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Abstract

In the dissertation presented here, a hybrid approach was used to obtain layers
containing the Ti3Au phase, enabling new potential biomedical applications for materials
modified in this way. The process involved the use of both an electrochemical deposition
techniques to deposit gold Au onto titanium Ti and Ti13Zr13Nb alloy, and subsequent laser
microalloying to obtain a multilayer surface enriching the base material in Au. The obtained
samples were then analysed in order to determine the composition and characteristics of the
microstructure and functional properties.

In the course of the study, research techniques such as light microscopy, atomic force
microscopy, scanning electron microscopy, transmission electron microscopy, backscattered
electron diffraction, X-ray diffraction, contact roughness measurement methods, wettability
measurement, corrosion studies including electroimpedance spectroscopy, as well as
tribological studies, nanohardness studies and cytotoxicity studies were used. Empirical studies
were preceded by numerical simulation of heat flow and nanoindentation.

The results of this study showed that the hybrid approach was effective in producing the
TisAu phase, and that the gold enriched materials produced by this original method had
desirable properties such as high biocompatibility, corrosion resistance, and better tribological
properties than the base materials used for this study. This research has the potential to
contribute to the development of new materials for use in the field of biomedicine.
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Streszczenie

W prezentowanej pracy doktorskiej zastosowano podejscie hybrydowe w celu
uzyskania warstw zawierajacych faze TizAu, co umozliwia nowe potencjalne zastosowania
biomedyczne materiatow w ten sposdéb modyfikowanych. Proces obejmowatl wykorzystanie
elektrochemicznego osadzania zlota Au na powierzchni materiatéw - tytanu Ti 1 jego stopu
Til3Zr13Nb, a nast¢pnie mikrostopowania laserowego do uzyskania wielowarstwowej
powierzchni wzbogacajac materiat bazowy w Au. Uzyskane probki poddano nastepnie analizie
w celu okres$lenia sktadu chemicznego, charakterystyk mikrostruktury oraz wilasciwosci
uzytkowych.

W trakcie realizacji pracy wykorzystano takie techniki badawcze jak mikroskopia
Swietlna, mikroskopia sit atomowych, skaningowa mikroskopia elektronowa, transmisyjna
mikroskopia elektronowa, dyfrakcja elektronow wstecznie rozproszonych, dyfrakcja
rentgenowska, kontaktowe metody pomiaru chropowatoséci, pomiar zwilzalno$ci, badania
korozyjne, w tym spektroskopia elektroimpedancyjna, a takze badania tribologiczne, badania
nanotwardosci oraz badania cytotoksycznosci. Badania empiryczne poprzedzono symulacja
numeryczng przeplywu ciepta i nanoindentacji.

Wyniki badan wykazaty, ze podejscie hybrydowe pozwolito na wytworzenie fazy TizAu, a
materialy wzbogacone w ztoto wytworzone tg oryginalng metoda miaty pozadane wtasciwosci,
takie jak wysoka biokompatybilnos¢, odpornos¢ na korozje¢ i lepsze wlasciwosci tribologiczne
w poréwnaniu do materiatow bazowych uzytych do badan. Wyniki przedstawionej pracy
doktorskiej moga potencjalnie przyczyni¢ si¢ do opracowania nowych materiatow do

zastosowania w dziedzinie biomedycyny.
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Streszczenie poszerzone

Streszczenie zawiera w szczegélnosci odpowiednio: zakres, cele i tezy rozprawy, opis
przedmiotu badan, gléwne wyniki i wnioski, najwazniejsze schematy, rysunki, wykresy,

tabele.

