3].  
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Grzegorz Samołyk 1 

Simulation of casting and solidification with an example of a flowability test 

Abstract 

Numerical modeling is a tool commonly used in technology design [1, 2]. In the case of 

metal casting processes, the finite element method is most often used, although the finite 

difference method and the boundary element method are also used. The analysis of the casting 

process is typically divided into three steps: mold pouring modeling, solidification modeling, 

and cooling modeling. This is quite a difficult task. In the case of temperature field change 

calculations, the analysis is linear, while the pre-displacement of the metal in the mold is a 

nonlinear analysis [1]. 

The article concerns the use of FlowCast-3D software, which allows you to simulate the 

process of pouring, solidification and subsequent cooling. It allows to determine the correctness 

of mold cavity flooding and predict shrinkage defects. This program is based on the finite 

element method. The area of the mold cavity is discretized. The calculations of metal dynamics 

are based on the Navier-Stockes equation. Solidification analysis, on the other hand, involves 

identifying elements based on temperature. The advantage of this commercial program is the 

ability to assess the correctness of the mold filling during pouring. Unfortunately, this program 

allows to determine only the velocity field and the temperature field. It is not possible to perform 

a mechanical analysis in which the stress and strain field would be obtained. It is also impossible 

to analyze the cooling shrinkage, only shrinkage defects occurring during the solidification of 

the metal can be predicted [2, 3]. 

The article shows the possibility of using this commercial program to quickly estimate 

the quality of the product. In order to obtain a simple and unambiguous comparison of the 

simulation results with real conditions, the simulation refers to a basic castability test in which 

a spiral cavity is used. This approach also allows you to verify the material model used in the 

simulation, even if you abstract from the capabilities of FlowCast-3D. Examples of results are 

shown in Figure 1. 
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Fig.1 Temperature distribution and casting cross-section 

 

To sum up, the proposed method is useful in quickly estimating the capabilities, not only 

of a commercial program, but above all of the quality of the simulation performed in this 

program. The castability test is a standardized and repeatable method [4]. Therefore, the 

comparison of the simulation results with the real sample provides a qualitative and quantitative 

assessment of the material model, used, for example, in databases of commercial programs. 
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Anna Guzanová1*, Dagmar Draganovská1, Nikita Veligotskyi1 

Geometric modification of mechanical joints of metallic and composite thin-

walled materials in order to increase load-bearing capacity  

Abstract 

Thermal drilling is a technique for joining dissimilar materials by forming a sleeve, even 

without fasteners. For example, it is used to join thin-walled metal materials and fiber-

reinforced composites [1–4]. During heating and forming the metal sleeve, the fibers in the 

composite are deflected, which allows the sleeve to be formed without damaging the fibers. A 

joint between a metal sheet and a composite formed by thermal drilling may look like the one 

shown in Fig. 1. 

 

Fig.1 Schematic representation of a possible joint failure 

The following materials were used for the research: The metal sheet used for the joint 

formation is made of EN AW 6082 T6 alloy with a thickness of 1 mm. This is a precipitation-

hardened aluminum alloy, commonly used in the manufacturing of lightweight structures in the 

automotive industry or construction. 

For the composite, polypropylene with a melting temperature of 165°C, reinforced with 

glass fibers (GF) and carbon fibers (CF), was used. The thickness of the composite panels was 

1.5 mm, with the thickness of the glass fiber panels achieved by consolidating three layers of 

prepreg, while the carbon fiber panels consisted of seven layers. 

The joint was created by thermal drilling using a Flowdrill Long tool ø5.3 mm, with the 

following process parameters: RPM 4800 min⁻¹, feed rate 60 mm·min⁻¹. During drilling, the 

materials (Al-CF, Al-GF) were overlapped on a length of 30 mm. 

To prevent the composite from sliding out of the bushing, a geometric modification of 

the bushing was proposed by forming an inverted cone with a tool of larger diameter (9.3 mm) 
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than the original bore (5.3 mm), which would eliminate the tangential component of the force 

that leads to the composite sliding out of the bushing, Fig. 2. The process of modifying the 

geometry of the bushing will be referred to as reverse drilling (RD). 

 

Fig.2 Design of the bushing geometry modification to increase the load carrying capacity of 

the connections (F - loading force, Fn - normal, Ft - tangential component of the force F) 

By modifying the bushing geometry, the proportion of joints failed by bushing shear 

significantly increased, which was the objective of the proposed bushing modification. 

Experimental tools have confirmed that by modifying the tool geometry through reverse 

drilling with a larger diameter tool, it is possible to achieve a more efficient utilization of the 

mechanical properties of metallic parts when joining metals and composites using the thermal 

drilling technology. 
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Viliam Kapraľ 1, Ivan Gajdoš 2,Dušan Manduľák 3, Volodymyr Krasinskyi 4 

Performance Evaluation of Feed Opening Section Based on Throughput 

Metrics  

Abstract 

Introduction This study presents the development, fabrication, and experimental evaluation of 

four 3D-printed hopper prototypes (FOS – Feed Opening Section) designed for use in polymer 

extrusion systems. The goal was to create functionally consistent hoppers with different shape 

of feed opening that could be assess the flow characteristics and throughput efficiency of 

various hopper geometries under controlled test conditions. 

 

Hopper Design and 3D Printing of Functional Prototypes All hoppers were designed with a 

uniform hopper height of 450 mm and a wall angle of 70°. A consistent feed opening diameter 

of 45 mm was used across all models. To fit within the printer maximum height, the hopper 

height was reduced to 335 mm.  

Polycarbonate (PC) filament was selected as the model material, and SR-100 was used as 

the support material due to geometric complexity. After printing, the inner surfaces of each 

hopper were smoothed to achieve uniform surface roughness, ensuring performance during 

material flow. 

 

Throughput Testing of Hopper Models Comparative throughput studies were conducted 

using granulated pellets of sizes 2×3 mm, 3×3 mm, and 5×3 mm. For each test, 3 kg of pellets 

were discharged through the hopper outlet. Each pellet size was tested ten times per model. 

 

Results Table 1 summarizes the throughput rates for each model across different pellet sizes. 
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Table 1 

Pellet size, mm 
Throughput of the FOS models, kg/h 

FOS 1 FOS 2 FOS 3 FOS 4 

2×3 6923 ±35 4648 ±20 3948 ±25 4473 ±25 

3×3 6207 ±35 4372 ±20 3633 ±25 4120 ±25 

5×3 6626 ±35 4569 ±20 3830 ±25 4450 ±25 

 

Graph 1 shows FOS 1 consistently exhibited the highest throughput, attributed to its larger 

feed opening. Among the remaining hoppers, FOS 2 demonstrated superior throughput due to 

its geometry being most similar to FOS 1. 

