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Venue
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Sunday, 2nd March

16:00–19:00	 Registration, Main Hall
18:00–20:00	 Casual Buffet Dinner, Restaurant

Monday, 3th March

8:55	 Opening Ceremony
9:00–9:40	 Plenary lecture, Pieno room
9:40–10:00	 Industrial lecture, Pieno room
10:00–12:00	 Morning lectures in two rooms:

Modelling of processes and materials, Pieno room
Artificial intelligence and machine learning, Luna room

12:00–12:05	 Conference Participants photo in front of the hotel
12:05–13:00	 Lunch, Restaurant
13:00–13:40	 Plenary lecture, Pieno room
13:40–14:00	 Industrial lecture, Pieno room
14:00–16:00	 I Afternoon lectures in two rooms:

Advanced modelling of rolling processes, Pieno room
Atomic and micro scale simulations, Luna room

16:00–16:20	 Coffee break
16:00–18:00	 II Afternoon lectures in two rooms:

Application of numerical methods in medicine, Pieno room
Physical Informed Neural Networks, Luna room

19:20–19:30	 Transfer to regional restaurant
19:30–22:00	 Regional evening
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Tuesday, 4th March

9:00–13:00	 Morning Winter sports
13:00–14:00	 Lunch, Restaurant
14:00–15:20	 Plenary lectures, Pieno room
15:20–15:40	 Coffee break
15:40–17:00	 Afternoon lectures in two rooms:

Numerical modeling of modern materials, Pieno room
Digital Twins and Big Data applications, Luna room

19:30–22:00	 Formal Banquet, Hotel Restaurant

Wednesday, 5th March

9:20–10:00	 Plenary lecture, Pieno room
10:00–10:20	 Industrial lecture, Pieno room
10:20–10:40	 Coffee break
10:40–12:00	 Morning lectures in two rooms:

Advanced numerical models and techniques, Pieno room
Discrete and coupled modelling, Luna room

12:00–13:00	 Lunch, Restaurant
13:00	 Transfer to Krakow
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Plenary speakers

Nirupam Chakraborti,  
Faculty of Mechanical Engineering, Czech Technical 
University in Prague

Professor Nirupam Chakraborti was educated in India and in the USA, 
receiving his B.Met.E from Jadavpur University followed by an MS from 
New Mexico Tech, USA and subsequently PhC and PhD degrees from 

University of Washington, Seattle, USA. He lectured and conducted research in numerous univer-
sities worldwide. He is a former Docent of Åbo Akademi, Finland, former long term Visiting Pro-
fessors of Florida International University, Miami, USA and POSTECH, Korea, and he also taught 
and conducted research at several other academic institutions in Austria, Brazil, Finland, Germany, 
Italy and the US. He was a Higher Academic Grade Professor at Indian Institute of Technology, 
Kharagpur and since 2022, after superannuating in India, he is working as a Visiting Professor of 
Czech Technical University in Prague. He is a Co-Editor of the prestigious journal Philosophical 
Magazine Letters published by Taylor and Francis. Internationally known for his pioneering work 
on evolutionary computation in the area of Metallurgy and Materials, Professor Chakraborti has 
been continuously rated among the top 2% highly cited world researchers in the Materials area, as 
per the reports published from Stanford University in the USA. Beside numerous journal articles, 
he is also author of a comprehensive book Data-driven Evolutionary Algorithms in Materials Tech-
nology published by CRC Press, USA/UK. His Plenary Lecture at KomPlasTech 2025 will invo-
lve a detailed description of the Evolutionary deep learning and optimization algorithm EvoDN2 
developed in his group, along with several examples of its application in the material design and 
manufacturing domain as currently pursued by him and his students.

Bartosz Iżowski, 
Rzeszów University of Technology, Poland

Bartosz Iżowski, PhD, is a Senior Materials and Stress Engineer in the 
Research and Development Department of one of the leading aerospa-
ce companies and an independent entrepreneur. With a career spanning 
over a decade, he specializes in leveraging advanced numerical methods 
to optimize manufacturing processes such as heat treatment, forging, and 

machining. Dr. Iżowski holds a B.Sc. and M.Sc. in Materials Science and Engineering from War-
saw University of Technology and a postgraduate diploma in Engineering of Casting and Metal 
Forming Processes from the Silesian University of Technology. He earned his PhD from the Fa-
culty of Mechanical Engineering and Aeronautics at Rzeszów University of Technology, where 
his doctoral research focused on modeling quenching distortion during high-pressure gas quen-
ching of gears made of Pyrowear 53 steel, designed for aerospace transmission applications. In 
his professional role, Dr. Iżowski has led projects addressing critical industry challenges, such as 
enhancing the durability of aerospace components, reducing material waste in forging operations, 
and optimizing heat treatment cycles for high-performance steels. He has successfully developed 
customized material and process models, implemented predictive tools for distortion and residual 
stress control, and contributed to the adoption of novel alloys and heat treatment methods for aero-
space applications. Dr. Iżowski is a trusted consultant for companies seeking to improve operational 
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workflows through numerical analysis, simulation-driven process optimizations, and tailored engi-
neering solutions. His efforts have been instrumental in improving production efficiency, material 
performance, and product quality across various manufacturing sectors.

Cristian Ciobanu, 
Department of Mechanical Engineering and in the Ma-
terials Science Program at Colorado School of Mines, 
US
Cristian V. Ciobanu is a Professor in the Department of Mechanical En-
gineering and in the Materials Science Program at Colorado School of 
Mines. Prior to joining the School of Mines in 2004, he was a postdoctoral 

fellow in the Division of Engineering at Brown University (2001-2004). He holds degrees in Phy-
sics from University of Bucharest (B. Sc., 1995) and Ohio State University (M.S., 1998 and Ph.D., 
2001). His research interests are in computational materials science and mechanics, specifically 
in structure-property relationships, nanoscale/nanomaterials problems, two-dimensional materials, 
materials for renewable energy applications, developments of evolutionary algorithms for compu-
tational materials design and optimization of atomic structures, self-organized nano and bio struc-
tures on crystal surfaces, among others. His research work in these areas has led to over 100 journal 
articles, two patents, and a book. Prof. Ciobanu is the current Chair of the Rocky Mountain Chapter 
of the American Vacuum Society, Fellow of the Royal Society of Chemistry, Fellow of the Institute 
of Physics; he is also a lifetime member of the American Physical Society (APS) and The Mineral, 
Metals and Materials Society (TMS). In addition to his teaching and research, Dr. Ciobanu carries 
out significant professional service in various editorial capacities for several journals (Materials 
Letters, Chinese Journal of Physics, Metals, Philosophical Magazine Letters, Materials Research 
Express), as well as technical paper and proposal reviewer and session chair/organizer for certain 
professional conferences.

Sebastian Pfaller, 
Institute of Applied Mechanics, Friedrich-Alexander-Uni-
versität Erlangen-Nürnberg, Germany
Sebastian Pfaller is a university lecturer at Friedrich-Alexander-Universi-
tät Erlangen-Nürnberg (FAU). He achieved is doctorate (degree Dr.-Ing.) 
in 2015 with the doctoral thesis entitled „Multiscale Simulation of Poly-
mers”. He habilitated on „Discrete and Continuous Methods for Model-

ling and Simulation of Polymeric Materials” in 2021 and is head of the Capriccio group, which 
he established at the Institute of Applied Mechanics at FAU. His research interests comprise in-
terdisciplinary and scale bridging simulations and their applications. This includes particle-based 
descriptions at atomistic and molecular resolution, material characterisation and development of 
continuum mechanical constitutive laws, which forms the basis for multiscale description of defor-
mation and failure processes in various kinds of amorphous materials like polymers and inorganic 
glasses as well as the understanding of interphases and interfaces in composites. He has acquired 
various third-party funding, among others for projects in the interdisciplinary research training 
group “Fracture across Scales” and in the collaborative international research project “BIO ART” 
on bio-sourced polymers. Following his strong interdisciplinary interests, he has collaborations 
with national and international experts from chemistry, physics, mathematics, materials science, 



and engineering science, is (co-)organiser of various (mini)symposia at international conferences, 
and is active as reviewer for international funding agencies as well as scientific journals. Seba-
stian Pfaller will present current research results on fracture simulations of amorphous materials 
like inorganic glasses and polymers. In this context, he will introduce the Capriccio method as 
a concurrent technique to couple a continuum to particle-based regions, which has been designed 
for amorphous thermoplastics and is also applied to thermosetting polymers and silica glasses. 
He will discuss current achievements with regard to its capabilities for quantitative predictions of 
fracture mechanical quantities as well as challenges in view of length and time scales involved in 
such simulations.

Sergio Rojas Hernandez, 
School of Mathematics, Monash University

Dr. Sergio Rojas is a Senior Lecturer in the Applied and Computational 
Mathematics section of the School of Mathematics at Monash University, 
Australia. His research focuses on numerical analysis, scientific compu-
ting, and mathematical modeling, with emphasis on developing and analy-
zing residual minimization-based numerical methods for solving complex 

Partial Differential Equations. These methodologies integrate state-of-the-art approaches such as 
Finite Element, Discontinuous Galerkin, Hybridizable Discontinuous Galerkin, Minimum-Residu-
al, and Variational Physics-Informed Neural Networks methods. Before joining Monash, Dr. Rojas 
was a Lecturer at Pontificia Universidad Católica de Valparaíso (PUCV), Chile, and a Research As-
sociate at Curtin University, Australia. He earned his PhD and MSc in Engineering Sciences from 
Pontificia Universidad Católica de Chile, where he specialized in analytical and semi-analytical 
methods for electromagnetic problems. Additionally, he holds a Master’s in Mathematics from the 
University of Pavia, Italy, and a Bachelor’s in Mathematics from PUCV.
In early 2024, we introduced RVPINNs, a robust extension of the Variational Physics-Informed 
Neural Networks (VPINNs) method. In RVPINNs, the loss functional is formulated using a Petrov-
-Galerkin-type variational approach, where the trial space consists of a (Deep) Neural Network and 
the test space is a finite-dimensional vector space. Unlike standard VPINNs, RVPINNs minimise 
a loss based on the discrete dual norm of the residual, providing a reliable estimator of the appro-
ximation error in the energy norm under the assumption of a local Fortin operator. This ensures 
more accurate approximations of the partial differential equations governing experimental data. 
However, a key challenge of RVPINNs is the need to invert a Gram matrix at each Neural Network 
nonlinear solver step, making the method computationally expensive if the variational formulation 
and discrete test space are not carefully selected.
In this talk, we will present recent advances in RVPINNs, focusing on adaptive strategies for test 
space selection and variational formulations that enable the construction of block-diagonal Gram-
matrices, significantly accelerating training while maintaining accuracy. We will also demonstrate 
the effectiveness and robustness of our approach through tailored numerical experiments, con-
firming theoretical error estimates and highlighting substantial improvements in computational 
efficiency.
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Plenary lectures

Monday, Pieno room

9:00	 Numerical predictions of fracture in amorphous materials:  
Current achievements and challenges

Sebastian Pfaller

13:00	 Recent Advances in Robust Variational Physics-Informed Neural 
Networks

Sergio Rojas Hernandez

Tuesday, Pieno room

14:00	 Forays in Functional High-Entropy Ceramic Materials
Cristian Ciobanu

14:40	 Data-Driven Deep Learning Evolutionary Algorithm EvoDN2: 
Development and Applications

Nirupam Chakraborti

Wednesday, Pieno room

9:20	 Modeling and Numerical Simulation of the Gas Quenching Pro-
cess of Pyrowear 53 Steel Gears

Bartosz Izowski

QR codes lead to pdf files containing extended abstracts. Applications capable to read QR 
codes can be found in Google Play (for Android) or Apple App Store (for IOS).
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Industrial lectures

Monday, Pieno room

9:40	 The simulation-driven automated process design for forging, 
rolling and extrusion

Nikolay Biba, Micas Simulations Limited trading as QForm 
UK

13:40	 Virtual Experimentation in Continuous Casting Using ‚MAGMA 
CC for Steel’ Simulation Tool

Ryszard Skoczylas, KomOdlew

Wednesday, Pieno room

10:00	 Development of nondestructive online investigation system with 
software controlling high frequency induction welding machine on 
the basis of an analysis of linear weld mechanical properties *

Robert Chrzan, Stalprodukt

* This activity has received funding from the European Union from the European Regional  
Development Fund under the Intelligent Development Operational Program,  

the National Centre for Research and Development: POIR.01.02.00-00-0091/19.
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Modelling of processes and materials

Monday morning, Pieno room

10:00	 Development of advanced Zn–Al–Mg coatings using  
thermodynamic calculations and physical simulation

Roman Kuziak, Krzysztof Radwański,  
Krzysztof Oleś, Krzysztof Kwapisz

10:20	 The design of thermomechanical processing of non-eqiatomic 
FeMnNiCoMo high entropy alloy for critical applications  
based on CALPHAD and ab-inito calculations 

Krzysztof Muszka, Kamil Cichocki, Paulina Lisiecka-Graca, 
Piotr Bala, Lutz Krüger, Sebastian Henschel

10:40	 Rheological Characterization of Heterogeneous Materials  
After Severe Plastic Deformation

Marcin Kwiecień, Krzysztof Bzowski, Bartłomiej Pabich, 
Szymon Bajda, Janusz Majta

11:00	 Enhanced metal flow control through targeted surface treatment of 
additively manufactured metal forming dies

Artem Alimov, Alexander Sviridov, Sergej Dubinin,  
Felix Jensch, Sebastian Härtel

11:20	 Multiscale numerical approach for cold levelling process based on 
digital material representation

Konrad Perzyński, Kamil Pyżyński,  
Sebastian Świerczyński, Janusz Kliś,  
Krzysztof Radwański, Roman Kuziak, Łukasz Madej

11:40	 Design and Implementation of a digital Infrastructure  
for autonomous Open-Die Forging

Roy Rechenberg, Grzegorz Korpala, Magdalena Jabłońska, 
Marek Wojtaszek, Krystian Zyguła, Marek Tkocz,  
Iwona Bednarczyk, Karolina Kowalczyk, Ulrich Prahl
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Artificial intelligence and machine learnings

Monday morning, Luna room

10:00	 Deep Learning-Based Analysis of High-Temperature Microstruc-
ture Dynamics with Experimental Soap Bubble Models

Grzegorz Korpala, Krzysztof Bzowski,  
Łukasz Rauch, Ulrich Prah

10:20	 The Role of Machine Learning in Metal Forming Technology: Mi-
crostructure Evolution, Heat Transfer Coefficient Determination 
and Flow Stress Modelling

Nikolay Biba, Olga Bylya, Denis Tretyakov, Artur Gartvig, 
Andrey Shitikov, Abhilash Puthanveettil Madathil,  
Aleksey Reshetov, Andrew Sherlock, Sergey Stebunov

10:40	 Multi-Aspect modeling in bainite microstructure recognition on 
steel products images based on supervising unsupervised learning

Tomasz Jażdżewski, Filip Hallo,  
Grzegorz Korpała, Krzysztof Regulski

11:00	 Explainable Artificial Intelligence (XAI) methods and their practi-
cal use in the heavy industry sector *

Wojciech Jędrysik, Piotr Hajder, Lukasz Rauch

11:20	 Industry 4.0 technologies in designing of monitoring systems **

Jakub Michalik, Marcin Hojny, Danuta Szeliga

11:40	 Development of a prediction model for the phases fraction in the 
microstructure of compacted graphite iron (CGI) using machine 
learning techniques

Sandra Gajoch, Łukasz Marcjan, Michał Zmarły,  
Dorota Wilk-Kołodziejczyk, Grzegorz Gumienny

(*, **) This activity has received funding from the European Union from the European Regional Development Fund  
under the Intelligent Development Operational Program, the National Centre for Research and Development:  

* POIR.01.01.01-00-0996/19, ** POIR.01.01.01-00-0031/21.
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Advanced modelling of rolling processes

Monday afternoon I, Pieno room

14:00	 Investigating Alligator and Edge Crack Formation in High-Silicon 
Grain-Oriented Electrical Steel During Cold Rolling

Vipul Jain, Abhijit Ghosh, Chandan Halder

14:20	 Influence of last deformations during thermo-mechanical rolling 
on the impact toughness of flat bars

Natalia Wolańska, Michał Piwowarczyk,  
Roman Kuziak, Valery Pidvysots’kyy,  
Łukasz Poloczek, Krzysztof Rodwański

14:40	 Thermomechanical simulations of a hot rolling process  
of DP600 steel

Tomasz Kaźmierski, Kamil Cichocki,  
Janusz Krawczyk, Łukasz Frocisz

15:00	 Applying numerical methods to analyse the problem  
of rolling TRB strips

Bartosz Sułek, Janusz Krawczyk

15:20	 Microstructure formation during hot rolling of high-silicon steels 
for the manufacture of grain oriented electrical sheets

Kamila Ścibisz, Janusz Krawczyk,  
Piotr Matusiewicz, Karolina Wójciak

15:40	 Strengthening response to changes in the microstructure  
of β titanium alloy

Janusz Krawczyk, Łukasz Frocisz
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Atomic and micro scale simulations

Monday afternoon I, Luna room

14:00	 Modeling of particles pushing and engulfment  
by solidification front using a cellular automaton model

Andriy Burbelko, Ewa Olejnik, Pawel Kurtyka

14:20	 Investigation of Nitrogen-Doped Amorphous Carbon Nanofilms 
on Magnesium Alloys: A Study of Chemical Characteristics,  
Microstructural Analysis, Corrosion Behavior,  
and Biocompatibility

Adarsh Rai, Michal Krzyzanowski, Szymon Bajda

14:40	 Atomistic Simulation of Grain Boundary Segregation and  
its Migration in Aluminium-Magnesium Alloy

Ranesh Kumar Saha, Amlan Dutta

15:00	 Electronic, Optical and Water-splitting Properties of  
Rare Earth Single-atom Catalysts Supported on g-C3N¬4  
Monolayer: A DFT study

Tarun Kumar Kundu, Ranjini Sarkar

15:20	 Boron-phosphorus dual doped hard carbon anode  
for sodium-ion battery

Sanchayan Mahato, Koushik Biswas

15:40	 The effect of composition on local structure formation in BMGs
Debopriyo Banerjee, Amlan Dutta
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Application of numerical methods in medicine

Monday afternoon II, Pieno room

16:20	 Blood Flow Simulations by Lattice Boltzmann Method
Robert Straka

16:40	 Design of minimally invasive implatological kit for  
thoratic defects using advanced computational approach

Alicja Turek-Kozik, Bartosz Czarnecki,  
Laura Gołąbek, Jerzy Dybich, Wojciech Korlacki,  
Joanna Sulej-Chojnacka, Daniel Andrzejewski,  
Agata Kuliberda, Andrij Milenin,  
Piotr Kustra, Marek Paćko, Konrad Perzyński,  
Mateusz Sitko, Marcin Kwiecień, Piotr Bała,  
Łukasz Madej, Krzysztof Muszka

17:00	 Effect of a New Dieless Drawing Process on the Properties of 
Biodegradable Zn-Mg Alloy Surgical Wire

Marcin Kapusta, Piotr Kustra, Anna Osyczka, Andrij Milenin

17:20	 An MCDM Framework for Occupational Safety and  
Health Management in the Sugarcane Farming

Sumit Kumar, Millie Pant

17:40	 Numerical modelling of thin-layer PLD sputtering using the 
COMSOL Multiphysics numerical package

Bartłomiej Kopecki, Konrad Perzyński, Łukasz Madej

18:00	 An attempt of application of Bayesian Optimization approach to 
modelling of materials processing

Jan Kusiak
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Physical Informed Neural Networks

Monday afternoon II, Luna room

16:20	 Modelling of dynamic processes using Artificial Neural Networks
Łukasz Sztangret, Paweł Maczuga,  
Danuta Szeliga, Maciej Paszyński

16:40	 Fast simulations using exponential integrators and  
finite difference method

Magdalena Pabisz, Askold Vilkha, Maciej Paszyński

17:00	 Application of the Robust Variational Physics-Informed  
Neural Networks augmented with the Collocation Method for 
stationary Stokes equations

Marcin Łoś, Tomasz Służalec, Paweł Maczuga,  
Askold Vilkha, Carlos Uriarte, Maciej Paszyński

17:20	 Speeding up the Robust Variational Physics Informed  
Neural Networks with the Collocation Method

Marcin Łoś, Tomasz Służalec, Paweł Maczuga,  
Askold Vilkha, Danuta Szeliga, Maciej Paszyński

17:40	 CO2 sequestration problem implementation  
in the IGA-ADS software

Askold Vilkha, Maciej Paszyński, Marcin Łoś

18:00	 Technological challenges in developing  
a self-forming thread design for electric car components

Tomasz Lorenc, Paweł Paćko, Łukasz Rauch,  
Marek Paćko, Stanisław Węglarczyk
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Numerical modeling of modern materials

Tuesday afternoon, Pieno room

15:40	 Modelling of temperature change during dynamic deformation  
of TWIP steel

Zbigniew Gronostajski, Katarzyna Jasiak,  
Michał Kostka, Mateusz Wesołowski,  
Magdalena Barbara Jabłońska

16:00	 Numerical simulation of precipitates evolution during  
solidification and ageing of Super 304H steel 

Roman Kuziak, Adam Zieliński,  
Hanna Purzyńska, Łukasz Poloczek

16:20	 Defect-Influenced Plasticity and Deformation Mechanisms  
in Ni-Based High Entropy Alloys under Nanoindentations

Francisco Dominguez Gutierrez, Edyta Wyszkowska,  
Gordana Markovic, Marie Landeiro Dos Reis,  
Amil Aligayev, Damian Kalita,  
Krzysztof Muszka, Lukasz Kurpaska

16:40	 Corrosion Behaviour of Silicon Steel Prepared  
with Recycled Steel Scrap After 24-Hour Immersion  
in 3.5 wt.% NaCl Solution 

Adarsh Rai, Mirosław Karbowniczek,  
Pradeep Padhamnath
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Digital Twins and Big Data applications

Tuesday afternoon, Luna room

15:40	 Digital Twin for temperature prediction  
in the laser hardening process of NC10 steel

Piotr Lacki, Anna Derlatka, Michał Lacki, Kuba Lachs

16:00	 Challenges in Processing of High Integrity Aerospace Alloys
Brad Wynne, Salah Rahimi

16:20	 Cyber Physical System in welding industry – data management 
and analysis challenges *

Krzysztof Bzowski, Krzysztof Regulski,  
Monika Pernach, Lukasz Rauch

16:40	 The Kalman Filter as a state estimation method based  
on measurement data from hardware sensors

Andrzej Opaliński,  
Maciej Urbański, Kacper Bielak

* This activity has received funding from the European Union from the European Regional  
Development Fund under the Intelligent Development Operational Program, 

the National Centre for Research and Development: POIR.01.02.00-00-0091/19.
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Advanced numerical models and techniques

Wednesday morning, Pieno room

10:40	 The Impact of FPV Drone Frame Materials on Motor Thermal 
Conditions: Experimental and Numerical Analysis

Andrij Milenin

11:00	 Efficient Aerodynamic Wing Load Discretization  
for Static Structural Testing Using Optimization  
and Machine Learning

Javed Arshad Butt,  
Florian Dexl, Johannes Markmiller

11:20	 Application of the SSRVE method to  
evaluate the uncertainty of microstructure properties  
of steels after cooling

Krzysztof Bzowski, Danuta Szeliga,  
Łukasz Rauch, Maciej Pietrzyk,  
Roman Kuziak, Władysław Zalecki



22

Discrete and coupled modelling

Wednesday morning, Luna room

10:40	 Discrete element model for coupled thermal  
and electrical phenomena in spark plasma sintering

Fatima Nisar, Jerzy Rojek, Szymon Nosewicz,  
Marcin Chmielewski, Kamil Kaszyca

11:00	 A DEM model to analyse granular material compaction process
Hanna Sadłowska, Andrzej Kochański,  
Joanna Wiącek, Rafał Kobyłka,  
Robert Biernacki, Artur Soroczyński

11:20	 Influence of the pseudo-random number generators  
on the determination of grain growth driving force  
in full-field discrete modelling approach

Mateusz Sitko, Łukasz Madej

11:40	 Evaluation of deformation inhomogeneity  
in multilayered steel-titanium systems

Bartłomiej Pabich, Bartłomiej Żurowski,  
Janusz Majta, Łukasz Madej
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The project is co-financed by funds from the state budget, granted by the Minister of Science as part  
of the Excellent Science II Program, project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN.

The project is co-financed by funds from the state budget, 
granted by the Minister of Science as part of the Excellent Science II Program, 

project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN

Development of advanced Zn–Al–Mg coatings  
using thermodynamic calculations and physical simulation

Roman Kuziak1, Krysztof Radwański1, Krzysztof Oleś2, Krzysztof Kwapisz2,
1 Sieć Badawcza Łukasiewicz Górnośląski Instytut Technologiczny

K. Miarki 12-14, 44-100 Gliwice, Poland
2 ArcelorMittal Poland S.A. Metalowców 5, 41-600 Świętochłowice, Poland

romankuziak@git.lukasiewicz.gov.pl, 
krzysztof.radwanski@git.lukasiewicz.gov.pl, 

Krzysztof.Oles@arcelormittal.com, 
Krzysztof.Kwapisz@arcelormittal.com

A growing applicability of galvanized products has increased the demand for improved cor-
rosion-resistant coatings to counter severe environments conditions. Among these, Zn–Mg–Al ter-
nary alloys coatings have excellent corrosion resistance, resulting in their commercialization and 
substantial industrial demand. However, to increase the performance of the coatings, their compo-
sition and Hot Dip Galvanizing (HDG) parameters should be optimised. For enhancing the coatings 
properties, the analysis of the solidification process was performed using the thermodynamic cal-
culations. The calculations were performed with ThermoCalc software that is an integrated com-
putational tool based on the CALPHAD method [1]. Studies on the corrosion resistance of the Zn-
-Al-Mg coatings show that already at 0.5% Mg, the corrosion resistance of the zinc-based coating 
increases significantly as compared to the zinc-only coating [2]. Therefore, it was assumed that the 
content of this element in experimental coatings will be close to 0.5%. In addition, according to the 
literature, it was assumed that the formation of the eutectic FCC_A1 + HCP_ZN + LAVES_C1 in 
the coating will have a positive effect on the corrosion resistance [3].

Example of the performed calculations is shown in Figure1 in which the section (isopleth) of 
the phase diagram is presented showing the effect of temperature and Al content on the occurrence 
of different phases in Zn-Al-0.5%Mg system.

Figure 1. Calculated isopleth for the metastable  
equilibrium system Zn-Al-0.5%Mg
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Figure 1 shows that when setting the Al content in the system at approximately 5 wt.% and the 
content of Mg at 0.5%, crystals of Al(FCC_A1) and Zn(HCP) initially separate from the liquid pha-
se, and then the eutectic transition occurs, and as a result the triple eutectic Al(FCC_A1)/Zn(HCP)/
MgZn2(Laves_C14) is formed.

As a result of the thermodynamics calculations, the following ranges of the Al were defined:
•	 0.5%Mg – 6.5%Al – Zn;
•	 0.5%Mg – 3.0%Al – Zn.

The physical simulations of the HDG process were performed in the simulator designed at 
Łukasiewicz Upper Silesian Institute of Technology (Figure 2). An example of the coating’s micro-
structure is presented in Figure 3.

The microstructure investigation revealed that the coating microstructure is composed of Zn 
(HCP), Al(FCC), and MgZn2 (Laves_C14).

The results of the investigations were implemented in the production line of ArcelorMittal 
Poland, Branch in Świętochłowice.
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1.	 Introduction

Structural materials with high impact fracture toughness, enabled by twinning mechanisms, are 
of significant interest for extreme-environment applications at low temperatures, such as transportation 
and storage of liquefied gases, cryogenic technologies, and structural components in space vehicles.

Besides the already well-known, the new class of metallic high entropy alloys (HEAs) offer 
new potentials for possible applications up to extreme loading conditions [1-2]. High-entropy ef-
fects, including the „cocktail effect” and sluggish diffusion, offer additional potential advantages 
i.e. excellent combination of strength and ductility. In the present work, the numerical tools were 
employed to design (FeMnNiCo)1-xMox alloy where x=<0-10>. The special focus was put on 
assessment of the effect of Mo addition on the Stacking Fault Energy (SFE), strength and suscepti-
bility to twinning at room and cryogenic temperatures.

2.	 Materials and procedures

The development of a stable (FeMnNiCo)1-xMox high entropy alloy (HEA) with a Face-Cen-
tered-Cubic (FCC) solid solution was investigated using a combination of basic parameter calcula-
tions, CALPHAD, Density Functional Theory (DFT), and Molecular Dynamics (MD) simulations 
to explore plastic deformation in the studied systems. This methodology is valuable for predicting 
the properties of new alloys or modifying existing ones. 

To achieve a single-phase solid solution, multicomponent alloys must satisfy specific criteria. 
A critical requirement is achieving a sufficiently high mixing entropy, greater than 1.5R (where R 
is the gas constant). Other important parameters include mixing enthalpy and the Valence Electron 
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Concentration (VEC). This study examines these parameters in detail, using them to determine the 
phase composition of the studied HEAs in the initial design phase. Model alloys from the (FeMnNi-
Co)100-90(Mo)0-10 system were produced using an arc furnace, and phase composition was analysed 
through microstructural and X-ray diffraction (XRD) techniques. The (FeMnNiCo)90Mo10 alloy was 
found to contain molybdenum-rich µ-phase precipitates, while the other alloys exhibited stable solid 
solutions in the RSC lattice. The alloys were hot rolled, followed by microstructural analysis, and 
tensile and compressive test specimens were prepared for mechanical property evaluation. Basic pa-
rameter-based design proved insufficient for establishing clear correlations between thermodynamic 
functions and material structure. Therefore, the CALPHAD method was employed, with thermody-
namic calculations performed using Thermo-Calc software and the TCHEA-5.4 database for high 
entropy alloys. However, results were imprecise, particularly regarding the identification and extent 
of precipitates. To refine phase stability predictions, DFT calculations were employed, enabling insi-
ghts into phase stability as a function of temperature, without experimental data. DFT also predicted 
mechanical properties such as elasticity tensor, Young’s modulus, shear modulus, and thermodynamic 
properties like specific heat, offering valuable insights into material behaviour before production [3]. 
Molecular dynamics simulations were conducted using Lennard-Jones potentials, as no existing po-
tentials for these alloys were available. While simple potentials like Lennard-Jones provide a general 
understanding of material properties, more sophisticated potentials are required for accurate property 
predictions. In this work, Embedded Atom Model (EAM) potentials, enhanced with Ziegler-Biersack-
-Littmark (ZBL) corrections, were used in LAMMPS software. These simulations revealed that mo-
lybdenum addition reduces stacking fault energy (SFE), promoting deformation via twinning, which 
was a key objective of the study.

Experimental studies on plastic deformation followed, including compression tests at hot pla-
stic working temperatures using an ASP thermomechanical simulator. These results were used to 
design hot-forming processes by analysing stress-strain curves and dynamic recrystallization ki-
netics. Further tests on cold-rolled alloys with varying degrees of deformation were conducted, 
including microstructural and texture evolution analysis, which showed strain twinning and cha-
racteristic texture formation. The final phase involved evaluating mechanical properties at room 
temperature and liquid nitrogen temperatures, with compression tests conducted at various strain 
rates, from quasi-static to dynamic. Microstructural, texture, and XRD analyses confirmed that 
molybdenum enhances the material’s tendency to deform via twinning.

This study provides valuable insights into the FeMnNiCoMo high entropy alloy system’s po-
tential in modern materials engineering. The computational and experimental results offer a de-
eper understanding of the thermodynamics, microstructure, and mechanical properties of high-
-entropy alloys, highlighting the challenges in HEA design. The addition of molybdenum improves 
strength properties with minimal impact on ductility and promotes twinning deformation. Cryoge-
nic strength tests indicate that these Mo alloys are suitable for low-temperature applications, even 
under dynamic loading conditions.
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1.	 Abstract

Metal-to-metal composite systems are gaining popularity due to their ability to achieve an 
optimal balance between strength and ductility. Their main advantages lie in two key aspects:

a)	 Properties Synergy – These composites integrate the distinct mechanical and physical proper-
ties of their individual metal components, resulting in a material with enhanced performance 
tailored to specific engineering needs;

b)	 Efficient Implementation – A deep understanding of their mechanical behavior reduces the 
need for extensive testing and preliminary studies before industrial application. This is parti-
cularly beneficial for structural components where safety is a critical factor, as it accelerates 
the adoption of new materials while maintaining reliability [1,2].

Figure 1. An example of numerical simulation results of wire drawing for  
the Pipe/Pipe/Rod specimen, using data from Abaqus and data from inverse analysis.  

a, b) Stress intensity; c, d) Stress in the X direction; e, f) Strain intensity
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The rheological behavior of heterogeneous materials subjected to Severe Plastic Deformation 
(SPD) is crucial for understanding their mechanical response and potential industrial applications. 
This study investigates the effect of SPD on the flow properties, microstructural evolution, and 
strain-induced mechanisms in heterogeneous metallic and composite systems. The results reveal 
significant grain refinement, enhanced strain hardening, and improved ductility, contributing to 
superior mechanical performance. Additionally, the study highlights the role of phase distribution 
and interfacial interactions in governing the flow characteristics of these materials. The findings 
provide insights into optimizing SPD-processed heterogeneous materials for advanced structural 
and functional applications.

In this work, the heterostructure materials, after undergoing caliber rolling and wire drawing 
processes, were subjected to mechanical property analysis based on the uniaxial tensile test. The 
history of the applied deformation process is presented in Figure 1.

2.	 Inverse analysis

The presented study focuses on a methodology for identifying material parameters based on 
the inverse method, using a uniaxial tensile test. A method for converting experimental data from 
a force-displacement relationship to a true stress-strain relationship is presented, accounting for 
corrections resulting from changes in the specimen’s cross-section during the test. Particular at-
tention is given to the process of approximating the parameters of the Hollomon constitutive equ-
ation, which is widely used in numerical simulations of plastic forming processes. The developed 
procedure includes the automation of the strengthening curve fitting process using the non-linear 
regression method, allowing for precise determination of the strengthening coefficient K and the 
strengthening exponent n. A method for validating the obtained parameters by comparing the nu-
merical simulation results with experimental data is also presented. The proposed approach enables 
efficient identification of material parameters necessary for reliable numerical simulations. Based 
on the obtained stress-strain curves the anaylsis of the multi-stage drawing process of multilayered 
systems was performed. The results are presentd in the Figure 2.

