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PREFACE

On behalf of the Organizing Committee, it is a great honor and pleasure to welcome all esteemed
participants of thé&6" International October Conference on Mining and Metallurgy (I0C
2025) scheduled to take placeBar Lake, Serbia, from October 22" to 25", 2025

The collaborative efforts of the University of Belgrad€echnical Faculty in Bor and the Mining

and Metallurgy Institute Bor have once again brought together academia, industry, and research
i nstitutions to or garsiremains firmly set op prasenting the &€t @)
research achievements and technological advancements in geology, mining, metallurgy, materials
science, technology, environmental protection, and other engineering disciplines.

This year 6s c osricteang diverse, featurang plesnary ldctures, 4 invited

lectures, 158 full papers, and 6 abstractsThe proceedings reflect the contributions of authors

from 19 countries: Austria, Bosnia and Herzegovina, Bulgaria, Canada, China, Croatia, Germany,
Hungary, India, Mexico, Montenegro, Poland, Romania, Russia, Serbia, Slovakia, Slovenia,
Turkey, and the United KingdorAmong the submitted paperghtyoung researchers under the

age of 35 have qual MOPIiYouhg Researgher Awardconppatitios, i n |
further emphasi zing the conferenceds commi't
among the new generation of scientists and engineers.

We are also delighted to host 9 International Student Conference on Technical Sciences

(ISC 2025), running in parallel with IOC 2025. The student conference brings together young
researchers from Serbia and the wider region, evithplenary and50 student paperspresented,

offering an invaluable opportunity for the next generation of scientistgagineers to share their

ideas and discuss the future of their disciplines with expers éroféssor Dragana Givkovil

Best Student Paper Award wi | | be presented to the most o
on originality, research quality, apdesentation.

The Organizing Committee expresses its deepest gratitude to all who have supported this event.
Our General Sponsor is the Ministry of Science, Technological Development, and Innovation of
the Republic of Serbia. We are especially gratefaltoPlatinum Donors, HBIS Serbia and Serbia

Zijin Mining, as well as our Gold Sponsor, DPM Metals Inc., and our Gold Donors, Copper Mill
Sevojnoand Serbia Zijin Copper Bor. This year, the conference is also supported by the Silver
Donor, AMC LBBdEdO d. o. o

We proudly host a diverse exhibition, featuring Indemak, Labtim SE d.o.0., MERIS d.o.0., Krug
International LTD, Altium International d.o.o0., Metalurg Foundry Ltd., Fugro Germany Land
GmbH, Analysis d.o.o0., Lola institut, Tescan and Mikroluxal,olrokuttest Serbia, Novos d.o.o.,
Changsha Rui Rui Technology Co., Ltd., and the Winery of Bukovo Monastery. The official
opening of the conference has been supported by Epiroc Srbija a.d.. Finally, we warmly
acknowledge our Friends of the Conferendesser Tehnogas AD Belgrade, the Ch8ebia
Joint Laboratory on Green Steel Manufacturin

We sincerely thank all authors, committees, reviewers, speakers, and chairpersons for their
invaluable contributions tehaping IOC 2025. We are confident that the conference will once
again serve asaive platform for scientific exchange, professional networking, and the promotion

of sustainable development in mining, metallurgy, and related fields.

On behalf of the 3810C Organizing Committee,
Profy Ljublga Balanovil

bt ool

[

- xxiii -






The 56" International October Conference on Mining and Metallurgy
22-25 October 2025, Bor Lake, Bor, Serbia
www.ioc.tfbor.bg.ac.rs

TABLE OF CONTENTS

Plenary Lectures

Markus A. Reuter (GERMANY)

Fundamental limits of green metal amdneral processing supply chains within tr
circular economy 35

Miljana Radivojevil (UNITED KINGDOM)

Metals and the making of the ancient world: environmental and economic lege
of Eurasian bronze age metallurgy 6-6

Peizhong FengBaojing Zhang, Zhi Liu, Shiheng Li, Xiaohong Wang (CHINA)
Recycling and utilization of spent molybdenum disilicide: preparation of coatin
and metal recovery via synergistic smelting 7-9

Srelko Stopil, Alexander Birich, Bernd Friedrich (GERMANY)
Advances iunderstanding of reduction processes in extractive metallurgy 10-10

Invited Lectures

Buxin Chen, Mao Chen, Meilong Hu, Kaihui Ma, Hongging Liu, Chenguang
Bai (CHINA)
Development of hydrogen metallurgy in China 13-16

Alejandro Cruz -Ram?rez, Jos® Enrique SanchezVite, Teresita del Refugio
Jim@nez-Romero, Margarita Garc2a-Hern8ndez, Heriberto Mendoza-C8rdenas
(MEXICO)

Characterization of industrial jarosites from the Mexican zinc extraction proces 17-20

Nicanor CimpoeHu, lonut Adomnitei, Corneliu Munteanu, Mihai Axinte,
Marian Luticanu, Mihai Alin Pop, Marius Telilct, Ana Maria Roman
(ROMANIA)

Characterization of ceramic coatings with thermatioer role obtained by
atmosphg c plasma jet spraying 21-24

Cemalettin Okay Aksoy, G¢ zin G¢ lsev Uyar Aksoy, Hasan Berker Sarisan

(TURKEY)

Computational fluid dynamics analysis of ventilation strategies for mitigating
geothermal gas leakage in subsurface infrastructure projects 25-28

- XXV -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Conference Papers

Geology andMining

Zoran Markovil, Milil Eril, Aleksandar Mililevil, Rastko Jovanovil, Nikola

Givkovil, Ivan Lazovil, Milica Jovlevski (SERBIA)

Optimization of the electrostatic precipitators in unit A1 of the Kostolac a thern
power plant 3336

Stefano Utili, Dainius Jenkus, Akanksha Mishra, Filippo Bianchi, Riccardo
Castellanza(UNITED KINGDOM)
Optimal pitwall design for open pit mines in the presence of faults 37-44

Katarina M. Mihajlovil, Jovica Stojanovic, Slavica Mihajlovil, Ivana Jelil,
Ana S. Radosavljevil-Mihajlovil, Suzana Eril (SERBIA)
Comparative mineralogical analysis of two zeolitic tuff Slanci and Zlatokop 4547

Edita Lazarov§, M§ria Bali Hud§kov§, V2Sazoslav Kr¥ipa, Alexander KiovskT,

Pavol Vavrek, Lucia Ivanilov§ (SLOVAKIA)

Results from experimental research of rock breaking by small diameter diamo

core drill bits 4851

Edita Lazarov§, V2Sazoslav Kr¥pa, Pavol Vavrek, M8ria Bali Hud8kovs,

Lucia lvanilov§, Alexander Kiovskl (SLOVAKIA)

Failure criterion of limestone and granodiorite determined by laboratory tests ¢
theoretical processing of drilling process results 52-55

M&ria Bali Hud§kov§, Edita Lazarov§, VV2Sazoslav Kr¥pa, Pavol Vavrek,

Lucia Ivanilovg, Alexander KiovskT (SLOVAKIA)

Optimisation of the rock drilling process conducted with small diameter drilling

tools 56-59

Vladan Kagil, Ana Radosavljevil-Mihajlovil, Jovica Stojanovil, Slavica

Mihajlovil, Nataga norLevil, Ivana Jelil (SERBIA)

Geological and technological characteristics of the Igrog-Vidojevili zeolite tuff

deposits 60-64

Marija Jonovil, Dejan Bugarin, Tanja Stankovil (SERBIA)

Sensitivity analysis of a copper ore exploitation investment project using COM
Il software 65-68

Branimir Farkag, Ana Hrastov, Iva Gtefilar (CROATIA)

Factors influencing the occurrence of flyrock phenomena on surface-n@ses
study 69-72

Petar Radichev(BULGARIA)

Strategic planning, design and mine management under the conditionsAshtieé
open pit mine 7376

- XXVi -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Gergana Meracheva Efrosima ZanevaDobranova, Nikolay Hristov

(BULGARIA)

Geological conditions of natural H&xploration on the Balkan peninsula for

prosperity mapping 77-80

Ge.zin G lsev Uyar Aksoy, Cemalettin Okay Aksoy, Ozan Savak (TURKEY)

Seismic intelligence in surface blasting: seisbf@smax as a nexgeneration
design and optimization tool 81-84

Milenko Jovanovil, Daniel Krganovil, Miroslava Maksimovil, Vladan
Marinkovil, Stefan Trujil, Miomir Mikil (SERBIA)
The importance of geogrids for landfill security and environmental protection 85-89

Daniel Krganovil, Milenko Jovanovil, Radmilo Rajkovil, Miljan Gomilanovil,
Milog Stojanovil (SERBIA)
NPV based optimization of final pit contours in the cementacija mining comple 90-93

lvica Vojinovil, Dragan Gabaz, Milog Stojanovil (SERBIA)
Implementation of theublevel caving mining method in the T4 ore body at the
Jama Bor underground mine 94-97

Milog Stojanovil, lvica Vojinovil, Dragan Gabaz (SERBIA)
Application of neural networks for optimizing rock bolt system in underground
mining 98101

lvica Vojinovil, Milog Stojanovil, Dragan Gabaz (SERBIA)
Technological innovations transforming the mining industry: a short review 102-105

Danka Kostadinovil, Dugan Ranlelovil, Zoran Markovil (SERBIA)
Implementation of grounthounted and floating solgranels in mines 106-109

Milan Protil, Ana Bijelil, Miomir Raos, Marjan Popovil (SERBIA)

Kinetic modeling of oak wood thermal degradation using the distributed activa
energy model (DAEM) 110114

Dragan Gabaz, lvica Vojinovil, Milog Stojanovil (SERBIA)
Monitoring techniques for subsidence induced by mining operations: a review 115118

Vladan Marinkovil, Miroslava Maksimovil, Milenko Jovanovil, Geljana
Novakovil, AnLela Marilil (SERBIA)

Geological structure and genesis of Zn, Pb defRiinikGuplja Stijena 119122

Radmilo Rajkovil, Vladan Marinkovil, Daniel Krganovil, Miomir Mikil,

Milenko Jovanovil (SERBIA)

The possibility of longerm exploitation of copper ore in ore bodies of the

Majdanpek copper mine 123126

Miomir Mikil, lvana Mikil, Milica MeLedovil, Radmilo Rajkovil (SERBIA)
The global impact of climate change on the mining sector 127-131

- XXvii -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Miomir Mikil, Daniel Krganovil, Milenko Jovanovil, Sandra Milutinovil,
Ivana Mikil (SERBIA)
The impact of climate change omning in serbia, an overview 132135

Milan Grozdanovil, Givana Jovanovil Pegil, Jelena nokovil, Dejan Tanikil

(SERBIA)

Analysis of the energy potential of briquettes made from ground plum, date, al
avocado pits 136-139

Milivoje Zlatil, Dejan Petrovil, Jelena Ivaz, Mladen Radovanovil, Milan Stajil
(SERBIA)
Selection of primary support system for the river Mali Pek tunnel 140143

Snefana Ignjatovil, Branislav Petrovil (SERBIA)
Applying electrical survey to detect the thickneshefEpikartst 144147

Nikola Jovanovil, Jelena Stefanovil, Milog Givanovil, Zlatko Pavlovil, Nikola
Miljkovil, Jelena norLevil, Nikola Lekil (SERBIA)

Building information modeling (BIM) as a tool for enhancing technical solution:
mining design: Acase study of the main process building in Brskovo, Montene¢ 148152

Samil Hoskan Bayram Kahraman (TURKEY)

Comparing the accuracy of Kriging and IDW interpolation for estimating &€u
deposit in Turkey 153156

Nenad Vugovil, Milica Vlahovil (SERBIA)
Challenges in mining subsidence engineering 157-160

Mineral Processing and Recycling

Igor Zh. Bunin, Alexey N. Kochano(RUSSIA)

On the mechanism of selective disintegration of rocks under explosive and pu
discharge impacts 163166

Renguo Li, Lanjie Li, Heng Ji, Minglei Gao, Shiwei Wang(CHINA)
Experimental study on pelletization of blended sea sand ores 167-170

Milil Eril, Zoran Markovil, Aleksandar Mililevil, Rastko Jovanovil, Danka
Kostadinovil, Ivan Lazovil, Milica Jovlevski (SERBIA)

Experimental research of the lignite drying process in packed bed 171-174

Slavko Todil, Predrag Lazil (SERBIA)

Investigation of thélotation potential of sulfideoxide ore from the Veliki Majdan
deposit 175178

Vladimir Nikolil, Milan Trumil (SERBIA)
Refinement of the bond work index calculation method for finer samples 179182

- Xxviii -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Jose Enrigue Sanchewite, Alberto HernandezCasimiro, Teresita del Refugio
Jim@nez-Romero, Alejandro Cruz-Ram?rez, Margarita Garc?a-Hern§ndez
(MEXICO)

Mineralogical evolution in industrial jarosite through fhassisted roasting 183186

Albin Dobersek, Aleksandra Mitovski, Olga Mishina, Andrej Avrachov, Pavel
Saltykov, Viktoriia Zhmurova, Alexandra Friesen, Theresa Schulz
(GERMANY)

Gold recovery from flotation tailings in copper metallurgy: A sustainable appro
to resource valorization 187-190

lvana Jovanovil, Dragan Milanovil, Vesna Conil, Milog Janogevil, Daniela
Urogevil, Mile Bugarin (SERBIA)
Chemicaimineralogical characterization of carbonattay type lithium ore 191-194

Jelena nor'lievil', Jelena Stefqnovil', Sandra Gugevac, Nevena Markovil, Zoran
Avramovil, Nikola Jovanovil, Nikola Lekil (SERBIA)

Effect of recycled asphalt (RAP) and copper slag (CS) as partial substitution o

natural aggregate in asphalt mixtures 195198

Artur Hubert, Felix Heinicke (GERMANY)
Transferring common HPGR application from copper to lithium ore 199202

Venkateswara RaoJayapal Reddy(INDIA)

Mathematical modeling and statistical analysis of sub grade iron ore beneficia
using wet high intensityagnetic separator (WHIMS) 203-210

Dugica Mirovil, Yuankun Yang, ShengliYu (SERBIA)

Safety challenges in transport of copper concentrate: TML as a boundary
parameter of maritime cargo stability 211-214

Klaudia Kundrgkovs§, Jana Pirogkovs, Jakub Klimko, Jarmila Trplevsks,
Petra RTgilkov§, Dugan Org§l (SLOVAKIA)

Electrospinning of ZnO nanofibers from zinc galvanizing flue dust 215220

Dragana Marilovil, Grozdanka Bogdanovil (SERBIA)
Leaching of covellite in ionic liquid solution 221-224

Nadezhda Kazakova Vladislava Stefanova, Petar lliev, Biserka Lucheva

(BULGARIA)

Analytical study of zinc recovery from spent solutions resulting after galvaniza

process 225228

Katarina Balanovil, Maja Trumil, Tamara Gavrilovil (SERBIA)

Influence of hidden neuron number on the performance of ANN models applie
deinking flotation data 229232

- XXIX -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Extractive Metallurgy and Process Innovations

Teresita del Refugio Jim@nez-Romero, Jos® Enrique Sanchez-Vite, Alejandro
Cruz-Ram?rez, Margarita Garc?a-Herngndez, Cngel de Jes¥:s Morales-

Ramzrez (MEXICO)

Recovery of copper from a chalcopyrite ore using natural deep eutectic solver
(NADES) of choline chloridarea as a leaching agent 235238

Alexey M. Amdur, Sergei A. FedoroRUSSIA)
Droplet flotation in metallurgical melts 239242

Yuchao Shi, Taibai Fu, Xinyi Zhang, Liang Zhang, Shiyi Wen, Yuling Liu,

Yingbiao Peng, Jiangxing Wang, Ziging Xie, Yong DYCHINA)

Development of ICALPHAD software for phase diagram calculationrgetligent
thermodynamic optimization 243-246

Vesna Gr'ekulovil’, Milica ZQravkoviI’, Milan Gorgievski, Nada Gtrbac, Miljan

Markovil, Marina Markovil, Kristina Boginovil (SERBIA)

Electrochemical behavior of copper in chloride medium in the presenceeof pi

cone macerate 247-250

Ana Kostov, Aleksnadra Milosavljevil, Ivan Jovanovil (SERBIA)
DTA thermodynamic behaviour of the ternary systerGé&b 251-254

Dimitrije AnLil, Aleksandar Jovanovil, Nikola Vukovil, Ivana Jelil, Mladen
Bugarlil, Vaso Manojlovil, Miroslav Sokil (SERBIA)
Innovative oxidative system for leaching of 'Feom sphalerite concentrate 255259

Vanja Trifunovil, Snegana Milil, Ljiljana Avramovil, Dragana Bogil, Zoran

Avramovil (SERBIA)

Behavior of zinc, calcium and iron in the tstage leaching process of the EAF

dust 260263

Petar Petrov (BULGARIA)
Creation of sintering cup for laboratory sinterimgstallation 264-268

Angel lliev, Daniela Grigorova (BULGARIA)
Thermodynamic investigation of carbothermic reduction of electric arc furnace 269272

Xiaohua Liu, Renhao Tian, Yang You, Zhixiong You, Xuewei LYCHINA)

Numeri@l simulation otemperature field in a rotary hearth furnace under
infrared-assisted heating conditions 273276

Sara Lukovac Nebojga Tadil, Dijana nurovil, Irena Nikolil (MONTENEGRO)
S/S treatment for aluminium slag waste using flylzséed geopolymers 277-280

Xing Han, Honggiang Liu, Lanjie Li, Pengyang Li, Xiaolong Guo(CHINA)
The role of hydrogen based shaft furnaces in steel industry decarbonization 281-286

- XXX -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Gvozden Jovanovil, Dimitrije AnLil, Danijela Smiljanjil, Dragana RanLelovil,

Branislav Markovil (SERBIA)

Behavior of plant micronutrients (Fe, Cu) during combustion of contaminated

Sorghum spp. 287-290

Igor Zlatkovil, Givko norovil (SERBIA)

Analysis of the new sinter line in HBIS Group Serbia and creating conditions fi
production improvement 291-295

Nebojga Tadil, Irena Nikolil, Nina Jovovil, Dejana Dizdar, Vanja Asanovil,
Milena Tadil (MONTENEGRO)
Valorization of fly ash and plastic waste using geopolymerization technology 296-299

Milog Vuleta, Milodarka Gugil, Vladan Andrejil, Tamara Ristil (SERBIA)

Industrial optimization of BOF steelmaking: increasing scrap ratio through hot
metal parameter control 300303

Milivoje Zlati I, Dejan Petrovil, Jelena lvaz, Mladen Radovanowi Milan Stajil
(SERBIA)
Artificial intelligence challenges modern alloy design 304-307

Vesna Conil, Milog Janosevil, Dragan Milanovil, Ivana Jovanovil, Daniela
Urogevil, Mile Bugarin (SERBIA)
Overview of methods for bor separation 308311