Przedstawiona praca doktorska skupia si¢ na hybrydowym wytwarzaniu nowoczesnych
materialdw mogacych znalez¢ zastosowanie w sektorze materialtdow biomedycznych.
Dysertacja koncentruje si¢ na zastosowaniu nakladania elektrochemicznego warstwy zlota,
a nastepnie powierzchniowej obrébce laserowej materiatlu z powloka w celu wytworzenia na
powierzchni mikrostruktury wielofazowej. Zastosowane materiaty wyjsciowe, tytan Ti Grade
IT oraz jego stop Til3Zr13NDb sa szeroko stosowanymi materiatami wykorzystywanymi do
biomedycznych zastosowan w organizmie ludzkim. Przeprowadzony przeglad literatury
wskazuje na szerokie zastosowanie stopoéw tytanu wynikajace z ich dobrej odpornosci na
korozje poprzez szybko tworzaca si¢ (aczkolwiek niestabilng) warstwe pasywna, dobre
wlasciwosci mechaniczne w stosunku do gestosci, co pozwala na zmniejszenie masy wyrobow
oraz ogdlng dobrg biokompatybilno§¢ w poréwnaniu do innych metalicznych materiatow
biomedycznych. Wadami stopow tytanu jest natomiast staba odporno$¢ na $cieranie,
powodowanie artefaktow w trakcie obrazowania za pomocg rezonansu magnetycznego oraz
wymagajaca poprawy odpornos¢ korozyjna. Zioto jest znanym metalem szlachetnym
wykorzystywanym w przemysle jubilerskim. Ztote wypetnienia i elementy protez byty rowniez
szeroko stosowane w protetyce stomatologicznej w ubiegtym stuleciu. Wspotczesnie ztoto jest
rowniez popularne w medycynie jako skuteczny system dostarczania lekow. Z punktu widzenia
mechaniki protez, gtbwng wadg zlota jest jego wysoka gestos¢ 1 masa, a takze niska twardosc.
Jednak potaczenie ztota oraz tytanu w odpowiednich proporcjach z uzyciem obrobki laserowe;,
moze doprowadzi¢ do wytworzenia fazy, ktéra bedzie charakteryzowata si¢ wlasciwosciami
pozadanymi dla potencjalnych implantow dlugotrwatych, a wigc lepsza niz materiat bazowy
twardoscia, nizszym zuzyciem trybologicznym oraz lepsza odpornoscia korozyjna przy
rownoczesnie niskiej cytotoksyczno$ci. Najwazniejsze wady, zalety a takze mozliwosci
ptynace z zastosowania podejscia wykorzystanego w pracy doktorskiej zostaty przedstawione

narys 1.
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ochrong nawet w przypadku uszkodzenia powierzchni materiatu o duzej odpornogei na korozje,

- utworzenie fazy p-Ti;Au, uwazang] wyjatkowej biokompatybilnosci i diuzszej Zywotnosei
za najtwardszg znang we wspolezesnej inzynierii produktu niz w dotychczas stosowanych rozwigzaniach
medycznej - kontrola ilosci zlota na powierzchni

- wartos¢ pola indukcji magnetycznej zblizona odpowiedniej dla danego zastosowania

do zywej tkanki

Rysunek 1. Diagram uzasadnienia celow oraz mozliwosci uzasadniajacych podjecie badan w

ramach realizowanej pracy

Celem zaplanowanych badan byta ocena wplywu stopowania laserowego tytanu Ti oraz
jego stopu Til13Zr13Nb pokrytych mikrometryczng warstwa ztota na strukturg i wlasciwosci
powierzchni tych materialow do dalszych zastosowan biomedycznych. W zakres prac
badawczych  wlaczono  w szczegdlno$ci, okreslenie  warunkow  niezbednych do
elektrochemicznego osadzania zlota na tytanie i jego stopach, oraz okre§lenie wplywu
laserowego stopowania na zjawiska zachodzace w obrebie warstwy wierzchniej, nastgpnie
wskazanie warunkéw pozwalajacych na wytworzenie oczekiwanego sktadu fazowego warstwy
modyfikowanej. Ocena uzyskanych materialow odbyta si¢ z wykorzystaniem szeregu technik

badawczych wykorzystywanych w dyscyplinie inzynieria materiatowa takich jak, badania

8
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technikami mikroskopii $wietlnej, elektronowej oraz sit atomowych, badania dyfrakcji
rentgenowskiej, testy odpornosci na korozje, ocene wilasciwosci mechanicznych takich jak
nanotwardos$¢, chropowatos¢, zuzycie $cierne. Dokonano rowniez oceny cytotoksycznos$ci
otrzymanych materialdéw. Dodatkowo w celu okres§lenia modelu oddziatywania wigzki lesera
Z wytworzong warstwa powierzchniowg postuzono si¢ analizag numeryczng.