The results obtained from the application of stress-strain curves derived using the inverse 
method show that the strain and stress distributions in the wires after the drawing process vary 
depending on the system. In the case of the Pipe/Pipe/Rod system, tension occurs in the Ti pipe in 

Figure 2. An example of numerical simulation results of the longitudinal stress distribution during the proces-
ses of wire drawing of Steel Wire, Pipe/Pie/Rod, Pipe/Rod system based on inverse analysis 
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the initial material, while in the Pipe/Rod system, only compression is observed in the Ti rod. The 
situation changes when the materials acquire new rheological properties after microstructure de-
velopment. Based on these observations, it can be assumed that the Pipe/Pipe/Rod system behaves 
similarly to the rolling process, offering the potential to achieve the expected fragmentation of Ti 
layers, but only in the initial stages of wire drawing.
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1.	 Introduction

Metal flow during metal forming has a great influence on the quality of produced parts. In bulk 
forging, improper metal flow causes defects like folds or laps, may lead to underfilling of the die 
cavities [1], and also reduces the mechanical properties due to the formation of specific unfavorable 
grain flow patterns. Proper metal flow is also important in sheet metal forming to produce defect-
-free parts. For example, incorrect die or blank geometry, blank holder pressure, lubricant or pro-
cess parameters can lead to wrinkling, unacceptable thinning, or even tearing of the workpiece [2].

Friction is one of the most effective tools to control the metal flow. For example, in bulk for-
ming, using a lubricant can significantly reduce friction on the active die surfaces and ensure that 
deep die cavities are properly filled [3]. On the other hand, higher friction at the flash land, due to 
its design (Figure 1), increases the resistance of the metal flow from the die cavity and promotes 
the completion of hard-to-fill cavities [4]. In sheet metal forming, localized braking grooves are 
widely used for metal flow control to increase the resistance to metal flow targeted and to prevent 
defect formation. Therefore, controlling the friction between the workpiece and the die surface can 
effectively control the metal flow.

One of the promising trends in die making is the additive manufacturing of sheet metal [5] 
and hot bulk forming dies [6], which enables the production of high-quality die inserts requiring 
minimal post-machining in the shortest time. For example, previously we have produced and suc-
cessfully proven (Figure 2) lightweight die inserts with internal lattice structure made of 17-4PH 
maraging steel [7], [8] as well as die inserts made of Inconel 718 nickel alloy (pending publication) 
for turbine blade forging.

Enhanced metal flow control through targeted surface treatment  
of additively manufactured metal forming dies 

Artem Alimov1*, Alexander Sviridov1, Sergej Dubinin1, Felix Jensch1 and Sebastian Härtel1 

1 Chair of Hybrid Manufacturing, Brandenburg University of Technology Cottbus-Senftenberg, Cottbus, Germany 
 

Emails of the all authors: alimov@b-tu.de, sviridov@b-tu.de, dubinser@b-tu.de, jensch@b-tu.de, 
sebastian.haertel@b-tu.de 

Keywords: metal forming, metal flow control, targeted surface treatment, additively manufactured dies, simulation 

1. Introduction  
Metal flow during metal forming has a great influence on the quality of produced parts. In bulk forging, improper metal flow 

causes defects like folds or laps, may lead to underfilling of the die cavities [1], and also reduces the mechanical properties due to 
the formation of specific unfavorable grain flow patterns. Proper metal flow is also important in sheet metal forming to produce 
defect-free parts. For example, incorrect die or blank geometry, blank holder pressure, lubricant or process parameters can lead to 
wrinkling, unacceptable thinning, or even tearing of the workpiece [2].  

Friction is one of the most effective tools to control the metal flow. For example, in bulk forming, using a lubricant can 
significantly reduce friction on the active die surfaces and ensure that deep die cavities are properly filled [3]. On the other hand, 
higher friction at the flash land, due to its design (Figure 1), increases the resistance of the metal flow from the die cavity and 
promotes the completion of hard-to-fill cavities [4]. In sheet metal forming, localized braking grooves are widely used for metal 
flow control to increase the resistance to metal flow targeted and to prevent defect formation. Therefore, controlling the friction 
between the workpiece and the die surface can effectively control the metal flow. 
      

   
Flat flash land Flat flash land + braking groove Choking flash land 

Figure 1. Die flash design 
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4PH maraging steel [7], [8] as well as die inserts made of Inconel 718 nickel alloy (pending publication) for turbine blade forging. 

 

    
as-built 17-4PH die inserts  machined 17-4PH die inserts as-built In718 die inserts  machined In718 die inserts 

Figure 2. Additive-manufactured hot metal forming die inserts 

One of the disadvantages of the additive manufacturing of metals is the low surface quality, which also depends on the surface 
inclination to the deposition direction, deposition strategy itself and process parameters. However, post-processing techniques, 
such as sandblasting and chemical or electrochemical treatment, can significantly improve surface quality. Applying these methods 
targeted, metal flow can be controlled by localized changes in friction. 

The work aims to develop the enhanced metal flow control approach through targeted surface treatment of additively 
manufactured metal forming dies. The paper numerically analyses the effect of post-processing treatment on the roughness and 
friction conditions of the dies produced with laser powder bed fusion technology. A modified approach based on the spike test [9] 
allows the evaluation of not only the surface roughness and lubrication effect on metal flow and friction but also allows for the 
analysis of the influence of flash design and locally tailored tool surface conditions. A model considering anisotropic friction is 
developed and implemented in FEM Code QForm UK using a user subroutine. 

2. Effect of the post-processing treatment on surface roughness and friction conditions 
To investigate the effect of post-processing on surface roughness and waviness after additive manufacturing using the LPBF 

method, flat test dies were produced for the subsequent cold ring compression testing of D12 x d6 x h4 samples from EN AW 
6060 with Molykote BR2 plus lubricant using a Gleeble 3500 thermomechanical simulator. The results of the investigation are 
presented in Figure 3. Thus, the post-processing die surface treatment allows the control of the friction and, thus, the metal flow. 

Figure 1. Die flash design
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One of the disadvantages of the additive manufacturing of metals is the low surface quality, 
which also depends on the surface inclination to the deposition direction, deposition strategy itself 
and process parameters. However, post-processing techniques, such as sandblasting and chemical 
or electrochemical treatment, can significantly improve surface quality. Applying these methods 
targeted, metal flow can be controlled by localized changes in friction.

The work aims to develop the enhanced metal flow control approach through targeted surface 
treatment of additively manufactured metal forming dies. The paper numerically analyses the effect 
of post-processing treatment on the roughness and friction conditions of the dies produced with 
laser powder bed fusion technology. A modified approach based on the spike test [9] allows the eva-
luation of not only the surface roughness and lubrication effect on metal flow and friction but also 
allows for the analysis of the influence of flash design and locally tailored tool surface conditions. 
A model considering anisotropic friction is developed and implemented in FEM Code QForm UK 
using a user subroutine.

2.	 Effect of the post-processing treatment on surface roughness  
and friction conditions

To investigate the effect of post-processing on surface roughness and waviness after additive 
manufacturing using the LPBF method, flat test dies were produced for the subsequent cold ring 
compression testing of D12×d6×h4 samples from EN AW 6060 with Molykote BR2 plus lubricant 
using a Gleeble 3500 thermomechanical simulator. The results of the investigation are presented 
in Figure 3. Thus, the post-processing die surface treatment allows the control of the friction and, 
thus, the metal flow.
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Surface condition As-built Machined Sandblasted Chemically polished 

Test die surface 

    

Surface topography 
 

    
Average roughness Ra, µm 7,424 0,489 2,649 0,352 
Average waviness Wa, µm 14,667 0,269 1,963 3,638 
Shear friction factor m 0,61 0,19 0,63 0,32 

Figure 3. Effect of surface post-processing of LPBF-manufactured dies 

3. Modified spike-test 
A modified approach based on the spike test, which allows us to assess not only the surface roughness and lubrication effect 

on metal flow and friction but also allows analyzing the influence of flash design and locally tailored tool surface conditions, has 
been developed. The tool geometry has been modified better to represent the metal flow pattern during closed-die forging. 
According to Figure 1, different flash designs could be used for the analysis. A preliminary assessment involving only critical 
friction factor values, as shown in Figure 4, clearly demonstrates that targeted friction tailoring can significantly change the metal 
flow pattern and improve the filling of deep die cavities. 

 

    
Initial position m = 0,0 m = 1,0 m = 1,0 only at flash land 

Figure 4. Simulation of the modified spike-test with different friction conditions 

4. Numerical evaluation of metal flow control capabilities using targeted surface treatment in 
bulk and sheet forming 
Metal flow control capabilities in bulk forming using a targeted surface treatment will be evaluated with modified spike test. 

In addition to the influence of different local surface post-processing of the metal flow, the possibility of replacing the traditional 
metal flow control with local flash design and size variations, as well as using braking grooves, will also be analyzed. 

The potential of targeted die surface treatment to prevent defect formation and improve formability in sheet metal forming 
will be analyzed. 
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3.	 Modified spike-test

A modified approach based on the spike test, which allows us to assess not only the surface 
roughness and lubrication effect on metal flow and friction but also allows analyzing the influence 
of flash design and locally tailored tool surface conditions, has been developed. The tool geometry 
has been modified better to represent the metal flow pattern during closed-die forging. According to 
Figure 1, different flash designs could be used for the analysis. A preliminary assessment involving 
only critical friction factor values, as shown in Figure 4, clearly demonstrates that targeted friction 
tailoring can significantly change the metal flow pattern and improve the filling of deep die cavities.

4.	 Numerical evaluation of metal flow control capabilities using targeted 
surface treatment in bulk and sheet forming

Metal flow control capabilities in bulk forming using a targeted surface treatment will be eva-
luated with modified spike test. In addition to the influence of different local surface post-proces-
sing of the metal flow, the possibility of replacing the traditional metal flow control with local flash 
design and size variations, as well as using braking grooves, will also be analyzed.

The potential of targeted die surface treatment to prevent defect formation and improve forma-
bility in sheet metal forming will be analyzed.
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1.	 Introduction

The ever-growing quality requirements imposed by the modern automotive, machinery, and 
railroad industries are compelling manufacturers to deliver components with high geometric ac-
curacy. Precise metal forming equipment is essential to produce such components, followed by 
machining, plasma cutting, laser cutting, etc.

However, a significant challenge, particularly in the sheet metal forming sector, lies in the 
spring-back effect [1] caused by residual stresses within the deformed components. This issue poses 
technical complications and threatens equipment integrity, resulting in costly production line down-
time. Consequently, the timely fulfilment of orders is compromised, and material as well as labour 
costs increase. Therefore, ensuring the quality of the initial sheet material after rolling, intended for 
subsequent processing operations like bending and stamping, is crucial.

Figure 1. Concept of the work rolls setup in the leveller
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The usual solution to improve the sheet quality before further processing is the use of roller 
levelling systems [2]. The concept is based on a series of cyclic deformations induced by a set of 
work rolls with specific diameter D and roll spacing S (Figure 1). However, creating an optimal 
alignment of roller configuration to achieve flat and low residual stress sheets requires a series of 
industrial experiments that are expensive and time-consuming.

Therefore, providing computational support for developing technology for levelling high-
-strength steel sheets using a multiscale numerical modeling approach is described within the pre-
sent work.

2.	 Multiscale levelling simulations

In the first part of the work, a user-friendly plug-in was implemented using Python for the 
Abaqus application to fully automate the generation of the levelling process FE models with 
various setups. With this approach, it was possible to execute a series of simulations to determine 
the range of input parameters for the leveller and identify the optimal leveller setup for a wide 
range of steel grades. In the next step, micro-scale digital material representation models based 
on the representative volume element (RVE) concept [3] were developed with the purpose of 
detailed analysis of the microstructure state during levelling accounting for the role of local hete-
rogeneities. As a result, an industrial levelling process was simulated at macro and micro scales 
at the same time. This approach facilitates the validation of the levelling configuration’s accuracy 
while considering the material’s microscopic stress state. The concept of the simulations is pre-
sented in Figure 2.

3.	 Results

The exemplary results from the macro and micro scales presented in Figure 3 were additionally 
supplemented by residual stress measurements with the Barkhausen method [4], executed under 
industrial conditions.

Figure 2. Concept of the multiscale simulations of the levelling process
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1.	 Introduction

Open die forging, one of the oldest metal forming technologies, remains crucial for manu-
facturing large components such as generator shafts and crankshafts for ship engines. Although it 
is mainly applied to single pieces or small production batches, the process still heavily relies on 
manual labour and the expertise of skilled operators. Traditional automation is impractical due to 
the high variability and low production volumes, which results in long manufacturing times, fre-
quent adjustments to production plans, and challenges in maintaining consistent quality. In recent 
decades, there have been some attempts to automate the process using industrial robots, showcasing 
promising potential for innovation [1].

The process typically involves multiple reheating stages and extended production cycles, 
which can last days or even weeks. The quality of industrial open die forging is still highly de-
pendent on the operator experience. Retirement of experienced staff and shift work, which is a 
common industrial working method, introduces variability into the complex production process. 
These factors make it particularly difficult to achieve consistent process stability, reproducibility, 
and quality - requirements that are crucial in modern manufacturing, especially with advanced 
materials technologies.

To address these challenges, a novel concept for autonomous forging has been developed and 
tested at the Institute of Metal Forming at the Technical University of Freiberg. This system inte-
grates traditional components, such as a furnace and a forging press, with modern technologies. 
An industrial robot is responsible for handling workpieces, while a custom-designed 3D scanning 
system captures geometric data to create a digital twin of the workpiece. Thermal imaging cameras 
provide monitoring of the temperature profile.
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A forging robot cell was developed to meet the basic hardware requirements for autonomous 
forging. The main challenge in this system was the design of a digital infrastructure to facilitate 
effective communication between components. In addition, modular process control software was 
implemented to seamlessly coordinate and operate these components, thereby replacing the role of 
a human operator.

The robot cell operates as a distributed system, with multiple nodes connected via a local 
area network (LAN). Key hardware components include a main computer as the human-machine 
interface, the KUKA Robot Control 2 system for controlling the manipulator, and a position sensor 
integrated as a web server. The press control system and three blue light line laser scanners are also 
configured as web servers. Three thermal imaging cameras measure temperatures between 450°C 
and 1800°C, with the data being accessible via USB interfaces. This combination establishes the 
foundation for precise, efficient, and autonomous forging operations.

The software architecture follows a modular design to ensure maintainability, facilitate error 
diagnostics, and enable the replacement or enhancement of individual subsystems. This flexibility 
is essential for adapting to different manufacturing plants with specific requirements or integra-
ting new technologies in the future. Within the modular software architecture, multiple nodes are 
implemented according to the logical steps of the forging process. The basic tasks are: workpiece 
positioning, measuring, heating, deformation, and process planning.

To integrate the KUKA robot as a manipulator into the software architecture and make it ac-
cessible for custom process control, a third-party software called RoboDK is used. This software 
enables offline programming of industrial robots for path planning and process planning. Compa-
red to conventional offline programming software, which only allows the export of programs via 
a postprocessor, RoboDK provides a software interface for online interaction with the robot. An 
additional software component was installed on the KUKA robot control system, which works as 
a web server and enables the exchange of system variables between the robot and the RoboDK 
client. This software also provides a programming interface for easy integration into custom pro-
jects, such as the forging cell. In the current automation setup, a digital twin of the forging cell is 
created within RoboDK, and transportation paths and programs between each component are set 
up and tested within this software. Due to the API and the connection to the robot control system, 
these transportation programs or custom motions, such as linear or joint movements, can also be 
executed directly from custom software.

The geometry and temperature measurement are achieved through a custom scanning system 
consisting of three blue light laser scanners and three thermal imaging cameras. Each sensor type 
is mounted in a vertical plane to measure a part of the crosssection of the workpiece, resulting in 
a two-dimensional dataset. To generate a three-dimensional digital twin of the workpiece, multiple 
cross-sectional scans along the longitudinal axis of the workpiece are taken. The scanning system 
is mounted on a linear actuator, which provides a measurement range of 700 mm. An additional 
position sensor was added to determine the current position of the scanning system and link it with 
the geometry and temperature data. This position monitoring is also implemented as a web server, 
which can be accessed by each sensor individually. The raw geometry and temperature data of the 
workpiece are stored on the main computer for access by the process planning tool and other use 
cases.

The process planning itself is designed as an independent tool that uses the geometry and 
temperature data to calculate a pass sequence. The output includes instructions for positioning the 
workpiece between the dies of the forging press or in the furnace (rotation and translation), small 
correction movements to compensate for any tilted gripping of the workpiece, and instructions 
for the press movement (dimensions). This pass sequence planning can easily be exchanged with 
custom pass sequence calculation algorithms, depending on the applications, production conditions 
or goals [2].

In the automation concept at the IMF, the forging press does not provide a native interface for 
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external control, and enhancing it is not straightforward. Therefore, an electromechanical device 
was created to interact with the human-machine interface of the forging press. This device is also 
designed as a web server and can provide the current position of the press or based on an instruc-
tion, the press is set to a defined gap between the dies. This device enables only displacement-con-
trolled use of the press.

To minimize dependencies between the software modules, a Core-module has been implemen-
ted to coordinate the interaction of all software components and subsystems. This approach simpli-
fies the process of exchanging or extending the robot cell or individual subsystems, ensuring that no 
other subsystems are directly impacted. In the case of a change, only the Core-module needs to be 
updated to accommodate the new setup, thus maintaining system flexibility and reducing the need 
for widespread modifications. The overall software architecture, as depicted in Figure 1, illustrates 
the structure and interaction of the various components within the system.

This approach offers a promising platform for implementing customized open die forging pro-
cess controls, thereby enhancing flexibility in production. By integrating advanced technologies, it 
aims to improve process control, stability, and quality while addressing challenges such as workfor-
ce shortages and the increasing demands of modern material concepts. However, it is important to 
note that the system is still in the early stages of development. Initial trials show promising results, 
but further adjustments and testing are required to fully realize its potential. As development con-
tinues, the system will be refined to meet the specific needs of modern manufacturing and achieve 
sustainable improvements in forging operations, particularly in the context of advanced material 
technologies.
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1.	 Introduction

For decades, neural networks have evolved in dependence on the available computing capaci-
ty. In most cases, computations have become increasingly complex and energy-intensive. However, 
with the technique of transfer learning, training neural networks has become easier and faster.

Models with a large number of parameters, designed for classification or semantic segmenta-
tion (e.g., U-Net with 50 million parameters [1]), are often used to generate applications that solve 
relatively simple problems. In research, where such models are applied, the number of parameters is 
often irrelevant. However, in everyday applications, such as microstructure analysis, a lean model 
means faster computational response and greater energy efficiency.

This efficiency advantage was demonstrated in large language models in 2024. An intelligent 
restructuring of architectures, incorporating small agents capable of answering specific questions 
in more detail, has been shown to achieve significantly higher energy efficiency than even larger 
general-purpose models (DeepSeek [2]). The latter often require extensive prompt engineering to 
generate the desired output.

2.	 Image pre-processing, DCNN architecture and training

The aim of this study was to investigate whether the parameter-reduced U-Net architecture 
(50.000 parameters) can produce a usable analyze result. The experimental dataset consisted of 
video footage [3], from which individual frames were extracted for analysis. A total of 400 frames 
were available, but only 11 images were used for training. To mitigate the influence of changing 
lighting conditions on the analysis results, a preprocessing step was applied to the input data (fig. 
1), converting them to grayscale followed by a Sobel filter (input: 1024×1024×2). This allowed 
for the detection of contrast between individual pixel pairs in the image, ensuring that the absolute 
pixel values no longer played a role in the analysis. Since the image resolution was 1460×1088, 
it allowed for multiple cropping, rotation, and mirroring to synthetically increase the number of 
training images and create a suitable dataset. Using this approach, 2000 images were generated for 
training. The training was conducted within the TensorFlow framework (see fig. 1 for architecture 
information) using an Adam optimizer and the Jaccard index as the cost function. The process was 
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carried out on an NVIDIA A40 GPU, with a total training duration of 4 hours and mean square error 
of 0.0108 in validation data set.

3.	 Results

After completing the training, the model was deployed to a cloud-based system of MiViA 
GmbH to enable scalable analysis. Both object detection and the measurement of individual objects 
were performed entirely on GPUs using TensorFlow-based image processing, which was speci-
fically developed for this purpose. The segmented images could then be analyzed using multiple 
methods. In this study, results are presented using conventional planimetric measurements of in-
dividual ‚grains’ and the chord length method, following the principle of the ASTM Heyn-Line 
Intercept method. The intercept method was significantly extended to include millions of lines, 
ensuring proper classification of even non-closed regions. The output results were assigned to the 
corresponding G-number. The data could be represented as mean values and histograms and were 
also compiled into a video to illustrate the dynamics of growth. The results are shown in Fig. 2, with 
a corresponding animation.

Figure 1. Example of microstructure and raw mask, U-Net-Block and list of applied filter sizes

Figure 2. Postprocessed cleared segmentation with histograms
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4.	 Summary

The presentation of measurement results as a function of time shows a typical progression of 
grain growth in metallic materials, despite being generated using soap bubbles. Which can be used 
to model the time-dependent grain growth behavior. Phenomenological and physical models can be 
more easily fitted in further development of evaluation systems and applied on an industrial scale 
for process control.
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1.	 Introduction

Modern metal forming is characterised by the сomplexity of processes and the demand for 
high-quality production. Various modelling approaches are required to ensure manufacturing ef-
ficiency. However, traditional modelling has limits. Some complex phenomena are difficult to si-
mulate accurately using methods based on simplifying assumptions and limited sets of state varia-
bles. Integrating machine learning (ML) techniques and AI-based models into metal forming FE 
modelling can enhance modelling accuracy, efficiency, and insight across various simulation tasks. 
This study investigates three examples of such ML applications in metal forming combined with 
QForm UK software. They include (1) the use of the recurrent neural network (RNN) models for 
the prediction of recrystallisation during hot forging; (2) ML techniques for estimating heat transfer 
coefficient (HTC) from quenching experiments; and (3) ML-based optimisation of flow stress cu-
rves for complex hot forging processes.

2.	 Capabilities of AI/ML techniques in microstructural modelling

Microstructure evolution during hot forging determines the quality and properties of heat-
-resistant parts made of Inconel 718. Traditionally, microstructure evolution during hot forging 
is modelled using either the JMAK model [1] or its advanced differential form. As the first step 
to prove the reliability of AI/ML models, an RNN-based ML model was trained on synthetic data 
generated in the series of QForm UK simulations using its JMAK-type model. The volume frac-
tion of recrystallised grains and their average size were predicted for various forging conditions, 
including different strain, strain-rate, temperature and geometry. The ML model demonstrated 
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remarkable accuracy in reproducing the outputs of the analytical approach in all key metrics 
(Fig. 1).

This result shows the potential of RNN-based physics-informed models to accelerate compu-
tation since a trained AI model is significantly faster while reproducing the same results. However, 
the shortfalls and limitations of analytical JMAK-type models are well known, and obviously, the 
AI model being trained on JMAK-synthesised data inherits all these problems. The further impro-
vement of the analytical model is quite complicated because it requires introducing some extra 
process variables and transphenomenal mathematical relations. On the other hand, improving the 
AI model is relatively straightforward. Without changing the structure of the model, it can be direc-
tly trained on the actual experimental data. This was done for the hot forged of Inconel 718 parts, 
which has shown the ability to overcome some of the limitations of JMAK-type models [2] and 
demonstrated advantages over existing analytical models in predictive quality.

It is important to mention that any microstructural modelling includes the thermo-mechanical 
history at each point of the forged part. It is provided by FEM modelling of the process, and if it is 
not sufficiently accurate or wrong, all further results will be misleading. The following two exam-
ples will show how ML/AI techniques can improve the reliability of FE process modelling.

3.	 Estimating HTC from quenching experiments

This example investigates the problem of determining HTC curves, which are critical parame-
ters in the thermal modelling of heat treatment processes. To acquire the temperature-time curves, 
an experiment in which a heated metal specimen embedded with a thermocouple is quenched in 
a cooling liquid can be performed. Determining HTC from such data can be challenging as it is not 
a single constant but a temperature-depending function. However, as this is a standardised experi-
ment (ISO 9950 [3]), it is a perfect candidate for applying ML algorithms. 

Figure 1. Comparison of recrystallisation volume fraction (RX) predictions  
at different time steps of the hot forged cylinder using the JMAK model (a)  

and the ML model trained to reproduce the JMAK model (b)

Figure 2. Temperatures acquired from experiments compared to modelling temperatures achieved  
with HTC curves predicted by ML model
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Models of such experiments were simulated in QForm UK with random HTC curves to obtain 
resulting temperature-time profiles. ML algorithms were then employed, and a model was trained 
to solve the inverse problem. Results in Fig. 2 indicate that the ML model can achieve predictions 
consistent with experimental and simulated results, highlighting its effectiveness in addressing in-
verse thermal problems in heat treatment and metal forming.

4.	 ML-based optimisation of flow-stress curves 

The accuracy of flow stress curves is essential for reliable metal forming simulations [4]. 
Traditional experimental methods for generating these curves require numerous specimens to cover 
wide ranges of strain-rate and temperature. This introduces issues of non-repeatability, machine 
dependence, and limitations in strain value as 0.7 in uniaxial compression tests and triaxiality sta-
tes. Alternatively, software like JMatPro offers predictions based on chemical composition. Still, it 
faces notable limitations, such as a lack of validation for specific materials and inconsistencies in 
interpolated flow stress curves due to abrupt changes from strain rate effects and internal mechani-
sms influencing the material state. 

There are several promising attempts to use ML for modelling flow stresses. Most of them use 
experimental data from uniaxial tensile or compression tests to train various artificial neural network 
(ANN) based regression models. This approach can overcome the limitations of analytical approxi-
mations like the Arrhenius or Hansel-Spittel equation, including softening or complex strain-rate sen-
sitivity [5-10]. Some latest works also extend these ML constitutive models to reflect the variability 
of the flow stress curves depending on other conditions like fine-coarse grained, annealed, etc. [11].

However, these approaches do not resolve three main problems which are critical for FE mo-
delling of hot forging processes, i.e. extrapolation of the stress-strain curves for large deformations, 
fast transitions in strain-rate and temperature and dependence of the flow curves of triaxiality. The 
last part of this paper presents the concept of optimisation of the basic flow stress curves using the 
results of industrial forgings. It is suggested that the ML/AI model can be trained using FE simu-
lations and experimental data from actual forging trials to adjust flow stress data to reproduce the 
experimentally observed metal flow.

5.	 Conclusion

The demonstrated examples highlight the importance of integrating ML with simulation plat-
forms like QForm UK, which combine data-driven and physics-based approaches. Robust FE mo-
delling software not only provides a valuable data source for training ML models but also serves as 
a convenient tool for validating and applying these models. ML models can be seamlessly integra-
ted into the workflow and used directly within the software alongside finite element calculations.

It is crucial to emphasize that this approach heavily depends on the accuracy of the underlying 
data [4]. Proper validation of FEM simulations is essential, as the accuracy of ML predictions is 
inherently limited by the quality of the FEM simulations.
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1.	 Introduction: Challenges in bainite recognition

The recognition of steel microstructure is a complex task requiring expertise and advanced 
methods to identify phases, grains, and defects within a sample [1-2]. Traditional techniques like 
optical microscopy and scanning electron microscopy (SEM) have been extensively used, but they 
come with significant limitations in terms of cost, time, and scalability. Recent advancements in 
machine learning (ML) offer new avenues to address these challenges, particularly for bainite mi-
crostructure recognition in steel products [3-4]. Bainite forms when austenite is supercooled and 
held at temperatures between 550 °C and the martensite start temperature (Ms). It consists of two 
phases: carbon-saturated ferrite and fine carbides. Bainite transformation combines features of both 
pearlitic (diffusion-controlled) and martensitic (diffusionless) transformations. Detecting bainite in 
optical microscopy images is particularly challenging due to:

•	 The subtle differences in texture and contrast compared to other microstructural constituents.
•	 The small number of labeled datasets available for supervised training.
•	 Dependence on expertise to interpret optical microscopy images, which often lack the clarity 

of SEM images.
While SEM provides more accurate microstructure visualization, it is time-consuming, expen-

sive, and impractical for high-throughput industrial applications. Therefore, the use of machine 
learning for optical image analysis has garnered significant interest.

2.	 Machine learning for bainite recognition

Machine learning techniques offer promising solutions to overcome the limitations of traditio-
nal methods. This study aimed to enhance bainite recognition using a combination of unsupervised 
and supervised learning approaches. Supervised models achieved moderate success in identifying 
bainite regions, but their performance was constrained by labelled dataset size and the inherent 
challenges of interpreting optical microscopy images.

2.1.	 Unsupervised learning for segmentation

To identify regions with homogeneous microstructure, unsupervised segmentation was em-
ployed. Simple Iterative Linear Clustering (SLIC) superpixel algorithm was chosen for its low 
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computational complexity, control over the number of segments, and accuracy in superpixel gene-
ration. The unsupervised segmentation process involved:

1)	 Using a dataset of 1704 unlabeled images.
2)	 Manually annotating several segment images to create reference masks for supervised fine-

-tuning.
3)	 Training an initial model on labeled data and using it to generate histograms for the remaining 

images, transitioning to a semi-supervised approach.

2.2.	 Supervised Classification

After segmentation, supervised learning methods such as Decision Trees (DT), Random Fo-
rests (RF), and k-Nearest Neighbors (kNN) were applied to classify the segmented regions. Stati-
stical characteristics of the segments, such as histograms, were used as input for classification. The 
process included:

•	 Identifying optimal number of clusters and refining segmentation parameters.
•	 Iteratively improving model performance by integrating statistical knowledge about segment 

classes (histograms of grayscale pixels).

3.	 Results and discussion

The results (table 1) demonstrated that segmentation effectively isolated homogeneous regions 
within the microstructure, enabling subsequent classification. Smaller datasets yielded unstable re-
sults with limited generalizability, highlighting the need for larger datasets (results for 100 seg-
ments). Splitting images into smaller segments and analyzing their histograms proved viable for 
bainite detection but may overlook spatial and textural details.

Figure 1. Pipeline diagram in multi-aspect models of bainite microstructure recognition
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Table 1. Results of bainite classification

Algorithm Segments no. Histogram bins no. Accuracy-test
DT 600 5 0.75
DT 400 10 0.77
DT 100 5 0.66
RF 600 100 0.83
RF 400 5 0.73
RF 100 5 1.0

kNN 600 15 0.63
kNN 400 150 0.6

This study demonstrates that bainite regions can be effectively identified from optical micro-
scopy images using a hybrid approach combining segmentation and supervised classification (table 
1). Random Forest provided accuracy at the level of 83%, which is not yet a completely satisfactory 
result, but it already provides a solid basis for further research and the possibility of determining 
optimal parameters - both the number of clusters and the resolution of histograms. It is true that 
for smaller resolutions it was even possible to achieve 100% accurate classification in tests, but the 
remaining indicators suggested that the model was unstable (f1 = 63%). The integration of statisti-
cal knowledge into the segmentation process and the use of supervised methods for classification 
significantly enhanced model accuracy. However, achieving robust results requires larger datasets 
and advanced models capable of leveraging complex spatial and textural information. Future efforts 
should explore neural networks to further improve bainite recognition and microstructure charac-
terization in steel products.
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1.	 Introduction

In recent years, there has been huge progress in the field of machine learning and artificial 
intelligence. With the increasing use of artificial intelligence, there is also a growing need to un-
derstand the decisions it makes, but machine learning models such as deep neural networks are 
difficult to interpret so they are often called „black boxes”. Such a situation limits a human under-
standing why a given model makes specific suggestions or decisions [1]. Therefore, recently there 
has been an increasing interest in XAI (Explainable Artificial Intelligence) capable of explaining its 
decisions in a way that is understandable to humans. Explainability of Artificial Intelligence (AI) 
models involves the possibility of using appropriate algorithms designed to give users insight into 
the mechanisms that AI uses to obtain a result. Interpretability tells us to what extent the user is 
able to understand how the AI model works by looking at the structure of this model. Explaining 
AI models’ decisions can bring many benefits like better results of human cooperation with AI or 
ensuring safety in critical areas such as medicine or automotive but also in heavy industry where 
advanced AI systems are used to monitor, control and optimize complex processes but in the case of 
malfunction it is difficult to identify the causes and understand why this happened. In this paper, we 
will look at different methods for explaining AI models and then, present an actual problem related 
to heavy industry. The data, on which it was based, will be described, and the solution to the task 
and the results will be presented. At the end, appropriate conclusions will be drawn.

2.	 XAI methods

There are many XAI methods available, and this number is dictated by the variety of problems 
and AI models used to solve them. XAI methods differ from each other in many aspects, so they 
can be divided in several ways according to type of input data, way of presenting explanations, 
stage of explaining, dependence on AI architecture, scope of explanation and problem type. In the 
next paragraphs, two selected methods are described: GradCAM and Anchors. The first one was 
chosen because it was used to solve the problem in heavy industry described in the next chapter, 
while the Anchors method was chosen because it operates in much different ways from GradCAM. 
GradCAM (Gradient-weighted Class Activation Mapping) is an XAI method that can be classified 
according to the above criteria as one that uses visualization, showing the importance of individual 
features in the local space, and we define it as model-specific due to the need to use an appropriate 
AI model for classification tasks and architecture based on convolutional layers [2]. It is used to 
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make explanations on images by generating and applying appropriate heat maps to them. To use 
the GradCAM method, we need a previously trained classification model. The Anchors method is 
classified as a method presenting explanations in text form, showing key features that influence the 
prediction result, it can operate locally and globally, and is model-agnostic [3]. Anchors is a method 
that explains the model’s predictions in the form of the so-called “anchors”. Anchors are rules built 
from conditions, so they describe what conditions must be met for the model to make a specific 
decision. This method can be used on data types such as text or tabular data. To use the Anchors 
technique, we need a previously trained AI model.