 

Graph 1 Throughput of the FOS models, kg/h 

Conclusion 

This work demonstrates the effectiveness of using 3D printing to quickly prototype and 

evaluate different hopper geometries for granular material flow. The methodology enabled 

controlled testing of discharge rates and showed how subtle geometric differences can 

significantly impact performance. The approach used in this study offers a practical framework 

for preliminary testing of bulk material handling systems using additive manufacturing 

technologies. 
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Peter Mulidrán*1, Emil Spišák1, Janka Majerníková1, Vladimír Rohaľ1, Ľuboš Kaščák1 

Utilization of additive manufacturing for production of bending tools 

Abstract 

Rapid prototyping, use of FDM technology for producing forming tools is one the current 

research topics in the field of forming technology and design [1, 2]. Rapid prototyping offers 

great flexibility, reduction of costs and time in production and design of forming tools [3, 4, 5]. 

This article deals with the design, analysis and production of a forming die used for bending 

sheet metal, created using additive technology FDM (Fused Deposition Modelling) made of 

PLA thermoplastic. The aim was to determine to what extent it is possible to use additive 

manufacturing as an alternative to traditional production methods in the production of bending 

tools. Furthermore, a model of the bending die was designed and created in the work. Tool 

variants with four different percentages of infill rate (25%, 50%, 75% and 100%) were modelled 

and each of them was analysed using static simulations in the Solidworks Simulation software 

(Figure 1).  

 

Fig.1 Stress results of static simulation of bending die made with 100 % infill rate 

 

Tab.1 Properties of PLA tough material 

Young´s 

modulus 
Yield strength Tensile strength Specific weight Poisson´s ratio 

2,33 GPa 38 MPa 44 MPa 1 260 kg/m3 0,33 
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Tool with 100 % infill was produced and tested in V-bending process of micro-alloyed 

steel sheet. Bending die (Figure 2) made of PLA (Table 1) was able to withstand 6 tests of sheet 

metal bending with maximum force of 840 N with no visible damage or deformation. 

 

 

Fig.2 Bending die produced by FDM method 
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Jarosław Bartnicki, Janusz Tomczak1 

Implementation of the innovative ACPF (Asymmetric Cooling Process for 

Forgings) technology for the production of towing hooks. 

Abstract 

The essence of the new solution is the implementation of asymmetric cooling technology 

for forgings made of 38MnVS6 and 30MnVS6 steel in order to homogenize the mechanical 

properties through precipitation hardening. The developed process for forgings with significant 

cross-sectional asymmetry was practically implemented in the conditions of the Kuźnia 

Matrycowa in Lublin. The heat treatment conveyor using the given solutions is 10 m long, and 

the time needed to complete the controlled cooling of forgings, divided into two zones, is 7-10 

minutes. Cooling curves are controlled by a fan system with individual measurements and air 

flows in each section.  

Implementation of the innovative ACPF (Asymmetric Cooling Process for Forgings) 

technology designed to implement the hot precipitation hardening process, guaranteeing the 

lowest dispersion of mechanical parameters of the finished product on the market. The solution 

was based on the development and implementation of a belt conveyor with separated zones 

guaranteeing different degrees of product cooling intensity during heat treatment. Due to the 

asymmetry of the manufactured products, longitudinal division was used using controlled 

cooling zones. The obtained results indicate the validity of using this solution, especially in 

terms of reducing the grain size and increasing the mechanical characteristics of the products, 

including the impact strength parameter, which is crucial when accepting towing hooks 

manufacturing process. 
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Marek Kowalik1, Rafał Kowalik2, Paweł Maciąg1, Piotr Paszta3  

New tools for burnishing shafts and holes with the use of a braking torque 

on the burnishing roller 

Abstract 

    Plastically deformed surface layer can be observed after all types of machining. 

Although it is a marginal phenomenon, it has a beneficial effect on the properties of machine 

parts. This is an advantageous phenomenon because the plastically deformed material has 

higher static and fatigue strength. The purpose of strengthening burnishing is to obtain the 

surface layer of the material hardened by plastic deformation. In the burnishing technology, the 

problem is to obtain large depths of deformation of the surface layer above 1mm. The barrier 

to obtaining greater depths of the deformed layer during classical roll burnishing is material 

cracking and pitting. The depth of the plastically deformed layer during roller burnishing can 

be increased to approx. 20% by applying a braking moment to the burnishing roller[1]. 

Burnishing with roller braking takes place in a state of asymmetric triaxial compression and the 

deformation of the material is more effective than when using the same pressure force in 

conventional roller burnishing. Studies have shown that plastic deformation in the surface layer 

of the material in the direction of the roller braking can be observed at a relatively small braking 

moment on the burnishing roller. At the Faculty of Mechanical Engineering of the Casimir 

Pulaski Radom University, original tools for implementing this technology on shafts and in 

holes were developed, which were granted patents by the Polish Patent Office. 
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Fig.1. Burnishing device with adjustable rolling resistance force of the burnishing roller:  

1-sleeve, 2-slider, 3-lip, 4-spring, 5-nut, 6-burnishing roller, 7-braking cubes,  

8-roller tension spring, 9-screw and adjusting nut.[2] 

 

At the Faculty of Mechanical Engineering of the University of Radom, original tools for 

implementing this technology on shafts and in holes were developed, which were granted 

patents by the Polish Patent Office. Fig. 1 shows a device for burnishing external surfaces of 

rollers Patent UPRP No. Burnishing using the device is performed as follows. The device is 

mounted in the lathe holder by the sleeve 1 and the roller pressure force is set, then the braking 

force is set by turning the nut 9, which acts on the spring 8 and the blocks 7 braking the 

burnishing roller 6. The spring tension force should be set so that the roller 6 does not stop 

during burnishing 

 

Fig. 2. Device for strengthening burnishing of holes with adjustable rolling resistance 

force of burnishing rollers: 1-main mandrel, 2-nut for adjusting the burnished diameter, 3-

roller guide basket, 4-burnishing rollers, 5-nut for adjusting the braking torque, 6-spring of 

the multi-plate brake, 7-movable plate of the roller basket, 8-fixed brake plate, 9-screw for 

locking the set braking torque, 10-basket thrust bearing, 11-screw for locking the set 

burnishing diameter, 12-scale of the set diameter, 13-scale of the set braking torque, 14-

replaceable track of the burnishing rollers, 15-grip part.[3] 
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A device for burnishing internal surfaces (holes) characterized in that the burnishing 

rollers are braked by a basket in which they are placed. The braking torque is set by the spring 

tension regulated by a locking nut. The set braking torque is transferred directly from the multi-

plate brake to the burnishing roller basket. 
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Vladimír Rohaľ1, Emil Spišák1, Peter Mulidrán1, Janka Majerníková1 

Numerical Simulation of Shearing Electrical Steel  

Abstract 

In general, a high-quality sheared surface is characterized by low rollover height and 

width, a reduced fracture zone, smaller burr height and width, and a larger clean-cut zone with 

a 90° clean-cut angle. Numerous studies have examined the impact of clearance, the shearing 

gap between two blades or between the punch and die, on the quality of sheared surface. 