Zaplanowane badania eksperymentalne obejmowaty przygotowanie powtoki zlota o
grubosci okoto 2 um natozonej na kazdy z materiatlow bazowych (Ti1 Ti13Zr13Nb) za pomoca
procesu elektrochemicznego. Szczegodty procesu osadzania powloki, takie jak rodzaj elektrolitu
czy gestos¢ pradu, zostaly okreslone i1 zoptymalizowane, aby uzyskac jednolita i przylegajaca
powloke ztota. Po natozeniu powloki Au, pokryte materialy zostaty poddane mikrostopowaniu
laserowemu z zastosowaniem zmiennych parametrow procesu. Parametry i sam proces
stopowania laserowego zostaly dobrane, aby osiggna¢ jednorodng pod wzgledem sktadu
chemicznego i fazowego warstwe wierzchnig materialu wzbogaconego w Au.

Wybrane parametry obrobki laserowej zostaty poddane wnikliwej analizie materiatoznawcze;j.
Badania obejmowatly analize¢ numeryczna, mikroskopi¢ $wietlng, skaningowa mikroskopi¢
elektronowa (SEM), transmisyjng mikroskopi¢ elektronowa (TEM), dyfrakcje elektronow
wstecznie rozproszonych (EBSD), dyfrakcje rentgenowska (XRD), testy zwilzalnosci,
odpornosci na korozje, badania trybologiczne, badania cytotoksycznosci i testy nano-twardosci.
Wyniki tych badan zostaty wykorzystane do porownawczej oceny wiasciwosci materiatdéw w
stanie wyjsciowym, po natozeniu powtoki oraz po stopowaniu laserowym. Plan badan w postaci

diagramu zostat przedstawiony na Rys. 2.
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Plan badan

Osadzanie I= 0 3 A dm? I:EM
Elektrochemiczne =293 K

P =75-125W
Vs=1-3mm/s
Stopowanie
Laserowe
Wariant 1 Wariant 2 Wariant 1 Wariant 2

(Vs=1mm/s) (Vs=15mm/s) (Vs=2mm/s) (Vs=3mm/s)

Rysunek 2. Schemat prowadzenia eksperymentu

Odpowiednio przygotowane - wypolerowane, umyte i odtluszczone probki tytanu wytrawiono
we wrzacym roztworze kwasu solnego (HCI) (50% v/v). Bezposrednio przed procesem
ztocenia, wytrawione probki polaryzowano katodowo przez 10 minut w 1 molowym roztworze
kwasu siarkowego (H2S0a), w celu catkowitej redukcji tlenku tytanu obecnego na powierzchni
probki. Proces ztocenia przeprowadzono przy uzyciu pradu statego o natezeniu 0,3 A dm™
w komercyjnej kapieli galwanicznej z wykorzystaniem urzadzenia KIKUSUI PWR 800H

(Kikusui, Yokohama, Japonia). Schemat procesu osadzania zostat przedstawiony na rys. 3
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(-) Katoda
(+) Anoda
Kapiel
Galwaniczna
Pt P
Prébka
Mieszadlo
magnetyczne

Rysunek 3. Schemat osadzania galwanicznego ztota

W kolejnym kroku probki poddano obrébee laserowej. Eksperyment wykonano przy uzyciu
urzadzenia Trumph TruDisk 3302 opartego na neodymowym Nd: Y3AI5012 laserze o cigglym
modzie pracy z wigzkg w ksztalcie typu flat-top o dlugosci fali 1030 nm. Na podstawie
symulacji numerycznej oraz eksperymentalnie dobrano energi¢ wigzki uktadu, ktora pozwalata
na kontrolowane przetopienie materiatu obrabianego. Eksperymenty prowadzono w atmosferze
gazu ochronnego - argonu. W celu uzyskania jednolicie przetopionej warstwy (co wymaga
stopienia obu sktadnikow o réznych temperaturach topnienia, odpowiednio 1668°C dla Ti i
1064°C dla Au) o grubosci nieprzekraczajacej 10 pm, zastosowano wigzke rozogniskowana
+10mm. Zastosowanie rozogniskowanej wigzki zmienia rozklad ciepta, a tym samym
modyfikuje réwniez zmiany w mikrostrukturze i Kkinetyce przemian fazowych.
Rozogniskowanie powoduje, ze probka nagrzewa si¢ wolniej, na wigkszym obszarze ale na
mniejszej glebokosci. Z uwagi na fakt, ze konwekcja w krystalicznych ciatach statych
charakteryzujacych si¢ zwartym wypelnieniem przestrzeni jest utrudniona i zachodzi wylacznie
w jeziorku przetopu, mozliwym stato si¢ uformowanie fazy TiAu na pozadanej (kontrolowane;j
parametrami 1 rozogniskowaniem wigzki) glebokosci. Wyzsze stezenia Au bylo obecne
przypowierzchniowo, a w miar¢ wnikania do rdzenia materiatu stgzenie Ti wzrastalo
gradientowo. Schemat procesu obrobki laserowej oraz reprezentatywny model objgtosciowy