3.	 Problem description

A part of the case study was the problem of identifying ladles in images from CCTV cameras 
in the electrosteel plant. There are many such ladles in the hall, they are at various stages of pro-
duction and change their location from time to time, so it is important to properly monitor them to 
maintain control over them and the processes with which the ladles are related. Due to the above, 
there was a need to introduce a system for identifying all ladles in use by using CCTV cameras 
installed in the hall. Additionally, having an AI model used to identify objects, we can combine it 
with the appropriate XAI method, which will allow us to understand what criteria the model used 
when making identification, by showing the image fragments that are crucial in recognizing ladles 
among others objects. The data used to develop the solution are image snapshots from CCTV ca-
meras showing various places in the hall from different perspectives. Example pictures recorded by 
cameras and submitted for research are presented in Figure 1.

The YOLO (You Only Look Once) v3 model was used to identify ladles in the image, it uses 
3 different scales to detect objects (small, medium and large objects). It can detect many classes of 
objects at the same time assigning them appropriate labels and frames limiting the areas of these ob-
jects in the image [4]. GradCAM was used as the XAI method to explain what fragments in the ima-
ge determined that the YOLO v3 model was able to identify ladles. YOLO in its algorithm follows 
three paths at the same time, where each path is responsible for the detection of objects with dif-
ferent dimensions, so GradCAM had to be adapted to all three paths, then 3 identical images were 
juxtaposed, but with different heat maps superimposed on them, and the results were compared.

4.	 Results

The results show sample images recorded by CCTV cameras installed in the electrosteel plant 
hall compared to the same images after applying ladle detection using the YOLO v3 model and 
explaining the predictions by applying heat maps generated by the GradCAM method to the images 
(Table 1). The YOLO model coped well with the task of identifying appropriate objects. The Grad-
CAM model generated heat maps for each of the three size scales considered by the YOLO model.

Figure 1. Pictures from CCTV cameras in the electrosteel plant. 
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5. Conclusions 

XAI is another step forward towards the further development of algorithms that make predictions related to a specific problem 
helping to understand how the AI models work. There are many XAI methods, they can be divided into different categories. 
XAI can be used in heavy industry – using GradCAM gave satisfactory results but using the improved GradCAM++ method 
gave more accurate marking of the areas. Further research should focus on finding other methods that would be able to extract 
other features crucial to understanding the performance of the YOLO model in this case. 
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5.	 Conclusions

XAI is another step forward towards the further development of algorithms that make predic-
tions related to a specific problem helping to understand how the AI models work. There are many 
XAI methods, they can be divided into different categories. XAI can be used in heavy industry – 
using GradCAM gave satisfactory results but using the improved GradCAM++ method gave more 
accurate marking of the areas. Further research should focus on finding other methods that would 
be able to extract other features crucial to understanding the performance of the YOLO model in 
this case.
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the GradCAM method to the images (Table 1). The YOLO model coped well with the task of identifying appropriate objects. 
The GradCAM model generated heat maps for each of the three size scales considered by the YOLO model. 

Table 1. Example results of the YOLO v3 model and the GradCAM method on input data in the form of camera images. 

Detection 
result 

(YOLO v3) 

  
Explanation 

result 
(GradCAM) 

  
 

5. Conclusions 

XAI is another step forward towards the further development of algorithms that make predictions related to a specific problem 
helping to understand how the AI models work. There are many XAI methods, they can be divided into different categories. 
XAI can be used in heavy industry – using GradCAM gave satisfactory results but using the improved GradCAM++ method 
gave more accurate marking of the areas. Further research should focus on finding other methods that would be able to extract 
other features crucial to understanding the performance of the YOLO model in this case. 
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1.	 Purpose of research

The integration of Industry 4.0 technologies, such as digital twins and Industrial Internet of 
Things (IIoT), has revolutionized the development of monitoring systems across various sectors 
[1]. These advanced technologies enable real-time data collection, analysis, and visualization, le-
ading to enhanced process optimization and improved decision-making capabilities. By leveraging 
cloud-based solutions and web applications, monitoring systems can now provide remote access to 
critical information, facilitating more efficient and responsive management of industrial processes 
and medical devices. Owing to increasing requirements from customers and constantly changing 
standards in wide areas of industry or hospitality, it is necessary to create modern solutions in mo-
nitoring systems and develop more detailed systems to collect more data for security reasons or for 
collecting detailed data to optimize the processes. This paper describes selected technologies used 
in industry or medical device monitoring systems (especially in medical gas monitoring systems) 
and two cases where different monitoring process technologies were used owing to different needs. 
Authors describes in details prototype of medical gas monitoring system connected with cloud-
-based message broker with web-application and future plans for this research. Furthermore, this 
paper is complemented by the presentation of the characteristics of a digital twin implementation 
in an industrial environment for the roller leveling process. This implementation demonstrates the 
practical application of Industry 4.0 principles by creating a virtual replica of the physical process, 
enabling real-time monitoring, predictive analytics, and process optimization.

2.	 Medical gases monitoring system

The first case described in this article is a prototype of an innovative medical gas monitoring 
system based on time-series data registration in the Azure cloud instance of the InfluxDB database 
system. The project was designed based on three connected via RS485 physical connection medical 
devices: two medical gas manifolds (for Oxygen and Medical Air) and one shut-off valve box. Each 
device in presented case was produced by a single manufacturer. Connected devices simulate instal-
lation in hospitals, where there are two medical gases (Oxygen and Air) and one medical gas zone 
[1]. Physical connection of medical devices and microcontroller (Raspberry Pi 4B with Waveshare 
RS485 CAN HAT) created possibility for reading MODBUS registers with data from sensors in 
each device (using Python programming language with “minimalmodbus” library). Author cre-
ated custom script dedicated for each type of device, which can combine each readings and alarm 
statuses from different devices in one data format – the aim is to integrate most-known devices in 
Poland in one “ecosystem”. Creating a physical connection was obligatory for the next step in this 
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project: creating a cloud-based communication server and web application for customers. The clo-
ud infrastructure was based on a Virtual Machine with Debian 11 operating system, with an MQTT 
broker (Mosquitto) and a Grafana instance (for visual representation of readings). Microcontroller 
connected to WAN network gained ability to send data for prepared cloud-based infrastructure and 
it was first step to create modern system to read multiple parameters and alarms live and also save 
them in time series NoSQL databases. Finally, the web application was prototyped using CMS 
“Wordpress” only for testing purposes, because it is easy to use Object-Oriented Content Manage-
ment System with pre-configured solutions to create and manage access rules, roles, and users. The 
author connected physical infrastructure (simulating a real hospital environment), a main micro-
controller, with cloud software – starting from the main broker on the Microsoft Azure platform and 
ending with a customer web application created on shared hosting with selected domain. Described 
solution is first approach for Author to create system which will be useful for medical and techni-
cal personnel in hospitals – improving the process of alarming of leakages, failures and medical 
devices status – regardless of manufacturer of monitored device. Future plans for this research is to 
strive for creating physical monitoring devices, without need for physical connection, concentrate 
on long-range, low-power, mesh-based connections (LoRa, NB-IoT, Zigbee) between each node 
(monitored medical devices), and event analytics or preventing, using artificial intelligence based 
on collected time series data from monitoring devices in different hospitals [3].

3.	 Digital twin of the roller leveling process

The general concept of the digital twin of roller leveling process was presented in Figure 1.

The roller leveling process, coupled with a digital twin, is utilized for process optimization to 
achieve maximum flatness of the material in the shortest possible time. The primary objective of 
roller leveling is to reduce stress within the material. The digital twin represents the process in real 
time within a virtual environment, employing rapid GPU-based calculations to determine optimal 
position settings for the physical machine and material, based on measurements taken after each 
roller leveling step. In this project, the authors employed artificial intelligence methods to optimize 
the physical process. The AI-driven optimization approach significantly reduced the time required 
for achieving optimal flatness compared to traditional methods. By leveraging machine learning 
algorithms, the system could predict and adjust roller positions more accurately, resulting in impro-
ved material quality and reduced waste [4]. This innovative integration of digital twin technology 
and artificial intelligence not only enhanced process efficiency but also paved the way for further 
advancements in metal processing industries [5].

3. Digital twin of the roller leveling process 
The general concept of the digital twin of roller leveling process was presented in Figure 1. 
 

 
Figure 1. Concept of digital twin (roller leveling process). 

 
The roller leveling process, coupled with a digital twin, is utilized for process optimization to achieve maximum flatness  

of the material in the shortest possible time. The primary objective of roller leveling is to reduce stress within the material.  
The digital twin represents the process in real time within a virtual environment, employing rapid GPU-based calculations to 
determine optimal position settings for the physical machine and material, based on measurements taken after each roller leveling 
step. In this project, the authors employed artificial intelligence methods to optimize the physical process. The AI-driven 
optimization approach significantly reduced the time required for achieving optimal flatness compared to traditional methods.  
By leveraging machine learning algorithms, the system could predict and adjust roller positions more accurately, resulting  
in improved material quality and reduced waste [4]. This innovative integration of digital twin technology and artificial intelligence 
not only enhanced process efficiency but also paved the way for further advancements in metal processing industries [5]. 
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1.	 Introduction

This paper focuses on the possibility of automatically determining the percentage compo-
sition of ferrite, pearlite and graphite in analysed images of casting microstructures. For this 
purpose, algorithms selected from descriptions in the literature were analysed and some of them 
were tested. Images of casting microstructures obtained by electron microscopy were used in the 
study. These data were processed and analysed using unsupervised learning algorithms such as 
K-means and Gaussian Mixture Model (GMM). The indicated procedure allows the construction 
of a model based on the concept of clustering. An important aspect is the ability to efficiently 
assign pixels to individual phases without having to manually label the images, which signi-
ficantly speeds up the analysis process and increases reproducibility. During the study, it was 
shown that the results obtained using the iterative segmentation method, in which each phase was 
progressively extracted from the image, showed higher accuracy than the classical approaches. 
The use of the iterative approach made it possible to distinguish more effectively between visu-
ally similar elements, which was difficult to achieve with the K-means and GMM algorithms. 
The results indicate that the predictive model can be a valuable tool to support the analysis of 
microstructures in vermicular iron, especially in the engineering industry, where precise control 
of material composition and mechanical properties is required. A prospect for further research is 
the development of phase detection and segmentation methods using supervised learning, which 
may further improve classification accuracy and enable the model to be used in industrial quality 
control systems.

2.	 Literature review

Traditional approaches, based on subjective operator assessment, are limited in terms of ac-
curacy and repeatability. In the paper [1], an analysis of the effect of heat treatment on graphite 
morphology carried out using metallographic microscopy and image analysis systems showed that 
this technology enables effective investigation of the effect of structure on material properties.
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Further studies [2-8] discussing SEM and EBSD methods indicate their wide application in the 
analysis of the microstructures of various alloys, as well as the use of deep learning techniques such 
as U-Net to automate the phase classification process, for example in steels with complex struc-
tures. Deep modelling can effectively identify phases, such as ferrite or austenite, through image 
segmentation based on SEM and EBSD data.

Other approaches shown in the article [9], such as texture analysis with GLCM and classifica-
tion using Random Forest and Gradient Boosting Machine models, show effectiveness in identify-
ing steel structures after different heat treatments.

Another paper [10] describes the segmentation of microstructures without human supervision, 
using CNNs in combination with a superpixel algorithm. This method mimics the metallurgist’s 
approach to pattern recognition in microscopic images and successfully distinguishes regions of 
similar morphology, which is comparable to the results of manual determinations.

Ultimately, the articles highlight the crucial importance of machine learning in automating the 
analysis of microstructures, which reduces subjective errors and speeds up the process of exami-
ning materials, enabling more precise design of their properties.

3.	 Methods and results

2.1.	 Preliminary data

The data used in this project represent images of the microstructures of test castings made 
from vermicular cast iron. The castings were obtained using four different variations of casting 
wall thickness: 3 mm, 6 mm, 12 mm, 24 mm. Three matrix phases are present in each microstruc-
ture: ferrite, pearlite and graphite. The images were taken at equal magnification of ×500 and RGB 
format. During data processing, images deviating from the majority in terms of colour scale were 
discarded. Then, due to the small data set, it was decided to use augmentation techniques (rotation, 
reflection) (fig1).

2.2.	 Percentage composition prediction

After initial testing, supervised learning was rejected in the initial part of the project due to 
the high effort and timeconsumption during manual labelling and possible errors during phase 
labelling. Semi-supervised learning was rejected for similar reasons. Unsupervised learning me-
thods using Kmeans and Gaussian Mixture Model algorithms were used in the project. The results 
obtained for the percentage composition of the individual phases were compared in this study. The 
data obtained from the tests using the Kmeans algorithm were close to the estimated values, but the 

a) b) c) 

Fig. 1 Augmentation techniques a) original photograph b) 180˚ rotation c) reflection with respect to the y-axis 

2.2 Percentage composition prediction 

After initial testing, supervised learning was rejected in the initial part of the project due to the high effort and time-
consumption during manual labelling and possible errors during phase labelling. Semi-supervised learning was rejected for 
similar reasons. Unsupervised learning methods using Kmeans and Gaussian Mixture Model algorithms were used in the 
project. The results obtained for the percentage composition of the individual phases were compared in this study. The data 
obtained from the tests using the Kmeans algorithm were close to the estimated values, but the Gaussian Mixture Model 
algorithm did not obtain satisfactory data. The reason for the incorrect performance of the Gaussian Mixture Model algorithm 
was the difficulty in distinguishing between graphite and perlite. Attempts were made to improve the performance of the 
algorithm using an iterative approach to determine perlite based on shape detection using the findContours() method from the 
OpenCV library. After applying this method, the results were still unsatisfactory due to the erroneous determination of 
graphite when located in the vicinity of ferrite. Following this, it was decided to test supervised learning algorithms, which 
were initially rejected. Once the images were manually labelled, they were used to train the model in a neural network. 
Identifying specific areas from which features were extracted for each phase of the matrix produced satisfactory results. 
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Gaussian Mixture Model algorithm did not obtain satisfactory data. The reason for the incorrect 
performance of the Gaussian Mixture Model algorithm was the difficulty in distinguishing between 
graphite and perlite. Attempts were made to improve the performance of the algorithm using an 
iterative approach to determine perlite based on shape detection using the findContours() method 
from the OpenCV library. After applying this method, the results were still unsatisfactory due to 
the erroneous determination of graphite when located in the vicinity of ferrite. Following this, it 
was decided to test supervised learning algorithms, which were initially rejected. Once the images 
were manually labelled, they were used to train the model in a neural network. Identifying specific 
areas from which features were extracted for each phase of the matrix produced satisfactory results.
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Grain-oriented electrical steel (GOES) with high silicon content is widely used in transformer 
cores due to its excellent magnetic properties such as low hysteresis loss. However, producing thin 
sheets of this material through cold rolling presents significant challenges. The inherent brittle-
ness of high-silicon GOES often leads to the formation of defects, particularly alligator and edge 
cracks, which compromise both the mechanical integrity and performance of the final product [1]. 
This study focuses on elucidating the mechanisms driving the formation of these cracks through 
experimental observations and numerical simulations, providing insights for optimizing industrial 
rolling processes.

The brittleness of GOES is attributed to the high silicon concentration, which enhances ma-
gnetic properties but simultaneously promotes crack formation under cold rolling conditions. It has 
been found that Alligator cracks, parallel to the rolling plane, typically initiate in shear bands due to 
localized strain incompatibility and propagate along specific microstructural features, such as hot 
band interfaces. These interfaces, often composed of large θ-fiber (ND||G001H) textured grains, pro-
vide a path of least resistance for crack progression due to their low cleavage fracture strength.Edge 
cracks, in contrast, originate from high tensile stresses along the rolling direction and propagate 
along the transverse direction at the strip edges during the steady stateof cold rolling.

Finite element method (FEM) simulations were conducted to analyze stress distribution within 
the sheet during cold rolling [2]. The results revealed that while compressive stresses along the nor-
mal direction (ND) dominate in the steady-state rolling phase, tensile stresses develop at the entry 
and exit stages, particularly at mid-thickness and edges. The tensile stresses are critical in initiating 
both alligator and edge cracks. During the steady-state zone, when the roll force peaked, the end-
-width region experienced high tensile stress along the rolling direction (RD), exceeding 250 MPa. 
This stress promoted edge crack initiation in this zone. In the exit stage, tensile stress shifted to the 
mid-width region, driving crack propagation along the transverse direction (TD).With anestimated 
cleavage fracture strength below 150 MPa of the hot rolled plate, the high tensile stress in RD likely 
facilitated edge crack formation during cold rolling.On the other hand, at 20% thickness reduction, 
tensile stress in the normal direction (ND) ranged from 20 MPa at entry to 50 MPa at exit. This 
stress likely promoted alligator crack propagation at the interface between the cube and gamma fi-
ber region. Large θ-fiber (ND||G001H) textured grains (>10 mm in RD) had a cleavage fracture stress 
below 50 MPa. with {001} planes parallel to the rolling plane, the tensile ND stress at mid- was 
sufficient to cause cleavage fracture, aligning with the alligator crack path [3].
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The study further demonstrates that intermediate annealing between cold rolling passes signi-
ficantly mitigates crack formation. This annealing step refines the microstructure, eliminates hot 
band interfaces, and reduces the size of θ-fiber textured grains. Consequently, the material exhibits 
greater uniformity and effectively prevents both alligator and edge cracks in the final product.
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eliminates hot band interfaces, and reduces the size of θ-fiber textured grains. Consequently, 
the material exhibits greater uniformity and effectively prevents both alligator and edge 
cracks in the final product. 

 

Figure 1: Normal stress distribution along y(ND)-direction (S22) along mid-width at (a) entry 
stage (3.3 s), (b) maximum Roll force in the steady state zone (6.6 s) and (c) exit stage (12.3 
s), and (d) S22 vs Time graph for the element shown by the red dot in (a)–(c) at center and 
the surface during rolling simulation. (e) AC1 specimen showing IPF-ND maps after 
conducting large EBSD analysis on ND-RD and ND-TD cross sections through the thickness 
and (f) schematic representing θ-fiber textured grain and cleavage crack plane at the central 
region around the alligator crack formation during the cold rolling process. 
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Figure 1. Normal stress distribution along y(ND)-direction (S22) along mid-width at  
(a) entry stage (3.3 s), (b) maximum Roll force in the steady state zone (6.6 s) and  

(c) exit stage (12.3 s), and (d) S22 vs Time graph for the element shown  
by the red dot in (a)–(c) at center and the surface during rolling simulation.  

(e) AC1 specimen showing IPF-ND maps after conducting large EBSD analysis  
on ND-RD and ND-TD cross sections through the thickness and  

(f) schematic representing θ-fiber textured grain and cleavage crack plane  
at the central region around the alligator crack formation during the cold rolling process.
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1.	 Introduction

In technical literature, many beneficial effects of TMCP are reported including increased 
strength and ductility, as well as good weldability of steel products [1,2]. However, as reported in 
publications [3,4], the unfavourable combination of deformation parameters during final rolling 
can cause an increase of the ductile-to-brittle transition temperature (DBTT). This was explained in 
term of the meso-texture development in the final product resulting in the formation of aggregates 
of grains having close crystallographic orientation. The low-angle grain boundaries within aggre-
gates are weak obstacles against crack growth, and as a result, the average size of the aggregate is 
the crack propagation controlling parameter instead of the individual grain size. 

The effect of the texture formation was observed in the flat bars rolling process at CMC Po-
land’s rolling mill, resulting not only in DBTT increase, but also in obtaining low impact toughness 
values. For flat bars, a minimum Charpy V-notch fracture energy of 27 J at -20°C is required. The 
fracture energy is a very important quality parameter of the flat bars. Aiming at counteracting the 
unfavourable effect of meso-texture formation on the impact toughness, the effect of the rolling 
conditions in the finishing stands was investigated and deformation conditions for obtaining high 
impact toughness values were identified.

2.	 Experimental

The investigation was focussed on the rolling process of the bars of S355J2 steel having the 
following dimensions of cross section:150×10 mm and 140×8 mm. The billet reheating temperature 
during the flat bars rolling ranged from 1050 to 1080°C, whilst the finish rolling temperature was in 
the range of 865–805°C. The rolling process involved rough and finish rolling.

The investigation carried out included the plastometric tests aimed at the development of the 
austenite microstructure evolution model capable of predicting the state of the austenite microstruc-
ture during TMCP. The tests were performed using the Gleeble 3800 simulator by the deformation 
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of Ø10 mm × 12 mm cylindrical samples at a constant nominal temperature and strain rate. The 
stress relaxation method was applied to provide the data for the model development [5]. To measure 
the austenite recrystallized grain size, the water-quenched samples were subjected to prior austenite 
grain boundaries etching followed by the measurement of the grain size. The following etchant 
was used to reveal the austenite grain boundaries: 100 ml of distilled H2O + 2 g of picric acid, and 
the etching was performed at 70°C. The grain size measurements were performed with the Metilo 
program using pictures taken with an OLYMPUS DSX500i light microscope. The equivalent dia-
meter was assumed as the measure of the grain size. The detailed microstructure characterisation 
was performed under a JSM-7200F scanning electron microscope using the SE mode and EBSD.

The tensile tests of the samples taken from the flat bars were performed using a Zwick Roell 
Z250 materials testing machine. The measured parameters included Yield Strength (Re), Ultimate 
Tensile Strength (Rm), and Total Elongation (El). The fracture energy (AE) was measured in Charpy 
V-notch test using a Zwick Roell RKP 450 hammer for the impact toughness. In both cases, stan-
dard samples were machined from the bars.

3.	 Results of the investigation

3.1.	 Identification of the causes of lowering the impact toughness

The total relative reduction in the cross-section area in the last three passes of the 150×10 
mm flat bar rolling was around 0.37. During rolling trials, samples after 7th, 13th and the last pass 
were cut and subject to mechanical properties measurement and microstructure investigation. 
The results of the mechanical properties measurement are presented in Table 1 whilst the micro-
structure of the samples is shown in Figure 1. The microstructure of the samples consists mainly 
of ferrite, pearlite and relatively low content of bainite (Table 2). Moreover, a substantial bending 
is observed with pearlite and bainite as the leading constituents in the bands. Despite the bainite 
occurrence, ferrite morphology has a major effect on the mechanical properties of the flat bars, 
including the impact toughness.

Table 1. Mechanical properties of the 150×10 mm bars after the 7th, 13th, and the last pass.  
Samples for the measurements were cut at distance of 10 mm from the bar edge

Stand Re, MPa Rm, MPa El, % AE @-20°C, J
7 431±10 586±13 28.0±0.5 173±15
13 419±8 593±10 26.0±1.0 162±13

Last 442±12 662±14 24.0±1.0 60±19

Figure 1. Microstructure of the flat bar (150×10 mm) sample after the last pass and cooling:  
(a) one side of the bar approximately 10 mm from the edge; (b) middle of the bar;  

(c) other side of the bar approximately 10 mm from the edge.  
LOM in the plane parallel to the rolling direction

b) c)a)
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The results presented above suggest that the formation of the meso-texture during TMCP af-
fects substantially the value of fracture energy. Therefore, a subsequent step in the analysis of the 
microstructure of the flat bars included a more detailed investigation of the samples using the EBSD 
method, and the results are presented in Figure 2. The texture analysis shows that majority of ferrite 
grains in the sample after the last pass have orientation close to G101H//ND, marked in green.

3.2.	 Austenite microstructure evolution model

A conventional austenite microstructure evolution model was developed for numerical simu-
lations of the flat bars rolling process including the dynamic, metadynamic and static recrystalliza-
tion, as well as the austenite grain growth following recrystallization. The full model is presented 
in publication [6]. However, we found out that subjecting the S355J2 steel to low deformations, 
below the critical strain for the static recrystallization initiation, may contribute to the unfavorable 
texture development, resulting in the low values of impact toughness of flat bars. Therefore, new   
equations were developed and included in the process of numerical simulation, accounting for the 
critical strain, incubation time for the static recrystallization initiation and retain strain transmitted 
to the next pass:

Table 2. Microstructural parameters of the 150×10 mm flat bar. The measurements were  
performed on the Charpy V-notch samples taken at distance of 10 mm from the bars’ edge.  

dα – ferrite grain size (eq. diam.), F, P and B, fraction of ferrite, pearlite and bainite, respectively

Pass dα, μm F P B
7 13.2±1.4 0.77±0.03 0.15±0.02 0.08±0.02
13 10.7±1.2 0.78±0.02 0.13±0.03 0.09±0.02

Last 10.5±0.8 0.74±0.02 0.11±0.02 0.15±0.03 

Figure 2. EBSD results of sample C of the 150×10 mm flat bar after the last pass and cooling  
in a cooling bed with cut-off pearlite: a) image quality (IQ), b) grain orientation map,  

c) standard crystallographic triangle, d) misorientation angle distribution, (e) grain size distribution,  
(f) coloured grain distribution map in reference to the distribution in (e)

e) f)d)

a) c)b)

(1)
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where: 

ε, ε ̇– strain and strain rate, T – temperature in absolute scale, R – universal gas constant, Dα – initial 
grain size of austenite.

The implementation of these equations in the FEM model of the bars rolling allowed the mo-
dification of deformation parameters in the flat bars rolling process to take full advantage of TMCP. 
The austenite microstructure evolution model was implemented in the commercial Forge code for 
the sake of numerical modelling of rolling a 140×8 mm flat bar. The results of the calculations, 
starting from the 13th pass, are presented for the sensors marked in Figure 3, located in the plane of 
symmetry of the flat bar. In this case the total deformation in the last three passes was around 0.46.

Figure 4 shows the variations of the calculated temperature and the mean austenite grain size 
as a function of the rolling time for the sensors defined in Figure 3. In the initial passes, a substantial 
temperature rise in the bars’ centre is observed due to the heat generating during plastic deforma-
tion. At this stage of rolling, a higher temperature is observed in the bar’s centre as compared to the 
edges. The greatest temperature increase is observed after the last pass, and as opposed to the initial 
deformations, the temperature rise is substantially higher at the bar’s edges, as compared to the 
bar’s centre. This is caused by high plastic resistance of experimental steel at low deformation tem-
peratures, relatively high deformation degree and the vertical arrangement of the rolls in the next to 
the last pass causing the edges bulging (Figure 5). In the considered passes, static recrystallization 
and austenite grain growth are the main mechanisms influencing the austenite microstructure evo-
lution. The results of the simulations presented in Figure 4 show that comparable values of mean 
austenite grain size are achieved in the bar’s cross-section in the first passes. Substantial differences 
of austenite evolution occur in the last two passes due to the application of vertical rolls in the next 
to the last pass causing edges’ bulging. In this pass, due to the largest strain, the recrystallised grain 
size is substantially lower at the bar’s edges as compared with the centre. However, higher tempe-
rature, combined with a smaller grain size, results in the fast grain growth following the recrystalli-
sation. As a result, a substantial difference in the mean austenite grain size is developed in this pass 
between the bars’ centre as compared to the edges. This difference is eliminated in the last pass.

(2)

(3)

Figure 3. Sensors’ location at the flat bar after the 13th stand
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Since the S355J2 steel does not contain the microalloying elements causing the effective re-
tardation of the austenite recrystallization and grain growth, a significant grain growth occurred in 
the time interval from the last pass to the ferritic transformation start temperature. Despite this, the 
model predicted obtaining a small austenite grain size at the start of ferrite transformation, below 
30 μm. This was caused by the low finish rolling temperature of 805°C.

3.3.	 Mechanical properties of 140×8 mm flat bar after rolling

The results of the mechanical properties measurement are given in Table 3, and the distribu-
tion of impact toughness values in the flat bar is shown in Figure 6. The differences in the fracture 
energy measured in different bar’s locations are not large.

Finally, for comparison with the first rolling experiment, EBSD investigation of the sample of 
the 140×8 mm flat bar was performed, and the results are shown in Figure 7.

It is seen that the grain size distribution is more steep and more symmetrical as compared to 
the results of the EBSD investigation presented in the case of the preliminary rolling trials (Figure 
2). Moreover, the microstructure contains more high-angle boundaries as compared to the previous 
investigation, as well as is characterised by more random orientation of individual grains.

Figure 4. Variations of temperature: (a) and mean austenite grain size, 
(b) during the last passes of the 140×8 mm flat bar rolling

b)a)

Figure 5. Equivalent strain distribution in the half of the cross-section of the bar  
at the end of the next to the last pass

Table 3. Average mechanical properties of the 140×8 mm flat bars’ microstructure  
after rolling and cooling in the cooling bed determined in the tensile test

Re, MPa Rm, MPa A, % Z, %
406±16 536±13 17.8±1.1 72.0±1.8
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4.	 Conclusions

1)	 The low fracture energies of the flat bars subjected to TMCP were explained in terms of the 
meso-texture formation due to the applied processing parameters, involving small deforma-
tions in the finishing passes.

2)	 The detailed investigation of the austenite microstructure evolution after deformation with 
small strains allowed the incorporation of new equations into the conventional austenite mi-
crostructure evolution model, accounting for the recovery process and critical strain for the 
initiation of static recrystallization. 

3)	 The numerical simulations with the modified model allowed the modification of the defor-
mation parameters during the rolling in the finishing stands, eliminating the disadvantageous 
effect of meso-texture formation, leading to a substantial increase of the fracture energy in the 
Charpy V-notch test.

4)	 The investigation has shown that the inclusion of equations for the critical strain for static 
recrystallization occurrence and the effective strain variation due to the recovery is critical for 

Figure 6. Distribution of fracture energy in the 140×8 mm flat bar of heat 2 after  
rolling and cooling in the cooling bed. The 75th and 25th percentiles  

are marked in the graph. A and B stands for the samples taken close to the flat bar edges,  
whilst B stands for the sample taken in the bars’ centre

Figure 7. EBSD results of sample C of the 140×8 mm flat bar after the last pass  
and cooling in the cooling bed with cut-off pearlite: a) image quality (IQ),  

b) grain orientation map, c) standard crystallographic triangle, d) misorientation angle distribution,  
(e) grain size distribution, (f) coloured grain distribution map in reference to the map in (e)

e) f)d)

a) c)b)
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obtaining accurate predictions of austenite microstructure evolution during TMCP. However, 
this rarely happens in the investigations presented in technical literature.
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1.	 Introduction

DP600 steel is widely used in the automotive industry due to its high tensile strength and excel-
lent cold formability. Industrial-scale production of this steel grade began in the 1990s, and produc-
tion volumes have consistently increased since then [1]. DP600 is produced on an industrial scale 
through either annealing with controlled cooling of cold-rolled ferritic-pearlitic steel or through hot 
rolling. While the annealing process has been extensively studied by researchers worldwide, simu-
lating the hot rolling process of DP steel in a laboratory setting poses significant challenges [2-4]. 
As a result, research on the hot rolling process is less prevalent in academic databases. This study 
aims to replicate the actual industrial process of DP600 production in a hot rolling mill. By varying 
key process parameters, we were able to achieve different microstructures influenced by total strain, 
strain rate, deformation temperature, and cooling rate during the experiments. The findings from 
this study provide a foundation for implementing changes in the hot rolling technology to enhance 
the mechanical properties of hot-rolled DP600 steel.

2.	 Results and discussion

Experiments were conducted on an ASP2 thermomechanical simulator supplied by the Servo-
test company. The samples were prepared as rods shaped by turning. Each rod had a middle section 
with a diameter of 10 mm, which served as measurement area. Total length of the rod was 200 mm. 
One set of samples for the simulations was obtained from a continuously cast slab, while the other 
was taken from transfer bar—an intermediate product of the hot rolling process, between roughing 
and finishing rolling. Both sets of samples had the exact same chemical composition, correspon-
ding to that used in the production of DP600 during the hot rolling process. Figure 1a illustrates 
the experimental setup. The rod, secured in clamps, was heated to the required temperature using 
an induction heater, then cooled at a predefined rate and subjected to deformation by twisting. The 
thermal cycles applied during the simulations are shown in Figure 1b. Plastic deformation was 
induced by twisting the rod at a specified angle to replicate the strain and strain rate during the hot 
rolling process in each pass.
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During the simulations, the temperature was continuously measured using a thermocouple. 
The sample was cooled with air blows, and at the end of each experiment, water was used to quench 
the sample. As a first step, the entire hot rolling process was simulated as accurately as possible. 
The sample was heated to the discharging temperature and deformed in seven reversing passes 
at temperatures corresponding to those used in the actual process. This was followed by slow air 
cooling to simulate the strip transportation from the roughing mill to the finishing mill, and then 
deformation in six finishing stands. Finally, the controlled cooling process was simulated, including 
an intercritical pause during water cooling.

As a result, a dual-phase microstructure resembling the one typically achieved in the actual hot 
rolling process was successfully reproduced in the simulation. Figure 2a illustrates the dual-phase 
microstructure obtained in this experiment. The results of the initial simulation demonstrated high 
reproducibility of the hot rolling process in a laboratory setting. Subsequently, two additional sam-
ples were quenched immediately after deformation corresponding to the roughing mill process, 
with variations in the strain and temperature during the final pass. Another two simulations focused 
solely on finishing rolling, utilizing different strains in the last two stands and two distinct final 
rolling temperatures. In both cases, the samples were quenched immediately after the deformation. 
The quenching step was intended to produce a microstructure suitable for evaluating prior auste-
nite grain size. Figure 2b provides an example of such a microstructure. The evaluation of prior 
austenite grain size revealed the influence of strain and deformation temperature on the processes 
of austenite recrystallization and grain growth during hot rolling.