Increasing the clearance typically reduces shear quality by increasing rollover, the fracture 

zone, fracture angle, and burr, while decreasing the clean-cut zone. These effects are linear up 

to a clearance of 20–30%. Further investigation using the Cockroft & Latham failure criterion 

revealed that increasing the shearing gap results in a larger shear zone, leading to early material 

separation [1]. 

The shearing of electrical steel sheets under different technological conditions by help of 

FEM modeling was investigated by Slota et al. They found that the shear gap and the state of 

wear of the die and punch have a significant effect on the induced residual stress when cutting 

electrical steel sheets. A sharp tool edge always gives better results than a worn cutting edge. 

The depth of penetration of residual stresses in the region of the shear surface is significantly 

lower when the shearing process was performed with a smaller shear clearance. In contrast, 

FEM showed that smaller shear gaps can lead to higher residual stresses along the shear surface. 

The results show the influence of the worn cutting edge on the height of the burr [2]. 

For simulation purposes, the Simufact Forming 2022 simulation program was chosen. 

The goal of the simulation in the program was to investigate the size of the fracture surface 

angle β as a selected parameter of the profile of the shearing surface to predict its influence on 

the quality of the shearing surface when shearing experimental cut-outs. 

The numerical simulation was solved in 2D, while the cutting plane passed through the 

very axis of the tool. For the needs of the experiment, simulations were carried out to investigate 

the fracture surface angle β when using different shear gaps. The measured values of the fracture 

surface angle β for samples from the used material, when using different shear gaps (1%, 3%, 
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5%, 7%, 10%), are listed in Table 1 and their graphic processing is shown in Figure 1 and 

Figure 2. 

Tab. 1 Measured and predicted values of the fracture surface angle β in the shearing process 

 

Sample 

 

Thickness 

[MPa] 

 

Shear gap 

[MPa] 

 

Fs. Angle β – 

Simulation 

[˚] 

 

Fs. Angle β – 

Experiment 

[˚] 

Angle β 

difference  

Sim – Exp 

[˚] 
G1 0.50 1 82,18 85,09 -2,91 

G3 0.50 3 86,83 84,94 1,89 

G5 0.50 5 84,41 85,94 -1,53 

G7 0.50 7 83,77 80,18 3,59 

G10 0.50 10 76,34 70,82 5,52 

 

 

Fig. 1 Measured and predicted values of the fracture surface angle β in the shearing process 

 

Fig. 2 Fracture surface angle β in the shearing process when using 5% shear gap 

 

Acknowledgement The authors are grateful to APVV-21-0418, for the financial support 
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Grażyna Ryzińska1 

Influence of reinforcement type on SEA for impact energy absorbing 

composite elements 

Abstract 

In this work, experimental studies of the compression of carbon epoxy composite 

specimens in quasi-static conditions were performed to determine the amount of energy 

absorbed during this process. Specimens in the shape of pipes of two diameters were produced 

using a unidirectional prepreg (UD) with an areal density of 200 g/ m2 and a plain wave prepreg 

(PW) with an areal density of 204 g/ m2. Experimental studies have shown that using the UD 

(unidirectional) prepreg, the price of which is comparable to the PW (plain weave) prepreg, it 

is possible to obtain 39% greater SEA (Specific Energy Absorption) for specimens with a 

diameter of 20 mm and 52% more SEA for specimens with a diameter of 42 mm. 

 

Fig. 1. Examples of force versus displacement course; 42 UD - specimen with a diameter 

of 42 mm UD; 42 PW - specimen with a diameter of 42 mm with a plain weave; 20 UD - 

specimen with a diameter of 20 mm UD; 20 PW - specimen with a diameter of 20 mm with 

a plain weave  

 

The test carried out consisted of crushing the composite specimens in quasi-static 

conditions using a Zwick 100 kN testing machine for large specimens and a Zwick 30 kN for 
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small specimens, using three specimens for each case. The testing speed in both cases was 20 

mm/min. As a result of the tests, force-displacement graphs were obtained for all the cases 

tested (Fig.1.), determining the average force Pi and the maximum force Pmax. 

Based on all the obtained graphs, the energy was calculated, which was used to calculate 

the Specific Energy Absorption (SEA) according to the formula: 

 

                                                                        𝑆𝐸𝐴 =
𝐸𝑡𝑜𝑡

r𝐴𝑙
                                                                       (1) 

Etot – total energy, ρ – average density, A – cross-sectional area, l - displacement 

The obtained SEA results are summarized in the tables below (Table 1, Table 2). 

 

Table 1. Summary of results for 20 mm diameter specimens (UD-unidirectional prepreg, 

PW-plain wave prepreg) 

Specimen’s 

diameter, 

prepreg type 

Number of 

layers 

Areal 

density of 

prepreg, 

g/m2 

Composite 

density, 

g/cm3 

Pi, N Pmax, N SEA Q-S, J/g 
Price per 

1m2,€ 

20-UD 5 200 1,562 13847,31 14918,61 120,70 27 

20-PW 5 204 1,453 9492,12 11096,54 86,81 29 

Difference, % 0 1,96 7,50 45,88 34,44 39,03 7.41 

 

Table 2. Summary of results for specimens with a diameter of 42 mm (UD-unidirectional 

prepreg, PW-plain wave prepreg) 

Specimen’s 

diameter, 

prepreg type 

Number of 

layers 

Areal 

density of 

prepreg, 

g/m2 

Composite 

density, 

g/cm3 

Pi, N Pmax, N 
SEA Q-S, 

J/g 

Price per 

1m2,€ 

42-UD 10 200 1,562 64861,82 85279,86 132,14 27 

42-PW 10 204 1,453 41135,01 52402,49 86,37 29 

Difference, % 0 1,96 7,50 57,68 62,74 52,97 7.41 

 

Using five layers of UD prepreg for specimens with a diameter of 20 mm, SEA of approx. 

120 J/g can be obtained. Compared to five layers of PW prepreg, the absorbed energy SEA 

drops to 86 J/g. Consequently, the difference in SEA is 39% in favor of UD prepreg, 

additionally with a lower price of one square meter of raw material by 7%. 
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In the case of large specimens with a diameter of 42 mm, where ten layers of prepreg 

were used, the difference in the obtained SEA is almost 53% in favor of the UD prepreg, with 

a lower price of one square meter of this prepreg by 7%.  

The maximum force Pmax obtained for specimens with a diameter of 20 mm is 14 kN for 

UD specimens and 11 kN for PW specimens, which gives a difference of 34% in favor of the 

UD prepreg. For specimens with a diameter of 42 mm, the difference is 62% in favor of the UD 

prepreg.  