Sandra Gujevag Nevena Markovil, Jelena norlevil, Jelena Stefanovil
(SERBIA)
The possibility of using copper slag aggregate in concrete 312315

Emine Sayélgan, Patrick Zhang (TURKEY)
Leaching behaviour of phosphogypsium with different acids 316318

Dugko Minil, Milena Zelevil, Aleksandar norlevil, Veljko Minil (SERBIA)
Electrical resistivity of the ABi-Ge ternary alloys 319322

Velizar Stankovil, Miljan Markovil, Milan Gorgievski, Stefan norLievski
(SERBIA)
On the leachability of copper from copeon minerals mixture 323326

Ferenc Kristaly, L8szl- Farkas, Andrea Mihalk-, Bence Tam§s, Bal8zs
SzeleczkiHUNGARY)

Recoverable Pd and Pt accumulation in a Ca(&béised CQfilter of a
hydrogenation organic byproduct plant 327-330

Oliver Dimitrijevil, lvana Jovanovil, Vesna Conil, Dragan Milanovil, Tanja
Stankovil (SERBIA)
Example of dense media cyclone selection 331-334

- XXXI -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Petra RTgilkov§, Klaudia Kundr8kovs§, Krist2na Talianov§, Jakub Klimko,
Dugan Or§l (SLOVAKIA)

Selective recovery of copper frdmdrometallurgical processing ofwaste 335340

Alloys, Composites, and Advanced Materials

Anca Cazac Diana-Petronela BurduhosNergis, Andrei Victor Sandu, Mihai
Popa, Costica Bejinariu(ROMANIA)
Strontium phosphate conversion coatings: A shertew 343346

Maja Vonlina, Jogef Medved, Tinkara Smolar, Matej Steinacher (SLOVENIA)

Influence of heat treatments on mechanical properties of aluminium alloy EN ¢
2011 347-350

Alexandra Tamara Sutic, Gheorghe Btdtrtu, Romeu Chelariu, Ramona
CimpoeHu, Ana-Maria Roman, Mihai-Adrian Bernevig, Nicanor CimpoeHu
(ROMANIA)

An assessment of corrosive and mechanical performance of biodegradable Zr
alloys 351-354

Jogef Medved, Tilen Balagko, Stanislav Kores, Maja Vonlina (SLOVENIA)
In-situ synthesis of Mgpireinforced amc 355359

Karlo T. Rail, Mile B. nurLevil, Srelko Manasijevil, Aleksandra Pataril,
Marija Mihailovil (SERBIA)
Statistical evolution of nemetallic inclusions in continuous castKilled steel 360-363

Kristina Boginovil, Dragan Manasijevil, Ljubiga Balanovil, Milan Gorgievski,
Urog Stamenkovil, Miljan Markovil (SERBIA)
Microstructural analysis and thermal properties of-8g alloys 364370

Srl'an Matijagevil, Mirko Grubigil, Nataga norLevil, Ana Radosavljevil-
Mihajlovil, Slavica Mihajlovil (SERBIA)
The effect of the free energy change on crystallization in litgjermanate glass 371-374

Jovana Rugil, Jelena Stagil, Marko Simil, Andrijana Gekil, Branislava

Vuletil, Dugan Bogil (SERBIA)

Influence of the heat treatment on the structural parameters of the GO@Zr

alloy 375377

lonut Adomnitei, Daniela Lucia Chicet, Bogdan Istrate, Marcelin Bencha,
Gheorghe BLdtrtu, Nicanor Cimpoetu (ROMANIA)

Obtaining and characterization of high yttria content in zirconia coatings 378381

Florin Sorin Todirict, Daniela Lucia Chicet, DragoH-Cristian Achitei, Vasile

Manole, Mihai-Adrian Bernevig, loan Stirbu, Nicanor CimpoeHu (ROMANIA)

Using energy dispersive spectroscopy for a stainlessistast welding interface
characterization 382385

- XXXl -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Shehret Tilvaldyev, Am@rica Yamile Amaya Diaz, Adrian Alberto Castro De

La Cruz (CANADA)

Analysis of the variations of the wing lift coefficient of unmanned aerial vehicle

with increasing Reynolds number of airflow 386-389

Nebojga Tadil, Garko Radovil (MONTENEGRO)

Investigation of the influence of residual stresses on the mechanical propertie:
aluminum alloy strips 390393

Aida Imarrlovil', Mirsada Orul, Milenko Rimac, Gorazd Kosec, Safet
Hamedovil (BOSNIA AND HERZEGOVINA)

Influence of dimensional size of rollpcbduct made of S690QL steel on impact
toughness and grain size 394400

Krzysztof Pancikiewicz, Mariusz Maslak, Paulina Zajdel, Marcin Klimek

(POLAND)

Phase transformations in a welded joint of unalloyed steel aftertienmg

subcritical annealing 401-404

Franjo Kozina, Zdenka Zovko Brodarac, lvica Buljeta, Natalija Dolil
(CROATIA)
Analysis of crack formation in AISill alloy automotive rim 405408

Gaklina Tasil, Marija Petrovil Mihajlovil, Ana Simonovil, Milan
Radovanovil, Milan Antonijevil (SERBIA)
Carbonbased electrochemical sensor modified with metal oxide nanoparticles 409412

Almaida Gigovil-Gekil, Elvis Agovil, Hasan Avduginovil, Branka Muminovil
(BOSNIA AND HERZEGOVINA)
Testing the impact of toughness of the welded joistea S21800 413416

Lovro Liveril, Tamara Holjevac Grguril, Marko Krgulja, Matej Fonovil
(CROATIA)
TEM Investigation of GA0AI7Ag Shape Memory Alloy in AZast State 417-420

Marko Krgulja, Damir Karabail, Lovro Liveril, Samir Grudil (CROATIA)

Comparison of nomlestructive and destructive welding assessment tests on M,
welded AISI316L and DH36 steels using@BOLT filler 421-425

Dana Bolibruchov§, Martina STkorov§, Marek Matejka (SLOVAKIA)

Influence of Be addition on mechanical and physicaperties of alloys with low £
content 426429

Milan Nedeljkovil, Srba Mladenovil, Vladan Losovil, lvana Markovil,
Jasmina Petrovil, Urog Stamenkovil, Milijana Mitrovil, Avram Kovalevil
(SERBIA)

Microstructures and wettability behavior of -Btv¥Cusolder doped with graphene
nanosheets 430433

- Xxxiii -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Srba Mladenovil, Nikola Marinkovil, Dragica Milojkovil, Jasmina Petrovil,
Milan Nedeljkovil (SERBIA)

Structural characterization of welded joints of AISiMg alloys 434437

Martina STkorov§, Dana Bolibruchovg, Marek Matejka (SLOVAKIA)
Development of the Ai alloy with niobium addition for gigacastings 438441

Veliko Savil, Vladimir Topalovil, Jelena Nikolil, Marija nogil, Milena
Obradovil, Danijela Smiljanil, Snegana Grujil (SERBIA)
Insights into the glass network structure of coal fly-baked glass 442-445

Urog Stamenkovil, lvana Markovil, Dragan Manasijevil, Milan Nedeljkovil

(SERBIA)

Termomechanical treatment of S275JR steel: impact on microstructure, hardn

and impactoughness 446449

Milan Protil, Momir Praglevil, Nikola Migil, Miomir Raos, Viga Tasil

(SERBIA)

Flammability assessment of acoustic insulation materials using mass loss

calorimetry 450453

Marek Matejka , Dana Bolibruchov§, Martina STkorovg (SLOVAKIA)
Analysis of selected properties of#Cu based alloy with tungsten addition 454457

Garko Migkovil, Radivoje Mitrovil, Danilo Pejlil, Jovana Antil (SERBIA)

Overview of installations and methodologies for conveyor idlers tedgrngloped
at theFaculty of Mechanical Engineering at the University of Belgrade 458461

Mile B. nurL'evil, SreTko Manasijevil, Aleksandra Pataril, Marija Mihailovil,
Karlo Rail (SERBIA)

Role of magnesium in solidification feeding of hypoeutectBi®Mg alloys 462-465

Jelena Gligorijevil Sokolovil, Jasmina Petrovil, Emina Pogega (SERBIA)

Casting of bronze castings with thin walls using yaxaffin models and CO
hardened sand molds 466469

Shi Wenli, Tanja Marinkoyil’ Stojanovil, Aleksandar Djuga, Marko

Radosavljevil, Stefan Negil (SERBIA)

Metallurgical and process challenges in flash butt welding of different dimensit

of micro-alloyed steel on continuous pickle line 470473

Emina Mel edovil, Vanja Asanovil, Milena Tadil, Jasmina Grbovil

Novakovil, Irena Nikolil, AnLela Mitrovil Rajil (MONTENEGRO)

Structural changes in pyrophyllite induced by mechanochemical modification ¢

zinc oxide doping AT4477

Biljana Zlatilanin, Branislav Radonjil (MONTENEGRO)

Effect of copper content on phase formation and mechanical respons€of Al
alloys 478481

- XXXIV -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Biljana Zlatilanin, Branislav Radonjil (MONTENEGRO)

Combined effect of cooling conditions and Mg content omibeostructure and
properties of AlL15Cu alloys 482-485

Vladimir Glushchenkov (RUSSIA)

Improvement in the technology of pouring copper plates for their further use ir
electrolysis production 486489

Marko Pavlovil, Marina Dojlinovil, Mirjana Stojanovil (SERBIA)
Cavitation resistance of taleinforced pyrophyllite ceramics 490493

Salko Losil, Almir Osmanovil, Jasmin Halilovil (BOSNIA AND
HERZEGOVINA)

Probabilistic analysis of press fit joint load carryicgpacity 494497

Saga Marjanovil, Milijana Mitrovil, Emina Pogega, Dragana Bogil (SERBIA)
Influence of cold rolling and annealing on the hardness eAChimetallic strip 498501

Emina Podega, Slavko Bernik, Dragana Bogil, Srl'ana I'\/Iagdalinovil’, Milog
nukil, Jelena Gligorijevil Sokolovil, Radmilo Rajkovil (SERBIA)
Properties of Se doped Bz based material: Part | 502-505

Nandita Gupta, Kamlesh Kumar Singh, Manoj Kumar, Himanshu Khandelwal
(INDIA)

A study of single piece ceramic shell core for geometrically complex investme
casting 506510

Veliko Minil, Jelena Miladinovil, Miljana Popovil, Milena Zelevil,
Aleksandar norlLevil (SERBIA)
Experimental characterization of the-Bie-Pb ternary alloys 511-514

Ondrej Kogej, Iveta Vaskov§, Ladislav Jankovlin (SLOVAKIA)

Investigation of gas and shrinkage porosity in AlSi10Mg alloy gearbox casting
manufactured by HPDC 515521

Jasmina Petrovil, Srba Mladenovil, Urog Stamenkovil, Milan Nedeljkovil,
Milijana Mitrovil (SERBIA)
Effect of oxycutting on the microstructure and hardness of Feghbon steel 522-525

Ivana Markovil, Urog Stamenkovil, Dragan Manasijevil, Ljubiga Balanovil

(SERBIA)

Changes in hardness and microstructure during isothermal aging of nickel

aluminum bronze 526:529

Ferenc Kristaly, L8szl- Farkas, Andrea Mihalk -, Bence Tam§s, Bal8zs
SzeleczkiHUNGARY)

Microscale features of RBt aggregates resulted from aniline hydrogenation tar
incinerating process 530533

- XXXV -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Sandra Milutinovil, Ljubiga Obradovil, Sanja Petrovil, Srl:ana Magdalinovil,
Ivana Mikil (SERBIA)

Reinforcements in composite materials 534537

Milijana Mitrovil, Saga Marjanovil, Biserka Trumil, Milan Nedeljkovil,

Jasmina Petrovil, Urog Stamenkovil (SERBIA)

Influence of temperature and annealing time on changes of the mechanical

properties of the CuFel alloy 538541

Zoran Karastojkovil, Radiga Peril, Srba Mladenovil (SERBIA)

Limitations for wider usage of gelduminium alloys based on intermetallic
compound AtAl> 542-545

Dragan Jeremil, Geljko Gutovil, Milil Jelmenica, Dragomir Gligil, Stefan

Dikil, Nenad Radovil (SERBIA)

Development of 12.0mm thick hot rolled strip of S640MC grade steel in HBIS

Serbia 546-549

Technology and Enerqy

Margarita Garc?a-Herngndez, Alejandro Cruz-Ramzrez, Cngel de JesVis
Morales-Ram?rez, Jos® Enrique Sanchez-Vite, Teresita del Refugio Jim@nez-

Romero (MEXICO)

Decay time determination from luminescence emissions®6fdéped YOs; powder 552-555

Valery Pierre Vassiliey, Cristopher Stanley (RUSSIA)
Optimization of heat capacities of sphalerite and wurtzite phases as a single s 556559

Rastko Jovanovil, lvan Lazovil, Milil Eril, Zoran Markovil, Marija Givkovil

(SERBIA)

Predicting CO emissions using novel rarical modelfor particle

ignition/combustion 560-563

Marija Jeremil, Andreas Krammer, Markus Lehner (AUSTRIA)
Biomass to BioSN®lethanation of syngas from biomass gasification 564567

Dugko Kostil, Mitar Perugil, Srelko Stopil, Dragan Kostic, Jelena Vukovil,
Nebojga Vasiljevil, Radislav Filipovil, Vladimir Damjanovil (BOSNIA AND
HERZEGOVINA)

High-pressure oxygen leaching of tionite residue for titanium recovery 568574

Zoran Avramovil, Dragana Bogil, Vanja Trifunovil, Jelena Stankovil
(SERBIA)

Cathodic protection of metals 575578

Milica Zdravkovil, Slalana Savil, Vesna Grekulovil, Dalibor Stankovil, lva
Dimitrievska (SERBIA)

ATRFTIR characterization of the white willow bagktract used as a copper

corrosion inhibitor 579582

- XXXVI -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Milica Zdravkovil, Edina Huseinovil, Jasmina Dedil, Emir Horozil, Vesna

Grekulovil (SERBIA)

Extraction of bioactive compounds from nettle seeds as a potential inhibitor of

metal corrosion 583587

Milica Zdravkovil, Slalana Savil, Vesna Grekulovil, Dalibor Stankovil
(SERBIA)

HPLC-DAD identification of compounds in corrosion inhibitor Salix Alba bark
extract and the hydrolate 588592

Milos nukil, Stefan norLievski, Sanela Vasiljevil, Dragana Adamovil-
Markovil, Emina Pogega, Jelena Nikolil, Vesna Stankov-Jovanovil (SERBIA)
Internal quality control of ICPMS method for water analysis 593596

Environmental Protection, Remediation and RiskAssessment

Aleksandar Grigorov, Silviya Lavrova, Daniela Grigorova (BULGARIA)
Application of nanomaterials in water treatment from manganese 599602

Ana Marinkovil, Jovana Buha Markovil, Jasmina Savil, Milica Mladenovil,
Milil Eril, Zoran Markovil, Biljana Vulilevil (SERBIA)
Assessment of mercury content in different fuel types 603606

Marija_Koprivica_, Marija Simil, Jelena Petrovil, Jelena Dimitrijevil, Marija

Ercegovil, Marija Markovil (SERBIA)

Tree leaf biochar as a potential adsorbent for lead ion removal from aqueous

solution 607-610

Vesna Krstil, Danijela Simonovil, Renata Kovalevil, Daniel Krganovil,
Mirjana Gteharnik, Daniela Urogevil, Sunlica Stankovil (SERBIA)

Multivariate statistical evaluation of agricultural soil contamination near the city
Bor 611-615

Ana Petrov'il’, StefannorLievski, Milog rJu,kiI', Emina Pogega, Jelena
Gligorijevil Sokolovil, Dragana Adamovil-Markovil (SERBIA)
Application of metal foams for the water purification process 616619

Viga Tasil, Tatjana ApostolovskiTrujil, Renata Kovalevil, Bojan Radovil,
Nevena Ristil (SERBIA)

State of air quality in the city of Bor in 2024 620623

Aleksandra Papludis Slal'ana Alagil, Snegana Milil, Dragana Medil, Jelena
Nikolil, Snegana Jevtovil, Ivana Zlatanovil nail (SERBIA)

Distribution of PAHs in soils from Bor region, taken from the rooting zone of
poison ivy 624627

Garko Radovil, Nebojga Tadil (MONTENEGRO)
Effect of air oxygen enrichment on gaseous fuels combustion and GHG emiss 628631

- XXXVl -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Maja Nujkil, Gaklina Tasil, Sonja Stankovil, Dragana Medil (SERBIA)
Optimizing cadmium ion adsorption: predictive modeling based on literature di 632635

Miljan Markovil, Milan Gorgievski, Marina Markovil, Vesna Grekulovil,
Nada Gtrbac, Kristina Boginovil, Milica Zdravkovil (SERBIA)

Statistical modeling of copper ions biosorption onto sunflower hulls 636640

Milog Stojanovil, Nicoleta Sorina Nemes, Adina Negrea, Mihaela Ciopec, Ivar
Svrkota, Daniel Krganovil, Igor Svrkota (SERBIA)

Environmental sampling strategy for the Romaiarbia border mining region 641-644

Danka Kostadinovil, Milil Eril, lvan lazovil (SERBIA)
Application of waste materials in green roofs 645648

Branislava Matil, Snegana Givkovil Perigil, Srlan Manlevil (SERBIA)

Use of AIRQ+ software in assessing the impact on health from exposure to pe
in Bor, Serbia 649654

Jelena Kalinovil, Tanja Kalinovil, Ana Radojevil, Snegana Gerbula, Jelena

Jordanovil (SERBIA)

Assessment of element accumulation efficiency in plant parts using biological

analysis 655658

Milan Gorgievski, Marina Markovil, Miljan Markovil, Vesna Grekulovil,

Nada Gtrbac, Kristina Boginovil, Milica Zdravkovil (SERBIA)

Equilibrium and thermodynamic analysis of the adsorption of copper ions on

sunflower hulls 659663

Marina Markovil, Milan Gorgievski, Miljan Markovil, Vesna Grekulovil,
Nada Gtrbac, Kristina Boginovil, Milica Zdravkovil (SERBIA)

Kinetic analysis of copper ions adsorption on sunflower hulls 664668

Danijela Simonovil, Daniel Krganovil, Renata Kovalevil, Daniela Urogevil,

Mirjana Gteharnik, Sunlica Stankovil, Vesna Krstil (SERBIA)

Assessment of heavy metal contamination of soil and the ecological risk base:

national limit values and quantitative indices 669673

Aleksandra Petrovil, Stefan norlievski, Bojan Radovil, Renata Kovalevil
(SERBIA)

Assesment of PAH and PCB concentrations in Bor River bed sediments affect
mining and metallurgy 674677

Stefan norLievski, Ana Radojevil, Tanja Kalinovil, Maja Nujkil, Jelena

Kalinovil, Jelena Jordanovil, Renata Kovalevil, Yasumasa Ogawa (SERBIA)
Assessment of the copper availability by extraction of riverbed sediments fronr

