Agentura na podporu vyskumu a vyvoja

Formular ZK
Zavereéna karta projektu
Nazov projektu Eviden¢né ¢islo projektu APWV-17-0490
Detekcia eréznych uc€inkov pulzujuceho vodného prudu na material
Zodpovedny riesitel prof. Ing. Sergej Hloch, PhD.
Prijemca Technicka univerzita v Kosiciach - Fakulta vyrobnych technologii,

Presov

Nazov pracoviska, na ktorom bol projekt rieSeny

Fakulta vyrobnych technoldgii TUKE so sidlom v PreSove

Nazov a stat zahraniéného pracoviska, ktoré spolupracovalo pri rieSeni

Institute of Geonics of the Czech Academy of Sciences, Czech Republic

Faculty of Mechanical Engineering, J. E. Purkyné University in Usti nad Labem, Czech
Republic

Institute of Physics of Materials Czech Academy of Sciences, Brno, Czech Republic

Indian Institute of Technology (Indian School of Mines), Dhanbad, 826004, Jharkhand, India
Inspire AG, ETH Zurich, Zurich, Switzerland

Steinbeis Consulting Center High-Pressure Waterjet Technology, Horgau, Germany
Faculty of Mechatronics and Medical Engineering, Ulm University of Applied Sciences, Uim,
Germany

Faculty of Mechanical Engineering and Vehicle Engineering, Ulm University of Applied
Sciences, Uim, Germany

Faculty of Mechanical Engineering, University of Maribor, Smetanova ul, Maribor, 172000,
Slovenia

Department of Mechanical Engineering, Vysoka Skola Banska, Technical University,
Ostrava, 70800, Czech Republic

Udelené patenty/podané patentové prihlasky, vynalezy alebo uzitkové vzory, ktoré su
vysledkami projektu

n.a.

Najvyznamnejsie publikacie (knihy, €élanky, prednasky, spravy a pod.) zhrnujuce
vysledky projektu — uved'te aj publikacie prijaté do tlace

Srivastava, M., Hloch, S., Krejci, L., Chattopadhyaya, S., Gubeljak, N., Milkovic, M. Utilizing
the water hammer effect to enhance the mechanical properties of AISI 304 welded joints
(2022) International Journal of Advanced Manufacturing Technology, 119 (3-4), pp. 2317-
2328. Cited 3 times.

Hloch, S., Soucek, K., Svobodova, J., Hromasova, M., Miller, M. Subsurface microtunneling
in ductile material caused by multiple droplet impingement at subsonic speeds (2022) Wear,
490-491, art. no. 204176, . Cited 1 time.

Stolarik, G., Nag, A., Petrq, J., Svobodova, J., Hloch, S. Ultrasonic pulsating water jet

Formular ZK, strana 1/5



peening: Influence of pressure and pattern strategy (2021) Materials, 14 (20), art. no. 6019, .
Cited 2 times.

Nag, A., Hvizdos, P., Dixit, AR., Petrd, J., Hloch, S. Influence of the frequency and flow rate
of a pulsating water jet on the wear damage of tantalum (2021) Wear, 477, art. no. 203893, .
Cited 7 times.

Nag, A., Hloch, S., Dixit, A.R., Pude, F. Utilization of ultrasonically forced pulsating water jet
decaying for bone cement removal (2020) International Journal of Advanced Manufacturing
Technology, 110 (3-4), pp. 829-840. Cited 11 times.

Tripathi, R., Hloch, S., Chattopadhyaya, S., Klichova, D., S¢ucka, J., Das, AK. Application
of the pulsating and continous water jet for granite erosion (2020) International Journal of
Rock Mechanics and Mining Sciences, 126, art. no. 104209, . Cited 21 times.

Tripathi, R., Hloch, S., Chattopadhyaya, S., Klichova, D., Klich, J. Influence of frequency
change during sandstone erosion by pulsed waterjet (2020) Materials and Manufacturing
Processes, 35 (2), pp. 187-194. Cited 11 times.

Hloch, S., Nag, A., Pude, F., Foldyna, J., Zelenak, M. On-line measurement and monitoring
of pulsating saline and water jet disintegration of bone cement with frequency 20 kHz (2019)
Measurement: Journal of the International Measurement Confederation, 147, art. no.
106828, . Cited 17 times.

Nag, A., Hloch, S., Cuha, D., Dixit, AR., Tozan, H., Petrd, J., Hromasova, M., Miller, M.
Acoustic chamber length performance analysis in ultrasonic pulsating water jet erosion of
ductile material (2019) Journal of Manufacturing Processes, 47, pp. 347-356. Cited 23
times.