The average force Pi, which directly affects the amount of absorbed energy, is higher for 

specimens made of UD prepreg by 45% for smaller specimens and 57% for larger specimens, 

respectively. 
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Pavol Štefčák1, Ivan Gajdoš2, Ján Slota3 

Determination of robotics additive manufacturing accuracy based on 

optical scanner  

Abstract 

Large-format additive manufacturing (LFAM) is increasingly recognized as a cost-

effective and flexible approach for producing large-scale parts and components in specific 

industrial sectors. A key current challenge lies not only in meeting the growing demand but also 

in exploring new application areas and addressing emerging manufacturing constraints. Today, 

a range of additive manufacturing technologies are utilized in gantry-based and robotic arm-

based LFAM systems. These technologies enable the fabrication of three-dimensional parts 

through methods such as polymer extrusion, concrete and ceramic extrusion, continuous carbon 

fiber extrusion combined with thermoplastic coatings, among others [1][2]. One of the main 

advantages of integrating industrial robots into these processes is their outstanding dexterity 

and flexibility, coupled with relatively low cost. However, achieving high positioning precision 

remains a critical aspect of robot programming that directly impacts the quality of the 

manufacturing outcome. Positional inaccuracies may arise from several factors, including 

manufacturing tolerances, parameter measurement errors, geometric deviations, and the low 

rigidity of robot joints [3]. Several techniques exist for measuring the position of the end-

effector, each differing in terms of accuracy, complexity, the size of the calibrated workspace, 

cost, and data acquisition time. Commercial tools such as coordinate measuring machines 

(CMMs), laser interferometers, and telescoping ballbars can assess robot positioning accuracy 

down to a few micrometers [4]. Although prior research has evaluated the impact of workspace 

positioning on part accuracy, these assessments have predominantly been conducted in the 

context of milling applications [5].  

Our paper investigates the accuracy of six-axis industrial robots in large-format additive 

manufacturing, focusing on the relationship between robotic repeatability and the dimensional 

accuracy of printed components. A total of six simple shaped samples were produced to verify 

the accuracy of the robot FANUC CRX-25iA equipped with pellet extruder MDPH2 (Fig. 1). 
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Fig.1 Samples to verify the accuracy,  A- cube shape, B- Cylinder shape 

 

The samples were then scanned (Fig. 2) on GOM scan 1 optical scanner with structured 

light and samples were evaluated for criteria such as material thickness, surface deviation, 

comparison in different cross-sections by planes ZX , ZY , flatness, parallelism and for 

cylindrical specimens also of circularity.  

 

 

Fig.2 Evaluation of manufactured samples Cube shaped (Left) Cylinder shaped (Right) 

 

In summary, it can be concluded that the position of the samples had an impact on the 

accuracy of the print and that by subsequent scanning it is possible to evaluate to what extent 

the accuracy of the robot was guaranteed. In the case of our workplace, the smallest deviation 

values were measured in the centre of the printing area, for example for the material thickness 

criteria of 0.61 mm for the cube and 0.76 mm for the cylinder, which then increased towards 

the edges of the substrate where the robot took the final position by different kinematic 

approaches. 
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Jarosław Wójcik1, Janusz Tomczak1, Tomasz Kusiak1   

The influence of tools geometry on the incremental forming process  

of thin-walled components  

Abstract 

The essence of incremental forming of thin-walled sheet metal components is the ability 

to manufacture products with different geometries using a single set of tools. Therefore, 

incremental methods have advantages over conventional methods, in which rigid tools shape  

a product with a geometry that reflects the shape of the tool. Among the incremental methods 

of shaping thin-walled components, there are known methods of single-point and multi-point 

incremental forming for which research is still being conducted on the influence of process 

parameters on the quality of shaped products [1]. Incremental forming can also be used in sheet 

metal bending processes, where the forming tool is a mandrel moving along a defined trajectory 

[2]. Spinning and flow forming methods used mainly for shaping axisymmetric components are 

also known [3]. When comparing conventional and incremental technologies for manufacturing 

sheet metal components, it is possible to note the main disadvantage of conventional methods 

- the need to manufacture new tools and replace them when changing the manufactured range. 

Research on incremental shaping of thin-walled components is being carried out at the 

Lublin University of Technology. Numerical simulations of this technology were carried out 

and a numerical-controlled machine was designed. Fig. 1a shows the initial stage of the forming 

process. Attached to the machine worktable is a support on which the sheet metal is fixed. The 

machine worktable has the ability to move in two horizontal axes. Eventually,  

a rotary table will also be available. The support roller placed over the sheet metal has the task  

of pressing the sheet metal against the support, as well as shaping the internal bending radius. 

The shaping roller is positioned so that it is under the sheet metal - its task is to shape the sheet 

metal on its outer surface. Both rollers in the process are driven by induction motors, so they 

rotate in opposite directions. It is possible to shape without a preset rotational movement. The 

rollers will rotate as a result of contact between the tool surfaces of and the sheet metal 

generating frictional forces. Both the shaping roller and the support roller can move in the 

vertical axis. The shaping roller also has the ability to move in the horizontal axis. It is possible 
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to change the distance between the rollers. In addition, the shaping roller can be tilted during 

the process. Fig. 1b shows the final stage of the process with the shaped product. Once the semi-

finished product is attached and the tools are set, the machine's work table moves along  

a defined trajectory. During this movement, the rollers incrementally shape the sheet metal. 

Then, after each pass, the shaping roller moves in the vertical axis, and the machine worktable 

moves again along the defined trajectory.  In the final stage of the process, the support roller 

also moves in the vertical axis, removing the resulting inaccuracies in the shape of the product. 

On the basis of numerical simulations, it was determined that due to such kinematics  

of tool movement, the product is characterized by better quality - there is no unfavorable folding 

of the sheet surface. Based on the analysis using FEM, the range of technological parameters 

for which experimental tests will be carried out has been established. 

This paper focuses on the results of numerical simulations of the incremental forming process 

of sheet metal with different thicknesses (ranging from 1 to 5 mm) using three different tool 

variants. In the cases analyzed, both rollers had the same geometries for the variant. However, 

it can be assumed that the use of geometrically different rollers for a given variant will affect 

the quality of the shaped products. Therefore, the choice of geometry of shaping tools has  

a decisive impact on the quality of products.  

 

Fig.1. Diagram of incremental sheet metal forming: a) initial stage, 

 b) end of the process 
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Andrzej Gontarz1, Piotr Surdacki1, Grzegorz Winiarski1, Konrad Lis1 

Selected Aspects of the Rolling Process of Steel Rings Using Sleeves 

Abstract 

In general, the ring rolling process is divided into two types: radial and radial-axial. For 

these two types of ring rolling processes, it is difficult to achieve a large increase in ring height. 