Eastern Serbia with 0.5 M HCI 678681

- XXXViii -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Milog nukil, Stefan norLievski, Sanela Vasiljevil, Dragana Adamovil-
Markovil, Ana Petrovil, Jelena Nikolil, Vesna Stankov-Jovanovil (SERBIA)

Cerovo riverAnnual monitoring of impact of the Cerovo ogehmine 682-685

Emine Sayilgan Patrick Zhang (TURKEY)
A review on recovery of REEs and radioactive materials from phosphogypsiur 686-688

Industrial Management, Digitalization and Quality Control

Yufei Wang, Xiaoyu Zheng, Xiangyang Ying, Qi Huang, Xiong Shuai, Changfe

Du, Ya Li, Yingbiao Peng, Yuling Liu, Yong Du(CHINA)

Integrated computational material engineering practice paths by Changsha Rt
Technology: From CALPHAD to phase field and cryptaktic finite element 691-694

Aleksandra Fedajev Sanela Arsil (SERBIA)

Is mining and quarrying most efficient and profitable export sector in Serbia?
Insights from a mulicriteria performance analysis 695699

Predrag Stolil, Zoran Jovanovil, Geljko Mravik, Marko Jelil, Sonja
Jovanovil, Aleksandra Milosavljevil (SERBIA)

The path to better education of engineers using openrAlgiactical example in
the Republic of Serbia 700-703

Tatjana Volkov Husovil, Ana Alil, Sanja Martinovil (SERBIA)

NDT methods for monitoring degradation of refractory lining for blast furnace ¢
converter 704711

Maria Krasteva, Petar Raykov(BULGARIA)
Quality control in the production of vacuum pumps for the automitiestry 712715

AnLelka Stojanovil, Isidora Milogevil, Dragan Manasijevil (SERBIA)
Intra- and extraEU trade in recyclable metals: opportunities for industrial
symbiosis 716720

Marijana Pavlov-Kagadejev, Aleksandra Milosavljevil (SERBIA)

Application of metaheuristic algorithms in metallurgical industry: A review of
methods and applications 721-724

Abstracts

Eugeniu Martac, Christine Laskov, Katarzyna Staniewska(GERMANY)
Mining after mining: Reatime XRFCPT for strategigesource estimation in

tailings reprocessing 127727
Tilen Balagko, Aleg Nagode, Jiehua Li, Jogef Medved, Maja Vonlina

(SLOVENIA)

The role of lanthanium addition in the microstructural evolution of an EN7/AW

alloy during solution annealing 728728

- XXXIX -



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

Wei Su, Yi Xing, Yang Zheng, Rongrong Lei(CHINA)

Construction and technological progress of a comprehensive carbon reductior
system for CCUS in the steel industry 729729

Stefan Truijil, Miroslav Popovil, Milenko Jovanovil, Katarina Milivojevil,
Bogko Vukovil (SERBIA)

Geological investigations of the 6Povlatna zonad and élstolno poljed of the Gacko
Coal Basin (BiH) for coal quality assessment and design of a beneficiation pla
(20232025) 730730

Roxana HobjOlt, Nicolae Rtzvan Mititelu, ktefana Agop, LaurenSiu

Slttineanu, Diana Diaconu (ROMANIA)

The contrbution and application of polymerioaterials in the metallurgical

industry 731-731

Stefana Agop,Bogdan-lonut Dochita, Roxana HobjOIt, Nicanor CimpoeHu,
Tiberiu Sutic (ROMANIA)

The behavior description of CuzZnAl shape memory alloys through the dynami

multifractal complex systems 732732
Publishing partners 733738
Donors 7139772
Author Index 773780

-X| -



The 56" International October Conference on Mining and Metallurgy
22-25 October 2025, Bor Lake, Bor, Serbia
www.ioc.tfbor.bg.ac.rs

PLENARY
LECTURES







The 56" International October Conference on Mining and Metallurgy
22-25 October 2025, Bor Lake, Bor, Serbia
www.ioc.tfbor.bg.ac.rs

DOI: 10.5937/I0C25003R Plenarylecture Extended Abstrac

FUNDAMENTAL LIMITS OF GREEN METAL AND MINERAL PROCESSING
SUPPLY CHAINS WITHIN THE CIRCU LAR ECONOMY

Markus A. Reuter
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Abstract

There is a lot of talk about greening society, greening the supply chain, circular econoifeejaestion

that needs to be answered, how green is all of this and what is the shade of green (or grey) is achievable.
The circular economy integrates many stakeholders to possibly achieve this objective. To fully understand
the performance of the systemn exergetic basis is required as shown in Figure 1 [1]. This implies all
processes, streams, stakeholder activities etc., in the circular economy must be quantifiable in terms of the
unit KW to fully understand the losses from the system. This meanthédiow of mass and the exergy

(both chemical and physical Ex=¢HA)-TA(S-SA)) dissipation must be included. This should be the basis

of any rigorous analysis. Lif€ycle Assessment (LCA) is too simplistic to fully understand the complex
systems in thesterms. Therefore, methods must be inclusive of thermochemistry, mass and heat transfer,
technology etc., which all affect the economics of the circularity economy.

External energy
generation

xergy kl/mole of the ALFe System

Dissipation of
enthalpy,
exergy, and EOL PV
materials recycling
(allin kw)

Policy & legislation
I Market forces
I Consumer decisions design
B Thermodynamics CdTe PV
mono-Si PV

PV module
and system
manufacture 4

Exergy dissipation from circular economy system

L 4

Evolution of the circular economy system (years)

Figure 1. Various stakeholders in the circular economy, barriers as well as the éxeigenhward
spiral of the system [1,2].

This lecture will discuss the key role of metallurgy by applying its simulation methods and theory to
understand the greenness of systems and in fact what the limits are of the system and thence of the circular
ecoromy, as reflected by Figure 2. To analyse the systems from, among others, an industry perspective,
artificial intelligence (Al) techniques will be implemented, as well as simulation tools linked to LCA and
similar types of methodologies [1,3].
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Figure 2.An overview of tools that need to be integrated to evaluate green systems on a fundamental
basis [1].

As illustrations, various cases will be shown how methods and techniques have been applied to understand

the fundamental limits of supply chains as atmd the circular economy. A large body of published
information will be highlighted rooted in industrial practice to illustrate how far the industry has also
progressed to address green issues fundamentally, while bringing a simulation basis to fapgtyiis.

For example, the presentation will discuss:

1 Various examples showing the simulation of metallurgical and recycling systems to understand their
exergetic limits in an industrial and applied context as shown by Figure 2 [1,2].

1 Show the analysis afupply chains including their critical metals on system performance using
simulation tools. Integration of Al methods into simulation and process control in industry to push
processes and systems to their physics as well as mass and heat transfendirttiesnae obviously
also economic limits [3].

9 Use of Finite Element Method (FEM) to understand the liberation of particles from products [4], thus
showing true design for recycling using physics to understand liberation linked to material properties.

1 EU projects that are applying these techniques for design for recycling and show the link to product
design with example from automotive and consumer electronics [5, 6]. A typical result of design for
recycling of modules from the automotive industry is givgnFigure 3, showing different
recyclabilities of car parts as well as a recyclability label.

In conclusion, the methods can be used to fundamentally describe the supply chains of the circular economy

and quantify the exergetic limits of the circular ecmryo For this we advanced the theory of exergy [2] to

include the thermodynamic approaches such as represented by FactSage [9] and discuss how this must be

used in the analysis of supply chains within the circular economy.
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Figure 3. Recyclability of diéfrent car parts using different recycling options and flowsheets with the

definition of a recycling label for products-f.

Keywords Circular economy; green metal and mineral processing; Al simulation
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METALS AND THE MAKING OF THE ANCIENT WORLD: ENVIRONMENTAL AND
ECONOMIC LEGACIES OF EURASIAN BRONZE AGE METALLURGY
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Abstract

The Bronze Age (c. 3500000 BCE) witnessed the emergence of lagme metallurgy as a
transformative force across Eurasia. This period saw the development of extensive mining and smelting
networks that powered the productiof vast quantities of copper and bronze arte@ets industriat

scale endeavour often referred to as the 'Metal Road.' These networks connected remcitaegens

to far-flung consumer communities, laying the foundations for-tlistance exchangdat foreshadowed

the later Silk Roads. Yet, behind this technological achievement lies akasgar environmental story.

This paper explores the environmental and economic impact of Bronze Age metallurgy by integrating
archaeological, archaeometallurgitaand paleoenvironmental evidence. Through key case studies such
as Kargaly in the Urals and Dzhezkazgan in Kazaki®tahere Late Bronze Age production alone may
have exceeded 100,000 tonnes of copwer reconstruct the scale of extraction and its ecchlgi
footprint. The production of just one kilogram of copper could require up to 94 kilograms of wood,
highlighting the immense pressure on ancient forests and landscapes. Over generations, this resource
demand likely led to deforestation, soil degradatiamd early anthropogenic carbon emissiéispacts

that are only beginning to be fully appreciated in archaeological discourse.

Simultaneously, metallurgy reshaped the economic and political terrain of Eurasian societies. With over
half a million artefactsin circulation, metal became both a medium of value and a marker of power,
innovation, and interconnection. This paper argues that metallurgy was not merely a technological
achievement but a force of historical consequéuléering landscapes, economieand human
relationships to the environment in ways that resonate with todayds challenges around sustainability,
resource management, and ecological resilience.

Keywords Bronze Age, archaeometallurgy, environment, carbon emission, First Industrial Age
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Abstract

Molybdenum disilicide (Mogi heating elements are widely used in the industrial and laboratory high
temperature heating field. Based on the excellent oxidatesistance of Mogisolid waste from spent
heating elements was used as raw material to fabricate sHlmaded antioxidation coatings on refractory
metals (Mo, Nb, etc.). After oxidation at 1500 AC for 40 hours, the coating exhibited a minimal weight gain

of 2.78 mg/ch and the surface formed a craftiee, continuous Sibxide film. The coating demonstrated
dense morphology, controllable thickness, uniform composition, and strong interfacial bonding.

Given the high molybdenum content in spent molybdedigilicide and the elevated iron content in
metallurgical ironcontaining slags, the two solid wastes were subjected to synergistic reduction smelting.
Through hightemperature pyrolysis of M@Ssilicon and iron reduction, in situ generation of molytaie

and iron, the key metal molybdenum in retired silicon molybdenum was selectively recovered, and
molybdenum alloy was synchronously prepared in situ. The recovery efficiencies re@&veth Jor
molybdenum an85.49% for iron, achieving synergistic highalue utilization of higigrade metals from
multi-component solid wastes.

Keywords Spent molybdenum disilicid€oating; Molybdenum iron recovery; Comprehensive recovery
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results of copper slag; (d) XRD results of spent iMp8&ivder.

The spemptowdMe®i used in the experiments was de
disilicide rods, pr-eplariedgvi bt cwashpngmanidl Y a
phase (confirmed by XRD, Fig. 1d). EPMAtnmappir
mi notSiMmase. The copper slag (from a Chinese ¢

fayalite and magnetHEOS npahpapsiensg ((FRigg . 1lcb)). sShEoMv
gray bl ocks, magnetite assédi-ghad kevhgadmrgue.gi ©
sintering was pegifrog mend PSULBEPOHt EmMniemabband I
Synergistic smelting awfascecpmaelucglealgi and dpdret

3. RESULTS

%1 ;

AND DISCUSSION

H T — "~

; ;

'-':“' . ﬁl s -
—_ —=.A

Figure 2. (a)Crosssection BSE micromorphology and WDS analysis of SPSed MaS{b)MoSi-
ZrSk-SiC coatings; Stress distribution diagrams of Md81) and MoSHZrSk-SiC (c2) coatings on Nb
substrate after SPS; Microhardness and fracture toughness of SPSedktbBIoSi-ZrSik-SiC coatings
(d1); indentation morphologies of the crack propagation path of Md8)and MoS+ZrSi-SiC (d3)
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Abstract

Reduction processes at higher temperatures with carbon and hydrogen are widely used in industrial
production of metal powders. Chemical reduction at lower teatpees usually involves the reduction of

metal ions such as gold, silver and copper in some type of solvent and a separate reducing agent. This
method is typically used for the preparation of magnetic metal nanoparticles, such as iron, cobalt, nickel
andits alloys. In this process, metal nanoparticles are formed in aqueous solution by various reduction
processes such as electrowinning, microwave reduction, and using various types of reducing agents and
metal precursors such as metallic chloride and mietalitrate. It allows controlling the particle size,
morphology, and crystallinity, but requires costly precursors, toxic or hazardous solvents, chemical
reductants like sodium borohydride or hydrazine, and stabilizers to prevent the aggregation aggarticl

to make them physiologically compatible. The ultrasonic spray pyrolysis (USP) is droplet generation
phenomenon induced by ultrasonic field including its simplicity;efsttivity, continuous operation, and

high deposition rate using an electrostafilter. Synthesis of metallic, oxidic and composite powders is
enabled using USP with hydrogen reduction. Reduction processes were also used in recycling of titanium
from aluminium residues aiming iron removal in the first step of the research strRtedyction of iron

oxides in solid state, at atmospheric pressure, is an already implemented industrial process that yields iron
feedstock suitable for steel production in electric arc furnaces. Thermochemical modeling of reduction for
bauxite residues coaining iron oxides has been done by FactSage for hydrogen and carbon as reducing
agents at 1700AC what is very important for the analysis of iron formation and mass losses.

Keywords:reduction, hydrogen, carbon, ultrasonic spray pyrolysis, bauggElues
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Abstract

China is activly promoting its carbon peaking and carbon neutrality godlydrogen metallurgy
characterized by the replacement of carbon with hydrdgenattracted widespread attention as a vital
componenbf low-carbon metallurgyThis study provides a statisticalawgsis of publications and patents

related to hydrogen metallurgy in Chinese databases over the past five years, and summarizes the current
industrial practices in hydrogen metallurgy in ChinBhe resultsreveal a rapidly growing trend in
theoretical resarch and technological development related to hydrogen metallurgy in China over recent
years.Severamajorsteel enterprisesavecarried out industrial practices ¢fydrogenbased shaft furnace

and hydrogerfrich blast furnacesmelting offering initial wnfirmation of the feasibility of hydrogen
metallurgy Currently, the industrialization of hydrogen metallurgy in China faces a challenge of high
hydrogen production costs. Therefore, this study reviews and analyzes the economics of the main hydrogen
sour@s, including coke oven gas, natural gas, coal gasification, hydrogen frpnothyct during chemical
processes, antlydrogen produced by water electrolysiddthough the current hydrogen sources mainly

rely on gray hydrogen produced from fossil fuéhg large-scale and cosgffective production of green
hydrogen from renewable energy sources in the future is expected to substantially accelerate the industrial
application of hydrogen metallurgyn summary, hydrogen metallurgy technology in China habkshad

a solid foundation in research and accumulated certain industrial application experience. However, further
research is required to improve hydrogen utilization efficiency and decrease hydrogen production costs,
thereby enabling the widespread inttied application of hydrogen metallurgy.

Keywords hydrogen metallurgylow-carbon metallurgy, hydrogen sourcégdrogen production costs.

1. INTRODUCTION

Controlling CO, emissions has become a global consensus and an urgent necessity in the fight
against climate change and the pursuit of sustainable development. In response, China has
announced it goalgaithingatb reactapedk aarbmn emissions by 2030 anih atta
carbon neutrality by 2060rhe steel industry is one of the largest sources of €@flssions in
China, contributes approxi mately 115 Withale t he
ongoing i mpl ement atgdoalsrhe detarbtizaten ofi thewsidl industry haso n o
become essential. Hydrogen metallurgy, which replaces traditional ebalsed reductants with
hydrogen(H), offers significant decarbonization potential, as its reduction byproduct is water
(H20) rather than C® Therefae, it is regarded as a promising pathway for the Chinese steel
industry to achieve deep emission reductions andtemg carbon neutrality. This study provides

an overview of the development of hydrogen metallurgy in China, focusing on trends in academic
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publications and patent authorizations over the past five years, industrial implementation of
hydrogen metallurgy by Chinese steel enterprises, and the tecbnomic analysis of viable
hydrogen sources.

2. RESEARCH PROGRESS AND INDUSTRIAL PRACTICE OF HYDRO GEN
METALLURGY IN CHINA

Using the China National Knowledge Infrastructure (CNKI), a major Chilzegpiage academic
database, paper and patent data from 2020 to 2024 were collected based on keywords including
Ahydr ogen met atrithblasgfyn,aocc el h yBdrr) o-lgoa sfiehdy dsrhoagfetn f ur n
Ahydrogen reduction, 0 as shown in Figure 1.
papers increased significantly from 55 (2020) to 198 (2024), accompanied by a growth in patent
filings from 90 to313. This trend clearly reflects the rapid development of fundamental research

and technological innovation in hydrogen met al
carbono goals in September 2020.

" %Article

€ 100 N % %b % % %ﬁ

JEEEEE

2020 2021 2022 2023
Years

N
=]
~

2

Figure 1 Number of hydrogen metallurgglated papers and patent in the CNKI (262024)

At present, industrial applications of hydrogen metallurgy in China primarily follow two
technological pathways: +tich BF and hydrogebased shaft furnaces. Given that the BBBF

(basic oxygen furnace)roudec count s f or approxi matel yricB0% of
BF is expected to remain the dominant decarbonization strategy for the industry over the next 10

to 20 yearsThis technology involves injecting2Hich gas either at the tuyeres or fureahatt,

reducing coke consumption while simultaneously lowering €@issions. In recent years, several

major Chinese steel producers have actively implementatth BF in industrial practice (see

upper part of Figure 2). In 2010, Jinan steel injectekemven gas (COG) into a 35CF BF,
reducing the fuel ratio by 45.91 kg/ THM and C
6251 mper ton of hot metal (mj/THM) [2]. In 202
BF, achieving a 32 kg/THM rextion in fuel ratio and about 80 kg/THM decrease in.CO
emissions at 65 #THM injection [3]. In 2022, Bayi Steel completed an industrial trial of a 400

m| »-ridh carbon recycling oxygen blast furnace, integratbg H ch gas i nj ecti on,
gas ecycling, and full oxygen smelting, resulting in a 21% reduction in @@issions [4]. In

2021, Xingguo Foundry successfully performed pusénéction in a 40 mpilot BF. Industrial

practice indicates that tuyere injection of COG is currently the maaratH-rich BF technology

in China, with a relatively high level of process. However, due to the irreplaceable the coke as the
structural support in the BF and the relatively low utilization efficiency of hydrogen, the carbon
emission reduction of Hrich BF is generally limited to the range of 10% to 20%.

