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Ja, nizej podpisany(a), oswiadczam, iz jestem $wiadomy(a), ze zgodnie z przepisem art. 27
ust. 1 i 2 ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t..
Dz.U. z 2021 poz. 1062), uczelnia moze korzysta¢ z mojej rozprawy doktorskiej
zatytulowanej:

Wplyw obrobki laserowej biostopow tytanu i zastosowanie dodatkéw na wybrane wlasciwosci

funkcjonalne
do prowadzeniabadan naukowych lub w celach dydaktycznych.!

Swiadomy(a) odpowiedzialnosci karngj z tytutu naruszeniaprzepisow ustawy z dnia4 lutego
1994 r. o prawie autorskim i prawach pokrewnych i konsekwencji dyscyplinarnych
okreslonych w ustawie Prawo o szkolnictwie wyzszym i nauce (Dz.U.2021.478 tj.), a takze
odpowiedzialnosci cywilno- prawnej o$wiadczam, ze przedktadana rozprawa doktorska
zostata napisana przeze mnie samodzielnie.

Oswiadczam, ze tre§¢ rozprawy opracowana zostala na podstawie wynikow badan
prowadzonych pod kierunkiem i w $cistej wspotpracy z promotorem prof. dr hab. inz. Marek
Szkodo, promotorem pomocniczym dr inz. Beata Majkowska-Marzec.

Niniejsza rozprawa doktorska nie byla wczeéniej podstawg zadnej innej urzedowej
procedury zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w wWw. rozprawie uzyskane ze zrodet
pisanych i elektronicznych, zostaly udokumentowane w wykazie literatury odpowiednimi
odnosnikami, zgodnie z przepisem art. 34 ustawy o prawie autorskim i prawach
pokrewnych.

Potwierdzam zgodno$¢ niniejszej wergji pracy doktorskiej z zataczona wersja elektroniczng.

GAansk, ANi@ ..o e

podpis doktoranta
Ja, nizej podpisany(a), nie wyrazam zgody na umieszczenie ww. rozprawy doktorskiej w
wergi elektroniczngl w otwartym, cyfrowym repozytorium instytucjonalnym Politechniki
Gdanskiej
GAansk, ANi@ ..o e

podpis doktoranta

1 Art. 27. 1. Instytucje o$wiatowe oraz podmioty, o ktérych mowa w art. 7 ust. 1 pkt 1, 2 i 4-8 ustawy z dnia 20 lipca 2018 r.
— Prawo 0 szkolnictwie wyzszym i nauce, moga na potrzeby zilustrowania tre$ci przekazywanych w celach
dydaktycznych lub w celu prowadzeniadziatalno$ci naukowej korzysta¢ z rozpowszechnionych utworéw w oryginaei w
tlumaczeniu oraz zwielokrotnia¢ w tym celu rozpowszechnione drobne utwory lub fragmenty wigkszych utworow.

2. W przypadku publicznego udostepniania utworéw w taki sposob, aby kazdy mégl mie¢ do nich dostep w miejscu i czasie
przez siebie wybranym korzystanie, o ktorym mowa w ust. 1, jest dozwolone wylacznie dla ograniczonego kregu osob
uczacych sig, nauczajacych lub prowadzacych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust.1.
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contribute to the development of modern implants with improved durability
and enhanced integration with bone tissue.






ROZPRAWA
DOKTORSKA

Wplyw obrobki laserowej biostopow tytanu i
zastosowanie dodatkéw na wybrane wlasciwosci

funkcjonalne

mgr inz. Joanna Sypniewska

Promotor: prof. dr hab. inz. Marek Szkodo

Promotor pomocniczy: dr inz. Beata Majkowska-Marzec



Gdansk, 2025

Podzickowania

Dzi¢kuje Profesorowi dr hab. inz. Markowi Szkodo — mojemu Promotorowi — za

opieke naukowa, wsparcie merytoryczne i cenne wskazowki.

Wyrazy wdzigcznosci kieruj¢ rowniez do dr inz. Beaty Majkowskiej-Marzec,
Promotor pomocniczej, za zaangazowanie, dostepnos¢ i pomoc zardwno podczas

badan, jak i prac nad publikacjami.

Dzigkuje kolezankom 1 kolegom z Instytutu Technologii Maszyn i Materiatow,
Wydzialu Inzynierii Mechaniczng i Okretownictwa Politechniki Gdanskiej za
wspotprace, pomoc w laboratorium i zyczliwa atmosferg, ktora towarzyszyta mi

na co dzien.

Ogromne podzigkowania chcialabym zlozy¢ Juan Pablo Herndn Ferndndez za
pomoc podczas wykonywania badan 1 wsparcie merytoryczne przy realizacji

publikacji naukowych.

Szczegdlne podzigkowania kieruj¢ do moich Rodzicow za ich nieustajace

wsparcie, cierpliwos¢ 1 wiar¢ w moje mozliwosci.

Dzigkuje rowniez bliskim znajomym za motywacjg, zrozumienie 1 obecnos$é

w trudnych momentach — Wasze wsparcie miato dla mnie ogromne znaczenie.



10



Przygotowana rozprawa doktorska
stanow1 przewodnik po artykutach
naukowych w ramach

jednotematycznego cyklu publikaci.

11



12



Spis tresci

WYKAZ NATWAZNIEJSZYCH OZNACZEN I SKROTOW ..o 17
STRESZCZENIE I SEOWA KLUCZOWE ..o e aeeeeseeeseenenane 19
ABSTRACT AND KEYWORDS ..ot et eeeeee oo e e e e e eseeeseees e eransaees s 21

WYKAZ PUBLIKACIJI BEDACYCH PODSTAWA ROZPRAWY DOKTORSKIEJ .

........................................................................................................................................ 23
Wskazniki biblIOMELIYCZNE .....cocviiiiiiiiiiiiiecs s 24
o] 11 o R 24
Wystapienia KONferenCyjne. ......coovoiieiiiiiiiiiisisi e s 25
0= XY/ 25
Wyjazdy SZKOIENIOWE | NAUKOWE ........ccceiuiiiiriieiieeeie et 26
Dziatalno$¢ OrganiZacyjna .......ccecveieeiiiieerieiie et 27
SZKOI NI AT CEITYTTKALY ....veveeeeeieeeeee e 27
1 WPROWADZENIE- ..ottt 28
1.1. Spoteczne aspekty rozwoju materiatow biomedycznych .........cccocovririnnnnn. 28
1.2 Uzasadnienie innowacyjnosci przedstawionej modyfikacji ........cceevvrcvernnnnne 29
13. Uzasadnienie wyboru stopu tytanu do badan ..........cccccevvriiniininiincneee, 31
14. MOAYTiKaCa laSErOWAL........ccueeeeceeeiece e 32
15. Technikawytwarzaniawarstwy ceramiczngl — MAO........ccccceeveeeceeveecnene, 33
1.6. BIOdOUELKI ........ccvieeiciccc s 34
16.1. SOd, Wapn 1 fOSTOT ....ccviiiiici 34
16.2. o A0 (€01 S 7 072 Y SRR 34
16.3. CYNK e 35
1.7. Hybrydowa modyfikacjaw [ITeraturze ............ccoovevinenenienene e 35
2 TEZA, CELE | ZAKRES PRACY ...t 37

13



3. METODYKA PROWADZONYCH BADAN.........cccooereereereereereeeerereias 39

3.1 Przygotowanie probek i podiozZa .........ccocveviiiiiiiiiin e 39
3.2. Modyfikacja laserowa StOpOW tytanU..........ccecvereenirieerienineeseese e 40
3.3. Przygotowanie elektrolitoéw dla procesu MAO ........coccviieiiiiiiennie e, 40
34. Proces wytwarzania ceramicznych warstw w procesie MAO .........ccccceeevenee. 41
3.5. Badania zmodytfikowanych hybrydowo materialow stopow tytanu ............... 42
4. REZULTATY BADAN .....oooiiieicteeeteetesestsseesesssss s sessssessessesssssssssansnas 48

4.1. Badania wstgpne I — Wplyw modyfikacji hybrydowej taczacej technike
wytarzania warstw ceramicznych MAO oraz modyfikacj¢ laserowa na strukturg bio-stopu

Lt LTIREEI NS rA IV <74 48

4.2. Badania wstepne II w zakresie odpornosci na korozje i sktadu chemicznego

zaproponowanych modyfikacji stopu tytanu Til3NDb13Zr [JS3] .....ccccccvvvevecieceecieenee, 51
4.3. Podsumowanie badan wstepnych [JS2], [JS3] oo 53

4.4. Badania nad nowa kombinacja elektrolitow wprowadzajacych jony cynku do

warstw cerami cznych nanoszonych nalaserowo zmodyfikowany stop tytanu Til3Nb13Zr

(] o 54
4.5. Badania zmian wtasnosci komercyjnie stosowanego stopu tytanu Ti6Al4V przy
zastosowaniu modyfikacji hybrydowej 1aser MAO ..o 58
PODSUMOWANIE ...t nn e nne s 61
BIBLIOGRAFIA ...t enenne s 63
5. TRESC  ARTYKULOW Z  OPISEM  WKLADU PRACY
D OK T OR AN T A e 70

5.1. [JS1] Influence of Laser Modification on the Surface Character of Biomaterias:

Titanium and IS AIOYS—A REVIEW........cciiiiiiiieeeeeee e 70
5.1.1. Wkiad pracy dOKtOTanta .........ceeveerieeeiieiieesee e 70
51.2. TTESC ArtYKUIU.....veiiieieee e 71

5.2 [JS2] Effect of hybrid modification by ceramic layer formationin MAO process
and laser remelting on the structure of titanium bio-aloy Til3Nb13Zr ...........ccceceeeeee. 95

5.2.1. Wkiad pracy doktoranta ...........cccoeeiiiieniniiniesic e 95

14



5.2.2. TreSC artyKutU ..o 96

5.3. [JS3] Exploring the composition and corrosion resistance in hybrid-modified
THLBNDLBZE AI0Y oo eeeee e ee e es s se e eeen s 108
5.3.1. Wkiad pracy doKtOTanta..........cccevueriiiiriniien i 108
5.3.2. Tre$C artykuhu c.veeeeiccce e 109
5.4. [J$4] Hybrid laser-micro-arc  oxidation techniques for enhanced

biocompatibility and surface modification of Til3Nbl13Zr aloy in biomedica

E210] o] 1o {0 S TSRS P TP PRTUR USRS 116
5.4.1. Wkiad pracy doKtoranta...........cceceereerinieeneeseneeseese e 116
54.2. Tre$C artyKutU ..o 117
5.5. [JS5] Hybrid laser-micro-arc  oxidation techniques for enhanced

biocompatibility and surface modification of Til3Nbl13Zr aloy in biomedica

2 10] 0 107 1 o 1SS 136
55.1. Wkiad pracy dOKLOraNta.........ccovrverererieeieriese e e 136
55.2. Potwierdzenie recenzji artykulu.........ccooceviiiiiiniii 137
55.3. Tre$C artyKutU ..o 138
6. OSWIADCZENTA ......corimiteieeerneesneesesesseesesssssssssessssssssssassssssssesssesens 147

6.1. [JS1] Influence of Laser Modification on the Surface Character of Biomaterial:

Titanium and itS AllOYS — A TEVIEW ......c.eeiueecieee et 147

6.2. [JS2] Effect of hybrid modification by ceramic layer formationin MAO process

and laser remelting on the structure of titanium bio-alloy Ti1l3Nb13Zr....................... 149
6.3. [JS3]Exploring the composition and corrosion resistance in hybrid-modified
QLI N oG 7 | o Y 153
6.4. [J$4] Hybrid laser-micro-arc oxidation techniques for enhanced

biocompatibility and surface modification of Til3Nb13Zr aloy in biomedica

2 0] 0L o= 1 o 1S SRR 157
6.5. [JS5] Influence of hybrid modification on functional properties on commercial
Bio-titanium alloy TIBAIAV ... 167

15



16



WYKAZ NAJWAZNIEJSZYCH OZNACZEN I SKROTOW
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STRESZCZENIE I SLOWA KLUCZOWE

Rozprawa doktorska po§wiecona zostala opracowaniu oraz ocenie skutecznosci
hybrydowej modyfikacji powierzchniowej biostopow tytanu, ze szczegdlnym
uwzglednieniem wpltywu obrobki laserowej oraz techniki mikrotukowego utleniania
(MAO) na wlasciwosci funkcjonalne materiatéw implantacyjnych. Praca koncentruje si¢
na dwoch stopach: nowoczesnym Til3Nb13Zr oraz szeroko stosowanym komercyjnie
Ti6AI4V.

Podstawg pracy jest rosngce zapotrzebowanie na nowoczesne, trwate i biozgodne
implanty ortopedyczne oraz stomatologiczne. Wspotczesna implantologia wymaga
materialow, ktore nie tylko wykazuja odpowiednia wytrzymato$¢ mechaniczng
1 odporno$¢ korozyjna, ale rowniez wspieraja procesy osteointegracji i ograniczaja ryzyko
reakcji zapalnych. Tytan i jego stopy, cho¢ powszechnie stosowane, maja ograniczong
odpornos$¢ na $cieranie i korozje w agresywnym srodowisku fizjologicznym. Wobec tego
opracowanie skutecznych metod inzynierii powierzchni nabiera kluczowego znaczenia.

W rozprawie zaproponowano hybrydowa metode modyfikacji powierzchni,
polegajaca na wstepnej obrobce laserowej z uzyciem lasera Nd:YAG oraz nastepczym
wytwarzaniu ceramicznych warstw tlenkowych w procesie MAO. Modyfikacjalaserowa
umozliwia kontrolowane przetapianie powierzchni, poprawiajac jej topografig,
morfologie 1 wlasciwosci mechaniczne. Z kolei proces MAO pozwala na uzyskanie
porowatych, biozgodnych warstw ceramicznych, ktore mozna wzbogaci¢ o bioaktywne
jony takie jak Ca?*, Na*, Zn?* oraz czasteczki hydroksyapatytu.

W ramach badah przeprowadzono analiz¢ wplywu réznych kombinacji
parametréw modyfikacji (kolejno$¢ procesow, sktad elektrolitow, moc lasera) na
strukture, topografie 1 wlasciwosci chemiczne uzyskanych powierzchni. Szczegdlny
nacisk potozono na ocen¢ odpornosci korozyjnej (OCP, EIS), wlasciwosci biologicznych
(zwilzalnos¢, testy z komodrkami $rodbtonka) oraz charakterystyki powierzchni (SEM,
EDS, XRD, FTIR, XPS).

Wyniki potwierdzily, ze zastosowanie modyfikacji hybrydowej prowadzi do
znacznego polepszenia wlasciwosci uzytkowych biostopow tytanu. Uzyskane warstwy
wykazywaty wysoka jednorodnos$¢, duza porowato$¢ korzystng dla adhezji komorek,
a takze lepsza odpornos¢ korozyjng w pordéwnaniu z probkami modyfikowanymi
pojedynczo. Wykazano, ze odpowiednio dobrany sktad elektrolitu umozliwia

kontrolowane wprowadzenie bioaktywnych jonéw, co bezposrednio przeklada si¢ na

19



poprawe biozgodno$ci i potencjat osteointegracyjny materiatu.

Przeprowadzone badania dowodza, ze technika laser—MAO stanowi obiecujaca
metode modyfikacji powierzchniowej biomateriatow tytanowych 1 moze by¢
z powodzeniem zastosowana w projektowaniu nowej generacji implantoéw o zwiekszonej
trwatosci, odpornosci biologicznej i funkcjonalnej personalizacji powierzchni.

Stowa kluczowe: stopy tytanu, warstwy ceramiczne, modyfikacja laserowa, utlenianie

mikrotukowe, mikrostruktura, topografia powierzchni, badania biologiczne
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ABSTRACT AND KEYWORDS

This doctoral dissertation focuses on the development and evaluation of a hybrid
surface modification method for titanium bioalloys, specifically examining the effects
of laser treatment and micro-arc oxidation (MAQO) on selected functional properties
of implant materials. The study involves two titanium aloys: the modern Ti13Nb13Zr
and the widely used commercial Ti6AI4V.

The research is motivated by the growing demand for advanced, durable, and
biocompatible orthopedic and dental implants. Modern implantology requires materials
that offer not only mechanical strength and corrosion resistance but also promote
osteointegration and minimize inflammatory responses. Titanium and its alloys, although
commonly used, exhibit limited wear and corrosion resistance in aggressive physiological
environments. Therefore, the development of effective surface engineering strategies
isof critical importance.

A hybrid surface modification approach was proposed, combining initial laser
treatment using a Nd:Y AG laser with subsequent deposition of oxide ceramic layersvia
the MAO process. Laser treatment enabl es controlled remelting of the surface, improving
topography, morphology, and mechanical performance. MAO, in turn, alows the
formation of porous, biocompatible ceramic coatings that can be enriched with bioactive
ions such as Ca**, Na*, Zn**, and hydroxyapatite particles.

The study investigated how different combinations of process parameters (order
of modification, electrolyte composition, laser power) influence the structure, surface
topography, and chemical properties of the modified surfaces. Emphasis was placed on
evauating corrosion resistance (OCP, EIS), biologica performance (wettability,
endothelia cell response), and surface characteristics (SEM, EDS, XRD, FTIR, XPS).

The results confirmed that hybrid modification significantly enhances the
functional properties of titanium bioalloys. The resulting layers exhibited high
uniformity, beneficial porosity for cell adhesion, and improved corrosion resistance
compared to samples modified with a single technique. The tailored electrolyte
compositions enabled controlled incorporation of bioactive ions, directly contributing to
enhanced biocompatibility and osteointegration potential.

Ovedl, the findings demonstrate that the laser—MAQO hybrid technique
is a promising surface modification strategy for titanium-based biomaterials, offering
potential for the development of next-generation implants with improved durability,
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biological performance, and application-specific surface customization.
Key words: titanium alloys, ceramic coatings, laser modification, micro-arc oxidation,

microstructure, surface topography, biological studies
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1.

WPROWADZENIE

1.1

Spoleczne aspekty rozwoju materialow biomedycznych

W dziedzinie implantow stomatologicznych podkres$la si¢ ich znaczenie

przede wszystkim z powodéw medycznych, ale rowniez estetycznych —
odbudowa ubytkow z wykorzystaniem implantow umozliwia trwalsza
rekonstrukcje oraz poprawe wygladu pacjenta [1].
Obszar implantéw ortopedycznych doswiadcza obecnie znaczacego wzrostu
zapotrzebowania, co wynika gléwnie z dwoch kluczowych czynnikow:
rosnacej liczby osob starszych oraz jednoczesnego wzrostu aktywno$ci
fizycznej w réznych grupach wiekowych [2,3]. To wspotwystepowanie
zjawisk spowodowato zapotrzebowanie na implanty ortopedyczne, co
w istotny sposob zmienia krajobraz opieki zdrowotnej. Wraz ze starzeniem
si¢ populacji $wiatowej obserwuje si¢ przesuni¢cie demograficzne — coraz
wigkszy odsetek ludzi osiaga wiek senioralny. Grupa ta jest bardziej podatna
na problemy uktadu migéniowo-szkieletowego i choroby zwyrodnieniowe,
takie jak choroba zwyrodnieniowa stawOw czy zlamania, ktore wymagaja
interwencji z zastosowaniem implantow ortopedycznych.

Wspolczesnie ludzie pozostaja aktywni fizycznie znacznie dluzej niz
jeszcze w poprzednim stuleciu. Wedtug raportu Gloéwnego Urzegdu
Statystycznego coraz wigcej 0sob starszych (w wieku 60 lat 1 wigcej) spedza
aktywnie czas wolny: jezdZac na rowerze, spacerujac, biegajac, grajac w pitke
nozng, chodzac na sitowni¢ czy uprawiajac fitness [4]. Statystyki
Narodowego Funduszu Zdrowia (NFZ) pokazuja, ze z roku na rok
przeprowadza si¢ coraz wigcej operacji z zastosowaniem endoprotezoplastyki
stawOw — najczesciej biodrowych i1 kolanowych. Donoszono, ze od 500 do
700 zabiegdw endoplastyki dotyczylo wymiany wcze$niej wszczepionego
implantu [5]. Tak duza liczba reoperacji stanowi powazny problem
w kontek$cie wytwarzania trwatego implantu, ktory speilnia zarowno
wymagania medyczne, jak 1 oczekiwania pacjentow.

Reoperacje sa przede wszystkim zwigzane z faktem, ze kazdy implant ma
okreslony czas, przez jaki moze przebywa¢ w organizmie, jednak wiele z nich

wynika takze z przedwczesnego uszkodzenia implantu na skutek srodowiska
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biologicznego organizmu, obcigzen mechanicznych, a takze reakcji
alergicznych spowodowanych produktami korozji. To z kolei otwiera droge
do rozwoju implantéw o ulepszonych wiasciwosciach.

Osseointegracja, czyli podstawowy proces tgczenia si¢ kosci z implantem,
jest rozumiana jako proces bezcementowego zakotwiczenia i integracji
implantu z ko$cig [6]. Proces ten jest w znacznym stopniu uzalezniony od
wlasciwosci powierzchni implantu. Modyfikacja powierzchni implantow
w celu poprawy osteointegracji cieszy si¢ coraz wigkszym zainteresowaniem
w nowoczesnej ortopedii. Wskazuje si¢ na dwa czynniki majace wptyw na
osteointegracj¢.  Pierwsze to czynniki $rodowiskowe, zwigzane
z obcigzeniami implantu, wlasciwosciami kosci pacjenta oraz jego
chorobami. Waznym czynnikiem srodowiskowym jest réwniez koncentracja
i jako$¢ komorek kosciotworczych. Drugim istotnym czynnikiem, czgsto
wskazywanym w literaturze, sg wtasciwosci samego implantu — jego sposéb
wytworzenia, materiat, z ktorego jest wykonany, powtoka powierzchniowa
oraz jego struktura makro-, mikro- i nanometryczna(7].

Duza wage przywiazuje si¢ do wyboru odpowiedniego materialu na
implant. Obecnie duza popularnoscig cieszg si¢ implanty wykonane z tytanu
lub jego stopow [8], ktore wykazuja dobra odporno$¢ na korozjg, doskonate
wlasciwosci mechaniczne i wysokg biokompatybilnos¢ [9,10]. Jednym
z nielicznych mankamentow tytanu 1 jego stopow jest ich niska odpornos¢ na

$cieranie i zuzycie [11]

1.2. Uzasadnienie innowacyjnosci przedstawionej modyfikacji

W pracy pod tytutem ,,Wplyw obrobki laserowej 1 zastosowanie dodatkow
na wybrane wlasciwosci funkcjonalne biostopow tytanu” na potrzeby
realizacji jej celow zastosowano hybrydowa, podwojna modyfikacje.
Zaproponowano potaczenie dwoéch technik: modyfikacji laserowej przy
wykorzystaniu lasera Nd:YAG oraz techniki osadzania mikrotukowego
(MAO — micro-arc oxidation), podczas ktorej mozliwe jest wytworzenie
ceramiczng warstwy tlenkows.

Zdecydowano si¢ na zastosowanie podwdjnej modyfikacji ze wzglgdu na

mozliwo$ci, ktore daje taka metoda obrobki. Stanowi ona perspektywe do
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taczenia zalet obu technik, co pozwaa na uzyskanie materiatu o lepszych
wlasnosciach funkcjonalnych niz przy zastosowaniu klasycznej pojedyncze
modyfikacji. Proces laserowegl modyfikacji jest procesem powtarzalnym
z mozliwoscig kontrolowania wszystkich parametrow i zaprojektowania
procesu tak, zeby uzyskac¢ materiat 0 okreslonej chropowatosci, odpowiednio
rozwinigtej  morfologii  powierzchni,  poprawionych  wtasnoséciach
mechanicznych i zwigkszonej odpornosci na korozj¢. Natomiast utlenianie
mikrolukowe MAQO pozwala na wytworzenie biozgodng warstwy
ceramiczne] wzbogaconej o jony, ktore stanowig aktywator do procesow
kostnych, nadajac wlasnosci antybakteryjne zmodyfikowanemu materiatowi,
a dodatkowa ceramiczna warstwa MAO charakteryzuje si¢ rozbudowang,
porowata morfologig powierzchni co propaguje proliferacj¢ komorek.

Na podstawie przegladu literaturowego stwierdzono, ze temat modyfikacji
hybrydowej w przedstawiong konfiguracji powyzszych dwoch technik jest
niecatkowicie zbadany i mozliwe jest wprowadzenie innowacyjnego sposobu
modyfikacji powierzchni bio-stopow tytanu do zastosowan biomedycznych,
ktory pozwoli na uzyskanie materialu spelniajacego szereg rygorystycznych
wymagan Stawianym biomaterialom oraz bedzie on dawal mozliwosc
personalizacji w zaleznosci od wymagan jednostkowych.

W kontekscie stopow tytanu istotne jest doskonalenie konkretnych
wlasciwosci, poniewaz niedostateczna odporno$¢ na zuzycie i odpornosci na
korozje stanowi powazne ograniczenie w wielu zastosowaniach. Wyniki
badan literaturowych jednoznacznie wskazuja, ze zastosowanie modyfikacji
powierzchni przy uzyciu lasera jest prosta, a zarazem bardzo skuteczng
metoda poprawy odporno$ci na zuzycie i korozj¢ takich materiatow [12,13].

Modyfikacja laserowa poprawia odporno$¢ korozyjng powierzchni, co
moze by¢ odpowiedzig na obnizong odpornos¢ lokalng powtok uzyskiwanych
metoda mikrotukowej oksydacji (MAO). Metoda MAO charakteryzuje si¢
mozliwoscig wytwarzaniapowlok poprzez wprowadzanie jonoéw z elektrolitu,
w ktorym przebiega proces. Przewaga mikrotukowej oksydacji nad innymi
metodami nanoszenia powlok na materialy implantacyjne jest prostota
techniki [14], przy jednoczesnym uzyskiwaniu jednolitej powloki o wysokie;j
porowato$ci [15]. Dodatkowa zaleta tej metody jest mozliwose

wbudowywania jondéw z elektrolitu w modyfikowany materiat, co przektada
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si¢ na zwigkszong biozgodnos¢. W trakcie modyfikacji powierzchni
materiatéw implantacyjnych mozliwe jest wprowadzenie takich pierwiastkow
jak: potas, wapn, cynk (jony budulcowe kosci), a takze srebro, ktore wykazuje

wilasciwos$ci antybakteryjne [16-18].

1.3. Uzasadnienie wyboru stopu tytanu do badan

Obecnie tytan i jego stopy wzbudzajg ogromne zainteresowanie w roznych
galeziach przemystu, przede wszystkim ze wzgledu na ich niskg gestosc.
Ta wyjatkowo interesujaca konfiguracja materiatow zyskata szerokie uznanie,
zwlaszcza w produkcji komponentéw do motocykli 1 samochodow
sportowych, gdzie redukcja masy stanowi glowny priorytet [19,20].
W przemysle lotniczym Stopy tytanu sa trzecig najczg$ciej stosowang grupa
materialdw po stopach niklu. Ich popularno$¢ wynika nie tylko z niskiej
gestosci, ale réwniez z wyjatkowej odpornosci na korozj¢ oraz zdolnosci do
pracy w wysokich temperaturach, jak ma to miejsce w przypadku stopow a
i otP [21,22]. Jednak to wiasnie w dziedzinie zastosowan medycznych,
a w szczegolnosci w implantologii, tytan i jego stopy przyciagaja szczegolng
uwage [23,24]. W stomatologii stopy tytanu sa powszechnie stosowane do
produkcji koron i mostow dentystycznych ze wzglgdu na zmniejszone ryzyko
reakcji alergicznych oraz pozytywny wplyw na proces osteointegracji [ 25,26].

Gtowng zaleta tytanu 1 jego stopdéw jest ich znakomita odpornosé
korozyjna, przewyzszajaca nawet stale nierdzewne oraz stopy kobaltu
1 chromu, co czyni je idealnym wyborem do implantéw umieszczanych
w srodowisku organizmu [27-29]. Badania potwierdzajg, ze tytan wykazuje
minimalny wplyw na organizm czlowieka 1 jest uznawany
za biokompatybilny material, podobnie jak jego stopy [30].

Stopy Ti6AlI4V oraz Til3Nbl3Zr znajduja zastosowanie w inzynierii
tkankowg [31]. Stop Ti6AI4V jest stopem komercyjnie stosowanym
w implantologii, charakteryzuje si¢ dobra odpornoscig na korozje, niska
gestoscig 1 wysoka wytrzymatoscig wlasciwg [32]. Jednakze stopy
zawierajace aluminium wykazuja wyzsza toksycznos$¢ niz stop Til3Nb13Zr
[33]. Zaréwno aluminium, jak i wanad w wigkszych stg¢zeniach moga

powodowac problemy neurologiczne. Wykazano, ze jony wanadu wywotuja
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reakcje cytotoksyczne, a jony glinu (aluminium) przyczyniaja si¢ do
zmigkczenia kosci [33]. Nowym stopem, nad ktorego komercyjnym
zastosowaniem wcigz trwajg badania jest stop tytanu Til3Nb13Zr
charakteryzujacy si¢ bardzo dobrymi wilasciwosciami osteointegracyjnymi,
modutem Younga zblizonym do kosci oraz dobrymi wlasciwosciami
mechanicznymi. Zaleca si¢ jego stosowanie gtdéwnie w endoprotezach stawu

biodrowego i kolanowego [34].

1.4. Modyfikacjalaserowa

Modyfikacja laserowa umozliwia uzyskanie chropowatej powierzchni, co
jest szczeg6lnie cenne w implantologii, poniewaz komorki kostne bardzo
dobrze rosng na tego typu podtozu, co przektada si¢ na poprawe wtasciwosci
mechanicznych uktadu implant—ko$¢ [35,36]. Dodatkowo jako zalety te
metody podkresla si¢ precyzje, elastyczno$¢ i mozliwo$¢ kontrolowania
parametrow lasera Nd: Y AG, powtarzalno$¢ procesu oraz mata strefe wptywu
ciepta powstajaca w wyniku modyfikacji [37]. Ze wzgledu na wysoki poziom
zaawansowania technologicznego tego procesu, mozliwe jest rowniez jego
przeprowadzanie w sposob autonomiczny, bez bezposredniej ingerencji
cztowieka, co zmniejsza ryzyko niepozadanych skutkow dla organizmu [38].

Wilasciwosci mechaniczne materiatdow, jak rowniez lepsze wigzanie
implantu z koscig [34], stanowig kluczowe czynniki decydujace
o skuteczno$ci zastosowania materialow w implantologii. Z aktualnej
literatury wynika, ze obrobka laserowa powierzchni stopéw tytanu prowadzi
do zwigkszenia chropowatosci powierzchni, co bezposrednio wigze si¢ ze
wzrostem jej zwilzalnosci, co z kolei jest korzystne dla procesu
osteointegracji [36,39,40].

Ponadto modyfikacja laserowa zwigksza odporno$¢ materiatow na zuzycie
1 korozj¢, a takze podnosi ich twardos¢, oferujac perspektywe uzyskania
materialu, ktéry moze wytrzymywac¢ wigksze obcigzenia przez dtuzszy czas
1 nie uwalnia niebezpiecznych jondéw, takich jak te powstajace w wyniku
degradacji materiatu

Aspekt modyfikacji laserowej zostat szeroko omowiony w pracy [JS1]
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1.5.

Technika wytwar zania war stwy ceramiczngg — MAO

Mikro-tukowa oksydacja, znana rowniez jako plazmowa oksydacja
elektrolityczna (PEO) [41], to technika, ktora wykorzystujac mikro-
wytadowania na powierzchni materiatu, pozwala na wbudowanie w strukture
powtoki pierwiastkow obecnych w roztworze elektrolitu,
w ktorym prowadzony jest proces. Jednoczesnie prowadzi to do powstania
powloki ceramicznej na powierzchni materiatu [15]. Metoda umozliwia
uzyskiwanie ceramicznych powlok zawierajacych starannie dobrane dodatki
zawarte w S$rodowisku elektrolitycznym. Poczatkowo wykorzystywana
glownie dla podtozy magnezowych [42], zyskuje coraz wigkszg popularnosc
réwniez w przypadku stopow tytanu [41].

Proces ten umozliwia poprawe biozgodnosci powierzchni dzigki zdolnosci
do wprowadzania jonoéw, ktére sg m.in. sktadnikami ludzkiej tkanki kostne;j
lub aktywuja proces osteointegracji. Mikro-tukowa oksydacja zwigksza
roéwniez porowato$¢ powierzchni, co przyspiesza osteointegracje, a takze
poprawia twardo$¢ 1 odporno$¢ na zuzycie materiatu. W pordéwnaniu do
metody osadzania elektroforetycznego MAO zapewnia rowniez lepsza
adhezje powloki do zmodyfikowanej powierzchni. Badania wskazuja, ze
MAO moze by¢ stosowana do wbudowywania jonéw w strukture tlenkowa
powierzchni tytanu, co poprawia jej biozgodnos¢. Niemniej jednak literatura
wskazuje na mozliwe obnizenie odpornosci powltok MAO na korozje
erozyjna, dlatego zaleca si¢ dodatkowe pokrycie powierzchni polimerem lub
warstwg zawierajacg sole wapnia i fosforu [27]. W literaturze [28] podkresla
si¢, ze silne polaczenia implant—kos$¢ s3 wspomagane przez obecnos¢ wapnia
1 jego fosforanow. Krytycznie istotnym aspektem projektowania modyfikacji
z wykorzystaniem techniki MAO jest odpowiedni dobdr sktadu elektrolitu do
konkretnego  zastosowania. W publikacjach ~ wspomina  si¢
o zastosowaniu elektrolitéw zawierajacych pierwiastki takie jak Ag (srebro),

Zn (cynk), Au (ztoto), Cu (miedz), Ca (wapn), P (fosfor) [29,42].
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1.6.