Figure 1. Thermomechanical simulations: a) experiment setting,  
b) thermal cycles used during simulations

b)a)

Figure 2. Microstructures obtained during simulations: a) dual phase microstructure,  
b) sample quenched for prior austenite grain size evaluation

b)a)
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The results of this experiment were used to design modifications to the hot rolling process 
aimed at improving the mechanical properties of hot rolled DP600 steel. Based on these findings, 
increasing the strain in the final passes of both the roughing mill and finishing mills is expected to 
achieve sufficient grain refinement to counteract any potential loss of material strength caused by 
other changes in the hot rolling process parameters. Moreover, austenite grain refinement is antici-
pated to not only result in ferrite grain refinement but also promote the formation of more equiaxed 
and evenly dispersed martensite islands within the dual-phase microstructure.
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1.	 Introduction

Rolled semi-finished products belonging to the Tailored Blanks (TB) product group are called 
Tailor Rolled Blanks (TRB) and are now widely used in the automotive and aerospace industries [1]. 
They have gained their popularity due to their ability to be optimized for shaping into finished parts 
and adapting them to working conditions. Their characteristic feature is the variable thickness of the 
material on the cross-section of the sheet [2]. Depending on the direction in which the thickness chan-
ges occur, different methods of manufacturing TRB products are used. The first consists of rolling with 
a periodically variable rolling gap and allows the production of semi-finished products with a variable 
cross-section in the direction longitudinal to the rolling direction. This method is used in the production 
of products in which the thickening or thinning of the material follows the shorter side of the sheet, such 
as the B-pillar (Fig. 1A). In contrast, for TRB products with transversely varying cross sections (Fig. 
1B), the technology for shaping them is much more complex. Two main variations of their shaping are 
currently being researched and developed. In the first, variable thicknesses are obtained by repeated and 
gradual shaping of the material in a minimum of 30 passes [3]. The second method, on the other hand, 
involves simultaneous bending and thinning of the material, which reduces the number of required ope-
rations to 4 [4]. However, both methods have not found industrial application on a mass scale.

Figure 1. TRB semi-finished product varieties. a) Schematic of a TRB semi-finished product with  
a longitudinally variable cross-section with an example product [1], b) Schematic of  

a semi-finished product with a transversely variable cross-section with an example product

b)a)
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Research conducted since 2021 at the Lukasiewicz Research Network - Poznan Institute of 
Technology, in cooperation with the AGH University of Science and Technology, is aimed at de-
veloping a highly efficient technology for rolling TRB strips with variable material thickness in 
a direction transverse to the rolling direction. For this purpose, a technology based on modified 
conventional rolling was developed. This modification included the use of a special set of tools, in 
the form of groove rolls. With these tools, variable deformations are introduced into the material 
during the rolling process. This leads to obtaining products in the form of strips with transversely 
variable cross-section. Depending on the shape and the number of rolls in the set, it is possible to 
produce different types of strips depending on their purpose (Fig. 2).

A definite advantage of the studied technology over those currently in use is the possibility 
of obtaining a finished TRB strip in a single rolling pass. In addition, due to its similarity to co-
nventional rolling, high technological velocities can be achieved. However, the technology under 
study has a major disadvantage, which is the non-uniform elongation of the material resulting from 
strain differences in the rolling pass. Excessive differences in elongation lead to product defects in 
the form of waviness. In addition, band curvature occurs when shaping products with a one-sided 
variable surface (Fig. 2A). 

As part of the ongoing work, numerical studies were used to gain a deeper understanding of the 
causes of defect formation, as well as to determine the limitations of the technology under study. 
The research was conducted in the Simuifact Forming program and made it possible to determi-
ne the maximum elongation difference of the material at which no shape defects are formed. In 

Figure 3. The result of numerical testing of rolling TRB strip free of defects

Figure 2. The investigated technology for rolling cross-section strips.  
a) rolling with one groove roll, b) rolling with two groove rolls

b)a)
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addition, the cause of curvature of the strips was determined on the basis of the conducted research, 
and the effect of the size of the difference in strain the size of the curvature was studied. The results 
from these studies made it possible to develop the shape of the tools, as well as to determine the 
parameters of the rolling process to obtain a TRB strip with a one-sided variable surface, with no 
shape defects (Fig. 3).

References

1.	 Merklein M., Johannes M., Lechner M., Kuppert A., A review on tailored blanks—Production, applica-
tions and evaluation, Journal of Materials Processing Technology 214, 2014, 151– 164.

2.	 Zhi Y., Wang X., Wang S., Liu X., A review on the rolling technology of shape flat products, Int J Adv 
Manuf Technol, 94, 2018, 4507–4518.

3.	 Koppa R., Wiednerb C., Meyerc A., Flexibly rolled sheet metal and its use in sheet metal forming, Ad-
vanced Materials Research, 6-8, 2005, 81-92.

4.	 Wang X.G., Wang S., Liu X.H., Variable thickness rolling of plates thick in the middle and thin on the 
sides, Journal of Materials Processing Tech., 277, 2020, 116432.

Acknowledgements. Research funded by Ministry of Science and Higher Education financed this 
work within the fifth edition of the Implementation PhD programme.



1

The project is co-financed by funds from the state budget, granted by the Minister of Science as part  
of the Excellent Science II Program, project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN.

The project is co-financed by funds from the state budget, 
granted by the Minister of Science as part of the Excellent Science II Program, 

project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN

Microstructure formation during hot rolling of high-silicon steels  
for the manufacture of grain oriented electrical sheets

Kamila Ścibisz1,2, Janusz Krawczyk2, Piotr Matusiewicz2, Karolina Wójciak2

1 ArcelorMittal Poland S.A. Unit in Krakow, ul. T. Sendzimira 1, 31-752 Krakow, Poland
2 AGH University of Krakow, Faculty of Metals Engineering and Computer Science,  

al. A. Mickiewicza 30, 30-059 Krakow, Poland
scibisz@agh.edu.pl, jkrawcz@agh.edu.pl,  
matus@agh.edu.pl, kwojciak@agh.edu.pl

Keywords: hot rolling, microstructure, texture, high silicon steel

1.	 Introduction

High silicon stell with content approx. 3.2% Si are dedicated to production soft magnetic 
grain-oriented electrical steel. During complex production route sharp Goss texture is developed. 
Forming {110} G001H texture characterized high magnetic induction and low core loss along the 
rolling direction is one of the main characterizing point this kind of stell due which apply as the 
core material in electrical transformers [1]. Development of such a texture occurs by abnormal 
growth of a minority of Goss grains present at the primary recrystallised state during secondary re-
crystallisation. The influence of non-metallic inclusions playing the role of inhibitors of secondary 
recrystallization at this stage of the manufacturing process is widely reported [2-4]. This research 
focuses on the study of microstructure and texture evaluation in the early stages of the production 
process. The formation of dynamic recrystallization zone during hot-rolling process was investiga-
ted by using EBSD technique.

2.	 Results and discussion

Hot-rolling of GOES requires reheating slabs to 1300-1400°C to make sure inhibi-
tors such as MnS and AlN can fully dissolve into the matrix before hot rolling.The phase vo-
lume fraction on equilibrium phases in the temperature interval from 0 to 1600°C was simula-
ted using Thermo-calc software AB. The TCFE 10: TCS Steels/Fe-Alloys Database was used.  

Figure 1. The predicted volume fraction of: a) fcc phase and b) AlN

b)a)
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The results obtained show that in the temperature range of hot rolling about 30% α → γ transfor-
mation occur (Figure 1a). It can be also concluded that high temperature reheating slabs allows for 
complete dissolution of AlN, according to the simulation total AlN should be dissolved in tempe-
rature about 1220°C (Figure b).

The entire hot rolling process is carried out at significantly higher temperatures than the rolling 
process of classic low-carbon steel, with reduced cooling at each stage [5]. Analysis of microstruc-
ture hot -rolled material including grain size was carried by Metilo 9.1 software and EBDS techni-
que, the research of texture intensity was performed by XRD (X-ray diffraction) for hot rolled and 
final GOES samples. Both light microscopy microstructure analysis (Figure 2a, 2c) and EBSD re-
sults (Figure 2b, 2d) shows that deformed and dynamic recrystallized microstructures appears in the 
surface layers (Figure 2c, Figure 2d). The microstructure varying between thickness of hot-rolled 
sample, in centre zone there are incompletely recrystallised banded areas ( Figure 2a, Figure 2b).

The results of the study make it possible to conclude that microstructure of the hot rolled high 
silicon steel is inhomogeneous through – thickness of the sheet, in the sub surface zone of hot 
rolled material’s crystallographic texture is weak what was confirmed by texture coefficient (TC) 
parameter calculation.

The obtained results show that the following aspects need to be considered when modelling the 
microstructure of high-silicon steels, which is shaped by rolling nominally defined as hot rolling:

1)	 Heterogeneities in the form of band structure,
2)	 Simulations for the crystalline structure of BCC and AlN conglomerates in their different ran-

ges of occurrence as a function of temperature,
3)	 Differences in microstructure formation in the near-surface layer and in the middle of the plate 

thickness, which have a basis in the microstructural and chemical inhomogeneities of the slab 
and the deformation and cooling conditions during rolling,

4)	 Consideration of only partial recrystallisation and, in part, the effects of intensive recovery for 
the central part of the thickness of the rolled band.

Figure 2. Microstructures of hot rolled high silicon steel: a) center zone of the sample observed  
by light microscopy, b) center zone of the sample investigated by EBSD characterization,  

c) surface zone of the sample observed by light microscopy,  
d) surface zone of the sample investigated by EBSD characterization

a) b)

d)c)
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1.	 Introduction

The Titanium alloys with a body center cubic (BCC) crystallographic structure are interesting 
materials for the study of their plastic deformation mechanism due to the possibility of observing 
numerous deformation mechanisms in those materials.   Dynamic recrystallization (DRX) is ob-
served in areas of stable deformation and located mostly at the grain boundaries of the deformed 
phase during hot deformation processes. In metastable titanium alloys continuous DRX is realized 
by progressive subgrain rotation, while discontinuous recrystallisation only results in a change in 
the curvature of the grains boundaries. These processes is related to the dissipation of energy in 
the material, indicating its correlation to the strain parameters [1–4]. The softening of the material 
during deformation depends on the strain intensity and the process temperature. With low strain 
intensities and low temperatures, a stronger effect on the material softening is observed, which has 
to be related to the physical properties of titanium alloys and to the occurrence of continuous and 
discontinuous DRX [5–7]. Dynamic recrystallisation is observed in areas near the grain boundaries 
of the β-phase. Weakening of the texture level in the material associated with this phenomenon is 
observed [8–10]. 

The aim of the proposed research is the description of the plastic deformation mechanism of 
metals with a body cantered cubic crystal structure in regard of their physical properties, consi-
dering the dynamic recovery (DRV) and dynamic recrystallization (DRX) processes resulting in 
microstructure changes.

2.	 Results and discussion

The study was conducted on titanium alloy Ti3Al8V6Cr4Zr4Mo, which was prepared by ho-
mogenization annealing with supersaturation. An exemplification of the research and analysis car-
ried out is presented in Figure 1.

A problem that makes modelling plastic forming processes difficult is the inhomogeneity of 
deformation during even a simple compression test (Fig. 1a). This can result in the effect of cyclic 
strengthening and weakening of the material when the compression test is carried out under no-
minal hot deformation (Fig. 1b). Even under these conditions, inhomogeneity of microstructure 
resulting in inhomogeneity of hardness is ultimately present (Fig. 1c). Under these deformation 
conditions, the largest strain strengthening should occur at the center of the thickness of the com-
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pressed specimen for cold deformation conditions. In the case of hot deformation, however, a clear 
cyclicity in the change of hardness over the thickness of the compressed specimen is apparent (Fig. 
1d). In this case, the highest hardness does not occur in the middle of the specimen thickness after 
hot compression. This can be related to the dynamic recrystallisation process (DRX), the micro-
structural effect of which is shown in Figure 1. Dynamic recrystallisation reduces or even nullifies 
the effect of strain hardening. However, the grain grinding associated with the recrystallisation 
effect in areas of strain inhomogeneity can produce a strengthening effect (Fig. 1f).

In modelling the hot deformation process of a titanium alloy with a bcc crystal structure, the 
selective processes of strain hardening (SS) and weakening due to dynamic recrystallisation (DR) 
should be taken into account. It should be noted here that these processes can occur sequentially 
in successive layers over the thickness of the compression specimen when the strain accumulation 
reaches an energy effect that allows the dynamic recrystallisation process to be initiated. These 
processes will also be influenced by dynamic recovery processes, which will make the free energy 
accumulation needed to initiate the dynamic recrystallisation process. These effects will depend on 
the thermal conductivity, which will affect adiabatic effects in the shear band regions.
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1.	 Introduction

In recent decades, there has been a significant increase in interest in the cast metal composites 
reinforced with ceramic nanoparticles. This is primarily due to the unique effects produced by the 
entrapment of a nanometric particles of reinforcing phases in metallic matrix during solidification. 
These effects include improved mechanical properties such as strength, hardness and creep resi-
stance at elevated temperatures, while maintaining satisfactory ductility of the material [1-5]. Also, 
these types of materials are characterised by increased abrasion resistance [6,7].

The observed improvement in properties is the result of several key mechanisms including: 
uniform distribution and high dispersion of the particles of reinforcing phase, the Orowan mecha-
nism, mismatch in coefficients of thermal expansion and elastic moduli between the reinforcing 
particles and the metal matrix, strengthening of grain boundaries [7,8].

Due to unique properties of the reinforced cast metal composites, these composites are par-
ticularly used in areas requiring high strength performance while reducing weight, such as the 
aerospace and automotive industries. The continuous development of their synthesis and processing 
methods is systematically expanding the range of their potential applications [6,7].

2.	 Forces acting on particles near solid-liquid interface

Production of cast metals composites reinforced by ceramic particle is realized by the way 
of solidification a suspension of these particles in a liquid melt. To obtain a composite mate-
rial, particles suspended in a liquid phase must be surrounded by the growing solid phase and 
absorbed by the metallic matrix. Under the influence of forces acting on the particles a short 
distance from the surface of the solid phase, they can either be trapped in the matrix or pushed 
back into the liquid.

The movement of a particle close to solid-liquid front is controlled by the interaction of a num-
ber of forces acting on the particle, including gravitational force, friction (drag) force resulting 
from the movement of a finite viscous fluid relative to the particle and interaction force with the 
interfacial boundary arising in a thin layer of the liquid phase (interfacial force, interface force, 
interatomic force). The mathematical apparatus used to calculate these and other forces is presented 
in the publication [9].
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Analyze the balance of forces acting on a particle in a liquid phase near the solid grain surface, 
critical velocity for the transition from particle pushing to engulfment by the interface was calcula-
ted in [9] as a function of relevant material parameters and processing variables:

A double space above and below equations must be used to separate them from the text. All 
new symbols must be listed and defined immediately after each equation, as follows:

where:	 a0	 –	 sum of the radii of atoms in the surface layers of the particle and the solid phase;
	 η	 –	 the melt dynamic viscosity;
	 α	 –	 the ratio of the thermal conductivity of the particle material to the thermal conduc-

tivity of the liquid alloy;
	 R	 –	 the particle radius;
		 n = 2 through 7;
	 Δσ	 –	 differences in the interfacial energies calculated by relation:

where σSP, σLP, and σSL are the interfacial energies between the solid phase and the liquid 
phase, between the liquid phase and the particle and between the solid phase and the particle, 
respectively.

If the linear velocity of velocity of solid-liquid interface migration is greater than critical one, 
the particles will be engulfed. Engulfment will normally provide to uniform distribution of par-
ticles in the metallic matrix of cast composites. On the other hand, when front migration velocity 
is less then critical, the particles will be pushed back in the suspension melt, resulting in particles 
segregation.

3.	 Brownian movement of the small particles

For small particles, Brownian diffusion dominates when particles are situated in the melt far 
from the solidification front. According to Smoluchowski [10], the density of the statistical distribu-

tion of displacements x with Brownian motion for time period t is given by the formula:
where: where the constant D was called by Smoluchowski the “particle diffusion coefficient” 

related to the average displacement of a particle at time t due to Brownian motion.
where: k – Boltzman constant; T – absolute temperature, w.
Brownian motion of particles of small dimensions takes place with a random velocity u, whose 

density of statistical distribution for one direction follows Maxwell’s statistical distribution:

(1)

(2)

(3)

(4)
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where: m – mass of the particle.

4.	 Cellular automaton model

The cellular automaton model described in [11] was complemented in the analysis of the 
Brownian motion of particles in the liquid at a greater distance from the crystallization front accor-
ding to equation (3). The choice between particles pushing and engulfment by solidification front 
is made taking into account the direction of random motion of the particle and its kinetic energy 
determined according to the equation (5).

Example of the particles distribution obtained in the cases of full engulfment and full pushing 
is presented in Figure 1.
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1.	 Introduction

Magnesium and its alloys are gaining increasing recognition in the biomedical sector due to 
their biodegradability, eliminating the need for a secondary surgical procedure to remove implants. 
Their physical properties, such as an elastic modulus ranging from 41 to 45 GPa and a density 
between 1.74 and 2.0 g·cm–³, closely resemble those of natural bone (3–20 GPa, 1.8–2.1 g·cm–³), 
which helps to reduce stress shielding effects often associated with conventional implants. In con-
trast to other biomaterials like stainless steel (200 GPa, 8.0 g·cm–³) and titanium alloys (103–110 
GPa, 8.3–9.2 g·cm–³), magnesium alloys offer a more favorable mechanical profile [1-3].

The human body contains between 20 and 28 g of magnesium, with a recommended daily 
intake of 300–400 mg for healthy adults. While magnesium is essential for numerous cellular func-
tions, its vulnerability to corrosion in moist environments presents considerable challenges. This 
corrosion can result in mechanical failure and inflammation due to the buildup of hydrogen gas 
during degradation. To improve corrosion resistance, techniques such as alloying, heat treatment, 
and especially surface modification have been utilized.

Nitrogen-doped amorphous carbon coatings, recognized for their exceptional wear resistance, 
impressive hardness, and biocompatibility, can further enhance the performance of magnesium 
alloys. Studies have indicated that these coatings not only improve mechanical properties but also 
enhance corrosion resistance, making them particularly appropriate for medical implants. The ma-
gnesium alloy (Mg-Zn-Ca), notable for its high strength and ductility, has been effectively used in 
clinical applications and demonstrates significant improvements in corrosion performance when 
extruded. Therefore, the integration of magnesium alloys and coatings offers a promising pathway 
for the development of efficient and safe biomedical implants [3-6].

2.	 Result and discussion

The alloy was polished, and after polishing and cleaning its surface, the film was transferred onto 
it. This study presents and examines the use of a nitrogen-doped amorphous carbon (a-C) thin layer 
over a magnesium alloy (Mg-0.52Zn-0.21Ca), which is ultrathin, ultrasmooth, and corrosion-resi-
stant. A polymer composite based on branched polyethyleneimine was used to synthesize the a-C film, 
which was subsequently applied to the magnesium alloy surface to enhance its corrosion resistance.
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The amorphous nature of the synthesized film was confirmed through comprehensive cha-
racterization using multiple techniques, including XPS, Raman spectroscopy, TEM, and PXRD. 
Electrochemical workstation analysis, supported by AFM studies and electrochemical corrosion 
experiments, demonstrated that the synthesized a-C coating significantly improves corrosion resi-
stance and reduces the corrosion rate, as shown in Figure 1a-b.

Additionally, cytotoxicity tests confirmed the film’s non-toxicity and its suitability for orthope-
dic implant applications, increasing the potential clinical relevance of magnesium-based implants. 
As a biocompatible and inert nonmetallic element, carbon—when doped with nitrogen—serves 
as an excellent choice for enhancing both the corrosion resistance and biocompatibility of magne-
sium-based implants.

The potentiodynamic polarization tests were conducted at a scan rate of 1 mV/s, covering a 
potential range from −0.4 V to 0.4 V. To assess the corrosion rate, hydrogen evolution was measu-
red through immersion tests. Five uncoated sides of the samples were sealed with silicone rubber 
to prevent corrosion. All samples were evaluated in modified simulated body fluid (m-SBF) at a 
temperature of 25 ± 1°C.

The behavior of magnesium alloys during anodic polarization is complex due to simultaneous 
magnesium dissolution and hydrogen evolution, rendering the anodic Tafel slope less informative. 
Nonetheless, the Tafel extrapolation method can effectively differentiate between samples by exa-
mining variations in corrosion current density (Icorr) and corrosion potential (Ecorr). Additionally, 
the polarization resistance (Rp) can be determined using the Stern-Geary equation, which shows an 
inverse relationship with Icorr (Table 1).

where βa and βc represent the anodic and cathodic Tafel slopes, respectively.

Table 1. Potentiodynamic polarization data of the substrate and a-C coating

Sample Ecorr Icorr βa
(V·dec−1)

βc
(V·dec−1)

RP
(Ω·cm2)

Alloy -1.77 36.87 0.24 -0.17 1230
Coated Surface -1.63 15.21 0.22 -0.20 2304

(1)

Figure 1. Utilisation of electrochemical workstation for corrosion measurement:  
(a) electrochemical workstation (b) demonstration  
of the connection setup for corrosion measurement
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3.	 Conclusion

The study shows the application of a nitrogen-doped amorphous carbon (a-C) thin nano film 
on magnesium alloy (Mg-Zn-Ca) to enhance corrosion resistance and biocompatibility for ortho-
pedic implants. After polishing and cleaning the alloy surface, the a-C film, synthesized by using 
a polymer composite based on branching polyethyleneimine, was applied, resulting in an ultrathin 
and ultrasmooth deposition. Characterization techniques such as XPS, Raman spectroscopy, TEM, 
and PXRD confirmed the amorphous nature of the coating. The electrochemical analysis reported 
that the synthesized a-C coating significantly reduces the corrosion rate. Additionally, cytotoxicity 
tests confirmed the film is non-toxic, proving its suitability for clinical applications. a-C film, being 
biocompatible and inert, shows to be an effective material for improving the performance of ma-
gnesium-based implants, paving the way for safer and more effective orthopedic solutions.
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1.	 Background and Motivation

Grain Boundaries are the regions in the microstructure where the atomic arrangement of two 
meeting crystal lattices is remarkably disturbed [1]. Compared to bulk grains, grain boundaries 
have higher free energy, which substantially affects the mechanical and functional properties of the 
material. Again, for the same ensemble of atoms, free energy is higher in polycrystalline materials 
compared to single crystals due to the presence of grain boundaries.

To reduce this free energy, the solute atoms of an alloy tend to segregate preferentially at 
the grain boundaries and other defective sites. Any changes in elemental concentration at a grain 
boundary in a solid solution are called grain boundary segregation. The grain boundaries can have 
a substantially greater solute solubility differential than the bulk [1].

Grain boundary migration denotes the movement of a grain boundary in a direction orthogonal 
to the tangent plane [2]. Grain boundary migration entails the translocation of atoms from one grain 
to another via the grain boundary. To facilitate this process, the orientation of atoms near the grain 
boundary must be altered, with the driving force provided in the form of thermal energy, stress, 
magnetic fields, and concentration gradients.

Al-Mg alloys constitute a vital category of lightweight structural materials [3], widely utilized 
in the automotive, marine, and defense sectors. Low-Mg aluminium alloys have been evaluated for 
their superior formability characteristics, rendering them an appropriate choice for the conditions 
of this study. Numerous studies have shown that Mg accumulates at the interfaces of aluminium 
grains, resulting in alterations to their thermodynamic and kinetic properties. Solute segregation in 
the alloys enhances their thermal and mechanical properties.

While numerous researchers have examined the phenomenon of Grain Boundary Segregation, the 
migration of grain boundaries influenced by solute segregation has received minimal attention. This is 
because contemporary technology regarding mobility and solute segregation at the grain boundary relies 
on certain restrictive assumptions, which constrains its capacity to measure this phenomenon.

2.	 Modelling and Simulation

Tubular bi-crystals have been created with the grain boundary axis parallel to different cubic 
axes, viz., G001H, G110H and G111H. A schematic is shown in Figure 1. Different radii of curvature 
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of grain boundaries have also been considered. These variations help us understand the segregation 
of solute atoms based on atomic packing and grain boundary curvature. Semi-Grand Canonical 
Monte Carlo (SGMC) computations have been employed along with an isobaric-isothermal ensem-
ble (NPT) as a hybrid Monte Carlo/Molecular Dynamics (MC/MD) scheme [4] to understand the 
site preference for the replacement of Al by Mg atoms. We consider two alloy compositions for the 
study, viz. Al-2.5at.% Mg and Al-5at.% Mg. Finnis-Sinclair semi-empirical interatomic potential 
created by Mendelev et al. [5] is employed to define the interatomic forces during the simulations.

3.	 Grain Boundary Segregation

During the process of substitution of Al atoms by Mg atoms, the energy changes at intermedia-
te steps have been computed and compared for the different structures. This is done to quantify the 
variation in the energetics of the structures with changes in the GB axis, grain radius, and compo-
sition. Later, we assess solute segregation at the GB region, varying with changes in the GB axis, 
grain radius, and composition. Multiple methods have been employed to quantify the segregation 
in this region. The segregation energy and excess solute content at the GB region are co-related, as 
shown in Figure 2.

4.	 Grain Boundary Migration

The migration of grain boundaries under the effect of grain boundary solute segregation has 
been studied. For this, the alloy structures are held at elevated temperatures until the inner grain 
shrinks to zero. Mobility of the grain boundary during this shrinkage is computed. Mobility is qu-
antified based on temperature, GB’s axis, the inner grain’s initial radius, and alloy composition. Du-
ring the heating operation, the atoms near the grain boundary tend to change their crystallographic 
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1. Background and Motivation 
Grain Boundaries are the regions in the microstructure where the atomic arrangement of two meeting crystal lattices is 

remarkably disturbed [1]. Compared to bulk grains, grain boundaries have higher free energy, which substantially affects the 
mechanical and functional properties of the material. Again, for the same ensemble of atoms, free energy is higher in 
polycrystalline materials compared to single crystals due to the presence of grain boundaries.  

To reduce this free energy, the solute atoms of an alloy tend to segregate preferentially at the grain boundaries and other 
defective sites. Any changes in elemental concentration at a grain boundary in a solid solution are called grain boundary 
segregation. The grain boundaries can have a substantially greater solute solubility differential than the bulk [1]. 

Grain boundary migration denotes the movement of a grain boundary in a direction orthogonal to the tangent plane [2]. Grain 
boundary migration entails the translocation of atoms from one grain to another via the grain boundary. To facilitate this process, 
the orientation of atoms near the grain boundary must be altered, with the driving force provided in the form of thermal energy, 
stress, magnetic fields, and concentration gradients. 

Al-Mg alloys constitute a vital category of lightweight structural materials [3], widely utilized in the automotive, marine, and 
defense sectors. Low-Mg aluminium alloys have been evaluated for their superior formability characteristics, rendering them an 
appropriate choice for the conditions of this study. Numerous studies have shown that Mg accumulates at the interfaces of 
aluminium grains, resulting in alterations to their thermodynamic and kinetic properties. Solute segregation in the alloys enhances 
their thermal and mechanical properties. 

While numerous researchers have examined the phenomenon of Grain Boundary Segregation, the migration of grain 
boundaries influenced by solute segregation has received minimal attention. This is because contemporary technology regarding 
mobility and solute segregation at the grain boundary relies on certain restrictive assumptions, which constrains its capacity to 
measure this phenomenon. 

2. Modelling and Simulation 
Tubular bi-crystals have been created with the grain boundary axis parallel to different cubic axes, viz., <001>, <110> and 

<111>. A schematic is shown in Figure 1. Different radii of curvature of grain boundaries have also been considered. These 
variations help us understand the segregation of solute atoms based on atomic packing and grain boundary curvature. Semi-Grand 
Canonical Monte Carlo (SGMC) computations have been employed along with an isobaric-isothermal ensemble (NPT) as a hybrid 
Monte Carlo/Molecular Dynamics (MC/MD) scheme [4] to understand the site preference for the replacement of Al by Mg atoms. 
We consider two alloy compositions for the study, viz. Al-2.5at.% Mg and Al-5at.% Mg. Finnis-Sinclair semi-empirical inter-
atomic potential created by Mendelev et al. [5] is employed to define the interatomic forces during the simulations. 

 
Figure 1 Schematic of the tubular bi-crystal. The grains are shown in two different colors. 

3. Grain Boundary Segregation 
During the process of substitution of Al atoms by Mg atoms, the energy changes at intermediate steps have been computed 

and compared for the different structures. This is done to quantify the variation in the energetics of the structures with changes in 
the GB axis, grain radius, and composition. Later, we assess solute segregation at the GB region, varying with changes in the GB 
axis, grain radius, and composition. Multiple methods have been employed to quantify the segregation in this region. The 
segregation energy and excess solute content at the GB region are co-related, as shown in Figure 2. 

Figure 1. Schematic of the tubular bi-crystal. The grains are shown  
in two different colors
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Figure 2 Co-relating segregation energy and excess solute segregation of the structures. 

4. Grain Boundary Migration 
The migration of grain boundaries under the effect of grain boundary solute segregation has been studied. For this, the alloy 

structures are held at elevated temperatures until the inner grain shrinks to zero. Mobility of the grain boundary during this 
shrinkage is computed. Mobility is quantified based on temperature, GB's axis, the inner grain's initial radius, and alloy 
composition. During the heating operation, the atoms near the grain boundary tend to change their crystallographic orientation. 
The convex-shaped outer grain tries to engulf the inner circular grain. However, this process is delayed due to excess solute atoms 
at the grain boundary region. These solute atoms seem to pin the grain boundary, restricting its migration. This grain boundary 
migration has been studied in detail and is co-related with the segregation of Mg atoms at the grain boundary. 

5. Conclusion 
The hybrid MC/MD scheme produces the best possible structure for Al-Mg alloys. Mg atoms are placed at positions that 

reduce the system’s free energy. A considerable amount of Mg saturates the GBs, producing a segregated structure. The excess 
Mg saturating into the structure due to the presence of GB is quantified. Mg atoms getting into the GB region are prioritized over 
going to the bulk region. The pre-segregated bi-crystals have been annealed at various temperatures to understand the effect of the 
radius of curvature and axis of orientation of GB on its migration. The segregated Mg atoms at the GB tend to pin it and retard the 
GB mobility. The mobility of GB differs with the axis along which it is oriented. The concentration of solute also determines 
mobility. The structures containing 5 at% Mg are more mobile. Effect of grain size: larger grain has lower mobility. Mobility 
increases with temperature.  
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orientation. The convex-shaped outer grain tries to engulf the inner circular grain. However, this 
process is delayed due to excess solute atoms at the grain boundary region. These solute atoms seem 
to pin the grain boundary, restricting its migration. This grain boundary migration has been studied 
in detail and is co-related with the segregation of Mg atoms at the grain boundary.

5.	 Conclusion

The hybrid MC/MD scheme produces the best possible structure for Al-Mg alloys. Mg atoms 
are placed at positions that reduce the system’s free energy. A considerable amount of Mg satura-
tes the GBs, producing a segregated structure. The excess Mg saturating into the structure due to 
the presence of GB is quantified. Mg atoms getting into the GB region are prioritized over going 
to the bulk region. The pre-segregated bi-crystals have been annealed at various temperatures to 
understand the effect of the radius of curvature and axis of orientation of GB on its migration. The 
segregated Mg atoms at the GB tend to pin it and retard the GB mobility. The mobility of GB dif-
fers with the axis along which it is oriented. The concentration of solute also determines mobility. 
The structures containing 5 at% Mg are more mobile. Effect of grain size: larger grain has lower 
mobility. Mobility increases with temperature.
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Catalytic water splitting is a highly efficient method for producing clean and sustainable hy-
drogen without greenhouse gas emission with easy hydrogen-storage [1]. This process comprises 
two half-cell reactions: i) the hydrogen evolution reaction (HER) at the cathode and ii) the more 
intricate oxygen evolution reaction (OER) at the anode. HER involves the reduction of protons to 
hydrogen, while OER entails a complex four-electron oxidation of two water molecules to produce 
one oxygen molecule [2]. A major challenge in this catalytic process is the substantial energy cost 
required to overcome the kinetic overpotential [3]. Platinum-based materials are ideal for HER due 
to their low overpotential, high catalytic activity, and excellent stability. However, excessive cost 
restricts their widespread application. As a result, palladium-based catalysts are more commonly 
employed in industrial settings, albeit their lower effectiveness and stability compared to platinum 
[4]. For OER, metal oxides such as RuO2 and IrO2 are typically used, but these oxides are both 
expensive and scarce [5]. Consequently, recent research has focused on developing cost-effecti-
ve alternatives using earth-abundant transition metals (TMs) such as Fe, Co, Ni, Cu, Zn and Ti 
as alternatives, albeit they often compromise stability [6]. Beyond these noble and TM elements, 
there are growing evidences indicating that rare earth (RE) metals, which are more abundant than 
noble metals, are highly effective in various catalytic applications including electro-, thermo- and 
photocatalysis [7]. RE elements enhance catalytic activity by tuning the bandgap and controlling 
the bond length between reaction intermediates and metal active sites, primarily due to electron 
modulation from partially filled 4f orbitals.

Single-atom catalysts (SACs) consisting of metal single-atoms embedded in a support matrix 
offer active sites for superior catalytic performance compared to the bulk counterparts [8]. Tho-
ugh SACs emerge as promising candidates due to their cost-effectiveness and low metal content 
requirement but the primary challenge for SACs is maintaining their stability, as the weakly bound 
metal atoms tend to migrate and agglomerate into clusters. Effective SACs necessitate strong me-
tal-support interactions to prevent clustering [9]. Both pristine and doped carbon-based materials 
serve as excellent supports for TM-SACs, with nitrogen-doped carbon systems being particularly 
advantageous due to the hybrid interactions between N-2p and TM-d orbitals . In the realm of 
N-doped carbon scaffolds for SACs, 2-D graphitic carbon nitride (g-C3N4) has garnered signifi-
cant attention due to its inherent visible light-responsive photocatalytic properties [10]. However, 
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pristine g-C3N4 faces limitations such as low visible light absorption, low mobility and kinetics of 
photo-generated charges, and rapid electron-hole recombination [11]. Metal and non-metal doping 
have been effective strategies to overcome these challenges [12]. The incorporation of RE metals 
reduces the bandgap of the g-C3N4 surface, with the partially filled 4f orbitals acting as charge-cap-
turing centers. This leads to the delocalization of electron-donating and -accepting sites, thereby 
limiting electron-hole recombination. Known for its inherent photoactive properties, g-C3N4 mono-
layer turns out to be a suitable support to decorate RE single-atoms, maintaining high structural and 
thermal stability without forming metal clusters. Despite the recent surge in exploration of trans-
ition metal single-atom catalysts (SACs), rare earth (RE)-SACs remain relatively understudied.