In contrast, hydrogebased shaft furnaces use ap®D mixed gas as the reductant, offering
substantial carbon reduction potential (59%86). Although this technology started later in China,
its industralization is accelerating. Recent landmark projects include Zhongjin Taihang, Baosteel,
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and Hebei Iron & Steel Group (HBIS), China Iron & Steel Research Institute Group (CISRI) (see
lower part of Figure 2) [5]In June 2021, Zhongjin Taihang built the wod 6 s f 4basedt CO
hydrogen shaft furnace direct reduced iron (DRI) production line with an annual capacity of
300,000 tons, supported by a 1 million ton coke plant, proving the feasibility of hydbaged

direct reduction in China. In December 202818 completed a 1.2 million tescale COG zero
reforming hydrogen shaft furnace and began continuous production in 2023, decreasing CO
emissions by about 70%. In December 2023, Baosteel commissioned a-toilileydrogen shaft
furnace, achieving a G@mssion reductionof5898 9 %. I n 2024, CIlI SRl st a
pure hydrogen shaft furnace in Linyi, using 100% green hydrogen and achieving an 87% reduction
in CO; emissions. In summary, largeale industrial practices in China have preliminarily
demonstrated the engineering feasibility and.@mission reduction potential of hydrogen
metallurgy.

O In 2009, Jinan Steel: injected Coke oven gas (COG) at the tuyere of a 350 m* BF
O In 2012, An Steel: injected COG at the tuyeres of two 4038 m* BFs in Bayuquan
O In 2020, Baowu Steel: injected nature gas (NG) at the tuyere of a BF
0O [n 2021, Jinnan Steel: injected COG into a 1860 m’ BF

O In 2021, Xingguo Foundry: first pure H, injection in a BF in China

O In 2022, Bayi Steel: injected COG at the tuyeres and shaft of a BF

Process of H,-rich carbon cycle blast furnace at Bayi steel

o) Q 0 0 0 0 0 6) 6] >

O In 2024, CISRI: hydrogen-based hydrogen shaft furnace, pure H,, 50,000 1|;/'a_> )

mpressor

O 2023: Bao Steel: hydrogen-based shaft furnace project, GOG/NG, 1 million t/a

0O In 2022, Ansteel Group: green hydrogen zero-carbon fluidized bed project, 10,000 t/a

O In 2020, Zhongjin : hydrogen-based shaft furnace project, GOG, 300,000 t/a Hydrogen-based shaft furnace technological process of HBIS

Figure 2.Schematic Diagram of Hydrogen Metallurgy Industrial Practices in China

3. ANALYSIS OF HYDROGEN SOURCES FOR HYDROGEN METALLURGY IN
CHINA

Thelargescale development of hydrogen metallurgy requires a hydrogen supply that is both low
cost and lowcarbon. Currently, hydrogen sources mainly include fossil fuels (coal and natural
gas), industrial byroduct hydrogen, water electrolysis, and biomzesed hydrogen production.

At present, Chinadbs hydrogen production is p
from coal, 19% from natural gas, and approximately 18% from industriptdguct hydrogen.
Hydrogen produced via water electrolyaiscounts for only 1% [6]To systematically compare

the economic performance and £€mission reduction potential of different hydrogen sources,
this study normali zes hydrogen shar e, uni t
comparison diagranffigure 3). Coabased hydrogen benefits fr
resources and mature industrial system, offering a significant cost advantaged.(8.45
CNY/Nm?®) [7]. However, its high C@emission (2830 kg CQ/kg Hy) [8] makes its share
expected to ecrease to 20% by 2025 [1]. Industriatmpduct hydrogen and natural gassed
hydrogen also face challenges related to high €fission.

(0]
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Figure 3 Ternary diagram of shareostcarbon emissions for different hydrogen sources

In the future, wateelectrolysis is expected to become the major hydrogen source for hydrogen
metallurgy in China. Its share is projected to increase to approximately 15% by 2030 and reach
70% by2050[1]. However, the current cost of hydrogen produced by electrolysis iivedyehigh

at 2.69 CNY/Nm, which is two to three times that of fossil fimsed hydrogen [8]. Moreover,
over 50% of Chinads power generation s-12i || r
kg COJ/kg H2 for coatbased hydrogen production.dontrast, electrolysis powered by renewable
energy (solar and wind) can achieve reato emissions, making it the most promising pathway

for green hydrogen. Therefore, the Chinese steel industry should strengthen the integration of
renewable energgoweeed electrolysis with hydrogen metallurgy technologies. This integration
should rely on renewable hydrogen production processes to support the development of hydrogen
metallurgy, improve energy efficiency of electrolysis, and expand hydrogen productiaitycapa

to significantly reduce green hydrogen costs. Besides electrolysis, emerging technologies such as
nuclearbased and biomagmsed hydrogen production also hold potential. Nudlesed
hydrogen production boasts thermochemical efficiencies above G0%ades challenges related

to equipment costs, safety, and higinperature materials. Biomass hydrogen production remains

at the research stage with costs as high é3325NY/kg, making industrial application difficult.

4. CONCLUSION

Under toer idnu@al goal s, China has made notable
research and industrial application. Over the past five years, the number of hydrogen metallurgy
related papers and patents in Chinese databases has steadily increased. CHireterstises

have successively implemented industrial practices includigcH blast furnace and hydrogen

based shaft furnace, promoting the industrialization of hydrogen metallurgy technologies.
However, current hydrogen sources are dominated byhgarpgen with high C&emissions and

green hydrogen production remains costly. Achieving-tost, largescale green hydrogen
production is urgently needed to underpin the rapid development of hydrogen metallurgy in China.
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Abstract

A novelpyrometallurgical route was developed to obtain aARpalloy by recycling two metallurgical
wastes: lead paste obtained from spentiaaid batteries and a jarosite residue obtained from the Mexican
hydrometallurgical production of zinc. Both metalluigsvastes were characterized by atomic absorption
spectrometry (AAS),-Ky diffraction (XRD), and scanning electron microscopy with endigpgersive
spectra (SEMEDS). Mixtures of both wastes were pyrometallurgically treated with sodium carbonate in a
silicon carbide crucible at 1200 AC. A mixture ratio of 30% Na.CQOs T 40 % Lead past& 30 % Jarosite
produced the highest amount of-Rf alloy, while the slags produced contained compounds such as
Na(SQ) and NaFe(SQ),, which have a high sulftfixing, contributing to the minimization of
atmospheric pollution.

Keywords Jarosite, lead paste, PAg alloy, pyrometurgy, waste minimization

1. INTRODUCTION

The metallurgical industry generates significant quantities of hazardous waste, such as jarosite
from zinc hydrometallurgy and lead paste from spent-ed batteries. These residues pose
severe environmental risks due to their potential to release toxic elements (e.g., Pb, Cd, As) into
soil and water, while also representing a loss of valuable metailsilNler and lead [1,2]. Jarosite,

an iron sulfate precipitate, contains trace amounts of Ag, whereas lead paste consists primarily of
Pb and sulfur compounds. Traditional disposal methods, such as landfilling, are increasingly
unsustainable due to strictenvironmental regulations and the need for resource recovery [3,4].
Current recycling approaches face limitations. Hydrometallurgical methods for jarosite, though
effective in metal extraction, often involve complex leaching steps and generate sewaslasy

[5,6]. Standalone pyrometallurgical treatments for jarosite require extreme temperaturés (1400
1700 AC) to recover metals, resulting in hig
lead paste recycling typically focuses on lead regobeit overlooks the potential to -@xtract

silver from other waste streams [7,8]. This study introduces an innovatiweihoperature
pyrometallurgical cgprocessing route for the simultaneous treatment of jarosite and lead paste, to
recover a P¥Ag alloyand a slag with high fixing sulfur. The pyrometallurgical treatment is carried
out using Na CO as a fluxing and Si C crucib
AC.

2. EXPERIMENTAL

The lead paste used in this study was obtained from spéradehbatteries through a recycling
process. The bl ack powder residue was dried
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mortar and sieved to obtain 90 em particl es.
hydrometallurgical plant, is psented as a yellewown fine powder with clayjike
characteristics. After drying at 100AC for 12

075 &m. The <chemical composition of both re
mineralogical charderization was performed using a Bruker D8 AdvanemXdiffractometer
with Cu KU radiation (& = 1.5406 ) operating

morphology, and resulting slag size were analyzed by scanning electron microscopyesi
dispersive spectra.

Three mixture compositions were designed to evaluate the effect of lead paste to jarosite ratio on
metal recovery and slag formation (Table 1). All mixtures maintained 30 wt.% sodium carbonate
(Na CO , FermontgmpPOad % puxinhg, a®ans:

Table 1. Mixing ratios of raw materials (wt.%)

Trial Identification NaCO3 Lead Paste | Jarosite
30Na:55P:15J 30 55 15
30Na50P:20J 30 50 20
30Na:40P:30J 30 40 30

Each 100 g batch was homogenized in a polypropylene flask that rotated at 25 rpm for 30 minutes.
The mixtures were then charged into silicon carbide crucibles (SiC, 0.5 kg capacity) and processed

in an electric resistance furnace. The temperature wasotiedtrusing a Eurotherm 2408
controllerwithakt ype t her mocoupl e positioned 5 mm fror
of the setpoint (1200AC). After the holding p:
(200AC) cast iemplasesepardtieh. t o pr o mo

3. RESULTS AND DISCUSSION

Table 2 shows the chemical composition of the industrial jarosite and lead paste determined by
Atomic Absorption Spectrometry.

Table 2. Chemical composition of metallurgical wastes (wt.%)

Chemical Compsition (wt.%)

Jarosite Pb Stoal | Cu Fe Ag Ca Na Si Zn | NH4
045 | 17.47|0.17 | 8.36 0.0143 | 16.31 | 0.46 | 1.10 |4.88| 1.2

Lead Paste | 90.65 | 5.34 | 0.03 | 0.07 0.001 | - - - - -

The lead paste is predominantly composed of Pb and S. On the other hand, the jarosite residue
contains significant amounts of Fe, S, and Ca, along with trace amounts of Ag. The presence of
ammonium indicates thaluring the removal of iron in the leachin§zinc, ammoniurjarosite

was precipitated.

Figure 1 shows the mineralogical composition of the jarosite and lead paste determined by XRD.

a) A ; : " B PbSO. AP0 b) i ; i o ; i 1{)Jarosite (NH:Fes (S0:Js(OH)s
‘e i i i i i ; i i i i @ Gypsum (CaS0:2H:0)
i i i | @ PhO: P i
- i i i i _ :’Blende (ZnS) !
i ‘ Lo H OZnS07HO
g .: : A PbSO« _;~
& ! ! £ i
& i * 1 i i
‘ ‘ i i o0 04
A %4 A | e eh0 - :
k i ‘A i ] i L ¢ o
A It o A NAA A A
20 30 40 50 60 0 Y 10 15 20 25 0 ES Eh) 15 50 55 80
(b) Angle, 2 thetha degree Angle, 2 thetha degree

Figure 1. Xray pattern diffractions for (a) lead paste and (b) jarosite residue

The lead paste primarily consists of galena (PbS) and lead oxide (PbO), with minor amounts of
|l ead sulfate (PbSO ) and | ead oxide sul fate
composed mainly of ammoni um j ar3asdidtsaow the NH )
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amounts and the chemical composition of the metallic and slag phases obtained by the reduction
trials by mixing the metallurgical wastes with a fixed amount of sodium carbonate based on Table

1.

Table 3. Chemical composition of the métgbhase

Table Designatiorn, Metallic Ingot (g)| Chemical Composition (wt.%)
Phyaiance Ag Na Si Fe Ca Cu
30Na:55P:15J 34.51 99.21 | 0.0073]0.17]| 0.36| 0.14] 0.11] 0.01
30Na:50P:20J 41.24 99.17 |0.0080| 0.16] 0.37| 0.14| 0.14] 0.01
30Na:40P:30J 35.27 99.33 |0.0126] 0.17] 0.21| 0.12] 0.14] 0.02
Table 4. Chemical composition of the slag phase
Table Designatior Slag (g)| Chemical Composition (wt.%)

Pb | Ag Na Si Fe |[Ca |S
30Na:55P:15J 36.28 | 2.73|0.0002| 8.93 | 3.45|3.1 |5.87|3.04
30Na:50P:20J 42.02 |3.22]0.0002| 18.53| 1.97| 3.82| 4.34| 6.94
30Na:40P:30J 53.22 |3.71|0.0003] 18.89| 3.49| 4.19| 7.29]| 9.47

All trials maintained exceptional Pb purity (99279 . 33 wt . %) mi ni mal var.i

compositions indicates process stability; silver recovery progressive increase from 73 ppm
(30Na:55P:15J) to 126 ppm (30Na:40P:30J) the strong correlatiofawosite content confirms
efficient Ag capture; impurity profile consists in sodium (GQL&7 wt.%) consistent flux
contribution, silicon (0.2D.37 wt.%) higher in lowarosite mixes (crucible interaction) and iron
(0.120.14 wt.%), minimal variation dpite jarosite Fe content. Sulfur fixation efficiency

i mproved from 78% to 93% with hi gher j aro
30Na:40P:30J), enhanced environmental stability.

The metallic phase (Figure 2a) consisted primarily of lead with sitver $olid solution. The
increasing Ag content with higher jarosite proportion demonstrates effective silver capture by the
lead matrix, following the RAg binary phase diagram which shows complete miscibility in the

l iquid state at 1(Rigui@ RIQ showkdh progreskive grangfannzatoe with
increasing jarosite content: Lejarosite (152 0 %) : Domi nat e®#5 vbly) ahda SO
CaSi O30vdl®),highj ar osite (30%): Developed Na Fe(S
Na SO (38 vol %) .
a) Ap, : i - b) : ! ¥NaFefi0): ¢ 505 1OPS !
Qe iy L a ! a i i . 'HC 1V Fe0. loNaisO
‘—’U_‘_i‘—l 1 : : -Li- _ m%:wmm
E i mx%;ao?;zcj ; :
IR ST TN N
; i 1 : P sovisan P
JLliiLriéiti _—

25 30 3 40

Angle, 2 thetha degree

2 50 45 50 55

Angle, 2 thetha degree

Figure 2. Xray diffraction patterns of (a) lead paste and (b) jarosite residue

Figure 3 shows SENEDS micrograph samples of the metallic and slag phases for the 30Na:55P:15J trial.

Microstructural analysis of the metallic phase (Figure 3a) reveals-aileadprimary matrix that
dominates over 95% of the analyzed area. Beyond the metallic matrix, three distinottadiic
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inclusions were identified. These raretallic inclusionsvith angular morphologies ranging from

5 to 15 Om originate from flux interactions a
silver recovery. MEBEDS characterization of the slag phase (Figure 3b) reveals a heterogeneous
distribution of three @tinct regions: a sulfatach matrix, ironsilicate zones, and calciugilicate

inclusions.

50 ym 50 um

Figure 3. Micrograph of the a) metallic sample and b) slag sample of trial 30Na:55P:15J

4. CONCLUSIONS

This study successfully demonstrates an innovative pyrometallurgical approactpfocessing

jarosite and lead paste wastes, with three key advancements: resource recovery, achieved 126 ppm
Ag in PbAg alloy (30Na:40P:30J); recovered >99% pure leadhblétfor battery recycling and
valorized 100% of input waste with <12% mass loss. Besides, environmental benefits such as 93%

sul fur fixation as stable Na Fe(SO ) compour
conventional methods and produced amtiskag. The process advantages consist of operation at
1200AC {wOHO0OALO@onventional), and a 30% | ower

jarosite processing. The 30Na:50P:20J mixture emerged as the optimal formulation, balancing
high metal recovery82.5% Pb, 78% Ag), efficient slag formation, and minimal environmental
impact.
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Abstract

This paper presents the characterization of ceramfiermal barrier coatings (TBCs) obtained by
atmospheric plasma spraying (APS), focusing on their functional, structural, and chemical performance
under extreme thermal conditions. The study highlights the critical requirements of TBC systems, including
low thermal conductivity, high phase stability above 1200 AC, resistance to thermal shock, and strong
adhesion between the ceramic top coat, bond coat, and metallic substrate. Special attention is given to YSZ
(zirconia stabilized with yttria) coatings withhigh yttria content (38 wt% Y O ), which ensure cubic phase
stabilization and enhanced durability at elevated temperatures. Recent advances in TBC design are
discussed, such as optimized ceramic compositions, controlled microstructures, and muifidlinctio
architectures that integrate chemical protection and sensing capabilities. The advantages of ceramic TBCs
compared to massive or naeramic barriers are also outlined, emphasizing their reduced weight,
improved thermal insulation, chemical stabilitgnd thermomechanical compatibility. These results
confirm the potential of advanced Y:B&sed coatings to provide reliable thermal protection in aerospace
and energy applications, contributing to increased efficiency and reduced environmental impact.

Keywads. ceramic coatings, TBC, YSZ, microstructure

1. INTRODUCTION

In order to ensure effective and durable protection of components exposed to extreme
temperatures, a Thermal Barrier Coating (TBC) system must simultaneously meet a rigorous set
of functional an structural requirements, Figure 1. Firstly, the low thermal conductivity of the
ceramic layer is fundamental in limiting the heat flow to the substrate, thus helping to keep the
temperature below the thermal critical of the structural alloy and prolgrgelifetime of the

whole assembly [1]. At the same time, it is essential that the ceramic material exhibits outstanding
phasic stability at high temperatures (0120C¢C
(such as tetragonahonoclinic trangion in conventional YSZ), which can lead to internal stresses,
cracking or exfoliation [2].

Another essential criterion is thermal shock resistance, which refers to the coating's ability to
withstand sudden temperature variations without cracking ordbsslhesion. This implies a
suitable microstructure (e.g. controlled porosity, vertical cracks), but also good thermomechanical
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compatibility between the ceramic layer, the bond coat and the substratrticular in terms of
the coefficient of thermakxpansion (CTE), which must be as close as possible to prevent the
build-up of interfacial stresses during thermal cycling [3].

Also, interlayer adhesion is crucial: without good adhesion between the ceramic layer and the
bonding layer (e.g. NiCrAlY), theoating is prone to delamination and spalling under operating
conditions. Finally, the TBC system must resist oxidation and corrosion, especially in aggressive
firing environments that may contain reactive
Chrand Na , which may favor infiltration proce
[4].

Therefore, a higiperformance TBC system must not only be an effective thermal insulator, but

also a stable chemical barrier, a strong mechanical steuatul a wetbalanced interfacial layer

- all of which are prerequisites for its operation in extreme environments, such as aircraft turbines

or the combustion chambers of higbwer engines.

Essential TBC Requirements

-1— Low Thermal Conductivity

High Temperature Stability

I

<«—— Thermal Shock Resistance
Thermal Compatibility

+— Excellent Adhesion

'*— Oxidation Resistance

Optimized TBC Sy'sten

Figure 1 Main characteristics of a ceramic thermal barrieratimg

Evaluation of these characteristics is done by standardized methods, such as cyclic thermal shock
tests, adhesion tests, posst morphological analysis (SEM, XRD), and conductivity and hardness
measurements.