wykorzystany do symulacji numerycznej zostat przedstawiony na Rys 4.
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Scan Direction

—
]
S

7mm 2 Mm

50 pm 2 pm

Rysunek 4. Widok probki Ti-Au: a) powierzchnia po wykonaniu mikrostopowania laserowego
b) schemat obrobki laserowej c¢) reprezentatywny element objetosciowy (RVE) probki do
analizy metoda elementoéw skonczonych. Schematy w b i ¢ nie sa proporcjonalne (o$ pionowa
jest znacznie rozciggnigta w stosunku do osi poziomej), aby umozliwi¢ wtasciwg widocznosé

pokrytej cienkiej warstwy

Wiyniki ilo$ciowych analiz EDS wykonane po przeprowadzeniu eksperymentu potwierdzity
zmiany sktadu chemicznego w wyniku przetopienia probek na bazie tytanu i oznaczonych
TiAu 1 mm/s, TiAu 1,5 mm/s, oraz na bazie stopu tytanu i oznaczonych Ti13Zr13NbAu 2 mm/s
oraz Ti13Zr13NbAu 3 mm/s. Na prezentowanych obrazach mozna wyrdzni¢ kilka gléwnych
obszaréw zmian koncentracji. Wyniki otrzymane dla probki TiAu 1.5 mm/s, gdzie widoczne
s cztery obszary o roznych koncentracjach pierwiastkow zostaly zaprezentowane na Rys. 5.
W regionie 1 stosunek koncentracji atomow Ti do Au jest bliski wartosci oczekiwanej dla fazy

TizAu.

12
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TiAu 1.5mm/s

0. _9109
1. at%: Au-21% 6. at%: Au-~22 %

- 0,
Ti~79 % T
2. at%: Au-11%
Ti~89 % 7. at%: Au-15%
Ti-85%
3.at%: Au~-8% 8. at%: Au-4%
h=12% Ti- 9 %

4. at%: Au-5%
Ti-95%

5. at%: Ti ~ 100 %

10 um Mag= 5.00K X Signal A=NTS BSD
P

EHT =20.00kV__ WD = 10.5 mm

Rysunek 5. Wyniki ilo$ciowej analizy EDS dla probki TiAu 1,5 mm/s

W przypadku grupy probek opartych na Til3ZrI3Nb zmiany sg bardziej niejednorodne, a
obszary o podobnej koncentracji Au trudniejsze do wyznaczenia. Dla przedstawionej na Rys. 6
probki Til3Zr13NbAu 2 mm/s mozna wyroznié trzy obszary, w ktorych zawarto$¢ Au maleje

od wartos$ci maksymalnej (ok. 14 at%) do 4 at%.

Ti13Zr13NbAu 2 mm/s

1. at%: Au~14%

5. at%: Au~13 % Ti~71%
Ti~72% Zr~9%
Zr~85% Nb~6 %
Nb~6.5 % 2. at%: Au~6%

6. at%: Au~9 % Ti~79.5%
Ti~76 % Zr~6%
Zr~T7% Nb~85%
Nb~8% 3.at%: Au~4%

7. at%: Au~7 % Ti~80.5%
Ti~77.5% Zr~6%
Zr~65% Nb~9.5 %
Nb ~ 9% [ — B oo Woesomm | 4 at%: Ti~85%