Biododatki
1.6.1. Sod, wapn i fosfor

Wskazuje si¢, ze niektore jony powoduja wytwarzanie apatytOw na
powierzchni materiatdow zanurzonych w symulowanych ptynach
ustrojowych (PBS) [43]. Jony sodu jako dodatek do materiatlow
tytanowych stosuje si¢ wihasnie w celu zwigkszenia integragji
hydroksyapatytu a w potgczeniu z jonami wapnia poprawia on
osseointegracj¢ [44]. Ponadto udowodniono juz w 2005 roku, ze obecnos¢
jonow sodu moze pozytywnie wpltywa¢ na odpornos¢ korozyjna
materiatow tytanowych [45], a takze poprawia bioaktywnos¢ i nie
organicza biokompatybilnosci [43].

Wapn jest podstawowym elementem budulcowym kos$ci, jego dodatek
w materiatach tytanowych sprzyja tworzeniu bioaktywneg warstwy,
wspomagajac integracj¢ implantu z tkanka kostng. Literatura stanowi, ze
jony Ca2+ zwigkszaja liczbe kontaktow komorkowych w obszarze kosci,
prowadzac do zwigkszenia gestosci kosci, stymuluje to ko$¢ do
zwigkszenia regeneracji po wszczepieniu implantu. Wskazuje sie, ze jest
kluczowy dla integracji $rod kostnej w praktyce kliniczng [46]. Jony
wapnia razem z jonami fosforu tworzg kombinacje, ktora okreslana jest
jako wzaemnie wspotmobilizujaca sie, co w efekcie daje zwigkszenie
osteokonduktywnosci materialow tytanowych, a takze poprawe

proliferacji komorek [47].

1.6.2. Hydroksyapatyt

Hydroksyapatyt stanowi rodza fosforanu wapnia, ktory jest szeroko
wykorzystywany
w inzynierii tkankowej. Wykazuje si¢ wysoka biokompatybilnoscia
wzgledem organizmu ludzkiego oraz charakteryzuje si¢ wysoka
bioaktywnoscia z komodrkami kostnymi. Wykazano takze, zZe
hydroksyapatyt odgrywa bardzo duza role w sygnalizacji kostnej na
poziomie molekularngl [48]. Poza dobrymi wlasnos$ciami biologicznymi
wskazuje si¢, ze omawiany zwigzek wptywa korzystnie na odporno$¢ na

korozj¢ materiatow, do ktorych jest wprowadzany [49,50].
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1.7.

1.6.3. Cynk

Cynk w organizmie jest pierwiastkiem, ktory wystepuje w znikomych
ilosciach, ale biologicznie petlni szereg waznych rol. Wptywa miedzy
innymi na mineralizacj¢, aktywno$¢ hormonalna, a jego niedobor moze
powodowaé opozniony rozwdj kosci a takze w pdzniejszych latach
szybsze wystapienie osteoporozy [51]. Literatura wskazuje, ze
podegjmowane s3 proby wzbogacania materiatow biomedycznych jonami
Zn** w celu poprawy wiasnoéci mechanicznych, zwickszenia adhezji
i proliferacji komodrek [51,52]. Obecno$¢ jondéw cynku wpltywa na
regulowanie szlakow biologicznych odpowiadajacych za przebudowe
tkanki kostngg a takze zwicksza biokompatybilnos¢ materiatow
tytanowych [53]. Dla nanotlenku cynku wprowadzanego do materiatow
tytanowych wykazuje si¢ poprawe wlasnosci odpornosci na korozje oraz
wilasno$ci antybakteryjnych [54]. Cynk na powierzchni biomateriatow
wystepuje bardzo czgsto w postaci tlenku cynku, zwigzek ten ma
wlasnosci hydrofobowe, co pozwala na zmiang

w kontrolowany sposob charakteru zwilzalnosci powierzchni [55].

Hybrydowa modyfikacja w literatur ze

Przeglad aktualnej literatury dostarczyt informacji na temat modyfikacji
hybrydowych obejmujacych wstepng obrébke laserowa, po ktorej nastepowat
proces mikrotukowej oksydacji . Wyniki tych badan pokazuja, ze tego typu
modyfikacja [14,27,28,56] hybrydowa umozliwia redukcj¢ parametru
chropowatos$ci powierzchni w poréwnaniu z powlokami uzyskiwanymi
wylacznie za pomoca procesu MAO. Ponadto uzyskano powloki o lepszej
mikrostrukturze, bardziej jednorodnej i z mniejszg liczbg pekniec
w poréwnaniu z proébkami pokrywanymi jedynie ceramiczng powloka w
wyniku mikrotukowej oksydacji [28]. W literaturze wskazano rowniez na
poprawe wilasciwosci mechanicznych, odpornosci korozyjnej 1 wtasciwosci
tribologicznych. Podkreslono takze, ze ulepszona struktura materiatu dzieki
modyfikacji laserowej skutkowata zwickszeniem energii powierzchniowe;,
co prowadzito do zwigkszenia liczby wyladowan pojawiajacych si¢ w trakcie

procesu MAO. Zaprezentowane wyniki stanowig podstawe do stusznosci
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zatozen eksperymentalnych przyjetych w niniejszym projekcie. Ze wzgledu
na ograniczong liczbe badan dotyczacych tego typu modyfikacji hybrydowe;j
zasugerowano, ze dalsze badania powinny zosta¢ rozszerzone
i obejmowa¢ doktadng analiz¢ makro-, mikro- i nanostruktury uzyskanych
powierzchni oraz badania przemieszczen i napr¢zen w osnowie materiatu. Jak
wykazano na podstawie zgromadzonej literatury, powloki MAO
charakteryzujg si¢ duza chropowatoscig, podatnoscia na pekanie oraz
ograniczong odpornoscig korozyjng [57]. Wskazane jest zatem
przeprowadzenie modyfikacji polegajacej na pierwotnym wytworzeniu
powloki MAO, a nastgpnie jej dalszej obrdbce przy uzyciu wigzki
energetycznej (np. lasera) w celu ujednorodnienia powtloki uzyskanej
w procese MAO. Z kolel zastosowanie modyfikacji laserowe poprzez
przetapianie warstwy ceramiczngg MAO moze shuzy¢ przemieszczeniu
wczesniej wprowadzonych jondw ku powierzchni, co stanowi probe dalszego

zwigkszenia osteointegracji oraz biozgodnosci materiatu
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TEZA,CELE | ZAKRESPRACY

Teza przyjeta w pracy ,Wplyw obrobki laserowej biostopow tytanu
1 zastosowanie dodatkéw na wybrane wiasciwosci funkcjonalne” stanowi, ze
mozliwe jest wytworzenie rozwinigte] morfologicznie powierzchni przy
wykorzystaniu podwojnej modyfikacji przy uzyciu techniki laserowe;j
1 techniki osadzania mikrolukowego, ktora poprawi odporno$¢ na korozje
materiatu, zapewni odpowiednie parametry chropowatosci i zwilzalno$ci
powierzchni oraz dodatkowo mozliwe bedzie kontrolowane wzbogacenie
materiatu w jony bioaktywne, co spowoduje pozytywna odpowiedz komorkows.
Celem naukowym pierwszorzednym bylo sprawdzenie mozliwosci
przeprowadzenia podwdjnej modyfikacji z wykorzystaniem dwoéch technik,
pierwszel modyfikacji wiagzka lasera Nd:Y AG, drugiej techniki mikrotukowego
wytwarzania warstwy ceramicznej na biostopach tytanu. Kolginy cel naukowy
stanowil o okre§leniu wptywu kombinowanej obrdbki powierzchniowe;,
obejmujacej modyfikacje laserowg oraz proces mikrotukowego utleniania
(MAO), z zastosowaniem dodatkéw pierwiastkow bioaktywnych, na strukture,
topografi¢ 1 wtasciwosci funkcjonalne biostopow tytanu. Badania miaty na celu
wykazanie, ze odpowiednio dobrane parametry proceséw prowadza do poprawy
odpornosci korozyjnej, zwigkszenia biozgodnosci 1 modyfikacji whasciwosci
powierzchni w kontekscie ich zastosowania w implantologii.
Celem uzytkowym pracy bylo opracowanie metody podwojnej modyfikacji
powierzchni biostopow tytanu, umozliwiajacej uzyskanie warstw wierzchnich o
wysokiej odpornosci korozyjnej 1 korzystnych wilasciwosciach biologicznych
(zwilzalnos¢, chropowato$¢, bioaktywnos$¢), ktore mogg znalez¢ zastosowanie w
produkcji nowoczesnych implantow
o zwigkszonej trwato$ci 1 lepszej integracji z tkankami.
Zakres pracy doktorskiej obejmowal

e Przeglad literatury w zakresie modyfikacji laserowe materiatow

tytanowych [JS1]
e Ocene stusznosci wykonywania podwdjnej modyfikacji w rdéznych
kombinacjach kolejnosci wykorzystania technik modyfikacji laserowe;j

oraz wytwarzania warstwy ceramicznej technika MAO, a takze ocena
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wptywu modyfikacji na wlasnosci stopu tytanu Til3Nb13Zr [JS2]

Wybdr parametrow prowadzenia procesu modyfikacji laserowej laserem
Nd:YAG dla modyfikacji materiatu Til3Nb13Zr [JS2]

Przeprowadzenie badania sktadu chemicznego oraz odpornos$ci na korozje
jako badania wstepne dla dwoch kombinacji modyfikacji stopu tytanu
Ti1l3Nb13Zr [JS3]

Zaprojektowanie  nowego  skladu  elektrolitu,  zawierajacego
hydrkosyapatyt,

do wytworzenia warstw ceramicznych na zmodyfikowang laserowo
powierzchni stopu Ti1l3Nb13Zr [JA4]

Przeprowadzenie szczegdtowych badan sktadu chemicznego (badania
EDS, XPS), badan mikrostruktury powierzchni (SEM, badania
profilograficznne), badan odpornosci na korozje polaczone z testami
zanurzeniowymi oraz badan odpowiedzi komorkowej, ludzkich komorek
srodbtonka. [JSA4]

Przeprowadzenie badan na komercyjnie uzywanym stopie tytanu Ti6Al4V
w zakresie modyfikacji podwojnej w jednej kombinacji laser Nd:YAG-
MAO. [JS5]

Przeprowadzenie badan wstepnych w zakresie oceny wptywu modyfikacji
laseroweg na stop (badania przekroju poprzecznego), ocena morfologii
powierzchni (SEM), sktadu chemicznego (EDS), podstawowych badan
biologicznych oraz badan wtasnosci elektrochemicznej (EIS podczas testu

Zanurzeniowego). [JS5H]
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METODYKA PROWADZONYCH BADAN

Przygotowanie prébek i podloza

Probki do badan w ramach pracy doktorskiej na podstawie cyklu publikacji
[JS1-JS5] zostaty przygotowane poprzez wycigcie okraglych probek z pretow
stopu tytanu Ti13Nb13Zr (Bibus Metals, Poznan, Polska [sktad tab.1] oraz
JANGSU GANGYA METAL PRODUCTS LIMITED, Chiny), oraz stopu
Ti6Al4V (JANGSU GANGYA METAL PRODUCTS LIMITED, Chiny
[sktad tab.2]). Probki miaty $rednice od 12 do 19 mm oraz wysoko$¢ Smm.

Tabela 1. Sktad chemiczny stopu tytanu Ti13Nb13Zr [JS2-JS3]

Element Ti Nb Zr @) N Fe H

Wih. [%] 71.38 14 13.5 0.016 0.05 0.25 0,8 0.015
Tabela 2. Sktad chemiczny stopu tytanu Ti6Al4V

Element Ti Al V Fe O C N H

Wh. [%] 89.18 6.40 4.05 0.16 0.185 0.01 0.005 0.0035

Przed przystapieniem do modyfikacji probki byly szlifowane
z dwoch stron. Obrobke mechaniczng przeprowadzono przy uzyciu szlifierko-
polerki (Saphir 330, Czechy) oraz  papierow  S$ciernych
0 gradacjach od 60 do 2000. W publikacjach [JS2-JS3, JS5] probki byty
szlifowane do gradacji 1200, natomiast w [JS4] do 2000.

Po szlifowaniu probki byly kazdorazowo oczyszczane: najpierw
w wodzie destylowang (Destylarka Hydrolab, Polska) przez 10 minut,
a nastepnie w izopropanolu (99,9%, POCH S.A., Polska), rowniez przez 10
minut. Po etapie oczyszczania, zardwno przed modyfikacjg laserowg
Nd:YAG, jak 1 procesem mikrotukowego utleniania, probki byly osuszane

sprezonym powietrzem.
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3.2

3.3.

Modyfikacja laserowa stopow tytanu

Jedng z przeprowadzonych modyfikacji biostopow tytanu byta
modyfikacja laserowa z uzyciem lasera Nd:YAG (TruLaser Station 5004,
TRUMPF, Niemcy) w obecnosci technicznego argonu (99,99% czystosci, Air
Liquide, Polska), co miato na celu ograniczenie procesu utleniania materiatu.

Podczas modyfikacji laserowej kontrolowano jeden parametr — moc lasera
[W], natomiast parametry takie jak posuw lasera [%], czas trwania impulsu
[ms] oraz czestotliwos¢ [Hz] byly utrzymywane na stalym poziomie. W
publikacjach [JS2-JS3] zastosowano moce lasera 1000 oraz 1500 W, posuw
ustalono — na podstawie wczesniejszych badan — na poziomie 60%
maksymalnych mozliwosci lasera (6 mm/s), czas trwania impulsu wynosit
2,25 ms, a czestotliwosé 25 Hz.

W pozostatych publikacjach [JS4-JS5] ustalono optymalng moc lasera na
poziomie 1000 W, natomiast pozostate parametry pozostaly bez zmian —
zarowno dla  dalszych  modyfikacji  stopu  Til3Nb13Zr, jak
i TIGAI4V.

Podczas modyfikacji wykorzystywano program sterowania wigzkg lasera,
dedykowany dla probek o okreslonej $rednicy, tak aby zapewni¢ jednorodne

przetapianie catej powierzchni modyfikowanego materiatu.

Przygotowanie elektrolitow dla procesu MAO

Do wytworzenia warstw ceramicznych w procesie obrobki mikrotukowej
przygotowano rozne wodne elektrolity o zrdéznicowanym skladzie,
umozliwiajgcym  wprowadzenie do warstw ceramicznych rdznych
biododatkéw. Podczas przygotowywania elektrolitow wykorzystano:
wodorotlenek sodu (NaOH, Warchem, Polska), hydroksyapatyt
(Caio(PO4)s(OH)2, Sigma-Aldrich), octan cynku ((CH3sCOO).Zn, Warchem,
Polska), fosforan sodu dwunastowodny (Na2POas-12H20, Warchem, Polska)
oraz nanotlenek cynku (nZnO, Nano3D, Polska). Do przygotowania kazdego
z elektrolitow stosowano wod¢ destylowang (Hydrolab, Polska),

a w przypadku niektorych kombinacji niezbedne bylo uzycie alkoholu
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etylowego (C-HsOH, Warchem, Polska). Wszystkie szczegétowe kombinacje
elektrolitow zastosowane w pracach [JS2-JS5] zostaly przedstawione

w metodyce badan zawartej w poszczegdlnych artykutach.

3.4. Proceswytwar zania ceramicznych warstw w procese MAO

Proces MAO odbywatl si¢ przy wykorzystaniu wysokonapigciowego
zasilaczapradu statego (DC supply, BK PRECISSION , MR 1000020). Uktad
podczas procesu byt uktadem dwuelektrodowym, gdzie elektrod¢ ujemna
stanowita elektroda platynowa [J$4, JS5] lub elektroda stalowa [JS2, JS3].
Probka ze stopu tytanu stanowila natomiast elektrode natadowang dodatnio.
Na rys. 1 przedstawiono przyktad uktadu do procesu MAO realizowanego

podczas eksperymentow.
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Rysunek 1. Schemat mikrolukowego utleniania dla probki stopu tyatnu Til3Nb13Zr

Utlenianiu wysokonapigciowemu z mirko wytadowaniami poddawany byt
tylko wybrany obszar okragltego dysku. Probki umieszczane byly w
specjanych uchwytach wytworzonych z polimeréw z elementami stalowymi
1 miedzianym drutem, ktory pozwalatl na prawidlowe dostarczenie pradu do
probki. Probka byta umieszczana w uchwycie, a nakretka zamykajaca uktad
wyznaczata obszar poddawany modyfikacji. Dla kazdej z prac [JS2-JS5]
podczas prowadzenia doswiadczen, dla kazdej z modyfikowanych probek,

kazdorazowo wymieniano elektrolit tak, zeby proces zachodzit w
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3.5.

jednakowych warunkach, w kontrolowane temperaturze. 23 °C.

Badania zmodyfikowanych hybrydowo materialow stopéw tytanu

Bio-stopy tytanu: Ti1l3Nb13Zr oraz komercyjnie stosowany Ti6Al4V, po
przeprowadzonych modyfikacjach z wykorzystaniem techniki laserowego
przetapiania laserem Nd:YAG oraz procesu wytwarzania warstw
ceramicznych wzbogacanych jonami, o0 potencjalnym zastosowaniu
biomedycznym, zostaly przebadane pod wzglegdem ich wlasciwosci
funkcjonalnych, skupiajac si¢ na morfologii powierzchni, charakterze
zmodyfikowanych materialow, skladzie chemicznym wynikajacym
z modyfikacji, a takze odpornosci na korozje, odpowiedzi biologicznej
1 wybranych wtasciwo$ciach mechanicznych.

Podstawowg technikg wykorzystang do obserwacji zmodyfikowanych
powierzchniowo stopéw tytanu byta skaningowa mikroskopia elektronowa
(SEM), przeprowadzana na kazdym etapie prowadzonych do$wiadczen.
Technika obrazowania, zastosowana do oceny jakosciowej wytwarzanych
warstw bezposrednio po hybrydowej modyfikacji, pozwolita na oceng
jednorodnos$ci, obecnosci peknigé, uszkodzen, a takze — po dodatkowey
obrobce — porowatosci materiatu. Obrazowanie SEM wykorzystano roéwniez
po przeprowadzeniu badan zanurzeniowych [JS4]. Zdj¢cia wykonywano przy
roznych powigkszeniach, w zaleznosci od potrzeb szczegotowego
przedstawienia cech charakterystycznych powierzchni po modyfikacji. W
celu okreslenia porowato$ci materialu wykorzystano obrazy SEM, ktore
zostaly poddane analizie w oprogramowaniu ImageJ, umozliwiajagcym pomiar
porowato$ci zmodyfikowanej powierzchni.

Dzi¢ki dodatkowej przystawce w urzadzeniu SEM w postaci spektroskopii
dyspersji energii (EDS) mozliwe byto ustalenie sktadu chemicznego warstwy
wierzchniej zmodyfikowanych stopow tytanu; wykonano takze analizy
sktadu chemicznego na przekrojach poprzecznych [JS2].

W pracy wykorzystano rowniez— mikroskop optyczny (Olympus UC50),
ktory postluzyl do oceny mikrostruktury probek referencyjnych
zmodyfikowanych wylacznie przy uzyciu lasera Nd:YAG ([JS2], [JS4],
[JS5]) oraz probek poddanych podwojnej modyfikacji w pracy [JS2].
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Dodatkowo urzadzenie to stuzyto do oceny strefy wptywu ciepta (HAZ —
heated affected zone).

Na potrzeby identyfikacji wigzan chemicznych wystepujacych
w zmodyfikowanym materiale przy wykorzystaniu hybrydowe] modyfikacji
laser—MAQO [JS2-JS5], MAO-laser [JS2], wykorzystano spektroskopi¢
w podczerwieni z transformatg Fouriera [JS3—JS4] w zakresie 4004000 cm™
z rozdzielczoscig 2 ecm™ (FTIR, modut ATR, Perkin Elmer Frontier, USA;
Shimadzu Corp., Japonia).

Do identyfikacji faz wystepujacych w modyfikowanych warstwach
wierzchnich uzyto spektroskopu z wykorzystaniem promieniowania
rentgenowskiego (XRD, Philips X’Pert Pro, Almelo, Holandia). Pomiar
prowadzono w zakresie 20 = 10-90° (Cu Ka, A = 0,1554 nm).

Stan energetyczny oraz stopien utlenienia poszczegdlnych pierwiastkow
chemicznych wystepujacych w zmodyfikowanych materiatach [JS4]
okreslono przy uzyciu metody spektroskopii fotoelektronéw rentgenowskich
— XPS. Do tego celu wykorzystano zaawansowany multispektrometr Escalab
250Xi firmy ThermoFisher Scientific, wykorzystujacy precyzyjna plamke
AlKa o $rednicy 250 pm promieniowania rentgenowskiego o energii przejscia
20 eV. Niskoenergetyczne bombardowanie elektronami 1 jonami Ar*
zastosowano w celu skutecznego zanegowania potencjalnych tadunkow
powierzchniowych, z koncowg kalibracja piku przy uzyciu wegla C 1s przy
284.,6 eV. Oprogramowanie Advanced Advantage v5.9921 (ThermoFisher
Scientific) zostalo uzyte do dokladnej analizy danych uzyskanych
Z pomiarow.

Proponowane modyfikacje [JS3, JS4, JS5] zostaly zbadane pod wzgledem
potencjalnego wzrostu odpornosci na korozje. Dla badan wstepnych dwoch
wskazanych kombinacji modyfikacji przeprowadzono podstawowe testy
odpornosci korozyjnej (potencjostat AtlasCorr, Gdansk, Polska), skupiajace
si¢ na okredleniu stabilno$ci ukladu poprzez wykreslenie wykresow
zaleznosci potencjatu obwodu otwartego (OCP)
w czasie jednej godziny w temperaturze 37°C oraz rejestracje krzywych
potencjodynamicznych w zakresie od -1 V do +1 V, przy szybkosci
skanowania 1 mV/s. Uzyskane dane umozliwily wyznaczenie

charakterystycznych parametrow: gestosci pradu korozyjnego (Icorr) oraz
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potencjatu korozyjnego (Ecorr)

Badania prowadzono w $rodowisku roztworu symulowanych plynéow
ustrojowych (PBS), z uzyciem uktadu trojelektrodowego, sktadajacego sie
z kalomelowe elektrody odniesienia, platynowej elektrody pomocniczej oraz
elektrody roboczel — probki stopu tytanu Til3Nbl13Zr poddanej réznym
modyfikacjom powierzchniowym.

Dalsza cz¢$¢ prac skupita si¢ wylacznie na  modyfikacji
w kombinacji laser-MAO. Dla tg konfiguracji, przy optymanych
parametrach pracy lasera, lecz réznych $rodowiskach prowadzenia procesu
MAO, przeprowadzono analize odpornosci na korozje
1 degradacje przy zastosowaniu elektrochemicznej spektroskopii
impedancyjngj (EIS, potencjostat Metronm Autolab PGSTAT302N),
w warunkach testu zanurzeniowego w roztworze Hanksa przez 168 godzin.

Warunki badania obejmowaty zastosowanie uktadu tréjelektrodowego, w
ktorym probka petnita role elektrody roboczej, platynowy drut — elektrody
pomocniczej, natomiast elektroda odniesienia stanowita elektroda Ag/AgCl.

Pomiary EIS wykonano w zakresie czgstotliwosci od 10° do 10 Hz oraz
przy zakresie polaryzacji £10 mV wzgledem potencjalu obwodu otwartego
(E_OCP), rejestrujac 10 punktow na kazda dekade czestotliwosci. Uzyskane
dane pozwolily na wykreslenie wykresow OCP, krzywych Bodego oraz
wykresoOw Nyquista

Na potrzeby okreSlenia zachowania zmodyfikowanego materiatu
w srodowisku nasyconego roztworu PBS, symulujacego ptyny ustrojowe
czlowieka, przeprowadzono test zanurzeniowy trwajacy 14 dni.
Zmodyfikowane probki, przygotowane przy wykorzystaniu dwoch
kombinagji: laser—-MAO oraz MAO-laser, umieszczono
w zamknietych pojemnikach z 50 ml cieczy PBS i przechowywano w statych
warunkach temperaturowych (cieplarko-suszarka) w temperaturze 37°C.

Podczas testu zanurzeniowego monitorowano zmiany wartosci pH oraz
masy probek w dniach 0, 3, 5, 7, 10 1 14. Jak wskazano wcze$niej, probki
zostaly poddane obserwacjom SEM przed i1 po tescie. W celu oceny
potencjalng) degradacji naniesiongl warstwy ceramiczng na materiale
Ti13Nb13Zr wykonano badania spektroskopii mas atomowych roztworow,

w ktorych inkubowano probki. Przy uzyciu spektrometru emisyjnego z



plazma mikrofalowa (4210 MP-AES, Agilent) oznaczono zawarto§¢ jonow
sodu na okreslonych dtugosciach fal. Z kolei do oznaczenia jondw wapnia
zastosowano fotometr ptomieniowy BWB-XP (BWB Technologies UK
LTD).

Waznym aspektem w zakresie badan biomateriatlow jest okre$lenie
charakteru ich powierzchni pod wzgledem chropowatosci i zwilzalnos$ci.
Badania chropowatosci wykonano przy wykorzystaniu dwoch urzadzen.
W pierwszym etapie zastosowano profilometr stykowy Hommel Etamic
Waveline (JENOPTIK), gdzie test przeprowadzono w zakresie pomiarowym
400 pm, przy predkosci przesuwu 0,5 mm/s. Podczas pomiaru zastosowano
filtr zgodny z norma ISO 11562. W tym badaniu [JS2] uzyskano wartosci
takich parametrow jak: Ra ($rednia arytmetyczna wysoko$ci chropowatosci),
Rp (maksymalna wysoko$§¢ wzniesienia profilu) oraz Wt (catkowita
falistosc).

Szczegotowe badania charakterystyki powierzchni przeprowadzono dla
finang kombinacji modyfikacji laser—MAO [JS4], przy uzyciu
bezkontaktowego profilometru optycznego 3D (Sensofar S Neox, Sensofar
Metrology, Terrassa, Hiszpania). Do badan zastosowano technike
mikroskopii konfokalnej, wykorzystujac obiektyw Nikon-EPl 20x oraz
oprogramowanie SensoSCAN S Neox 7.7. Przeprowadzenie tych badan
pozwolito na ocen¢ topografii zmodyfikowanego stopu tytanu Til3Nb13Zr
oraz wyznaczenie parametrow chropowatosci liniowej, przestrzenng
1 falistosci.

Dla przedstawienia catkowitego obrazu charakteru powierzchni wykonano
rowniez badania  zwilzalno$ci  powierzchni  [JS2, JS4, JS5],
w tym energi¢ swobodng powierzchni (SFE — surface free energy). Badania
zostaly wykonane przy wykorzystaniu metody spadajacej kropli (sessile drop
technique) przy zastosowaniu goniometru kontaktowego (Contact angle
goniometer) z wykorzystaniem oprogramowania AttentionOne. Pomiar
wykonywano przez 10 sekund od momentu upadku  kropli
na powierzchni¢ materialu. W trakcie podstawowego testu zastosowano wode
(ciecz polarna), a do badan energii swobodnej powierzchni zbadano kat
zwilzania dla cieczy niepolarnej — dijodometanu. Swobodng energie

powierzchniowa obliczono przy uzyciu oprogramowania AttentionOne,
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stosujac metode Owensa, Wendta, Rabela i Kaelble’a (OWRK).

Dla ulepszonego materiatu z zaproponowanymi modyfikacjami w cyklu
publikacji wykonano przekroje poprzeczne. Material przygotowano poprzez
przecigcie materiatu, a nastepnie inkludowanie go w zywicy epoksydowe;.
Nastepnie probki zostaty wypolerowane (Saphir 330)
I poddane trawieniu. Przekroje poprzeczne wykonano przede wszystkim w
celu oceny strefy wplywu ciepta modyfikacji laserowej Nd:YAG na stop
Til3Nb13Zr oraz Ti6Al4V [JS2, JS4, JS5]. Dodatkowo, wykonanie
przekrojow poprzecznych pozwolito na oceng jakosci warstw ceramicznych
MAO [JS2] oraz zbadanie skladu chemicznego technika EDS [JS3] na
przekrojach.

Dla prac wstepnych [JS2] przeprowadzono szereg testow mechanicznych.
Wykonano test nanoindentacji NanoTest (Micro Materials, Wielka Brytania),
stosujac trojscienny diamentowy wglebnik typu Berkovich, przy zalozeniu
obcigzenia testowego 50 mN, ktore bylo zwigkszane i zdgjmowane liniowo
przez 15 sekund, z utrzymaniem obcigzenia maksymalnego przez 5 sekund.
Wykonano 25 powtérzen dla kazdej ze zbadanych probek.

Test nanoindentacji pozwolil na wyznaczenie wartosci zredukowanego
modutu Younga. Dla oceny statystycznej istotnosci badania wykonano
analize¢ wariancji (ANOVA).

Dla probek pokrytych warstwa ceramiczng MAO [JS2], w celu oceny ich
przyczepnosci do podtoza, przeprowadzono test zarysowania (scratch test) za
pomoca urzadzenia NanoTest, wykonujac 5 powtorzen dla kazdej z badanych
probek, przy obcigzeniu 400 mN i dlugosci zarysowania 1000 um. Test
pozwolit na okreslenie krytycznego obcigzenia (Lc — critical load), a takze
wyznaczenie krzywych emigji akustycznej. Zarysowania po scratch testach
byly obserwowane pod mikroskopem optycznym (Olympus UC 50).

W aplikacyjnym aspekcie przeprowadzonych modyfikacji hybrydowych
laser—MAO [JS4, JS5] kluczowe byto wykonanie badan biologicznych.
Badania obejmowaty ocene mobilnosci komorek, jakosci DNA, test
AlamarBlue oraz ocen¢ przyczepnosci komorek (zdjecia fluorescencyjne),
z wykorzystaniem linii C166-GFP — komorek $rodbtonka zarodka myszy
zainfekowanych genem kodujacym zielone biatko fluorescencyjne (GFP —

Green Huorescent Protein) oraz C2C12 — linii komorkowej migsni

46



szkieletowych myszy. Przed przystapieniem do badan cytokompatybilnosci
konieczne bylo poddanie zmodyfikowanych probek standaryzowanemu
protokotowi sterylizacji. Probki zanurzano w 70% roztworze etanolu
(C2HsOH, Sigma-Aldrich) na 10 minut — proces ten powtarzano trzykrotnie.
Nastepnie probki ptukano, rowniez trzykrotnie, przez 10 minut w roztworze
buforu fosforanowego (PBS). Kolejnym etapem byto napromieniowanie
probek zanurzonych w 1 ml PBS promieniowaniem UV (UBGI) przez 40
minut. Ekspozycja na promieniowanie UV pozwolita na uzyskanie jatowosci
materialu, po czym probki ponownie przeptukano roztworem PBS przez 10
minut. Nastepnie probki kondycjonowano w podtozu Dulbecco’s Modified
Eagle Medium (DMEM, GIBCO) przez 10 minut, po czym inkubowano je
w 1 ml DMEM z dodatkiem 10% surowicy ptodowej bydlecej (FBS, Thermo
Scientific) oraz antybiotykéw (100 U/ml penicyliny i 100 pg/ml siarczanu
streptomycyny, Sigma-Aldrich). Po zakonczeniu procedury, probki stopow
tytanu przechowywano przez kolgine 24 godziny w podtozu hodowlanym
w temperaturze 37 °C. Kazda z linii komorkowych hodowano zgodnie
z zaleceniami producenta, w temperaturze 37 °C, w podtozu DMEM.
Przygotowane  probki  oraz  linie = komorkowe — wykorzystano
do przeprowadzenia testu aktywno$ci metabolicznej (test AlamarBlue,
Thermo Fisher) po 24, 72 [JS4] oraz 168 godzinach [JS4]. Dla kazdej z
modyfikacji prezentowanych w pracach [J$4, JS5] wykonano trzy
powtorzenia. Procedura testu AlamarBlue polegata na dodaniu barwnika
AlamarBlue w objetosci 10% objetosci pozywki, a nastepnie inkubacji przez
90 minut. Pomiar fluorescencji wykonano przy uzyciu czytnika mikroplytek
BioTek Synergy HT. Ocena ilosciowa DNA zostata wykonana z uzyciem
niebi eskiego fluorochromu Hoechst 33258, zgodnie z zal eceniami producenta
(Thermo Fisher, FluoReporter). Ocen¢ przyczepnosci komorek 1 ich
namnazania na powierzchni probek stopow tytanu przeprowadzono przy

uzyciu mikroskopu fluorescencyjnego Zeiss (Germany).
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REZULTATY BADAN
4.1. Badania wstepne I — Wplyw modyfikacji hybrydowej laczacej
technike wytarzania war stw ceramicznych MAQO oraz modyfikacje¢ laserowa

na strukture bio-stopu tytanu Ti13Nb13Zr [SIS2]

Prace nad podwoéjng modyfikacjg taczacg technike przetapiania
laserowego - laserem Nd:Y AG oraz metode wprowadzenia dodatkéw do bio
stopow tytanu wykorzystujac technike mikrotukowego wytwarzania warstw
ceramicznych (MAO) rozpoczeto od zaproponowania dwoch kombinacji tych
modyfikacji. W pracy [JS2] wykonano modyfikacje w kombinacji
modyfikacja laserowa poprzedzajaca proces MAO
(laser-MAOQ) oraz w kombinacji, gdzie wytwarzano warstwe ceramiczng
przed przetapianiem laserowym (MAO-laser). W pracy zastosowano zmienng
moc lasera Nd:YAG (1000 W, 1500 W) przy stalych parametrach posuwu,
czasu trwaniaimpulsu lasera oraz czestotliwosci dlakazdej z kombinacji. W
procesic mikrolukowego utleniania zaproponowano stale parametry
osadzania warstwy ceramicznej w zakresie napigcia, nat¢zenia pradu i czasu
trwania procesu. Wskazane parametry dobrano na podstawie przegladu
literaturowego oraz prob eksperymentalnych. Proces MAO prowadzony byt
w $rodowisku elektrolitu wodnego sktadajacego si¢ z wody destylowane;j,
wodorotlenku sodu oraz hydroksyapatytu, jako podstawowego sktadnika
budujacego kos¢, co propagowac miato wytworzenie warstwy ceramicznej o
charakterze aplikacyjnym zgodnym z wymaganiami biomateriatow.