2. CURRENT TRENDS IN THE DEVELOPMENT OF TB C

Modern research in the field of Thermal Barrier Coatings aims to overcome the limitations of
conventional systems by developing innovative solutions that combine thermal stability at extreme
temperatures, microstructural adaptability and extended furadities, Figure 2. A first condition

for success is the optimization of the ceramic composition, where attention is focused on YSZ with
high Y O content (>20 mol %)YSZ) ®aJen a terhperatses a b i | i
above 1400 AnD desttudtive phage transfanmations. In parallel, alternative oxides,
such as Gd Zr O , La Zr O , CeO or Hf O ar e
conductivity and improved resistance to chemical attack or accelerated sintering [1].

A second direction is advanced microstructure control, where columnaPYEB or layered
porous microstructures (SPS) are being developed, offering high thermal flexibility, cyclic stress
accommodation and superior durability in thermal shock. These atahéeallow efficient stress
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dissipation through vertical intergranular openings and maintenance of low thermal conductivity
even after prolonged exposure [5].

At the same time, the direction of multifunctional coatings is taking shape, where TBC coatings
no longer only have a passive thermal insulation role, but also integrate chemical protection
(oxidation, molten silicate depositsrrosion) or even smart functions such as embedded sensors
(e.g. piezoelectric structures, optical or fluorescent markarsg¢altime degradation monitoring

[6]. These solutions bring added reliability and enable predictive maintenance in critical
applications.

Strategies for Improving TBC Performance

E Optimized Ceramic
Structures

Advanced
Microstructures
Improving future

TBC performance Multifunctional
layers

Advanced numerical
simulations

Figure 2 Main methods to improve the performance of ceramic thermal barrier coatings

Last but not least, améreasingly important role is played by advanced numerical modeling,
through the integration of CFD (Computational Fluid Dynamics), FEM (Finite Element Method)
and thermomechanical failure models, which allow the optimization of the design of TBC systems
from the concept phase, thus reducing the time and costs associated with experimental testing.
Through these synergistic directionsompositional, microstructural, functional and digitakw
perspectives are opening up for the realization of resilietglligent and extreme conditions
adapted TBCs for future energy and aerospace technologies. In conclusion, modern TBC systems
represent a complex and evolving interdisciplinary field with a direct impact on the efficiency and
reliability of energy and aenautical equipment. The investigation of alternative ceramic
compositions, such as YSZ with 38% Y O |, i s
of current commercial systems.

3. MAIN ADVANTAGES OF CERAMIC THERMAL BARRIERS OVER OTHER
TYPES OF SOLID OR NON-CERAMIC THERMAL BARRIERS

Ceramic thermal barriers in the form of thin coatings have a number of significant advantages over
traditional methods of thermal protection, which involve either massive layers of refractory
materials or metallic or conogite solutions without a ceramic component. These advantages
concern both functional properties and technological and economic efficiency.

Light weight and geometric adaptability: ceramic coatings have typical thicknesses in the order of
1005 0 0 O mared to @ fevp millimeters for solid refractory insulations. This makes them ideal
for aero and automotive applications where weight is a critical parameter. They can be applied on
components with complex geometries, including turbine blades, injectorssyatc., where solid
materials are impossible to fit or would affect functionality.
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Low thermal conductivity: YShased ceramics have a thermal conductivity & W/mK,

compared to metals (>200 W/mK) or even some metal composites. This allovagga thermal

gradient to be achieved at low thicknesses, providing superior thermal protection without requiring
large volumes of material [6]. Chemical stability and corrosion resistance: YSZ ceramics are
inherently stable at high temperatures and hagé bxidation resistance, unlike metal alloys
which oxidize rapidly at >1000 AC. 't i s resi
erosive particles), making it durable in severe industrial conditions.

Thermomechanical compatibility and therrshbck resistance: Modern ceramic coatings, due to
their porous and layered microstructure, exhibit good thermal conformability, capable of absorbing
cyclic expansion/contraction without generating critical cracks. In combination with a flexible
bonding lar, they provide superior durability in cyclic conditions, where solid materials can
crack or peel [2]. Easy technology integration: TBC coatings can be deposited directly onto
finished metal components without requiring additional assemblies or majalesagh changes.

They are compatible with automated industrial processes and have a lower overall cost than
alternative volumetric thermal protection methods.

Increased overall thermal efficiency: thanks to their ability to increase the working tempefature
components by up to 18500 AC wi t hout degradati on, TBCs
thermodynamic efficiency of engines or turbines. This translates into lower fuel consumption and
reduced CO majergaals is avatiols, energy and transpastat All in all, ceramic

thermal barriers offer a performant®weightto-cost ratio incomparably superior to other

thermal protection solutions. Combining advanced insulation, stability and resistance properties,
they are the reference solution for modapplications in extreme environments.

4. CONCLUSIONS
Plasma sprayed ceramic coatings exhibit low thermal conductividy\nK), which allows

effective protection of the metal substrate even at low thicknesse$(@00 Om) . The str
stability of YSZ wi th high Y O content (&4 38 wt %) €
temperature resistance > 1200 AC, reducing t

porous and layered microstructure favors thermal shock resistance and thermomechanical
compatibility between the ceramic layer, the bonding layer and the substrate. TBC coatings
demonstrate good resistance to oxidation and corrosion, including in aggressive combustion
environments, extending the service life of protected components. Theadegmtages of these
coatings (low weight, applicability on complex geometries, high thermal efficiency) recommend
them as the reference solution for aero, energy and automotive applications.
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Abstract

The removal of tdg gases leaking during excavation in infrastructure projects is crucial for both human
health and environmental protection. In this process, Computational Fluid Dynamics (CFD) simulations
are highly valuable for modeling and analyzing complex physicalgsses associated with the transport

and dispersion of gases. During infrastructure projects in geothermal regions, various gases may leak from
underground sources. These gases may include toxic and/or flammable substances such as hydrogen sulfide
(H S), carbon dioxide (CO ), and methane (CH ). Designing an effective ventilation system is essential for

the removal of toxic gases through ventilation. CFD simulations can be utilized to evaluate the design and
performance of ventilation systems. Modeling gak$ from sources encountered during excavation using
CFD simulations can help understand how gases move throughout infrastructure projects and their
environmental impacts. CFD simulations can assist in optimizing factors such as the placement of
ventilation systems, duct design, air flow rates, and filtration efficiency. This optimization ensures the
effective removal of toxic gases and minimizes environmental impacts. CFD simulations can also be used
to assess the efficiency and safety of ventilatioresystdesigned for the mitigation of toxic gases.
Additionally, simulating the operation of ventilation systems during potential emergency situations can
help in evaluating associated risks.

Keywords Computational Fluid Dynamics, gas leakage, ventilatisategies, gas dispersion, subsurface
infrastructure

1. INTRODUCTION

The removal of toxic gases during excavation in infrastructure projects is critical for both human
health and environmental safety. Computational Fluid Dynamics (CFD) simulations areevaluabl
tools for modeling the transport and disper :
which may leak from underground sources, especially in geothermal regions. Designing an
effective ventilation system is essential, and CFD can be used to assesptimize system
performance, including fan placement, duct layout, airflow rates, and filtration. This helps ensure
efficient gas removal and reduced environmental impact. CFD simulations also support safety
evaluations by modeling system behavior potential emergency scenarios. The study was
conducted by model i ng t hHAnkafaHightSpeedRail line. Dudngt e d
the excavation works of the T2 tunnel|, gas |
was detected along a 4@feter stretch starting from the tunnel face. The gas leakages were
modeled in the analyses based on field measurements. Although the T2 tunnel is located within a
geothermal basin, the leakages encountered during excavation are not of geothermal origin.
Furthermore, it is assumed that the ventilation ducts used are airtight and that there are no other
factors (such as machinery, personnel, or vehicles) influencing the airflow inside the tunnel. All
surfaces of the tunnel are supported and covered with Gr8ineet lining. Based on field
investigations, a surface roughness of 3 cm was applied to all tunnel surfaces in the simulations.
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The temperature of the gases Il eaking from the
the tunnel i sthe 2hérmaC effecildi the leaking mases is considered negligible.
ANSYS Fluent software was used to perform the CFD analyses.

2. COMPUTATIONAL FLUID DYNAMICS

To conduct CFD analyses, the thhdimmensional geometry of the structure must be created using

a computeraided design (CAD) program. In this project, the SpaceClaim module of the ANSYS
software was used as the design tool. The tunnel geometry created has a length of 815 meters and
a surface area of 130 mj|. Wi t hi rametethad 2200u n n e |
millimeters and a length of 765 meters was modeled (ANSYS Education Tutorials, 2016).

Figure 1. 3D Tunnel geometry

2.1 Analysis No 1

The airflow rate supplied to the hefaman38B801l3 by t h
m]. Theectrioesal area of the tunnel is 130 mj,
tunnel toward the outlet ¥ direction) is 0.3 m/s.

The following analyses were carried out using a fan and duct system with a lengthudtéés
and a diameter of 2200 mm, providing an airf]I

existing ventilation system of the T2 Tunnel
discharge velocity was calculated (Goodfellow, 2020):

oWy ol T pd®d Z wp (1)

As a resul t of these cal cul ati ons, the fanods
10.2596 m/s.

Tablel. CO; and HS Mass Contours on Tunnel Geometry (Analysis No 1)

First 400 meters Last 400 meters

CO;Mass
Countours

H.S Mass
Contours
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2.2 Analysis No 2

In addition to the ventilation configuration used in the farsalysis, a fan was installed at the 100th
meter of the tunnel, and a fan duct was defined from this fan to the tunnel outlet. This fan duct has
a diameter of 2200 mm, like the initial fan duct. The second fan extracts air from within the tunnel
ataflonr at e of 39 mj/ s.

Table2. CO; and HS Mass Contours on Tunnel Geometry (Analysis No 2)
First 400 meters Last 400 meters

CO;Mass
Countours

H.S Mass
Contours

2.3 Analysis No 3

In this scenario, the length of the fan duas increased from 765 meters to 790 meters. The
second fan was not used. The diameter of the fan used is 2200 mm, and the airflow rate supplied

from the fan duct into the tunnel I's 39 mj/ s
Table3. CO; and HS Mass Contours on Tonel Geometry (Analysis No 3)

First 400 meters Last 400 meters

CO;Mass
Countours

H.S Mass
Contours

2.4 Analysis No 4

In the fourth analysis, a second 2200 mm diameter fan was added 375 meters from the tunnel
outlet, with a duct of the santkameter extending to the exit. Both the first (790 m) and second
(375 m) fan ducts operate with an airflow ra
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Table4. CO; and HS Mass Contours on Tunnel Geometry (Analysis No 4)

C0O, 800 meters mass contours

H>S 80 meters mass contours

3. RESULTS AND DISCUSSION

FI ow analyses show that airflow near the tunn
and H S concentrations to O ppm in this reg
decreasestmear |y O m/ s, causing gasdapcumuBaAaODoppa
and 40 ppm H S in the first analysis. I n the

had no effect, as it was positioned in a-ffag zone. In contrast, theurth analysi@ where the

source (

redu

second fan was placed closer to the
significantly I mproved gas evacuati on,
downstream. Extending thH&®&O0f misthoiwanmeducdi tr o«

improvement. These results highlight that the position of the second fan is the most influential
parameter for effective ventilation. CFD simulations proved valuable in optimizing fan placement,
duct configuration, andirflow rates, helping minimize toxic gas accumulation. Moreover, CFD
serves as a powerful tool for evaluating ventilation strategies under varying structural conditions,
supporting safer and more efficient infrastructure development.
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Abstract

The platewire electrostatic precipitator (ESP) achieves maximum efficiency by simultaneously generating
the maximum spark voltage via a homogeneous velocity field of the flue gas between the plates. The
consortium, consisting of the Vinla Institute of nuclear sciences and the Nikola Tesla Electrotechnical

Institute, has successfully developed and applied new measuring equipment and the original methodology
for diagnosing the actual working conditions amutimization of the ESP. This paper presents the results

of testing and optimization of the ESP of the Kostolac A thermal power plant unit A1. Based on the results
of measurements of particulate emissions, flue gas velocity distribution in the flue mtlictsaanbers of

the ESP, the reconstruction of the mechanical turning and damping elements of the ESP and the installation
of new power control elements have been proposed. The effectiveness of the proposed measures can be
seen in the improvement of the loganeity parameters of the velocity distribution in the vertical eross
sections in the front of the first and behind the last electric field of the electrostatic precipitator.

Keywords electrostatic precipitator, particulate emission, on site measuremerid

1. INTRODUCTION

Bet ween 2004 and 2022, all 15 units of the J
system under went ESP refurbishment and mode
reducing particulate emissions from 66,626 t in2606,344 t in 2022. Unit 1 of TPP Kostolac

A later exceeded the emission limit values (ELV) due to equipment aging, failures of the electrical
fields of the highvoltage supply systems, etc. If we take the coefficient of vari@Mm Sqev/

Vave @S tle measure of homogeneity of the flue gas flow in the vertical -sexdson of the ESP,

where Sqev is standard deviation andve average velocity, than the Matish nf el dt gene|
form of the ordinary DeutseAnderson equation indicate that maximunedtetical ESP
collection efficiency results from perfectdl
chamber cross section [1].

Also, the dust removal efficiency depends on the intensity of the electric field in the ESP chamber.
If present the dusemoval efficiency by using the power density of the cor6h@[W 1 0 GiOPA]m
then high efficiency could be obtained only for high valueB/Q[2].

Therefore, a high dust removal efficiency of ESP is achieved by simultaneously establishing a
homogeneos flue gas velocity field through the optimally regulated electric field inside ESP.
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Vinla Institute of nuclear sciences has been
equipment [3] for determination of the velocity distribution in largeiwakicross section of the

ESP chamber (15 m x 15 m). In consortium with Nikola Tesla Institute of Electrical Engineering
an original methodology for diagnosing the working conditions of the ESP have been developed
and applied. The methodology consistsinépectionof the electrical and mechanical equipment

of the ESP;on-site measurementof the flue gas velocity distribution, temperature and
composition in the flue gas ducts, particulate matter emissions, homogeinity of air velocity in
vertical crosssecions of the ESP chamber, and laboratory analyses of coal, fly ash and bottom
ash; CFD simulations of numerical models with various geometric solutions of the structural
elements of the ESP andmerical simulation of the electrical parameteds various ESP power
supply solutions. The results of application of this methodology on optimization of the ESP of unit
TEKO A1 are presented in this paper.

For assesing flow homogeinity we have used the dimensionless mom&htiand energy
correction coefficienN [4]:

3 o
_ﬁVdA 1 SC‘V'ODA Nk:ﬁvdA 1 QP,OA

3
% Aot Aot' 1 avg— \ Aot Aot' la/avg—

avg avg

k —

wherev; [m/s] is a mean velocity through the elementary surfa¢¢he crosssection of the ESP
chamberyayg [M/s] T mean velocity in the crossection,@Ai [m?] i elementary surface anui

number of elementary surfaces in the cresstion of the ESP chamber. The valueslpandNk

are equal to unity only under the uniform flow conditions. The additional two criteria used to assess

the flow homogeneity is that the area of all fields vehtte measured velocity is greater than

1. tagMust be O 25% o f-sedtidnareanegag-1si0 N295 % raonsds wh e r e
measured veloci taymusst |mewe® 2 5% no fGedibakeamega s ur i |
Vavg <85%O 25% [ 5]

The ESP of the TEKO Al unit is the only ESP within EPS in which all gas passages are 500 mm
wide. The maximum design value of the effective migration velocity4s0.2456 m/s. This ESP

has relatively small specific surface area of the deposition elestBiiA= 29.2 n?/(m?¥s), with
maximum design values of the specific corona current of 0.593 faAmme corona current values

of ESP of unit TEKO Al in all electrical fields were below the design value of 1250 mA, especially
in zones 1 and 2, the tempera@and oxygen content in the flue gas were above the design values,
while the flue gas flow and the concentration of PM at the entrance to the ESP was around the
design value. The flue gas channels and the elbow with set of turning vanes in the froBiS#H the
diffuser are correctly designed so the conditions for the occurrence of erosion are completely
eliminated. In the confusor at the ESP chamber exit, no distribution plate was originally designed
or installed.

2. EXPERIMENTAL

The velocity measurements in the vertical cresstion of the ESP chamber in the front of the first
electrical field indicate that there are two zones with increased velocities in both chambers [6].
One zone is near the centre of the section, closeetefthwall, and the other occupies almost the
entire centre of the right half of the section. The velocities at the top and bottom of the cross
sections are at the level of the mean of that esestion. There are zones of very low velocities
near the wis and along the height of the left and right half of the csasgion.

The velocity measurements in the vertical cresstion of the ESP chamber behind the last
electrical field indicated that there is a large zone of increased velocities in tleeafehtr cross
section towards the ceiling of the chamber, while in the lower third of thegeotien and in the
upper corners the velocities are well below the average value of theseatigmal velocity. This
distribution of velocities is a direcbnsequence of the suction effect of the exit from the confusor
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and extends through the third and partly through the second electrical zone. It has a very
unfavourable effect on dedusting efficiency in these zones. The most of the particles are carried
awayby the high velocity flow because it does not give the ash particles enough time to charge
and separate on the collecting electrodes. On the other hand, there is almost no gas flow and
therefore no particle separation in a large part of these elecwivas ZFigure 1).

Table 1 presents results of homogeneity evaluation of velocities measured in the vertical cross
sections in the front of the first and behind the last electrical field of left / right ESP of unit Al.

Table 1 Parameters for evaluating tH®mogeneity of the velocity distribution in the ESP chambers

Parameter Sidev [%0] Mk [-] Nk [-] Vavg-115% [Y0] Vavgesso [Y0]
Recommended value 025 01,2 01,8 025 025
Inlet left ESP 34.2 1.10 1.32 32.7 36.3
Inlet right ESP 42.4 1.10 1.44 32.0 41.2
Outlet left ESP 41.5 1.13 1.42 37.4 34.1
Outlet right ESP 445 1.15 1.51 33.3 43.5

The measurement also revealed irregularities in the flows through the flue gas ducts at the entrance
to the diffuser, where higher flow rate was measured in theflighgas duct of the left ESP than

in the left flue gas duct. In the case of the rigabd ESP, the flow rate through theefind flue

gas duct was greater than that through the-hgind duct. This nenniformity is also reflected in

the homogeneityfahe flow rate through the ESP chamber.

3. RESULTS AND DISCUSSION

From Table 1 we can see that the condition for the parar@géeis not fulfilled in any of the
observed sections for both chambers. The values of the paravetand N« calculated for each

of the observed sections are in agreement with the recommendations of the literature [4].
Homogeneity criteriavavg-115% andvavgssy arenot fulfilled in any of the observed sectiofi$ie

series of the CFD numerical simulations flioe ESP model with different design of new turning

and distribution elements were conducted. To further reduce the increased velocities in the upper
zones of the chamber, it is proposed to install a distribution grid in the confusor with 16 horizontal
pands, 300 mm wide, 9 m span and a vertical distance of 300 mm.