In contrast, in the sleeve ring rolling process, a large increase in both the diameter and height 

of the ring can be achieved. The proposed forming method mainly ensures the stability and 

ultimate roundness of the deformed product due to the inner surface of the stop roller, without 

guide rollers and a complicated control scheme. A schematic of the process is shown in 

Figure 1. 

 

Fig.1 Diagram of the ring rolling process using a sleeve, 1 - main roller, 2 - mandrel, 

3 - sleeve, 4 - ring  

The entire forming process involves two stages: the radial ring-rolling stage and the axial 

forming stage (Fig. 2.).  

 

Fig.2. The course of the process 
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Numerical analysis of the process was carried out on the basis of the finite element 

method (FEM), using the software package Simufact Forming 2024.4.  The results of the 

theoretical study are shown in Figure 3. 

 

a) 

 

b) 

Fig.3. Results of numerical analysis, a) effective plastic strain distribution [-], 

b) temperature distribution [°C] 

Based on the results of the analysis, an actual process was carried out, which resulted in 

a defect-free ring (Figure 4.). 

 

a) 

 

b) 

Fig.4. Experimental research, a) research site, 1 - main roller, 2 - mandrel, 3 - sleeve, 

4 -  ring, b) final shaped ring 

It should be said that the use of sleeve during the rolling process eliminates defects: ,,fish 

tail”, taper shape, ovalization, polygonal shape. During the process, round rings of a certain 

outside diameter are obtained, which allows for repeatability of the process and reduction of 

technological allowances associated with the removal of ovality. The calibration operation is 

eliminated. 

Due to the advantages of controlling the stability and roundness of the ring and achieving 

a large increase in both the diameter and height of the ring, the proposed ring rolling process 

has potential. 
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Piotr Surdacki1, Andrzej Gontarz1, Grzegorz Winiarski1 , Konrad Lis1 

Analysis of the Influence of Tool Speed on the Cross-Section of the Formed 

Ring During Ring Rolling in the Sleeve 

Abstract 

The ring rolling process is generally divided into two types: radial and radial-axial. In 

both cases, it is difficult to achieve a large increase in ring height and perfectly round rings. In 

the sleeve ring rolling process, a large increase in both the diameter and height of the ring can 

be achieved. This molding method ensures the stability and final roundness of the shaped 

product due to the inner surface of the thrust roller, without guide rollers and a complicated 

control scheme. A schematic of the process is shown in Figure 1. 

 

Fig.1. Diagram of the ring rolling process using a sleeve, 1 - main roller, 2 - mandrel, 

3 - sleeve, 4 - ring  

The article describes the effect of tool speed on the cross-sectional shape of the rings and 

material loss. Material loss were determined as:  

                    𝛿 =
𝑉𝑙

𝑉0
∗ 100%                          [1] 

where: 

V0 – the initial volume of the billet in mm3, 

Vl – the volume of material loss in machining in mm3, which can be calculated from the 

following dependence: 

                                                  𝑉𝑙 = 𝑉𝑓 −
𝜋∗(𝐷𝑓

2−𝑑𝑓
2)∗ℎ𝑓,𝑚𝑖𝑛

4
                                        [2] 

where: 

Df – final outer diameter of the ring, 
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df – final inner diameter of the ring, 

hf,min – final smallest ring height. 

The theoretical analysis of the process was carried out on the basis of the finite element 

method (FEM), using the software package Simufact Forming 2024.4. The analysis was carried 

out for a single rotational speed (ng= 90 RPM), only the infeed speed of the shaping tool was 

changed (V = 1 mm/s, 3 mm/s, 5 mm/s, 7 mm/s, 9 mm/s). A defective ring was obtained for the 

higher addition speed. The results of the analysis are shown in Figure 2. The Figure 2 c shows 

the loss of material for each variant of the analysis. Figure 3 shows the material loss values as 

a function of feed speed. 

 

a) 

 

b) 

a) 1 mm/s 

b) 3 mm/s 

c) 5 mm/s 

d) 7 mm/s 

e) 9 mm/s 

 

c) 

 

Fig.2. Results of theoretical analysis, a) strain distribution [-], b) temperature 

distribution [°C], c) defective ring shaped at: V = 10 mm/s, ng= 90 RPM 

 

Fig.3. Coefficient δ as a function of feed speed 

Due to the advantages of controlling the stability and roundness of the ring and the height 

of the ring, the cylindrical ring rolling process analyzed has potential and prospects in the 

production of thin-walled cylindrical rings. However, it is important to properly select the 

speed parameters. 
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Kacper Preisnar 

Validation of turbocharger compressor cooling using pulsating heat pipes 

using computational fluid dynamics simulations and bench tests. 

Abstract 

The aim of the work was to develop and validate an innovative turbocharger compressor 

cooling system using Pulsating Heat Pipes (PHP) [1]. The main problem that was solved was 

the phenomenon of oil coking in the cold part of the turbocharger, which negatively affected its 

efficiency and service life. Traditional cooling methods, such as water jackets, would require 

interference with the engine cooling system, which was unacceptable for BorgWarner 

customer. During the work, two numerical models of the turbocharger were prepared - one 

without cooling, the other with PHP cooling - and CFD (Computational Fluid Dynamics) 

simulations were carried out using conjugate heat transfer (CHT - Conjugate Heat Transfer). 

The models took into account the full geometry of the turbocharger, including the compressor 

and turbine sides, as well as a carefully prepared computational mesh. The cooling model used 

four PHP loops made of 4 mm copper tubes, arranged in the compressor and bearing housing. 

The spaces between the tubes and the housing were filled with thermally conductive grease. 

Simulations showed that the use of PHP allows for a reduction in the air temperature at the 

compressor outlet by about 7–8°C and a significant reduction in the temperature of solid 

elements, which can effectively reduce the phenomenon of oil coking. In order to validate the 

simulation results, bench tests were performed on a prototype turbocharger equipped with PHP. 

The tests confirmed the effectiveness of cooling – a temperature drop of 8–10°C was observed 

at key measurement points. Additionally, thanks to the use of a thermal imaging camera, the 

pulsating nature of the heat pipes' operation was confirmed. 
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Feliks Stachowicz1 

Change of surface topography of copper sheets as a result of plastic 

deformation 

Abstract 

      It is common knowledge that the plastic properties of metallic materials depend on 

their internal structure. For many materials, this relationship can be described by the Hall-Petch 

equation, which indicates (among other things) a linear relationship between the yield stress 

and the inverse square root of the grain size - 𝜎 = 𝜎0 + 𝑘𝜎𝑑−0.5, where: 𝜎0 - initial yield stress,  

d – average grain size.  