Zr~7%
Nb~8%

Rysunek 6. Wyniki ilo§ciowej analizy EDS dla probki TiAu 1,5 mm/s

Do badan odpornosci tribologicznej uzyto tribometru CSM w celu wykonania proby zuzycia

metoda ball-on-plate. Jako przeciwprobke zastosowano kulke ZrO; o $rednicy 5,6 mm. Badania
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przeprowadzono w roztworze Ringera (NaCl - 8,6 g/cm3, KCI - 0,3 g/cm3, CaCl> x 2H»0 -
0,33 g/cm®) w temperaturze pokojowej i pH 7.4. Test zuzycia przeprowadzono z amplituda 4
mm przy obcigzeniu 2 N i czgstotliwoscig 1,25 Hz w ilosci 2500 cykli 1 szybkosci akwizycji
rownej 4,0 Hz. Warunki testu zgodnie z literaturg odpowiadaty symulacji fizjologicznego
chodu. Warto$¢ wspotczynnika tarcia COF obliczono na podstawie danych, ktore zostaly
pobrane podczas eksperymentu.

Na rys. 7 odnoszacym si¢ do badania grupy probek na bazie Ti przy zalozonych parametrach
badania, z wykresow zaleznosci COF od czasu wida¢, ze dla zlota osadzonego
elektrochemicznie i niepoddanego obrobce laserowej, warstwa ztota $ciera si¢ po okoto 250s,
po czym COF systematycznie wzrasta, az do osiagnigcia COF rownego 0,35, bliskiego
parametrom TiAu 1,0mm/s 1 1,5mm/s. Ponadto COF osiagnigty przez czysty Ti jest najwyzszy
(0,48), co s$wiadczy o Sszybszym zuzyciu materiatu. Probki poddane obrobce laserowe;j

ustabilizowaty si¢ na podobnym do siebie poziomie (Srednio 0,40).

Ti
08— S f
TiAu 1.5 mm/s
07 TiAu 1 mm/s
' Ti+Au

COF

0.0

. : , : :
0 500 1000 1500 2000
Time [s]

Rysunek 7. Wykres zaleznosci wspotczynnika tarcia od czasu dla probek o podtozu z Ti

Ponad to, w testach cytotoksycznosci, wigkszo$¢ z badanych materiaty nie wykazato gorszej

biokompatybilnosci od kontrolnej powierzchni plastiku hodowlanego (dotek ptytki
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polistyrenowej, format 6-well, Sarstedt). Wyjatkiem moga by¢ probki oznaczone numerami 1
15 (Tab. 1.), gdzie ilo$¢ zliczonych komoérek na skanowang powierzchni¢ byta mniejsza od
nietraktowanej kontroli (K). Pozostale materiaty wykazuja zgodno$¢, co do braku toksycznosci

wobec prawidtowej linii fibroblastow ludzkich NHDF (Rys. 8).

Wzrost komorek NHDF na materiale,
inkubacja 48 h

s NHDF

= kontrola

Konfluencja wzgledem kontroli [%]
w

Probka

Rysunek 8. Gestos¢ komoérek NHDF na materiatach, 48 h inkubacji. Wyniki ze zliczen jader
komorkowych ze skanowanej powierzchni. Wyniki przedstawiono jako procentowg zmiang
wzgledem populacji kontrolnej; srednia z 3 eksperymentow +/- SD

Tabela 1. Oznaczenie probek w testach cytotoksyczno$ci

nr 1 2 3 4 5 6 7 8
probka Ti Ti + TiAul | TiAu 1.5 | Til3Zr13Nb | Ti1l3Zr13NbAu | Til3Zr13NbAu | Til3Zr13Nb
Au mm/s mm/s + Au 2 mm/s 3 mm/s

W 48-godzinnym teécie wzrostu i tworzenia biofilmu na materiatach mozna stwierdzi¢,
ze modyfikowane powierzchnie nadajg si¢ do aplikacji in vitro, poniewaz efekty wzrostu
nie zostaly obnizone ponizej wartosci 70% ilosci komorek kontrolnych (hodowanych
na polistyrenowych plastikach kontrolnych). Wszystkie czynnosci i badania wykonywano
w warunkach sterylnych, zgodnie z wytycznymi oceny cytotoksycznosci wg normy ISO 10993-
5 dla biologicznej ewaluacji materiatdw medycznych za pomoca testow in vitro. W przypadku
braku obnizenia frakcji przezywajacej ponizej 70 % kontroli nie uznaje si¢ wptywu badanego

materiatu jako cytotoksycznego.
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Badania zawarte w pracy doktorskiej nad wytworzeniem materialu prezentujacego
cienkg warstwe powierzchniowa wzbogacong w Au na bazie materiatu stosowanego w
medycynie i kardiologii - Ti i jego stopu nowej generacji Til3Zr13Nb, pozwolily na
sformutowanie nastgpujacych wnioskoéw:

1. Tytan i jego stopy maja silng tendencj¢ do tworzenia niejednorodnej, niestabilnej warstwy
pasywnej ztozonej z tlenkdw, co wymusza stosowanie trawienia bezposrednio przed procesem
elektrochemicznego osadzania zlota.