Srivastava, M., Hloch, S., Gubeljak, N., Milkovic, M., Chattopadhyaya, S., Klich, J. Surface
integrity and residual stress analysis of pulsed water jet peened stainless steel surfaces
(2019) Measurement: Journal of the International Measurement Confederation, 143, pp. 81-
92. Cited 34 :

Hloch, S., Adamcik, P., Nag, A., Srivastava, M,, Cuha, D., Miiller, M., Hromasova, M., Klich,
J. Hydrodynamic ductile erosion of aluminium by a pulsed water jet moving in an inclined
trajectory (2019) Wear, 428-429, pp. 178-192. Cited 29 times.

Raj, P., Hloch, S., Tripathi, R., Srivastava, M., Nag, A., Klichova, D., Klich, J., Hromasova,
M., Muller, M., Miloslav, L., Chattopadhyaya, S., Adamcik, P. Investigation of sandstone
erosion by continuous and pulsed water jets (2019) Journal of Manufacturing Processes, 42,
pp. 121-130. Cited 25 times.

Major revision: Stolarik, G., Svobodova, J., Klichova, D., Nag., A., Hloch, S. Titanium
surface roughening with ultrasonic pulsating water jet. Journal of Manufacturing Processes.
(SMEJMP-D-22-03475)

Prednasky:

2019 J.J. Strossmayer University, (Advanced Manufacturing Technologies)

2020 J.J. Strossmayer University, lectures for PhD. students (Research Methodology)

2020 University of Technology at Belfort and Montbéliard (Jet D’eau traitement des
surfaces)

2021 Winter CIRP Meeting, Paris (Utilization of the Water hammer Effect for Controlled
Erosion of Bone Cement)

2022 Invited Lecture "Water Droplet as a Tool?

2022 Invited Lecture "Surface treatment using liquid droplet impingement" German
Engineering Society in Lorrach

Uplatnenie vysledkov projektu

Napriek tomu, Ze sa jednalo o projekt zakladného vyskumu (hindex projektu = 9) pocas,
ktorého sme vyrazne roz8irili poznatky interakcie viacnasobného pésobenia vodnych
kvapiek, generovanych hybridnou technolégiou (ultrazvukom budenym pulzujucim vodnym
prudom), s réznymi materialmi, poCetné vysledky publikované 23 impaktovanych
Casopisoch, naznacuju cestu moznych aplikacii pre oblast materialového inZinierstva, bio-
inZinierstva s moznostou rieSenia problémov v ramci globalnych klimatickych zmien.

Co sme dosiahli:

Bio-mimeticky dizajn trabekularneho tkaniva v bio-materidloch (titanova zliatina alebo V-
ALLOY dentélna zliatina) pomocou viachasobného kvapd&kového dopadu - uprava
povrchov biomaterialov s vysokou kapilarnou elevaciou pre drieky endoprotéz.

2vysit zivotnost suciastok cestou lepSej mechanickej odolnosti povrchovej vrstvy.
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Minimalizacia technologickych vstupov, oproti konvenénému kontinualnemu pradu, so
Sirokospektralnym praktickym vyuzitim napr. pre vyskum a vyvoj minimalne invazivnej
studenej selektivnej operacnej techniky pre rychle odstranenie kostného cementu.
Buducnost'’

V oblasti bioaplikacie PWJ, vysledky podnietili myslienku "Skimania rastu kostnych buniek"
na upravenych materialov, na ktorych bude naneseny hydroxyapatit.

V oblasti kulturneho dedi€stva - vyskum ochrany kulturneho dedi¢stva (pieskovcové reliéfy) -
skuSanie eroznej odolnosti aplikovanych a novovyvijanych ochrannych vrstiev.

V oblasti sku$ania materidlov: otvara moznosti pre vyskum a vyvoj na vytvorenie
univerzalnej rychlej skuSobnej metody pre stanovenie er6znej odolnosti materialov.
Pedagogika:

V pedagogickej praxi, obohatenie predmetu "Progresivne technolégie alebo Nekonvenéné
technologie" o technoldgiu Ultrazvukom budeného pulzujuceho vodného prudu.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