Przeprowadzone badania wykazaly, ze wszystkie zaproponowane
modyfikacje hybrydowe wykazuja wtasnosci hydrofilowe powierzchni, co
jest korzystne ze wzgledy na potencjalne wykorzystanie materiatu do celow
implantologicznych, poniewaz hydrofilowa powierzchnia stymuluje do
zwigkszenia przyczepnosci komorek do materiatu.
W pracy wykazano, ze kombinacja laser-MAO powoduje zwigkszenie
chropowatos$ci powierzchni wzgledem materialu rodzimego, ale jest to
parametr nizszy niz dla kombinacji MAO-laser. Dla obu kombinacji
stwierdzi¢ mozna, co jest zgodne z literaturg, ze wyzsza moc lasera zwigksza

chropowato$¢ powierzchni. Istotnym jest takze to, ze sktad chemiczny
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warstwy wierzchniej wptywa na charakter zwilzalno$ci powierzchni oraz
zeobecnos¢ tlenu zwigksza zwilzalnos¢.

Waznym aspektem wynikajagcym z przedstawionych badan wstepnych jest
to, ze mozliwe jest wytworzenie warstwy ceramiczng w procesie MAO
bogatey w jony biozgodne, ktéra charakteryzuje si¢ porowata postacig
charakterystyczna dla warstw MAO.
Nie zaobserwowano dla takich warstw zwig¢kszonej liczby pekniec¢, szczelin i
ubytkow. Dla zaprojektowanego elektrolitu wykazano, ze warstwa
ceramiczna jest zblizona Swojg morfologia do warstwy referencyjnej, co jest
dobrym wynikiem poniewaz pre-modyfikacja laserem pozwala na
kontrolowang modyfikacje innych wiasnosci niz te, ktore sg poprawiane przez
wytwarzanie tlenkow tytanu. Badania sktadu chemicznego dla modyfikacji
laser-MAO wykazaty, ze ilo$¢ inkorporowanego wapnia dla probki
referencyjngl MAO (P2) jest zblizona dlamodyfikacji laser-MAO (P5), gdzie
zastosowano moc |asera 1000W.

Dla modyfikacji w kombinagji laser-MAO wykazano, ze moc lasera na
poziomie 1500 W, a nastgpnie wytworzenie warstwy ceramiczne jest
gorszym typem modyfikacji niz ta sama kombinacja z mocg lasera 1000 W,
poniewaz doszto do inkorporowania mniejszej ilosci jonow biozgodnych a
przyczepnos¢ warstwy MAO jest nizsza (najnizsza warto$¢ parametru Lc —
tab. 8 [JS2]). Po tescie nanoindentacji wykazano réwniez nizsza twardos¢
zmodyfikowanej powierzchni.

Kombinacja modyfikacji MAO-laser spowodowata, ze $ciezka wigzki
lasera, po badaniu mikroskopem optycznym, jest bardziej wyrazna, co wynika
z procesu mieszania si¢ warstwy tlenkowej z materiatem rodzimym.
Dodatkowo wykazano, ze wytworzenie warstwy ceramiczngg MAO prowadzi
do zwigkszenia strefy wpltywu ciepta W materiale,
azastosowanie modyfikacji laserowe z moca 1500 W powoduje, ze twardo$é
materiatu jest nizsza. Wykonane przekroje poprzeczne zmodyfikowanych
warstw wierzchnich w kombinacji MAO-laser wskazujg na bardzo
intensywne mieszanie si¢ ceramicznych warstw z materiatem rodzimym.
Obserwowana jest wyrazna granica migdzy warstwg wierzchnig a materiatem
rodzimym, co nie jest charakterystyczne dlaklasyczne modyfikacji laserowe
Nd:YAG (P2).
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Nalezy zauwazy¢, ze wykonanie przekrojow poprzecznych dla kombinacji
laser-MAO zobrazowato, iz warstwa ceramiczna dopasowuje si¢ do $ciezki
wigzki lasera i nie jest onaidealnie odcieta od warstwy wierzchniej materiatu
rodzimego. Dodatkowo zaobserwowano charakterystyczne kratery dla
procesu MAO, co $wiadczy O wystepowaniu Mmirkowyladowan podczas
procesu.

Przedstawione badania wst¢gpne wskazujag cechy morfologiczne
uzyskanych warstw wierzchnich, przedstawiajg ich wtasnosci mechaniczne,
fizyczne w zakresie morfologii, strefy wptywu ciepla, charakteru warstwy
pod wzgledem zwilzalnosci i chropowatosci. Kluczowe jest, ze
zaprezentowane modyfikacje sg skrajnie réozne od siebie pod wzgledem
wlasnosci, a szczegdlng uwage nalezy zwréci¢ na fakt, ze nie podjeto sie
przestawienia wynikow EDS dla probek P7-P8 ze wzgledu na brak
obserwowalno$ci dodatkdbw w postaci jonéow sodu, czy wapnia w tym
badaniu. Moze to $§wiadczy¢ o catkowitym przetopieniu warstwy ceramiczne,
co wigze si¢ bezposrednio z uzyskaniem mniej rozwinietej powierzchni, co ze
wzgledow aplikacyjnych jest wazne poniewaz w implantologii dazy si¢ do
uzyskania powierzchni biomimetycznych.

Istotne dla przedstawionych badan jest to, ze:

e Mozliwe jest wytworzenie warstwy ceramiczngg MAO (P5-P6
[JS2]) na wczesniej przetopiong laserem Nd:YAG powierzchni
stopu Til3Nb13zr 0 podobng ilosci inkorporowanych
pierwiastkow jak warstwy referencyjne (P2). Potwierdzono takze
mozliwo$¢ wytworzenia jednorodng, pozbawiong peknigé
warstwy ceramiczng MAO.

e Przeprowadzenie modyfikacji MAO-laser pozwala uzyskac
warstwe wierzchnig stopu Til3Nb13Zr charakteryzujaca sig
wysoka twardo$cig w wyniku mieszania si¢ materiatu rodzimego z

ceramika wytworzong W procesie mirkrotukowego utleniania.
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4.2. Badania wstepne || w zakresie odpornosci na Kkorozje i skladu

chemicznego zaproponowanych modyfikacji stopu tytanu Ti1l3Nb13Zr [JS3]

Badania wstepne zaproponowanych dwoéch typow modyfikacji
hybrydowej w dwoch kombinacjach zostaty rozszerzone o analizy odpornosci
materiatu na korozje, badania sktadu chemicznego oraz identyfikacj¢ wigzan
wystepujacych w zmodyfikowanych materiatach. Dodatkowo, w celu oceny
odporno$ci materiatu na degradacje korozyjna, przeprowadzono test
zanurzeniowy trwajacy 14 dni.

Analiza wynikow spektroskopii w podczerwieni z transformata Fouriera
(FTIR) wykazata obecnos¢ wigzan fosforanowych pochodzacych od
hydroksyapatytu, ktory byt sktadnikiem elektrolitu uzytego w procesie MAO.
Stwierdzono roéwniez obecno$¢ zwiazkow tlenkéw tytanu tworzacych
warstwe ceramiczng. Dla probek po podwojnej modyfikacji liczba tych
wigzan byta wigksza niz w probkach referencyjnych, poniewaz zar6wno
proces laserowy, jak i MAO wigzg si¢ z utlenianiem stopu tytanu.

W przeprowadzonych badaniach EDS na przekroju poprzecznym
wykazano, ze dla podwojnej modyfikacji w kombinacjach laser-MAO oraz
MAO-laser obecne s3 jony sodu. Natomiast w przypadku jondw wapnia ich
obecnos¢ nie zostata potwierdzona w probkach, w ktorych warstwa
ceramiczna MAO zostata przetopiona wigzka lasera.

Badania sktadu chemicznego warstwy wierzchniej wykazaty, ze jony
wapnia sg obecne w obu kombinacjach, jednak po przeprowadzeniu testu
zanurzeniowego (14 dni) nie byly one juz obserwowane w probkach, w
ktorych warstwa MAO zostata przetopiona.

Rezultaty testu wskazujg, ze zmodyfikowany materiat wykazuje
bioaktywnos¢, poniewaz na zdjeciach SEM oraz na podstawie analizy EDS
zaobserwowano tworzenie si¢ aglomeratow soli na powierzchni materiatow
poddanych modyfikacji. Zaobserwowano wigksze aglomeraty w przypadku
modyfikacji w uktadzie laser—-MAO, przy czym najwigksza odpowiedz
bioaktywna w tescie zanurzeniowym prowadzonym w stezonym buforze
fosforanowym (PBS) uzyskano dla modyfikacji laserem o mocy 1000 W.

Bardzo istotnym aspektem aplikacyjnym biomateriatow sa badania

51



odpornos$ci na korozj¢. Zostaty one przeprowadzone dla kazdej z modyfikacji,
a ich rezultaty wskazuja, 7e hybrydowa modyfikacja
w uktadzie laser-MAOQ, z zastosowaniem lasera Nd:YAG o mocy 1000 W,
charakteryzuje si¢ najwyzszg wartoscig potencjatu korozyjnego Ecorr — na
poziomie ok. —212 x 103 V. Dla poréwnania, modyfikacje pojedyncze,
zardwno laserowa, jak i z wykorzystaniem powtok ceramicznych MAO,
wykazaty nizszg odporno$¢ na korozje niz probka referencyjna. Zebrane
wyniki dostarczajg informacji, ze zastosowanie podwojnej modyfikacji jest
skuteczne w poprawie wlasciwosci funkcjonalnych stopu tytanu Til3Nb13Zr.

Reasumujgc, wykonanie badan sktadu chemicznego na przekrojach
poprzecznych materiatu, analizy wigzan chemicznych po modyfikacjach oraz
oceny odporno$ci korozyjnej pozwolily na kompleksowa ocene
zaproponowanych typow modyfikacji z uwzglednieniem dwoch kombinacji
1 zmiennych parametréw mocy lasera.

Istotne jest to, ze

e Otrzymano warstwy wierzchnie stopu Ti13Nb13Zr wzbogacone o
wybrane jony pochodzace ze §rodowiska elektrolitu zaréwno dla
kombinacji laser—MAO, jak i MAO-laser. Istotne jest
podkreslenie, Ze przetopienie warstwy ceramiczne] znaczaco
obniza st¢zenie jondw inkorporowanych podczas procesu MAO,
co skutkuje ubozsza warstwa wierzchnig materialu. Nie wyklucza
to jednak mozliwosci wzbogacania materialu w wybrane
pierwiastki dostosowane
do konkretnych wymagan implantologicznych.

e Zastosowanie podwdjnej modyfikacji, w ktorej laser zostal uzyty
jako wstepny etap przed procesem MAO, okazato si¢
najskuteczniejszym sposrod analizowanych podej$¢ w kontekscie
zwigkszenia odporno$ci korozyjnej stopu tytanu Til3Nb13Zr.

Wykonane badania 1 ich krytyczna analiza dostarczyly wiedzy na temat
wplywu modyfikacji laserowej oraz zastosowania dodatkow w postaci jonow
inkorporowanych w procesie mikrotukowego utleniania na wlasciwosci
funkcjonalne badanego materiatu — stopu tytanu Ti13Nb13Zr — w kontekscie

jego potencjalnych zastosowan biomedycznych.
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4.3.

Podsumowanie badan wstepnych [JS2], [JS3]

Na podstawie przeprowadzonych badan wstepnych — mechanicznych,
chemicznych i fizycznych — dotyczacych zaproponowanej modyfikacji stopu
tytanu Til3Nbl13Zr, a nastgpnie ich krytycznej analizy, mozliwe byto
wytonienie najbardziej efektywnej kombinacji dwoch technik modyfikacji
powierzchni. Wybrana konfiguracja stanowi podstawe do dalszych badan nad
wplywem modyfikacji laserowej (przeprowadzonej z uzyciem lasera
neodymowo-jagowego Nd:YAG) oraz dodatkow wprowadzanych podczas
tworzenia warstwy ceramicznej metoda (MAO.

Najlepsze wilasciwosci  funkcjonalne uzyskano dla kombinacji,
w ktorej pierwszym etapem byta modyfikacja laserowa (tzw. pre-treatment),
a nastepnie utlenianie warstwy wierzchnigl w procesie MAO. Takie podejscie
umozliwia nie tylko kontrolowane przetapianie i rozwijanie morfologii
powierzchni, lecz takze tworzenie porowatej warstwy ceramicznej
wzbogacongj jonami 0 znaczeniu biologicznym, takimi jak jony sodu czy
grupy apatytowe, istotnymi w konteks$cie zastosowan implantologicznych.

Oprocz  wskazania  kombinacji  laser-MAO jako nagbardzie)
perspektywicznej, zidentyfikowano roéwniez optymalne parametry pracy
lasera Nd:YAG, ktore umozliwiajg uzyskanie jednorodnych warstw
ceramicznych MAO na materiale uprzednio poddanym modyfikacji
laserowsej. Parametry te, wykorzystane w dal szych eksperymentach, to:

I.  Moc wigzki laseraNd:Y AG: 1000W
Il. Czastrwaniaimpulsu lasera: 2,25 ms
[11.  Czestotliwos¢ pracy: 25Hz

IV. Posuw lasera 6 mm/s
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4.4. Badania nad nowg kombinacjg elektrolitow wprowadzajacych jony
cynku do warstw ceramicznych nanoszonych na laserowo zmodyfikowany
stop tytanu Til3Nb13Zr [JS4]

Po przeprowadzeniu kompleksowych badan dla réznych kombinacji
modyfikacji dwiema technikami — wysokotemperaturowg technika
modyfikacji laserowej laserem Nd:YAG oraz technikg mikrotukowego
utleniania warstw— wybrano jedng kombinacj¢ do dalszych badan
w kolejnosci modyfikacji laser-MAO. Dla modyfikacji |aserowej wybrano
tylko jeden parametr pracy urzadzenia Nd:YAG. Natomiast w pracy [JS4]
skupiono si¢ na skomponowaniu elektrolitu zawierajacego jony cynku
pochodzace z octanu cynku w polaczeniu z NaOH (elektrolit 1), natomiast
drugi elektrolit (elektrolit 2) taczyt baze z poprzednich prac [JS2], [JS3]
z dodatkiem octanu cynku. Proces MAO prowadzony byt dla r6znych czasow
trwania procesu (7 1 15 minut), przy jednakowym napi¢ciu 1 natezeniu pradu.

Podstawowe badania jakosciowe SEM wykazaly, ze mozliwe jest
wytworzenie ceramicznych warstw o charakterystycznef morfologii MAO dla
elektrolitu 1 na wcze$niej zmodyfikowanym wigzka lasera stopie tytanu
Ti1l3Nb13Zr. Morfologia mikrostruktury jest rozbudowana i nie wykazuje
peknie¢, ubytkbw ani  nierdbwno$ci na powierzchni  materiatu.
Dla podwdjnej modyfikacji zaobserwowano dla elektrolitu 1 bardziej
regularng powierzchni¢ niz dla modyfikacji pojedynczej. Dlaelektrolitu 2 nie
udato si¢ wytworzy¢é warstwy ceramiczngg MAO o charakterystyczne
jednorodngj budowie z wystgpujacymi regularnymi porami (przyktadowo jak
w artykutach [17,58,59] ). Skomponowany elektrolit 2 nie pozwala uzyskac
charakterystycznej budowy warstw MAQO, wytworzono ceramiczng warstwe
z kraterami, a dla dluzszego czasu osadzania (15 min) zaobserwowano
wickszag porowatos¢ mikrostruktury. Badania grubo$ci  warstwy
modyfikowanej wykazaty, ze dla modyfikacji podwojnej dla elektrolitu 1
otrzymano nggrubsze warstwy.

Dla zaproponowanych modyfikacji wykonano szczegdélowe badania
zwigzane z okres§leniem standéw energetycznych pierwiastkdw chemicznych

wystepujacych w warstwach MAO oraz wskazano na wystepujace wigzania.



Badanie XPS pozwolito okresli¢, ze w ceramicznych warstwach cynk
wystepuje w formie tlenku oraz wodorotlenku i tworzy on dwie pary
dubletow. Wykazanie obecnosci tego pierwiastka bylo bardzo wazne dla
przeprowadzonego eksperymentu ze wzglgdu na zatozone wzbogacenie stopu
tytanu Til3Nb13Zr o te jony w celu zwickszenia biokompatybilnosci
1 bioaktywno$ci materiatu. Istotne jest, ze w spektrach XPS zaobserwowano
stany energetyczne dla wszystkich pierwiastkow obecnych w roztworach
wodnych elektrolitu 1 oraz 2. Dla probek z hydroksyapatytem wykazano takze
powigzania grup fosforanowych z cynkiem w warstwie ceramiczngg MAO
(ZnHAp2L — Zn3(P0O4)2). Szczegdtowe badania FTIR wigzan w warstwach
potwierdzity dla modyfikacji przeprowadzanej w elektrolicie 2 wystepowanie
licznych  wigzan  wskazujacych na  inkorporacj¢  hydroksyapatytu
do warstwy ceramicznej. Dodatkowo, zarowno dla elektrolitu 1, jak i 2
wykazano obecno$¢ wigzan weglowych pochodzacych od octanu wapnia.
Wykazano, ze dtuzszy czas prowadzenia procesu MAO (15 minut) propaguje
wieksza ilo§¢ wigzan w materiale, co moze $wiadczy¢ o bardziej bioaktywne;j
powierzchni materiatu.

Dla przeprowadzonych w pracy [JS4] modyfikacji wykazano, ze charakter
powierzchni materiatu jest hydrofobowy, poniewaz warto$¢ kata zwilzania
waha si¢ dla podwdjnych, hybrydowych modyfikacji migdzy 80 a 90°.
Uzyskane wartos$ci kata zwilzania dla probek wytworzonych w elektrolitach
zaprojektowanych na potrzeby pracy [J4] do wytworzenia warstw
ceramicznych na zmodyfikowanej laserowo warstwie rdznig —si¢
w odniesieniu do charakteru powierzchni w pracy [JS2]. Zmiana wynikow
moze wynika¢ z obecnos$ci jonéw cynku, ktore umozliwiaja zmnigjszenie
zwilzalnos$ci powierzchni. Szczegdtowe badania chropowatosci wykazaty, ze
wystepuja istotne réznice miedzy powierzchniami poddanymi pojedynczej
a hybrydowej modyfikacji. Modyfikacja podwdjna prowadzita do wigkszego
rozwinigcia topografii, wyrazonego wyzszymi wartosciami parametrow
chropowatosci (Sa, Sv), co sprzyja osteointegracji poprzez zwigkszenie
powierzchni kontaktu implantu z tkanka kostng. Jednocze$nie zastosowanie
obrobki laserowej przed procesem MAQO zmniejszalo anizotropi¢ i liczbe
ostrych wierzchotkdw na powierzchni, ograniczajgc tym samym potencjalne

mikrouszkodzenia tkanek.
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Tak jak w pracy [JS3] skupiono si¢ na odpornosci korozyjnej
zmodyfikowanego materiatu stopu Til3Nb13Zr. W pracy [J$4] wykonano
poglebione badania elektrochemiczne dla przeprowadzonych modyfikacji.
Skupiono si¢ na badaniach EIS prowadzonych dla probek inkubowanych
w roztworze Hanksa przez 168 h, gdzie reestrowano zmiany
elektrochemiczne w okreslonych cyklach. Podstawowym parametrem, ktory
zostal okreslony, byta wartos¢ potencjatu otwartego (OCP). Wykazano, ze
kazda z modyfikacji wykazala wyzsza warto$¢ tego potencjalu wzgledem
probki referencyjnej stopu tytanu Til3Nb13Zr, co oznacza, ze charakteryzuja
si¢ one mniejszg sktonnoscig materiatu do korozji. Na podstawie uzyskanych
wynikow [JS4] wykazano, ze wszystkie probki zawierajace w warstwie
ceramicznej hydroksyapatyt poprawiajg odporno$¢ korozyjng, a wydhuzony
czas trwania procesu dodatkowo poprawia t¢ wiasciwos$¢ (najlepsze wyniki
uzyskano dla probki hybrydowo zmodyfikowanej, gdzie proces MAO
przeprowadzono w elektrolicie 2 przez 15 min). Wykresy przedstawiajace
petle  pojemnosciowe dla badan elektrochemicznej  spektroskopii
impedancyjnej wykazuja, ze zastosowanie modyfikacji laserowej przed
procesem mikrolukowego utleniania dla stopu tytanu Ti13Nb13Zr poprawia
odpornos$¢ korozyjna.

Ze wzgledu na potencjalne wykorzystanie stopu tytanu Til3Nb13Zr
poddanego modyfikacjom w przemysle implantologicznym kluczowym byto
przeprowadzenie wstepnych testow cytokompatybilnosci 1 aktywnosci
biologicznej. Dla tej pracy wybrano lini¢ komorkowa C166-GFP. Badania
mikroskopii fluorescencyjnej wykonane po 24 h od inkubacji komoérek na
powierzchni zmodyfikowanego materialu wykazaly najlepsza odpowiedz
komorkowa dla probki zmodyfikowanej tylko laserem Nd: Y AG. Poczatkowe
wyniki dla podwojnej modyfikacji wskazywaty na komoérki w formie kuliste;,
co mogto sugerowaé apoptoze, jednakze po uptywie 72 h zaobserwowano dla
tej modyfikacji hybrydowej obecno$¢ zywych komorek. Test AlamarBlue
(aktywnosci metabolicznej komorek) wykazat, ze pojedyncza modyfikacja
laserowa najlepiej wptywa na aktywno$¢ komorek, a takze odnotowano
najlepsze wyniki dla iloSciowego badania DNA. Literatura takze
potwierdzita, ze modyfikacja laserowa utatwia proliferacje¢ i adhezj¢ komorek

do materiatu. Dla badania ilosciowego DNA zanotowano takze dobre wyniki
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dla modyfikacji hybrydowej, przy czym najlepsze wyniki dala probka
poddana modyfikacji podwoéjnej, gdzie warstwa ceramiczna zostata
wytworzona w $rodowisku elektrolitu 2 przez 15 min. Stwierdzono, ze
obecnos¢ hydroksyapatytu wptywa na wzrost komorek, dla jonéw cynku nie
zaobserwowano negatywnego wpltywu tego pierwiastka, wigc jego stezenie
byto odpowiednig, co jest takze potwierdzone w literaturze, ze dobrze dobrane
stezenie jondéw cynku utatwia aktywno$¢ komorkowa 1 proliferacje.
Dodatkowo sama obecno$¢ warstwy MAO, ktora jest porowatag strukturg,
propaguje dobre zachowanie komoérek na powierzchni, poniewaz pory tej
warstwy  ceramicznej stanowig miejsce  zakotwiczenia  wypustek
cytoplazmatycznych komorek.

Podsumowujac, mozliwe jest wytworzenie na zmodyfikowanym laserowo
stopie tytanu Til3Nb13Zr warstwy ceramiczng w procese MAO
w $rodowisku elektrolitow zawierajacych jony cynku, sodu oraz zwigzek
hydroksyapatytu. Morfologia powierzchni dla probek warstwy ceramicznej
MAO dla elektrolitu 1 [JS4] jest morfologia oczekiwang od warstw MAO,
natomiast zbadane wtasciwos$ci sugeruja konieczno$¢ stosowania dodatku
hydroksyapatytu w celu uzyskania lepszej odpornosci na korozje, a takze
biokompatybilnosci. Obecno$¢ jonéw cynku w warstwie powoduje zmiang
charakteru zwilzalnosci w kierunku hydrofobowego. Wydtuzenie czasu
trwania procesu MAO pozwal anauzyskanie grubszych warstw ceramicznych
na zmodyfikowanym stopie tytanu Til13Nb13Zr oraz wptywa pozytywnie na
wybrane wiasciwosci funkcjonalne materiatu.

Istotnym jest, iz:

e W pracy wytworzono material zmodyfikowany hybrydowo przy
wykorzystaniu  techniki  przetapiania laserem Nd:'YAG
w potaczeniu z technikg wytwarzania warstw ceramicznych MAO
dla dwoch roznych elektrolitow, przy réznych czasach trwania
procesul.

e Stwierdzono, ze obecno$¢ jondéw cynku zmienia charakter
zwilzalno$ci powierzchni, a podwojna modyfikacja wptywa na
rozbudowe morfologii powierzchni, co ma znaczenie aplikacyjne.

e Zastosowanie modyfikacji laserowej poprawia odpornos¢ na

korozj¢, a polaczenie techniki przetapiania z technikg MAO daje

57



jeszcze lepsze wyniki odpornos$ci na korozjg.

e Wydhuzenie czasu trwania procesu MAO pozytywnie wplywa na
wybrane wlasciwos$ci materiatu.

e Obecnos¢ zwigzkéw apatytowych sprzyja proliferacji komorek,
a takze poprawia odporno$¢ na koroz;je.

e Zastosowanie hybrydoweg modyfikacji na stopie tytanu
Ti13Nb13Zr daje dobre wyniki biokompatybilnosci materiatu, ale
wymaga dopracowania sktadu elektrolitow tak, aby otrzymywane
warstwy byly jednorodne w swojg budowie.

Przedstawione wyniki daja obiecujace perspektywy dla zastosowan
aplikacyjnych. Najwazniejszym osiggnieciem tej pracy jest uzyskanie
pozytywnej odpowiedzi komoérkowej linii C166-GFP dla podwdjnej
modyfikacji stopu tytanu Til3Nb13Zr w kombinacji laser-MAO, a takze
zwigkszenie odpornosci na korozj¢ oraz rozwinigcie morfologii powierzchni

materialu.

45. Badania zmian wlasnosci komercyjnie stosowanego stopu tytanu
Ti6Al4V przy zastosowaniu modyfikacji hybrydowe laser MAO

Ostatnia praca z cyklu publikacji [JS5] stanowita kontynuacj¢ modyfikacji
z zastosowaniem jonoOw cynku (nanotlenek cynku), sodu 1 fosforu
inkorporowanych do warstwy ceramiczngg MAO na materiale
zmodyfikowanym laserem Nd:YAG, jednakze zastosowano tutaj
komercyjnie stosowany stop tytanu Ti6AI4V. Kluczowe dla realizacji celow
pracy doktorskiej byto zbadanie materiatu, ktory jest juz wykorzystywany
w implantologii. Modyfikacje laserowg laserem neodymowo-jagowym
prowadzono ponownie dlangjlepszych parametrow okreslonych na podstawie
prac [JS2] oraz [JS3], natomiast wytwarzanie warstw ceramicznych
przebiegalo w dwoch elektrolitach o roznym sktadzie. Elektrolit 1 zawierat
fosforan sodu oraz wodorotlenek sodu (czas trwania procesu 10 i 15 min),
elektrolit 2 wzbogacony zostal o proszek nanotlenku cynku (czas trwania
procesu MAO 10 min).

Skaningowa mikroskopia elektronowa postuzyta do oceny jakosciowe;j
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morfologii powierzchni hybrydowo modyfikowanego stopu tytanu Ti6AI4V.
Stwierdzono, ze zastosowanie modyfikacji laserowej przed procesem MAO
spowodowato uzyskanie bardziej jednorodnych warstw ceramicznych
wzgledem  pojedynczych  modyfikacji  referencyjnych.  Obecnos¢
w elektrolicie nanotlenku cynku poprawita jednorodno$¢ powierzchni,
a wydtuzenie czasu trwania procesu MAO sprzyjalo powstaniu wigkszych
porow. Podobnie jak w przypadku wynikoéw kata zwilzania dla pracy [JS4]
wykazano,

ze obecnos¢ jonow cynku w warstwie ceramiczne] Wwytworzonej
na zmodyfikowang laserowo powierzchni powoduje zmian¢ zwilzalnos$ci
na bardzigl hydrofobowa, natomiast podwodjna modyfikacja dla elektrolitu 1
spowodowata zmniejszenie kata zwilzania, czyli zwigkszenie zwilzalnos$ci
w porownaniu do probek referencyjnych.

Zbadano takze wplyw modyfikacji laserowej laserem Nd:YAG
na stop tytanu Ti6Al4V. Okreslono, ze strefa wptywu ciepla ma glebokos¢
204 um, co w odniesieniu do gtebokosci strefy wptywu ciepta dla stopu tytanu
Til3Nb13Zr (glgbokos¢ strefy wptywu ciepta = 67,20 um) jest wartoscia
wiekszg. Wynika to z faktu, ze stop zawierajagcy aluminium i wanad jest
materialem mniej twardym niz stop z cyrkonem i niobem.

W celu ustalenia odpowiedzi komoérkowej dla zaproponowanych
modyfikacji hybrydowych wykorzystano lini¢ komérkowg C2C12 do badania
mobilnosci komorek i1 ich oceny pod mikroskopem fluorescencyjnym.
Dla podwojnej modyfikacji wykazano najlepsza odpowiedZ komoérkowa dla
modyfikacji, gdzie wytworzono warstwg ceramiczng w elektrolicie 1 w czasie
15 min. Natomiast dla stopu tytanu Ti6Al4V poddanego tylko modyfikacji
laserowe;j zaobserwowano najlepsza odpowiedz komorkowa,
co potwierdzono zdjeciami fluorescencyjnymi i wynikami testu AlamarBlue.
Dla materiatu Ti13Nb13Zr w pracy [JS4] rowniez wskazano, ze rozwinigta
morfologia powierzchni zmodyfikowang tylko laserowo sprzyja proliferacji
1 adhezji komorek. Na podstawie obrazéw SEM w pracy [JS5] mozna
wnioskowac, ze wytworzona warstwa MAO charakteryzuje si¢ zbyt matymi
porami dla zakotwiczenia cytoplazmatycznych wypustek komorek linii
Cc2C12.

Badania elektrochemiczne EIS w warunkach zanurzeniowych
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w roztworze Hanksa wykazaty, ze dla komercyjnego stopu tytanu nie

wskazuje si¢, aby modyfikacja hybrydowa znaczaco poprawiata odpornos¢

korozyjng. Najwyzsze wartosci modutu impedancji wykazata probka stopu

tytanu Ti6Al4V, co oznacza najlepsze wlasciwo$ci antykorozyjne.

Reasumujac istotne jest, ze:

Wytworzono  ceramiczng  warstw¢ w  procesie MAO
przeprowadzonym na uprzednio zmodyfikowang laserowo
powierzchni stopu Ti6AI4V.

Odpornos¢ korozyjna dla podwdjnej modyfikacji okazata sig¢
nizsza w porownaniu do pojedynczych modyfikacji.

Najlepsza odpowiedz komorkowa linii C2C12 uzyskano dla
probek po modyfikacji laserowej oraz dla hybrydowo
modyfikowanej powierzchni, w ktorej proces MAO prowadzono
przez 15 minut.

Przeprowadzenie modyfikacji hybrydowej, ktora przynositaby
wiecej korzysci dla zastosowan biomedycznych, wymaga dalszych
badan i zaprojektowania bardziej efektywnego srodowiska procesu

MAO.
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PODSUMOWANIE

Przeprowadzone badania wykazaly, ze mozliwe jest zastoSOowanie dwodch
technik modyfikacji, ktore w polaczeniu nadaja cechy stopom tytanu, ktore sa
wymagane od biomatreiatow. W cyklu publikacji wskazano optymalng
kombinacje modyfikacji sktadajacej si¢ z techniki przetapiania laserowego
laserem Nd:Y AG poprzedzajacej proces mikrolukowego wywtwarzania warstw
ceramicznych na podtozu metalowym. Konfiguracja MAO-laser zostata
odrzucona ze wzgledu na brak znaczacych zmian w sktadzie chemicznym
zmodyfikowangj powierzchni, powierzchnia ta jest mniej rozwinigta
morfologicznie w  porownaniu do  wytworzong  warstwy MAO
na zmodyfikowanym laserowo materiale.

Badania wstgpne pozwolity na wskazanie ngjlepszych parametrow
modyfikacji laserem Nd:YAG modyfikacji stopu tytanu. Wykazano, ze moc
wigzki lasera na poziomie 1000 W jest ngjlepszym parametrem, ktory pozwoli na
wytworzenie jak najlepsze) kombinagji technik laser-MAO.

Udowodniono, ze warstwa ceramiczna MAO wytworzona na
zmodyfikowanegj laserowe powierzchni stopu tytanu Til3Nb13Zr wykazuje
wigkszg przyczepnos¢ do podtoza w stosunku do wytwarzaneg ceramiki na
niezmodyfikowanym stopie tytanu.

Wykazano w badaniach wstepnych wptyw hybrydowel modyfikacji na
charakter zwilzalnosci powierzchni i chropowatosci. Dalsze badania wykazaty, ze
sktad chemiczny warstwy ceramicznej wptywa znaczaco na hydrofobowos¢ lub
hydrofilowo$¢ powierzchni materiatu modyfikowanego.

Osiaggnieciem dla prowadzonych badan bylo otrzymanie hybrydowo
zmodyfikowanego stopu Til3Nb1l3Zr wzbogaconego o bio dodatki
inkorporowane w procesie MAO, ktdry wykazal dobra odpowiedZz komodrkowa
podczas badan cytokompatybilnosci. Optymalng odpowiedZz otrzymano dla
modyfikacji laser-MAO dla procesu MAO prowadzonego w dtuzszym czasie, co
oznacza, ze dtuzszy czas propaguje adhezj¢ komoérek do powierzchni. Wykazano,
ze obecnos$¢ hydroksyapatytu jest kluczowa dla prawidlowej i intensywne
proliferacji komoérek na powierzchni Til3Nb13Zr.