Results of CFD numerical simulation of the velocity distribution behind the last electrical field in
the numerical model of the left ESP chamber whit new design of distribution grid with 16
horizontal panels in the ESP confusor are presented in Figure 2. Comparing to measured velocity
distribution presented on Figure 1, one can notice much better homogeneity in theectioss

behind the last electrical field, influenced by the new distribugiate design. Numerical results

also confirmed propagation of this positive influence through the ESP chamber up to the first
electrical field.

4. CONCLUSION

The CFD analysis of the flow in the ducts and ESP chamber for the existing/original geometry of
the turning and damping elements confirms the presence of pronounced velocity unevenness in
the entire chamber of ESP of unit TEKO A1l which was also established by detailed measurements.
CFD analysis of the flow in the channels and ESP chamber for the newplgsaed geometry of

the distribution grid in the confusor indicates that it is possible to significantly improve the
homogeneity of the velocity field in the chambers (especially in fields 2 and 3) and thus increase
the dedusting efficiency of ESP. It isggiested to choose suitable locations in front of the diffuser

and to install suitable pressure transducers and thermometers to measure the necessary parameter
to equalize the flue gas flow through the ducts.
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Abstract

Slope Optimiser is a novel software tool that determinesptenmar optimaly shaped slope profiles which

are featured by a depth varying inclination. These profiles are obtained as result of topological optimisation
carried out in order to determine the slope profile featuring the maximum Overall Slope Angle (i.e. the
overall sbpe inclination from crest to toe) for prescribed input ground strength parametdishr-
Coulomb (MC) or Generalised HoeBrown (GH-B) and a target Factor of Safety. Bench geometries
(bench height, face inclination, minimum berm width) are prescribeéderoptimisation as constraints
constraining the maximum local inclination of the sought optimal profile, together with any other
constraints stemming from any geological discontinuity that may influence slope failure.

In this paper a novel formulation scount for the effect of discrete faults on slope stability is introduced.
The failure mechanism considered are mixed accounting for failure along intact rock and along the fault.
To provide a rigorous guantification of the benefits brought by SlopenBeti, we consider case studies

of metalliferous open pit mines and performed two designs: one employing planar pit walls and another
one adopting the optimal pitwall profiles determined by Slope Optimiser. Here, a new mine case study is
presented where fpvalls have to be designed in a mine featured by several faults. The Factor of Safety of
the optimal pitwalls determined by Slope Optimiser were independently verified by Finite Element analyses
with shear strength reduction technique performed using RotsE RS2 and Midas FEA NX.

Keywords slope topological optimisation; discontinuities; optimal pitwalls; wastek reduction; carbon
footprint reduction

1. INTRODUCTION

Pitwall inclinations bear a very significant effect on mine environmental impact and profitability
since they control to a large extent the amount of rockwaste to be excavated [1]. Consequently,
ensuring pitwalls are as steep as possible is essential.

[2], [3] and [4] employed a novel geotechnical software, Slope Optimiser [5], that computes the
slope optimal profile for any specified lithological sequence without unduly restricting the search
to any predefined family of shapes to design the pitwalls i&ettopen pit mines achieving
important increases of NPV and carbon footprint reductions in comparison with the traditional
design based on planar pitwalls. To be able to quantify the gains of NPV and carbon footprint
reduction in a consistent way in-f2 the open pit mines considered were designed twice
employing the same pit optimiser software, economic parameters and optimisation strategy, with
the only difference between the two designs being the pitwall profiles adopted. Financial and
environmental gais were calculated as the difference between the NPV, carbon footprint and
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energy consumptions resulting from the two designs. Net Present Value increases and carbon
footprint and energy consumption reductions obtained by the adoption of optimal pitaygksh

are rigorously quantified with gains up to 52.7% of Net Present Value and carbon footprint
reductions averaging at 600,000 tonnes €quivalent.

A fundamental limitation of the current topological optimisation is the-cwrsideration of
discontinuites like faults. As the LOP guidelines-1% state faults are often encountered in the
excavation of pitwalls and depending on their inclination they may severely reduce slope stability
so their correct consideration in slope stability assessment is parano this paper, we first
describe and then showcase the extension of the current algorithm that seeks the Factor of Safety
in 2D for a given slope profile to include faults.

The paper is structured as follows: in Section 2, the methodology adoptediude the
discontinuity in the calculation of the FoS of a 2D crssstion are introduced; in Section 3 case
studies of pitwalls of existing open pit mines employed to test the methodology are introduced; in
Section 4 the results of the simulations perfed using Slope Optimiser on the case studies are
illustrated; in Section 5 conclusions are provided.

2. METHODOLOGY

2.1 Optimal pitwall design by slope optimisation

A detailed explanation of how slope profile optimisation works can be found in [2]fdrere

will not be repeated here. The input data required are the rock mass strength (expressed as either
Mohr-Coulomb or Generalised HoelBrown criterion), unit weight, and the geometries of
benches, namely bench height, bench face inclination anditinaum berm width. Moreover,

any ramps (roads) can be prescribed as a constraint for the slope to be designed together with any
surcharge load as well. In Figure 1, typical input and output data for Slope Optimiser are reported.
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Figure 1. Slopeptimiser graphical user interface: a) example of a 3D input stratigraphy. For each
lithological unit, rock strength parameters and (i for the Mohr-Coulomb criterion or GSI, UCS and m
for the GeneralisetHoekBrown criterion- are specified together i unit weight. Bench and ramp
geometries are specified also for each lithological unit. b) Example of a vertical cross section, obtained
by slicing the 3D stratigraphy (it is also possible to import 2D section directly).

Slope Optimiser typically consideseveral thousands of candidate slope profiles, each defined by

a discrete set of points in the vertical plane: see the&)xoordinates in Figure 2a, withlzeing
values specified according to the beandhx hei
unknown variables to be determined. The search for the optimal profile is constrained to feasible

profiles (which lie within the blue bounds of Figure 2a). A profile is feasibte+— 0 @ &

for everyi (i.e. the inclhation of each segment of the profile is capped to ). The|

values are determined by the software before the optimisation algorithm is called on the basis of
bench height, bench face inclination, and minimum berm width provided mséngsee Figure

2b). If a ramp needs to be included as part of the pitwall profile, a Jower value is imposed

for the profile segment corresponding to the vertical position of the ramp.

The optimal pitwall profile is defined as the overalkegtest safe profile that meets the FoS design
criterion (.e., OSA=0SAnay, With OSA being the inclination over the horizontal of the line
joining the pitwall toe to the crest (see Figure 2a). The logical steps used to calculate the optimal
pitwall profile are summarised in Figure 2c. Firstly, an initial OSA is heuristically determined.
The main algorithm then calculates the optimal pitwall shape for the assigned OSA and geometric
constraints (bench height, bench face inclination, minimum berm width, ashd/idiz). The FoS
associated with the optimal profile found at ik iteration is then compared to the ke If it

is higher, a steeper OSA is prescribed at the next iteration; if it is lower, a flatter OSA is prescribed.
The termination criteriois specified in terms of the percentage difference betweenrfaE®d

FoS.
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Figure 2 After (Agosti et al., 2025): a) generic candidate slopdfif@oA uniform discretization along
the z direction is adopted. The blue lines enclose the region where the profiles are sought. The profile is
discretised in n gz intervals so there are n-1 unknowns to be determined; %, . . . %.1. b) determination
of Ui maxbased on bench geometry. ¢) Flow chart summarizing the iterative procedure used to determine
the optimal profile for a given pitwall.

2.2 Algorithm to include faults into calculation of the FoS

Discontinuities, eg. faults, are represented inta daucture (each fault as a vector of points) of
their own since they are open polylines with their own strength properties: friction angle and
cohesion. Every time intersection of the rotational mechanism under consideration with a fault is
detected, anew failure mechanism is generated on top of the failure mechanism under
consideration. This mechanism is made by a logspiral, which is the most efficient rotational failure
mechanism in a homogenous rock layer, until the point A of intersection (see Bjgamd then

by the fault geometry which needs to be followed. There are two directions that can be taken along
the fault, we want to follow the direction compatible with a feasible failure mechanism, hence
from A upwards towards B. The algorithm can lesatibed by the following steps:

1. Detect intersection of the rotational mechanism under consideration (logspiral) with any
fault
2. Follow the fault until either of the two options occurs:
a) The fault daylights on the slope face or exits at the topography
b) Thefault terminates inside a lithological unit (dangling fault)
c) The fault reintersects the composite logspiral

The external work (or the driving momeint ) performed by the selfieight and surcharges are
calculated as shown in [2] according to the limilgsis upper bound theorem or equivalently the
limit equilibrium method for the case of a single rotating wedge [8]. In equations (1) and (2) below,
both formulations are provided.

The calculation of the resisting moment involves two components: onetabngtational part of
the rotational mechanism and one along the fault. is to be calculated as the sum of each

piecewise linear segment multiplied by the lever arm to the Centre of Rotation (CoR).
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Figure 3 Calculations of resistipg moment (or dissipated energy for the limit analysis upper bound
method) along the fault (in red): the vector i and U indicate the normal and tangential stresses
respectively along a fault segment.

0 is due to both tangential stressks, , and normal stresses, (see Figure 3). The
fault is discretised intd segments, with the discretisation (length of the fault segment) being a
function of the precision of the geotechnical model available. The moment is calcubateithé
summation of the stresses along each fault segment, so the following formula is derived:

0 — B tzazQ ,zazqQ (1)

with @ the dissipated energy andthe rotational speed of the sliding magsyeing the fault
segment lengthiQ  being the distance to the CoR of the segmand’Q being the distance to
the CoR of the perpendicular to the segment

Then we substituté , 0 O € W

0 — B ,0MEe ®© zqz'Q , zaz20Q (2)
withw  being the cohesion and being the friction angle along the fault (ideally measured
by direct shear test)

3. RESULTS AND DISCUSSION

To test the new algorithm we considered an open pit mine located in Asia. For reasons of
confidentiality we are unable to name it. The data were taken from the geotechnical reports of the
mine. In Figure 4a the plan view of the lithological units is pregidThe mine presents several

faults which are also reported in red in Figure 4b each of them features by different strength values.

-41-



The 56" International October Conference on Mining and Metallurgy22®ctober 2025, Bor Lake, Serbia

GZONE_ALTZON % o - f
/ N
=

@ ABSENT)
@ 0FPO1_PR
@ OPO1_ARG
@ DPO1_SER
[ DPO2_PRO

@ 0PO2_SER
@ OPO3-PRO
@ W.C1_PRO
@ V.C1_SER
O wc2_PrRO
@ WL.C3PRO
@ wcase

@ LCIARG
[ GRN1_PRO
@ GRN1_ARG B
([ GRN1_SER |
[0 GRN2_PRO
@ GRN3_PRO

Figure 4 lithological units and faults (in red); b) plan view with cresstions.

3.1 Calculation of optimal pitfall profiles by Slope Optimiser

In the design of pit walls, we followed the standard practice of starting with the design of benches
and then moving to the overall pitwall profiles [6]. The height of the benches to be adopted is a
mine specific input parameter which often within the samee, eg. higher benches in stronger
rock layer. In Slope Optimiser, bench heights are to be specified for every lithological unit (rock
layer) in the 3D stratigraphy. The properties are then inherited after slicing into any 2D cross
section made. The beln face inclination is another user specified input. In the 2 case studies here
considered, bench face inclinations were calculated following a kinematic analysis at the bench
scale.

The minimum bench width is the third geometric input required by Slpgtien3er which together

with bench height and bench face inclination is used to calculate the Bngie® be prescribed

as geometric constraints in the search for the optimal slope (see Figure 2b). This geometric
parameter depends on the type of myngguipment employed (eg. size of excavation machinery
and type of blasting techniques) and the requirement to keep rockfalls under control.

Then, we computed the geotechnically optimal slope profiles for the representativeentiss
of the mine usinglope Optimiser.

3.2 Verification of optimal profiles by Strength Reduction Finite Element Analyses

In Figure 5, the optimal cross section determined for the mine is shown. The excavation goes
through 4 different layers of rock (identified by different eok) and several faults in orange. The
optimal cross section obtained from Slope Optimiser was exported as .dxf file and then imported
into into Rocscience RS2 (Figure 5a). Then a Finite Element Analysis with Shear Strength
Reduction (FEASSR) technique wam resulting in a Strength Reduction Factor of 1.23; a similar
analysis was run in Midas NX resulting in a Strength Reduction Factor of 1.23. Note that the
FEASSR is performed in RS2 and in Midas are performed according to two different methods: in
RS2 bracketing and bisection is employed [9], ie several analyses are performed for different
values of SRF each resulting in either convergence or non convergence of the analysis with the
next value of SRF selected on the basis of bisection, whereas in Milas d\hgle FEA is
performed with SRF increasing monotonically [10] until displacements exceed a prescribed
threshold, when failure is declared. In both techniques, the steps of SRF decrease can be prescribed
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as small as desired. The fact that the two nalgve rise to very similar results is reassurance
of the validity of the analyses performed.

b)

Figure 5. Finite Element Analysis with Strength Reduction of the optimal slope profile determined by
Slope Optimiser. a) geotechnical model (faults aisible in orange, each lithological unitis in a
different colour); b) shear strain field from Rocscience RS2 with slope instability detected for SRF=1.23.

It is well known that Finite Element Analyses may be subject to mesh dependency and in case of
non-normality of geomaterials to spurious results [11]. Therefore in order to ensure results are not

unduly dependent on mesh size, 1) the normality rule, ie dilation angle chosen as equal to the
internal friction angl e J(lationsneese pexfdroaa foeddferantn  a |
mesh sizes until the mesh size was small enough not to affect the results in terms of both FoS
values and geometry of the failure mechanism. Asymptotic convergence to the Strength Reduction
Factor for decreasing sizéthe mesh adopted was observed in all cases.

An extra difficulty of these FEASSR analyses was about the selection of elastic stiffnesses for the
faults in both normal and tangential directions for Midas FEA NX since the code requires these

input parametes. In order to select these values, we ran several parametric analyses for an idealised
case of a slope with a single oblique fault dominating its behaviour and selected the stiffnesses
such that the displacements obtained were equal to those achiandthdreame simulation run

in Rocscience RS2.

4. CONCLUSIONS

A new methodology to extend topological optimisation of slopes to account for the presence of
any number of discontinuities, eg. faults, is presented to determine geotechnically optimal profiles
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T profiles that maximise the overall slope angle for a prescribed FoS, considering the geometry of
benches and any rampg$or rock masses featuring several discrete discontinuities.

In current design practices, mines tend to be designed on the basisasfptevalls, i.e. with a
constant interamp angle (IRA) in each sector of the mine. However, looking at the final geometry
of any pit crosssection, this is anything but planar due to the need to accommodate for benches,
stepouts and roads, thereforeetlassumption of constant IRA adopted at the design stage is a
simplification which can and should be removed if a better design can be achieved as result. It
seems only natural to wonder whether pitwalls of-twe@ar shape could be used instead of planar
ones.OptimalSlopé Slope Optimisehas beerevelopedo find geotechnicallyoptimal shapes

for nonuniform slopesaccepting any number of layers as input and geomaterials whose strength
is described by either the Mal@oulomb criterion or the Generaliskldek Brown criterion.

In the presence of faults failure mechanisms end up being much more complex since they are
determined by a combination of failure along the geometry of the discontinuity and rotational
failure along a logspiral segment across thek iatact material. For each candidate slope profile
considered, the critical failure mechanism, the one associated to the lowest FoS value, is found,
then the best slope profile is found as the results of constrained optimisation and an iterative
processwvhere different OSA inclinations are trialled. The new formulation was demonstrated on
an open pit mine case studies in the presence of several distinct faults. The Factor of Safety values
and the failure mechanisms identified were verified by runningeé~Eliement simulations with

Shear Strength Reduction using two stat¢he-art commercial software packages for slope
stability analyses: Rocscience RS and Midas NX.
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Abstract

The paper presents the comparative resultquafntitative Xray powder analysis and cation exchange
capacity for zeolitic tuffs Slanci and Zlatokop. The basic mineral composition is represented by Ca
clinoptilolite (Zlatokop) and Cdneulandite (Slanci), feldspars, quartz and clay appear as acconmganyi
components. The-bay powder diffraction method on a polycrystalline sample and the Sirquant software
program were used to determine the quantitative composition.

Keywords zeolitic tuff, quantitative analysis, Siroquant software

1. INTRODUCTION

The heuladite series of zeolites is represented by isostructural minerals clinoptilolite and
heulandite, with a general crystalochemical formula (Na,K,Ca@Ag¥piF @3 F L. FOH
Depending on the dominant exframework cation present in the zeolite structure, thezeCa
heulandite, Baheulandite, Calinoptilolite, or K-clinoptilolite [1]. The minerals of heulandite

series were formed as a product of devitrification of volcanic glass, and are related to lacustrine
and marine sedimentary deposits [2]. In thesensedliary rocks, zeolites occur in the form of
small c¢crystals ranging in size from 0.1 to 1
as clay minerals and other aluminosilicate and silicate forms of similar densities. The subject of
this study was comparative analysis of the quantitative mineral composition, and an analysis of
the content of exchangeable cations in zeolitic tuffs.

2. EXPERIMENTAL

The samples used in this study are zeolitic tuffs from the Zlatokop and Slanci deposits, in a raw
statewith a grain size of +100% 6 3 €& m. Quantitative chemical
gravimetric method. To monitor the concentration of exchangeable inorganic cati@nkdNa

Cap a n ¢l thevigtdl cation exchange capacity (CEC) was determined bydastamethod

[3]. The XRD technique was used for identification of the crystalline phases in the powdered
samples. The XRD patterns were obtained using a Philipd PMW automated diffractometer with

a Cu tube operated at 40kV and 30mA. The instrumenégapped with a diffracted beam curved
graphite monochromator and an-Kiked proportional counter. The diffraction data were collected

in the 2d Bragg°windl eas sftreopm s4 zteo o5 0. 02A <co
analysis, the Siroquéa V4.0 software was used [4].
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3. RESULTS AND DISCUSSION

The chemical analyses of zeolitic tuffs show a high content of silicon, as well as the presence of
oxides of alkali and alkaline earth metals. The SEM photomicrographs shown in Figure 1 provides
the results of the chemical analyses and the morphological appearance of the zeolitic tuff from

Slanci and Zlatokop.

Slanci

Si 30.5; AL 7.9; Fe 0.6; Ca 2.87; Mg 0.48; Na 0.67; K 0.68 (%)

Figure 1. SEM photomicrographs of zeolitic tuff from Slanci and Zlatokop (magnification T 2.000).