2. Skiad kapieli trawiacej, czas trawienia oraz temperatura kapieli maja decydujacy wptyw na
chropowato$¢ i topografie materiatu. W celu zapewnienia odpowiednio niskiej chropowatosci
(zbyt wysoka chropowato$¢ moze spowodowac lokalne spowolnienie przeptywu krwi i w
konsekwencji sprzyja¢ powstawaniu skrzeplin), dobor parametréw procesu prowadzono tak,
aby uzyska¢ materiat o docelowej chropowatosci nizszej niz Ra = 1,04 um - odpowiadajace;j
chropowato$ci obwodowej naczynia wiencowego. Elektrochemiczne osadzanie zlota skutkuje
niewielkim spadkiem Ra dla Ti i wzrostem Ra dla materiatu Ti13Zr13Nb, ale nie uwidoczniono
wzrostu chropowato$ci powyzej zatozonej wartosci.

3. Numeryczna analiza przeplywu ciepta pozwolila na wstgpng ocene osigganej temperatury
podczas obrobki laserowej, pozwalajac na stwierdzenie, ze przy wybranych parametrach
zardwno materiat podtoza, jak i powtoki (Au) znajdowaty si¢ w stanie ciektym, umozliwiajac
dynamiczng wymian¢ masy mig¢dzy sobg w wyniku ruchéw konwekcyjnych. Zjawisko to
potwierdzono w badaniach przy uzyciu mikroskopii §wietlnej oraz elektronowe;.

4. Dobor parametrow procesu z wykorzystaniem obrobki laserowej pozwolit na ustalenie okna
parametrow zapewniajacych dobrg jakos¢ powtoki po przetopieniu (uniknigcie z jednej strony
peknie¢ pod wplywem naprezen hartowniczych i zbyt intensywnej konwekcji czastek ztota
uniemozliwiajgcej koncentracje stechiometryczng pozwalajaca na krystalizacje fazy TisAu,
a z drugiej strony zbyt niskiego przetopienia i braku kontroli przetopienia). Wykazano, ze
najlepsza jako$¢ powloki uzyskuje sie przy mocy wigzki P = 100 W, predkosci skanowania
wiazki = 1-3 mm/s i rozogniskowania wigzki + 10 mm.

5. Analiza z wykorzystaniem szerokiej gamy technik mikroskopowych zaré6wno w postaci
obserwacji obrazu, jak i1 okreSlenia sktadu fazowego, analiza XRD pozwolily na oceng
poszczegbdlnych obszarow przekroju poprzecznego uzyskanych warstw. Po obrobce laserowe;j
otrzymano wielowarstwowe warstwy o réznym stezeniu —ztota Au. Obecnos$¢ fazy B-TisAu w

postaci drobnych krystalitéw ujawniono réwniez w analizie EBSD i TEM.
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6. Badania zwilzalnosci powierzchni wskazaly na wzrost warto$ci kata zwilzania w kierunku
hydrofobowosci po kazdym kolejnym etapie obrobki materiatu, jednak ostatecznie otrzymana
powierzchnia nadal znajduje si¢ w zakresie hydrofilowym, co ma szczegdlnie pozytywne
znaczenie dla mozliwosci zastosowania materialu do celéw biomedycznych.

7. Badania odpornos$ci na korozj¢ generalnie wskazywaty na poprawe wtasciwos$ci korozyjnych
probek wzbogaconych w ztoto. Badania technikami EOCP, analiza krzywych Tafela oraz EIS
pozwolity na korzystng ocen¢ materiatu pod wzgledem zachowania korozyjnego. Nalezy
jednak zwrdci¢ uwage na spadek odpornosci korozyjnej w przypadku lokalnych zmian
koncentracji ztota charakterystycznych dla wariantu Til13Zr13Nb 3 mm/s, w ktorym taka
zmiana koncentracji prowadzi do powstawania mikroogniw korozyjnych.