Wykazano, ze wptyw laserowego przetapiania warstwy wierzchnigl stopu
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Ti6AIl4V jest znaczacy, poniewaz wzgledem stopu Til3Nb13Zr strefa wptywu
ciepta jest okoto dwa razy wicksza. Zaprojektowany elektrolit wykorzystany
w procesie MAO dla stopu tytanu Ti6AlI4V pozwolit na inkorporowanie jonow
cynku do warstwy ceramiczngl. Wykazano, ze dla tego materialu obecno$¢
hydroksyapatytu nie wplyngta znaczaco na odpowiedz komodrkowa stopu
anajlepsze wlasnosci biologiczne wykazano tylko dla modyfikacji laserowej oraz
dla modyfikacji podwdjnej dla elektrolitu wzbogaconego o nanotlenek cynku. W
odroznieniu dla stopu Ti13Nb13Zr przeprowadzone modyfikacje hybrydowe dla
Ti6AL4V nie poprawity odpornosci na korozje. Wynika¢ to moglo z bardzo
niejednorodney budowy warstw ceramicznych wytworzonych
na modyfikowanych laserowo powierzchniach.

Podsumowujac przeprowadzone badania i anaiza ich wynikoéw
przedstawiona w publikacjach [JS2], [JS3], [JH4], [JS5] pozwolita
na udowodnienie tezy postawiong w pracy. Udowodniono, ze zastosowana
podwojna modyfikacja taczaca technike przetapiania laserowego oraz techniki
MAO pozwolita na zwiekszenie odpornosci na korozje stopu tytanu Til3Nb13Zr,
przy czym tak pozytywnego efektu nie odnotowano dla stopu Ti6Al4V.
Modyfikacja pozwolita na rozwinigcie morfologiczne powierzchni, co wptyneto
bezposrednio na charakter zwilzalno$ci, chropowatos¢ i sktad chemiczny stopow
tytanu. Udowodniono takze, ze modyfikacja laserowa wptywa pozytywnie
na aktywno$¢ komorkowag zaréwno dla stopu Til3Nbl3Zr i Ti6Al4V,
awlasciwie skomponowane srodowisko prowadzenia procesu MAO pozwala na
inkorporowanie dodatkow, ktore takze stymuluja proliferacje i adhezj¢ komorek.

Istotne jest, ze przeprowadzone badania i eksperymenty pozwolily na
zredlizowanie wszystkich postawionych celéow pracy. Jednocze$nie rozwinigty
temat modyfikacji hybrydowe taczacej technike przetapianiapowierzchni wigzka
lasera Nd:YAG oraz procesu MAO daje dalsze mozliwosci do poprawiania
wilasnosci uzytkowych stopow tytanu tak aby spetni¢ wymagania Stawiane

biomaterialom.
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Abstract: Laser surface modification is a widely available and simple technigue that can be applied
to different types of materials. It has been shown that by using a laser heat source, reproducible
surfaces can be obtained, which is particularly important when developing materials for medical
applications, The laser modification of titanium and its alloys is advantageous due to the possibility of
controlling sefected parameters and properties of the matenial, which offers the prospect of obtaining
a material with the characteristics required for biomedical applications. This paper analyzes the
effect of laser modification without material growth on fitanium and its alloys. Tt addresses issues
related to the surface roughness parameters, wettability, and corrosion resistance, and discusses how
laser modification changes the hardness and wear resistance of materials. A thorough review of the
literature on the subject provides a basis for the scientific community to develop further experiments
based on the already investigated relationships between the effects of the laser beam and the surface
at the macro, micro, and nano level.

Keywords: laser modification; titanium; titanium alloys

1. Introduction

Surface modifications of materials provide the base for achieving specific material
properties for specific applications. The main advantage of laser surface modification is
the ability to improve the properties of different malerials [1,2]. In addition, the precision,
elasticity, the possibility of parameters control, and the repeatability of this process are
indicated as an advantage, as is the small heat-affected zone resulting from the modifi-
cation [3,4]. Because of the high degree of process sophistication, it is also possible to
carry out the process without direct human intervention, thus reducing the risk of negative
effects on the body [5].

Researchers mainly use lasers such as a femtosecond laser [6], Nd: YAG laser [7-10],
CO4 laser [11], diode [12,13], and fiber laser [ 14]. Firstly, they provide the possibility to carry
out modification processes by adding a coating of the same or another material. Moreover,
they are used for modifications with no further addition of materials [1]. Figure 1 presents
a classification of laser machining based on an increase or no increase in material. This
article is primarily concerned with laser remelting and texturing, as these two techniques
are the most commonly used in the modification of biomaterials. Laser remelting is a
technique based on remelting the surface of a material to change its morphology and
structure without a specific modification objective, to generally improve the properties
affected by a laser beam or, for example, when there is talk of modifying the density
of the material or the hardness [7,15-17], Laser texturing involves melting the material
and then cooling it to produce a specific pattern on the surface of the material [18]. A
combination of laser hardening and laser texturing is also found in the literature [19]. Laser
hardening is a technique aimed at improving the hardness of materials using a laser beam.
Furthermore, it has the advantage of being able to increase the wear resistance and improve
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fatigue properties [ 20]. Surface modification with no addition of a material, which will be
discussed in the following work, directly affects a change in wettability and roughness,
corrosion resistance, hardness of the material, and wear resistance, Laser modification
is closaly related to a change in the surface microstructure and influences the roughness
anel wettability of materlals [21-24], The advantages of using lasers to modify biomedical
materials are the ability to contral the effect of heat on the surface strocture of the materials
due to the local action of a laser pulse on the surface, the small heat-affected zone, and the
fact that the process is clean and does not cause material loss [25,26],

Laser modification

ith the addition of msterial f—- cladding
Laser o - WA YAG, fiber
bvee=r, OO laser
- remeling
I

-t hardening

L_|without addition of material

heating and eooling surface
- pattering
— ety

Figure 1. Graphic interpretation of laser modification possthilities based on [ 1,05,20-22],

The process of the heat treabment of materials by laser is mainly related to the treatment
of metallic materials such as aluminum, steel, and its alloys, as well as titanium [2,5,27,28].
Many tesearch efforts are currently focused on gaining a thorough understanding of the
properties of titanium and its alloys. Further, efforts are being made to improve thess
properties ke produce a material dedicated to applications,

Titanium and its alloys are widely vsed in various industries due o thear low density.
This family of materials has its uses in the manufacture of parts for motorcycles, and sports
vehicles to reduce their weight [29.30], In the aerospace industry, these materials are the
third group of materials, after nickel-based materials, in terms of their frequency of use,
not only because of their low density, but mainly because of their resistance to corrosion
and high temperatures (e.g., alpha alloys and &/ alloys) [31-33], Considerable attention
is given to this material when it comes to medical applications [34,35]. In applications
in the field of dental implantology, titanium alloys are used for the production of dental
crowns and bridges primarily due to the reduced risk in an allergic reaction and they havea
beneficial effect on the process of osseointegration [36,37]. The use of titanium and its alloys
is based on its high corrosion resistance, better than steel and cobalt—chromium alloys,
owing to the properties of self-assimilation, which ane beneficial due to the environment of
the body in which the implants are placed [38-£1]. In the case of Htanium anc its alloys, it
is said to have little effect on the human bady. Pure titanium is a biocompatible material,
as are all of its alloys, The alloying elerents used to produce titanium allovs, however,
do pose a problem, but it should be noted, that titanium and its alloys have hemolytic
indices below a value that would indicate the possibility of the formation of embolisms
or clots as a result of the presence of this material in the body [42], Studies by Chen et al.
indicats that the presence of vanadium and aluminum in the human body leads to disorders
of the nervous system, brain diseases, and circulatory diseases, while also affecting the
softening of bone tissue; however, it s indicated that n]]{]jm ﬂmhininﬁ aluminum and
vanadium (x + f alloys) have mechanical properties on the same level as 3 alloys. In
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implantology, aluminum-vanadium allovs are used primarily to prisduce fracture fixation
plates, spinal column components, and connecting elements such as rods, wires, and
screws [13]. Review papers over the yvears related to modifications using laser beams have
reported on the benefits of modification tor industrial applications (matrix-enhanced laser
modification) [44], but they mainly confirm the benefits for biomedical applications [45,44].
Paper [45] focuses on the effect of laser surface texturing on the antimicrobial properties
and binlogical activity of titanium, while a 2005 article [16] provides an overview of the
possible types of surface modifications available for various biomaterials and discusses
in detail laser modification in the context of the biscompatibility of the modified material,
The present review focuses on the mechanical properties of the surface of titanium and
its alloys after laser modification. Atlention is paid to the properties directly related Lo
the requirements for biomedical malerials, such as an adequate material hardness, wear,
corrasion resistance, and affinity of the modified surface to bone-forming cells.

A literature review on the effects of laser modification on ttanium and Its alloys was
conducted to present the current state of the art in this field and to highlight the topicality of
the problem of the laser modification of titanium and its allovs for biomedical applications
due to the requirements that are placed on biomaterials,

2. Methods

This systematic review used the databases: ResearchGate, Science Direct, and Scopus.
Google Scholar was also used to analyze the trends in the laser modification of titanium and
its alloys. The searching strategy was based on the “laser modification”, “laser treatment”,
“laser remelting”, “laser surface modification of titanium and its alloys”, and “modification
of Htanium and its ..'!Hu_\-' 5" terms. A Bibﬁngraph_y of 175 literature references was collected
and extracted from over 200 collected papers. Figure 2 shows the number of articles from
each year. The literature review was based mainly on works from 2019 to 2022, which
allowed us to discuss issues according te the current state of knowledge on the laser surface
modification of titanium and its alloys for selected parameters and properties. The paper
discusses the effect of the laser treatment of titanium and its alloys on the surface roughness
and wettability, corrosion resistance, and hardness with the indications of micro and macro
hardness and wear resistance.
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3. Roughness and Wettability

Roughness and surface wettability are very often compared by authors to determine
the relationship between these properties [47,45]. The study of these parameters in the case
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of titanium maodifications is very important due to the use of titanium in biomedicine. The
evaluation of the roughness parameter is important because an increase in this index has a
positive effect on the cell adhesion during osseointegration and on the connection between
the bone and an implant [49]. The use of Htanium and its alloys in biomedicine is indicated
for the manufacture of artificial hip joints, artificial knee joints, bone plates, fracture fixation
screws, prosthetic heart valves, pacemakers, and the production of artificial hearts [50,51],
Depending on the area of aspiration of titanium and its alloys, a different surface roughness
is required of a biomaterial. For example, heart valve implants, the artificial heart, and
other components of the circulatory system must be made of a medium to low-roughness
titanium to avoid the formation of areas where blood cells could agglomerate and form
blockages, thus stopping the blood flow [52]. In addition, titanium itself possesses anti-
thrombogenic properties, and for implant applications, it is necessary lo improve the
properties of the structure. In the case of osseous dental implants, it is said that components
with a high degree of surface roughness are necessary due to the osseointegration process
that ocours, An increase in the surface roughness is associated with an increase in the
growth surface of osteoblasts and protein polyfusion [53]. Menci et al. [24] point out that
laser modification with different types of lasers (e.g., a fiber laser or Nd: YAG laser) is
necessary, as the hip implants in question are composed of several elements and each
part must have different surface properties. The acetabulum and femoral stermn need to be
rougher to siimulate bone osseointegration, while the femoral head and distal part of the
femoral stem need to be smoother o minimize wear.

In paper [49] it was shown that the roughness of the pore walls created by laser
madification was characterized by the roughness parameters, 5a and 5qg, with a higher
value than on the inter-pore surfaces. The values of Sa and 5q for the inter-pore surfaces
were 0,029 pm and 0.04 pm, respectively, while those for the pore walls were 0,126 and
0.149 pm, respectively. The authors concluded from their studies on bone deposition that a
higher pore roughness improves the migration of bone-forming cells and also increases the
possible surface area for osteoblast attachment to the implant. Furthermore, a high surface
roughness is desirable due to increased biointegration and a decreased risk of implant
rejection in the body [5].

In papers [5,54-60], an Nd: YAG laser was used to modify titanium alloys and pure
titanium. In Table §, the Nd: YAG laser operating parameters ane presented for the literature
reviewed subject. In the study, the Nd: YAG laser modification was performed for different
laser operating parameters. The effects of varying laser operating parameters on the surface
roughness and wettability, which are directly refated to the phenomenon of bone cell
adhesion, were investigated in a study from 2013, where Gyorgvey et al. showed [55] a
decrease in the R; roughness parameters using a frequency-doubled Q-switched Nd: YAG
laser and a KrF excimer laser. In a 2020 editorial [5] it was observed that the modification of
the titanium alloy Til3Nb13Zr and pure titanitwm CP-Ti using an Nd: YAG laser caused an
increase in the surface roughness. In addition, it was shown that the higher the laser power,
the higher the roughness parameters. Additionally, in research work [4] it was pointed
out that titanium alloys were rougher than pure titanium before and after laser treatment,
Research of [57,61-63] also confirmed that laser modification, regardless of the type of
laser, along with increasing the laser parameters, increased the roughness, In paper [57]
it was shown that laser processing increased the roughness parameters by approximately
2.8 to 7.5 times at different frequencies relative to the native material, AFM surface texture
tests at 10t Hz and 7 Hz successively vielded F; parameters of 394.35 nm and 279.53 nm,
respectively, while this parameter for the reference sample of the TibAI4V titanium alloy
was 127 20 nm [57].
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The references state that the laser treatment of titanium surfaces allows for controlling
the roughness parameters, Ry, R;, and Ry, in @ wide range [55]. The use of a modern fiber
laser engraving method [64] allowed the achievement of a surface with a higher roughness
than the TibAl4Y native material. Meanwhile, comparing the results of the roughness
measurements at different laser operating parameters, it was observed that with an increase
in the laser operating parameters (e.g., groove distance and frequency), there was a decrease
in the value of the roughness and an increase in the value of the wetting angle, which was
associated with the determination of the surface of the samples as hydrophobic.

Studies [5,60,65] also indicate that the operating environment of the Nd: YAG laser
affects the surface roughness and morphologies, The results of EDS [8] have shown that
the presence of argon affects the reduction of oxygen molecules for both commercially pure
ttanium and Ti13Nb13Zr titanium alloy samples; however, the modification carried out
in the presence of air caused a strong passivation of the coating and, thus, increased the
amount of oxvgen on the surface, while the surface roughness for the modified surfaces in
the presence of air was lower, Conducting the modification in the presence of argon for
each parameter variant results in the roughest surface (Table 2). The laser modification
in a nitrogen environment for low power and number of pulses presented in work [60]
showed a higher roughness than for the same modification in the presence of air, while in
the case of a modification in the presence of argon the modified surfaces—for different laser
powers of 5 mJ and 15 m] and the number of pulses of 50 and 150—were characterized
by the highest roughness among all the modified surfaces. The conclusions in [60] are
confirmed in [65], where the reason for the lower surface roughness after modification ina
nitrogen environment was due to the formation of titanium and nitrogen compounds and
the formation of a smaller heat-affected zone, The authors of that article also indicated that
for a smaller number of pulses performed, the surface roughness was lower,

Lawrence et al. [56] 2006, presented the idea that laser processing increases the rough-
ness parameters and improves the surface wettability. In Table 3, the literature on the
results of the influence of a laser treatment on the character of the surface wettability is
summarized, Menci et al. [24] searched for a direct relationship between the contact angle
and the Sa parameter for TilL.5Mo6Zr4.55n titanium alloy samples modified by an Nd:
YAG laser and fiber laser for different parameters. Wenzel's claim was referred to, which
states that increasing the roughness parameter (r) increases the wettability of the surface
(where thy is the contact angle of an ideal flat surface and o is the contact angle of a
rough surface) [66]:

costy, = rmsﬂy

The realization of this equation in the work of [24] indicates hydrophilic surface
properties because the initial properties of titanium were improved by changing the surface
texture (increase in roughness) and there was an increase in droplet diffusion [67].

Table 3. Wettability results on titanium and its alloys observed in the article.

Surface Property

Author, Year, and

Short Conclusion
Reference
Observation and study of the surface of laser-modified TieAlY alloy
showed an increase in the surface wettability which is beneficial for medical
Hap et al., 2005 [i8) applications of Htanium alloys. The increase in the contact angle after laser

madification is a result, according to the authors, of an increase in the surface
energy of the modified material and an increase in roughness parameters.

Lawrence et al., 2006 [56)

Lawrence et al. demonstrated that laser treatment improves the surface
wettability as a result of a change in the surface energy, an increase in the
axygen content, and an increase in the surface roughness. The cell studies
carried out revealed an increase in bone cell adhesion and prnliﬂeml"mn for

TibAMY titanium alloy samples subjected to laser modification, compared o
a titanium alloy without modification.
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Table 3. Conf.

Author, Year, and

Surface Property Reference

Cunha, A. et al., 2013 [6%]

Short Conclusion

Obtaining an anisetropic surface by modification is beneficial for controlling
the surface wetlability and this property is also indicated to improve stem
cell adhesion.

May etal., 2015 [70]

The surface anisotropy of titanium alloy TiBAMV subjected to fiber-laser
system modification was demonstrated. Wetting angles were smaller for the
measurement performed perpendicularly for each laser operaling [requency.

The formation of contact anisotropy. after laser modification was related to
the frequency of the laser work, and increasing this parameter
decreased the anisotropy.

Raimbault O et al, 2016 [71]

The paper focused on the bioactivity of cells towards a femtosecond
laser-modified surface but also examined the wettability of the TieAl4Y
titanium alloy, which was determined by measuring the contact angle. It was
shown that the storage medium had a great influence on the change of the
wettability characteristics of the modified samples. Samples stored in boiling
water were slower to change their character o hydrophabic ones due to the
slowing down of the passivation process, and the atmoespheric environment
accelerated these changes.

Rotella 2017 [72)

Wettability

The authors used three methods for the surface medification of Htanium
alloy TigAlY, one of them was a femtosecond laser treatment. The
hydrophobic character of the laser-modified samples was observed, but at
the same time, it was pointed out that this was not a disadvantage of such a
surface because it gives, in a long-term context, a chance for a stronger
bonding of the cells with the laser-modified implant.

Luetal, 2018173

A laser treatment at different laser Huence values was applied to pure
titanium samples and then they were chemically treated. For each of the
maodification combinations, it was shown that the femtosecond laser
modifications decreased the contact angle immediately after the laser
treatment, while the contact angle increased after the modification, The
possibifity to obtain a stable structure with hydrophobic properties was
pointed out in the paper as the most important advantage of
such a modification.

Pires et-al., 2017 [54]

The Nd: YAG laser treatment produced a superhydrophilic surface, The
laser-modified surface consisted of more oxygen, which was one of the
factors influencing the change in surface wettability, It was indicated that the
use of this type of laser allows for the conteol of parameters important for
bone cells.

Menci et al,, 2019 [24]

Murillo et al., 2019 [74]

In this shudy, a laser beam modification was performed miing v different
tvpes of Nd: YAG laser and fiber laser, for different laser wavelengths. [t was
shown that a fiber laser processing ns 1064 nm produces the highest surface
roughness with the greatest reduction in wetting angle. The paper also
presents the possibility of using individual kasers with specific parameters to
process specific implant components because of the roughness that can be
achieved with them.

It was observed that immediately after the modification of a TIeAIV
titanium alloy with a UV ns laser and [B-fs pulsed lasers, the surface
exhibited hydrophilic properties, In this study, the effect of the sample
holding environment of titanium on material aging was investigated.
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Table 3. Cont

Author, Year, and

Surface Property Reference

Shaikh et al., 2019 [75]

Do et al,, 2020 [75]

Wang et al., 2021 [77]

Shert Conclusion

In this study, a decrease in the contact angle was observed for TIRAIY
titanium alloy samples which underwent laser modification. [t was also
observed that the surface of the samples after [aser treatment became
hydrophilic immediately after the modification; however, during the storage
of the material, the contact angle was tested again, and the results showed a
change in the surface character toward a hydrephobic ene. The authors
suggested that this could be due to the oxidation of the modified film as well
as contaminants depﬂs’lted on the s.amp!e {the mm'p]ﬁ. were storad inan
atmospheric environment),

An increase in hydro]:hllicir}-' with an increasing laser fluence was observed.
The surface hydrophilicity was not stable, and the wettability of the surface
changed to hydrophobic properties with time. The need for research on the
stability of surface hydrophilicity was indicabed.

A 355 mm UY laser modification of commercially puse titanium was carried
out. In this stedy, the possibility of controlling the wettability by light and
sample heating was demonstrated. The samples showed a superhydrophilic
suirface immediately after Taser modifieation.

Mukherjee et al,, 2021 |75]

Wang et al., 2021 [79]

In this paper, the laser modification of Htanium alloy Ti6Al4Y using a
Yh-doped fiber laser was carried out. [t was shown that the surface produced
by the faser was anisotropic, which revealed that the contact angle for water

was different for a parallel and perpendicular incidence of a drop on the
surface. It was shown that in the direction parallel to the laser beam
clirection, the wetting of the surface was higher asa result of droplet
propagation along the corrugation grooves.

A TIBAN4Y titanium alloy was modified with a UV laser ata wavelenpth of
355 nm, The results of the contact angle measurements were presented for
Ihpee conditions: for the untreated sample (hydrophilic surface), the sample
after laser treatment (superhydrophilic surface), and the sample modified
with a laser and additionally subjected to a heat treatment (hydrophobic
surface). For the same samples, an erosion test was performed and it was
observed that the fastest erosion process ocourresd for the laser-modified
samples and the slowest for those with a hydrophobic surface.

Singh et al., 2021 [501]

In this study, a CO2 laser modification was carred out on titanium TiAI4Y
alloys. After the modification, the values of the contact angle and surface
energy were investigated. [t was found that for the laser-modified surface,

the contact angle was higher than for the unmodified samples, and the
surface energy also increased, It was also found that a decrease in the surface
energy resulted in a decrease in the affinity of the modified surface for
bracteria, which is beneficial for the potential use ol the
material in implant production.

Li et al., 2022 [B1]

Pure titanium samples were subjected (o laser surface texturing, Wetting
angle studies were carried out using distilled water and modified-simulated
body fluid (m-SBF}. For both fluids, the laser-modified surface showed an
increased wettability, IEwas indicated that the drops on the struchare with a
higher roughness realized Wenzel's law, which expiained the decrease in the
contact angle. The wetting angle for the water wag higher than for the m-SEF,
which gave information that cells would grow better on such a substrate.

The literature identifies four terms for surface wettability: superhydrophilic, hy-
drophilic, hydrophobic, and superhydrophobic, concerning a drop of water falling on a
surface Figure 3 [59].
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Figure 3. Categories of wettabilitybased on [59,06],

The researchers, Lawrence et al. [56], Menci et al. [24] and Pries et al. [54], treated
titanium alloys successively with an Nd: YAG and Yd: YAG laser, and based on contact
angle studies, they showed that a laser modification increases the wettability of the sample
surface successively for fluids such as human blood, human blood plasma, glycerol and
4-acetanol [56] and water [24]. A decrease in the wetting angle is also shown in Figure 4
for the modification made with the Nd: YAG laser [52]. Pries et al. [54] revealed that the
contact angle measured after a laser treatment was 0°. Singh et al. [80] on the other hand,
observed that the laser modification of a titanium alloy resulted in a decreased surface
roughness, resulting in coatings with a lower wettability than unmodified samples.

A Loft: 87.0" B Loft: 82.4°
Right: 86.4° Right: #1.5°
Mean: 86.7° Mean: 81.9°

C Left: 75.0° D Left: 74.0°
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. B

Figure 4. Wettability of material for (A) base material Ti13Nb13Zr, (B} laser modified sample 700 W,
(C) laser modified sample 1000 W, and (D) laser modified sample 700 + 1000 W [52],

Researchers Lawrence et al. [56] Menci ef al. [24] and Pries et al. [54] treated titanium
alloys successively with Nd: YAG and Yd: YAG laser, based on contact angle studies they
showed that the laser modification increases the wettability of the sample surface succes-
sively for fluids such as human blood, human blood plasma, glycerol and 4-acetanol [56]
and water [24]. The decrease in wetting angle is also shown in Figure 1 for the modification
made with the Nd: YAG laser [82]. Pries ¢t al. [54] revealed that the contact angle measured
after laser treatment is 0°. Singh et al. [80] on the other hand, observed that laser modifica-
tion of titanium alloy resulted in decreased surface roughness resulting in coatings with
lower wettability than unmodified samples.

Conversely, in paper [76], a Ti: sapphire chirped-pulse regenerative amplification laser
system with a central wavelength of 800 nm, was used to modify a Ti4Al6V alloy. Initially,
the investigated surfaces were characterized by the hydrophilic nature of the modified
surface. In the experiment, the contact angle measurements were performed cyclically
for up to 155 days after the modification. The observations showed that the effect of the
modified surfaces changed from hydrophilic to hydrophobic. Analogous results were also
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reported in the work of [69,74,7 5,81,83] for the contact angle for water and for Hank’s
balanced salt solution (HBSS) for titanium and titanium allovs.

In the research of [73], an alloy was laser-treated with a femtosecond laser, followed by
an additional hydrothermal treatment and oxidation, The application of extra modifications
did not change the previously established theory that states that with time, the contact
angle of laser-modified surfaces increases. Raimbault et al. [71] pointed out that the
increase in the contact angle after a certain time after a laser treatment increases due to the
increasing passivation of the surface, Moreover, this paper shows that the environment
of repository-modified samples is important due to the changing character of the sample
wetting Keeping the laser-modified TA6V samples in an air environment was associated
with a faster change in the surface character from hydrophilic to hydrophobic, while an
increase in the wetting angle for samples stored in boiling water was smaller. In the study
of [72], it is depicted that the change in surface wettability from The decrease in wetting
angle is hydrophilic to hydrophabic after a laser treatment does not adversely affect cell
adhesion to the material, A better way to illustrate the bonding of a surface to a water
droplet is to use the Cassie Baxter model, which takes into account the idea that the contact
between a droplet and a surface is affected by air trapped in the irregularities [54]; therefore,
an increase in the wetting angle is not uniquely associated with a weakening of the bond
between the material and the cells. In addition, the bond is also affected by mechanical
stress, which is related to the amount of eracking on the material surface [72].

The references of [2,74,82 53] indicate that laser-modified surfaces can exhibit anisotropic
as well as isvtropic properties depending on the laser operating parameters [69]. The
anisotropy of a surface is more favorable due to its higher wettability than for isotropic
surfaces and the contact angles for anisotropic surfaces will be different for parallel and
perpendicular directions [70,75,55]. Surface modification resulting in an anisotropic surface
is very important for the ability to control the wettability of materials [+¥], and in addition,
due to the medical use of titanium and its alloys, the development of an anisotropic surface
iz beneficial becavse of improved ossecintegration condifions [47]. It is indicated that the
wettability character of laser-maodified surfaces can be controlled and changed by external
factors such as heat [77,79]. In the study of |77], the hydrophilic properties of a titanium
alloy surface were observed immediately after laser modification. Tt was shown that it was
possible to manipulate the character of the surface wettability by using the heating of the
samples and UV radiation, which allowed the reversible transformation of the surface from
hydrophilic to hydrophobic and the other way around.

4. Corrosion

Titanium and its alloys are characterized by a very high chemical activity. The Pourbaix
diagram shows that litanium is 2 metal that passivates very quickly [86]. The natural, very
good corrosion resistance of titanium and its allovs is indicated [57-%1], Additionally, the
corrosion behavior is influenced by the presence of fi-stabilizing alloying elements and
their role in the stability and thickness of the passive layer tormed [92]. An important
directon of research is the study of the corrosion resistance of Htanium big-alloys [93,94],
and to improve this property, it is necessary to limit as far as possible the refease of metal
ions into the body, since the possibility of adverse health effects due to the presence of, e.g.,
Y oor Al in the body has been identified [42.95.90].

It has been shown that titanium and its alloys are stable materials when exposed to
environments that react with their surface, but the problem that arises in the root cause
of this material is the development of fatigue corrosion, which occurs as a result of the
loads on implants. For example, the stress-shielding effect that occurs in implants is due
to the greater hardness of titanium than bone, The literature also states that cvclic loads
induced by walking affect the corrosion resistance of titanium materials, Moreover, alloying
additives in titanium alloys can have negative effects such as vanadium, aluminum, or
chromium, whereas allovs with a density of, for example, niobium or tantalum lead to the
formation of oxide layers which improve the root resistance of titanium alloys [Y7].
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Laser modification allows the free manipulation of the surface roughness and wet-
tability, which has a significant impact on the corrosion resistance of a material [98,99],
In 2012 [100], corrosion tests on pure Htanium and titanium alloy with aluminum and
vanadium were performed and based on the corrosion intensity (LA / cm?), and it was
observed that there was a decrease in the corrosion and corrosion-fatigue behavior of the
studied materials after laser modification. It was indicated that the reason for the decrease
in the corrosion resistance was the presence of residual stresses and small grain sizes in
the modified surface, and the resulting microstructure changes differed in potential. The
literature indicates that the grain size is affected by the modification of heat [1011].

In contrast, the work of [102] cites results from 1984 (Picraux and Pope) 2000 (Suzuki
etal), and 2002 (Yue et al.), which state that laser modification improves the corrosion
resistance in, for example, Hank's solution. Travessa et al. [103] showed that laser modi-
fication caused significant metallurgical and chemical changes on the surface of an alloy,
including the formation of exides, which resulted in a significant improvement of the cor-
rosion properties compared to metal not subjected to laser treatment. 1t was also observed,
among other things, in the potentiodynamic polarization curves. Navarro [26] showed
that a femtosecond laser modification caused changes in the surface of modified samples
with different porosities, resulting in an increased impedance (Figure 5). Tests carried out
by [103,104] indicated that a thicker oxide or nitride layer formed after laser modification
on a material surface, improved the corrosion resistance of a titanium alloy. It was ob-
served that the surface structure after the laser modification, when there were unevenly
distributed phase components in it, affected the weakening of the corrosion resistance of the
material. The corrosion resistance test carried out in a Ringer's solution TinA4Y titanium
alloy [105,106], showed an increase in the corrosion resistance in acidic media, Whereas
in the papers of [107,108], an increased corrosion resistance of laser-modified samples in
Hank's solution and saline solution was shown.
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Figure 5. The change of impedance after laser modification for samples with different porosity
violume [26].

Researchers in [75,109,1 1] investigated the effect of laser remelting on pitting and elec-
trochemical corrosion resistance. An analysis of the polarization curves in the work [109]
showed an increased resistance to pitting corrosion, which according to the authors was
due to a microstructural modification caused by the rapid solidification that occurred
during the faser remelting of the surface. Dhara et al. [75] have shown, based on obtained
pelarization curves, that as a result of the modification, the passive film formed a stable
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barrier against corrosion. In the paper of [106] il was pointed out that a higher electro-
chemical resistance was due to the reduction in the volume of the « and 3 phase, and the
thickening of the surface texture. SEM and AFM studies carried out in [108] indicated
that the laser modification formed a more reproducible and smoother topography, which
increased the corrosion resistance of the material, and a stabilization of the passive layer
on the ttanium surface was observed, making it less susceptible to further growth [111].
Tests carried out on the chemical composition of the material showed an increase in the
presence of nitrides, which acted as a barrier to the ingress of other molecules, and which
was considered a condition that could improve the corrosion resistance of a material. An
improvement in corrosion resistance by laser ablation was undertaken by [112] in their
work, in which they removed the oxide layer, which gave their material a low corrosion
resistance, and via the laser ablation, produced a corrosion-resistant oxide layer. This could
be observed from an increase in the self-cormosion potential for different energy doses and
a decrease in the self-corrosion current, which numerically reflected the corrosion rate of
the material; therefore, indicating that the lower the surface corrosion rate the better the
COFrOsion resistance.

5, Hardness

The hardness of titanium and its alloys is reported in the literature to be higher than
the hardness of steel on the Vickers scale [113]. For example, titanium alloy Tis AV has
a hardness of HY higher (340 HV) than pure titanium (200 HV), which is related to the
presence of alloying elements [114,115}, The surface modifications of these materials aim
to improve the hardness and mechanical parameters o increase the residence time of an
implant in the body [116]. The hardness of the materials used for implants is important
because an increase in the material hardness is associated with an increase in the wear
resistance |116]. The literature also indicates that the high hardness of a material can
adversely affect the behavior of the biomaterial in the body [117]. Laser modification, on
the other hand, allows a controlled change in the parameters. Hardness, for example,
is widely discussed in the field of orthopedic implants, such as hip and knee implants,
because of the need Lo control the shielding effect of the implant in the bone, and the
importance of this parameter, as orthopedic implants are placed under a certain pressure
in the body, meaning that the implant must counterbalance this pressure to perfarm its
function properly [115].

A systematic review [119] and research by the authors [10,105,120-122] on the various
techniques of the surface modification of titanium have observed an increase in the hardness
of materials as a result of laser modification, which has its theoretical basis in [123], where it
was indicated that by using a heat source it was possible to control changes in the hardness
of materials. Table 4 shows the hardness values obtained for modified titanium alloys and
pure titanium using different laser types and parameters, In Figure 6 it is also shown that
laser modification improved the nano-hardness of Til3Nb13Zr alloy samples after a laser
modification by an Nd: YAG laser,
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Figure 6. Nano-hardness of laser modified samples. BM: base material, P1: laser moditied sample
with 800 W and scan rate 60, F2: laser medified sample with 800 W and scan rate 30%, P3: loser
miodified sample with 900 W and scan rate 60% [52].