Based on crystalochemical analysis, it was determined that the dominant cation for both tuffs is
Ca, and the Si/Al ratio amounts to 3.86 (Slanci) and 4.64 (Zlatokop). It can be concluded that the
zeolitic tuff from Slanci is rich in Gaeulandite, while Ztokop is rich in Ca&linoptilolite, which

is in accordance witlprevious studies [F]. The mineral composition of both zeolitic tuffs is
uniform: heulandite, quartz, clay minerals (montmorillonite), and feldspar minerals (mainly
plagioclase). The most donant mineral in the samples is a zeolite mineral from the heulandite
series, while contents of other accompanying minerals are lower. The zeolitic tuff from the Slanci

|l ocality (lacustrine Miocene f or matreapwitkin | ocat

the territories of Veliko Selo and Slanci) [2], rich in HEU minerals, is presented in the SEM
photomicrographs in Figure 1. SEM photomicrograph of zeolitized dacitic tuffs from Zlatokop,
which are interbedded in marlstone rocks of Middle Miectm Pliocene age, is also shown in
Figure 1. The zeolite minerals occur in the matrix as well developed crystals of monoclinic forms

(pinacoids and monoclinic prisms), -rawpowvder si z e s

diffraction diffractograms ofhe zeolitic tuffs are given in Figure 2.

“f a
Slanc - -
7] et -| Zlatokop

ﬂ \'. = | | | .'
) - | | Rig
," =N WML
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Figure 2. Comparative refined-tay powder diffraction diffractograms of the zeolitic tuffs from Slanci i
Zlatokop.

The main difference between these two tuffs lies in the quartz content. It is significandy mo
abundant in the zeolitic tuff from Zlatokop, indicating higher crystallinity, compared to the zeolitic
tuff from Slanci which is characterized by the presence of amorphous matter of biogenic origin.
Based on the Xay powder diffraction diffractogram stvn in Figure 2, the unit cell parameter
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are as follows: SLANCIg= 17 . 55={17494¢= ;7 (390=; 9®04A),116. 48A
(3), Y= DOAS) afdZD)ATQKOP &= 17.673 | (4), b = 17.¢
(4), W==196A46A VE3)2,1.2<an ddohserved that the uodll of the

zeolitic tuff from Slanci is smaller compared to that of the Zlatokop tuff. From quantitatiag X
diffraction analysis (Figure 2), the following phases were identifiétlanci: heulandite 85.1 %,

quartz 1.9 %, muscovite 5.9%, albite 6.6 %, orthoclase 0.6% and calcite 0.21%. Quantitative X
ray analysis (Figure 2) of Zlatokop yielded following mineral composition: heulandite 77.2 %,
quartz 8.8 %, pyrite 0.12%, muscovite %8albite 6.3 %, orthoclase 3.2% and calcite 0.7%. The
content of the zeolitic phase in Slanci is 10% higher, than in Zlatokop. All zeolites contain various
monovalent, divalent, or trivalent cations in exfr@mework positions. The types and contents of
exchangeable cations in the starting clinoptilolitic tuffs are presented in Table 1. The total cation
exchange capacity was determined as the sum of the exchangeable cation contents.

Table 1 Content of exchangeable cations in zeolitic tuff from SlantiZiatokop deposit.

Exchangeable catio®molM*/100d
Tuff cat Mg?* Na* K* CEC
Slanci 145 3.0 4.1 8.0 160
Zlatokop 95 11.2 18.2 15.7 140.1

4. CONCLUSION

Based on the presented results, it can be concluded that there is a correlation between the cation
exchange capacity and the content of the heulandite component in the zeolitic tuff. The heulandite
phase is most abundant in the zeolitic tuff from the Slanci deposit, with 85% HEU minerals, while

in the Zlatokop deposit it is at 77%. The total cationhaxge capacity values for the examined
zeolitic tuffs are in correlation with the content of the zeolitic phase.
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Abstract

The rock drilling process involveswide range of factors that affect it to varying degrees, and this influence

is then reflected in the output parameters. It is complicated to predict them and to determine the degree of
their impact on the rock breaking efficiency. In order to simulageehl drilling process without the impact

of the drill string, a horizontal laboratory drill rig was designed and constructed at the Institute of
Geotechnics of the Slovak Academy of Sciences. The goal of experimental research on a test facility is to
provide accurate and immediate information in real time and, based on their evaluation and analysis, to
identify parameters that significantly affect this process. The article presents our findings from
experimental research on diamond core drill bits.

Keywouds rotary drilling, experimental drill rig, drill bit, wear, rock, specific energy, optimization,

1. INTRODUCTION

The rock drilling performance is affected by the constructional and performance parameters of the
drilling equipment and the drill bit, the f@aneters related to the drilling process and the parameters
related to the properties of the drilled rock [1]. For the purpose of evaluating the impact of changes
in various combinations of the operational parameters on the potential financial and ogkratio
benefits of the drilling operations, multiple studies have been conducted [2]. In order to accurately
determine the factors that enter the drilling process and identify their impact on the rock breaking
efficiency, the process must be subjected to exyantal research. The studies on rock breaking

by drilling, conducted in laboratory conditions, improve our understanding of the interactions
between the rocks and the drill bits and provide the information required for the purpose of
evaluating and optially controlling the drilling process in terms of the drilling performance and
energy consumption, which may significantly reduce the costs.

2. EXPERIMENTAL RESEARCH

In order to accurately determine the key factors that enter the drilling process and to identify their
impact on the rock breaking efficiency, the drilling process was subjected to experimental research.
At the Institute of Geotechnics of the Slovak Repylain experimental laboratory drilling rig was
designed and constructed for the simulation of a real drilling process without the influence of the
drill string. The test device is intended for horizontal drilling with srdalmeter bits up to a
diameterof 70 mm, commonly used in industry. Diamond or carbide core drill bits were used for
research purposes. The rock for experiments was treated using a circular saw for rock cutting. The
tested samples were approximately cukshdped with dimensions of appimately
150x150x300 mm. Water without any additives was used as the flushing fluid. It was supplied by
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a pump from a water tank with a quasinstant flow rate I&m?.s* Position measurement switch
allowed rock specimen drilling up to 260 mm length.

The experiments carried out on this device were intended to improve our understanding of the
interactions between the drilled rock and the drill bits, to examine of the effect of a drilling mode
on the course of the rock drilling process, to investigatedble drillability, to study the energy
consumption in drilling, to assess the tested drill bits in terms of their usability in real operating
conditions, to determine the effect of rock changes, rock drilling mode and drill bit on vibrations
generated dimg rock drilling, to determine the relationship between the drill bit wear and energy
requirement for the rock drilling, to investigate the relationship between the drilling tool, the
applied drilling mode, energy demands in breaking and the characteattrilled rock debris.

The device is equipped with an -bne measurement system, that enables continuous data
acquisition and archiving, controls and monitors the experiment, provides measured values of
process parameters in the form of time clemigelectric current, thrust force, rotation speed,
torque, enables online visualization of the torque and three orthogonal components of cutting
forces, provides values of vibration acceleration in three orthogonal directions and their
visualization, reords the drilled length and calculates the drilling speed and specific energy using
the predefined equations from the monitored data. It is equipped with a system that captures
crushing products drilled rock debris, which are then used for further asialy

The measured data was used to calculate the advance rate and specific energy in real time during
drilling. These values enabled the quantification of the rock drilling efficiency.

3. RESULTS FROM EXPERIMENTAL RESEARCH

3.1 Determining the zone of efficient drilling

Based on the experiments performed and the processing of the obtained data, a mathematical
model of penetration depth as a function of the thrust force was derived [3]:

RO n p Q88p 18 daah (1)
where F (N) is the applied thrust forcep(mm) is the maximum penetration depth to which the
equation sol ut i olistoesubstimtiomoeesficienand ¥ ( N
Mathematical model of p(F) exhibited a very high correlation tightness betheexperimental
and theoretical values in all 116 evaluated experiments, with a correlation coefficient value higher
than 0.97.

Through gradual mathematical adjustments, equations were derived for calculating the limit values
of thrust forces and penetien depths defining the zone of efficient drilling. The optimal thrust
force was identified at which the specific energy curve reaches the minimum at a relative high
rock breaking efficiency.

The highest probability of efficient drilling (chipping) occursar of inflection point & of the
penetratiorthrust curve. The most intensive deceleration of an increase in the penetration depth
was observed at the,Rhrust force value (the upper boundary of the zone of efficient drilling)
which was twice theif value (the lower boundary). The relationships were derived for calculating
penetration depths corresponding thigt Fup andFopt.

The analysis of the used mathematical apparatus revealed the simplicity of the optimization of the
drilling process in terms of the minimization of energy consumption. This requirement was met
when the drill bit operated at a low value of specific enesggdntrolling the penetration depth

in the zone of efficient drilling. Figurgé shows the limit values of thrust force and penetration
depth defining the zone of efficient drilling in terms of minimum specific energy values.
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Figure 1. Limited values bthrust force and penetration depth determining the zone of efficient drilling
with regard to the minimum values of specific energy.

3.2 Determination of drill bit wear using 3D optical technologies

In the segment of research into rock drilling, there israwmg need for statef-the-art
monitoring, documentation and efficient evaluation of wear of drill bits by applying contactless
measurement methods [4]. One of them is the use of 3D technolbg8f3 scanning,
photogrammetry and the use of software twcpss the created 3D models. Fig2itustrates the

results of the wear evaluation of the spthimeter surfacset diamond drill bit of the outer
diameter of 46 mm. The 3D model was created by scanning with a Discovery microscope.
Microscope facilitatd the acquisition of sufficiently detailed data for the purpose of processing
them in CloudCompare software. F&g) shows the surface of the drill bit before evaluation. Fig.

2b) shows the worn surface after evaluation by the software, scaled in €dp@c) presents the
scanned surface after the experiments. The drill bit exhibits asymmetrical wear as a result of the
mechanism used for fixing the drill bit on the thread. Threads of the fixing mechanism and the
contact surface of the drill bit were aerately worn caused by drilling. The bit drilled three
samples of granodiorite with a total length of 480 mm and two samples of limestone with a total
length of 400 mm. When drilling the limestone, the following settings were used: thrust force 17
kN; rotation speed 1000 rpm. For granodiorite, the rotation speed was 1000 rpm and the thrust
force was increased from 10 kN to 14 kN due to faster wear of the drill bit.

Figure 2. Colour-scaled wear of the surface of the surfae¢ diamond drill bit; drilled length 480 mm
granodiorite and 400 mm limestone

The 3D method for identifying the bit wear, compared to conventional methods, such as weighing
and measurement, is more a@arand provides a much wider range of outputs, such as wear
distribution, more accurate calculation of material volume removed between the individual
measurements, and colour scaling based on the wear quantification. The method may also be
applied to impegnated and hanshetal smaldiameter drill bits, provided that some of the
procedures are adjusted.
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3.3 Vibration signal for assessing the drilling process

Our research is also focused on alternatives for the use of vibrations for the control of the drilling
process. We used experimental laboratory measurements to determine the effect of applied regime
changes on vibrationdt has been shown that vibration acceleration vahesponded quite
sensitively to changes in thrust force and increase linearly mwitition speed. The found
correlation of the specific energy with the inverse of the average effective vibration acceleration
values in the direction of the drilling axis as a function of the rotation speed, provided a prerequisite
for the use of the vilation signal for the optimization of the control of the drilling process in terms

of the maximum tool life and therefore the minimum wear intensity. From the processing of the
recorded vibration signal in the frequency domain, it can be concluded thratkhgrain size is
probably the decisive characteristic affecting the intensity of the vibration signal.

Based on the recorded and subsequently processed vibration signal from experimental drilling, it
was confirmed that the induced vibrations carry ithfermation about the current state and
conditions of drilling and that each applied drilling mode, as well as the drilled rock, has a specific
vibration response.

3.4 Use of drill debris for drilling process assessment

Laboratory drilling rig was adjusted rf@ollection of drill debris from flushing fluid aiming to
involve the drill debris characteristics into the drilling process assessment. Roughness index ClI
was used for changes in grain size, determined by sieve analysis of the drill debris. Complex
analysis of drilling process effect on shape, size and distribution of drill debris was performed
using the dynamic image analysis instrument Camsizer X2.

Analysis of rock debris will provide new useful information to monitor the cutting capability of
the drill bit. The size and shape of drill cuttings fragments are related to the rock breaking
mechanism and the energy consumption of the drilling process.

4. CONCLUSION

The longterm experimental research of rock drilling running at the Institute of Geotechnics SAS
has been focused on the study of rm#l interactions. Most of the knowledge gained from
research of smalliameter diamond drill bits, carbide drill bits and chisel drill bits has been
processed into comprehensive mathematical models that allow gesgoaliof rock breaking
processes for a wide range of different types of drilling tools. This created the basis for exact
optimization procedures for these processes.
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Abstract

The results of experimental laboratory research on rock drilling, conducted with the use of diamond core
bits, were processed mathematically. The developed theoretical models of rock resistance to disintegration
facilitated e identification of three compatible views on calculating the ultimate stress state of rock drilled

in the dynamic drilling mode with the use of diamentbedded core drill bits. The contact surface strength

of the rock 0p [KN/mm], the dynamic cutting stigth of the rock s [kN/mm], and the contact bulk strength

of the rock . [MPa] were defined. The strength values obtained from drilling into limestone and
granodiorite were compared with the results of laboratory tests with the aim of identifying nifeeiiali
compressive strength, Brazilian tensile strength, punch shear, and Brinell hardness.

Keywords rock drilling, contact surface strength, cutting strength, laboratory testing

1. INTRODUCTION

The ultimate stress state of rocks is determined by the conditions in which an external force,
exerted on rocks, causes disturbance or disintegration of the[tgcH$ie existing experimental
knowledge and empirical experience were used as the batlie fdevelopment of rock strength
theories, micradisturbance theories, crack propagation theories, and energetecahndlogical
disturbance theorig®]. Relevant literatur¢3,4,5,6] presents models for the estimation of rock
strength by investigatintpe interactions between the drill bits and the rocks; they are categorised
into two groups: models based on the balance of forces; and models based on the balance of
energies. This article presents the results of laboratory testing of limestone andogitanad

well as the results of the identification of rock resistance to disintegration, which was based on the
theoretical processing of experimental drilling into limestone and granodiorite with the use of two
diamond core drill bits with a diameter 46 mm and the following diamond sizes: Drill Bit A
(16/25 pcs.ct); and Drill Bit B (25/40 pcs.cY). The obtained values of strength of the drilled
limestone and granodiorite samples were compared with the results of laboratory testing conducted
with the aim of identifying uniaxial compressive strength, Brazilian tensile strength, punch shear,
and Brinell hardness.

2. LABORATORY TESTING OF LIMESTONE AND GRANODIORITE

The testing of rocks, performed in the laboratory, is an important part of the enginseipline

of rock mechanics. The data needed for designing structures tbasekl materials (geotechnical
engineering) is primarily gathered through testing, either in the laboratory or in the field. Much
information can be obtained from laboratorytsesf rock samples with a known orientation.
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Laboratory tests usually consist of simple experiments that are appropriate to the nature of the
rock, in which important quantities, often stress and strain, are determined. By drilling and cutting,
the test saples of a regular shape were prepared from the individual rock types for the purpose
of testing procedures compliant with the ISRM (International Society of Rock Mechanics)
methodology, aimed at identifying the properties of the rocks. Their mecharopairpes were
determined using the INSTRON 1000RD testing machine, while the static Brinell Hardness (BH)
was identified using the HBBRYV 130 devi ce. B)ual sknatarad mastutey
content was identified for cylindrical test samples witthiameter d = 54.4 mm. The aim of the
uniaxial compression strength testing was to identify compressive strength of intact rock samples.
Following the ISRM recommendations [7], the tests were carried out with cylindrical samples of
regular dimensions with lzeightto-diameter ratio of 2138.0 and with a diameter of 54.4 mm.

Uniaxial compressive strength UCS (MPa) was identified by dividing the peak load P attained
during the test to failure by the initial cross sectional area A. Tensile strength of roskslis

defined as the maximum tensile stress that a particular rock mass can withstand. The Brazilian
Test is a laboratory test conducted in rock mechanics in order to indirectly determine the tensile
strength of rocks in MPa [8]Hardness of a mineraind rock is its resistance to abrasion. Static
hardness testing is based on rock indentation with the use of a hard tool. Hard metal balls or
diamond cones or pyramids can act as indenters. The test load is applied with a defined initial
application time ad duration, and it has to be applied perpendicularly to the sgdBjpl&he

Brinell hardness (kg/mfh test for limestones and granodiorites consisted of applying a constant
load of 125 kg for a specified period of time (30 s) using a hardened steeltbadl svameter of

5 mm. For aps(MRantest flatydekedasas aréfitted into the testing jig [10]. The test

is commenced by placing a rock sample at the bottom of the casing of aghiafmed cylindrical

jig having a puncher head which fitst® a circular shear hole of another hollow cylinder. Then

the puncher is placed in position and the entire device is placed in the comptessngmachine

and loaded.

The results of laboratory testing of limestone are given in Table 1 and of grateodidrable 2.

Table 1 Properties of limestone

Statistical values Bulk density| UCS | Brazilian testft HB | Punch shea
Number of samples evaluats 14 15 10 10 10
Mean 2691 85.1 9.3 466.4 9.5
Median 2691 77.8 9.5 457.1 10.0
Minimum 2 682 55.1 6.5 416.3 5.2
Maximum 2702 119.2 10.8 521.8 14.2

Table 2 Properties of granodiorite

Statistical values Bulk density| UCS | Brazilian testft HB | Punch shea
Number of samples evaluats 14 15 10 10 10
Mean 2,705 85.8 13.2 831.1 16.5
Median 2,706 85.4 13.1 873.9 17.7
Minimum 2,693 53.7 9.5 638.4 8.6
Maximum 2,717 122.3 16.9 927.6 24.3
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The | i mestone specimens were taken from a qu
sout hwest of ti the ceantiie tofythe &dsterrK Blayakia. eThe granodiqigéee

speci mens were taken from a quarry at Podhr ac
Kogi ce.

2.1 Identification of rock resistance to disintegration

During the smatdiameter drilling, the values of penetration depth p(F) and torque T(F) as a
function of external force F were monitordejuation (1), derived for calculating contact bulk
strengt h cpwasasfolowstr oc k 0

» — (MPa) (1)

wherein the surface area of the contact surface between the drill bit and the rock is determined by
the size (the diameter of spherical diamondsand number N of diamonds and the penetration
depth p(F). As the magnitude of the external force F chartgedpenetration depth p(F) also
changed. For t he p, the gribirg enode aipplieddwas thei nfogeiinnwdichl
drilling is carried out at a minimum value of specific energySE

Cont act s urpiNanumgwas dalcutatedyusimg Ediom (2):
. —  (N/mm) (2)

wherein s is the external force in the inflexion point of the p(F) curve, andip the maximum
penetration depth. The cutting resistance okyedhich is a modification of the contact surface
strength, is defined by Equation (3):

, @B8§ (N/mm) (3)

wherein €€ = cutting coefficient , andZ=8BX islaat ed
derived constant applicable to drilling at the minimum value of specific energy. Tablelalaed

4 present the calculated values obtained and processed with the use of data measured in the rotary
smalldiameter drilling into rock sampdewith the use of Drill Bit A and Drill Bit BEach drill bit

was used in drilling into limestone (L) and subsequently into granodiorite (G). After drilling into
granodiorite, the drilling process was repeated alternately with limestone and granodiorite.