Hoci sa vS§eobecne erdzia povazuje za pritazujuci jav, predstavujuci Specificky degradacny
proces materialu, ktory vedie k strate hmoty, objasnenie javov suvisiacich s interakciou
kvapiek a povrchom materialu je mozné vyuzit' nielen na kontrolovanu dezintegraciu
materialov, ale aj na ich povrchovu upravu. Za tymto u¢elom boli skimané ucinky hybridnej
technoldgie - ultrazvukom budeného vodného pradu (PWJ). Oproti existujucim generatorom
kvapiek (napr. rotujucich diskov), ma tato technoldgia vyhodu v mnozZstve variacii
parametrov kvapiek: rychlosti, hustoty, uhla dopadu. Efektivne prejavy u€inkov kvapiek
nastavaju v urcitej vzdialenosti od povrchu materialu vzhfadom na aktualnu frekvenciu
akustického generatora. Z tohto dévodu bolo potrebné najprv vytvorit nové metodické
postupy, ladenia sustavy do rezonancie, aby bolo mozné zabezpecit opakovatelnost a
spolahlivost vysledkov. Pomocou akustickej a vibracnej emisie sme skumali odozvu
materialu s cielom ziskat exaktné Gdaje v realnom &ase. Korelacia medzi hibkovym profilom
a AE odhalila efektivnu interakciu medzi dynamickym signalom a procesom deformacie
materialu pocas pdsobenia periodicky pésobiacim PWJ. Z hladiska konvencnej
fenomenolégie boli naSe experimentalne pozorovania zalozené na moznom vyuziti vinovej
tedrie pre PWJ, ktoru mozno povazovat' za nositela viny s frekvenciou 20 kHz. V porovnani
s kontinualnym prudom, rychlost’ a hybnost PWJ prechadzajucej dyzou mozno opisat’ ako
jednoduchu sinusovu funkciu, kde dominantna harmonicka zloZzka v matematickej funkcii sa
vyskytuje v realnej rovine. V zavislosti od podmienok, podla klasickej mechaniky a vacsiny
konvenénych pristupov, existuju dva pripady deformécie pri periodickej aktivite vodnych vin
(PWJ) dopadajucich na material. Ak neddjde k plastickej deformacii, potom oblast pod
krivkou medze klzu vyjadrena Hookeovym zakonom patri do elastickej oblasti. Nedochadza
k atimu nosnej viny a material ma vliastnosti vysielaca, ktorym sa vina Siri bez deformacie.
Ak déjde k plastickej deformacii, potom oblast nad medzou klzu, konkrétne nelinearna
oblast, méZe byt vyjadrena rovnicou A (vstupny signal) + Utim = A (vystupny signal.)
Nasledne prebehli rozsiahle experimenty s ciefom stanovit’ erézne intervaly, zahffiajuce
inkubacné, akcelera¢ne, kulminujuce a terminalne $tadium. Inkubacné a akceleracné
Stadium je mozné vyuzit pre Upravu povrchov. Pre inkubacnu fazu je typické zvySenie
hustoty dislokacii a spevneniu podpovrchovej vrstvy. Predbezné vysledky naznacuju, Ze je
mozné zvySit unavovu odolnost suciastok. KedZe impaktny tlak kvapky, zavisi od rychlosti,
hustoty a akustickej rychlosti tlakovej viny, ktora sa $iri rychlostou zvuku, je mozné
vysokofrekven&nym pdsobenim kvapiek, rychlejSie vyCerpat’ miestnu plasticitu v désledku
znizenia Casového intervalu mechanickej relaxacie materialu. Preto je mozné uskuto¢riovat
procesy pri tlakoch, ktoré su nizSie ako 50 MPa, ¢o je vyhoda oproti konvenénému vodnému
prudu, ktory je generovany pri cca400 MPa za uCelom kompenzacie stagna¢ného tlaku.
Pomocou réntgenového u-CT bola pod povrchom identifikovana siet dutin podobnej
fraktdlnemu tvaru. Schopnost penetracie PWJ nekonéi vytvorenim drazky, ale pokracuje do
jadra materialu vo forme mikrotryskania, tunelovania alebo prepichovania. Z tohto hladiska
boli identifikované dva typy tychto dutin, slepé a prechodné, s priemerom niekolkych
mikrometrov. Vysledky naznacuju, ze u€inok lateralneho prudenia po kolapse kvapiek
spdsobuje rozsiahle hydrodynamické tunelovanie v materiali, ktoré je ovela vysSie poCas
intenzivneho periodického p&sobenia kvapiek vody, dokonca aj pri podzvukovych
rychlostiach. U kontinualnych vodnych prudov, takéto javy neboli zistené. Tato indicia viedla
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nasledne k rozsiahlym experimentom, riadenych povrchovych uprav, titAnového povrchu s
vysokym stupriom kapilarnej elevacie, ktorych Struktury pripominaju trabekularnu Strukturu.
V tejto Studii sme analyzovali modifikované morfolégie a integritu titanovej zliatiny Ti6AI4V
pomocou dopadu vodnych kvapiek generovanych PWJ pri Startovacich frekvenciach fs = 20
kHz a 40 kHz. Kvapky vody boli distribuované pozdiz linearnej trajektérie posunu. Porovnali
sa dve prechodové metddy na vyrobu modifikovanych povrchovych morfoldgii, jedna s
jednym prechodom a druha s dodatoénym sekundarnym prie€nym prechodom. Vysledky
pozitivne podporuju po€iato€né naznaky, Ze povrchova uprava PWJ by bola vyhodnejSou
alternativou ako iné techniky zaloZzené na pouziti pevnych €astic na povrchovu eréziu,
ktorych artefakty sa mézu kontaminovat’ povrch.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v anglickom jazyku
(max. 20 riadkov)