In paper [115], the difference in the hardness value HV between the remelted material
and the base material was about 300 HV. The study on the hardness of a titanium alloy
was carried out by Khorram et al. [124] which indicated an increase in hardness of 36%.
Additionally, Zhang et al. [125] mdicated an increase in hardness after laser modification of
6%, while Ushakov et al, [126] determined that the possibility of increasing the Vickers
hardness after a laser treatment ranged between 20% and 40%. Moreover, the increase
in microhardness was accompanied by an increase in the fracture toughness. The laser
modification of porous titanium in the research of [127] resulted in an increase in the
hardness at the pore pillars, while an increase in the pore size in the titanium sample
resulted in a decrease in the hardness. A significant effect of the pore size on the surface
hardening potential by a laser modification was demonstrated.

The change in hardness of samples after laser remelting varies due to the phase
transformations occurring during the cooling process [24,109,110]. The increase in material
hardness is due to the transformation of the f-phase at high temperatures from about
900 “C to 1050 "C [128], into the o phase and the martensitic i phase, which is hard but
very brittle [121,126-131], and the creation of the w-phase [132,133]. After a laser-induced
heat treatment, the formation of a martensitic a-phase was observed as a result of the
transformation of the alpha-phase of titanium alloys initially into a beta-phase, and then
during the rapid cooling of a material after laser treatment, a martensitic a-phase was
formed [134]. Geng et al. [135] indicated that the hardness tests performed after a laser
maodification of the alloy showed that the measurement of this parameter performed in the
p-phase, yielded lower values of hardness than in the a-phase. The results for the f-phase
were characterized by large deviations for the elastic modulus due to the small thickness
of the p-grains and the presence of a-grains. In studies [136,157] it has been shown that
as a result of rapid cooling of a material at the surface after treatment, a martensitic phase
with the addition of the  phase is formed, while deep into the material a decrease in
the compactness of the martensitic phase is observed, and the o« phase tends to become
dominant. A comprehensive analysis of the phase transformation in a Ti-64 titanium
alloy subjected to an Nd: YAG laser modification was carried out in [138]. The presence
of a melted zone and a heat-affected zone after laser treatment were marked and they
had different microstructural characteristics. The melted zone was characterized by the
presence of martensitic plates throughout, while the heat-affected zone, which was far from
the laser source, contained short-rod b particles, martensitic plates and untransformed bulk
in its microstructure, [t was shown that the change in hardness during laser treatment
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was influenced by the presence of martensitic plates in the melted zone and & reduction
in the grain size. The formation of the martensitic phase limited the diffusion of alloying
elements, which directly led to the hardening of the surface structure. The study of [135]
presents the preliminary results of values for hardness, using a calculation method and
a measurement method. For both methods, the hardness increased with respect to the
material without a laser treatment. The hardness for the melted zone was higher than for
the heated affected zone and the differences in the hardness values were due to the fact
that the calculation methed did not take inte account the ocourrence of coarse o grains
in the heated zone, while i was also difficult to take into account the contribution of the
individual phases of the material in the zones [ 35].

The authors of [ 125] further observed the formation of a large number of dislocations
and mesh distortions on the surface of a sample, increasing the hardness of the material. [n
the melted zone, the formation of nanotwins was observed, which slowed down the dislo-
cation movements, and this had an additional hardening effect on the material [138,1349].
It was indicated that reducing the grain size increased the handness of the material [104];
however, after laser treatment, the grain size of the material increased while the hardness
increased, suggesting that the grain size does not significantly affect the hardness as much
as the dislocations formed and the phase transformations of the material [1-4H1]. In the work
of [141], it was indicated that an increase in the amount of oxygen due to a femtosecond
laser treatment resulted in an increase in the hardness with a concomitant increase in the
brittleness of the material. Applying laser texturing to the surface linearly and performing
dimple patterns resulted in an increase in the nano-hardness from 2 GPa for the base
material to 4 CPa and 6 GPa, respectively, as tested by nancindentation. The hardness
obtained [or each test was dependent on the tvpe of laser selected and the processing
parameters chosen. In paper [142], a pulsed laser treatment was performed using two
ditferent laser power parameters, and the modified samples were divided into two regions.
It was shown that the region of the sample modified with a higher laser power of 3.99 W
had a higher hardness than the region modified with a laser power of 1.71 W. In additien,
it was shown that for treatment with the lower laser power, no significant difference in
the hardness were registered between the remelted layer and the native material, The
research of [143] indicated that a laser modification with a low laser power did not in-
crease the hardness of the material as much as in the case of a high laser power, for the
reason that a lower power also means less heat and there s not as much formation of the
martensitic alpha phase after remelting. A high laser power is directly related to the rapid
cooling of the material and as a result the formation of the martensitic alpha phase. In the
work of [144], the formation of a TiO: rulile and anatase phase was demonstrated, and
it was indicated that the amount of oxygen molecules present in the structure depended
on the laser modification method, namely, the type of laser and the parameters used, Pan
etal. [145], as a result of their conducted research, indicated that the observed increase
in the microhardness of the samples subjected to laser treatment was also because with
an increase in the laser operating parameters there is an increase in the pressure. 1t was
noted that an overly high value of the laser operating parameters was not able o effectively
improve the microhardness of a surface [146], and this was because the vield strength of
the titanium alloys had been exceeded [ 145]. The laser modification primarily increased the
microhardness at the surface of the material, and the decrease in the hardness values was
a gradient with an increasing test depth [145]. The change of the laser wavelength from
532 nm to 1064 nm showed a huge increase in the surface roughness which had a negative
impact on the corrosion properties [1:47].
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& Wear Resistance and Fatigue Behavior

An appropriate approach to improving wear resistance at present is to design alloys
based on their chemical composition. In parallel, several techmologies have been developed
to prepare a modified layer with a high wear resistance [150]. The literature indicates that
the direct effect on wear resistance is related to the hardness of a material [107,151]. One
of the few disadvantages of titanium and its alloys is a low wear resistance [115]. For
these materials, the need to improve this property is widely discussed [11,152] because the
low wear resistance is a limitation of the various applications. Significant differences in
the wear resistance of the various titanium alloys are indicated depending on the «, 3, or
ey type [150,153]. The literature points to a low wear resistance, especially in the case of
titanium alloys g [92], for example, Ti-5AL-5Mo-5V-1Cr-1Fe [133], Ti-35Nb-7Zr-5Ta [154],
and Til0V2Fe3Al [155].

The literature reports that laser surface modification is a simple method to improve the
wear resistance of a material [119,156-154], In the research by Cheng et al. [133], despite an
increased surface hardness after laser modification, no improvement in the wear resistance
of the titanium alloy TI2AIBMo3VICrTFe was observed,

The papers of [161,161] indicated that laser treatment in a nitrogen environment
caused the formation of TiN, which significantly improved the surface hardness and wear
resistance of the materials, The increased wear resistance was explained by a decrease in the
coefficient of friction [160]. The research of [161] indicated that the relative wear resistance
increased by 1.7 times compared to a material without a laser treatment. Moreover, the
literature of [155] indicated that a TiN layer formed as a result of remelting in the presence
of nitrogen, had a higher hardness and wear resistance than treated titanium alloys.

A study of the effect of laser processing on the wear resistance of pure titanium was
carried out in [162], where laser processing was shown to reduce the weight loss of samples
during a dry wear test. The study confirmed Archad's theory, that the wear rate is reversely
proportional to the hardness [162,163]. The results of [16.2] for wear resistance indicated
that the mass loss for a samples subjected to laser modification was much lower than
for material without treatment, and that the wear indices for selected modified samples
were practically constant, while for unmodified samples they increased significantly. The
samples were subjected to a study of the change in the coefficient of friction during normal
loading for increasing loads and the results in the cited work [162] indicaked that the pure
titanium samples without a modification showed a higher wear and material loss with an
increasing normal load, while for modified samples a decrease in the wear was observed
with increasing loads. In the work of [164], an increase in the wear resistance was observed
in untreated material, while an increase in the load during the experiments lowered the
wear resistance. The laser treatment created defects and when the load was applied, the
structures were compressed, which increased the wear resistance because the material
did not detach from the surface. [t was shown that when the maximum temperature
reached during the thermal cycle was higher than the melting temperature, a phase change
to the martensitic phase occurred, and the fatigue strength and wear resistance of the
material were improved; thus, this procedure is also used in the hardening of steels and
cast irons [137].

The study results of Zeng et al. [165] also indicated that a laser treatment improved
the wear resistance of a material, that the diagram of the dependence of a material loss
volume on the wear time for both a non-laser treated and treated material was linear, except
for modified samples where a small mass loss was observed, and that it was 37 times
lower than the wear of the raw material. The ion release tests carried out showed that
the increased wear resistance determined the reduced release of vanadium, which is a
toxic element.

In the study of [166], as a result of laser modification, the formation of TiC was ob-
served and it was indicated that the presence of this composite improved the hardness
and wear resistance. It was shown that short laser processing times were more advanta-
geous because the melted layer was more homogeneous, Moreover, increasing the laser
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processing ime increased the hardness and surface roughness but the TiC structure was
more uneven and hard TiC particles acted as an abrasive tool, The low speed of the laser
beam on the material, causing the formation of deeper melts, also had a beneficial effect on
increasing the wear resistance of the material.

In paper [167], an XRD study of a Tig34 alloy subjected to modification was carried out,
where the fatigue strength (high cyele fatigue) was tested. It was shown that for modified
samples there was an increase in the tested strength, which was justified by the formation
of compressive stresses after laser shock peening. Jia et al. [165] confirmed that in this type
of laser processing, compressive siresses are induced in the sample and increase with an
increasing impact time. A 1998 study [169] showed that laser modification combined with
previous coating applicabions allowed for a reduction in the adhesive and abrasive wear.

The researchers of [170,171 ] compared the treatment of titanium by ion implantation
and laser nitriding, [t was shown that the use of a CO; laser in a nitrogen environment
allowed a reduction in the friction between the tested surfaces, with a concomitant decrease
in the fatigue strength [171]. Another study [170] evaluated the fretting fatigue behavior
of a titanium alloy. It was observed that due to the formation of a heterogeneous, brittle
surface after machining during fretting, the surface of the titanium allny was unable to
accept the loads set during fretting. Current literature [172-174] also shows that the use of
laser modification is associated with decreasing the fatigue strength in titanium allovs. Tt
is indicated that the fatigue strength is reduced by up to 30% compared to the very good
fatigue strength of titanium alloys [172,175]. Additionally, it was indicated that with the
increase in surface roughness after laser treatment, the cracks occurring on the surface
generate a reduction in the fatigue strength. The resulting surface damage was identified
as crack initiation sites [174], The untreated material had crack initiation sites at the edges
of the material, while in the case of the laser-treated material, the initiation site was in the
center of the material [173].

7. Conclusions

The literature review focused on the effects of laser modification without material
gain on titanium and its alloys. The presented work provides a comprehensive knowledge
base on the effects of a fiber laser, Nd: ¥YAG, Yd: YAG laser, and femtosecond laser and the
shock peening method on selected properties of the Hianium materials used in the medical
industry, The paper discusses such properties as the roughness, wettability, resistance to
corrosion, wear, and fatigue, as well as the effect of laser modification on material hardness,

1. The first section focused an the surface roughness and wettability, allowing us to
assess the impact of laser modification with different types of lasers, which led to the
conclusion that the use of this type of modification increases the surface roughness
and that it varies depending on the operating parameters of the lasers,

2. The wettability of a surface is a topic that is widely discussed due to the fact that laser
modificaion affects the change in the nature of the surface. Notably, a large impact
on the hydrophilicity or hydrophobicity of a surface is the iming of the test in this
direction, as well as the environment in which the samples are stored, but depending
on the application of the material, there are different requirements, which does not
indicate a more advantageous character.

3. Collected publications in the field of corrosion resistance research determine that the
action of a laser beam on titanium materials improves the corrosion resistance, which is
important because this reduces the release of dangerous elements from the implants,

4. Laser modification alters the micro- and nano-hardness for each type of laser. It is
indicated that laser modification allows the process to be carried out in such a way
that the hardness obtained after the change is close to that of bone,

5. The effect of laser modification on material wear was presented based on a collection
of literature from a wide time range, which allowed the presentation of further
opportunities to discuss the selection of optimal laser operating parameters, such as
the laser operating power, laser beam density, and pulse duration.
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6. Inaddition, the aspect of wear resistance was discussed, where it was shown that the
use of laser modification improves this material property.

7. The presented review of the current literature on the subject provides a theoreti-
cal basis for studying the effects of laser processing on titanium and its biostops
and for conducting targeted processing in the area where modification is needed to
improve implants,

8. The presented review of the current literature related to the effects of laser modification
on selected properties of fitanium materials and provides a theoretical basis for the
researchers’ research.

9. The review indicates the need to deepen the research related to the wettability of the
surface of titanium materials used in biomedicine, due to the fact that there is no clear
indication of which character of the surface is more favorable, and it is necessary to
identify the areas of application of a hyvdrophobic and hydrophilic surface obtained by
maedification. In-addition, it is important to focus on studies related to the durability
of materials against wear and fatigue and corrosion because these two properties
directly affect the length of stay of an implant in the body.
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ARTICLE INFD ABRSTRACT

Mandiing Editor: Dr P, Viscenein To improve the bislogical properties of titaniom alloy TIEANBLAZr, hybrid maodifications fovalving micm-are

oacbdation {MADY and MNd: YAG laser remefting were carvied out in two combinagions, The first conssted of

Keywordc laser modiBcation before the production of the ceramic Layer by the micro-soc oxidation process, and the secand
Luer traximent comblnation involved Nd: YAG laser modificntion after the MAD process, The creation of developed sarface
;"""'L_"; ;:::; morphologies on ttanium alloys used in implant manofeturing & currently o widely discassed trend, The

modifications used by the athor offer the possibility of obtaining a porus, wettahle surfoce with altered
nonohnrdness.

Ty irvestigale the siroctural propertiss of the altained hybrid Nd: YAG-MAD wnd MAO-Laser Md YAG sod-
ifications, the strucre roughness tess were performed with a siitable apparstus and atomic foroe microscope
LAFM) and nvailable software. The surfuos wertabllity was evalunted and the surfsce of the modifled TIANBIIZ:
alloy was subjected to evalustion uslig & scanning elecron microscope [SEM), and an optical microscope. Using
available sofoware, chemical composition enalysis. porasity analysis, and, pdhesion analysis were performed,

Tt ooy the pests currded out, the possibility of carrying ot bybrid modification in vardous combinstion was
demonstrated, The presence of Mo’ and Ca®' jons was demansmrated for semples in the combination of laser
molificatim and MAQ modification, which i important for biomedical ressons. Eoch modification allowed
rhonging of the nonohardness, wertmbility, and roughness in the direction expected, required from biomedienl
materiak. This paper presents an lnnovative approach to the wse of rwo modifications ome using te effect of heat
o the mattx and the other focused on the formatbon of & ceramic coating. Currently, hybeld medifications ire
desirable in that they allow them to interact positively with each other,

Micro-are oaidatsan
Plasma électrolytle seldaion

1. Introduction process and the working of the implant components with each other [4].

Furthermore, the possibility of modifring mechanlesl propesties sucls as

Laser modifieation is o technigue widely known and disoussed in the
field of surface modification for various applications. 1t is o simple and
cost-efficient  technigque that allows control of laser performance
throughout the operating time with no heat influence on the material
beyond the hear treatment feld [1]. Applications of the laser modif-
cation technique are indicated for acrospace, mutomolive, marine, and
electronics applications to improve corroslon end eroslon resstance 1,
23] In the orthopedic implant industry, ottention is also given to
modifying the structure of the material lselfl and obtalning a surfice
with the appropriate roughness, which improves the esseointegration
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hordness amd Youngs modulus is important doe (o the need to match the
mechanical sirengih of the inserted implant to the mechanical properties
of himan bane [5,0], The use of the N& YAG Limer hat o very extensive
spectrum. The use of this type of laser in the military and acrospace
Industries has been indicared for many vears [7] In medicine, it is used
o cut soft and hard tisswe [6,9] and to modify the surface of implant
materfals [10]. ﬂJi.nrpenﬂnser beam is also used in the manufaciure of
engines in the automotive industry [§ 1], Characterized by a wavelength
ol 1064 jim (the laser enables precise operation with lmbied heat effects
on the adjacent structures of the modified component.
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A new issue in the world of science is the use of different surface
madification technigues for the same material which makes it possible
to combine the advantages of different techniques or (o reduce the
negative effects of one technigque with another one. Process micro-arc
oxidation known also as plasma electrolytic oxidation [12] is a tech-
migque that allows, using micro discharges on the surface of 8 material,
the incorparation of elements present in the electrolyte environment in
which the process is carmed owt, while simultaneously building up a
coating on the surface of the material [13], The technique makes It
possible to obtain ceramic coatings that contain specfically determined
addidves present In the electrolyte medium, This technique is used
primarily for magnesivm materials [14) and increasingly for titanium
allovs 112,137, The process allows for improving the biccomparibility of
the surface due to the possibility to incorporate jons, which are among
other things, components of human bone or cause the activation of the
ozsenintegration  process, The literature [15] states that strong
implant-bone connections are stimulated by the presence of calcium and
its phosphates, so the authors of this study chose a process environment
in which hydroxyvapatite (CalO{PO416{0H]2) was present. Current in-
dications are a comhination of micro-arc cxidation and laser modifica-
tlon. The authors will perform this hybedd modification starting with
laser modification, followed by micro-are oxidation [15-17).

The project focuses on a modification that could be wsed in the
medical, dental, and orthopedic implant industries, For this reason, the
choice was made (o work with the alloy Til3Nb13Zr, which Is an
ostenconductive material [12]. Compared to the frequently studied and
used titanium  alloys  with aluminum  and  vanadium  content,
Til12Nb13Zr alloy shaws higher hiocompatihility and has fewer side
effects when implanted, while metallic materials have been shown o
have low bicrompatibility and low bond strength between bone and
fmplant [19].

The authors of this article focused mainly on the structural properties
of hybrid-modified Ti13ND1 32 dianium alloy in different combinations
of the order of use of the Nd: YAG laser and the micro-are oxidation
technique. The authors have devoted considerable attention to the
morphology of the surface structure of hybrid-modified Ti13Nb13Zr
ttanium alloy samples, Wettabilicy and surface roughness are discussed
in detail, providing & rich set of information on the properties of the
surface and, as pointed out in the lrerature, this is an area that recelves
little artention but is an impaortant aspect in the field of implantolagy for
the Intrinsic integrity of the implant [20]. What's more basic in-
vestigations were carried out to evaluate changes such ax porosity,
nanchardness, Young modulus of the coatings, and adhesion from
seratch test resulting from the double modification.

The need for surface modification due to the demands placed on
biomaterials is indicated. The human body defines all elements intro-
duced into its interior as something that may pose o risk, in the case of
clements that do not exhibit biocompatibility and appropriate charac-
reristics for ssue binding, element refection may occur, It is therefore of
great benefit 1o use modifications that build ceramic eoatings to build &
layer that ls compatible with the human body, and the vse of laser
madification allows a controlled modification of the material to obtain
the corpect value of mechanical parameters and surface structaee [211.

The research provides a basis for considering the application of the
presented hybrid modification and the order in which the various
madifications should be carried our. In addition, the modification
technique used represents a novelty in the Beld of surface modification
for biomedical applications and provides ample opportunity for further
waork o advance knowledge in this area,

2. Materials and surface treatment

The research used TII3NDI3Er tanium bi-alloy specimens. The
samples were circular with a height of spproximately 5 mm and &
diameter of 19 mm, The samples were cut from homogeneous Dar-
shaped marerial, the cur is mede across the length of the bar, The

Coramics Infernarional 48 {2003) 1660316614

Table 1

Chamlcal composition of TITAND1EEr by welght.
Element T [+ H 0 N ke Nh i
W %) 7138 ng s 06 00% 0,25 14 135

chemical composition of the bar is given in Table 1. The alloy was
chosen for lts good properties 1o the requirements for blomedical ap-
plications such as high bocompatibility and good mechanical
properties.

Samples were mechanically prepared using a Saphire 330 polishing
and grinding machine and AH00,/800,/1200 silicate abrasive paper. The
specimens were alse cleaned in an ultrasonic cleaner and then washed
with isopropanol (9.7%, POCH. Gliwice, Poland).

The study assumed that two combinations of serface modifications
were performed on the Til3NDb13Zr alloy (Fig, 1), The first of the
combinations were assumed to perform an initial remelting using an Ne:
YAl laser of the surface for twa different device power parameters. with
constant parameters of laser beam travel speed, frequency, and laser
pulse duration. The modification wag carvied out In a 98% pure argon
environment to reduce oxidation during the modification, The next laser
modificarion step was o perform micro-are oxidation also at constang
parameters{ Table 2.}, at 23°C.

The second combinatlon conslsted of a mlero-are oxdation process
followed hy laser modification of the applied ceramic coating. All oxi-
dations in both combinations took place under the same parameters.

The micro-arc oxidation process was carried out with a DC power
supply {BK PRECISION, MR 10000200, The TIISNB1 3&r titanium alloy
samples were machined and cleaned in isopropanol before the process
was performed and then placed Inan ultrasonic cleaner in distlled water
for 10 min. The electrodes in the system were the Til3NbL27r titanium
alloy sample on which the MAO process took place - it was the anode
(¥ig 2). The opposite electrode, the cathode, was a stainless steel basket
(Fig. 2);

T executa the process, a liter of electrolyte was prepared, containing
Na+t and Ca2s lons derived from 0.7348 g/mol NaOH and 0.0497 ¢/
mol of hydroxyapatite Cal O[PO46{0H)2. The process was carried out
with constant parameters for each of the modifed samples, with no
change in values depending on the order of modifications carried out.
The parameters for the process carrled out are shown In Tabie . As heat
energy is released during the MAQ process, the authors used a magnetic
stirrer and placed the vessel in which the process took place in waterata
constant room temperature of 20°C to maintain a constant temperature.

Eight samples modified appropristely were subjected o property
tests. The meatment of the individual samples isshown in Table 2. In this
paper, the authors will use the nasyes in Table 3,

3. Surface characterization
2.1, Wettability test

To measure the contact angle 3 measurements were taken for each
sample using the falling drop method with a goniometer (Contect angle
gomiometer. Zeiss. Ulm. Germany). The liguid dropped on the surface of
the samples was water, and the measurement Fasted 10 § for each
megsurement al room lemperalune

3.2 Roughness test

Roughness profile tests were carried out three times on all of the
samples (P1-PH), taking into account parameters such as Ra (arithmetic
average height), Rp (maximum profile peak height), and Wt (total
waviness), The measurements were made with a Hommel Eramic
Waveline (JENOPTIK). The test was performed in a measurement range
of 400 pm, at a speed of 0.5 mm/%. During the test, an IS011562 Glter
was used,

16604
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b)

Fig. 1, Scheme of two combinations of the modification TIUANBERS titamium alloy a) for lser madification before MAD treatment, B for lager madilieation alter

MAQ treamment,

Table 2
Parnmerers of laser maodificatlon and micro-are oxidation.

Laser modification N4 YAG

Pawer Sean rate Drumation ol the kaser pulse Fresjusency
1000 W 0.6 mm.s 235 ma a5 He
1500 W

Micra-sic oxidation process

Voltage Hensity |£E Time af the proded [min]
300 10.3 15

3.3, Nonoinderiation test

The nanoindentation test was carried out by NanoTest™ Vantage
(hicro Materials, Greas Britain using a Berkovich three-sided pyramidal
dismond. The maximum test load was 50 mN. The load was increased
from 0 to 50 mN in 15 s and the unloading time was alsa 15 5. The
number of indentations was 25 with 5o dwell 4t maximum load.

As a result of the nancindentation test, values of reduced Young's
modulus were oblained osing the Oliver-Pharr method, The reduced
Young s modulus valwes obtained were wsed tw caleulate Young's
modulus using a constant Poisson’s ratio of 0,35, formule |

E
= — whiese v is 9 Pesseion 3 ratio- (1

Using the ANOVA statistical method, an analvsis of variance was
performed on the nanoindentation test resulis obtained.

3.4. Scratch test of MAQ coafings

The scratch test was estimated by NannTtstTMVa.lmlge {Micro Ma-
rerials, Grear Britain) using Berkewich three-sided pyramidal diamond,
The load was 400 mN, the scratch engeh was 1000 pm, and the exam-
Imatlon was taken 5 times. Samples with coatings obralned by the MAO
process (P2, PS, P6) on Til3Nb13%r titanium alloy were subjected to &
sceatch. The scratch test allowed an indication of the critical Toad LC,
which was determined from the acoustic emission curves, The obtained
scratches on the surface of the coatings were ohserved under an optical

microscope (Olympus UC 508

3.5 Microstrucure observation via oprical microscope and scanning
elgetron Rieroscome

Laser-modified samples P3, P4, and double-modified samples P7,
and PR, where the laser modification was the second modification of the
material, were subjected to the observation of the microstructure of the
surface using an optical microscope (MMympuos UC 50). Examination of
the microstricture took place ot lens magnifcations of 5.

For samples P2 (o0 PS, metallographic samples were taken. The
samples were placed in epoxy resin after being cut ransversely, then
polished and etched. The specimens, in the form of metallographic
specimens, were subjected 1o optical microscopy 1o evaluate the heat-
affected roenes, and scanning electron microscopy to assess changes in
the microstructure of the hybridised Til 3Nb13Zr alloy,

3.6 Scanning electrom microscape (SEM), X-ray diffracedon (XRD). and
atomic force microscope (AFM) observation — rowphness, phase, and
chemical composition, and poresity test

The samples modified during the MAQ process (P2) and those
modified in a combination of laser modification, and micro-arc oxida-
tinn process (P5, Pa) were subjected to ohservation under a SEM (Edax
Ine., Mahwah, NJ, U.S.A.) and, using an EDS {Energy Dispersive X-Ray
Speciroscopy) attachment to the device, X-ray microanalysis was per-
formed, which also enables the analysis of the chemical composition of
the sample surface, In addition, the samples were subjected o atamic

Cathode

Table 3
Samples and thelr modifications,

Sample Mu=lifcation

Bl Mechanically peepared TilAND1I3Zr drtaniam alloy

P2 Til3NbYIEr modified by the mica-are oxidation process

B Lager modified TELAMNb1 32 by 1000w

2] Laser modified Til3Nh1 3% by 1500w

Ph Lazer modification of TilANbEIEr by 100W « MAD process

Pk Laser modificarion of Til ANb134r by 1500 W 4 MAD procsss

[ T 3NDE 3% madi i) by MAD process + Lazer madlification by 1000 ¥

Pa TI1ENh A2 madifeed by MAD process 4 Laser modifiention by 15000
Anods

Siminless steel contamer
Smnple
T3N3y

Fig. 2. Schame of te micro-are oxidation process,

98

16605



J. Syprasmaskoa et @l

Table 4
Parameters of profilograph e, wenability measurement, and nanokndentation
fest,

Sample  Parameters of profilograph Coninet Tedueed Yo
st anghe 1°] Yiuang moduliz
Hi T P uluGu::lJlus [EPa)
L] L] ]

" LrReai] 0.0 342 T3.69 &0 04 1 56,57 4
+ + .04 +1.14 .27 .14 847
mm

P2 L] 149 125 BT T30 4 T4B5 4
1 + 0,08 t (44 1332 24.02 ZLA5
ol

Fa [l L70 474 Gil_44 £ 2345 4 21.01 +
* & LD + .45 ZI5 0.83 0.74
o2

Fa 1.84 129 HAdd Bl ik 1338 4 1158 4
E + (L2G +1.18 14.74 0.34 0an
Al

Ph 1.06 2404 B2 G135 + A5+ A5kt
& 14 T {49 34 2820 2.08
2

G I3 4,70 T87 SHST £ 7004 & 65451
t + 065 +0.42 3Z5 2693 189
D24

Pr 4.72 11.30 17.33 D26 96,58 SZ5q &
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force microscopy (AFM; NaniteAPM, Nanosurf AGLiestal, Switzerland)
observation, which allowed images (o be obtained of the topography of
the MAO-modified surfaces. In addition, using SEM images and

a Pl P5
l
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MultiScan software, pore size and porosity were examined for samples
P2, F5, and Pé.

The XBD, X-ray diffraction method (Phillips X'Pert Pro, Almelo,
Netherlands)was used to determine phases in modified samples. The
method was applied by a diffractometer (Cu Ka, & = (11554 nm) in the
range 10-90 of 26, The measurements were taken at an interval of 0.02
for 25 of measurement per point, the process {aking place at ambient
temperabune.

The entire set of samiples (P1-P8) was subjected 1o AFM observation
1o obtain the 3D surface roughness parameter Sa, that is, the arichmetic
means deviatdon of the surface roughness from the reference plane over
an area of 50 um » 50 pm,

4. Results and discussion

Using the roughness parameters obtained (n the profile graph study
presented in Table 4 and taking into account Fiy. 3 presenting example
comtact angles for the fested samples of modified titanium alloy
Ti13Nb13Zr as well as roughness and waviness diagrams, it can be
Indieated that the application of lsser modification (P3, P4), careying
out the MAO process (P2) and the application of hyvbrid modifications
{P5-P8) changes the surface roughness of titanium alloy TI13Nb13Zr. It
is indicated from the results that there is an increase in the roughness
and a decrease in the comact angle relative to the base material of the
TitANb13Zr alloy. Concemning the modifications that were carried out,
it should be pointed out that carrying out a single laser modification and
a modification wsing the micro-are oxidation process produced a
rougher surface for the laser-modified sample, which s associared with
an increese in surface wettability, These results are in line with the
conclusions presented in the Herature [5,10,202,20]

Taking inte account the core modifications for the presented work, i
e hybrid Taser Nd: YAG-MAOD and MAO-laser Nd: YAG modificarions, an

P8

Fig. 3. a} Centoct angle tor P1- base matenial and P5 - the lowest contact angle value, P3- the higher contact angle value; b) Presentation of depth and wviness
profiles for PF1- base material, P2 - base material with MAD coating, #5 - sample with hybrid modification laser 1000 W-MAG, PT sample with hybrid modifcation

MAC-Laser 1000 W,
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16606



1. Syproaewsfa ef @l

pm

pm

|
Spm ey Slgum

Coramics Infernarional 48 {2003) 1660316614

=M

Ty

Slipm Al

Sl

Fig: 4, Atomic force micmoscopy (AFM) topography of the Til32ri3Nh sabstrate A - P2, B - P5, C - P8

increase in roughness and a decrease in contact angle for the native
materizl is visible, It is observable that the use of a higher laser power of
1500 W for machining, where the laser modification was performed first
and then the MAQ technique is applied, increases the roughness pa-
rameters By, By and Wy This relationship was also confirmed by the
determination of the surface roughness parameter 5., where it was
shown that the application of laser modification before carrying oul the

MAD process affects the roughness by increasing its parameter values-

(Flg 4 The Heerature [15,24,25] indicates that the use of laser modi-
fication and increasing the operating parameters, and laser power, re-
sults:in Increased roughness, which is reflected In this work

However, the opposite situation occurs in the case of hybrid modi-
fication of P7 and P8 samples, wherein the first stage of modification
MAC coating was deposited and then laser modification was applied on
Til3Nb132r titanium alloy samples, here a decrease in roughness is
indicated for the P8 sample, where higher laser power was applied.
Based on the surface roughness ests carried out, it can be indicated that
the MAD-laser modification (P7, P8} allows for abtaining a rougher
surface structure than the laser-MAOQ modification (PS5, P6), The Ra
parameter’ value for these modifications varies from 60 w0 450 %
depending on the Nd: YAG laser power used. The present results are in
agreement with the conclusions of the suthors of papers [15,26], where
It was shown that the depositlon of MAD on a smooth surface generates
an increase in surface roughness, as MAQ coatings are highly porous
coatings, while the deposition of MAC coatings an rough surfaces (P5,
PG) results in the filling of previously formed depressions and pro-
truslons, which makes the surface less rough. In contrast, work [27]
shiovws that increasing the laser power increases the surface roughness,

Analyzing the test results for specimens P2, PS, and P6 it should be
pointed out (Tuhle 4) that the influence on increasing the roughness
pirameters and decreasing the contact angle for the modified titimium
alloy Til3NbI3Zr is also due to the altered oxygen content abtained
from the chemical composition analysis. The resulting oxides on the
surface of the samples improve the wettability of the surface [25], and
there was an [ncrease in surface roughness Taking into account the
current state of the literature, it is indicated that it is more beneficial for
bicmedical applications to praduce a rovgher coating with better
wettahility properties, as this improves the ossenintegration process.
Bone cells on a rough surface with a high affinity for water are more
ensily activared, which speeds up the proeess of bonding between
implant and bone. The literature shows that the appropriate range of
contact angle values for implant materials should be between 407 and
60° [ 29,30] or 357 to 857 [31] which was achieved for the modifications
carried out in this work. In the caze of bone cells, an oprimum value for
the contact angle is indicated at 557 [11], the closest contact angle w
this value was received for sample Pé subjected to hybrid laser Nd:
YAG-MAD modification, AL the same dme, it s pointed out that
achieving lower roughness paramesers is also advantageous because in
implant design it is necessary to ereate both smwooth and rough surfaces,
even within the same implant [4]. The literature indicates that the
roughness and wettability of the surface to be characterized by the
material depends particularly on the type of tissues that will surround

- m
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Fig. 5. Size distribution of pores in 5 different companments for samples P2,
P5, PB

the implant, which involves a very individual approach o this issue
[321,

Images of the surface structure of the P2, P5, and Pa ssmples allowed
the porosity of the samples to be assessed, on which Nd: YAG laser
madification was applied followed by the MAD process. Using MultiScan
software, the image was converted into 2 binary lmage, which allowed
the structure to be analyzed. The number of pores present on the banded
area of the half using the SEM was obtained. The pores ranged in size
from 0.01 pm to 3 pm. In eddition, it was paessible to show that the
porosity for each of the samples P2, PS5, and P, expressed in %, was
respectively: 6.55%, 3.74%, and 6.79% (Fiz. 5). The study shows that
higher laser power increases surface porosity. The surface of sample BS
has larger pores than samples P2 and p6, but at the same time has the
smallest number of pores in the entire area, The coating of sample P2 is
characterized by the smallest number of pores, which may indicate thar
by the previously cited lHrerature [15,26] the MAOQ coating completed
the rough surface efter the laser beam and the surface became less
rongh. The pores produced by the hybrid modification are small, rela-
tively too small if one were to focus on a specific optimal pore size in the
literature [25], but at the same time, it iz indicated that the absence of
hydroxyepatite in implants with an optimal pore size negatively affecred
the integration of bone into the implant, In the present follow-up, the
presence of hydroxyapatite in the fabricated lazer-MAO surface is indi-
cated [34]. In addition, it should be noted that the surfaces are rich in
terms of their morphology. The SEM images make it possible to note,
apart from the pores, the undulations present. on the surface, Such a
developed surface of the modified specimens is advantageous for bone
cells developing on it because it improves the process of integration of
the cells into the implant surface. [t is indicated that such a surface is a
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Fig. 6. SEM ing results a) Results of the EDS analysis of P2, PS5, and P& les b) swuf:

biomimetic surface, i.¢. it mimics the naturally occurring bone structure
in the body. [35], which is Important because such conditions allow the
body to react to the material as if it were an integral part of it.