      The grain size in plastically deformed sheets also affects the intensity of changes in 

the surface topography, which results, among others, from changes in the material structure - 

reorientation and deformation of grains (Fig. 1). According to the proposal of Fukuda et al. [2], 

the intensity of surface roughness increase due to plastic deformation depends on the grain size: 

𝑅 = 𝑅0 + 𝑘𝑅dεe. The results of our own research [3] have shown that more accurate description 

of this relationship can be obtained by introducing the square root of the grain size into this 

equation: 𝑅 = 𝑅0 + 𝑘𝑅𝑑0.5εe. 

 

        

Fig.1 Microstructure of the samples before deformation (left) and after deformation to the 

value of ε=0.35 (right) 

 

      The results of experimental measurements of the surface roughness parameter Rmax 

of copper sheets with different grain sizes plastically deformed in uniaxial and biaxial tensile 

tests (hydraulic bulging) allowed the determination of the following relationships - Table 1. 
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The aim of this study is to propose that a linear equation indicating a linear relationship 

between the value of the "surface smoothness" parameters and the inverse square root of the 

grain size should be used to describe changes in the surface topography of plastically deformed 

copper and brass sheets, similarly to the Hall-Petch equation - 𝑆 = 𝑆0 + 𝑘𝑆𝑑0.5εe. The surface 

smoothness parameters are defined as the inverse of the roughness parameters Smax = 1/Rmax. 

 

Table.1 The value of the surface roughness parameter Rmax as a function of effective 

strain of copper sheets with different grain sizes 

 

Grain size  

µm 

Square root of 

grain size, µm-0.5 

Equations describing the dependence of the 

Rmax parameter on the effective strain 

48.8 6.98 Rmax = 3.2 +31.3 εe 

79.9 8.93 Rmax = 2.9 +40.4 εe 

110.7 10.52 Rmax = 3.0 +45.9 εe 

134.1 11.58 Rmax = 3.2 +70.2 εe 

 

The analysis of the obtained results showed a linear relationship between the changes in 

the surface topography of copper sheets with different grain sizes as a result of plastic 

deformation (Fig. 2) - the lowest agreement in the description of this relationship was found 

using the equation according to Fukuda et al. [2], and the best when introducing the proposed 

"surface smoothness" parameter. 

  

 

 

    

   Fig.2 Comparison of the accuracy of 

the description of the dependence of 

the surface topography parameter 

value on the grain size of deformed 

copper sheets using the equations: 

according to [2] - upper left graph; 

according to [3] - upper right graph; 

and according to the new proposal - 

lower graph 
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Tomasz Kusiak1, Janusz Tomczak1, Jarosław Wójcik1 

Effect of normalizing annealing on the microstructure and mechanical 

properties of bimetals produced in a CNC skew rolling mill  

Abstract 

Contemporary technological development generates a growing demand for new 

engineering materials, such as bimetals, which combine different metal properties within a 

single structure. One of the modern methods for their production is skew rolling, performed 

using an innovative three-roll CNC skew rolling mill. This technology enables the durable 

bonding of two metals or alloys with differing properties, while simultaneously allowing for 

the formation of axisymmetric products or semi-finished products with variable cross-sections, 

without the need for costly, dedicated tooling [1, 2]. Thanks to lower rolling forces compared 

to conventional methods, it is also possible to significantly reduce energy consumption and 

production costs, which is particularly important in low-volume or unit production [3]. 

The aim of this study was to determine the effect of normalizing annealing on the quality 

of the bond in a C60/S355 bimetallic rod produced using skew rolling technology (Fig. 1). 

 

Fig. 1. Schematic of the C60/S355 bimetallic rod; L – length, D – diameter of the outer layer, 

d – diameter of the core 

Normalizing annealing is a heat treatment process involving heating the material to an 

appropriate temperature, followed by controlled cooling, in order to obtain a homogeneous 

microstructure and improve mechanical properties. This process enables the structural 

alignment of the bimetal layers and increases the strength of their bond, which is crucial for 

structural components requiring a combination of diverse material properties. 

Two technological variants were examined, differing in the heating atmosphere of the 

billet to a temperature of 1180 °C – one without protection and the other in a protective 
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atmosphere to prevent decarburization of the bonding surface. The analysis covered 

microstructure, average grain size, microhardness, and shear strength after the normalizing 

process. 

The results showed that normalizing annealing positively influences the improvement of 

microhardness and the durability of the bimetal, enhancing its functionality in further 

engineering applications. 
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Emil Spišák1, Janka Majerníková1, Peter Mulidrán1  

Optimization of technological parameters when drawing cups from steel 

sheets  

 

Abstract 

The article deals with the evaluation of the deep drawing process of steel sheets, 

particularly the height of the yield edges because of the anisotropic behavior of these materials. 

Two high-strength steel sheets - microalloyed steel HX420 with a thickness of 0.7 mm and steel 

with transformation-induced plasticity TRIP RAK40/70 with a thickness of 0.75 mm - were the 

subject of the investigation. The plastic behavior of the material was experimentally verified by 

drawing cups from circular blanks with a size of 63 mm using a cupping test. The prediction of 

the output parameters consisted in the use of strengthening models according to Hollomon and 

Krupkowski, together with plasticity theories according to Hill48 and Barlat, using implicit and 

explicit simulation. 

 

Fig.1 Comparison of the ear height for material HX420  
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Fig.2 Comparison of the ear height for material TRIP 

 

Conclusion  

Based on the results obtained from the simulations, we can conclude that for material 

HX420 (Fig. 1) the models using the theory according to Hill appeared to be the most ideal. In 

the case of the TRIP RAK40/70 material (Fig. 2) the cups have relatively little earrings. The 

deviations of the individual models are not large.  
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Grzegorz Winiarski1, Andrzej Skrzat2, Marta Wójcik3 

Analysis of selected fracture criteria in the radial extrusion process  

 
Abstract 

Radial extrusion of hollow products is a method in which the direction of flow of the 

material is perpendicular to the direction of movement of the punch. As a result, it makes it 

possible to shape products that have lateral projections in the form of flanges and steps, among 

others. One of the limitations of the technology is the possibility of material cracking, which 

affects the achievable maximum diameter of the extruded flange [1, 2]. The realized research 

focuses on the analysis of the process with special attention to the phenomenon of cracking. 

Their goal is to determine the possibility of predicting the loss of material cohesion at the stage 

of technology design. As part of the research, an advanced numerical model of the radial 

extrusion process was developed, which will allow a detailed analysis of the process flow and 

kinematics of the deformed material. 

A radial extrusion process was analyzed using a hollow billet with dimensions ø20 x ø14 

x 80 mm made of EN AW 6060 aluminum alloy. It was assumed that the process would be 

carried out under cold forming conditions, and the initial temperature of the billet and tools was 

assumed to be 20°C. The height of the die zone in which the extruded flange is shaped was 

assumed to be equal to the wall thickness of the billet, i.e. 3mm. Studies on the phenomenon of 

cohesion loss of the material were realized based on numerical calculations. In these, four 

different fracture criteria were adopted, i.e. Cockcroft and Latham, Ayada, Brozzo and Oh. 