In this work, two lighter RE-SACs (La and Ce) and two heavier RE-SACs (Sm, and Gd) 
supported on two-dimensional heptazine based graphitic carbon nitride (g-C3N4) monolayer are stu-
died using spin-polarized density functional theory (DFT) to systematically explore the electronic 
structures, optical properties, and catalytic water-splitting performance. Both flat and buckled con-
figurations of the g-C3N4 and RE single-atom-decorated g-C3N4 surfaces are investigated. Heavier 
RE-SACs (Sm and Gd) exhibit stronger metal-support interactions (showing more negative binding 
energies) due to substantial orbital overlap, resulting from the pronounced spin polarization of their 
4f orbitals. For all the RE-SACs, more negative binding energies of RE single-atoms, relative to 
cohesive energies and binding energies of RE atom-dimers, confirm the structure stability of RE 
single-atoms on the g- C3N4 support without clustering, while electrochemical stability is assessed 
by positive dissolution potentials.

Charge transfer from RE atoms to the g-C3N4 support, as shown by Bader analysis and ELF 
plots, points to metallic or ionic nature of RE-C and RE-N bonds. RE single-atom decoration redu-
ces the bandgap, shifts the Fermi level close to conduction band minimum (CBM), and delocalizes 
the highest-occupied and lowest-unoccupied states. Specifically, Sm- and Gd-g-C3N4 demonstrate 
intense spin polarization in 4f orbitals, enhancing orbital interaction with g-C3N4 support. The re-
duced work function and enhanced optical response across IR-Vis-UV indicate improved photoac-
tivity for RE-g-C3N4 compared to g-C3N4.

Water molecule adsorption, activation and cleavage processes reveal that water dissociation 
H2O* → (H + OH)* is endothermic for La- and Ce- g-C3N4 but exothermic for g-C3N4, Sm-g-
-C3N4, and Gd- g-C3N4. More negative reaction energies for Sm- and Gd-g-C3N4 confirm the 

Finally, HER and OER pathways are analyzed based on the adsorption free energies of key intermediates, namely, H∗, 
OH∗, O∗, and OOH∗. Regardless of flat or buckled references, systems with stronger metal-support interactions, i.e., Sm- and 
Gd-g-C3N4, show considerably lower HER overpotentials. Although OER overpotentials for RE-g-C3N4 systems do not exhibit 
significant improvements for the full OER pathway (∗+2H2O → OH∗ → O∗ → OOH∗ → O2), the energy differences 
specifically for the intermediate steps OH∗ → O∗ → OOH∗ are considerably decreased compared to pristine g-C3N4, suggesting 
better thermodynamic feasibility of OER intermediate transitions on RE-SACs. Overall, this study identifies RE- g-C3N4 SACs 
as promising candidates for catalytic water splitting, with heavier RE metals demonstrating stronger metal-support interactions 
and potentially superior catalytic performance [13]. 
 

 
 
Figure 1. Graphical abstract: Relative energy profile of H2O molecule dissociation [H2O∗ → (H + OH)∗] on single rare earth 
element atom supported on g-C3N4 monolayer {IS, TS and FS indicate the initial, transition, and the final states; EA and ΔER  
indicate the activation energy and reaction energy}. 
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Figure 1. Relative energy profile of H2O molecule dissociation [H2O* → (H + OH)*] on single rare  
earth element atom supported on g-C3N4 monolayer {IS, TS and FS indicate the initial, transition,  

and the final states; EA and ΔER indicate the activation energy and reaction energy}
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thermodynamic favorability of water dissociation on heavier RE-SACs. Furthermore, Sm- and Gd-
-g-C3N4 systems demonstrate lower activation barriers, suggesting superior kinetic feasibility for 
water splitting compared to La- and Ce-g-C3N4.

Finally, HER and OER pathways are analyzed based on the adsorption free energies of key 
intermediates, namely, H*, OH*, O*, and OOH*. Regardless of flat or buckled references, systems 
with stronger metal-support interactions, i.e., Sm- and Gd-g-C3N4, show considerably lower HER 
overpotentials. Although OER overpotentials for RE-g-C3N4 systems do not exhibit significant im-
provements for the full OER pathway (*+2H2O → OH* → O* → OOH* → O2), the energy dif-
ferences specifically for the intermediate steps OH* → O* → OOH* are considerably decreased 
compared to pristine g-C3N4, suggesting better thermodynamic feasibility of OER intermediate 
transitions on RE-SACs. Overall, this study identifies RE- g-C3N4 SACs as promising candidates 
for catalytic water splitting, with heavier RE metals demonstrating stronger metal-support interac-
tions and potentially superior catalytic performance [13].
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1.	 Introduction

In recent years, hard carbon has gained immense attention as the most potential anode in so-
dium-ion batteries. However, its relatively low capacity and rate performances limit its industrial 
application. Herein, experimental and theoretical studies have been done to study the effect of bo-
ron-phosphorus dual doping on hard carbon anode materials for sodium ion batteries.

2.	 Synthesis

Two batches were prepared with 2 wt.% boric acid and 3 wt.% ammonium dihydrogen pho-
sphate added to low cost commercial grade hard carbon. These suspensions were dried at 110°C for 
30 h and then, one batch was calcined at 950°C for 2 h under Ar atmosphere (BPHC (Ar)) while the 
other was calcined under N2 (BPHC (N2)).

3.	 Characterizations

The crystal structure and phase analyses of the samples were done using the powder X-ray 
diffraction. The morphology of samples was examined using field-emission scanning electron mi-
croscope. Raman spectroscope (λ=514 nm) was used to investigate the electronic conductivity of 
the samples. X-ray photoelectron spectroscopy was done to study the surface chemical states of the 
samples. The pore structure and surface area were measured from Brunauer-Emmett-Teller (BET) 
isotherm.

4.	 Electrochemical measurements

The electrochemical performance was tested using CR2032 coin cells with a 2-electrode con-
figuration. The anode was prepared by mixing active material, acetylene black, and carboxymethyl 
cellulose in deionized water and slurry casted on Cu-foil (doctor blade method). The anode film 
was cut with the mass loading was 1.3±0.3 mg/cm2. For full cell measurements, carbon coated 
Na3V2(PO4)2F3 (NVPF) was used as cathode. Coin cell was assembled using glass fibre (Whatman 
GF/A, thickness: 0.5 mm) as separator and stainless steel (0.45 mm thick) as current collector. 1 M 
sodium perchlorate in ethylene carbonate and propylene carbonate (in 1:1 v/v ratio) in 5 wt. % 
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fluoroethylene carbonate as electrolyte. Galvanostatic charge discharge measurement, cyclic vol-
tammetry and electrochemical impedance spectroscopy were done for complete cell performance 
assessment.

5.	 Computational details: Density functional theory

An analysis of volume increase during the process of sodiation was carried out using the 
spin-polarized density functional theory (DFT) with the plane wave approach in the Vienna 
Abinitio Simulation Package (VASP) with MedeA-VASP software [1,2]. The projector au-
gmented wave (PAW) method [3] was used for ion-electron interaction. A broad gradient ap-
proximation exchange-correlation method called GGA-PBE, created by Perdew, Burke, and 
Ernzerhof [4] was used together with a 520 eV limit for the plane-wave foundation in all com-
putations. Van der Waals interactions were incorporated using DFT-D2 approach. The Mon-
khorst-Pack mesh approach was used for calculations throughout the Brillouin zones with a 
7×7×1 k-point mesh [5]. 

6.	 Results and discussion

XRD shows [6] presence of partially amorphous carbon with a higher spaced interlayer com-
pared to pristine hard carbon (HC). Unit cell volume change calculated from DFT and XRD suggest 
less expansion (2.06% for HC compared to 1.7% in dual-doped HC) due to insertion of Na-ions 
into the structure of dual-doped hard carbon (1.7%) as compared to pristine one (2.06%) that may 
enhance the cyclic performance and capacity retention of the cells. Microstructure [6] reveals par-
ticle size reduction and overall increase in BET surface area [6] due to the synergic effect of B and 
P contributed to the increase in the rate capability.

Figure 1(a) shows galvanostatic charge discharge characteristics of NVPF || BPHC(Ar) full 
cell assembly in the voltage range between 2.1 to 4.4 V. It shows that the specific capacity of the 
full cell to be 102.47 mAh/g at 0.1 C (1 C = 128 mAh/g considering the mass of cathode). The full-
-cell delivers an average voltage of 3.44 V (energy density = 352.5 Wh/k). Figure 1(b) shows an 
excellent rate performance of 102.47, 97.47, 91.72 and 84.47 mAh/g at 0.1, 0.2, 0.5 and 1 C. The 
cyclic retention of the full-cell is 92.16% at 0.5 C after 100 cycles (fig 1(c)).

Figure 2 depicts the band structure (simulated using DFT) of pure and dual-doped HC which 
shows reduction in band gap in the doped materials (1.874 eV) in comparison to HC (5.36 eV). 
Thus, electrical conductivity increases after dual-doping as the Fermi level shifts towards the con-
duction band following the adsorption of boron and phosphorus in HC.

Figure 1. Galvanostatic charge discharge curve of NVPF || BPHC(Ar) full-cell at 0.1 C,  
(b) rate capability of NVPF || BPHC(Ar) full-cell and  

(c) cyclability and coulombic efficiency of NVPF || BPHC(Ar) full-cell [6]
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7.	 Conclusions

Boron and phosphorus dual-doped hard carbons were successfully synthesized using low-cost 
process. These anodes showed an improved the electrochemical performances in full cell sodium 
ion batteries. Thus, the dual-doped hard carbon material has a great potential for next generation 
industry friendly SIB anode.
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and boron-phosphorus dual-doped hard carbon [6]
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1.	 Background and Motivation

Bulk metallic glass (BMG) is an intriguing category of materials that is being extensively stu-
died due to its superior qualities, such as hardness, specific strength, and stiffness, compared to 
crystalline materials [1]. Their amorphous structure results in mechanisms related to mechanical, 
electro-chemical, and transport properties that differ from those in crystalline materials. Consequ-
ently, metallic glasses are examined not only for their potential technological uses but also to gain 
insight into the fundamental physics of these substances. From a thermodynamic perspective, me-
tallic glasses constitute metastable states much removed from equilibrium. Consequently, producing 
sufficiently big glassy metallic samples has been a technological barrier. Earlier trials seldom yielded 
samples larger than 1 mm; however, current investigations have documented a ten-fold increase in 
sample sizes [2]. This has resulted in a renewed interest in exploring technological uses of BMGs, 
especially in the aerospace and defence industries. In aerospace and defence applications, the proper-
ties of materials under extreme conditions are crucial. The response of a material’s atomic structure 
to changes in composition is a critical factor. Due to the amorphous nature of BMGs, accurately 
calculating the atomic arrangement is challenging as the system lacks long-order translational perio-
dicity. Despite numerous experimental and computational investigations into the elastic, plastic, and 
creep deformations of bulk metallic glasses (BMGs), only a minimal subset addresses the influence 
of compositional variation on glass transition temperature (Tg) and atomic structure. 

Atomistic simulations can offer a detailed view of a physical process at atomistic scales of 
length and time, thereby complementing the experimental observations by overcoming many of 
their limitations. A few computational investigations have studied the structure-property relation-
ship of BMGs and reported the resulting topological changes [3]. Nonetheless, the glaring issues 
mentioned above are yet to be addressed. The project proposed here is aimed at taking a closer 
look into these aspects by means of conventional and accelerated molecular dynamics (MD) si-
mulations. In particular, we shall examine ternary glasses of composition, Zr1-x-yCuxAly, providing 
a two-dimensional composition-space unlike the one-dimensional composition of binary BMGs, 
which have been studied in most of the reported simulations [4,5].

2.	 Modeling and Simulation

Formation of Cu-Zr-Al based BMGs: Molecular Dynamics based modeling and simulation are 
used for the analysis of BMGs. Crystalline samples are initially formed as ternary solid solutions, 
Cu100−x−yZrxAly, with Zr content ranging from 40 to 60 at.% and Al content from 5 to 10 at.%. The em-
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bedded atom method (EAM) potential regulates atomic interactions. The samples, once generated 
virtually, undergo structural relaxation and thermal equilibration at ambient temperature. The samples 
are subsequently melted and rapidly cooled at a rate of 1011 K/s to achieve the metastable glassy state.

Structural analysis: Due to the amorphous structure of glassy alloys, the radial distribution 
function (RDF) has been employed to characterize the atomic spatial distribution [6]. The Voronoi 
tessellation of the simulation cell utilizes the positions of individual particles as cell centers, there-
by elucidating characteristics such as coordination numbers, atomic volumes, and cluster types. All 
simulations detailed in this work were conducted utilizing the LAMMPS molecular dynamics code. 
The OVITO software has been utilized for visualization and structural analysis.

3.	 Radial distribution function analysis

Analysing radial distribution function (RDF) helps to justify the formation of glassy states. 
It also helps in finding out the relative pairing amongst existing elements. Data obtained from the 
simulation shows splitting of peaks in the overall and partial RDFs that justifies the glass formation. 
There exists a great atomic size mismatch between the constituent elements. As a consequence of 
the same, certain elements finds it easier to form pairs in comparison to other. It is observed that Cu-
-Cu pair happens at smaller pair separation distance whereas Zr-Zr pair occurs at larger separation 
distance. With an increase in the Zr content in the overall composition, the probability of formation 
of Zr-Al pairs increases over the expense of Zr-Cu pair and Al-Al pair.

4.	 Coordination number analysis:

The ideal icosahedral clusters exhibit CN = 12. The coordination number of disordered ico-
sahedral clusters ranges in between 9-18. Hence, analysing the coordination number of individual 
atoms helps us to configure the number of atoms associated with the desired type of cluster. coor-
dination number associated with individual atoms are noted and it is observed that at low CN, Cu 
atoms dominates whereas Zr atoms mainly attains CN more than 13. An ideal icosahedral cluster 
is known to show CN = 12. Therefore, out of all the atoms, the atoms and it’s type which are invo-
lved with CN = 12 are expected to form icosahedral clusters that are required for the glass forming 
ability (GFA) of the BMG.

5.	 Determination of Glass transition temperature (Tg):

Tg is the most important factor during the formation of a metastable glassy state. It is a dyna-
mic temperature and is heavily dependent on the rate of cooling. Higher the rate of cooling, higher 

Figure 1. Coordination statistics of individual atom-type  
for a particular composition of Cu-Zr-Al BMG
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is the Tg. However, composition can also alter the magnitude of Tg. Hence, the exact determination 
of Tg is quite an arduous undertaking. In most of the literature the estimation of Tg seems to be 
broadly adopted owing the large curvature of the graph used to find Tg. Such a process seems to 
create more problem during the estimation of Tg since miscalculations can occur quickly due to 
large spectrum of the temperature associated with the curvature. Hence, a new method is adjusted 
to estimate Tg properly. The steps involve the fitting of the curve with a fourth-order polynomial and 
thereby derivating it to find out the exact Tg. The data obtained from the new method shows certain 
trends trend in between the amount of Al and Tg.
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1.	 Introduction

This study addresses the modeling of blood flow using the Lattice Boltzmann Method (LBM). 
Simulations are performed on three distinct geometrical representations of a selected segment of 
a left coronary artery. The results are then validated by comparison with those computed by SimVa-
scular, a specialized software for the segmentation of medical image data and the simulation and 
analysis of patient-specific blood flow.

2.	 Methods

To simulate blood flow in the arteries, the in-house implementation of the 3D lattice Bolt-
zmann method was used. The solver implements cumulant collision operator with 27 discrete ve-
locities together with the Large Eddy Simulation model of turbulence. Boundary conditions are 
computed from physiological restrictions, given pressures at inlet, i.e. assumed cardiac output, and 
pressure at outlet, i.e. microvasculature resistance, together with steady-state flow conditions. The 
implementation of the solver used the CUDA C framework to speed up the computations, and all 
simulations were run on GeForce TITAN Z GPUs. Moreover, we used SimVascular software to 
perform LBM verification for all simulations [1].

3.	 Results

Simulations of three different geometries were performed both with LBM solver and with 
SimVascular, the main results are presented in the following subsections. 

3.1.	 Blood flow simulation

The simulation of hemodynamics is conducted across three distinct geometrical configura-
tions, utilizing both the Lattice Boltzmann Method (LBM) and SimVascular tools. The resultant 
velocity fields and pressure profiles derived from the LBM computations are depicted in Figures 1 
and 2. The central geometric configuration is representative of a stenosed vessel, distinctly charac-
terized by an increased blood velocity and a pronounced decrease in pressure.
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3.2.	 Comparison of blood flow at outlets

A pivotal outcome of the simulations is the quantification of the blood flow through each ves-
sel. Figure 3 illustrates the comparative analysis of volumetric blood flow at various outlets for all 
geometrical configurations studied.

Figure 1. Velocity distribution in the left coronary artery, LBM simulation

Figure 2. Pressure distribution in the left coronary artery, LBM simulation

Figure 3. Pressure distribution in the left coronary artery, LBM simulation
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1.	 Introduction

Within the project a minimally invasive, universal implantology kit for the correction of vario-
us chest deformities was  developed along with the necessary surgery instruments. Chest deformi-
ties – including pectus excavatum (PE) and pectus carinatum (PC) – are the most common conge-
nital anomalies of the chest (both symmetric and asymmetric). In patients with pectus excavatum, 
the front wall of the chest collapses into the chest cavity. Depending on the severity of the disease, 
the symptoms may be minor and may concern cosmetic aspects, while in severe cases the com-
pression of the sternum and reduced volume of the chest may decrease vital capacity. In the case of 
a pectus carinatum, the defect is usually identified in the early years of adolescence. Deformation 
consists in the bulging of the sternum and the adjacent costal cartilage to the front. In  the work 
a holistic approach was applied to the design of the universal implantology kit, which aim was to 
minimize the risk of failure at the stage of clinical trials. Approach is based on numerical models 
developed on the basis of data from computed tomography of skeletal system of the chest with 
defects. First, preliminary design of the new implant that was proposed based on the experience of 
medical Prof. Dzielicki. Reverse engineering methodology was then developed. This methodology 
follows a modified design path such as object-model-concept. The concept mimics some of the cri-
tical geometric features of existing objects and creates their accurate or enhanced virtual/physical 
models. Most commonly, the scanned cloud of points is used as input information to reconstruct 
the geometry of the investigated object. In this sense, a reverse engineering process depends on the 
virtual model reconstruction operations using dedicated algorithmic solutions. This process starts 
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with point cloud data acquisition and terminates as a virtual model. As an output of the first stage 
of the Project, based on computed tomopgraphy data, a fully 3D finite element models of rib cages 
with defects (funnel chest, pigeon chest both symmetric and asymmetric) for further numerical 
investigation, was evaluated.  The second state-of-the-art methodology which whas employed is 
generative design of topology of new universal implantology kit. The purpose of using generative 
design of implant topology was: 1) guidance for reducing the weight of implants while maintaining 
strength characteristics and appropriate stiffness and 2) optimization of the shape of the implant 
in order to prevent stress concentration in the patient’s bones and tissues. The third stage of the 
project included prototyping with 3d printing and mechanical trials using laboratory environment.  
A prototype set will be developed (in various series), which will be initially manufactured by FDM 
additive technology and then it will be subjected to mechanical analysis using computer and phy-
sical simulations on devices for testing under uniaxial loads and cyclic loads in a complex state of 
deformation and stress (with non-contact measurement of stiffness, displacement and deformation 
of the implantation set / ribs using Digital Image Corelation technique). Particular emphasis will be 
placed on the verification to take place under conditions reflecting the state of stress and forces in 
the chests with the defects (PE and PC both symmetric and asymmetric).

In parallel, the interrelation between implant material (rolled plate of 316LVM steel grade), 
its state of microstructure (annealed, hardened, gradient), fatigue life and wear mechanisms will 
be established. As-received plates will rolled using different deformation as well as asymmetrical 
rolling to produce different state of austenitic structure. Then, the plates will be subjected to high 
cycle fatigue tests using unique state-of-the-art Arbitrary Strain Path Machine. Machinability of 
different states of rolled plates will be established to develop the most optimal machining strategies.

To ensure that the performance of the developed implant and its interaction with ribs (during 2 
years of time that is relevant to 17 mln breaths), a multi-scale computer model will also be develo-
ped that will be able to assess the impact of stresses and deformations generated by the implementa-
tion kit on the local, internal bone structure of different microarchitecture (reflecting the internal rib 
structure of patients at different ages using Digital Material Representation approach). This appro-
ach will assure the verification of designed product under experimental conditions.  After positive 
verification and possible structural corrections, a trial set of 316LVM steel and instruments will be 
produced by Mikromed. These elements will also be verified in a manner analogous to the plastic 
prototype kit. Additionally, fatigue life and wear of implant kit assembly (bar, mounting plates, con-
nectors, threads) made of 316LVM steel will be assessed using purpose-built rib cage models with 
selected, representative chest defects. Finally, the verified version of universal implantation kit will 
be machined. At that stage also set of implantation surgery tools will be designed, manufactured 
and tested. An additional innovative tool that will be created as part of the project will be a tool for 
spatial visualization of the procedure for selecting the type of implant series using the virtual reality 
environment (VR goggles in which surgeon will be able to see the chest in three-dimensional space 
with the implementation kit installed). This will significantly improve the preoperation stage.

Proposed new medical product allows for higher forces to be applied and will have much 
more positive effects in chest defects treatment. It will also allow a new sandwich system of chest 
deformities treatment for some severe chest defects by simultaneous „internal” and „external” ribs 
displacement, that has no equivalent in the available literature. It is expected that it will reduce 
the need for additional rib resections in asymmetrical distortions that require combining the Nuss 
procedure with the Ravich procedure while it will stabilize the correction plate with a technical 
solution that excludes the use of destructive wire.

It is expected that the surgical technique, standardized in this way, will allow to optimize the 
results of treatment of deformities, regardless of its form, and to avoid adverse events described in 
the literature and perceived in one’s own practice. It can also be used in the treatment of sternum 
instability occurring as a complication after cardiac surgery in 0.2-5% of patients undergoing such 
surgical access.



3

Finally, it is expected that proposed within the Project new medical product will definitely con-
tribute to life saving and achieving full recovery, improving health condition and the quality of life.

References

1.	 Beynon J.H., Sellars, C.M., Modelling microstructure and its effects during multipass hot rolling, ISIJ 
Internation-al, 32, 1992, 359-367.

2.	 Kobayashi S., Oh S.I., Altan T., Metal forming and the finite element method, Oxford University Press, 
New York, Oxford, 1989.

3.	 Mori K., Osakada K., Finite-element simulation of three-dimensional de-formation in shape rolling, 
Proc. NUMIFORM’89, eds, Thompson E.G., Wood R.D., Zienkiewicz O.C., Samuelsson A., Fort Col-
lins, 1989, 337-342. 

4.	 Roucoules C., “Dynamic and metady-namic recrystallization in HSLA steels”, PhD Thesis, McGill Uni-
versity, Montreal, 1992.

Acknowledgements. .



1

The project is co-financed by funds from the state budget, granted by the Minister of Science as part  
of the Excellent Science II Program, project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN.

The project is co-financed by funds from the state budget, 
granted by the Minister of Science as part of the Excellent Science II Program, 

project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN

Effect of a New Dieless Drawing Process on the Properties  
of Biodegradable Zn-Mg Alloy Surgical Wire

Marcin Kapusta1, Piotr Kustra1, Anna Osyczka2, Andrij Milenin1

1 AGH University of Kraków
2 Jagiellonian University

markapusta@agh.edu.pl, pkustra@agh.edu.pl,  
anna.osyczka@uj.edu.pl, milenin@agh.edu.pl

Keywords: surgical wires, biodegradability, biocompatibility, dieless drawing

1.	 Introduction

Surgical wire is widely used in medicine to secure bone fragments during fracture treatment. 
Traditionally, surgical wire has been made from stainless steel. While stainless steel offers advanta-
ges such as high strength and bioinertness, it also has significant drawbacks, including the need for a 
secondary operation to remove the wire and excessive compressive stress after bone healing. These 
limitations highlight the need for biodegradable surgical wire, which: - Eliminates the need for a 
secondary operation, as the wire naturally degrades after fulfilling its function. - Facilitates smooth 
load transfer due to the gradual degradation of the wire material as the bone heals. Magnesium- and 
zinc-based alloys have been identified as promising materials for biodegradable surgical wire [1]. 
Previous studies have explored various aspects of this problem, including material selection, produc-
tion technologies, mechanical properties (including performance in surgical knots), biodegradation 
intensity, and biological properties [2, 3]. For example, the application of such wire in veterinary 
practice was detailed in [4]. These studies demonstrate that biological, corrosion, and mechanical 
properties depend not only on the alloy’s chemical composition but also on the method of plastic de-
formation applied during manufacturing. For instance, materials processed through extrusion exhi-
bited better cell survival in in vitro tests compared to those processed through drawing. Investiga-
tions into the crystallographic texture at various stages of deformation revealed correlations between 
texture and mechanical or biological properties. Particularly intriguing is the relationship between 
deformation methods (e.g., extrusion or drawing at varying temperatures) and the biological proper-
ties of the resulting material, including potential anticancer effects [2, 4]. However, the production 
processes currently used to achieve specific geometric dimensions are limited in terms of optimiza-
tion for enhancing biological properties. This limitation inspired the development of a process that 
selectively alters the microstructure and crystallographic orientation of the wire without changing its 
diameter. Such a process could supplement existing manufacturing techniques, improving the biolo-
gical properties of the final product. This study aims to develop and numerically model this process 
and analyze its effects on the biological properties of biodegradable surgical wire.

2.	 Materials and Methods

This study introduces an innovative laser dieless drawing process (referred to as bioLDD) for 
tailoring the crystallographic texture of the wire to enhance biocompatibility. BioLDD involves 
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twisting the wire while optionally elongating it, with deformation facilitated by localized laser 
heating. This process achieves significant shear strain without altering the wire diameter. A pho-
tograph of the developed experimental setup is presented in Figure 1. The ZnMg0.08 alloy was 
selected as the study material. Initially, an ingot was extruded through a 32-channel die with each 
hole measuring 1.8 mm in diameter. Subsequently, the material underwent hot drawing at 250°C to 
produce wire with a diameter of 0.8 mm. This wire served as the precursor for the bioLDD process. 
To determine optimal heating and deformation parameters (laser power and twisting speed), FEM 
modelling of the deformation process was conducted using QForm software. Figure 2 illustrates 
two modelling scenarios. In the first case (Fig. 2a), a laser power of 1 W caused overheating and 
deformation localization, likely resulting in wire breakage in physical experiments. In the second 
case (Fig. 2b), a reduced laser power of 0.25 W ensured uniform deformation along the wire’s 
length. In vitro cytotoxicity tests were performed on three wire variants, each with a diameter of 
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4.	 Conclusions

This study proposes a novel deformation process – bioLDD – to enhance the biological proper-
ties of biodegradable Zn-Mg alloy surgical wire without altering its diameter. The process involves 
twisting the wire during laser heating to achieve large shear deformations. Results demonstrate that 
bioLDD significantly improves the in vitro biocompatibility of hot-drawn wire. Future research 
will focus on elucidating the underlying mechanisms and optimizing process conditions to further 
enhance the biological performance of biodegradable surgical wire.
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In agriculture, Sugarcane is a major cultivated crop in India after cotton. It is the lifeblood of 
millions of farmers and contributes to a pivotal role in the national economy. However, its cultiva-
tion process is full of occupational hazards that harm the health and safety of laborers and farmers. 
Occupational safety and health (OSH) have been a major concern worldwide in sugarcane cultiva-
tion. In this study, a comprehensive Multicriteria decision-making (MCDM) framework is propo-
sed to prioritize safety concerns and to identify patterns and factors associated with injuries among 
farmers and workers in rural Uttar Pradesh in the cultivation of sugarcane. The study specifically 
addresses injuries and diseases commonly reported during sugarcane cultivation and processing. It 
focuses on three categories of health and safety issues: (1) Physical injuries, (2) Diseases, and (3) 
Environmental and occupational hazards. Fourteen specific health concerns are evaluated based 
on five key factors contributing to their occurrence. The study employs two well-known MCDM 
techniques, AHP (Analytic Hierarchy Process) and TOPSIS (Technique for Order of Preference by 
Similarity to Ideal Solution), to rank these concerns and provide actionable insights.  The results 
will emphasize the importance of addressing safety issues and offer a clear framework for imple-
menting preventive measures designed to meet the specific needs of the sugarcane industry.

1.	 Introduction

Sugarcane is one of the most important crops cultivated in the tropical and subtropical regions, 
with India being the second-largest producer after Brazil. It is a prominent cash crop and the main 
source of sugar globally, plays a crucial role in the agricultural economy [1]. In the 2022–2023 se-
ason, sugarcane was grown on approximately 5.9 million hectares in India, marking a 6% increase 
compared to 5.6 million hectares in 2021–2022 [2]. Beyond sugar production, it serves as a raw ma-
terial for various industries, contributing to the production of biofuels, ethanol, molasses, and other 
byproducts. Because of its versatility and economic significance, it is called a “wonder cane” [3].

Sugarcane cultivation is labor-intensive and requires a long maturation period of 8 to 12 mon-
ths, involving considerable effort and resources. Uttar Pradesh, the leading sugarcane-producing 
state in India, plants the crop in two major seasons: March and May [4]. The process of growing 
sugarcane, from planting to harvest, is complex and involves various risks. It requires careful ma-
nagement to ensure productivity, quality, and the safety of farmers. The complete process of the 
cultivation of sugarcane is shown in the figure 1.
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Occupational safety and health (OSH) has been a major concern worldwide in the agriculture 
sector. Various undesirable hazards are associated with farming. The sugarcane industry, an impor-
tant part of agricultural economies, relies heavily on manual labor and exposes workers to various 
occupational risks [5]. Workers and farmers face a spectrum of safety issues ranging from physical 
injuries to long-term health effects due to environmental and chemical exposures [6]. Managing 
these safety concerns effectively requires a structured approach to prioritize actions based on the 
severity and causes of these issues [7]. However, the lack of comprehensive secondary data poses 
a significant challenge.

This study aims to develop a Multicriteria Decision-Making (MCDM) framework to address 
this challenge. Using expert knowledge and literature, the framework analyzes common injuries 
and health problems, identifying their main causes. The results aim to help stakeholders implement 
focused safety measures and improve the well-being of workers in the sugarcane industry.

2.	 Study Area and Methodology

Uttar Pradesh is situated in the northern part of India with an area of 243286 km^2 with coor-
dinates 26.85° N 80.91° E. It covers 48 % of the nation’s sugarcane cultivation area and contributes 
50 % of India’s total production, making it the leading sugarcane-producing state. It produced 2348 
lakh tonnes of sugarcane with 107.29 lakh tonnes of sugar in 2022-23 [8].

Amroha district in Uttar Pradesh was chosen for this study because it has well-developed agri-
culture and good irrigation facilities. Farming is a major economic activity in this district, providing 
employment to about 60% of the population. The study involved direct one-on-one interactions 
with farmers in the district. A purposive and stratified multistage random sampling method was 
employed to collect data through direct one-on-one interactions with farmers. 

Figure 1. Sugarcane Cultivation Process from Farm to Mill

Figure 2. Proposed Framework
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The study uses a comprehensive MCDM framework to analyze safety issues in sugarcane 
cultivation. A hierarchical structure was developed to categorize OSH concerns into three main 
categories: physical injuries, diseases, and environmental hazards. Fourteen specific concerns were 
identified and evaluated based on five key factors. The AHP was employed to determine the relative 
importance of these factors, and the TOPSIS was used to rank the OSH problems and derive actio-
nable insights. The methodology of this study is shown in the figure 2.

The findings of the study will emphasize the importance of addressing occupational safety and 
health concerns in sugarcane farming. The MCDM framework will prioritize critical safety issues 
and their causes, offering actionable recommendations for stakeholders. The results will highlight 
the need for specific actions, such as providing more personal protective equipment, increasing 
awareness through training programs, and establishing safety protocols. This study will lay the 
foundation for developing more comprehensive safety measures and will encourage future research 
to validate the framework with other real-world industry datasets.
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Malaria, a potentially fatal mosquito-borne disease, poses a significant public health challenge 
in India. This study proposes an epidemiological model to delve into the transmission dynamics 
of malaria, particularly considering public awareness along with limited treatment resources. The 
study explores the existence and stability of various equilibria within this model, shedding light on 
the dynamics of malaria transmission. The basic reproduction number, denoted as R0, which plays 
a crucial role in determining the existence and stability of equilibria is calculated via next-genera-
tion matrix. It is shown that when R0 is less than unity, the disease free equilibrium is locally stable, 
and when R0  > 1, the endemic state is stable. Real data of cumulative malaria cases is collected 
and utilized for Odisha, a highly endemic region of India, through numerical simulations. The 
least square method is used to estimate the key parameters of the model. Numerical simulations 
are presented to vividly illustrate the analytical findings. The results emphasize the importance of 
providing proper treatment and public awareness to the infected population.

1.	 Introduction

Malaria is a life-threatening protozoan disease caused by Plasmodium parasites and transmit-
ted through the bites of infected female Anopheles mosquitoes. The Plasmodium parasites initially 
multiply in the human liver and bloodstream before transforming into an infectious stage capable 
of being transmitted to other mosquitoes through subsequent bites [1]. Despite extensive global 
efforts, including interventions recommended by the World Health Organization (WHO) such as 
long-lasting insecticide-treated nets and indoor residual spraying, these traditional strategies face 
numerous implementation challenges [2,3]. Mathematical models have proven to be invaluable to-
ols for analyzing and predicting malaria transmission dynamics [4]. For instance, the study [5] exa-
mined the role of bed nets in disease control through a mathematical model, providing insights into 
their impact on reducing malaria transmission. Another study by Collins and Duffy [6] investigated 
malaria transmission by incorporating factors such as drug resistance, treatment effectiveness, and 
mosquito net usage as preventive strategies.