The researchers in this study used an electrolyte whose components
were hydroxyapatite and sodium hydroxide, these two companents
were chosen due to the orientation of the modification to biemedical
applications, sodium and calcium derived from hydroxyapatite are

Ceramics Internacional 49 (2023) 1660316614

hy of the 1
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structure

P2, pS, P6

elements involved in the process of osseointegration of the bone with the
Implant, but above all, they are part of the bone-building elements,
which allows for increased biocompatibility of the modified biomedical
material. Due to the nature of the surface of the modified specimens, it
was decided to carry out an SEM + EDS study for the P2, PS5, and P6
modifications. The SEM study, during which an EDS analysis of the
chemical compasition was possible; allowed the percentage compesition

Table 5
Composition of P2, P5, P6 samples by weight %.
0 Na Si P Nb Ca Ti C
.1 379+ 523 468 £1.38 345 £ 062 1.24 £ 0.15 589 1 090 6.21 = 0.33 1.37 £ 0,59 39.36 4 0.56 0,73 £ 031
PS 3372 £9.01 307 £ 179 3,49 « 1L.06 0.63 ¢ 018 681 4 124 6,42 = 1,10 1.21 + 044 4444 L 973 0.16 4 .01
Pa 40.49 +1.74 412 2071 369 £ 044 070 + 017 6.48 + 112 581 = 0,40 0.80 + 0,24 3687+ 1.7 129 + 065
16608
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Fig. 7. SEM crosssection of P3 sample with focus on HAZ and base mate-
rial phase.

of the analyzed samples to be examined{l'/;. 6, Table 5) It is important
to consider that, according to the theoretical assumptions of the MAO
process, the elements present in the electrolyte are incorporated into the
surface of the material undergoing modification. Therefore, the analysis
aimed to record the presence of Na™ and Ca®" jons. The presence of
these ions was demonstrated for each of the analyzed samples P2, P5,
and P6, which indicates that the process was carried out correctly and
additionally indicates that the application of laser modification before
coating in the micro-are oxidation process does not advessely affect the
process. it was shown that more sodium ions were incorporated into the
surface of the samples than calcium lons. The presence of laser modifi-
cation in the case of sodium ions resulted, for samples modified with a
1000 W Nd: YAG laser, In a decrease In the % of sodium jons relative to
the control sample P2, while there was an increase in the % of sodium
tons in the sample previously modified with a 1500 W power. In the case
of calcium ions, a clear relationship is observable that the presence of
the laser modification and the increase [n the laser parameters results in
a decrease in the amount of % Ca®~ ions in the sample, The change in the
percentage of oxygen in the sample is also significant, Titanium, because
itis @ self-assembling material, has a very high affinity for oxygen and, in
addition, surface oxidation occurs during the MAO process; additionally,
an increase in oxygen can be generated minimally by the laser treat-
ment. It can be seen that for sample P6 relative to sample P2, a higher
percentage of oxygen is observed in the composition, for sample P5 there
is less oxygen, while the result for this sample and this element is subject
to a high standard deviation. For each of the samples, the proportion of
silicon lons was also cbserved, indicating that the presence of this
element is related to the mechanical rreatment during the preparation of
the samples for testing, as they are subjected 1o mechanical grinding by
silicate papers.

For specimens P3 and P4, the outlined heavaffected zone was very
clearly observed; to illustrate the heat-affected zone, an image is shown
where the heat-affected zone is indicated and a Fig. 7 of the parent

Ceramics Internacional 49 (2023) 1660316614

Table 6
The depht of the heat-affected 2ome measured by optical microscope
software,
Sample Depth of the heat-affected 2000 [um)
3 67.20
P4 302.60
s 92.7
L) 2890
7 21612
8 403.52

material of the Ti13Nb13Zr alloy, which consists of alpha phase
martensiti dles. The Ited zone is characterized by the absence
of a significant number of needles, there has been a remodeling of the
structure and it has become fragmented.. The use of higher laser power
for the 1500 W P4 sample resulted in an increase in the heat-affected
zone (Tahie 6), which is also observable in other work using lasers for
surface modification indicates with increasing laser power there s an
increase in the heat-affected zone [5,10].

Scanning electron microscope (g £) imaging studies allowed the
evaluation of the change in the microstructure of the MAO coating and
the effect of the presence of two hybrid treatments on the heat-affected
zone and coating behaviour. Sample P2 in cross-section does not show
significant porosity, its structure is quite composite, Agglomeration of
the coating structure is observed.

For sumple P5, a heat-affected zone of the same depth is observed as
for sample P3, that due to the use of the same Nd: YAG laser power
value, In the case of the applied MAO coating on the laser-modified
surface, a higher adhesion of the MAO coating to the Til13Nb13Zr sur-
face is observed because a more integrated coating is observed than in
the case of sample P2, where the metallographic deposit process has
detached part of the coating (¥ 4). In the photograph of sample PS5 (b)
of Flg. 8), the transverse surface and the outer surface with visible pores
of the coating are observable, which indicates that the metallographic
specimen preparation process did not damage the coating and it can be
observed in its entirety. It is also observed that the micro-arc oxidation
process proceeded correctly due to the noticeable incorporation of the
coating into the surface of the laser-modified material. For sample P6, a
thicker MAO coating is observed to be deposited and it is less porous,
few larger protrusions are observed compared to sample P5 this may be
due to the substrate as it is rougher due to the higher laser modification
power of 1500 W, and it is indicated in the literature [15,26] that a
rougher substrate for the MAO process results in a less rough surface,
eraters can be observed on sample PS as a result of the MAO provess
discharge. A heat-affected zone can be observed on the sample, the
depth of which Is similar to that for sample P4,

Sample P7 and P8 are characterised by an increased heat affected
zone a compared to samples P3, P4 and P5, P6 (Table 6). The increase in
the HAZ for samples P7, P8 may be related to the fact that the deposited
oxide layer caused the activation of the remelting process, which is a
factually correct statement because in works [36,77] he presence of
oxygen and deprivation of the argon laser modification environment
caused an Increase in the occurrence of craters on the surface of the
material and an increase in the roughness of the material. It is interesting
to note that a separate layer is present on the surface of the modified
hybrid material using first MAO depositien and then Nd:YAG laser
modification, indicating the mixing of the oxygen layer of MAO and the
native Ti13Nb13Zr material, EDS studies showed that, in addition to the
elements of the native material, calcium-specific maxima were
observed, the presence of which is justified because the MAO process
environment contained Ca* ions. Martensite needles are visible in ag-
glomerations of the mixed material, indicating a dynamic trans-
formation activated by the heat of the Nd:YAG laser (Fig. 2).

Fig O presents the XRD spectrum for samples P1 - Til3Nb13Zr
without any modification, P2 with MAO layer, P5, P6, P7, P8 samples
modified in a hybrid way. The samples were tested by XRD to show the
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Fig. 8, SEM cross-section images for the same condition as sample ajP'2, bb) for P5, ¢) P6, d) P7, ¢) P8 The images were taken under the same conditions as sample a)
HV: 10 000 kv, mag 10 000, the image in the circle HV 10 00D kV. mag 25 000,

changes in titanium phases after hybrid moditications and to check out
the presence of some chemical components from the MAO process
environment.

The XRD test did not show the presence of compounds derived from
hydroxyapatite or compounds in which Na + ions would be present for
samples P2, P5, P6, P7, and P8. Other published studies state that the
XRD test does not detect the presence of compounds with ions present in
the micro-are oxidation environment, which does not mean that they are
not present as the EDS chemical composition studies indicate the pres-
ence of Na', and Ca®' fons (Table 5), It is indicated that additional
phases indicating the presence of ions incorporated in the XRD process
may appear in the amorphous structure [23], which is present in the

alloy, are indicated. On the basis of the analyzed XRD results(fiz. 0) and
nanohardness results (g 10), it can be indicated that rutile-refated
maxima and, at the same time, higher hardness are observed for the
hybrid-modified samples at 100 W laser mod (P5, P7) than for the
hybrid-madified samples P6, P8 at 1500 W Nd:YAG laser mod. Based on
the theory in the field of anatase and rutile structure and properties,
rutile shows a higher Mosh scale hardness, while at the same time being
a more stable phase that anatase [58], However, the literature states that
the presence of rutile phase and anatase TiO2 in different ratios does not
affect the hardness [39],

The nancindentation test allowed to obtain values for reduced
Young's modulus, and nanohardness and also to calculate Young's

XRD results (Fig. 9). In addition, it is indicated that the ab ¢ of

dulus, the data of which are presented in Tahle 4 and Figs, 10and 11,

compounds from the MAO process is related to the under-concentration
of these elements compared to titanium or oxygen [15], n the XRD
spectra for samples P2, P5, P6, P7, P7 which have undergone MAO
maodification P2and hybrid modification in various combinations, the
presence of titanium telnide occurring as anatase and rutile is observed.
It is indicated in Iig. ¥ that for the samples subjected to hybrid modi-
fication, the intensity of the maxima for anatase and rutile is higher with
the exception of the maximum occurring at 25 indicating the presence of
anatase, where it is shown that this form of titanium oxide is absent for
the laser modification after MAO coating. The literature indicates that a
rutile phase is given for the materials after surface modifications. The
study shows an increase in the rutile phase of titanium oxide.
Hybrid-modified samples, where o higher-power Nd:YAG Taser was
used, show higher intensities of maxima, The presence of titanium ox-
ides indicates the good ability of the Ti13Nb13Zr titanium alloy For each
sample, maxima originating from the material substrate are indicated,
Justified by the structure of the applied MAO coating, which has a porous
structure that reveals the Til13Nb13Zr parent material. For sample P1,
the Individual phases of the titanium alloy Ti13Nb13Zr, which is an o}

Based on the data collected, it Is fair to say that the modification leads to
a change in the material’s hardness and Young's modulus. The reference
sample, P1, is characterized by good mechanical properties, but the
hybrid Laser-MAO and MAO-Laser modifications changed these prop-
erties, with an increase in nanobardness and Young's modulus for each
parameter, In the wark [17] it was indicated that the MAO freatment
applied on the laser-modified sample increases the microhardness of the
sample, in the work presented also such a relationship was obtained
between the control samples and samples P5, and P6. On the other hand,
sample P8 of titanium alloy Ti13Nb13Zr achieved the highest values for
each Young's modulus, these values were almost 70% higher than the
values of this parameter for the native material.

In contrast, sample P7 showed the highest nanohardness, An increase
in the hardness of the samples after using the MAO-Nd: YAG laser
combination was also demonstrated in the work [10]. In this work, two
different modifications were evaluated, which are not widely discussed
In the literature; however, It is Indicated from the results obtained that
the modification in the order of MAO-Nd: YAG laser caused the greatest
Increase In the parameters analyzed. Both for the modification pair P5,
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Flg. 9. X-ray diffractograms of samples P1, P2, PS5, Po, F7, P8 samples.

PR, and P7, P8, the Ti13Nbl3Zr samples modified &t a laser operating
power of 1000 W showed a higher hardness; at the same time, it should
be pointed out that the same relation occurred for the samples P3, P4,
which were subjected to & single modification as contral samples. The
reduced Young modulus of the samples and the lower valee of Young
maodulus for TiITINDL3Zr samples modified at the lower laser operating
power of P4, PG, and P8 may be because, at high laser operating pa-
rameters (1500 W), longer martensitic laths are formed ag a resuli of the
long eooling process, and these generate a lower hardness of the mate-
rial [41]. In addition, it has been noted that micropores are formed
during the solidification process after laser treatment, which is a result
of the retention of gas bubbles during the solidification process of the
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material [<2]. In the case of the single MAQ modification, there was an
Improvement in panohardness refative to the native material, but this
was lower than for the hybrid modified samples (P5-T'8). Based on the
nanaindentation test, it was shown that modification in the order of
MAO-Nd: YAG laser increases the surface nanohardness of the modified
material.

An analysis of vartance was carried out for the hardness results, The
resulis of the amalvsis are summarised in [ ble 7. The analysis conducied
allows us to conclude that the differences in hardness between the
different surface treatments are significantly different, with a p-value of
less than 0.001. The ANOVA analvsis also showed that there are strong
differences In hardness after the different modifications of the surface
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Fig. 11. Hysteresis ploss of load-deformation for all samples from P10 P2,
Hysteresis plot made g5 8 median of 25 curves based on measurements taken.

Table 7
ANONVA annlysis of nanohardness resulis,
The sum of di average ¥ " n
squares 55 squire A%
AMKEE BE435 T 97,74
IR
within AA5.AT 192 437 I35 < (LKL (45
o
Totnl 154,18 199

laver of the TiZr13Nb13 alloy, as indicated by the n2 value, which is-

significant]ly greater than (.14,

iy 12 shows the dependence of the frictional force on the normal
force and the acoustic emission, in addition, the average critical foree Lo
is plotted for the specimens on which the MAQ coating was the outer
laver of modifieations P2, PS, P& (1able 8), The determination of the
critical force L is important as it represents the minimum load at which
the fiest cooting failure eocurs, 10is indieated that L ¢ is related to the first
deflection of the acoustic emission curve, which iz the shock wave that
causes the Inidal microcracking [25,45-45], The collected data
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indicated that the coating obtained on the previously modified Nd: YAG
laser surface of titanium alloy Til3Nb137r had the highest adhesion.
The weakest adhesion to the surface of the MAD coating is characterized
by the P6 sample, which was modified with an Nd: YAG laser at a high
Jaser operating power of 1500 W before the MAQ process. The difficulty
in depositing & stable coating may have been due to the ecardier modi-
fication because when such a high power is applied, a thicker and harder
material surface is produced, as can be scen in the work wheee there was
an Inerease ln the beataffected zone a5 the laser power operation
inereased [10].

The authors decided ro analyze the microstructural images obrained
with an optical microscope to compare the quality of the melts on
samples with a single 1000 W and 1500 W laser modification and
samples subjected to laser modification after micro-are oxidation. Based
on Fig. 1), prior miero are oxidation modificatmicro-ared the paths of
the Nd: YAG laser beam to be more visible, and not so many cracks wire
observed as in the case of Til 3Nb1 32r titanium alloy modified only with
the laser beam. The presence of the MAQ coating, however, affected the
noticeable extrusions at different stages of the laser beam path which is
related to the remelting and mixing of the native material with the
applied coating during modification, which improves the microstructure
of the coatings |32 ]. The use of higher laser power for both P4 and P8
samples resulted in fewer cracks and souctural damage being observed
in the laser besm path, which is associated with more extensive surface
remelting [46],

5. Conclusion

On the strength of the author's rezearch, it can be concluded that the
application of two different surface modification combinations in-
fluences basic material parameters such as wettability, surface rough-
ness, porosity, and costing adhesion, as well as the chemical
composition of the applied coatings and hardness and Young's modulus,
and the nature of the surfzce were also evaluated.

The hybeid MAO-laser and laser-MAD modifications représent new
modification combinations for tanium alloy Ti13Nb13Zr. Such weat-
ment was intended m complement the mumal modificatlons and
improve the properties of the investigated matrix. Based on the tests
carried out, [t was found that the application of the hvbrid modification
results in an increase in the surface roughness values and a decrease in
the wetting angle, with the application of the MAD technique before the
Md: YAG laser modification generating the greatest increase in wetta-
bility and roughness parameters. It was shown that the 1500 W high-
power laser modificetion (M) achieves higher surface porosity than
micro-are axidation alone, I addition, it is important that the suthors
were able to achieve a coating with the Nd: YAG laser-MAQ combination
rthat is rich in calelium and sodium lons, which is important as these ions
are naturally present in the chemical composition of bone.

In the case of nanchardness and Young's modulus values, it was
shown that the application of the hybrid modification increases the
values of these parameters, while the modification with the combination
of MAC-laser Nd: YAG significantly increases the values of nanohard-
ness and Young's modulus. A scrateh test showed that the coating of
sample P5 exhibited higher adhesion to the substrase than that obrained
with a single MAO modification {P2), In addition, it was shown that the
MaAQ-laser Nd: YAG hybrid modificstion influences the nature of the
Jaser beam path, minimizing the number of cracks on the surface,

In conclusion, the vse of hybrd modification for two different
combinations of MACHaser Nd: YAG and Nd: YAG laser-MAQ is ad-
vantageous in that such a surface treatment offers the possibility to
produce rich, developed morphologies, which |5 advantageous In that
the selected Ti13WbL3Zr material is vsed for the manufacture of im-
plants, is wsed ina multitude of scientific stodies conducted towards the
future nse of this alloy in the production of implants, which are required
o have bomimetic properties (o improve the intrusion of the material
into bone. Surface modification activities stimulate bone-forming cells
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Fig. 12. Scratch test runs with shown serateh (bottom) and marked critical load Le, acoustic emission, and friction load.

Table 8
Value of eritical load Le [mN] foe samples P2, PS5, P6
2 S PO

16,52 + 812 mN 18,01 + 777 mN 911 £ 544 mN

Fig. 13. Microstructure of lases modified samples TI13Nb13Zr and samples
with dual modification MAO-laser modification Ti13Nb13Zr A - laser modified
sample; 1000 W (P3), B - laser modified sample 1500 W (P4), € - MAO and
laser modified sample (P7); 1000 W, D - MAO as laser modified sample;
1500W (P8).

to grow and, in addition, the presence of calcium and sodium ions in-
creases the biocompatibility of the matrix. In further work on the two
types of modification, it is necessary to delve into the mechanical
properties of the obtained coatings in their cross-sections, to study the
corrosion properties and to improve the porosity aspect of the madifi-
cations presented by the authors,
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o
Abstract

Hybrid modification. combining Md: YAG laser and micra-arc oxidation, enhances biomateriats lke titanium alloys by improving biscompatibility and
corraEkon resistanca. This study Investigates the chemical composition of modified surfaces and their performance in corroseon tests, with Implica-
thons for impiantology. Results show that hybrid treatment improves ion implantation efficiency and corrosion resistance compared to MAD alone,
offering promising benefits for the Ti13Nb13Zr alloy. For instance, the Nd: YAG (1000W)-MAQ modification exhibils superor corrosien resistance

compared to other methods.

Introduction
In material medification, the goal is 1o enhance maternal prop-
erties in a consistent, uncomplicated, and cost-effective man-
ner, The laser modification method and micro-are oxidation
technique enable the ereation of a hybrid-modified surface on
the titanium alley Til 3Nb 132, These modifications have been
found to significantly impact the mechanicsl properties of the
titumium alloy Til3Mb 1 3Zr including its hardness, allerations
in Young's modulus, surface reughness. and the hydrophobic/
hydrophilic nature of the surface, Carmently, the primary focus
of research lies in enhancing the corrosion resistance of metal-
lic materials.!'?! Another critical aspect i the sugmentation of
the biocompatibility of implant materials to reduce the ocour-
rence of implant failures B

Laser beam modification is widely employed for sur-
face modification due to its reproducibality, safety, and cost
effectiveness, Various types of lasers are utilized in thig
process, including Nd:YAG lasers,”! erbium lasers, ™ and
dinde lasers.[™ 11 is reported that laser techniques influence
the surface morphelogy and incresse the surface hardness
and mechnaic strength of the laver."! Laser modification is
a technigue that allows increased bioactivity, verified by the
rate of hydroxypatite deposition, of cell differentiation.!™!
The combination of this laser modification method with the
micro-are oxidation techrique offers distinet advaniages.
Unlike the commonly wsed EPD 1echnique, micro-are oxi-
dation allows for the incorporation of elements found in the
processing environment. These elements can be appropriately
doped to suit the material’s intended application. In the lit-
erature, severil studies dicate the incorporation of elements
such as sodium ions, phosphors ions, caleium ions, and zine
fons mnte matenals intendad for biomedical appﬁculicnh.[”"w

Caletum tons are frequently mcorporated into an electrolyte
containing hvdroxyapatite, a compound composed of phos-
phintes responsible for bone formation and directly influencing
its mechamical strength, Caleiom jons are also responsible for
the recruitment of cells invelved in osseoiniegration, and they
saturate surface Binding Integrin Receptors 1RGD‘.|.r""

The modifications presented in this study are innovative
because they involve the integration of heat treatment technol-
ogy with a ceramic layer generation technique. There is cur-
renily limited research explonng the feasibility of implement-
ing such modifications in the realm of biomedical applications.
This concept 1s straightforward yet promising, a5 it capitalizes
on the strengths of both these surface modification technigues
to potentially yield favorable outcomes,

Methodology and materials

Materials and their preparation

for modification

The titanium alloy Ti13NR13Zr (composition: Ti—reminder.
MNb—13.02%, Zr—13.22%, Fe—0.008%, C—0.007%,
N—h021%, O—0.07%, H—0.006%) was chosen for the
hybrid modification. The specimens were prepared from a rod
of this alloy cut and then ground with 200, 400, and 800 grit
sandpaper. The specimens were then ultrasonic cleanced balore
laser modification and micro-are oxidation, Bight samples were

prepared.
Methods of the modifications
For the modification in this experiment, two methods of modi-

fication were used. Laser modification was made by Nd:YAG
laser. The process was taken under the same conditnons in scan
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rute on the level of 60%%, durution of the Taser pulse at 2,25 ms,
and the frequency 235 Hz: the power of the laser was change-
able: 1000 W or 150 W, During whole process of laser modi-
fication, techrically pure argon gas was used (99.99959%) to
protect the sample aeainst the oxidation of the surface.

The second modification was the micro-arc oxidation
technique, The modification was taken in the environment of
water—electrolyte which contains of (.7248 p/mol NaOH and
0.0497 gmol of hydroxyapatite Ca o PO4}(OH), In the micro-
are oxidation process, there is a DU supply (BK PRECISION,
MR 1000020). Density of the current was 20 maA, the valtage
on the level was 300 W, and time of the MAO process for all of
the samples was 15 min.

Table | shows the description of the examined samples.
The tests were taken for eight samples including reference and
hybrid-modified samples. The hybrid modification is based
on two combinations. The first modification consisted of laser
maodification at two different laser powers followed by micro-
are oxidation (P53, P6). The second type of modification con-
sisted of depositing an MAO ceramic coating and subseguent
melting with an N:YAG laser at two diTerent laser powers
(7. P). Authors used this parameters on the previous work 2!

FTIR analyze

Fourter transform infraved spectroscopy (FTIR) i3 employed
to analyre the spectma of solids, lguids, and gases, measunng
their absorption, emission, and photoconductivity character-
istics.[' Y This fechnigue 1s particularhy valuable for detecting
nanoparticles’™ within samples, all the while offering cost
effectiveness and rapid testing.! “Un this study, un FTIR spec-
trometer (ATR mode), specifically the Perkin Elmer Frontier
maodel, was utilized to investizate the chemical compaosition of
the modified titanium alloy samples (Ti13NbB13Zr). The instru-
ment facilitated the acguisition of daw conceming the wave-
lengths of radiation absorption. FTIR analysis was conducted
on each sample, and the resulting FTIR spectr were recorded
across the range from 4000 to 400 cm '

Corrosion test

Samples P1-P8 were subjected to corrosion resistance testing
m phosphate-buffered saline (PBS)pH 7.2, This buffer allows

Table L Samples and their modification,

Sample Modification

Pl Mative mareial TilINB1 38

P2 Til3NB 3 modified by MAO technique

3 Til3ANBIZZr modified by Iaser Nd YAG | 00W
P4 T3NS 32 modified by laser Nd:YAG 1500W
P Til 3NBIAZr hybrid-modified Taser TO0OW-MAC
s Til 3NB13Zr hybrid-modified luser S00W-MAO
P Til 3MbI3Zr hybrid mudfied MAD-Easer | KW
P8 Til3NBI3Zr hybrid midfied MAO-laser | 500W
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the pH to remain constant, The concentration of fons in the
resulting solution and the osmoticity of the solution deter-
mine the sotonicity of the solution, which is the same for
the human body. Electrochemical measurements were based
on the determination of the apen-circuit potential (QCP) for
a system consisting of a calomel reference electrode. a plati-
num counter-electrode and o working electrode—titanium
alloy sample TilANb132r subjected to various surface modi-
fications, The OCP determination process was carried out af
37°C for one hour in PBS solution. Another measurement
performed wias the potenticdynamic corrosion test. Corro-
sion curves were performed from — 1V to 1 V for a scan rate
of | mV/s.

Immersion test

The test was conducted at a constant temperature of 377,
which approximates the average temperature found in the
human body,! "™ ™ and is within the range of temperature fluc-
tuations observed ina PBS-saturated selution according 1o the
literature,| " The samples were placed inside sealed contaimers
filled with a prepared 50 ml solution. Each sample immersed
in the PBS solution underwent 8 |4-day imcubation period, as
recommended,!" 2t a constant temperatre. At specific inter-
vals, namely on days 0, 3, 5, 7, 10, and 14, the pH of the solu-
ton was monitored using a pH meter. In addition, the weight
of cach sample was recorded during these intervals to observe
the accumulation of degradation products.

Before and after the immersion test, the samples were ¢xam-
ined using n scanning eléctron microscope, and their chemi-
cal composilion was analyzed with EDS (Encrgy Dispersive
Spectroscopy ). For samples P2, P3, P, P7, and P&, atomic
mass spectroscopy was conducted 10 determine the presence
of sodium and caleium jons in the solution, which could poten-
nally be released from the contings of the modified samples.
The equipment used included the 4210 MP-AES from Agilem,
a Flame photometer BWB-XP obtained from BWE Technolo-
gwes UK LTD, and the Millipore Milli-Q Water Purification
System from the USA. The determination of sodium in the
tested samples was performed Dsing atomic emission spectrome-
etry with microwave plasma atomizetion (MP-AES) ot specific
wavelengths, while the determination of ealcium was carried
oul using the Flame photometer BWB-XP,

Cross-sectional EDS analysis

Samples P2-PR were prepared to evaluate the chemical com-
position of the Iahricated layers in cross section, The pro-
cess involved cutting the samples, fellowed by encapsulating
them in polymer resin, After encapsulation, the samples were
meticulously polished and etched. Subsequently, they were
examined using a scanning optical miceoseope equapped with
EDS (Energy Dispersive X-Ray Spectroscopy) analysis soft-
ware to analyze their chemical composition.
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Results and discussion

FTIR analysis was conducted on all samples, including those
subjected to single modifications and hybrid modifications in
the order of MAO-Nd:YAG laser and Nd:YAG laser-MAOQ.
In Fig. I{a), the FTIR spectrum for sample 2 is presented,
along with a theeretical interpretation of the FTIR spectrum
results, Each spectrum is divided into two distinet sections.
The figrure illustrates areas specific o each sample, which st
as & fingerprint revealing the precise chemical composition of
the sample, as well as regions indicative of single and double
bonds within the sample.

Figure 1{b) displays a seres of spectra for samples P2, P35,
I*a, P7, and P8, For each of the substrate material modifica-
tions, the peaks appear at dentical wavenumber values, with
varations primarily observed in their fransmittance levels. An
analysis of the FTIR spectrum allowed lor the idemtification
of 4 wavenumber range spanning from 690 cm ' to 820 cm .
indicative of oxygen bonding with titanium (O—Ti—0).1

Transmitance ||

MO0 2500 MK 1500 lKO S0

Wavenumber cm-1

2500

(=)

-1.0 -0.5 1.I 1;..5 i
Potential (SEC) [V]
1G]

Transmittance [¥3]

2 5 2 & 25 2 B

St

Additionally, the range from 400 to 700 em ™ is recognized as
the region where titanium—oxygen bonds oceur™ ™ Notably,
within the specteum generated by the FTIR study, peaks in the
region around 632 em ! are characteristic of the O-H Eroup,
associated with the presence of hydroxyapetite. Peaks at 1450
and 1421 are also characteristic of carboxyl groups associated
with hydroxvapatite molecules. In the range of 9621003 em !,
there 15 a possible indication of the PO bond denved from
hydroxyapatite ! High transmittance signifies a low density of
honds within the sample that absorb visithle light, whereas low
transittance indicates a high density of bonds with vibeational
energies resonant with the meident Iighl.l:"I

The corrosion resistance test carried out allowed the open-
circuit potential (OCP) and potentimetric curves (o be plol-
ted, a5 shown in Fig. 1(e) (d). I is clear that any modification
leads o an improvement in corrosion propertics, in line with
findings in the lirernture.!"™* ** The data in Table 11 show the
values of ke parameters determined during the lest, assessing

(b}
= /_.—-—-———""_‘_— "'
o —5
= (]
g —
= —r
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0 SN WeN 100 2000 2S00 000 350
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Figura 1. {a) FTIA fingerprint (b) The FTIR results for P2-PB samiples (c) polarization curves for all of the samples [d) OCP curves for all of

the samplaes P1=P&.

111

MRS COMMURITATIONS - VOLUME 18- SSUE & - wwwames.cog/mre 0 1441



MRS “Communicuiions

_I%l R

Table l, Corrosion test results for P1-P8 samples of Til 3Nb13Zr,

Farmmeber Pl r2 5] [ P4 I (] P
Beomr [Alemal] J87= " T80 10 A0 g LR ER Tl (EREE [T 3E =10 URLEST T "
B [V] 246,80 = ! 2HI L5 =10 N3G = 10 2u5.28% |07 e b I VR 2T 004810 - 20284=10"

the corrosion resistance of the modified Til3Nb13Zr alloy. It
should be noted that the cormosion potential does not directly
determing the corrosion rate but rather indicates the susceptibil-
ity of metals o corrosion. ™ OF the group of samples tested,
the highest corrosion potential was observed i sample '3,
which was subjected to laser modification followed by MAO
ceramic coating. This suggests the best cormosion resistance, as
in thiscase, the material oxidizes maore slowly and aceumulates
electrons instead of losing them. The worst corrosion resist-
anee 15 shown by the sample mdividually modified with the P3
micro-arc oxidation technique, the E__ | value being the lowest
for this sample, possibly due to the nen-donorogenicity of the
layer™ The results confirm the validity of the hvbrid modi-
fication, in ling with the literature indicating that single laser
modification and the application of an MAO ceramic coating
increase corrosion resistance. Furthermore, the use of a double
modification in a specific laser-MAQ combination effectively
combines the advantages of these modifications, ultimately
resulting in a material with a surface characterized by improved
COTTOSION resistance.

The EDS chemical composition test confirmed the pres-
ence of sall jons on the surface, as shown in Table 3A and

illustrated in Fig. 2{b). The presence of salt accumulations on
the surface suggests good adhesive properties of the modified
surfaces, Importantly, ne damage was observed in SEM images
resulting from the immension of samples in concentrated PBS
solution for 14 days, as shown in Fig. 2(a). The largest salt
agulomeration was observed Tor the singly modified sample
P2—MAO 1000 W. In the case of hybrid modification, sample
P35 (laser-MAQ) exhibited the highest amount of surface salts
after the immersion test. The mass of the samples before and
alter the immersion test was documented, and no significant
mass changes were observed [Fig. 2ic), (b)]. Furthermore. pH
measurements af various intervals (0, 3, 5,7, 10, and 14 days)
indicated that pH remained within the acceptable range, fuctu-
ating between 7.34 and 740, which 1s considered neutral for the
human body. Based on these findings. there is no evidence sug-
gesting matenial degradation for either types of modification.
Atomic mass spectroscopy was used to determine the amount
of sodium and caleium ions in samples P2, P5, P6, P7, and
P8, as shown in Fig. 2{c}, {a). The results obtained from EDS
and atomic mass spectroscopy suggest that caleium 1ons were
released into the electrolyte environment during the immer-
sion test, leading to significant sodium salt accumulation on

Table Hl. A) The chemical composition of hvbrid-modified samples befone and after invmersion test B) Chemical compogition of a cross section

of the hybrid-modified samples of Til 3Nb132r,

A
Samplc Chemical composition of hvbrid-modified spmples by weiglhi]%o]

Before immersion test Afer immersion 1est

Ma Ca Mu Ca o
P2 41 .44 1271 799 0.26 24,58
PS5 1.03 0,74 33.03 5.72 1.6 2510
Pé 0.73 .66 1249 498 .49 721
P7 0.15 0.2l 061 = 383
PE 0.23 L6 .49 - 5549
B
Sample Chemical composition of a cross section of the hybrid-modified samples of TiLINBIZr by weighi [%]

Ti N Na Ca o]
P2 Ildh 5.15 5.91 247 212 45.006
P5 44.45 kAT 241 1.08 .77 33,74
o 4,44 H67 877 233 0.82 64,20
PT T0.82 1264 1291 {122 250
rs 70.93 12.45 12.92 0.32 27
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Figure 2. The SEM and EDS example of the investigation (a) SEM images of all of the samples P1-P8 after immersion test (b) The EDS
results of all of the samples P1-P8 after immrsion test (c) (a}Column graph of the amout of the Na and Ca particles in immersion test solu-
tions far P2-P8 samples. (b} Column graph of the weight of the samples before and after 14 days of immersion test for P2-P8 samples.
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the surface of modified sample structures P2-PR. Specifically,
for key hybrid modifications, sample PG exhibited the best sall
adhesion due to the continuous presence of Ca®" ions, indi-
cating coating stability and imcreased sodium presence on the
surface. Sodium present in the PBS solution during the immer-
sion 1est eaused the release of caleium fons into the solution,
particalarty noticeable in samples P7 and PR, where the inital
concentration of caleium ions dropped to zero. Simultancously,
the salts formed on the surface contained sodium ons, which
constitute about 0,5-0.8 wt% in human bones”')

Table ITIB displays the EDS resulls on cross sections of
samples P2 and hybrid-modified samples P53-PE, These results
indicate that for hybrid modifieations P35 and PA, the presence
of Na© and Ca®" ions is at similar levels to that observed for
the surface modilication by MAO coating (P2), However, it
is gonfirmed that the combination of modifications involy-
ing laser remelting of the MAO coating destrays the coating,
with mixing occurring with the native material, In such cases,
no elemental ions are observed that could potentially aid the
osseoiniegration process. This finding provides clarity regard-
ing the validity of this modification. Unforumately, the use of
MAC-laser modification samples 1s disadvantageous becanse
it does not allow for the explomtation of the potential benefits of
the produced coating after it has been melted with a very high
laser power of 1000 W and 1500 W, Conversely, the modifica-
tien involving remelting the material’s surface beforehand and
then applying the MAO ceramic coating (P3, PR vields much
hetter results, mdicating an increased presence of sodium wons
compared to sample P2 (Table 11),

Conclusion

Rased on hybrid modification studies carried oul using 2 com-
bination of micro-arc oxidation and laser modification tech-
nigues, it was concluded that the combination of these tech-
miques in an gppropriate combination allows the enrichment of
THIINBI3Zr alloy with beneficial ions and the improvement
of selected properties.