The distributions of the values of each damage function at the moment when the flange 

reaches its maximum diameter (due to cracking) are shown in Figure 1. It can be seen that for 

each criterion the maximum values are located at the flange edge. This is in agreement with the 

results of experimental studies, which indicate that cracking occurs in the aforementioned zone 

[3].  
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The conducted research made it possible to determine the limits values of each fracture 

criterion, which makes it possible to predict the moment and location of material cohesion loss 

on the basis of numerical calculations. 

 

Fig.1. Distribution of damage function according to: a) Ayada, b) Brozzo,  

c) Cockcroft and Latham (in MPa), d) Oh in flanged hollow product 
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Jacek Michalczyk 

Modelling of manufacturing processes for cylindrical products witch splines  

Abstract 

Splines are used to create spline, or movement, connections without any intermediate 

components. They are usually used to fit hubs onto shafts. Splines are more difficult to 

manufacture than keyed shafts, but are more durable, longer-lasting and therefore used in more 

responsible applications. Spline (multi-spline) shafts allow high torsional moments to be 

transmitted. As standard, for normal conditions, they are manufactured using CNC technology 

from C45 steel (to ESN 12 050), according to ISO14 (DIN 5463). Components with splines are 

manufactured using conventional CNC technology. As is well known, CNC technology ensures 

high dimensional accuracy, so it is not possible to eliminate it completely from the 

manufacturing process. The disadvantage of CNC is the low material yield due to the large 

waste material created during the cutting process, especially when the feedstock for a spline 

cylinder is a rod or disc reaching up to 45% of the total material volume. In order to increase 

the yield of the material, plastic forming was proposed by using two methods of shaping by 

extrusion and pressing. The forming methods are proprietary developments that are patents for 

inventions. Process modelling was carried out using materials typical of this type of product, 

i.e. C45 steel and Rg 7 bronze. 

Extrusion methods 

1 Extrusion and flange pressing. 

The method consists of placing a cylindrical charge in a tubular container on a pressing 

mandrel. The mandrel has a chamfered top edge at an angle of approximately 30° to the vertical 

axis. The workpiece is pressed with the top punch causing radial and angular concurrent 

extrusion. The feedstock is extruded through the opening of the annular die, between the eyelet 

of the annular die and the pressing mandrel, forming a conical sleeve with an internal diameter 

larger than the diameter of the pressing mandrel. The feedstock is pressed with the top punch 

until a conical sleeve with a bottom thickness determined before the process starts is extruded 

through the opening of the annular die. Subsequently, the annular die, which has a slanted, two-

stage inner wall with the slope of the wall on the tubular side corresponding to the chamfer 

angle of the top edge of the pressing mandrel, is moved downwards along the pressing mandrel.  

Thus, further plastic shaping of the tapered sleeve is carried out by lengthening and reducing 
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its wall thickness. As a result of the pressure of the annular die on the wall of the conical 

bushing, its resulting flange is initially rolled out at the junction of the mandrel and its flange 

base. A schematic diagram of the process is shown in Fig.1. 

 

Fig.1 Method of extruding and pressing the sleeves 

2. Variable section extrusion 

The method is an adaptation of the extrusion of cylinders with a variable cross-section 

spigot. The punch, by applying pressure to the feedstock in the form of a rod, deforms it in such 

a way that, entering the sleeve in strips, it gradually pushes the feedstock out of the sleeve, 

causing it to swell outside the sleeve area. Once the charge is completely removed from the 

sleeve, the locking mechanism is released and the sleeve is pushed down the cylindrical 

container by the flanged end of the punch. At the same time, together with the punch, the 

previously swollen charge is extruded through the clearance between the cylindrical container 

and the tool plate. Once the feedstock has been extruded through the punch and sleeve, a 

complex-shaped sleeve is obtained, followed by the partial removal of the ejector from the tool 

plate and the belted entry of the punch into its opening, which makes a hole in the product 

spigot. A schematic diagram is shown in Figure 2. 

 

Fig.2 Schematic diagram of the extrusion of a variable cross-section sleeve 
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Janette Brezinová1 

Possibilities of using manual laser welding in joining aluminum alloys 
Abstract 

The paper presents the results of research aimed at determining the quality of welds using 

manual laser welding. The influence of welding parameters on the quality of welds was 

evaluated. Two types of filler materials were used - AlSi5 and AlMg3. The basic material was 

an aluminum alloy of the Roll bonding type. Roll bonding (RB) describes solid-state 

manufacturing processes where cold or hot rolling of plates or sheet metal is carried out for 

joining similar and dissimilar materials through the principle of severe plastic deformation. The 

quality of welds was evaluated by visual examination, determination of weld microhardness 

and static tensile test. 
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Łukasz Wójcik1 

Physical Modelling with Plasticine for Phenomena Identification in  

Cross-Wedge Rolling 

Abstract 

The conducted research focuses on the physical modelling of the cross-wedge rolling 

process, utilizing commercial PRIMO plasticine as a material to simulate hot-formed steel. 

Physical modelling is a recognized simulation method that facilitates the analysis of processes 

and phenomena occurring during plastic metal forming. The main advantages of this method 

include the ability to conduct experiments and preliminary studies in laboratory conditions, 

without the need to involve an industrial environment. This significantly reduces costs and 

allows for real-time observation of the forming process.  n this part of the research, physical 

modelling of the Mannesmann phenomenon was performed using the channel-pressing method. 

The obtained results were compared with data for C45, 50HS, and R260 steels. The final phase 

of the research focused on the possibilities of physically modelling limitations encountered 

during cross-wedge rolling, such as internal cracks, slips, necking, and ruptures of the formed 

product. 

Internal cracks, known as the Mannesmann effect, are characterized by the formation of 

porosities and cracks within the formed product. Model studies of the Mannesmann 

phenomenon were conducted using the rotary disk pressing method in a channel. Samples with 

dimensions of Ø40×20 mm were heated in an electric chamber furnace to temperatures of 

950°C, 1000°C, 1050°C, 1100°C, and 1150°C. These studies allowed for precise determination 

of the path along which the sample fractured. 

In the case of model studies, white and black PRIMO plasticine was used, and the 

processes were carried out at scales of 1:2 or 1:2.5 relative to actual tools. Model studies were 

conducted for six temperatures: 0°C, 5°C, 10°C, 12°C, 15°C, and 20°C. The possibility of using 

commercial PRIMO plasticine (white and black) as modeling materials for physical studies of 

the Mannesmann phenomenon by the channel-pressing method was confirmed.  