In this context, our study focuses on the role of media-driven social awareness in shaping ma-
laria transmission dynamics. To achieve this, we incorporate an awareness term into a mathematical 
model using a saturated function. This approach ensures that the density of the infected population 
directly influences the intensity and reach of information campaigns. As the number of infected 
individuals changes, the focus and scope of these campaigns adjust dynamically. To the best of our 
knowledge, this is the first attempt to evaluate the impact of media-driven strategies on malaria 
prevalence, providing a novel perspective on the role of information dissemination in controlling 
the disease.
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2.	 Results

This paper presents a mathematical model for malaria transmission that incorporates the influ-
ence of media awareness. The obtained results indicate that increased media awareness can signi-
ficantly lower the peak number of infected individuals. Numerical simulations also emphasize the 
critical role of public awareness and effective treatment strategies in reducing malaria transmission 
and controlling outbreaks.
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1.	 Motivation

Optimization of materials processing requires two milestones: the development of reliable 
mathematical models of the process being analysed and an efficient optimization technique. Mathe-
matical models in materials processing are complex and usually computationally intensive. Their 
use in optimization analysis, which requires numerous iterative calculations, is computationally 
complex and often seems useless because of the long computation time. Therefore, methods are 
constantly sought to reduce the optimization time by simplifying the model of the analysed process 
and minimizing the required iterative optimization runs.

One way to solve these problems is to use modelling methods based on machine learning tech-
niques, which lead to a construction of a surrogate model in the form of a „black box” representing 
the analysed process. The surrogate model describes the analysed process with a good accuracy and 
requires a significantly shorter computation time. Such a surrogate model can be next successfully 
used in optimization analysis.

However, most „black box” modelling techniques, such as neural networks, require a large 
amount of training data. In the case of materials processing, the collection of numerous data is 
expensive and sometimes even not possible. Therefore, modelling and optimization methods are 
sought that minimize the number of measurement points required to develop a surrogate model and 
perform further optimization calculations using it. Gaussian-based modelling techniques and Bay-
esian optimization methods can help. They try to find the global optimum in a minimum number 
of steps. The main objective of the presented research is an attempt to apply the Bayesian Optimi-
zation technique to the modelling of materials processing problems. As an example, the results of 
applying this approach to the inverse calibration of a metal flow stress model are presented.

2.	 General Idea of the Bayes Optimization Technique

The idea of Bayesian Optimisation (BO) technique is based on the Bayes Theorem (Bayesian 
inference) [1]. This theorem allows the calculation of probabilities for future decisions (a posterio-
ri), which are constructed from known (a priori) probabilities. This makes BO more efficient than 
random search methods. The basic premise of the BO method is to build a surrogate model of the 
objective function to be optimised. Most commonly, a surrogate model of the objective function for 
BO is built using Gaussian Process Regression (GPR) [...]. GPR performs an „a priori” surrogate 
modelling of the objective function based on an initial set of data points (x, f(x)), where x is a vector 
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of optimisation design parameters; f(x) is the corresponding value of the objective function.
The BO algorithm consists of the following steps

1)	 Collect the initial data points (x, f(x)).
2)	 Building the surrogate model of the objective function using the GPR approach and the obse-

rved values of the objective function.
3)	 Next, update the surrogate model based on the value of the objective function at this additional 

sampling point. This additional point should improve the accuracy of the surrogate model. The 
so-called acquisition function is used to select this additional point.

4)	 If a minimum/maximum of the analysed objective function is not reached
a. Implement this additional sampling point into the set of observed data points,
b. Return to step 2 and continue the calculations.
There are two main elements of this algorithm which are described below: (i) a surrogate mo-

del of the objective function and (ii) an acquisition function used to select a next sampling point. 
The BO algorithm provides (with some accuracy) an approximation of the true objective function 
and its global minimum/maximum.

The main advantage of the BO algorithm is that it minimizes the number of optimization itera-
tions resulting in a significant reduction in the time consuming computations.

2.1.	 Surrogate Model based on the Gauss Process Regression

The Gaussian Process is an extension of the multivariate normal distribution suitable for mo-
delling functions of many variables. Gaussian Process inherit the properties of the multivariate 
normal distribution, and can model even very complex functions. For that reason, Gauss Process 
Regression is widely used in Bayesian optimization [1]. Its standard form is defined by:

a)	 the mean function m(x),
b)	 the covariance function k(x, x′), which returns the similarity between two points x and x′.

When the objective function is modelled using the GPR, the expected value of the function 
E[f(x)] is determined by the mean value function, i.e. E[f(x)] = m(x), and the covariance of any two 
points x and x’ is expressed in its standard form as:

Since the GPR in its main assumption is a distribution of functions, we may not be restricted to 
this standard form and other forms of mean and covariance functions may be applied.

2.2.	 Acquisition function

In the presented BO technique, a selection of the next point for a surrogate model is crucial. The 
question, how to select the best sampling point, appears? The answer is given by using an acquisition 
function, which determines the next point to be evaluated within admissible solutions. It determines 
the potential utility of sampling a specific point based on the current state of the optimization process. 
The acquisition function combines two aspects to identify sample points that should have high values 
of the objective function and high uncertainty, indicating potential for improvement.

One of the commonly used acquisition functions is that based on the Upper Confidence Bound. 
In this approach, the next sampling point is selected at the point where the UCB function reaches 
the maximum in the confidence interval. This function has the following form:
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where: μ(x), σ(x) – the mean and standard deviation values of the function f(x), respectively; 
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and then, to illustrate its possible use, the results of the optimisation of a simple 1D function (3) and the calibration of the 
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The Bayesian Optimization method described above was used to search for the optimum va-
lues of the parameters p. The Ti6Al4V stress-strain curve model described by the Hansel-Spittel 
equation (3) for optimal parameters p = [358.5671, -0.0088, -0.0389, -0.1776, -0.0033, 0.0034, 
-2.4570, 0.0004, 1.0149] is shown in Figure 2. The obtained RMSE (Root Mean Square Error) 
between the stress-strain curve obtained for optimum parameters and the curve presented in [2] is 
RMSE = 1.2826.

4.	 Summary

The main purpose of this article is to attempt to introduce the Bayesian optimisation techni-
que and to encourage its use for solving complex materials engineering problems. The idea of the 
method is briefly outlined, and then, to illustrate its possible use, the results of the optimisation of 
a simple 1D function (3) and the calibration of the parameters of the Ti6Al4V stress-strain curve (4) 
by the inverse method using the BO are presented. The future research will focus on the application 
of the Bayesian Optimization technique for solving the stochastic problems of the phase transfor-
mation in steels microstructure.
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1.	 Introduction

Nowadays, we can observe an intensive expansion of artificial intelligence-based methods into 
practically all areas, both science and everyday life. One of the most commonly used technique for 
modeling static and dynamic processes is employing the Artificial Neural Network (ANN). During 
training, the synaptic weights in the network are changed so that the output values of the network 
are the same as the values from the dataset. However, recently another method of training artificial 
neural networks has been developed. This new method, in contrast to the classical approach, does 
not use a dataset but differential equation which describes the modeled process [1-3]. Therefore, 
this kind of network is named Physics Informed Neural Network (PINN). The DINN (Data In-
formed Neural Network) term is used to distinguish between these two alternative approaches to 
emphasize that the network training process uses dataset. 

Within this paper PINN based models were compared with DINN ones. As the modelled pro-
cess a ferrite transformation during cooling for steel alloy was considered.

2.	 Modelled process

In the work the model of the ferritic transformation for metallic materials was investigated. 
Kinetics of ferritic transformation is characterised by the following stages: delay due to time ne-
eded for nucleation of the new phase grains and next the maximum rate of the transformation due 
to growth of a new phase. To describe these phenomena the second order equation was proposed 
in [5] of the form:

where: X(t) is volume fraction of ferrite, Xeq (T) is an equilibrium volume fraction of the ferrite 
in the temperature T, B1 and B2 are temperature dependent coefficients characterizing steel alloy. 
More information on the phase transformation model can be found in [4] and [5].

Phase transformation can occur at constant or variable temperature. In this paper, a constant 
temperature during the transformation or a temperature changing at a constant rate was assumed. 
Figure 1 presents an exemplary volume friction obtained for constant (blue) and variable (red) 
temperature. 

(1)
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3.	 Artificial Neural Network based modelling

The fundamental difference between PINN and DINN is the way they are trained. In the case 
of DINN, the training goal is to minimize the differences between the network output values and the 
correct values from the dataset. Thus the following loss function is minimized:

where n is the number of training records, DINN(ti,T) is the network output for time ti and 
temperature T, and X(ti) is the required value.

In case of PINN, the loss function is defined by the equation:

The first term in equation (3) is the differential equation to be modeled by the network, i.e. 
equation (1). The second component is responsible for the initial conditions.

During the training process, n points (i.e. values of t and T) are randomly selected in each 
epoch. The network output value, the first and second derivatives are calculated. These values are 
used to calculate the loss function (3). It should be emphasized that during PINN training the cor-
rect value that the network should return is not known. This is the basic difference between PINN 
and DINN training.

(2)

(3)

Figure 1. Temperature (a) and volume fraction of the ferrite  
(b) during phase transformation
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The minimization of loss functions (2) and (3) can be performed using any optimization me-
thod, however, gradient methods such as ADAM are usually used.

Within the scope of this paper four models were created:

Models (4) and (5) assume a constant temperature during the transformation. Therefore, the 
time and temperature are networks inputs. Models (6) and (7) assume that the temperature changes 
at a constant rate during the transformation, while the initial temperature is constant. Hence, the 
model input is the temperature change rate instead of temperature. 

4.	 Conclusion

The obtained results confirm that both approaches are effective and can be used to model pro-
cesses described by ordinary differential equations.
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1.	 Introduction

The exponential integrators method allows for very fast and accurate simulations of 
time-dependent problems. The method can be applied for discretization in time, and it can 
be combined with a finite difference discretizations in space. It allows for ultra-fast simula-
tions of complex phenomena. The exponential integrators method [1] has been successfully 
applied for material science stiff elastodynamic problems [2]. In this presentation we show 
a summary of the exponential integrators and the illustrative application of the brain tumor 
simulations [3] using exponential integrators for the Fisher-Kolmogorov diffusion-reaction 
equation:

The scalar field u(x,y,t) denotes the tumor cell density, the diffusion coefficient D(x,y,t) de-
pends on the properties of the brain, that can actually change with time when the brain tissue is 
damaged by the growing glioblastoma tumor, and the ρ(x,y,t) denotes the brain tissue density. 
The application of the exponential integrators method start from the application of the finite dif-
ference discretization in space. We introduce the three-dimensional computational mesh with 
points . We denote by  and we rewrite the Fisher-Kolmogorov equation 
in a discrete form:

We create a sparse matrix based on this spatial discretization.

(1)

(2)
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In general, we have the following system of semi-linear Ordinary Differential Equations (ODEs):

Now, the exponential integrators method comes into the picture. We introduce the time discretization:

to rewrite the system into:

If Un is the numerical approximation of the solution at time moment tn, we can compute the 
integral representation of Un +1 in the following way:

In other words, in the exponential integrators method, the state at time moment tn+1 is computed 
by solving the integral equation, involving the exponential of the matrix A that represents the finite 
difference discretization of our problem. For the numerical details of the fast exponential integra-
tors algorithm we refer to [3]. The method allows to predict the growth of the glioblastoma brain 
tumor 1 year forward within 30 minutes on a laptop equipped with MATLAB.

(3)
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denotes the brain tissue density. The application of the exponential integrators method start from the application of the finite 
difference discretization in space. We introduce the three-dimensional computational mesh with points {𝑥𝑥𝑖𝑖,𝑗𝑗,𝑘𝑘}𝑖𝑖,𝑗𝑗,𝑘𝑘=1,…,𝑁𝑁 We 

denote by {𝑢𝑢𝑖𝑖,𝑗𝑗,𝑘𝑘}𝑖𝑖,𝑗𝑗,𝑘𝑘=1,…,𝑁𝑁 and we rewrite the Fisher-Kolmogorov equation in a discrete form 
 

𝜕𝜕𝑢𝑢𝑖𝑖,𝑗𝑗,𝑘𝑘𝑡𝑡

𝜕𝜕𝜕𝜕 = 𝐷𝐷𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑢𝑢𝑖𝑖+1,𝑗𝑗,𝑘𝑘𝑡𝑡 − 2𝑢𝑢𝑖𝑖,𝑗𝑗,𝑘𝑘𝑡𝑡 + 𝑢𝑢𝑖𝑖−1,𝑗𝑗,𝑘𝑘𝑡𝑡

ℎ2 + 𝐷𝐷𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑢𝑢𝑖𝑖,𝑗𝑗+1,𝑘𝑘𝑡𝑡 − 2𝑢𝑢𝑖𝑖,𝑗𝑗,𝑘𝑘𝑡𝑡 + 𝑢𝑢𝑖𝑖,𝑗𝑗−1,𝑘𝑘𝑡𝑡

ℎ2 + 𝜌𝜌𝑢𝑢𝑖𝑖,𝑗𝑗,𝑘𝑘𝑡𝑡 (1 − 𝑢𝑢𝑖𝑖,𝑗𝑗,𝑘𝑘𝑡𝑡 ) 
We create a sparse matrix based on this spatial discretization 

for i = 2:nx-1 
  for j = 2:ny-1 
    for k = 2:nz-1 
      l = i + (j-1)*nx + (k-1)*nx*ny;  
        values(idx) = (diff(i+1,j,k)-diff(i,j,k))/hx2  
              + 2.0 * diff(i,j,k)/hx2 + (diff(i,j+1,k)-diff(i,j,k))/hy2  
              + 2.0 * diff(i,j,k)/hy2 + (diff(i,j,k+1)-diff(i,j,k))/hz2  
              + 2.0 * diff(i,j,k)/hz2; 
        row_idx(idx) = l; col_idx(idx) = l; values(idx+1) = - diff(i,j,k)/hx2;  
        row_idx(idx+1) = l; col_idx(idx+1) = l-1;   
          values(idx+2) = (-diff(i+1,j,k)+diff(i,j,k))/hx2 - diff(i,j,k)/hx2;  
        row_idx(idx+2) = l; col_idx(idx+2) = l+1; values(idx+3) = -diff(i,j,k)/hy2; 
        row_idx(idx+3) = l; col_idx(idx+3) = l-nx; 
          values(idx+4) = (-diff(i,j+1,k)+diff(i,j,k))/hy2 - diff(i,j,k)/hy2; 
        row_idx(idx+4) = l; col_idx(idx+4) = l+nx; values(idx+5) = diff(i,j,k)/hz2; 
        row_idx(idx+5) = l; col_idx(idx+5) = l-nx*ny; 
          values(idx+6) = (-diff(i,j,k+1)+diff(i,j,k))/hz2 - diff(i,j,k)/hz2; 
        row_idx(idx+6) = l; col_idx(idx+6) = l+nx*ny; idx = idx + 7; 
    end 
  end 
end 
% Create the sparse matrix A 
A =sparse(row_idx(1:idx-1), col_idx(1:idx-1), values(1:idx-1), nx*ny*nz, nx*ny*nz); 

 
In general, we have the following system of semi-linear Ordinary Differential Equations (ODEs) 

𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝜕𝜕 = 𝐴𝐴𝐴𝐴(𝑡𝑡) + 𝐹𝐹(𝑈𝑈(𝑡𝑡)),  𝑈𝑈(0) = 𝑈𝑈0 

Now, the exponential integrators method comes into the picture. We introduce the time discretization 
0 = 𝑡𝑡0 < 𝑡𝑡1 < ⋯ < 𝑡𝑡𝑛𝑛−1 < 𝑡𝑡𝑛𝑛 < 𝑡𝑡𝑛𝑛+1 < ⋯ < 𝑡𝑡𝑁𝑁−1 < 𝑡𝑡𝑁𝑁  

 
to rewrite the system into 

(4)

(5)

(6)
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1.	 Motivation

Physics Informed Neural Networks (PINNs) have been applied to solving Partial Differential 
Equations (PDEs) by constructing the loss function based on the residual of either the strong (classi-
cal PINN) or the weak (Variational PINNs) formulation [1,2]. Some care must be taken in choosing 
the appropriate norm of the residual to minimize, otherwise the disconnect between the feedback 
provided by the loss function values available during the training of our neural network and the ac-
tual quality of the learned solution as measured in the norms accurately reflecting the nature of the 
problem being solved may make the training process unreliable. Robust VPINNs (RVPINNs) have 
been proposed as an alternative approach to constructing the loss function using a stable variational 
formulation as a foundation, allowing us to establish a concrete, strong relationship between values 
of the loss function and the error in the desired norm [3]. Robustness, however, comes at the expense 
of efficiency, since the variational formulation requires expensive integration, and the loss function 
involves factorization of the Gram matrix. To circumvent these issues, we propose a similar approach 
based on the finite difference formulation inspired by [4], which avoids integration in the construction 
of the residual and the Gram matrix, while maintaining the stability of RVPINNs [6].

2.	 Mathematical framework

In the discrete formulation we seek values of the solution on a set of collocation points, uniformly 
distributed inside our domain. We approximate continuous notions (Lp norms, differential operators) 
with their discrete counterparts (finite sums over collocation points, finite differences), inspired by [4]. 
We redevelop some basic concepts of the continuous theory, like integration by parts, the product rule 
and Poincaré inequality, in the discrete setting, which allows us to construct discrete formulations of 
PDEs and prove their properties using familiar techniques used for finite element formulations. The 
basis functions of our trial and test space are discrete functions equal to 1 at one collocation point and 
0 elsewhere. The stability of the resulting variational formulation of the form

(1)
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is governed by the Babuska-Brezzi inf-sup condition – existence of a constant γ > 0 such that

By the Riesz representation theorem, for each uℎ d Uℎ there exists a residual representation 
r(uℎ) d vℎ such that (r(uℎ), vℎ)Vℎ = b(uℎ,vℎ) − l(vℎ) for all vℎ d Vℎ. In case of our discrete formulation, 
such r can be computed solving the equation:

where G is the Gram matrix of the scalar product of Vℎ and RES(uℎ) is the standard vector of 
residuals used in PINNs. We define our loss function as LOSS(uℎ) = |r(uℎ)|V

2=RES(uℎ)
TG−1RES(uℎ). 

Assuming form b has continuity constant M, this loss function satisfies 1/M√LOSS ≤ |uθ − uexact| ≤ 1/
γ√LOSS, where uθ is the solution of the neural network and uexact is the exact solution of the discrete 
formulation, which means it can serve as a robust approximation of true error, as long as the values 
of M and γ are not too far apart.

3.	 Stokes equations

We demonstrate the approach by solving the stationary Stokes equations on a 2D unit square:

where u, p are velocity and pressure of the fluid, f is the forcing term and g is the Dirichlet 
boundary condition. We rewrite it into a system of first order equations and replace differential 
operators with their finite difference counterparts.

where σ is a new unknown. With carefully chosen boundary conditions, this formulation is 
well-posed and stable with respect to the discrete version of the adjoint graph norm [6]:

Using a mix of theoretical analysis and numerical calculations, we can demonstrate the con-
tinuity and inf-sup stability of this formulation, that is, we can show existence of constants M = 1, 
γ ≈ 1/8 such that:

(2)

(3)

(4)

(5)

(6)

(6)
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1.	 Introduction

The methods proposed by Prof. G.E. Karniadakis for solving partial differential equations 
using neural networks, the so-called Physics-Informed Neural Networks, have been very successful 
over the past few years. Since its inception in 2019, Prof. Karniadakis’ first paper [1] has received 
more than 12,000 citations, and the paper summarizing Physics Informed Informed Neural Ne-
tworks methods [2] published in the Nature Reviews Physics has received nearly 5,000 citations. 
The reason for this is that neural networks informed about physics can increasingly solve partial 
differential equations with accuracy approaching that proposed by traditional methods such as the 
finite difference method. For example, for the Partial Differential Equation (PDE), the Poisson pro-
blem with the right-hand side being a combination of the sin and exp functions,

with zero boundary conditions, we can employ the Physics-Informed Neural Networks in the 
following way. We notice that the neural network is a catenation of linear functions Ax + b and the 
non-linear activation functions,

here σ(x) represents the non-linear activation function, e.g. the sigmoid, Ai represent the ma-
trices with coefficients of layers of the neural network, and bi represent the bias vectors. This re-
presents 5 layers with 100 neurons each, so the first layer matrix A1 has 2 columns and 100 rows, 
the other matrices A2, A3, has each 200 rows and columns, and the last matrix A4 has 200 columns 
and 1 row. The bias vectors has the same number of rows as corresponding matrices (All of them 
have 100 rows, except the last one which has 1 row). We denote all the parameters of matrices and 
vectors as θ = (A1,A2,A3,A4,b1,b2,b3,b4).

(1)

(2)

(3)
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The neural network is assumed to be the solution of the PDE (1-2). What does it mean? We 
need to find the coefficients of the matrices A1, A2, A3, and A4 and the biases b1, b2, b3, and b4 (de-
noted by θ) σuch that the neural network as a non-linear functions solves (1). This process is usually 
performed by minimizing the loss function defined as the residual of the PDE

In other words, we want to minimize the loss function RES(θ) by finding minimal values of the 
coefficients of matrices and biases (called the weights of the neural network) such us the residual 
of the PDE (1-2) is as close to zero as possible. The residual (5) is evaluated at some finite selected 
set of points (x,y) d [0,1]2. Notice that we can compute now the second derivatives of the neural 
network, as defined in the residual loss ΔPINN(x,y). This is because we understand our neural ne-
twork as the non-linear continuous function that is infinite time differentiated.

The minimization of the residual loss (4) is usually performed by the ADAM algorithm [3]. 
The convergence of the PINN method and the resulting solution is presented in Figure 1.

The drawback of the PINN method is that the loss function is not robust. It is illustrated in 
Figure 1, where the plot of convergence of the residual loss function is not equal to the error of the 
solution as measured in L2 or H1 norms. This applies for the residual loss function as well as for 
the square root of the residual loss function.

2.	 Robust Variational Physics Informed Neural Network

In order to get the robust loss function, we first follow the idea of prof. Karniadakis to switch 
into weak residual formulation introduced in the Variational Physics Informed Neural Network 
[4,5]. Instead of probing the residual at the points, the loss function is averaged with test functions 
v(x,y) spread over the computational domain.

Here (w,v) denotes the scalar L2-product, namely (w,v) = ∫ w(x,y) v (x,y) dxdy. This weak 
residual loss function can be evaluated for each test function v(x,y). The total loss is defined as the 

(4)

Figure 1. The convergence of the PINN method for the Poisson problem  
with sin-exp solution, and the resulting solution

(5)
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summation of all the residual weak losses for all test functions.

Unfortunatelly, VPINN suffers from the same unrobust loss function as PINN. To obtain the 
robust loss function, following our analysis results summarized in [6], we modify the VPINN loss 
function by considering the inverse of the Gram matrix G constructed with all the test functions. 
The robust loss function is defined in the following way

The gram matrix is computed with L2 scalar products of the test functions. Introduction of this 
loss function results in a better agreement between the robust loss and the true error.

3.	 Collocation based Robust Variational Physics  
Informed Neural Network

The last step of our derivation is to replace the weak residuals with the discrete weak residuals, 
following our detailed derivation presented in [7]. After this step, the integrals with test functions 
are replaced by the collocation method computed at the collocation points. We call this method Col-
location based Robust Variational Physics Informed Neural Networks. The loss functions remains 
robust, which is illustrated in Figure 2.

We perform 40,000 iterations with 100×100 collocation points of CRVPINN or 100×100 po-
ints of PINN, usng (as described before) 2 internal layers of the neural network with 200 neurons 
each. The execution of our Collocation based Robust Variational Physics Informed Neural Network 
with this setup of parameters on V100 GPGPU from Google ColabPro takes less than 5 minutes. 
This includes connecting and setting up the virtual environment, and generating output pictures. 

The Physics Informed Neural Network implementation using 100×1000 uniformly selected 
points and the same setup of the neural network takes a similar execution time on V100 GPGPU 
from Google ColabPro.

The Variational Physics Informed Neural Networks employing 40,000 iterations with 20×20 
basis functions, using the same neural network and the tensorial implementation described in [8] 
takes 12 minutes on  A100 GPGPU card from Google Colab.

(6)

(7)

Figure 2. The convergence of the CRVPINN method for the Poisson problem  
with sin-exp solution. The error of the CRVPINN solution,  

and the error of the corresponding PINN solution from Figure 1
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1.	 Introduction

Given the significant influence of carbon dioxide (CO2) on global warming, the development 
of carbon capture strategies is of the highest importance. One of the prevalent strategies is the pro-
cess called CO2 sequestration. The main idea of this process is to directly capture the CO2 from the 
emission sources, such as power plants and factories, and store it in the underground porous struc-
tures of both natural and human-made origin (abandoned oil wells, mines, aquifers). This strategy 
is more beneficial than others (ocean storage, mineralization, direct air capture) both economically 
and ecologically. It is expected to be the most useful in the short- and medium-term and can help 
mitigate the economic effects until more environmentally-friendly alternatives for energy produc-
tion will come to wide usage [4, 5, 7].

In this work, we are implementing the CO2 sequestration problem in the IGA-ADS (IsoGe-
ometric Analysis using Alternating Directions Solver) software [3]. This framework is a Finite-
-Element Method solver, which has been successfully applied to problems like heat transfer [3], 
Maxwell’s equations solver [6], and tumor growth simulations [8]. In the context of the CO2 sequ-
estration problem, four common situations are outlined: structural, capillar, dissolution, and mine-
ralization [5]. Our solver can be applied to the first three of them, as it does not take into account 
the chemical reactions in the reservoir, but can effectively simulate the physical behavior of the 
pumped gas in the porous structure and in the case of pumping into the liquid brine solution. We 
believe that our method can provide a much-needed fast and reliable solver for this problem. Mo-
reover, we also plan to experiment with the (hydrogen) H2 storage problems and implement the 
inverse problem solver.

2.	 Methods

Following [1, 2] we use multiphase Darcy’s law for gas and brine phases:

(1)



2

where Sg, Sw are the gas and brine saturation, p is the pressure, is ϕ porosity, K is the permeabi-
lity tensor, g is the gravitational acceleration, μg, μw are gas and brine viscosity, ρg, ρw are gas and 
brine density, and qg, qw are corresponding source terms, and Sg + Sw = 1. Taking this constraint into 
consideration, we can rewrite the equation (1) as follows:

Hence, we have a system of two equations with two unknown quantities: the gas saturation Sg 
and pressure p. Summing the equations (2) and (3) gives us:

We will then use this equation to compute pressure after setting some initial gas saturation Sg
0. 

In each following step we compute pn based on saturation Sg
n (eq. 5):

and then compute saturation Sg
n+1 based on that pressure (eq. 6):

Below, we present a table of the parameters of our simulation both in SI and CGS systems. We 
use that as an additional sanity check, since the simulations should remain the same in shape and 
behavior and differ only by the numerical values depending on the system used.

(3)

Table 1. Simulation parameters

Parameter SI CGS
ρg 479 (kg/m3) 0.479 (g/cm3)
ρw 1 045 (kg/m3) 1.045 (g/cm3)
g 9.81 (m/s2) 981 (cm/s2)
μg 3.95·10–5 (Pa·s) 3.95·10–5 (Pa·s)
μw 25.35·10–5 (Pa·s) 25.35·10–5 (Pa·s)
K 2·10–14 (m2) 2·10–10 (cm2)

(2)

(4)

(5)

(6)
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The programming implementation is available at:
https://github.com/askoldvilkha/iga-ads-vilkha/tree/881587b8021a7a05c339ce9fde90b-

3d6acb24f62/examples/co2_sequestration

3.	 Results and Future Work

At the time of the submission, we have completed a working direct solver version. The figures 
below show a few snapshots of the CO2 sequestration simulation.

The figures 1, 2, and 3 show the evolution of the model system. Please note that the simulation 
parameters here have been chosen for a simplistic demonstration in order to test the software rather 
than a profound experiment. We plan extensive testing with various parameter configurations in 
the short future, and expect to have preliminary results from it by the time of the conference. After 
completing that step we plan to move on to solving the inverse problem – the optimal location of 
gas pumping for a stable storage at a given reservoir. Also, the inverse problem might involve de-
termining the best values of the adjustable parameters such as brine liquid properties. We will also 
experiment with a similar problem for H2 storage.
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SI CGS

ρg 479 (kg/m3 ) 0.479 (g/cm3 )

ρw 1045 (kg/m3  ) 1.045 (g/cm3 )

g 9.81 (m/s2) 981 (cm/s3 )

μg 3.95 × 10-5 (Pa · s) 3.95 × 10-4 (Pa · s)

μw 25.35 × 10-5 (Pa · s) 25.35 × 10-4 (Pa · s)

K 2 × 10-14 (m2 ) 2 × 10-10 (cm2 )

                 Table 1. Simulation parameters

3. Results and Future Work

At the time of the submission, we have completed a working direct solver version. The figures below show a few snapshots

of the CO2 sequestration simulation. 

Figure 1. Saturation (left panel)  and pressure (right panel)  at t = 0 sec

Figure 2. Saturation (left panel)  and pressure (right panel)  at t = 1 sec

Figure 3. Saturation (left panel)  and pressure (right panel)  at t = 2 sec

The figures 1, 2, and 3 show the evolution of the model system. Please note that the simulation parameters here have been

chosen for a simplistic demonstration in order to test the software rather than a profound experiment. We plan extensive testing

with various parameter configurations in the short future, and expect to have preliminary results from it by the time of the

conference. After completing that step we plan to move on to solving the inverse problem – the optimal location of gas pumping

for a stable storage at a given reservoir. Also, the inverse problem might involve determining the best values of the adjustable

parameters such as brine liquid properties. We will also experiment with a similar problem for H2 storage. 
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Figure 3. Saturation (left panel) and pressure (right panel) at t = 2 sec
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This article presents key challenges related to the design of a self-forming thread, which aims 
to reduce contamination and improve assembly stability in the context of aluminum parts. In par-
ticular, attention is drawn to the need to balance low assembly torques with strength requirements, 
which is becoming an important issue in the context of applications in electric cars. A central 
element of research and innovation was the development of rheological models that will enable 
accurate simulation of fastener manufacturing processes and optimization of assembly parameters, 
such as assembly forces and joint strength. The experimental upsetting tests performed provided the 
necessary data for the construction of rheological models analyzing various aluminum alloys. The 
cumulative relative error calculated in the field of equivalent plastic deformation φ= max 5% was 
achieved for the rheological models.

The aim of this research was to obtain knowledge about the relationships between material 
parameters and functional and strength features of joints and assembly components. As a result, the 
results contributed to the development of an innovative solution in the design, manufacturing tech-
nology and assembly of self-forming thread elements used in the automotive industry, especially in 
the context of the development of electric cars.
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1.	 Introduction

The temperature due to the change of the work of deformation into heat influences TWIP 
steel’s microstructure and mechanical properties. It could be determined by FEM or measured by 
a thermal camera. In the research, both methods were applied to determine the real temperature of 
the deformed material.

2.	 Research

The effort to reduce the weight of vehicles results in the use of various groups of materials such 
as composites, polymers, or light alloy materials [1], however, the most important and the most 
responsible elements of safety are made of steel [2]. Recently, it has become increasingly important 
to design modern steels with a wide range of changes in strength and plastic properties. [3].

The temperature of the specimens during the deformation of TWIP steel increases due to the 
change of the work of deformation into heat. Unfortunately, the literature in this area is very limi-
ted. Some such tests have been carried out on TRIP and DP steels. For example, Gao et al. (2015) 
claimed [4], that the temperature rise during adiabatic heating of TRIP and DP steel had increased 
with increasing strain rate. For the experiments performed under strain rates from 0.1 up to 2000 s–1 
the temperature rise of TRIP steels was in the range of 100÷300ºC, while that of DP steel was in 
the range of 100÷220ºC. More detailed research was carried out by the authors, who showed that 
at strain rate 1000 s−1 temperature increases almost by100ºC and at the moment of necking, it could 
increase locally to over 300ºC [5]. For TWIP steels there are some studies devoted to the calcula-
tion of the amount of generated heat and the assumption that, with the strain rates over 1000 s−1, 
the deformation process is adiabatic and the whole plastic deformation work is changed into heat 
[41–43]. In many cases, this seems like a significant generalization. There is very little information 
on the real temperatures measured through thermovision cameras, especially for high deformation 
rates. Information will surely be useful during the implementation of TWIP steels, especially for 
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the elements of car bodies that ensure their strength and energy consumption. Dynamic tests were 
performed on a flywheel machine. Two strain rates were used: 170 s−1 and 750 s−1.

2D finite element thermo-mechanical model of uniaxial tensile tests was developed using 
MARC software. Constitutive material model data were obtained from experimental stress-strain 
curves. Isotropic hardening is assumed in this study. Young’s modulus of 210 GPa and Poisson 
ratio of 0.3 were assumed. In Figure 2, the change in the temperatures during deformation is 
presented.

The temperature rises almost linearly together with the deformation and at the moment of 
deformation localization, a significant localized temperature increase occurs with the progres-
sing development of the necking. In the necking area for steel for the highest strain rate at the 
moment of rupture, the temperature reaches over 250°C. Studies [7] analyzed the temperature 
of the deformed sample theoretically with the assumption that the deformation process runs 
adiabatically. The temperature increases are determined with the use of FEM for the coefficient 
β = 0,9 describing the amount of plastic deformation work turned into heat. he authors demon-
strate both an increase of the twin boundaries and the dislocation density together with the in-
crease of strain rate. The twinning  mechanism occur for all the strain rates, however, the density 
of deformation twins and the number of active twinning systems decreased together with the 
increase of strain rate. It could be the effect of the temperature. In the [9] the Authors analyzed 
microstructure of samples subjected to dynamic deformation at the rate of 1.5·103 s−1 with the 
Split Hopkinson Bar. Mechanical twins still dominate, however, changes have occurred in the 
matrix. Non-crystallographic shear bands are formed demonstrating high local deformation. 
The presence of large shear bands indicates greater involvement of the slip mechanism in the 
deformation proces.

In the present study, the microstructural changes observed for different strain rates correspond 
to the increase in temperature of the specimens were analyzed. Generally the density of deformation 
twins and the number of active twinning systems decreased together with the increase of the tempe-
rature were found, although this theory is not entirely confirmed as the nano-twin structures formed 
for TWIP steels during high strain rates have not been quantitatively analysed.
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1.	 Introduction

Super 304H austenitic heat-resistant steels is widely used in ultra-supercritical boilers, mainly 
in superheater and reheater tubes, due to favorable combination of creep and oxidation resistance at 
high temperatures [1]. The chemical composition of Super 304H austenitic steel is given in Table 1. 
The microstructural evolution and mechanical properties of the Super304H steel during exposure to 
high temperatures have attracted considerable research attention. Zieliński [1] revealed that the pre-
cipitation of Cu-rich disperse particles inside grains during aging at 650°C and 700°C, effectively 
improved the strength of the Super 304H steel. The same effect was related to the precipitation of 
M23C6 carbide on grain boundaries. The addition of Nb is intended to increase the strength of the 
steel trough the precipitation of  Nb(C,N) particles. Moreover, the presence of both Nb and N can 
also cause the precipitation of fine Z_Phase (NbCrN) what also could contribute to the strength of 
the Super 304H steel during creep [2]. Other phases that have been identified in this steel in service 
or during creep tests include sigma [1,3], M23C6 [1,4] and (Cr, V)2 N [5].