Although water droplet erosion is generally considered as an aggravating phenomenon,
representing a specific material degradation process that leads to mass loss, the clarification
of phenomena related to the interaction of droplets and the material surface can be used not
only for the controlled disintegration of materials, but also for their surface treatment. For
this purpose, the effect of hybrid technology - ultrasonically stimulated water jet (PWJ) - was
investigated. Compared to existing droplet generators (e.g. rotating disks), this technology
has an advantage in the number of variations of droplet parameters: speed, density, impact
angle. Effective manifestations of droplet effects occur at a certain distance from the surface
of the material due to the actual frequency of the acoustic generator. For this reason, it was
first necessary to create new methodological procedures, tuning the system into resonance,
in order to ensure the repeatability and reliability of the results. Using acoustic and vibration
emission, we investigated the response of the material in order to obtain exact data in real
time. The correlation between the depth profile and AE revealed an effective interaction
between the dynamic signal and the material deformation process during the action of the
periodically acting PWJ. From the point of view of conventional phenomenology, our
experimental observations were based on the possible use of wave theory for the PWJ,
which can be considered as a carrier wave with a frequency of 20 kHz. Compared to a
continuous jet, the velocity and momentum of a PWJ passing through a nozzle can be
described as a simple sinusoidal function, where the dominant harmonic component in the
mathematical function occurs in the real region. Depending on the conditions, according to
classical mechanics and most conventional approaches, there are two cases of deformation
under periodic water wave activity (PWJ) impinging on a material. If there is no plastic
deformation, then the area under the yield curve expressed by Hooke's law belongs to the
elastic area. There is no attenuation of the carrier wave and the material has the properties
of a transmitter through which the wave propagates without deformation. If plastic
deformation occurs, then the region above the yield strength, specifically the nonlinear
region, can be expressed by the equation A (input signal) £ Attenuation = A (output signal.)
Subsequently, extensive experiments were conducted to determine the erosion intervals,
including incubation, acceleration, culminating and terminal stage. The incubation and
acceleration stage can be used for surface treatment. The incubation phase is characterized
by an increase in the density of dislocations and strengthening of the subsurface layer.
Preliminary results indicate that it is possible to increase the fatigue resistance of
components. Since the impact pressure of the drop depends on the speed, density and
acoustic speed of the pressure wave, which propagates at the speed of sound, it is possible
to use the high-frequency action of the drops to exhaust the local plasticity more quickly due
to the reduction of the time interval of mechanical relaxation of the material. Therefore, it is
possible to carry out processes at pressures that are lower than 50 MPa, whichis an
advantage over the conventional water jet, whichis generated at about 400 MPa in order to
compensate for the stagnation pressure. Using X-ray py-CT, a fractal-like network of cavities
was identified beneath the surface. The penetration ability of PWJ does not end with the
formation of a groove, but continues into the core of the material in the form of tunneling or
piercing. From this point of view, two types of these cavities have been identified, blind and
transitional, with a diameter of several micrometers. The results indicate that the lateral flow
effect after droplet collapse causes extensive hydrodynamic tunneling in the material, which
is much higher during intense periodic action of water droplets, even at subsonic speeds.
For continuous water jet, such phenomena was not observed. This clue subsequently led to

Formular ZK, strana 4/5



extensive experiments, controlled surface treatments, a titanium surface with a high degree
of capillary elevation, the structures of which resembile the trabecular structure. In this study,
we analyzed the modified morphology and integrity of the Ti6AI4V titanium alloy using the
impact of water droplets generated by PWJ at the starting frequencies fs = 20 kHz and 40
kHz. The water droplets were distributed along a linear displacement trajectory. Two
transition methods were compared to produce modified surface morphology, one with a
single transition and the other with an additional secondary transverse transition. The results
positively support initial indications that PWJ surface treatment would be a preferable
alternative to other techniques based on the use of solid particles for surface erosion, whose
solid artifacts may contaminate the surface.
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