Table 3 Contact bulk strength angiinimum specific energy

DrillBitA | L1 | G1 | Lo G2 Ls Gs L4
Uc (MPa) |98.41]62.12| 353.8| 346.22/503.97|1059.2 717.73
SEmin (MPa)|1,072| 734 | 3,561 3,366 | 5,046 | 6,540| 6,128
DrillBitB | L1 | Gi | Lo G, L3 Gs L4
Uc (MPa) | 89.44|79.32| 376.4) 252.31 487.68 236.92 393.96
SEnin (MPa)| 1,056 984 4,102 2,714 | 4,855| 2,737 | 4,033

Table 4 Contact surface strength amrdtting strength

Drill BitA | L1 | G L> G, L Gs L4
Op (N/mm)| 7,343 4,635| 26,400 25,830 37,600 79,030 53,550
e (N/mm) | 6,356| 4,478| 19,260| 20,000 27,210 40,000 34,390
DrillBitB | L1 | &G L> G, L Gs L4
Jp (N/mm)| 6,518 5,780| 27,430 18,390 35,530 17,260 28,710
de (N/mm) | 6,273 5,830| 21,440 15,150 28,840 13,800 23,960
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3. RESULTS AND DISCUSSION

As indicated by data iffable 1 andrable 2, limestone and granodiorite exhibited approximately

the same uniaxial compressive strength (UCS). A more significant difference was observed for
HB and(sv al ues. The <calcul ated w«dTahlee33 forouhwore o nt a
diamonds are comparable to the UCS values. The greatest difference between limestone and
granodiorite was observed in a comparison of their abrasiveness values. As for limestone, its
abrasiveness value was identified as 0.0186 mg/m, while for granodiosigés 1.4092 mg/m.

Since granodiorite exhibited higher abrasiveness, as the drill bit wear increased, after the
application with abrasive granodiorite, the values of rock resistance to disintegration also
increased, while the same rising trend was obskfiorethe values of specific energy. It means that
the values of rock resistance t o dpiagcutiigegr at
s t r e p ghown inkable 4) significantly increased due to increasing wear of diam@xdee:

The catulated values of p and U for unworn diamonds were of the same order of magnitude as

the values of Brinell hardness converted to MPa.)

4. CONCLUSION

The defined values of rock resistance to disintegration significantly increased with changes in the
condition of the rocktool contact zone as the wear increased. Those changes were reflected in the
values of specific energy. The presented laboratory tests with limestone and granodiorite were not
affected by changes in the contact surfaces.
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Abstract

This paper deals with rotary drilling into andesite in laboratory conditions, conducted expamimental
horizontal drilling rig. The processing of experimental data after the experiments contributed to the
application and verification of mathematical models of penetration depth and torque as a function of the
thrust force. The output is the mdication of intervals of the applied thrust force levels for the efficient
drilling zone. Designing of an optimisation algorithm for controlling the rock drilling process and
monitoring the tool condition was based on changes in the thrust forcesatewbich specific energy
reached minimum values. The criterion applied was the monitoring of the penetration depth, which together
with the theoretical value of the torque defined the calculation of the specific energy values.

Keywords penetration depthspecific energy, optimisation algorithm

1. INTRODUCTION

A description of the process of rotary drilling into rocks consists of the creation of mathematical
eqguations describing mathematical correlations between the output variables and the controllable
aswell as uncontrollable input variables. The monitoring of input drilling parameters (thrust,
rotational speed, flushing) and output drilling parameters is crucial for the purpose of identifying
optimal operating parameters [1] and tool wear [2]. Duegwiitantvariability of the properties

of disintegrated rock, it is currently impossible to produce a mathematically accurate description
of rocks and in irsitu conditions the drilling modes and performance of drilling tools any
researchers haveniestigated the Measurement While Drilling (MWD) techniques and their
possible application in the prediction of rock mass properties [3]. The importance of analysing and
interpreting data obtained from drilling is equal to the importance of recordinfpdéia purpose

of creating mathematical models and algorithms for the development of artificial intelligence (Al)
and big data technology [4], which optimise changes in the output parameters of the drilling
process. Those parameters change since rockslaenogeneous and anisotropic materials.
Higher efficiency of the process is based on reducing mechanical specific energy [5, 6].
Penetration rate is an essential indicator in a drillability analysis and estimation. This parameter is
of great importanceni mining projects. There are almost no models that can estimate the
penetration rate for core drilling operations [7]. A focus of the research presented in this paper is
the optimisation of core drilling by applying a mathematical model of penetration [Bpnd

torque as a function of the magnitude of the thrust force applied, with the use of data obtained after
drilling into andesite in laboratory conditions.
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2. EXPERIMENTAL

A series of experiments, conducted during the drilling into andesite, confartredd similar to

that shown in Figure Experimental samples were rectangular blocks sized 150 x 150 x 300 mm.
The testing was carried out with three diamond core drill bits: a 16/25 drill bit; a 12/18 drill bit;
and a 25/35 drill bit. They only diffedein sizes of the diamonds embedded. In total, 116
experiments were carried out and the drilled length was 35.95 m. Drilling modes applied were
those with a constant rotational speed (500 rpm; 1,000 rpm; 1,500 rpm; and 2,000 rpm) and a
gradually increasinthrust force value ({®0 kN). Although the application of drilling modes with

a constantly increased thrust force at a constant rotational speed was not particularly appropriate
in terms of the drill bit service life, it facilitated the creation of modelscribing the changes that
occurred in the rockool interaction zonesigure 1 shows a correlation typically applied in studies
dealing with drillability.

Penetration Rate

Areal Area 2 Area 3

LowPressure | Optimum 1 High Pressure
Force 1+ Pressure Force | Force

Pressure Force

Figure 1. Corelation between the penetration rate and the pressure force

As the pressure foecincreased, the penetration rate also increased. An optimal penetration rate
was achieved at a certain pressure force, while after that point was exceeded, the penetration rate
decreased as the pressure force increased.

2.1 Theoretical background

The energygonsumption of the drilling process is identified using the valugsexiific energy SE
(MJ.n3), which was introduced into the drilling research by Teale [9]. It expresses the amount of
energy necessary to break a unit volume of rock. Equation 1, amaiba&l expression of specific
energy,

YOO - 0 & (1)
clearly shows that the variable parameter in that equatierds wherein T (Nmm) is the torque

and p (mm) is the penetration depth as a function of the thrust force F (N). In the equétiont) A

is a constant expressing the surface area of the contact surface between the tool and the rock. The
mathematical model abrqueT (Nmm) is described in Equation 2, which represents, for an astatic
system, the solution of a seceadier differential equation with constant coefficients:

YO k'O OQ »p o0& a (2)

whereinF (N) is the applied thrust force. The substitution coefficlefinm) expresses a linear
response of the torque to the growing thrust force;ggiiN) represents a delay in the response of
the drilling set at low thrust force valudhe mathematical motlef penetration depth p (mm) as
a function of the thrust force F (N) is the solution of the seayddr differential equation with
constant coefficients [8]:

RO n p Q®%p 180 aa (3)
wherein F (N) is the applied thst force, pax (mm) is the maximum penetration depth to which
the equation s ol ut)isdhe substtutioneseffoeshfter thensdbstitutiof N
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of Equation2 and Equatior8 to Equatiori, the resultingnathematical model of specific energy

was as follows: "YOO — 0 @& . (4)

The second derivative of penetration depth Equation 3 with respect to threstéecmines the
inflection point k¢ of the pF curve:"O - 0 (5)

The inflection point values were calculated for all of the executed andesite borehole drillings. Since the
inflection point ks determines the area of the efficient rock disintegration by chipping, this efficient
area continuously moves towards higher thrust force values with an increasing total drilled length due
to continuous wear of the drill bit. Mathematicaodelsp(F) andT(F) were used for calculating the
lower limit Ry and the upper limitO ¢80 of the trust force values that delimitate the efficient
drilling area, in which, in theory, specific energy is minimal. Also, the optimal thrust éoezek

was identified for each drilling into andesite, as calculated using Equation 6, V\@Qreiﬂs—5 .

O -&gp &8 O 8- -&s - O -80 -&s -8 (6

The thrust force values, calculated using Equation 6, were usaldidate the optimal thrust force
values, which ranged in the interval#<1.37;1.66>, while the average value, calculated with the
use of all drillings and tested drill bits, was @&1.45 Fn.

3. RESULTS AND DISCUSSION

For all of the drill bits testedhe results showed that the difference between the values of specific
energy at thrust force valueg &d k was negligible. However, the penetration rate at thrust force

F> was higher while the energgtensity of the process was practically unchangéos& axioms

were used as the basis in the process of designing an optimisation algorithm presented in Figure
2.

—e AT AT, e Set new
Fy

Initialize Fopy Peet <

Set constant L Data archiving: peet.
. Rock drilling —
giatignspesdny Fopt: Fmeasure: Pmeasure | Peei(Fy)
ves yes

v

Pset-"Pmeasure

Dsct(Fing)

Figure 2. Optimisation algorithm

The newlydesigned algorithm, shown in Figure 2, monitors dynamic properties of the process of
experimental dlling with the use of the identified solution of the differential equation for a
mathematical model of the-fp curvei Equation 3, in particular by identifying substitution
coef fi ci ewopaswellasitshigher dprivations, based on the tfous valué Equation
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5. That facilitates efficient control of the drilling process by simply changing the magnitude of the
applied thrust force to the optimal valugpF In the case that the identification criterion
(penetration depth) is not met, asrified by theonline ontrol in experimental drilling, it is
necessary to identify a new optimal thrust force level using the mathematical model &f the p
curve for calculating new substitution coefficients as a response to the dynamic property of the
process of a changing condition of the tool with an increasing drilled length. In such a case, the
calculation of a new optimal thrust force level is based on the archived data obtained in
experiments conducted with a gradually increasing thrust force andséant rotational speed.
Similarly, the first adjustment of the optimal thrust force level is preceded by the creation of trial
experimental drillings and data processing.

4. CONCLUSION

The analysis of the used mathematical apparatus revealed simpli¢itg solution aimed at
optimising the drilling process in terms of minimising energy intensity of drilling into rocks. Yet,
numerous publications indicate that there is a linear correlation between specific energy and wear
intensity (wear degree per detl length), which is primarily affected, as to the resulting values,

by the abrasiveness of the rock drilled. As a result, the minimisation of energy intensity of a rock
drilling process leads to a significant increase in the lengths drilled, and heheestdension of

the service life of the drilling tool.
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Abstract

In this workpresents investigations of zeolitic tuff samples from the filgrog-Vidojevilio deposit. The aim of

the research was to determine the quality of samples taken from all deposit parts. Thus, samples were taken
from the footwall (fiZeolit 10), and four samples from the central deposit part (fiZeolit 20, fiZeolit 30,

fiZeolit 40 and fiZeolit 50). Characterization of the samples included chemical analysis, determination
catiornrexchange capacity (CEC);tdy powder diffraction analysis (XRPD) and diffential thermaland
thermogravimetric analysis (DTA and TGA). Results have shown that the footwall consists mostly of clays,
whereas zeolite minerals dominate in the rest of the deposit.

Key words Zeolite, Igrog-Vidojevili deposit, cation- exchange capacity, thermahalysis, XRay powder
diffraction analysis

1. INTRODUCTION

A large number of occurrences and deposits of natural zeolites of pyroclastic origin, widely

di stributed in Miocene sediments of Serbia, ¢
(Krugdedasl ki) , Beolin (Frugka Gora), Toponica (
key near Belgrade), are spatially and genetically related to volcanic and volcaniclastic rocks of
marine environments of Senonian and Neogene age and lake sediments of ldged&rg. The

zeolitic tuff deposits were created as a product of the devitrification of volcanic glass. The lake
environment had a great influence on the diagenesis of the sediments and the formation of
clinoptilolites at the expense of volcanic glasse Zeolitic tuffs themselves are mostly composed

of zeolitic minerals of the HEAtlype clinoptilolitehoylandite series, which are present in the form

of small aciculartoplatt i ke crystals with di mensions from

2. GEOLOGY OF THE ZEOLITIC TUFF DEPOSIT IN IGROS

The Il grog zeolitic tuff deposit covers the so
deposit area, two ore fi-abdBeyR] ivVi alwngd ebvgddgi d
| gevdag@doj evi I i or e fof wff stretcheF toen the modhwést to tee sdutheast r
and can be followed intermittently for a length of 1.1 km. Geological investigations [2] at the
"l gvVioggoj evili " ore field identified two ore b

The mapping of theerrain, as well as the exploitation works on "ore body 1" revealed that the
layer of zeolitized tuff extends in a noislouth direction and can be followed for about 170 m
along its length and about 50 m on average. The layer of zeolitized tuff israttéesl within the
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MiocenePliocene series of marly green clays that comprise the basement, as well as the brown
clays and green sandstones that form the bedrock. The zeolitic tuff layer is light gray to white with
an average thickness of 1.64 m, witgemeral nortksouth strike and a mean statistical dip to the
north at an angle of about 4 A. The sampl es
the paper were taken f4/onhof leataiobthefillagiof gt 0 9gn 5
samples were selected for analysis: the sample marked "Zeolite 1" is a representative sample of
the bottom of the deposit, while the samples marked "Zeolite 2, 3, 4, and 5" belong to the central
part of the deposit. "Zeolite 2" and "Zeolite 5taepresentative samples created by crushing
excavated tuff, sample "Zeolite 3" is formed from crushed tuff of class 100+30 mm, and "Zeolite
4"isasampleofse1 00 em obtained by grinding.

3. RESULTS AND DISCUSSION

X-ray analysis

The mineral compositionf the samples was determined by theaX powder diffraction (XRD)
method usinga "Philips" powder diffractometer, model PW10. Since all samples of zeolite
tuffs (Zeolite 2, 3, 4, and 5) have a very similar mineralogical composition, two characdéristic

ray dffractograms of zeolite samples 2 and 4 are shown in Figure 1. Namely, the presence of
zeolite minerals of the clinoptilolitic type, quartz, feldspar, and mica was determined in all
analyzed samples. Feldspars and quartz are far less preseatndais are present in traces.

Chemical composition

The results of the chemical analysis of the examined samples using the AAS method (classical
chemical analysis for aluminosilicat§3]) are shown in Table 1 [4]. The results show that in
addition to thestructural elements (silicon and aluminum), the tested samples also contain Ca, Mg,
Na, and K. Also, a significant presence of iron is noted, especially in the sample "Zeolite 1", which
is expected considering the volcanic origin of this rock mass. Thertoof other heavy metals

in all examined samples (Pb, Mn, Cu, Zn, Cd, Sb, Cr, and Sn) is relatively low.

2901 eolit 4 Cl-klinoptilolit
a Q-kvarc
200 cl F-feldspati
S/H-smektiti/hloriti
L-liskuni

150

100 —

50

o0 - - -

250

Intenzitet (arb. jedinice)

200 —

150

200)
Figure 1. Xray diffractograms of "Zeolite 2 and 4" samples of zeolite tuff from the "Igrog-Vidojevili®.
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Table 1. Chemical composition of samptesn the "Igrog-Vidojevili" zeolite tuff deposits

Component, Zeolite Zeolite Zeolite Zeolite Zeolite

mas. % 1 2 3 4 5
SIO, 49,76 63,52 62,88 65,58 60,41
Al>Os 21,04 15,32 15,26 10,68 16,46
CaO 2,27 4,71 4,90 4,90 4,19
MgO 4,78 1,55 1,90 2,06 1,91
FeOs 7,58 1,00 1,82 3,00 2,44
K>0 4,20 0,93 0,87 1,21 1,41
NaO 2,15 1,13 1,13 1,23 1,56
TiO- 1,17 0,337 0,337 0,839 1,52
PbO 0,0059 0,0038 0,0051 0,0037 0,0096
MnO 0,046 0,017 0,022 0,042 0,034
Cu 0,008 0,011 0,066 0,033 0,064
Zn 0,016 0,0053 0,011 0,0054 0,012
Cd 0,0002 0,0003 0,0002 0,0001 0,00014
Sb 0,005 0,004 0,004 0,0037 0,007
Cr 0,009 0,0003 0,0005 0,0012 0,0013
Sn <0,0005 <0,0005 <0,0005 | <0,0005 <0,0005
Loss on Ignition| 6,95 11,42 10,79 10,41 9,97
(Tmax=900°C)

Cation exchange capacity (CEC)

Cation exchange capacity (K¥GEC) was determined by the standard method with 1 mol/dm3

NHA4CI [6]. In the case of zeolite, the ions that participate in the exchange are Ca2+, Mg2+, Na+

and K+, while their sundetermines the total capacity, which is expressed in mmol/100 g. The

total KKl is 141.99 mmol/100 g, followed by the sample "Zeolite 3" which is 121.01 mmol/100 g.

The CrC of the "Zeolite 4" sample is sldghtly
of the "Zeolite 5" sample (83.75 mmol/ 100 g).
sample- "Zeolite 1" and is 46.98 mmol/100 g, which indicates that clay mass dominates in this

part of the deposit (Table 2).

Table 2. Results of the cation eaalge coefficient (CEC / mmol (100rdy) of zeolitic tuff samples

Zeolite Na K Ca Mg FKEcat
6,18 1,75 31,56 7,49 46,98
29,71 12,66 90,579,05 141,99
19,05 8,18 87,825,96 121,01
11,31 6,34 65,875,96 89,48
23,38 9,85 43,367,16 83,75

G WNPEF

Thermal analysis (TG and DTA)

Thermal analysis provides information on the dehydration processes, dehydroxylation, and
thermal stability of aluminosilicate minerals. Figure 4 shows the comparative characteristic
TG/DTG/DTA diagrams of zeolitic tuff samplds 2, and 3. Continuous mass loss is observed in

the temperature range from 25 to 1000 UC. The
range up to 300 UC comes from the release of
channels oon the surface (dehydration). On the DTA diagrams of the "Zeolite 2 and 3" samples,

in the temperature interval from 25 to 300 UC
originating from dehydration, anadafcalaumzeolital at a
[7], can be observed. "Zeolite 1" is significantly different from the diagrams of the other examined
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samples. This type of TG and DTA diagram indicates the presence of clay minerals in the sample
"Zeolite 1".

Figure 2. Thermalanalysisof AZeolite 17, AZeolite 2fi andAZeolite 3fi. a) TGA; b) DTG; c) DTA.

Results of infrared spectroscopy analysis
FTIR analysis confirmed the presence of hydrated aluminosilicates in the tested samples. The

results showed the absenakany significant differences in the infrared spectra of the tested
samples. For this reason, only one representative spectrum is shown and explained in Figure 3. In
the infrared spectrum, the bands in the frequency range from 1150 to 40@rerthe rsult of
structural vibrations. Thus, the band at 1005 cariginates from the asymmetric stretching
vibrations of the AlOi Si group, which in clinoptilolitedype zeolites usually occur at frequencies

from 1150 to 930 cm.

Figure 3. FTIR diagram of theample from the filgrog-Vidojevilio zeolite tuff deposit.
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