The aim of the investigation presented in this paper is to gain understanding of the precipita-
tion processes occurring in Super 304H austenitic steel using the Calphad method [6].

2.	 Methodology

The investigation was performed in reference to the ageing experiments performed on Su-
per 304H samples, described in [1]. Prior to ageing, the samples were solution treated at 1000°C 
for 1  hour, followed by water cooling. The ageing was performed at 700°C during 10 000, 20 
000, 30 000 and 50 000 hours. Thermodynamic and kinetic modelling was performed, respecti-
vely, using ThermoCalc and TC-PRISMA software. In the TC-PRISMA software a physics-based 

Table 1. Chemical composition (wt.%) of Super H304H austenitic steel

C Si Mn P S Cu Cr Ni Nb B N Al
0.09 0.20 0.80 0.003 0.001 2.99 18.40 8.80 0.48 0.004 0.11 0.006
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approach was implemented based upon the Langer-Schwartz theory and its development and nu-
merical implementation in the Kampmann-Wagner (numerical) approach [7-9]. Both programs take 
advantage of the CALPHAD method. The calculations presented in this paper were performed 
using ThermoCalc software (v. 2023a) and database TCFE11. 

The microstructure investigation was carried out using Joel JSM 6610LV scanning electron 
microscope (SEM). The precipitations were identified using TITAN 80-300 transmission electron 
microscope (TEM). The Metilo program was used for the assessment of the precipitates size which 
was defined as mean equivalent diameter.

3.	 Results

3.1.	 Results of the equilibrium calculations

The calculated volume fractions of phases that can form under equilibrium conditions, as 
function of temperature, are shown in Figure 1. The detailed description of the phases is given 
in Table 2.

One can see that the first formed element during the steel solidification is carbonitride Nb(C,N). 
The phases that can form under service conditions include: M23C6 carbide, Z_Phase, ε_Cu, Sigma 
phase and Cr2N nitride. The results of the thermodynamic calculations are in a good agreement with 
the experimental observations [1].

Figure 1. The fraction of equilibrium phases as function of temperature

b)a)

Table 2. Temperature range of the equilibrium secondary phases occurrence

Predicted phase Temperature range [°C] 
FCC A1/Austenite 1 424.4

FCC_A1#2/Nb(N,C) 1 373.3
M23C6_D84 973.3

Z_Phase 919.5
ε Cu 847.5

Sigma_D8B 736.7
HCP_A3#2/Cr2N 763.4

M2B_CB 1 163.1
AlN_B4 814.4
BCC_A2 638.7
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3.2.	 Simulation of the solidification process with Scheil module

The results of the calculations presented in section 3.1 relate to the thermodynamic equili-
brium. Therefore in the next stage, the simulation of the solidification process was performed 
using non-equilibrium Scheil [10] model that is incorporated in the ThermoCalc program. The 
simulation was performed assuming back diffusion phenomenon for C and N. The assumed co-
oling rate during the solidification was 1°C/s. The results of the simulation are presented in Fi-
gure 2 and Figure 3. The following phase transformations sequence was predicted during cooling 
from the liquid phase:

From Figure 3, one can see that non-equilibrium solidification leads to a substantial increase of 
Cr in the liquid phase, resulting in the δ ferrite formation although the content of this phase is low. 
The formation of δ ferrite was observed in welds of Super 304H steel [11].

3.3.	 Simulation of the kinetics of the precipitation proces

The simulation of the kinetics of the precipitation reaction is a very advanced process, since it 
requires adjustment of many model coefficients.  For the sake of illustration, here the precipitation 
process of sigma phase is considered. The precipitation of this phase has a substantial impact on the 
mechanical properties of Super 304H steel [1]. Figure 4 presents the sigma phase particles in the 
sample of Super 304H steel.

Figure 2. Scheil simulation of the solidification process: (a) mole fraction of solid phase;  
(b) volume fraction of phases formed during the solidification

b)a)

Figure 3. Segregation of elements into inter-dendritic liquid phase during the solidification process

b)a)
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Interfacial energy (precipitate/matrix) is the most important parameter used in the precipitation 
kinetics simulations. For the sake of illustration, precipitation of  Following [12] the value of this 
parameter 0.032 J/m2 was assumed. 

Figure 6. Comparison of the measured values of the mean value of sigma phase equivalent  
diameter with the results of the numerical simulations

Figure 4. Precipitates of sigma phase in Super 304H steel: a) initial state,  
b) 10 000 h, c) 30 000 h, d) 50 000 h 

a) b)

d)c)

Figure 5. TTT – (a) and CCT – (b) diagrams for the precipitation of sigma phase

b)a)
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Figure 5 presents the results of the TTT and CCT diagrams calculations. The TTT diagram 
(Figure 5a) shows that the sigma phase precipitation starts at the lowest time (incubation period) 
at approximately 690°C. Since the reaction is diffusion controlled, lowering temperature causes 
extension of the time for the start of precipitation process. This also causes the suppression of the 
process as the cooling rates following solution treatment are greater than 0.1°C/s (Figure 5b).

Figure 6 presents the results of the calculations of the variation of mean particle diameter chan-
ges as function of time. The results of the mean particle diameter are also included in this figure.

The results of the calculation presented in Figure 6 suggest that the precipitation reaction did 
not reached equilibrium even at the longest ageing time. It should be noted that the results of the 
simulation compare fairly well with result of the measurement.

4.	 Conclusions

1)	 The application of CALPHAD method enabled obtaining a concise and accurate description 
of the precipitation processes occurring in Super 304H steel. The obtained results are in a very 
good agreement with the results of the investigations presented in technical literature.

2)	 The adjusted precipitation kinetics model, implemented in PRISMA program, can be used for 
the prediction of the evolution of precipitates at times beyond these applied in the laboratory 
experiments.

3)	 The thermodynamic calculations also can be used to modify the chemical composition of Su-
per 304H steel to obtain new functional capabilities.
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1.	 Introduction

Metal and ceramic coatings applied by laser ablation are becoming increasingly widely used 
in industry materials. Their use allows for a significant improvement in the functional properties of 
standard materials by, e.g., increasing abrasion resistance (ceramic coatings), reducing thermal con-
ductivity (thermal barriers), or improving the level of biocompatibility (biocompatible coatings). 
Laser ablation phenomena have been intensively studied since the 1960s when initially used in 
LIBS (Laser-Induced Breakdown Spectroscopy) or LIF (Laser-Induced Fluorescence). Since then, 
the physicochemical phenomena occurring during laser-target interaction have been thoroughly 
researched [1]. The prime example of a currently used laser ablation technique is the Pulsed Laser 
Deposition (PLD) method. However, due to the short duration of the laser pulse in this process 
(nanoseconds, femtoseconds), some process parameters are difficult to measure using laboratory 
techniques, e.g. the temperature reached during the interaction of the laser beam with the sputtered 
material [1]. Additionally, the process itself requires taking into account many variables such as la-
ser energy, refractive index, etc. At the same time, the analysis of the results obtained in the process 
requires the use of specialized laboratory equipment such as a transmission electron microscope. 
All that makes the research time-consuming and costly. Therefore, there is a need to support such 
investigations with computer-aided technology design techniques.

That is why the current work aims to develop a complex numerical model based on the finite 
element (FE) method to simulate the material’s behaviour during PLD with high accuracy. As a re-
sult, such an approach allows for replacing time-consuming experimental studies with simulations, 
leading to a deeper understanding of the process and faster determination of the required sputtering 
parameters, eventually reducing production costs.

2.	 Pulsed Laser Deposition modelling

As mentioned, the aim of this work is to create a numerical model of the thin-film PLD depo-
sition method within the commercial numerical package COMSOL Multiphysics. The developed 
model simulates the process of heating the material intended for evaporation using a laser beam and 
the deposition of the material layer on the substrate. The model includes information such as laser 
energy, laser-material interaction on the surface, pulse time, frequency, light wavelength and the 
total duration of the process. The model allows for the assessment of the increase in the thickness 
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of the deposited film depending on the given parameters and time. At the same time, data entry 
is maximally simplified so that the user running the simulations does not need to have extensive 
knowledge of the FE method or the mathematical equations capturing the underlying physics. The 
developed model allows for the simulation of thin film deposition from pure metals, alloys and 
ceramic materials. However, at this stage, it does not take into account chemical reactions occur-
ring between the components of the deposited material, the substrate or the atmosphere of the PLD 
chamber. The developed deposition model consists of two cylinders representing the sputtered ma-
terial and the PLD chamber, respectively, presented in Figure 1.

Heating of the deposited material with a laser was conducted according to the approach pre-
sented by Cocean, et al. and based on the Heat Transfer in Solids module[2]. The second approach 
will be tested in the future based on the Radiative Beam in Absorbing Media and Radiation in 
Absorbing-Scattering Media modules [3]. This method of heating with a laser beam was used in the 
deposition model, which additionally uses the Free Molecular Flow module. The model was tested 
for laser energy of 50, 100 and 150 mJ, and a pulse time of 10 ns and temperature results are gathe-
red in Figure 2. The simulation results were also compared with the experimental data available in 
the literature [4], as presented in Figure 3.

As presented, after a single laser beam pulse, the maximum thickness of the deposited film 
was obtained at the level of 0.01 nm for 50 mJ, 0.29 nm for 100 mJ, and 0.59 nm for 150 mJ. The 
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100 and 150 mJ, and a pulse time of 10 ns and temperature results are gathered in Figure 2. The simulation results were also 
compared with the experimental data available in the literature [4], as presented in Figure 3. 
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As presented, after a single laser beam pulse, the maximum thickness of the deposited film was obtained at the level of 0.01 
nm for 50 mJ, 0.29 nm for 100 mJ, and 0.59 nm for 150 mJ. The thickness of the deposited film depends on the temperature 
reached in the hotspot during the process, for 50 mJ a temperature of 3600 K was reached, for 100 mJ 6500 K, and for 150 mJ 
10,000 K.  

 
Figure 3. Comparison of extrapolated data from simulations and literature [4] 

Comparing data obtained from simulation and literature and taking into account higher laser influence in simulated cases, it 
can be concluded that the simulation gives results in a realistic range. 
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for further work on this topic. The use of numerical modeling allows to speed up the selection of the PLD process parameters to 
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thickness of the deposited film depends on the temperature reached in the hotspot during the pro-
cess, for 50 mJ a temperature of 3600 K was reached, for 100 mJ 6500 K, and for 150 mJ 10,000 K.

Comparing data obtained from simulation and literature and taking into account higher laser 
influence in simulated cases, it can be concluded that the simulation gives results in a realistic range.

3.	 Conclusions

Creating a user-friendly model of PLD sputtering facilitates the selection of parameters for the 
process and creates a basis for further work on this topic. The use of numerical modeling allows to 
speed up the selection of the PLD process parameters to several hours and reduces the requirements 
for a large number of laboratory experiments. The developed model at the current stage allows for 
determining what parameters can work in reality and, with some approximation, what thickness of 
the deposited film will be obtained.
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1.	 Introduction

High entropy alloys (HEA) have emerged as a promising class of materials owing to their 
exceptional mechanical properties, such as high strength and excellent ductility. These attributes 
have spurred considerable interest in their potential application as advanced structural materials. 
In particular, Ni-based HEAs have attracted attention due to their distinctive combination of me-
chanical performance and chemical stability. To elucidate the fundamental plasticity mechanisms 
governing their behavior, nanoindentation tests were performed at room temperature on samples 
characterized by large grain sizes. The use of large-grained samples is a deliberate strategy aimed at 
minimizing grain boundary effects, thereby providing a more intrinsic evaluation of the material’s 
deformation behavior. Complementing the experimental investigations, atomistic simulations have 
been employed to explore plastic deformation processes at the nanoscale, with a specific focus on 
dislocation nucleation and propagation. This computational approach allows for a detailed exami-
nation of the influence of microstructural defects-such as stacking fault tetrahedra (SFTs) and vo-
ids-on the mechanical response of the alloy. By comparing pristine materials with defected counter-
parts, this study aims to delineate the defect-mediated plastic deformation mechanisms that dictate 
hardening behavior. Stress–strain analyses, dislocation density evaluations, and atomic shear strain 
mappings collectively provide comprehensive insights into the dynamic evolution of deformation, 
surface morphology, and slip behavior.

The integrated experimental and computational framework presented herein not only deepens 
our understanding of the interplay between microstructural defects and mechanical properties in 
Ni-based HEAs but also offers valuable guidance for optimizing these materials for advanced struc-
tural applications.
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2.	 Methods

Experimental Methods – We investigate two different [001] HEAs: NiFeCrCo and NiFe23. 
Nanoindentation tests were performed using a NanoTest Vantage system with a 3 nN force sen-
sitivity and 0.002 nm depth sensitivity. A Synton-MDP diamond Berkovich-shaped indenter with 
a tip radius of 50–100 nm was used for all measurements, ideal for comparison with atomistic si-
mulations. The tests applied a 150 mN load with 100 indentations spaced 100 μm apart. The micro-
structural evolution of the homogenized sample was analyzed using a ThermoFisher Helios 5 UX 
SEM, equipped with an EDAX Velocity Pro EBSD camera for precise crystal orientation mapping. 
EBSD was conducted with a 0.25 μm step size, and data analysis was performed using EDAX OIM 
Analysis 8 software, excluding points with a confidence index (CI) below 0.1. TEM analysis was 
carried out on a JEOL JEM-F200 at 200 kV. Thin foils for TEM were prepared using the FIB lift-out 
technique with a ThermoFisher Helios 5 UX dual beam SEM, with final thinning done at 2 keV to 
minimize Ga ion effects on the microstructure.

Computational Methods – The initial sample was a pristine FCC [001] Nickel crystal oriented 
with 18.7 million Ni atoms, measuring (71,69,42) nm³. NiFe23 and NiFeCrCo alloys were created 
by substituting Ni atoms with Fe, Cr, and Co atoms respectively. Energy optimization was achie-
ved using the FIRE 2.0 protocol, with an energy tolerance of 10–6 eV. The sample was then ther-
malized at 300 K for 100 ps using an NPT thermostat, followed by a 10 ps relaxation to dissipate 
artificial heat, ensuring a homogeneous temperature and pressure profile. For nanoindentation, 
the sample was divided into three sections along the z-direction to set boundary conditions. The 
two lowest layers were frozen to maintain atomic stability during indentation, with a thermosta-
tic region above to dissipate heat. The remaining layers were dynamic, where atom interactions 
occurred as the indenter tip deformed the surface. A 5 nm vacuum region was added above the 
sample. The indenter was modeled as a non-atomic repulsive rigid sphere with a radius of 12 nm. 
The tip’s position moved at a speed of 20 m/s during loading and unloading, with an initial gap 
of 0.5 nm. MD simulations were conducted using LAMMPS with corrected EAM interatomic 
potentials with periodic boundary conditions along the x and y axes, simulating an infinite surface. 
The process lasted 225 ps with a time step of 1 fs with a maximum depth of 3nm, and the defects 
were introduced in agreement with the Silcox and Hirsch mechanism, SFTs can be formed from an 
equilateral triangular vacancy plate situated on the (111) planes and spherical voids were obtained 
by removing atoms.

3.	 Results

Figure 1 presents the MD simulation setup for defected NiFeCrCo HEA alongside an SEM 
image showing pile-up formation after nanoindentation. The characteristic 4-folded rosette pattern 
aligns with MD results, where slip traces propagate along [110] and its symmetrical planes. The 
HR-TEM image reveals SFT in the indented sample, consistent with atomistic modeling. SFT

formation obstructs half-loop propagation from the indenter tip, limiting the evolution of pri-
smatic dislocation loops (PDL). This behavior is strongly influenced by surface characteristics, SFs, 
and dislocation glide energies during nanoindentation loading.

Figure 2 shows the pile-up formation in defect-free NiFe23, with the characteristic fourfold 
rosette pattern observed in SEM experiments, demonstrating good agreement with simulations. 
Additionally, we examine the effect of voids by considering different radii located close to the 
surface, revealing two key mechanisms: (i) voids can obstruct SF planes propagation and disloca-
tion half-loops, and (ii) if a void is smaller than the stacking plane, it is absorbed, facilitating the 
formation of a PDL. Our study demonstrates that nanoindentation-induced plasticity in Ni-based 
CSAs is strongly influenced by microstructural defects, with SFTs and voids playing a critical 
role in dislocation propagation and pile-up formation. The combined experimental and atomistic 
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modeling approach provides fundamental insights into defect-mediated deformation mechanisms, 
offering guidance for optimizing the mechanical properties of these alloys for advanced structural 
applications. 

Our study demonstrates that nanoindentation-induced plasticity in Ni-based HEAs is strongly 
influenced by microstructural defects, with SFTs and voids playing a critical role in dislocation 
propagation and pile-up formation. The combined experimental and atomistic modeling approach 
provides fundamental insights into defect-mediated deformation mechanisms, offering guidance 
for optimizing the mechanical properties of these alloys for advanced structural applications.
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formation obstructs half-loop propagation from the indenter tip, limiting the evolution of prismatic dislocation loops (PDL). This 
behavior is strongly influenced by surface characteristics, SFs, and dislocation glide energies during nanoindentation loading. 

 
Figure 1. Schematic of the nanoindentation simulation (left) and structural characterization of the NiFeCrCo HEA, with 

SEM and HR-TEM images revealing pile-up formation and SFTs, consistent with MD simulations (right). 

Figure 2 shows the pile-up formation in defect-free NiFe23, with the characteristic fourfold rosette pattern observed in SEM 
experiments, demonstrating good agreement with simulations. Additionally, we examine the effect of voids by considering 
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defects, with SFTs and voids playing a critical role in dislocation propagation and pile-up formation. The combined 
experimental and atomistic modeling approach provides fundamental insights into defect-mediated deformation mechanisms, 
offering guidance for optimizing the mechanical properties of these alloys for advanced structural applications. 
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1.	 Introduction

Laser hardening, which is increasingly used in industry, is performed to achieve a hard and wear-
-resistant surface layer. This technology is suitable for all materials that can undergo flame and induc-
tion hardening. Today, laser hardening is fully automated and allows for the treatment of components 
with nearly any level of geometric complexity. Its application enables the processing of parts that, due 
to their design or function, could not be hardened using other methods. In the laser hardening process, 
only about 20% of the heat is introduced into the material compared to induction hardening. This signi-
ficantly reduces the need for subsequent mechanical processing. Additionally, laser hardening allows 
the operation to be completed in a relatively short time. During the process, the surface layer of the 
workpiece is heated to the austenitizing temperature, just below the material’s melting point. Approxi-
mately 40% of the laser’s emitted power is absorbed; however, in practice, the absorption rate depends 
on specific process conditions and the material’s properties. To ensure effective laser hardening, tests 
are conducted to select optimal laser parameters and to properly prepare the surface.

Currently, the engineering focuses on developing methods for simulations and optimization of 
different processes. From years the finite element method [2] and method of fundamental solutions 
[3] are known. Methods of analysis of variance (ANOVA) [1], artificial neural networks (ANNs) 
[4], genetic algorithms (GA) [5] and statistically equivalent representative volume elements (SE-
RVE) for microstructural characterisation [6] are becoming more and more popular.

This study presents a Digital Twin (DT) for temperature prediction during the laser hardening 
process of NC10 steel. This steel is a traditional tool material commonly used for manufacturing 
tools designed for cold plastic forming. It is characterized by a high carbon and chromium con-
tent, as well as a significant amount of retained austenite after quenching from high temperatures 
[7]. A parametric numerical model based on the Finite Element Method (FEM) was developed to 
simulate the laser hardening process. This numerical model was then used to generate results for 
various process parameters. These data sets were subsequently applied to train an Artificial Neural 
Network (ANN).

2.	 Numerical model

To analyse temperature variations in the material during the laser hardening process, a 
parametric FEM model was developed. Creating a parametric numerical model for the laser 
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hardening process requires incorporating key components to accurately reflect the physical 
phenomena occurring during material treatment. This study considers laser beam modelling 
(using a Gaussian heat source), laser power, beam scanning speed, spot shape, and exposure 
time. The model also accounts interactions with the external environment. The thermal model 
for NC10 steel includes the following properties: thermal conductivity λ = 24.2 W/mK (at 
700°C), specific heat capacity c = 460 J/kgK, and the laser absorption coefficient on the sample 
surface. The model also incorporates the variable geometry of the sample. Three-dimensional 
solid finite elements (3D Solid) were used, with the mesh element size not exceeding 1.6 mm. 
An example of the temperature distribution along with the sample dimensions is shown in 
Figure 1.

The selection of parameters in the laser hardening process primarily depends on the type 
of material being treated, the thickness of the components, the performance requirements of the 
hardened element, and the type of laser used. Precise control of all process parameters is crucial 
for achieving optimal results. Modern control systems enable dynamic adjustment of parameters 
in real-time, allowing more efficient and effective hardening. However, accurately predicting the 
hardening temperature is not always possible. This temperature depends on the amount of energy 
delivered, the thermal conductivity of the material, and the changing thermal conditions within 
the hardened component. For NC10 steel, it is essential to precisely reach the target temperature 
range of 960–1000°C. Figure 2 presents temperature variation graphs over time for measurement 
points T1–T8 in the analysed case study. The analysis shows that the lowest temperature was 
recorded at the first point T1, with a value of TT1 = 940°C. At each subsequent point, the peak 
temperature slightly increased. The highest temperature was recorded at the final point, T8, re-
aching TT8 = 1015°C.

In the hardening process, the cooling rate also plays a crucial role. Cooling typically occurs 
through natural heat dissipation into the surrounding cooler material (air cooling). In the analy-
sed case, the cooling rate did not fall below vc=700°C/s. Due to the rapid cooling, the material’s 
structure does not revert to its original state, resulting in the formation of a very hard martensitic 
structure.

Figure 1. The example of the temperature distribution, °C on the surface  
of the analyzed sample

Figure 2. The temperature variation, °C over time, s for the points T1–T8
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3.	 Digital Twin

The concept of the Digital Twin (DT) was introduced over a decade ago as an innovative and 
versatile tool, offering significant advantages such as real-time monitoring, simulation, optimiza-
tion, and precise forecasting [8]. In this study, the development of the DT was achieved through the 
integration of Finite Element Method (FEM) simulations and Artificial Neural Networks (ANN).

4.	 Conclusions

The Digital Twin presented in this work for laser hardening is the methodology with immen-
se potential, combining real-time modeling, simulation, autonomy, machine learning, prototyping, 
optimization, and big data. One of the key advantages of the Digital Twin is its speed of action, 
while a limitation lies in the generation and processing of large volumes of data.
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Figure 3. Digital Twin Prediction: (a) ANN Topology, (b) Comparison of FEM  
and ANN Predictions
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The thermomechanical performance of high-integrity aerospace alloys, particularly in forged 
components, presents significant challenges due to the complex interplay of temperature, strain, and 
microstructure evolution during processing. At the Advanced Forming Research Centre (AFRC) in 
Glasgow, extensive expertise in precision forging enables the development of robust forming stra-
tegies to enhance alloy performance. Key challenges include managing residual stresses, optimi-
zing grain refinement for superior mechanical properties, and mitigating phase transformations that 
affect long-term stability, in particular for titanium and nickel alloys. In the presentation a number 
of case studies are given that highlight the key challenges in emerging techniques for maximising 
the opportunity of titanium and nickel alloys, with an emphasis on using the minimal amount of 
material to maximise properties and production rate.
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1. Introduction 

Cyber-Physical Systems (CPS) are revolutionizing heavy industry by integrating computing, networking, and physical 

processes to enhance efficiency and innovation. However, the implementation of CPS in sectors such as manufacturing, energy, 

and transportation is hindered by a range of challenges spanning technical, economic, and social dimensions. From a technical 

standpoint, CPS involve the integration of diverse subsystems from different suppliers, making design and verification 

complex. The interoperability of various components, such as sensors and actuators, remains a challenge due to evolving 

standards and protocols [1-4]. Additionally, CPS must process large volumes of real-time data, necessitating robust storage and 

communication infrastructures that meet stringent reliability requirements [5]. The interconnected nature of these systems also 

exposes them to cybersecurity threats, necessitating the implementation of strong security measures to prevent operational 

disruptions [6,7]. Economically, the high development costs associated with specialized hardware, software, and integration 

efforts present a significant barrier. Moreover, maintaining and upgrading CPS further escalates expenses [1]. Another major 

concern is the shortage of skilled professionals who possess expertise in both cyber and physical domains, limiting the pace of 

development and deployment. Social and organizational challenges also play a crucial role in the adoption of CPS. The growing 

complexity of these systems calls for new educational and training approaches that equip employees with both technical 

expertise and awareness of the ethical and social implications of CPS. Furthermore, as CPS become increasingly integrated 

into critical infrastructure, ensuring accountability in their design, development, and operation is paramount. While CPS hold 

immense potential to drive industrial innovation, addressing these multifaceted challenges requires a multidisciplinary 

approach. Overcoming technical, economic, and social barriers will enable industries to fully leverage CPS for improved 

efficiency and safety in heavy industry applications. In the case of this work, the CPS was implemented in practice in company 

manufacturing welded steel profiles. The main challenge is related to obtain fast and reliable models for big data analysis and 

prediction of welds quality in non-destructive way. 

2. Data acquisition and analysis 

The aim of the work was to develop filters of measurement data from the welding machine, implement procedures to validate 

data consistency and work interpolation procedures for inconsistent data. The filtering module has been implemented using 

Python and its dependency manager pipenv. The main task of the module is to export data from the measurement database, 

based on timescaledb, to a file format. The exporter produces data in CSV format. The application consists of three parts: 

selecting data from the database, filtering and exporting to file format. A Python client was used to query the database. The 

client is configurable and allows to enter input parameters to customize the exported data to your needs. The built-in timescaledb 

functionality was used, allowing to fill in the data from missing timestamps. On the basis of the collected learning sets 

concerning only the process parameters, not yet supplemented with the results of material tests, the development of temperature 

forecasting models was undertaken, which were aimed at determining whether the temperature reading is correct, i.e. whether 

it is possible to forecast the temperature measured with a pyrometer using parameters determining current data. Models made 

on relatively small data sets (20000-48000 records) proved that the parameters allow such a prediction – the coefficient of 

determination for the models reached R2 = 0.97. The parameters of measurement data depending on the manufactured product 

ranges were also determined. Then, the results of measurements collected during the first material tests were subjected to cluster 

analysis to verify whether the samples that did not pass the tests stood out from others in terms of measurement values. An 

important element of the work was also to perform an analysis allowing for discretization of variables (power, temperature), 

thus enabling the implementation of classification models. The analysis of measurement data in the context of testing the 

relationship with material testing is also a classification problem – the product meets or does not meet the quality condition. 

With discretized values of both power, temperature and endurance, a relationship model was built at a more abstract level. For 

classes prepared in this way, models of classification trees were developed. The number of models were developed as part of 

the work. They worked on two different data sets. The fuzzy logic models (Figure 1) based on first dataset used measurements 

from a pyrometer placed on a measuring device. These were data from work in progress – cleared of downtime and changeovers, 

start-ups and shutdowns. The data included 12575 records for which optimal network architectures were determined. The 

quality of validation was obtained at the level of R2 = 0.945. The second dataset included production results (including 

downtime, start-up and shutdown), data were sampled every half second, and a temperature delay was added to mimic the 

actual weld heating delay. The data included 50,400 records. The developed models had a coefficient of determination R2 = 

0.984. In the next steps, even more accurate models were implemented. 



 

Figure 1. Defuzzification of models – example for specific material, thickness and diameter. 

3. Conclusions and future work 

The key tasks were the selection of software architecture and the development of a communication project for individual 

components. An analysis of various software architectures was performed in terms of the possibility of applying the selected 

solution to design problems. Two architectures were taken into account, i.e. monolithic and microservice. A microservices 

architecture was chosen, which is a set of rules and characteristics, and is based on the creation of applications as a set of small 

services. Each service has its own process and communicates using a lightweight mechanism, e.g. RESTful API. Websites are 

created based on business functions. Each is an independent entity that can be developed, tested, and deployed separately. As 

a result, services that require the use of other implementation technologies have been implemented differently, e.g. modules for 

handling drivers of selected devices. Often these are also different kinds of libraries for a given language that have been linked 

at the compilation level and used as if they were part of the application. In addition to the measurement infrastructure being 

built, which enables the collection of process data, profiling tests of selected sections were carried out, and samples were taken 

in order to carry out metallographic tests and strength tests of the linear weld, enabling the comparison of the properties of the 

weld with the prediction of the model based on artificial neural networks. As part of the work, a series of samples of sections 

of various shapes were taken from different types of steel and produced with different process parameters. Control materials 

taken from product samples for different parameter settings and configurations and for different product groups and sections 

were tested. Models were developed for different phases of the process. Validation of the reliability of the models in production 

conditions allowed the models to be verified in real production conditions, experimental and control interventions. In order to 

perform a comparative analysis of the results and validate the models, the industrial environment was designed and installed. 

In this environment, predictive models for temperature were implemented both in the regression approach and after 

discretization, in the classification approach. As shown in Figure 1, the models give a prediction of power, but not of weld 

quality. However, based on these predictions and comparing them to the measured power values, it is possible to estimate 

whether the power is too low or high. Values between the limiting thresholds therefore make it possible to estimate the 

probability of weld quality, so that it will be possible to develop a model to map the relationship between the input process 

parameter values and the estimated quality. The challenge continues to be the size of the database, which is growing at a rate 

of tens of measurements per second. The current size of the database is several terabytes. Also a limitation is the ability to 

analyze the data at such fast rates, in particular the Vee angle images, which are crucial for the estimation of weld quality. 

Parallelised welding angle detection procedures are currently being developed. 
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1.	 The challenge of measurement data quality in process state estimation

Data acquisition is a fundamental step in conducting research across various scientific disci-
plines. The collected data, reflecting both the system and its environment, serve as the foundation 
for constructing models that represent the actual state of the observed process. However, a key 
challenge in many research areas is ensuring the quality of the acquired data. Measurements may 
be affected by noise, distortions, or redundancy due to sensor inaccuracies, signal interference, or 
environmental disturbances such as mechanical vibrations or electromagnetic interference.In many 
cases, sensor fusion techniques are employed to integrate data from multiple sources, further com-
plicating the task of ensuring data accuracy. To enhance the quality of acquired information, it is 
essential to apply appropriate data filtering and state estimation techniques.

Various methods have been developed for filtering and state estimation in dynamic systems, 
including the Particle Filter, Smoothing Filters, Bayesian optimization techniques (such as Markov 
Chain Monte Carlo), Adaptive Filters (LMS and RLS), and wavelet transform-based filtering [1]. 
Among these, the Kalman Filter and its extensions—Extended Kalman Filter (EKF) and Unscented 
Kalman Filter (UKF)—are widely used. This paper presents the application of the Kalman Filter for 
estimating position, azimuth angle, and motion trajectory in scenarios involving sensor data fusion. 
Additionally, this method can be effectively applied to other types of data and industrial processes.

2.	 Application of the Kalman Filter in position and course estimation

The Kalman Filter is a recursive algorithm for estimating the state of a dynamic system based 
on a series of noisy measurement observations [2]. Its primary objective is to obtain an optimal 
estimate of the system’s state while accounting for the uncertainties associated with both the me-
asurements and the mathematical model of the system. State estimation is performed in iterative 
filtering cycles that occur at a predefined frequency. In each cycle, the filtering algorithm performs 
a series of matrix operations, ultimately yielding an updated estimate of the system’s state [3,4].

2.1.	 Vectors and matrices used in the filtering process

State vector (X): Contains the set of state variables to be estimated.
State covariance matrix (P): Represents the precision of the estimated state.
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State transition matrix (A): Describes how the components of the state vector X evolve over 
consecutive filtering cycles.

Measurement vector (Z): Contains the actual observed values obtained from sensors at a given 
time step.

Observation matrix (H): Defines the relationship between the measured values in Z and the 
elements of the state vector X.

Process noise covariance matrix (Q): Represents the uncertainty associated with the evolution 
of the system’s state over time.

Measurement noise covariance matrix (R): Quantifies the uncertainty related to measurement 
accuracy

2.2.	 Stages of the filtering process

The Kalman Filter algorithm consists of three main stages: initialization (executed at the start 
of the process), prediction, and correction (performed iteratively at a predefined frequency). Due 
to space limitations, the detailed mathematical equations governing each step can be found in re-
ferences [3,4].

Initialization: This stage involves defining the structure of the state transition matrix A (which 
remains constant throughout the process) and setting the initial values for the state vector X and the 
covariance matrices P, Q, and R.

Prediction: In this step, the filter estimates the next system state based on its previous state and 
the mathematical model describing the system’s evolution over time (matrix A). The output of this 
step is the predicted values of the state vector X and the state covariance matrix (Ppred).

Correction: The predicted state (Xpred) is updated using actual measurement data (Zreal). The 
observation matrix H is defined, and a predicted measurement is calculated for the next time step 
based on the estimated state vector X. At this stage, actual sensor measurements are incorporated, 
and the difference between the real and predicted measurements is computed. A key component of 
the correction step is the Kalman Gain, which determines the degree to which new sensor measu-
rements influence the estimated system state. Based on the computed matrices, the system state is 
updated for the current time step

2.3.	 Example filter parameters

Example matrices used for position estimation in pedestrian motion are presented in Figure 1. 
Depending on the type of motion (walking, driving, or maritime navigation), the available sensors 
in the environment, and the data they provide, the values within the matrices may be adjusted or 
adapted accordingly.