The final phase of the research focused on the possibilities of physically modelling 

various limitations occurring during cross-wedge rolling, including internal cracks, slips, 
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necking, and ruptures of the formed product. These phenomena are often caused by improper 

selection of the geometric parameters of the forming tools, such as the forming angle (α) and 

the wedge opening angle (β). The recommended forming angle ranges from 15° to 40°. 

Increasing this angle value leads to an increase in the tensile force on the forging, which can 

result in the formation of necking on the material surface. Conversely, an excessively small 

angle (below 15°) promotes the formation and propagation of cracks within the product. The 

wedge opening angle should be selected from the range of 3° to 15°. Decreasing this angle 

shortens the tools, while exceeding 15° can lead to uncontrolled slips between the material and 

the tools.  

Actual experiments were conducted on C45 steel formed at a temperature of 1150°C. 

Three different sample diameters were used: Ø26×210 mm, Ø33×150 mm, and Ø40×210 mm. 

The tools for internal crack studies had a forming angle α=−15° and a wedge opening angle 

β=−10°, which was intended to initiate crack formation along the product's axis. The tools for 

studying slips, necking, and ruptures were characterized by a forming angle α=45° and a wedge 

opening angle β=11°. The studies revealed the presence of axial cracks of various diameters 

and lengths in the samples. Screw-type necking was observed on samples with medium and 

largest diameters, which initiated rupture. 

Model studies were conducted using white and black commercial PRIMO plasticine, 

applying a 1:2.5 scale relative to the actual tools. The forming temperature of the modelling 

materials was set at 5°C, which corresponded to C45 steel formed at 1050°C. Model samples 

had dimensions of Ø10.4×84 mm, Ø13.2×60 mm, and Ø16×40 mm, allowing for three different 

degrees of reduction. It was found that material cracking within the forging could not be 

modelled, but the physical modelling of other limitations (slips, necking, ruptures) was 

successfully carried out. 

The conducted theoretical and experimental studies confirmed that physical modelling 

with commercial plasticine allows for the analysis of material flow kinematics and the 

prediction of force parameters and occurring limitations. Finally, the physical modelling of 

cross-wedge rolling showed high convergence of results with actual studies, both in terms of 

force parameters, shape, and product defects. 
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Konrad Lis1, Piotr Surdacki2 

Analysis of the Effect of Skew Rolling Parameters on the Radial Force 

Using Machine Learning Methods 

Abstract 

This paper presents the application of machine learning regression models for the 

prediction of radial force acting on a tapered roll during the skew rolling process. The aim of 

the study is to develop data-driven models that allow for accurate estimation of process forces 

without the need for time-consuming and computationally intensive FEM simulations [1]. This 

approach facilitates the faster development of rolling parameters and tool geometries, 

significantly shortening the preparatory phase of manufacturing. Machine learning methods are 

already being used in sheet metal forming in particular to detect material defects [2, 3].  

The study was based on experimental data obtained during skew rolling of stepped shafts 

made of C60-grade steel [4]. Three models were evaluated: Support Vector Regression (SVR), 

Random Forest Regressor, and XGBoost Regressor (XGB). The input parameters included the 

forming angle α, skew angle θ, reduction ratio δ, and axial chuck velocity Vu. The radial force 

values were used as the prediction target. Evaluation metrics included the coefficient of 

determination (R²) and root mean square error (RMSE) for both training and test datasets. 

The results indicate that all models achieved a satisfactory level of generalization. The 

Random Forest Regressor provided the best performance on the training set (R² = 0.86, RMSE 

= 3.12 kN) and also maintained strong generalization to the test set (R² = 0.83, RMSE = 2.92 

kN). The SVR model, however, showed the higher training accuracy (R² = 0.88,  

RMSE = 2.9 kN) and maintained very good performance on the test set (R² = 0.85, RMSE = 

2.73 kN), indicating strong generalization and minimal overfitting. XGBoost achieved the 

highest R² (0.94) and lowest RMSE (2.15 kN) on the training set, although with slight 

performance degradation on the test set (R² = 0.85, RMSE = 2.74 kN), suggesting some degree 

of overfitting. 

The use of machine learning models to predict radial forces opens a promising alternative 

to finite element simulations in skew rolling. These models can significantly enhance process 
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design efficiency by enabling rapid force estimations during parameter tuning. In the next stage 

of research, the models will be extended to predict radial forces for various stepped roll 

geometries, further supporting flexible and automated rolling setups. 
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SELECTED PROCESSING PROBLEMS OF CHOSEN COMPOSITIONS 

PHA - BASED POLYMERS WITH POLYURETHANES MODIFIERS  

Abstract 

The paper presents the problems of processing modern polymer compositions of chosen 

compositions PHA - based polymers with polyurethanes modifiers. 

In particulary the effect of polyurethane addition in amounts of 5, 10 and 15% on the 

processing properties of compositions produced from P3HB and PHBV was investigated.  

Modifications of P3HB and PHBV with polyurethanes improve the properties of the 

compositions in selected areas of application. The method of manufacturing the compositions 

by extrusion and the injection molding process of specimens for testing the mechanical 

properties of the produced material are presented. The range of processing parameters used in 

manufacturing was indicated and the properties of the obtained composition were characterized. 

The test specimens were produced by means Dr Boy 55E injection molding machine. The 

parameters of the injection molding process were determined based on experience with similar 

materials and with the help of the Priamus system. Particular attention was paid to 

technological problems occurring in given configurations of processing parameters for both 

technologies. Methods, the influence of some external factors and some technical solutions that 

allow processing technologies to be carried out in a satisfactory manner are indicated. 

Processing temperature, the residence time of the material in the plasticizing system of 

machines, methods of cooling products and their defects depending on the method of used 

technological process were considered, especially. Selected processing parameters are 

presented in Tables 1-3. 

Table.1 Processing parameters of the PHBV + 10% PUR composition on a ZAMAK 

RES-2P12A Explorer twin-screw extruder 

Head Zone 7 Zone 6 Zone 5 Zone 4 Zone 3 Zone 2 Zone 1 Charge 

160oC 160oC 160oC 160oC 160oC 160oC 155oC 145oC 50oC 
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Table.2 Processing parameters of the P3HB + 10% PUR composition on a ZAMAK 

RES-2P12A Explorer twin-screw extruder 

Head Zone 7 Zone 6 Zone 5 Zone 4 Zone 3 Zone 2 Zone 1 Charge 

173oC 173oC 173oC 172oC 172oC 171oC 171oC 170oC 50oC 

 

Table.3 The injection parameters of specimens from PHBV composition with 10% 

polyurethane 

Parameter Value 

Mold temperature [°C] 60 

Melt temperature [°C] 167 

Cooling time [s] 25 

Packing time [s] 25 

Packing pressure [MPa] 30 

Flow rate [cm3/s] 35 
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