FTIR studies have shown that the laser-MAQ combination
madification yiclds good results in terms of the presence of tita-
mium-oxygen bonds and the expected functional groups indica-
tive of hydroxyapatite. These results confirm the effectivencss
of the laser-MAO combination, The corrosion resistance wests
showed that single and dual surface modification techniques
ipreve the corrosion resistance, but thil the best properties
arc obtained with sample P5. Immersion tesis in PBS solution
showed no change in the weight of the samples, with the pll
remaining at the same level throughout the west, SEM images
showed thint the salts were agplomerated on the surface of the
samples, with the best bicactivity values obtained for samples
P2 and P5. Atomic mass spectroscopy showed the release of
fall ions mto the envirenment, EDS analyses of the hybridized
samples showed the presence of sou and calcium ions incopo-
rated by micro-are oxidation, with the exception of samples
PT and PR, where only the presence of calcium was recorded.

1444 0 MRS COMMUNICETIONS - VOLUME 14 - 15S5UE & - www.mrs.org/mee
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An exammnation of the chemical composition on the surface
showed that the immersion test resulted in an accumulation
of salts with caleium ions, and here, an inerease of up to nine
times that of Na wons was observed.

In conclusion, the method of Nd:YAG laser modification of
the surface before MAO ceramic coating, as applicd 1o sam-
ples PS5 and Po, vielded the best eesults. This method resulted
in increased presence of beneficial jons and improved surface
properties, suggesting its potential in the development of bio-
materials for applications requiring enhanced corrosion resisi-
ance and stability, The results highlight the promise that hybrid
modification techinigues hold in improving the performance and
durability of titanium-based biomaterials.
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ARTICLE INFO ABSTRACT

Reywaridi:

Micrirare oxidation
Laser midilestion
Hybiid moxlifeation
Tisnmium alloy
Suriave mudification
Cernmes layer

The research conducted in this paper focuses on an mnovative hybod surface modification technique for
Til3mh13Zr alloys, combining an Nd: YAG lsser treatment process with 4 micro-are oxidation (MAQ) technique,
The work simed te increase biocompatibility and improve surfoce properties, crucial for biomedical applications.
By Inireclucing wine and socdium lons into the cersmic films aod manipulating the dumbon of the MAO process,
significant improvenents in surface morphology, cormsien resistance, and eytocompatibillty were achieved.
Burface topography analyses showed o dual modification effect, increasing roughness, isotropy, and wettability
propertles, which are important foe lmproving cstesdntegration and cell proliferation. Corrosion reslstance ress
coaifirmed a clear imcrease in corroston resistance for hybrid-medified samples, especially these with o
hydrowyepatite-enriched MAD ceramic layer, Cytocompatibility tests showed incrensed cell adhesion and pro-
liferatbon, highlighting the benefits of combining laser and MAQ techniques. These results indicate the great
pertentiol of the hybrid method (o enns of improviag the functienality and durability of bone and dental
implonts

1. Introduction

The materials used for implants require adequate biocompatibility,
corrosion resistance, and biological activity 11,71, Bielogical, chemical,
and physical modifications are used for this purpose, very often resulting
in scientists producing lavers and coatings that improve the initial
properties of the paremt material. Titanium alloy Til3Nb13Zr is
currently new alloy, as its initial properties are much betrer than those af
vanadinm-aluminivm allovs and pure ttaniom materdals | 2] Improvieg
corrosion properties and Moactivity Is an aspect that constantly requires
development. To this end, coating and layering methods such as efec-
rophoretic depasition (4.5, anodizing (5] or plasma electrolyiic

E Carnnﬁj-:lundin,g authar.
E-mall aefdrese: fonommavpaiewskad pedip] (10 Sypriewskal

henpe: // desorg W0 TO00 62 apeame, 2005, 163136

oxidation. PED, is known as microare oxidation |7, Furthermore,
thermal techniques, particuarly laser modifications, are widely
emploved to alter biomaterials, Lasers including Nd:Er, fiber lasers, CO4
lasers, and nanosecond diode lasers are frequently utilized for this
purpose |5-12|. In addition to the various types of laser, there are also
various laser modification techniques: lager cladding, remelting, hard-
ening, ete. (8,59,

Current literature reports [12.14] state that, in addition to magne-
slum or magnesium-rich materials and Fe-rich materials, zine shows
promise for biomedical applications. Zinc, whether In pure or alloyed
form or as an additive in the form of fons, can be used tnzprnduce im-
plangs | 151, In the human body, zinc primarily exists as Zn=" lons, with

Received £ February 2025; Received in revised form 21 March 2025; Accepted 30 March 2025
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approximately 60 % located in muscles, 30 % in bones, and the
remeining 10 % distributed across the liver, skin, kidneys, and brain

16,171, Defickency of this jon in the body can already cause growth
retardation In fEtal development, abnormal development of the fetal
skull bones, and homeostatic disonders [ 2519, Zine also plays a critical
role in bone regeneration, serving 85 an activator of chondrocyte and
ostedblast functions (197,

Laser modification offers o stable and casily progrommable process,
with consistent power paramerers, laser beam size, and scan rate |4, On
the other hand, the mico-arc oxidation process (s chazacterized by
several sucessive reactions, where meticulows control of the process
and electrolyte saturation is necessary to maintain quality ceramic
layers. | 20], The MAQ/PECQ technique differs from conventional anodic
oxidntion peimarily in the voltage opplied; in MAD, the voltage ranges
from seweral fo several hundred volts, The high woliage generates
plasma, leading to high-temperature and high-pressure discharges dir-
ing the process | 211,

Modifications mvolving the use of heat modification technigues in
combination with micro-are oxidation  (MAD/PEO) techniques ane
becoming increasingly popular, A study has beea published in 2024 (22]
modification based on laser rreatmesnt at diiferent speeds comblned with
A mibcro-are oxidation process. I was dhown that the use of such a
composite coating sesulted In an improved quality of rhe deposived
ceramic layer, the spaces between successive coramic layers in the MAO
conting were eliminated, the adhesion of the layer 1o the substrate was
increased and on inorease in biocompatibility was observed [22), Wock
published in earlier vears indicates that the use of laser treatment before
mibera-are oxidation on dtandum and ite alloys also has the effecr of
entiching ceramic Layers with ble-additves developing the surface
[changing the contact angle and surtaoe moughmess) and improving their
tribological properties |23 24, It is known that these surface features
{amongst others) affect also cell behavior, sspecially n terms of early
cell adhesion. proliferation, or differentiation (including matrix secre-
thon) [ 25,261 In a paper (27] the combination of newo modification
technigues has been shown o increasze cell proliferation and enhamce
the corrosion resistance of the material,

This study introduces o movel hybrid modification technigue
combining Nd:YAG laser treatment amd miceo-are oxidation. The
TH 3Nb152r titanium alloy was enriched with 2ine and sodium lons, and
this combined approach expanded the surfsce morphology, creating a
conducive environment for cell growth, The ongoing development of
bane and dental implants is increasingly crucial due to the aging pop-
ulation and rizing petient awareness, moking the explorotion of new
modification teehnlques essential to meeting the evolving demands on
biemarerials,

2, Methodology
2.1, Marterial

The study vsed TilINb13Zr titanium alloy specimens (JIANGSU
GANGYA METAL PRODUCTS LIMITEDY with a diameter of 12 mm., The
specimens were polished on a polishing machine (Saphir 330, ATM
GmbH, Mammelzen, Germany} before each modification—single and
double with papers of a gradation of 60 to 2000,

2.2, The environment of the mae process

The chemical composition of the electrolytes was based on the
literature moview (23201 amd preliminary experiments, Water-hased
electrolyie withour hydroxvapatite was mixed using o magnetic stir a1
50 °C for 3 b hours before the MAD tréatment, the Ingredients: of the
solution were presented in fe 1 and the paramerres of all of the
modifications shown in |able 2 Electrolyte with hydroxyapatite was
mixed wsing magnetic stir for 3 h hours at room temperature in two
different solutions 560 ml water with NaOH, En{CsHeaO4)e and 40 ml
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Tabla 1
Electrolyte: The element of the solutien

11 Electrolyte nr. 1 1 1 wareralondal electoobvie 2

348 g MalH 1.74 g NarlH
175 | A0, CLETS 8 ML)
- 0.25 ¢ hydmxyapative
Tabhe 2
Maniizs aned posimetens of the modificotions e TILINBE wmples,
Samples Mndificanion
R Refersnee
AL Laser muoxlified by 1O0GD W neference
Mdnl -MAD?  MAD reference - electmalyie § by 7 min prooess
MNaZnl A reference - electnolvie § by 15 min process
MaADS
EnHARL HAFT MAD reference - electralyte 2 by 7 min process
ZNHAPD MIAC roferense - cloctsalyte 2 by 15 mln process
HAPLS
MuZallk Byt kit moslifiend samphe — laser mosdifed by 1000 W usd MAC
MADTL proces in dlectrolyte | iy 7 min
Mudnil Hybarid modified sample - luser medited by 1000 W azd MAG
MADISL proces in electralyte | by 15 min
ZnHAP1L Hybrkd modified sample - liser modifed by 1000 W aaed MAC
HAPTL process in electrolyte 1 by 7 min
FAHAPDL Hybwridh modifimd dariple - boie modifiad by 1000 W asd MAD
HAPESL pracess in electrolyte 2 by 16 min

CaHyOH with hydroxyapatite.

2.3, MAD process

Micro-arc oxidation process (scheme of this processon Tig, 1A) was
taken under two different time conditions The process wes taken under
the intensity of current 0170 & for two different times of the procese 7
and 15 min. For both typesiof electrolytes schieved a vollage on the level
of 300 ¥V Two different dme conditions were taken for the two types af
electralytos. During the process, the temperature was meanired and
Mucuated berween 22-27 .

2.4, Nd:YAG laser pre-treatment

The Md:YAG (TruLaser Station 5004, TRUMPF, Germany) laser
treatment process (71 18] ook place under contralled conditions in the
presence of argon (99,93 % purel, The laser power was set atl 1000 W,
the pulse duration of the laver beam was 2.25 ms and the scan rate was at
B0 %, The samples were remelted according w the designed program.

3. Description of the modified samples of TI3NB13ZR
A1, Wenabiiny aed rougleress reses

A goniometer (Contact angle goniometer, Zeiss, Ulm, Germany ) with
AttentionOne software was used to measure contact angle. Measure-
megs were taken 10 s Durlng the test, water (polar), and difodo-
methane (s non-polar Hguid] were to examine contact angle and surfice
free energy, The wetting angle was tested using the falling drop method.
The wetling angle was studbed using water, for 105 The surlace free
energy wos calculated wsing the AttentionOne software, using tha
mothed of Owens, Wendt, Rabel, and Kaclble (WORK), To carry out the
surface free energy analysis, it wis necessary o measure the contact
angle for polar and non-polar liquids: water and dilodomethane

The obtained surfoces were examined with the wse of & non-contact
31 optical profilometer (Sensofar 5 Neox, Sensofar Metrology, Ter-
ressn, Spain), The confocal microscopy technique was applied for the
study, & Nikon-EPI 20x objective was used with SensoSCAN S Neox 7.7
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Fig. 1. Al Laser modification of TIL3Nb13Er by Md¥AG laser B) Scheme image of micre-nre oxidetion process for Til3Nbie

software, A pixel size was equal to 0,69 pm. Three randomly chosen
areas of 1,34 x 160 mm were measured within each sample. In order ra
calcubate the required roughness parametees, a methodology In aecor-
dance with the standards IS0 25178 and 150 21920 was used.

3.2, Examination of microstructure, morphalagy, thickness, and chemical
composttion

Observabion of the microstructure of modifed samples was taken by
high-rezolution scanning electron mieroscope (SEM, JEOL JSM-7B0O0F,
JEOL Lid,, Tokyo, Japan) with an acceleration voltage of 5 kV and
magnifications 5000 to 1000, The energy dispersive X-ray spectroscopy
was used to examine chemical composition (EDS, Edax Inc., Pleasanton,
CA, USA).

The thickness of the ceramic layer was tested using a FMPLO-20 dual-
band meter (SN100146594, Helmut Fischer GmbH, Germanylz. Ten
measurements were taken for each sample and the mean of the results
and standard deviation are presented.

To study the chemical bonds formed in the ceramics layver on
Til3Nb13Zr by MAQ, the Fourier-transform infrared spectroscopy
(FTIR; Perkin Elmer Frontier, Waltham, MA, USA) was used in the range
of 4004000 cin-1 and the resolution was 2 em-1.

To examine the changes in phases In TI1ANbI3Zr was used X-ray
diffraction method (Phillips X'Pert Pro, Almelo, Netherdands), The
temperatiure was ambient, XRED method was applied using a diffrac-
tometer (Cu K, & = 0.1554 nm) in the range 14-90° of 20,

¥-ray photoelectron spectroscopy (XPS) was used to determine the
composition and surface chemistry of the ceramics layer. The analysis
was performed in the core-level binding energy range for Na 15, Zn 2p, P
2p, and Ca 2p. ThermoFisher Sclentific’s advanced Escalab 250X mul-
tspectroscope was used for this purpose, using AlKa X-rays with a
precise spot dlameter of 250 pm and a pass energy of 20 V. Low-energy
electron and Ar' ion bombardment were used to effectively negate po-
tential surface charges, with a final peak calibration using adventitious
carbon € 1 s at 2846 eV Advanced Advantage v5.9921 software
(ThermoFisher Scientific) was used to accurately analyse the data ob-
tained from the measurements, allowing peak deconvolution and
calibration.

2.4, Eleetrochemical tests for corrasion evalwation

Electrochemical tests were performed for the evaluation of the
corrosion behavior of the Til3Nb13Zr samples with different surface
treatments, A total surface of 0,28 em? of the sample was exposed to 7
mL of Hanks' balanced salt solution for up to 168 b at a temperature of
37 °C for in vitre simulation of physiclogical conditions, Evolution of the
open circuit potential {Eqep), linear polarization resistence, and

electrochemical impedance spectrascopy (EIS) were conducted using a
Merrohm  Autolab PGETATI0ZN potentiostar. Three-electrode cell
configuration was used, with the sample acting as the working electrode,
a Pt wire aeting as the counter electrode, and the Ag/AgCl reference
electrode. FIS was developed applylng a frequency range from 107 to
10 Hz and a polarization range of + 10 mY concerning the open cir-
eule potential (Eqcp), aequiring 10 points per decade, Linear polarization
resistance was performed by the application of & potential range of = 10
mV for the open cireuit potential. Electrochemical tests were performed
after 1 h of stabilization time,

Scanning electron microscopy (SEM Hitachl 5:3400 N) and energy
dispersive X-ray spectroscopy (EDS Broker AXS Xflash Detector 50100
were used for the morphological and compositional evaluation of the
surface of the different samples after immersion in the Hanks' solution
during the electrochemical corrosion ests,

34, Bivactivily tests

241, Somple preparation

Before cytocompatibility evaluation, all coated specimens under-
went & standardized sterilization protocol. Initially, the samples were
Immersed In 70 % ethanol for 10 min, with this procedure repeated
three times fo ensure thorough decontamination. Subsequently, the
specimens were rinsed three times in phosphate-buffered saline {PBS),
with each rinse fasting 10 min. The samples were then transferred to
multiwell piates containing 1 mL of PBS and subjected to uliraviolet
germicidal irradiation (UVGI) for 40 min to achieve sterilization.
Following UVGE exposure, the samples were rinsed again in PBS for 10
min. To enhance preparation, the specimens were subsequently
Immersed in Dulbeces's Modified Eagle Medium {DMEM, GIBCO) for 10
mimn. Lastly, the samples were incubated in 1 mL of DMEM supplemented
with 10 % fetal bovine serum (FBS, Thermo Scientific) and antiblotics
(100 U/ml penicillin and 100 pg/ml streptomycin sulfate, Sigma-
Aldrich), As a final step, the samples were maintained in the complete
cufrure medium at 37 “C for 24 h before testing.

242 Cell culture

Endothellal C166-GFP cell line was chosen as a cytocompatibility
maodel due to their autofluorescence and adherent proliferation. Cells
were Incubated at 37 'O In supplemented DMEM as described above,

3.4.3. Metabolic activity and DNA quartification analyses

The metabolic activity of cell cultures was gssessed using the Ala-
marBlue assay {Thermo Fisher), performed at 24 and 72 b of culture,
Thiz non-toxic method leverages the reducing power of cellular ma-
chinery te quantifly mitochendrial activity in viable eells. For each time
point, three samples were analyzed. The procedure involved adding
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AlamarBlue dye to the culture medium of each sample at a concentration
of 10 % relative to the medium volume. The samples were then incu-
bated for 90 min, and Mluorescence was subsequently measured using &
BioTek Synergy HT microplate reader.

3.4.4. DNA quantification

DNA content was determined using the blue-fluorescent Hoechst
33,258 nucleic acid stain, in accordance with the manufacturer’s in-
structions (Thermo Fisher, FluoReporter). This assay was conducted
after 72 h of culture, with fluorescence measurements obtained using a
BioTek Synergy HT microplate reader.

4. Results and discussion
4.1, SEM

iy, 2 shows the modified surfaces of the TI13Nb13Zr alloy. 11y 2
presents the results of single modifications. The MAO process carried out
In electrolyte 1, with two different process parameters, resulted In the
formation of a ceramic layer with a characteristic structure typical for
the mixed oxidation process. Pores are visible, distributed in a regular
pattern, with similar sizes. No material discontinuities are observed.
SEM images show small protrusions, Indicating & developed surface
morphology. A similar qualitative result was obtained for the sampi
modified by laser and then coated with MAO ceramic (NaZnll,
NaZn2L). The laser modification did not disrupt the continuity of the
ceramic surface. The main change was in the size of the pores, which are
larger compared to the single modification [29.30).

In the case of electrolyte 2, surfaces obtained by applying the MAO
process to the ZnHAp1 and ZnHAp2 samples show a very irregular
ceramic layer, with numerous gaps, height differences in the layer, and

NaZnl

NaZn2

ZnHAp2

Fig. 2. SEM i for

Al frod 1

B
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an uneven distribution of pores. Many holes with irregular, elongated
shapes are observed. Additionally, the ceramic formed in this electrolyte
is very thin, as grinding marks on the Ti13Nb13Zr samples are visible in
the images. For the ZnHAp1L and ZnHAp2L samples, the surface is more
regular compared to the single modification. Although a uniform,
characteristic ceramic layer is not observed, the pores formed are of
similar shapes and sizes. No visible laser beam tracks are seen, which
indicates complete coverage of the surface with ceramic in this
modification.

For the samples made in electrolyte 2, regardless of the process
duration and modification combinations, It cannot be stated that the
resulting ceramic is of sufficient quality. A positive result is that the laser
modification slightly improved the homogeneity of the layers, though
discontinuities remain in the structure.

4.2 Thickness of the coatings

The film thickness measurements show that the laser modification
improves the efficiency of the mirco-arc oxidation process by stimu-
lating the formation of a thicker layer. Table 3 presents measuremnets of
the thickness of the coatings. The films with the smallest thicknesses
were those where hydroxyapatite was added to the electrolyte envi-
ronment, It is also confirmed by SEM analysis that these layers are of the
worst quality. The extended duration of the MAO process resulted in the
formation of thicker ceramic layers with bic-additives, which is in line
with the trend in the literature |31 32|,

4.3. XP§

Fly, 3 presents the X-ray photoelectron spectra (XPS) obtained for the
following samples: reference, laser-modified, and those subjected to

NaZn2L

b

idation p and d dification laser-MAO,
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Table 3
Thickness of the coatings for all of the modified samples.
NaZai NaZn2 ZnHApL ZnHAp2 NaZnllL NaZn2l. ZoHApIL ZnHApAL 1
200 408 0,544 0,997 an AL 204 1,9 1,75 Average
0,2424 10,3659 0,2799 0,6227 0,645 1,119 06118 04624 0.72091 Deviation
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Fig. 3. A) All of the survey spectra for XPS of modified samples b)Example of XPS spectra presentation for ZnHAp2L.

dual modificationFor laser-modified samples, the maxima originating
from carbon are higher than for other modifications without laser
treatment. All key dopants were detected for samples modified using the
hybrid laser-MAO technique, verifying the successful incorporation of
elements during the micro-arc oxidation (MAO) process,

The spectra for dopants such as Ca, Zn, Na, and P are shown in Fig 4
(A and B) for the dual-modified sample (ZnHAp2L). In the case of zinc,
two doublets were {dentified. At a binding energy of approximately
1022 eV, the presence of Zn in the form of zinc oxide (ZnO) was
confirmed | 23| Furthermore, literature reports confirm the presence of
Zn*" ons associated with two compounds—ZnO and Zn(OH),—at
binding energies ranging from 1022 to 1024 eV | 33|, The doublets with
Zn2pz~ indicate the presence of Zn in the form of Zny(PO4),, with
phosphate groups (PO}) derived from hydroxyapatite. This confirms
that Zn is present predominantly in the Zn*' state [34). Similarly, a
study on PEO-modified surfaces also detected phosphorus and zinc jons
at binding energy values consistent with the results of the present study
Phosphorus is incorporated into the ceramic layer in the form of PO}~
jons, as revealed by the P2p energy peak | 331, During the process, Ca®"
ions migrale towards the anode via diffusion, with a similar migration
behavior observed for Zn" fons 35,361, For calcium, binding energies
around 347 eV and 351 eV both correspond to bonds in Cag(PO4)y,
characteristic of hydroxyapatite, which was included in electrolyte 2
133,47 |. The XPS spectra also showed characteristic peaks for sodium.
Due to small binding energy differences in sodium bonds, this element
may form bonds with both oxygen and titanium |39,

4.4. FTIR

FTIR spectrum presented in ¥z 4. A maximum at 1462 cm ! sug-
gests the presence of carbon bonding within the hydroxyapatite crystal
structure in the form of CO3 ™ ions (191, The maximum at 3642 ¢m ™"
corresponds to a hydroxyl group (O-H), indicating the presence of hy-
droxyapatite, confirming this compound in samples ZnHAp1, ZnHAp2,
ZnHApIL, and ZnHAp2L. Distinet maxima originating from titanium
oxide bonds O-Ti-0 are also clearly visible in the range of 400-700 cm ™
[40]. The maximum at 872-876 cm " is characteristic of zinc oxide and
was observed in all samples with a ceramic coating formed in an elec-
trolyte containing zinc acetate dihydrate; the absence of this maximum
in RL samples further supports its presence. It is also noteworthy that
ceramic layers containing hydroxyapatite exhibit shifts around the
wavelength range of 800-1100 em !, characteristic of PO3  bonds in
hydroxyapatite |41,42|. Such shifts were observed in samples subjected
1o the MAO process for 15 min, both for single and double modification.
Literature indicates that shifts in the range of 1915-2382 cm ™' oceur for
P-H bonds in apatite; samples subjected to dual laser-MAO modification
in electrolyte 2 exhibit shifts in this region, consistent with the presence
of bone-forming compounds 471, Maxima at 2350 ¢m ™' denote carbon
triple bonds C=C. Maxima in the range of 2850-2950 cm ! are char-
acteristic of carbon-hydrogen bonds C-H [44], Maxima at 1654 ¢cm™*
and 1740 em ™! indicate double bonds between oxygen and carbon C=0
[45],

4.5. Wertability

I'ig. & presents graphs showing the change in contact angle values for
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Fig. 4. The FTIR results for modified samples of TII3Nb13Zr,

cach modification and the base material, measured with two liquids:
water and dilodomethane, The obtained contact angle results allowed
for the determination of total surface free energy, as well as its polar and
dispersive components,

Surfaces are classified as hydrophilic when the contact angle ranges
from 0 to 90°, while surfaces are considered hydrophobic when the
contact angle exceeds 90 |40/, Contact angle analysis is crucial for
potential biomedical applications, as the surface-to-walter Interaction
affects the implant's behavior with body fluids, bacterial cells, and
proteins within the human body [17], According to Fig. 5A, the lowest
contact angle for water was observed for the unmodified base material,
and contact angles inereased (wettability decreased) with each modifi-
cation. Contact angle values for each of the double modifications ranged
around 80°-90°, which may indicate a tendency toward a hydrophobic
surface character. Extending the duration of the MAO process for hybrid
modifications, both with and without hydroxyapatite, resulted in sur-
faces with the highest contact angles, It is notable that laser modification
prior to micro-arc oxidation deposition reduced wettability,

A decrease in contact angle is advantageous. as it enhances surface
propagation for cells, Improving adhesion to the substrate, However, it
is also suggested that an increased contact angle has positive effects, as it
can improve resistance to bacterial colonization by reducing bacterial
adhesion. A higher contact angle also reduces the risk of negative bio-
film formation on the implant surface.

Fiy. 5B presents the results for surface free energy values. Sample R,
representing the base material Ti12Nb13Zr ritanium alloy, exhibits the
highest surface free energy due to its high polar component value
Modified samples, whether single or double modifications, show lower
surface free energy than the base material. Except for sample NaZn2, the
remaining modificarions display similar surface energy values, with all
samples having a dispersive component value higher than the poiar
component,”™

4.6, Roughness

g & presents obtained topography maps for the investigated sam-
ples. Also, peaks and valleys distributions histograms, and line profiles

122

of the surfaces are presented. The topographies indicate the character-
Istic Jaser-treated surfaces associated with the laser path, For these
surfaces, the histograms are wider, meaning that multiple valleys and
peaks were prominent on the surface, On ground surfaces, after the MAO
process and after electrophoretic deposition, the histograms are nar-
rower and the surfaces are more uniform. For a quantitative description
of the obtained topographies, the average values of the area roughness
(Sa) and line roughness (Ra) were calculated. In addition, parameters
such as root mean square deviation of a surface profile (Sq) and line
profile (Rq), maximum height of a surface profile (Sz) and linear profile
(Rz), maximum peak height (Sp) and valley depth (Sv), skewness (Ssk)
and kurtosis (Sku) were determined. Also, functional volume parameters
such as material volume (Vm), void volume (Vv), dale void volume
(Vvv) and core void volume (Vve) were evaluated. The results of these
calculations are shown in Table 4,

The most commonly used linear parameter Ra and surface parameter
Sa clearly indicate that the smoothest surface was exhibited by the
sample R, subjected only to the grinding process, Considering bone tis-
sue regeneration applications, it is important to remember that rougher
surfaces provide a larger contact area between the (mplant and bone,
which promotes better bone tissue growth on the implant surface |46,
This improves implant stability and long-term implant placement [19],
Smooth surfaces have less ability to form a bond with bone, which can
lead to a longer healing process and less stable integration. Each surface
treatment proposed in this study resulted in an increase in average
roughness compared to the ground sample, In the case of the MAO-
treated surfaces, it can be observed that Ra and Sa parameters in-
crease with increasing MAO process time, In addition, samples subjected
to prior laser modification show several times higher values of Ra and Sa
parameters compared to thelr non-laser-treated analogs. This means that
laser processing generally increases surface roughness, which can
contribute to better osteointegration (8], The average roughness Sa of
the surfaces subjected to only MAO processing ranged from ~ 0.19 to ~
0.35 ym, while in the case of samples previously laser processed the
values of Sa ranged from ~ 1.18 to ~ 1.34 ym. It should be remembered
that Ra/Sa parameters can be useful as a basic indicator of roughness,
but do not fully capture the complexity of surface structure. As an
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Fig. 6. Topography maps for all of the modified samples of Til3Nb13Zr.
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Table 4
Sefected rovghness parametens of the Investigated samples eoloulated secording to the 150 25178 and 150 21920 stmdands
i RL Nainl Nan InHAPL EnHAPZ Ma#nil MaZnll EnHAPIL EnHAPIL
Ra [pm) 014 a2 2% 0,25 e 02 = .00 A0 114
LM 0,08 01 40,00 EENIT) .01 008 LK) +0.11 4413
Rq [sm) 18 111 03z 0.23 [i5"1] 028 103 1,23 98 146
L =010 A2 +0,0% =001 0,01 1,04 +Hp.19 0.0 Hii0
Rz [um] 1.33 4.64 ER T 245 127 2085 .44 543 an7 635
32 4% H. K +0,25 0,08 0,63 +0,20 .12 +0.44 .55
S [um) 17 1.26 027 035 .19 023 118 1.27 1.9 1.34
L L0.18 H01 0,06 Lo 0,00 016 HLO2 0.0z 03
5q [wm] 025 1.58 L] 045 2k 031 14T 1.56 161 1,64
+00H 10,21 1007 0,08 +0.0 10,02 £0.21 HL02 1001 1404
5p [Em] 11,66 110 23.54 B.13 7.43 110 13.30 1108 2R3 403
i1.79 1,46 16.74 +1.98 A4 +2.88 5,48 240 1276 159
5% [pm] 947 16.77 7.80 7.54 13,47 1327 BLOS 10.59 14,04 a.64
4110 4273 4342 40,40 +3.11 +0.77 £1.47 44148 +1 67 4106
%2 [Em] 21,14 65.87 31,34 1047 90 A 2134 2147 B 18.66
415 £218 FEST £2.05 +5.19 +3,65 L6494 42 114 4064 4165
sick 1.40 46 1457 047 053 0,98 @15 012 0,73 DK}
11 H)88 01,0 3 +0.28 +0.45 =014 +0.05 H 03 +0,04 a4
Sk 13794 216 537] 768 AT 779 331 270 262 158
-1 B Hhi3 +34.41 +4, 012 +8. 26 +1.26 H1L.26 07 0.7 Hh G
v (107" mm®mm?) 1.24 551 78 218 127 1.64 5,09 EXCH 582 366
+.H 068 He3a HO17 01,01 +0,00 .36 HL] +0, 25 i 2
Wy (107" mm ] 2650 193,30 44300 5640 31.00 17,10 19170 20600 T ZEE00
+0.83 2540 +2.00 19,11 0,39 +2.50 +2H.00 FL 50 LB 648
Vv [10°* mm®/mm®) 301 21.60 179 5.44 314 382 17.40 1740 15.40 1880
L1 +35L HOL09 1,13 016 0,36 +2.94 Hb45 0,97 HE37
Vve [10% mmymm ] 2360 172.00 40,50 51.40 I7.80 33,20 174.30 1BA.30 189.30 199.00
HLB8 +22.10 198 £7.98 0,22 +2,12 +25.20 +2.49 +4.71 644

expmple, the Ba and Sa parameters consider peaks and valleys equally.
In the context of bone implants, the presence of more vallevs may he
maore favorable for tissue Ingrowth, while the presence of peaks may
lead to micro-damage to tissee, In spplications such as bone implants,
more detailed roughness parameters and surface exture analysis are
needed to accurately assess their impact on ostepintegration and other
biclogival functions (50) In the context of the Sv parameter, which
describes the depth of the valleys, which is partieularly important in the
implant application of the material [57 |, it should be noted that in the
case of the native ground material, laser treatment significantly in-
creases the Sv value, but for all MAO- and laser-modified samples the Sy
values are similar. It is important to note that the time of the MAD
process does not significantly affect the obtained Sv parameters. On
samples previously subjected o laser treatment, no significant effect of
this treatment on the depth of valleys was also observed. The Ssk
parameter is another important indicator describing the asymmetry of
the surface roughness profile, particulacly relevant in the context of
implant marerials, as it affects how the surface interacts with sur-
rounding tissues, body fluids, and cells. In the context of matenals for
implants, lower Ssk values, which imply an advantage of valleys over
peaks, will be preferred. Surfaces with positive obliguity, ie,, those with
mare peaks than valleys, can generate greater point pressures on the
tssue, which can lead to microdimage and delayed integration (520
The analvses carried out showed that all surfaces on which laser (reat-
ment was carried out take negative Ssk values. That again indicates the
beneficial effect of laser freatment, Bome Implants must promote
veteointegraton or integration of the implant into the bone. A surface
with extreme peaks and valleys (high Sku kurtosis values) can lead to
polnt pressure on the tssoe, which can canse micro-injury and inffam-
mation, delaying healing and integration into the bone, Laser meatment
effectively reduces surface kurtosis for all samples tested, The highest
Sku values were observed for the ground sample. In addition, it was
noted that the tdme of the MAD process influences the reduction of the
Sku parameter which can slso have s beneficial effect from the
perspective of implant applications. Cn samples subjected only 1o the
MAQ process, kurtesis values ranged from — 7.68 (o — 53,71, while if
they were also subjectied to laser weatment the range was — 255 to —

321, Por advanced analysis of surface topography, the functional pa-
rameters — Vv and Vm — were analyzed. High Vv values mean that the
stirface has deeper valleys or more space avaifable below the midline. In
the context of implants, valleys can act as storage spaces for body fluids,
which promotes the csteaintegration process by providing nutrients and
enabling cell ransport. High values of the Vm parameter can increase
the cocffictent of fricton, which can be beneficial for mechanical sta-
bility in the initial stages after implantation, but at the same fime can
lead o surface wear if it is too high. It can be clearly observed that
performing Iaser treatment causes an increase in both Vm and Vv pa-
rameters. However, no significant effect of electrolyte composition amd
MAQ time on the values of these parameters was observed, Fig. 7 stands
Tor isotropy for all of the samples. There are three groups depending on
the percentage of isotropy, A value of less than 20 percent indicates an
anisotropic surface, between 20 and 80 percent, and a mixed structure |
of more than 80 percent indicates an isotropic surface [51.57), For the

80 e
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Fig. 7. Isoteophy of alla of the modified samples of TIIINDEZe,
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single-modified samples; [sotropy was greater than that of the pative
material, with only the RL sample and NaZnl reaching the level 1o
determine the mixed structure. The ining single-modified pl
show an anisotropic surface, For the double modification, all surfac
were determined as mixed structures, with the highest values achieved
for samples NaZn1L and ZnHAP2L, indicating a more isotropic surface.
The mixed surface combines the advantages of an isotropic surface,
which Is close to the 1 bone structure, and an pic surface,
which promotes antibacterial properties (51 541,

4.7. Corresion behaviour

I'ly. 8 shows the evolution of the apen circuit potential (Eqcp) for the
different samples over the immersion time. Higher values for the Epep
a lower tendency to suffer corrosion as the materials behave
more cathodically. As shown, all the samples that were surface-modified
achleved significantly higher Epcp values than those for the reference
sample. Thus, all the surface treatments were able to reduce the likeli-
hood of the metallic substrate suffering from corrosion compared to the
reference sample.

g U shows the linear polarization resistance values obtained for all
the conditions. The values for the reference sample (R) could not be
obtained because the system did not remain sufficiently stable to ach-
leve the linear behavior required in the small polarization range around
Eace. This may indicate that surface-evel processes affecting system
stability were occurring In the reference sample, even at a small scale.
On the other hand, these phenomena seemed to be reduced in the
samples with different surface treatments, where sufficient stability was
achieved to obtain valid polarization resistance measurements,

Assessing the evolution of polarization resistance for the different
surface treatment conditions, it is noted that the presence of the laser
treatment by itself, as well as a pretreatment for a MAO coating, appears
to Improve the polarization resistance of the samples, compared to those
samples without o laser treatment. In general, for all conditions, the
polarization resistance values remain constant throughout the immer-
sion time, although a decrease is generally observed for all the samples

Indi
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from 1 h to 24 h of immersion. However, from 24 h onwards, the value
remainsstable, Indicating & high anticorrosion behaviour of the samples,
Among all of them, samples treated with laser and the hydroxyapatite
MAGQ coating for 15 min (ZnHAp2L) show polarization resistance values
that are significantly superior compared to the rest of the conditions. On
the other hand, samples treated only with MAO coatings generated after
7 and 15 min and without a laser pretreatment (NaZal and NaZn2)
showed the highest d in polarizati i during the first
24 h of immersion, as well as the lowest polarizarion resistance values all
over the immersion time,

These resuits show that samples treated with MAO coatings with
hydroxyapatite present, in all cases and all over the experimentation
time, had higher polarization resistance values than samples with the
MAQ coatings without hydroxyapatite, regardiess of the coating gen-
cration time (7 or 15 min). On the other hand, focusing on the differ-
ences between samples with and without the application of the laser
reatment previous to the generation of the regular MAO and the HAp
MAQO coatings, data show that the spplication of the laser promotes, in
all cases, an increase in the polarization resistance of the samples treated
with both MAO and HAp MAO coatings regardless of the coating gen:
eration time (7 or 15 min), Thus, based on these data, the sample that
p the best perl in terms of corrosion resistance is the one
treated with a comhbination of laser followed by the generation of a HAp
MAQ coating generated for 15 min (ZnHAp2L).