Figure 1. Example values of matrices used in calculations for pedestrian motion 
where: ax, ay – acceleration values, vx, vy – velocity values,  

x, y – position coordinates, dt – time interval between filtering cycles
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2.4.	 Obtained results

As part of the study, the standard Kalman filter was tested for estimating position, azimuth an-
gle, and trajectory across different motion models. The left section of Figure 2 demonstrates the im-
proved (compared to GPS coordinates) accuracy of position estimation for pedestrian movement. 
The middle graphic represents the trajectory estimation for a passenger car, while the rightmost 
graphic in Figure 2 illustrates the position tracking for a remotely controlled boat model.

Each of the developed models required a unique set of filter configuration parameters, including 
matrix dimensions and values. In every case, these parameters were adjusted to optimize the accuracy 
of the estimated results. The final parameter values were determined based on an evaluation of the 
outcomes obtained for each configuration. The results presented in the figures represent only a subset 
of the conducted tests. Additionally, estimations of azimuth and trajectory were performed for various 
path shapes, considering different motion types, including pedestrian, vehicle, and boat movement.

3.	 Summary

The results presented in this abstract demonstrate that probabilistic state estimation methods, 
such as the Kalman filter, can effectively enhance the quality of process data. In the conducted 
experiments, the filter was applied to estimate the position, azimuth, and trajectory of various mo-
ving objects. However, in principle, it can be used for state estimation in a wide range of processes 
across different fields. The key challenge in implementing such solutions lies in the appropriate 
selection of models that characterize a given system or process, including the definition of relevant 
parameters and the quality and significance of the measurements used for estimation.
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Figure 2. Force vs. displacement obtained from the measurements



1

The project is co-financed by funds from the state budget, granted by the Minister of Science as part  
of the Excellent Science II Program, project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN.

The project is co-financed by funds from the state budget, 
granted by the Minister of Science as part of the Excellent Science II Program, 

project no. KONF/SP/0109/2024/02, subsidy amount 67 870 PLN

The Impact of FPV Drone Frame Materials  
on Motor Thermal Conditions: Experimental  

and Numerical Analysis

Andrij Milenin
AGH University of Krakow, Al.A.Mickiewicza 30, 30-059 Krakow, Poland

milenin@agh.edu.pl

Keywords: FPV drone, carbon fiber, drone thermal management

1.	 Introduction

Effective thermal management of FPV (First Person View) drone motors is critical for en-
hancing their performance and durability, particularly under high-load conditions characteristic 
of competitive applications. This problem has become even more pressing now that FPV drones 
originally intended for amateur and sports purposes have begun to be used over longer distances 
(and therefore with a heavier battery) and with a large additional load. This significantly increases 
the load on the motors and can bring their thermal state to a critical point. Recent studies highlight 
the role of frame materials in dissipating heat generated by motors in UAV (Unmanned Aerial Ve-
hicle) systems. Research such as [1,2] emphasizes the need to incorporate thermal properties into 
frame design, underlining the relevance of this study. The aim of this work was an experimental and 
theoretical study of the thermal conditions of the frame of an FPV drone flying with an additional 
load and a heavy battery. As an option for improving the thermal conditions of the drone, replacing 
the frame material from carbon fiber to aluminum alloy was considered.

2.	 Materials and methods

This study combines experimental and numerical approaches to assess the thermal behavior 
of a 7-inch FPV drone (Figure 1a) with carbon fiber and aluminum alloy frames (Figure 1b). In the 
experimental setup (Figure 2a), the drone was mounted on a force sensor to control thrust while 
motor and frame temperatures were monitored using an infrared camera BOSH GTC 600 C.

Figure 1. Illustration of a 7-inch FPV drone (a) and the CAD model of its frame (b)

b)a)
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During the experiment, the drone is connected to the force sensor, and, using the control equ-
ipment (Radiomaster TX12), the thrust is brought to the value of the payload (in our experiments 
it was 20N). The drone weighed 5.4 N, and the 6s2p battery weighed 8.8 N. After 10 minutes of 
physical simulation of the flight under load, the temperature of the motors and frame fragments in 
contact with the motors was measured. Subsequently, a numerical simulation of the steady-state 
thermal distribution in the arm was performed, leveraging inverse analysis to estimate the heat 
flux transferred from the motor to the frame. For thermal simulation, the SolidWorks 2022 pro-
gram was used. The following thermal conductivity coefficients were adopted for the simulation: 
Kcarbon = 10 W/mK; Kaluminium = 170 W/mK.

3.	 Results and discussion

The experimental tests showed, that for the carbon fiber frame, the motor and arm beneath it 
reached a temperature of 120°C (Figure 2b). Replacing the carbon fiber frame with an aluminum 
alloy frame in the FEM simulation demonstrated a significant reduction in maximum temperatures, 
with values dropping to 50°C due to aluminum’s superior thermal conductivity (Figure 3). These 
results were validated experimentally by integrating an aluminum arm into the drone, confirming 
the superior heat dissipation properties of aluminum compared to carbon fiber.

4.	 Conclusions

The findings indicate that aluminum alloy frames can substantially improve the thermal con-
ditions of FPV drone motors by functioning as effective radiators. This dual functionality of alumi-
num - structural support and heat dissipation - positions it as a promising material for applications 

Figure 2. Experimental setup for steady-state drone flight testing: (a) 1 – FPV drone;  
2 – battery 6s2p; 3 – force sensor (AXIS FM); 4 – infrared camera; 5 – remote drone  
control device (Radiomaster TX12); 6 – computer for recording force measurements;  

(b) example of a drone image captured by the infrared camera

b)a)

Figure 3. Calculated temperature distribution in the frame arm:  
(a) made of carbon fiber; (b) made of aluminum alloy

b)

a)
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requiring enhanced thermal management. These insights underscore the potential for optimizing 
drone frame materials to improve both thermal performance and component longevity.
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Experimental static structural validation tests are mandatory to get small and large aircraft 
approved by certification authorities and thus be made available for commercial application. When 
designing such a validation test, engineers need to approximate the continuous aerodynamic load 
that the aircraft faces during flight through discrete loads. This requires addressing several key 
questions about the load introducing elements (LIEs): their type, dimensions, placement, spacing, 
quantity, and the applied forces. Answering these questions through experimental tests, systemati-
cally or through a random approach, is inefficient, since experimental tests, especially on the scale 
of large aircraft, are expensive. This work presents a numerical global optimization framework to 
address these challenges. The framework leverages well-established, open-source tools, offering 
both accessibility and reliability. Its modular design enables straightforward adaptation to diver-
se real-world requirements. Notably, the framework achieves efficient performance on standard 
consumer hardware. Basic optimizations for 4 to 8 LIEs are solved within one hour. Even with 
additional constraints beyond those presented here, making the optimization problem substantially 
more complex, solutions are obtained within 24 hours, eliminating the need for high-performance 
computing resources.

The optimization aims to determine discrete force magnitudes and their positions that best 
approximate the structural behavior under continuous aerodynamic loading. Using bending mo-
ment as the primary measure of structural response, the objective function represents the deviation 
between the continuous aerodynamic load and discrete force bending moment distributions. Aero-
dynamic forces can be obtained through numerical methods or experimental wind tunnel testing. 
Among various numerical approaches offering different trade-offs between computational speed 
and accuracy, this work employs APAME [2], a 3D panel method. While APAME provides 3D 
load distributions, the optimization process utilizes 1D data for computational efficiency and result 
interpretability. The 3D load distribution is transformed into 1D by averaging across two axes, 
yielding loads that vary along the span direction. This simplified load distribution serves as input 
for beam modelling using the open-source tool IndeterminateBeam [1]. The output yields the refe-
rence or true shear force and bending moment distribution. To prepare the data for clustering, the 
aerodynamic load distribution is discretized into uniformly spaced point forces along the span. This 
preprocessing step is crucial since the kmeans++ algorithm’s clustering performance is sensitive to 
point density variations, which could otherwise bias the LIE placement toward regions of naturally 
higher point force concentration. A free, open-source, and performant implementation of kmeans++ 
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can be accessed through scikit-learn [3]. The cluster centers (centroids) have the physically relevant 
interpretation of representing the centers of the LIEs. The accumulated force values of each cluste-
r’s members determine the desired resulting force on the respective LIE. However, with kmeans++ 
alone, the design freedom for the dimensioning of the LIEs is significantly constrained. While this 
might be acceptable for some testing requirements, generally having more precise control over the 
LIE dimensions is required.

To address these limitations, this clustering-based approach is transformed into an optimi-
zation problem, where the LIE lengths are defined as the design variables and the clusters act as 
the centers of the LIEs. The problem formulation includes geometric constraints ensuring that the 

 

Figure 1. Illustrative output of one optimization comparing the true and optimized load, shear force and bending moment distribution as well as 
the placement of the five LIEs 
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Figure 1. Illustrative output of one optimization comparing the true and optimized load,  
shear force and bending moment distribution as well as the placement of the five LIEs
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sum of all LIE lengths does not exceed the total span length. Additionally, each LIE must be posi-
tioned within the defined span boundaries, ranging from the starting to the ending position of the 
span. The dimensions of individual LIEs can be further controlled through user-defined bounds on 
their lengths. This optimization definition includes the basic requirements for aerodynamic load 
discretization using optimization. Depending on real-world requirements that could be based on 
measurement technology, LIE specifications, or project-specific demands, the presented constraints 
and bounds can be adapted, removed, or new ones added to fulfill these application-specific needs. 
The optimization problem is solved using SciPy’s differential evolution optimizer [4]. While SciPy 
was chosen for its performance and open-source availability, the evolution optimizer eliminates 
the need for gradient determination and offers a higher chance of finding the global optimum. This 
approach allows less experienced users to adapt the framework to their specific use cases without 
requiring deep mathematical and engineering expertise. Figure 1 demonstrates a representative 
solution obtained using this optimization framework. The developed framework was applied to de-
sign an experimental testing in collaboration with IMA Materialforschung und Anwendungstechnik 
GmbH, a company with expertise in structural validation tests. Finally, the proposed optimization 
framework extends beyond conventional aircraft configurations and can be adapted for novel desi-
gns. For example, it could be applied to configurations incorporating new elements such as hydro-
gen tanks, regardless of whether these serve as load-bearing structural components or additional 
mounted elements.
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1.	 Introduction

The increasing interest in Spark Plasma Sintering (SPS) stems from its potential as a susta-
inable and ecological powder consolidation process. In this process, the powder is simultaneously 
subjected to mechanical pressure and heated by Joule heating, generated as an electrical current 
flows through the powder and tools. Initially, the powder consists of loosely bonded particles. 
As the process progresses, the particles become connected through necks, which grow over time 
due to diffusion and mass transport. SPS process involves complex interdependence of electrical, 
thermal, and mechanical phenomena. Therefore, to develop a comprehensive model for the SPS 
process, a coupling approach is required where all these phenomena are integrated together. Discre-
te Element Method (DEM) is a suitable choice as it allows microscopic modelling of the sintering 
process. In DEM based approach, each particle in the powder is treated as a discrete element, 
allowing precise representation of microscopic structures and interactions. In this work effective 
thermal and electrical conductivity of metallic powders undergoing densification is studied and 
a coupled thermo-electric DEM model is developed. The simulation results are validated using our 
own experimental measurements.

2.	 Experimental work

NiAl powder with spherical morphology (as shown in Figure 1a) was sintered under diffe-
rent pressures and temperatures to obtain four samples with varying density levels. Heating rate 
of 100K/min was used during all the processes. Microstructural analysis using SEM showed the 
sintering mechanism, beginning with neck formation in the low-density samples, followed by neck 
growth as the density increased, and ultimately resulting in a fully densified microstructure at higher 
densities. Figure 1b illustrates SEM image of the fractured surface showing necks and texture in the 
grain boundaries. This observation is important for incorporating grain boundary resistance in the 
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model. Thermal and electrical conductivities was measured for all the samples, showing increase in 
conductivities with densification. These results were used to validate the DEM model [2,3].

3.	 DEM model

An original DEM model, based on sintering geometry where two particles are connected via 
neck, was presented in [1]. This model was revised by including grain boundary resistance. Addi-
tionally, neck-size correction was introduced to compensate for non-physical overlaps at higher 
densities. The revised DEM model was used to simulate thermal [2] and electrical [3] conduction 
and evaluate the effective properties of partially sintered porous material with heterogeneous mi-
crostructure. The coupled thermoelectric model takes into account the heat generated as result of 
Joule heating. From the electrical simulation, potential distribution and resulting electric current 
flow is evaluated by time integrating the following equation:

where: Ci
el – electrical capacitance of the ith particle, Vi – particle voltage and Ii

ext – external 
current source and Iij – current flow. The temperature evolution in particles is evaluated by time 
integrating the following heat balance equation:

where: Ci
th – particle heat capacitance, Ti – particle temperature, Qi

ext – external heat source, 
Qij – interparticle heat flux and Qij

Joule is Joule heating rate given as follows:

where Rij is interparticle resistance.

4.	 Simulation results

The model was validated on the whole sample comprising of 17515 particles. Four geometries 
with different densities were obtained from hot-press simulation. Similar boundary conditions were 
assigned to all the geometries. Axial current flow was obtained by prescribing voltage to the top 
and bottom particles, and the sample was radially insulated to imitate adiabatic conditions as shown 
in Figure 2. Resulting steady state potential distribution in one of the sample is shown in Figure 
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Figure 1: SEM images a) powder morphology,  b) fractured surface showing necks and c) grain boundary texture 
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3a. Heat generated as a result of current flow resulted in increase in temperature. Homogenous 
temperature distribution was achieved in the whole sample as represented in Figure 3b. Heating in 
geometries with different densities is illustrated in Figure 3c. It can be observed that the heating rate 
increases with increasing density.

5.	 Conclusion

The coupled thermo-electric model allows to establish a relation between applied current and 
heating rate for the sintering process. The proposed DEM model can be used for microscopic analy-
sis and can be integrated with sintering models to have a fully coupled thermo-electric-mechanical 
model for the SPS process.
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where: 𝐶𝐶𝑖𝑖𝑡𝑡ℎ– particle heat capacitance, 𝑇𝑇𝑖𝑖 – particle temperature, 𝑄𝑄𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒- external heat source, 𝑄𝑄𝑖𝑖𝑖𝑖 – interparticle heat flux and 𝑄𝑄𝑖𝑖𝑖𝑖
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is Joule heating rate given as follows: 
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where 𝑅𝑅𝑖𝑖𝑖𝑖 is interparticle resistance. 
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Figure 2: Boundary conditions for the thermo-electric problem 

 
 

 
Figure 3: Simulation results a) potential distribution, b) temperature distribution and c) heating in DEM samples with different densitites 
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1.	 Introduction

The aim of this paper is to present and evaluate a Discrete Element Method (DEM) model 
for a sand compaction test in a cylindrical sleeve. The motivation for this research is the explo-
ration of the Rapid Tube Hydroforming (RTH) method, which involves metal tube hydrofor-
ming in deformable dies, and the attempt to model the material of the die composed of granular 
material [1, 2].

As an introduction, the RTH method (see Figure 1) will be briefly discussed, particularly in 
comparison to classical hydroforming processes. Recent advancements in scientific research related 
to this method and numerical models used for analyzing the RTH process, including the interaction 
of continuous and granular materials, will also be reviewed.

Since RTH dies undergo significant deformation during tube shaping, controlling this deforma-
tion necessitates advanced numerical tools dedicated to analyzing granular material deformations. 
The Discrete Element Method (DEM) is a promising approach for this purpose.

This paper presents preliminary results of sand compaction tests performed in a cylindrical 
sleeve, followed by modeling these tests using the DEM method. The bench experiments were de-
signed by compacting sand with a fraction size of 0.8 mm in a 50×140 mm sleeve (standard green 
sand test equipment).
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Figure 1 Rapid Tube Hydroforming scheme 

Since RTH dies undergo significant deformation during tube shaping, controlling this deformation necessitates advanced 
numerical tools dedicated to analyzing granular material deformations. The Discrete Element Method (DEM) is a promising 
approach for this purpose. 

This paper presents preliminary results of sand compaction tests performed in a cylindrical sleeve, followed by modeling 
these tests using the DEM method. The bench experiments were designed by compacting sand with a fraction size of 0.8 mm in a 
50×140 mm sleeve (standard green sand test equipment). 

2. Discrete Element Method in granular material compaction 
For realistic simulation of granular material deformation, special attention was paid to the geometry of individual grains. 

Fractionated sand with a nominal grain size of 0.8 mm was used in the experiments, representing a mixture of grains ranging from 
0.63 to 0.80 mm (see Figure 2a and c). However, a crucial factor in interpreting the results is the irregular geometry of the grains, 
which can only approximately be described as spherical. In reality, the grains exhibit significant angularity and concavity 
(Figure 2b), affecting their interactions and the results of both experimental and numerical analyses. 
 

                                   

Figure 2 Granular material used in experiments: a) sand granules in macro view, b) 3D scan of a single sand grain c) sand particles in a 
microscopic view with size measurements, 

The Discrete Element Method (DEM), first developed by Cundall and Strack [3], is a numerical technique for predicting the 
behaviour of granular materials under various conditions. It involves solving equations of motion for each particle, characterized 
by its shape, size, material properties, and initial velocity. Despite its potential, DEM has limitations. The accuracy of the method 
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2.	 Discrete Element Method in granular material compaction

For realistic simulation of granular material deformation, special attention was paid to the 
geometry of individual grains. Fractionated sand with a nominal grain size of 0.8 mm was used in 
the experiments, representing a mixture of grains ranging from 0.63 to 0.80 mm (see Figure 2a and 
c). However, a crucial factor in interpreting the results is the irregular geometry of the grains, which 
can only approximately be described as spherical. In reality, the grains exhibit significant angula-
rity and concavity (Figure 2b), affecting their interactions and the results of both experimental and 
numerical analyses.

The Discrete Element Method (DEM), first developed by Cundall and Strack [3], is a numeri-
cal technique for predicting the behaviour of granular materials under various conditions. It invo-
lves solving equations of motion for each particle, characterized by its shape, size, material proper-
ties, and initial velocity. Despite its potential, DEM has limitations. The accuracy of the method is 
highly sensitive to input data, such as material properties and interaction models between particles 
[4]. Oversimplified models can lead to unrealistic results, particularly in scenarios involving com-
plex forces or material properties, such as high-impact collisions or fine particles.

DEM does not inherently account for continuous behaviours, such as macroscopic material 
deformation, making it less suitable for materials that do not exhibit purely granular behaviour. 
Additionally, large-scale systems or long-duration simulations are computationally expensive, ne-
cessitating the use of scaling procedures to balance accuracy and efficiency. This can involve re-
ducing the sample size to a Representative Elementary Volume (REV) or increasing particle size. 
For processes like those modelled here, these methods can yield reliable results within reasonable 
computation times.

The experiment’s accuracy in representing the loading behavior of granular materials depends 
on both material and contact properties (e.g., elasticity, internal friction, or cohesion) and the geo-
metry of the grains. In most DEM analyses, grains are assumed to be spherical, a significant appro-
ximation that overlooks behaviors such as interlocking or blocking caused by irregularly shaped 
grains. This discrepancy often leads to differences between experimental and numerical results, 
especially in terms of displacement and load characteristics.

Numerical simulations were performed using an assembly of spherical particles with diame-
ters uniformly distributed between 0.63 and 0.8 mm. The material properties corresponded to quartz 
sand. The numerical setup replicated the experimental conditions, and the simulations were conducted 
using GPU-based DEM software (Blaze-DEM) [5] with a nonlinear Hertz-Mindlin contact model.

The calculations were divided into two stages: backfilling the 50×140 mm sleeve and compac-
ting the sample to mimic the real experiment. Figure 3a illustrates the grain distribution after the 
backfilling stage. The sample was then compacted by a vertically moving punch. The distribution of 
grain displacements was non-uniform due to the arrangement of sand grains, mechanical properties, 
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and contact conditions. The largest displacements occurred near the moving punch, while the lower 
section of the sample showed minimal movement (see Figure 3b).

Numerical calculations using DEM are time-consuming. To address this, initial tests evaluated 
the impact of scaling grain sizes to reduce computation time. Particle sizes were scaled by factors 
of 1.5 (3:2) and 2.0 (2:1) relative to the original size. At a velocity of 3.4 mm/s, the scaling had 
minimal impact on displacement-force characteristics, except in the final phase, where 2:1 scaling 
deviated from real-scale results. The simulation time for the real scale (1:1, 861222 grains) was 
76 hours. Scaling reduced computation times by over three and four times for 3:2 and 2:1 scale, 
respectively, making the 3:2 scale the most efficient compromise.

The study demonstrated that the DEM method is an effective tool for modeling granular ma-
terial compaction processes, although its results are sensitive to input parameters such as grain 
geometry and physical properties. The simulation outcomes aligned well with experimental results, 
and the use of geometric scaling significantly reduced computation time while maintaining high 
result accuracy.

Further research will focus on developing a DEM model that better accounts for the irregular 
shape of granular materials. This includes refining contact conditions between grains and exploring 
new models for irregular geometries to improve the accuracy of simulations.
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is highly sensitive to input data, such as material properties and interaction models between particles [4]. Oversimplified models 
can lead to unrealistic results, particularly in scenarios involving complex forces or material properties, such as high-impact 
collisions or fine particles. 

DEM does not inherently account for continuous behaviours, such as macroscopic material deformation, making it less 
suitable for materials that do not exhibit purely granular behaviour. Additionally, large-scale systems or long-duration simulations 
are computationally expensive, necessitating the use of scaling procedures to balance accuracy and efficiency. This can involve 
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The experiment's accuracy in representing the loading behavior of granular materials depends on both material and contact 
properties (e.g., elasticity, internal friction, or cohesion) and the geometry of the grains. In most DEM analyses, grains are assumed 
to be spherical, a significant approximation that overlooks behaviors such as interlocking or blocking caused by irregularly shaped 
grains. This discrepancy often leads to differences between experimental and numerical results, especially in terms of displacement 
and load characteristics. 

Numerical simulations were performed using an assembly of spherical particles with diameters uniformly distributed between 
0.63 and 0.8 mm. The material properties corresponded to quartz sand. The numerical setup replicated the experimental conditions, 
and the simulations were conducted using GPU-based DEM software (Blaze-DEM) [5] with a nonlinear Hertz-Mindlin contact 
model. 

The calculations were divided into two stages: backfilling the 50×140 mm sleeve and compacting the sample to mimic the 
real experiment. Figure 3a illustrates the grain distribution after the backfilling stage. The sample was then compacted by a 
vertically moving punch. The distribution of grain displacements was non-uniform due to the arrangement of sand grains, 
mechanical properties, and contact conditions. The largest displacements occurred near the moving punch, while the lower section 
of the sample showed minimal movement (see Figure 3b). 

 

        

Figure 3 DEM calculation results: a) sand grain distribution after filling stage, b) sand displacement distribution during compaction stage, c) 
compaction results for different calculation scales.  

Numerical calculations using DEM are time-consuming. To address this, initial tests evaluated the impact of scaling grain 
sizes to reduce computation time. Particle sizes were scaled by factors of 1.5 (3:2) and 2.0 (2:1) relative to the original size. At a 
velocity of 3.4 mm/s, the scaling had minimal impact on displacement-force characteristics, except in the final phase, where 2:1 
scaling deviated from real-scale results. The simulation time for the real scale (1:1, 861222 grains) was 76 hours. Scaling reduced 
computation times by over three and four times for 3:2 and 2:1 scale, respectively, making the 3:2 scale the most efficient 
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The study demonstrated that the DEM method is an effective tool for modeling granular material compaction processes, 
although its results are sensitive to input parameters such as grain geometry and physical properties. The simulation outcomes 
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1.	 Abstract

Discrete simulation methods such as cellular automata (CA) and Monte Carlo (MC) frequently 
incorporate probabilistic components to capture the stochastic nature of material behavior. These 
elements often represent physical factors like heterogeneous energy distributions or random cry-
stallographic orientations. This study investigates the impact of such stochastic components within 
a CA-based recrystallization model for predicting material microstructure morphology evolution 
under thermo-mechanical processing. Firstly, available pseudo-random number generation tools 
and their working time will be evaluated. Various input data preparation approaches will be shown 
next, including deformation energy distribution strategies. Next, the role of different pseudo-ran-
dom number generators (rand, lcg, mt, ranlux) will be assessed on the simulation outcomes. Finally, 
simulation results will be presented to demonstrate the influence of the generator type on recrystal-
lization kinetics and the morphology of recrystallized grains.

2.	 Introduction

The dynamic growth of the automotive and aerospace industries drives the development of 
advanced materials with enhanced performance properties. Traditional laboratory and industrial te-
sting methods remain essential but are often time-consuming, costly, and resource-intensive. They 
require a significant amount of raw materials, specialized equipment, and skilled technicians. To 
overcome these challenges, numerical simulations have become helpful tools for predicting ma-
terial behavior and supporting research efforts while reducing costs and time constraints. Various 
numerical methods exist for modeling material behavior during manufacturing. These methods ran-
ge from simplified phenomenological approaches, such as the Johnson-Mehl-Avrami-Kolmogorov 
(JMAK) model, through mean-field to complex full-field methods, including vertex, level-set (LS), 
phase-field (PF), Monte Carlo (MC), or cellular automata (CA) simulations [1]. While phenomeno-
logical and mean-field models simplify computations and reduce simulation times, they often lack 
the precision needed to capture complex microstructural morphologies, especially for heteroge-
neous materials. In contrast, full-field approaches explicitly represent the material microstructure, 
offering greater predictive accuracy but at the cost of increased computational demands. The men-
tioned CA method is well-suited for simulating phenomena such as grain evolution under thermo-
-mechanical processing. It naturally captures changes in microstructure, making it practical for 
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modelling static recrystallization (SRX), dynamic recrystallization (DRX), or grain growth (GG) 
phenomena.

CA-based recrystallization simulations require carefully prepared input data, including initial 
microstructure morphology and stored deformation energy. These inputs can be derived from de-
tailed multi-scale models or extensive metallographic studies. However, due to time and resource 
constraints, such approaches are often impractical for industrial use. To address this issue, a hybrid 
numerical method for the generation of input data based on digital material representation and 
phenomenological models can be used. These approaches utilize pseudo-random number genera-
tors (PRNGs) to distribute stored deformation energy across the computational domain, enabling 
efficient simulations of heterogeneous energy distributions even for large-scale 3D computations. 
However, the reliance on random elements can significantly influence simulation time and its out-
comes, making the choice of PRNG critical to accurate modelling. As numerous PRNG imple-
mentations and data distribution methods are available, evaluation of the optimal generators for 
CA-based microstructure evolution models becomes critical. Therefore, this paper investigates the 
impact of different generator types on recrystallization kinetics and the morphology of recrystalli-
zed grains. Additionally, various generation methods (homogeneous, heterogeneous, gradient) are 
evaluated to assess their influence on the accuracy and predictive capabilities of CA recrystalliza-
tion models.

3.	 Methodology

The energy stored during the plastic deformation of metallic materials is the main driving force 
for the recrystallization phenomenon. As mentioned, the veracity of this energy can be obtained 
during experimental analysis, but it is also possible to map it in a statistically representative way. 
For this, it is necessary to specify the locations in the material that are more likely to store more 
energy during deformation, for example, grain boundaries, interfacial interfaces, or areas near pre-
cipitations or inclusions.

During the analysis of deformation energy generation in cellular automata simulations, the 
energy value in a particular CA cell was achieved by adding an artificial package of energy to each 
cell using a pseudo-random number generator. The paper explored several factors, including data 
dispersion, repetitiveness over numerous simulations, the influence of energy package sizes, and 
the effectiveness of using different types of distributions to achieve heterogeneous energy alloca-
tion. The current article is a continuation of the work presented in [2], extending the analysis of data 
preparation time using different approaches to pseudo-random number generation. To achieve this 
goal, three primary approaches were proposed for generating the input in the form of stored energy 
data for CA simulation.

The first is homogeneous energy distribution, where each CA cell in the space has exactly the 
same probability of criteria of acceptance of the energy package. This approach aimed to establish 

explored several factors, including data dispersion, repetitiveness over numerous simulations, the influence of energy package 
sizes, and the effectiveness of using different types of distributions to achieve heterogeneous energy allocation. The current 
article is a continuation of the work presented in [2], extending the analysis of data preparation time using different approaches 
to pseudo-random number generation. To achieve this goal, three primary approaches were proposed for generating the input in 
the form of stored energy data for CA simulation. The first is homogeneous energy distribution, where each CA cell in the space 
has exactly the same probability of criteria of acceptance of the energy package. This approach aimed to establish a baseline 
energy distribution independent of microstructural characteristics. The second one is heterogeneous, where before simulation, 
different probabilities were assigned to locations based on their relation to grain boundaries: highest probability with tiple-
junctions, middle probability with interfaces between two grains, and low probability with non-boundary regions. Lastly, to 
enhance the accuracy of the CA simulation, a gradient implementation was developed, where probability increased for cells 
located closer to the grain boundaries. Exemplary results for developed approaches are shown in Figure 1. 

a)  b)  c)  d)  

Figure 1. Visualization of a) initial microstructure and corresponding different energy distribution variants: b) homogenous, c) heterogenous,  
d) gradient (blue – minimal energy, green – middle energy, red – maximal energy). 

 
For such input data, a fixed recrystallization variant was then simulated, considering homogeneous nucleation at the 

beginning of the simulation. A significant impact of distribution selection on the obtained results of energy dispersion was 
observed at the stage of data preparation for numerical simulation. The data generation time depends on the solution used when 
randomizing positions in the cellular automata space. Changing the generator from ranlux48 to Mersenne Twister reduces the 
result generation time by four times without significantly affecting the quality of the drawn numbers. 

4. Summary 
Different methods for artificial deformation energy distribution in CA-based recrystallization simulation were investigated 

in this paper. Generation was based on the addition of artificial energy packages to CA cells using pseudo-random number 
generators. Three distribution versions were tested: homogeneous distribution with uniform energy, heterogeneous distribution 
with location-based probabilities favoring grain boundaries, and gradient-based distribution where probabilities increased near 
boundaries. Simulations with homogeneous nucleation demonstrated that distribution choice slightly affected energy dispersion 
results. Additionally, switching from Ranlux48 to Mersenne Twister improved data generation speed fourfold without 
compromising simulation quality, optimizing computational efficiency for recrystallization modelling. 
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a baseline energy distribution independent of microstructural characteristics. The second one is 
heterogeneous, where before simulation, different probabilities were assigned to locations based on 
their relation to grain boundaries: highest probability with tiple-junctions, middle probability with 
interfaces between two grains, and low probability with non-boundary regions. Lastly, to enhance 
the accuracy of the CA simulation, a gradient implementation was developed, where probability 
increased for cells located closer to the grain boundaries. Exemplary results for developed appro-
aches are shown in Figure 1.

4.	 Summary

Different methods for artificial deformation energy distribution in CA-based recrystallization 
simulation were investigated in this paper. Generation was based on the addition of artificial energy 
packages to CA cells using pseudo-random number generators. Three distribution versions were 
tested: homogeneous distribution with uniform energy, heterogeneous distribution with location-
-based probabilities favoring grain boundaries, and gradient-based distribution where probabilities 
increased near boundaries. Simulations with homogeneous nucleation demonstrated that distribu-
tion choice slightly affected energy dispersion results. Additionally, switching from Ranlux48 to 
Mersenne Twister improved data generation speed fourfold without compromising simulation qu-
ality, optimizing computational efficiency for recrystallization modelling.
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1.	 Introduction

It is known that the combination of two metallic materials that differ significantly in their 
plasticity in a multilayer system due to their crystal lattice - the number of possible slip systems, 
stacking fault energy (SFE), chemical composition, phase composition, morphology and the degree 
of microstructure refinement of the microstructural components - make it possible to obtain an at-
tractive combination of mechanical properties [1]. In the presented research, investigated material 
consisted of: microalloyed steel matrix, characterized by high strength and good ductility during 
the plastic deformation process [2] and titanium layers with limited plasticity. The main advantage 
of a material with such a structure is the synergistic effect of the coexistence of the hcp phase in 
the form of thin layers within the ductile bcc phase matrix, i.e., microalloyed steel strengthened by 
precipitation and ferrite grain refinement.

In the study, channel compression tests were conducted on heterogeneous systems with diffe-
rent configurations of component layers, such as steel and titanium or magnesium (Figure 1). Vario-
us configurations, conditions, and deformation schemes were applied, which were then replicated 
in numerical simulations. Rheological models were used in the studies, which, through computer 
simulations, allowed modeling of the interactions between the incoherent components of the mi-
crostructure. The primary outcome of the experiments and numerical simulations is the ability to 

Figure 1. Schematic and example of deformed multilayered systems produced  
through channel die compression test
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evaluate the heterogeneity of the studied multilayer systems. This heterogeneity arises from the 
diverse microstructural and rheological characteristics of the investigated materials, with particular 
emphasis on the strengthening effect associated with the presence of low-plasticity hcp phases and 
their degree of fragmentation. The obtained results were subsequently applied to the design of metal 
forming processes, such as multi-stage drawing (Figure 3), enabling the production of wires from 
heterostructured materials with attractive mechanical and performance properties.

2.	 Numerical simulations

In the first part of the numerical simulations, a channel die compression test was reproduced 
using the Forge NxT software (Figure 2). The simulations were conducted under conditions con-
sistent with experimental tests, which involved three-layer systems: two outer layers made of steel 
(St) with thicknesses of 2 mm or 4 mm and an inner layer made of titanium (Ti) or magnesium (Mg) 
with a thickness of 1 mm. These sample setups were subjected to a deformation value of 0.5. To 
better understand the interaction between the layers, the simulations were modified by introducing 
different friction conditions, an additional layer of St and Ti or Mg, and by swapping the positions 
of the St layers with the Ti or Mg layers (Figure 3a). As a result, 12 variants with different layer con-
figurations were obtained, from which data on temperature, stress, strain, and material distributions 
were extracted. Selected results of these analyses are presented in Figure 3b.

Further numerical simulations were conducted to analyze the processes of deformation and 
work hardening during the multi-stage wire drawing process of two configurations of heterogene-
ous systems: Pipe/Rod (St/Ti) and Pipe/Pipe/Rod (St/Ti/St) (Figure 4). These simulations served as 
a valuable tool for understanding the processes of plastic deformation in the studied inhomogeneous 

Figure 2. Numerical simulation of channel compression test  
with example of deformed systems

Figure 3. a) Dimensions of defined samples for numerical calculations;  
b) Stress and temperature distribution for selected St/Mg and St/Ti systemss
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