Electrochemical impedance spectroscopy data show the evolution
and the changes in the carrosion behavior of the samples treated with
the different coating conditions, as well as the evolution of their
impedance values over the immersion time. Nyquist curves (Vig. 10)
show the response of the system to the sinusoidal excitation of = 10 mV
amplitude at a frequency range from 105 to 10-2 Mz, For short im-
mersion times at high frequencies (Fig  10Ab), all samples, except
samples R, RL, and ZnHAp2L, presented two capacitive loops, This
morphology of the Nyquist curves has been described in the literature
for metallic substrates coated with porous coatings | 55,56 | The presence
of only cne capacitive loop in the Nyquist diagrams can be related to the
presence of a single compact layer coating the surface of the metallic
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substrate (571,

Samples with MAO coatings without previous laser treatment
(NaZnl, NaZn2, ZnHAp1, and ZnHAp2) presented the lowest diameters
for their capacitive loops at high frequencies likely refated to the pres-
ence of electrolyte inside the coating due to the porosity of these coat-
ings letting the intake of Hanks’ solution during immersion, that reduces
the protective behavior of the coatings. In fact, the diameter of the
capacitive loops at high frequencies for these samples decreases along
the immersion time, indicating a reduction in the protective behavior of
these samples, especially in the case of samples NaZn1 and NaZn2. Thus,
the application of the laser treatment prior to the generation of the MAO
coatings seems to Improve the corrosion resistance of the samples.

On the other hand, samples R, RL, and ZnHApZL present one
capacitive loop throughout the immersion time, indicating the presence
of a compact coating on the surface of those samples. In the case of
samples R and RL, these coatings can be composed of nanometric oxide
layers that form spontancously after immersion in the electrolyte. These
samples were made from an alloy composed of valve metals, which
promote the generation of protective oxide layers on a nanometric scale
[58] These spontaneously generated oxide layers protect the metallic
substrate by acting as protective barriers, preventing more aggressive
corrosfon processes. However, the diameter of the capacitive loops at
low frequencies of samples R and RL decreased as the immersion time
increased, probably due to a partial dissolution of the oxide layer 1591,
but that was not the case for the ZnHAp2L sample, whose curye
remained almost constant throughout the experimentation time. At low
frequencies, the samples that showed the best behavior against corro-
sion were ZnHAp1, ZnHAp1L, and ZnHAp2L, with the laiter showing the
best anticorrosion performance, following the results from the polari-
zation resistance tests. Thus, HAp-containing MAO coatings performed
better against corrosion than MAO coatings without hydroxyapatite.

The Bode diagrams (supplementary file Fig. 9), illustrate the evolu-
tion of impedance for the samples with different coating conditions. The
impedance value at low frequencies indicates the protective capacity of

the different treatments, The uncoated sample (R} and the sample with
laser treatment (RL) show impedance values that remain constant
throughout the immersion time, likely due to the presence of a protec-
tive thin oxide coating on their surface. This behavior is repeated for
coatings that are more compact and less porous, which offer high pro-
tection to the metallic substrate and show impedance values that remain
constant throughout the immersion time. On the other hand, for the rest
of the samples, especially those with more porous coatings, the imped-
ance value fluctuates and decreases over time as the electrolyte pene-
trates the coatings through their pores. From the Bode diagrams, it can
be concluded that the samples with the best corrosion resistance were
those treated with ZnHAp1, ZnHAplL, and ZnHAp2L coatings, espe-
cially the ZnHAp2L coating that showed impedance values that were one
or two orders of magnitude higher than the rest of the samples ar low
frequencies. On the other hand, the samples with the worst performance
were NazZnl and NaZn2. These results are consistent with these obtained
in the polarization resistance tests. From the electrochemical corrosion
tests, it can be concluded that the combination of laser treatment with
hydroxyapatite-containing MAO coatings provided the best anticorro-
sion performance,

After immersion in Hanks™ solution during 168 h for corrosion tests,
SEM and EDS were used on the surface of the different samples (o, 11
and 12) for the evaluation of the corrosion process. In the case of the
reference TI13NbD13Ze sample (R), slight differences In terms of corro-
sion damage were found between the non-immersed zone (Fig 1 1a) and
the immersed zone (F12, 1 1b) of the surface of the sample, However, the
damage on the zone of the surface that was immersed in the Hanks’
solution was not widespread. As previously exposed, this alloy is
composed of valve metals that promote the formation of nanometric
oxide fayers that protect it from corrosion, Also, iselated accumulations
of NaCl and KCl crystals precipitated from the electrolyte were found at
some points of the immersed zone (1. 11¢c),

In the case of the Til3Nb13Zr samples treated with laser (RL), SEM
micrographs show the marks of the laser treatment as aligned rounded
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marks (Fig. 11d). Fig, | e shows a closer view of the non-immersed gone
of the RL sample, where it was possible to observe how the surface of the
sample was modified by the action of the laser due 1o melting and so-
lidification processes. For the immersed zone (Fig. 111}, as in the case of
the reference sample, NaCl precipitates were found all over the surface.
However, no significant damage doe lo corrosion was found on the
immersed surface of this sample. Probably, the formation of a thin oxide
layer on the surface of the sample during immersion in the Hanks' so-
lutlon offered protection against corraston 1o the metallic substrare,

In the case of NaZnl and NaZn2 samples, where MAO coatings were
generated using electrolyte 1, no significant differences were observed
at low magnification between the non-immersed and the immersed
zones (Fro, 1ig amd 11f), Newvertheless, at higher magnification, an
accumulation of calcium microparticles was found all over the surface of
the non-immersed zone (. | LA and 11AK), likely formed during the
MAD coating generation. However, these particles were remaved from
the surface of the immersed zone during corrosion tests. Some of the
particles could have dissolved in the Hanks™ solution, and some could
have been dragged w the limit between the non-immersed and the
immersed rzones. Regarding the corrosion process, no signs of coating
degradation or corvosion of the TiITIND132r substrate were found for
these samples (Fie. 110 and 111). However, these samples presented the
worst anticorrosion behavior in the electrochemical test, especially as
they suffered the most significant decrease in polanzation resistance and
impedance during the frst 24 b of immersion in the Hanks' soluticn.
This behavior could be explained by two factors. First, the presence of
the Ca microparticies could influence the corrasion behavior of these
samples as, at the beginning of the immersion, part of the pores of the
coatings were oecluded by the particles, hindering the intake of elec-
trolyte through the coating. As the immersion tme increased, the Ca
particles were removed from the surface, thus opening the pores and
allowing the clectrolyte to penctrate the coating, consequently
decreasing the barrier effect that it provides: Secondly, it is important 1o
note that the pores of the MAO coatings generated on these samples
(g, 11 and 111) appear larger than the pores of the rest of the MAO
coatings generated inthis research. This would negatively affect their
capacity oo provide an effective barrler, allowing higher electrolyte
intake inside the coating and reducing their protective behavior, as
previously concluded from the electrochemical corrosion tests

#nHAp] samples (Fig. | 1m) were amang the best performers against
corrosion. MAD coatings were generated on these samples from elec-
trafyte 2 with the addition of hydrocyapatite. Consequently, calcium
microparticles from hydrosvapatite were found all over the non-
immersed zome (Fig. 1In), formed during the generation of the
coating. This finding could indbcate improved bocompatibility of these
coatings. However, these caldum microparticles were removed from the
surface of the immersed zone due 1o the action of the Hanks' solution
used as an electrolyte during the corrosion tests {Fig 110). Regarding
corrasion behavior, no signs of corrosion or coating degradation were
ohserved after immersion, Moreover, and perhaps the most imporant
feature of these coatings, the amount and $ize of pores were dramatically
reduced (Fiz. 110) compared with the previous NaZnl and NaZn2
samples (Fig. 111 and 111), reducing the possibility and volume of
electralyte intake during immersion. Thus, the barrier effect provided by
these coatings was significantly enhanced, as concluded from electro-
chemical rest data,

The appearance of the ZnHAp2 samples (Fig 12a) sgnificantly
differed from that of the ZnHApl samples (Fig. 11m), vet the only dif-
ference berween these two conditions was the time used for the MAO
coating process, which was 15 min for the ZnHAp2 and 7 min for the
ZnHApL, As i the case of the ZnHAp] samples, Ca microparticles from
the hydroxvapatite added to the electrolyte were found on the surface of
the non-immersed zone of the ZnHAp2 samples (Flg 12), bt these
microparticles presented an iregular morphology contrary to what was
found for the ZnHAp] samples (91g. 11m), lkely due o the more pra-
lrrng-ed MAO process that could degrade Ca microparticles to some
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extent, making them losing their cubic morphology. Also, no Ca mi-
croparticles were found on the surface of the zone that was immersed in
Hanks' solution {Fig. 12} However, the main difference between
ZnHAp2 and ZnHApP] samples was found in the moerphology of the
eoatings, While ZnHApI coatings presented low porosity and the pore
size was significantly reduced (Fig. {la), ZnHAp2 coatings showed a
porosity level (Fig 12) similar to that found in the MaZnl and NaZn2
samples (Fig. 111 and 111} Thus, in terms of corrosion resistance,
ZnlAp2 behaved more Tike NaZnl and NaZn2 samples, making these
three condidons the ones that worst performed against commosion as
concluded from the electrochemical ests data.

Samples NagnlL and NaZn2L (Flg 1 2.d and 12.g) were treated with
laser and then coated with MAO coatings from electrolyte 1 with
different processing times. As in the case of the NaZnl and NaZn2
samples that did not undergo the laser treatment prior to the MAO
process, the surfaces of the non-immersed zones were covered by Ca
microparticles (Fig. 17e and 12 h), precipitated during the MAD process,
However, the main difference that these samples present, compared
with the rest of the conditions, is that after immersion during the elec-
trochemical tests, Ca microparticies were not totally removed from the
surface of the immersed zones for both conditions (19 10F and 128),
Under the Ca microparticles, MAO coatings present a porosity level
similar 1o that of NaZn1 and NaZn2 samples (1'(2. | 1iand 111). However,
looking at the electrochemical test data, NaZnlL and NaZn2L showed a
medium performance against corrosion among all the samples, but
better than MaZn1 and NaZnZ2 samples without the laser trearment. This
behavior could be explained by the presence of the Ca micropartcles
that were not removed during immersion in Hanks” solution from the
surface of these samples. Thus, the Ca microparticles blocking part of the
pornsity of the coatings could help to decrease the intake of electrolyte
inito the coatings, increasing the barrier effect that they provided and,
therefore, enhancing the corrosion resistance of these samples.

Finally, the surfaces of sam ples EntiApl L and ZallAp2L, treated with
a laser followed by the generation of MAQ coatings from electrolyte 2
with the addition of hydroxyapatite, were evialuated. In the case of the
ZnHAplL sample, no significant differences were be observed at low
magnification (Fig 12 between the zane that was immersed In the
Hanks' solution during the electrochemical tests and tha non-immersed
zone, However, for the ZnHAp2L sample, ar low magnification
(¥ig. 12m), the non-immersed zone appears dotted with white micro-
particles which, at higher magnification (Vg ! 2n), were identified as Ca
microparticles, probably precipitated during the MAO process from the
hydroxyapatite added to the electrolyte, as in the case of the ZnHApl
sample (Fig 11n). Nevertheless, after immersion in the Hanks™ solution
for the electrochemical tests, the Ca microparticles were removed from
the surface of the ZnHApZ2L samples (Fig. 120). Interestingly, not all the
white dots thar can be appreclated af low magnification for both con-
ditions (¥lz 12j and 12 m) were identified as Ca microparticles. At
higher magnification, cracked structures were found on the surface of
both samples, marked with srrows in Fig. 12k, 121, 12n, and 120. These
structures were found only on the surface of ZnHAp1L and ZnHAp2L
samples, both for the immersed and the non-immersed zones, indicating
that they were generated during the MAQ coating process, However, the
presence of these eracks does not seem to negatively affect the anti-
corrogion performance of these coatings, as these cracked structures are
surfpce defects rather than defects thar extend through the entire
thickness of the coating. In fact, these coatings presented the best per-
formance in terms of anticorrosion protection, as can be inferred from
the electrochemical test data, where sample ZnHApIL performed the
best against corrosion. This behavior can be related to the fact that these
samples exhibit the least porosity of all the coatings generated in this
resegrch, providing the best barrier effect to profect the Til3Nb13Zr
substraces,
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4.8, Cytocompatibility

Cytocompaltibility studies were conducted on selected samples with
potentially optimal properties for the application, as well as on reference
samples, including the pure titanium alloy Til3Nb13Zr (R) and laser-
modified alloy (RL). Additionally, samples subjected to single MAO
modification for 15 min in two different electrolytes (NaZn2, ZnHAp2)
and samples with dual laser-MAO modification (NaZn2l, ZnHAp2L)
were analyzed. In this sense, an endothelial autoflyorescent C166-GFP
was selected to evaluate their cytocompatibility.

Fluorescence microscopy images (1'1z. 173) indicate thar laser modi-
fication (RL) allowed early cell adhesion and promote cell growth on the
surface, After a period of 24 h for each modification, cell growth was
observed, the strongest again for the laser-only modification. After 24 h
for the NaZn2L and ZnHAp2L double modification, many cells with
spherical morphology were observed, which could indicate limited cell
adhesion or even apoptosis, but after 72 h the presence of viable celis
was observed. The Results from the fluorescence microscopy assessment
were confirmed by the results from the cell metabolic activity test
(Fig 14A) using Alamar Blue over 72 h, where laser modified samples
achieved the highest score, The DNA quantification test (1'ig. 1 4B) also
yielded the best results for this modification. Studies on laser modifi-
cation of the surface indicate that changing the topography of the matrix
promotes increased cell adhesion and proliferation (60,611, Samples
subjected 1o hybrid modifications demonstrated a good capacity for cell
proliferation on their surface, with a significant difference observed
between the base material (R) and the dual modifications (NaZn2L,
ZnHAp2L). DNA quantification results are higher than those for single
MAO modification; however, the cell metabolic activity test indicated
very similar results for both single and dual modifications, In the study

71 research was also conducted on the dual modification of titanium
using various lasers and the PEO (MAO) technique. The results indicate
that for laser-ceramic combinations, increased cell adhesion and pro-
liferation are observed. The protrusions formed as a result of the MAO
technique provide anchoring areas for cytoplasmic processes, simulta-
neously enhancing cell stability. This is attributed to the increased
values of wettability angle and surface roughness | 27,6 |. Such surfaces
were described as synergistic, featuring a roughened, leveled, and
porous morphology |2

The presence of zinc in the ceramic coating did not negatively affect
cell viability It doesn't negatively affect the cell growth. The literature
indicates that the presence of zinc positively influences bone tissue
metabolism, increases cell proliferation, and promotes tissue regenera-
tion, but only at low concentrations of this bioadditive. Excessive zinc
concentrations can have adverse effects, which is why its optimal con-
centration is crucial for achieving these benefits. Studies confirm that

RL
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zinc plays an important role in cellular processes related to bone growth
and repair, but its effects are dose-dependent |63 64|, It is worth noting
that an excessive amount of zinc in modified layers can cause apoptosis.
The presence of hydroxyapatite in the doubly modified ZnHAp2 sample
also positively influenced cell growth, which is visible in Fig. 14A and
14B, hydroxyapatite is a phosphate of the fallow I clinically used and has
demonstrated bioactive, osteoconductive properties (65,001,

DNA quantification tests allow the assessment of cellular patterning
and DNA synthesis by measuring the total DNA content on the modified
surface [07]. The results of quantitative DNA analysis for the studied
samples are presented in Flg. 14B. Based on the conducted research, It
can be concluded that the highest DNA content was observed in samples
modified with laser treatment. The hybrid modification (Nd:YAG laser-
MAQ) yielded very promising results compared to single modifications
involving only the ceramic layer deposited through the MAO process.
The presence of laser modification promotes the formation of a
morphologically developed surface, creating more favourable condi-
tions for the cells |65, These favourable outcomes suggest improved
cell proliferation, and indicate that the increased DNA content may
reflect the proper functioning of bioactive agents present on the surface
(zine, sodium, hydroxyapatite). Modified surfaces with higher DNA
content potentially enhance bioinclusion, which, in tum, could reduce
the risk of resection,

5. Conclusion

The study confirmed the effectiveness of hybrid surface modification
of Ti1aNb13Zr alloy using laser treatment (Nd:YAG) and micro-arc
oxidation (MAO), The MAO process carried out in the presence of zinc
ions, sodium ions and hydroxyapatite allowed to obtain ceramic layers
with develeped topography and increased isotropy, which positively
influenced the biological and mechanical properties of the surface.

FTIR and XPS analyses provided important information about the
chemical composition and structure of the ceramic layers. FTIR spectra
revealed the presence of bonds typical of ritanfum oxides (O-T1-0), hy-
droxyapatite (PO3- groups) and carbonates {CO§-) in the layer structure.
The presence of hydroxyapatite was confirmed by characteristic peaks at
3642 cm-! (O-H bonds) and 872-876 c¢m-' (ZnO bonds). On the other
hand, XPS studies showed effective incorporation of Zn”', Na', Ca®’
ions and phosphate groups into the ceramic layer. Characteristic Zn
peaks at bond energies of 1022-1045 ¢V indicate the presence of zinc
oxide (Zn0) and zinc phosphate (Zna(POy);), confirming the efficiency
of the modification process. In addition, the presence of hydroxyapatite
was found to promote the migration of Ca** ions and their integration
into the film structure as Caz(PO4)z, which positively affects the bioac-
tivity of the surface.

NaZn2 ZnHAp2 NaZn2L ZnHAp2L

Fig. 13. Presentation of Muorescence micrographs of the Endothelial C166.GFP cell cultures grown on various conting surfaces after 24 and 72 h of incubation.
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Marphological analyses showed significant differences belween
surfaces subjected to singie snd hybrid modification. The double
madification led to a greater development of topography, expressed in
higher values of rowghness parameters {Sa, Sv), which favors osteoin-
tegration by increasing the implant’s contact area with bone tissue, At
the same time, the use of laser prior to the MAOD process reduced
ansotropy and the number of sharp peaks on the surfce, thus lmiting
potential tissue microdamage.

Electrochemibcal tests showed a significant improvement in corroslon
resistance for all modified samples, especially for the hybrid samples
where the ceramic layers contained hydroxvapatite. The weakest po-
larization resistance results, particularly within the frst 24 h, were
observed for samples sublected only 1o single MAO modification using
electratyte 1. Laser modification must improve the stability of electro-
chemical parameters, which is crucial for the potential application of the
material in implents with stringent corrosion resistance requirements.

Cytocompatibility tests revealed significant differences in cell
adhesion and proliferation. The hybrid surfaces, especially those with
the addition of hvdroxyapatite, showed higher cell metabolic activity
and DNA quantification values compared to unmodified surfaces and
those subjected o single modificatlon. The weakest results were
observed for the NaZn2L sample after 24 b, where sphericil-shaped celis
Indicating apoprosis were noted, although the situaton improved after
72 h. The presence of zinc and hydroxyspatite had a positive effect on
cell growth, confirmed by increased metabolic activity, The hybrid
madification combines the advantages of both rechniques, enhancing
surface bioactivity, and making the ZnHApZL sample the most prom-
ising for biomedical implant applications.

In conclugon, the study confirmed that the combination of laser
treatment with the MAO process allows obtaining ceramic layers with
optimised mechanieal, biological and electrochemical properties. The
application of this technique can significantly contribute to improving
the functlonality and durability of bone and dental implams, meeting
the growing demands in the ficld of biomaterials.
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ABSTRACT

Although Ti6AIV 15 widely used, its surface still needs improvement for medical applications, Here
alloy was modified by a two-step process: laser treatment followed by micro-arc oxidation {MAO). This
aimed te create a rough surface enriched with bioelements such as sodium, phosphorus, and zine. Zine
1ons were introduced into the MAO layer as zinc oxide nanoparticles (nZn0). SEM analysis revealed a
complex but uneven surface, suggesting good potential for further hybrid surface development. Laser
treatment improved the alloy’™s stability and corrosion resistance, Wettability tests confirmed full
hydrophilicity, a key factor in cell response. Notably, the single- and double-modified samples without
nZn0 showed the best biological performance, likely due to their high hydrophilicit

INTRODUCTION

The TicAl4Y titanium alloy is the most commonly used commercial allov. It has 4 lower Young's
modulus than pure titanium, which is beneficial in dental and orthopedic applications]1]. Tt is widely
available and less expensive than other titanium alloys, Surface modification of biomedical materials is
a major field in biomaterials research. Dual techniques allow precise control of properties and combine
advantages from ditferent methods to produce optimized surfaces [2,3].

Laser modification 1s repeatable and controllable, allowing design of surfaces with desired
wettability, roughness, and morphology that support bone cell growth [4.5]. Main and most
important advantage of the MAO ability to produce biocompatible ceramic layvers with a
characteristic elements, resulting from the incorporation of elements into the coating [6.7].
Elemental nanoparticles offer an attractive solution due to their ability to penetrate most cellular
organelles, which stimulate faster activation of biological processes. The nZn0 exhibit
antibacterial properties and promote osseointegration [8]. Sodium and phosphorus ions serve
as @ valuable source of osteoinductive elements and additionally increase the biocompatibility
of the material with the human body [9].

Presented dual modification of Ti6AI4Y improves surface roughness and wettability, forming a

developed mierostructure. Combining both metheds gives promising results for reproducible
biomaterials with bivadditives that may reduce implant rejection and reoperation risk.

.

MATERIALS AND METHODS
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1. Sample preparation
The samples were made of TibAI4Y and were griund before Nd:'YAG laser remelting, They
were then eleaned in an ultrasonic bath using isopropancl. Laser surface modification was
performed under fixed parameters: laser power of 1000 W, pulse duration of 2.25 ms, and a scan
rate of 60%. After laser treatment, the samples underwent MAQ process under constant
conditions with a 300 V and a current of 0.123 A (Table 1).

Tab. 1 A) Chemical composition of the MAO electrolyte B) Sample modification

A
Electrolvie Composition
Electrolvie | Naa POy 12H.0 3/l NaOH 1g/L
Electralyie 2 Na:POy 12H:0 3g/L NaOH 1g/L 0.5z of
nZn(
B
Sample Modification
Ref TibAl4Y
Ref L TioAl4Y modified by 1000 W
“M_300_10 | MAQ in electrolyte 1 for 10 minutes
M 300 15 MAO in electrolyte 1 for 15 minutes
Z 300 10 MAQO in electrolyte 2 for L0 minutes
ML 300 10 Laser ( 1000 W) and MAO in electrolyte 1 for
10 minuies
ML_300 15 Laser ( 1000 W) and MAO in electrolyte | for
15 minutes
ZL 300 10 Laser { 1000 W) and MAO in electrolyte 2 for
1{) mmutes

2. Swrface morphology
The samples were analyzed for surface morphology using a high-resolution scanning
electron microscope (SEM, JEOL Lid., Tokyo, Japan) and Ref L observed with
metallurgical microscope. Chemical composition of modified lavers was examined
using an EDS (TESCAN, Czech Republic). Surface wettability messured by sensile
drop method with a gomometer equipped with Attention One software,

3. Biological tests
Refore testing. samples were sterilized using ethanol, PBS (Phosphate-Buffered saline) rinses,
UV trradiation, and pre-incubation in supplemented DMEM. C2C12 cells were cultured at 37 °C
in standard conditions., Cell viability was evaluated using the Alamar Blue assay after 168 h.
Fluorescence was measured using @ BioTek Svnergy HT reader. Details are provided [2].

4. Corrosion tests
Samples were immersed in Hank’s solution during 168 h 1o simulate physiological conditions.
Corrosion behavior was assessed by electrochemical impedance spectroscopy (EIS), with £10
mV around open circuit potential, and a frequency range from 10° to 10~ Hz.

RESULTS AND DISCUSSION

The surface of Tital4V alloy was subjected to dual medification using an Nd:YAG laser and MAQO,
which enabled the formation of morphologically highly developed structures (Fig. 1a). The use of an
electrolyte containing nZn0 significantly improved surface uniformity, The use of laser modification
improved uniformity of the layer in the case of electrolytes | and 2, which indicates that increased
substrate roughness promotes the formation of a more homogeneous coating. Prolonging the MAO
process prometed the formation of larger pores and the presence of crystalline salt forms, The presented
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maorphology 1s very similar (o the iregular morphology of MAO lavers reported in the literature afier
laser [3].

Contact angle measurements (fig. 1¢) showed that cach of the modified surfaces exhibited hydrophilic
properties. Dual modification promotes the propagation of hydrophobic properties of the material, which
wis also indicated in previous studies by Sypniewska et al.[2]. From an application perspective, a higher
contact angle is advantageous as it mimimizes the risk of undesirable tissue adhesion, while, as reported
in the literature, it does not impede osteogenic cell development, Particular attention should be paid to
achieving a moderately wentable surface [10].

Low standard deviations in contact angle values indicate a relatively regular and uniform structure of
modified surface. EDS showed that for MAO layers deposited from electrolyte containing nZn0), the
zinc content was approximately ,1% (fig.1b). In dual modification, only ML 300 10 exhibited an
increased sodium lon content compared to other samples, which 1s significant for potential biomedical
applications of this commercial titanium alloy, Microstructural analysis of TieAl4Y allowed for the
evaluation of the quality of laser remelting, Laser treated samples of 1000 W showed consistent laser
track patterns, with no observed precipitates, contaminants, or surface cracks. Heat-affected zone (HAZ)
for this alloy was approximately 204 pm in depth (fig.1 d, e).
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The best cellular response (fig.2) was observed for the laser-modified reference sample and the laser-
MAOQO double-modified sample. Sample ML 300 15 exhibited the lowest contact angle, which can
promote optimal cell proliferation. The other samples didn’t demonstrate an adequate cellular response.
For instance, in the case of sample M_300 15, no cell proliferation was observed; the cells displayed a
clustered appearance, although no cytotoxicity of the substrate toward the cells was detected. Based on
SEM images, it can be concluded that the pores of the MAO layers are too small for the cells C2C12, as
their average size ranges between 100-300 pm [11].
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Figure 2. a) Presentation of fluorescence micrographs of the C2C12 cell cultures grown on various coating surfaces
after 72 h of incubation b) Quantification of cell metabolic activity using Alamar blue assay after 168 h,
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Figure 3. a) Evolution of OCP over immersion time for the different conditions. b) Nyquist plots after 24 h, 72 h
and 168 h of immersion. ¢) Bode plots for impedance modulus afler 24 h, 72 h, and 168 h of immersion. [nsets
show Bode plots for phase angle *Legend is for all samples

The results shown in Figure 3a indicate that the presence of MAO-coated samples, except those
containing Zn, leads to an increase in the open circuit potential (OCP), suggesting a shift toward more
cathodic behaviour compared to the non-coated samples. However, EIS tests reveal that the Ref L
samples exhibit the highest impedance modulus values and the most effective anticorrosion performance
over immersion, The comparatively lower performance of the coated samples may be attributed to the
partial degradation of the porous MAO coatings during immersion. These coatings display more than
one time constant and fluctuations in phase angle values (Figure 3b and 3c), indicating only partially
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capacitive behaviour ai high freguencies. This results in limited protection and changing protective
capacity over time. [n contrast, the Refand Ref L samples exhibit a single time constant and a transition
from nearly pure resistive behaviour at high frequencies to nearly pure capacitive behaviour at fow
frequencies, likely due to the formation of a stable oxide layer on the surface during immersion. The
Ref L sample shows minimal changes in impedance modulus and phase angle throughout the immersion
period, demonstrating the most stable and corrosion-resistant behaviour.

CONCLUSION

It is possible to form a ceramic layer on laser-treated TibAI4V. This process allows the introduction of
bioactive jons into the ceramic layer. The treated surfaces show a hydrophilic nature, Their shape is
irregular but supports cell growth, Good metabolic response was observed in Alamar Blue tests for
optimal parameters. Laser treatment improved the corrosion resistance of the alloy to some extent of the
TitAl4Y, making it more stable over time. The key samples in this study were a laser-only reference and
ML _300 15, without zine jons. This work provides a solid foundation for further studies on dual surface
treatment. It shows the potential to control the addition of useful 1ons into the material,
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of titanium bio-alloy Til3NbI32Zr; Ceramics international. 2023
hitps://doi.org/10.1016/j.ceramine. 2023.02.018; (MNiSW 100 pkt.)
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J.Sypniewska, M.Szkodo, B. Majkowska-Marzec, A. Mielewczyk-gryn; Effect of hybrid
modification by ceramic layer formation in MAO process and laser remelting on the structure
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Obejmowal nadzorowanie prac, przeprowadzenie analizy statystycznej ANOVA oraz
edytowanie draftu manuskryptu.
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htps://dol.org/10.1016/j.ceramint.2023.02.018; (MNiSW 100 pkt.)

Obejmowal przeprowadzenie badan dyfrakcji rengenowskicj (XRD — X-ray diffraction)
1 analize wynikow.
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Obejmowat przeprowadzenie badan spektroskopii w podczerwieni z transformacja Fouriera
(FTIR - Fourier Transform Infrared spectroscopy) i analize wynikdw badan.
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Obeimowal przeprowadzenie badan dyfrakeji rengenowskiej (XRD — X-ray diffraction) i
przeprowadzenie badan spektroskopii w podezerwieni z transformacja Fouriera (FTIR - Fourier
Transform Infrared spectroscopy).
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