8. Badania odpornosci tribologicznej w warunkach obcigzen imitujacych fizjologiczny chod
wykazaly zmniejszenie wspotczynnika tarcia COF, dla wariantow probek z podtozem Ti, jest
to niewatpliwie zwigzane z kombinacjg obrobki laserowej i obecno$cig fazy TisAu
chrakteryzujacej si¢ lepszymi wtasciwosci tribologicznymi oraz wyzszg twardo$cig. Natomiast
dla probek z podtozem Ti13Zr13Nb nastepuje wzrost COF, co nie jest korzystne. Powtoka Au
bez obrobki laserowej Sciera si¢ po 250 s eksperymentu.

9. Badania nanotwardosci, podobnie jak analiza numeryczna nanotwardo$ci, wykazaly wzrost
twardosci dla probek poddanych obrébce laserowej posiadajacych w swoim skladzie fazy
TisAu. Zasadna wydaje si¢ dalsza optymalizacja procesu w celu maksymalizacji udziatu TisAu
w skladzie powtoki.

10. Testy cytotoksycznosci nie wykazaty toksycznego wptywu materialbw badanych na

przezywalnos¢ komorek posianych na ich powierzchni.

Badania przeprowadzone w niniejszej rozprawie pozwalaja tym samym na pozytywna oceng
materialu zar6wno pod wzglegdem wiasciwosci mechanicznych jak 1 biologicznych oraz
otwierajg droge do dalszych analiz zgodnie z normg PN-EN 10993-1:2010, "Biologiczna ocena

wyrobow medycznych - Cze$¢ 1: Ocena 1 badania w procesie zarzadzania ryzykiem".

1.Introduction

“We have to remember that what we observe is not nature in itself but
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nature exposed to our method of questioning.”

— Werner Heisenberg

In the second half of the 18th century, the British chemist, clergyman and educator Joseph
Priestley isolated substances such as oxygen, ammonia, sulphuric acid and hydrogen chloride
through his research work. In 1772, Priestley synthesized nitrous oxide (N20). Initially used as
a "laughing gas", the new substance was spread mainly at fairs for entertainment shows. At the
time, it was unimaginable that this compound, along with chloroform (CHCI5) and diethyl ether
((C2Hs)20), would revolutionize medicine in the future [1,2].

Here, more than 60 years later in the span of four years (1844-1847), Horace Wells, William
Morton, and James Simpson performed the first painless operations on their patients, the
success of which reverberated throughout a world previously filled with pain and fear of
surgical intervention. Bertrand Gosset described the history of surgery and its origins in 1956
in the following words: “The history of surgery is the history of the last 100 years, which started
in 1846 with the discovery of narcosis and the possibility of no — pain operation. Everything,
which was before, is just a night of ignorance, pain and barren groping in the dark™ [3,4].

The possibilities created by anaesthesia were the catalyst for the development of surgery, and
it is thanks to this that we know the field in its present form. As surgeries become more
extensive and attempts to treat complex conditions increase, there is a need for a specific supply
of specialized instruments and materials that have the ability to replace malfunctioning parts of
the patient's body. Nowadays, an interdisciplinary research team made up of specialists from
various fields is responsible for the success of a treatment. Only the synergistic action of several

branches of science has the potential to advance the current state of knowledge.

In addition to the rapidly developing biotechnology, attempts to ‘grow' organs using stem
cells or genetics, the engineering of biomedical materials is also finding its place. Thanks to
archaeological discoveries, it is known that the first attempts at prosthesising lost limbs and
even the beginnings of successful open cranial operations (trepanation) were already made in
the Neolithic period [5], however, the conscious shaping of chemical and phase structure, or

the in-depth knowledge of human anatomy, is certainly attributable to our time.
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An achievement similar to the discovery of anaesthesia, which will change the face of science
forever in the current state of knowledge, is unattainable, but during the work on this
dissertation, the guiding Authors’ thought was to push the current state of knowledge at least a
small step forward, to make the world at least a little more patient-friendly.

The aim of the planned research was to assess the impact of laser microalloying on
titanium base material coated by gold on the structure and properties of selected - most
sensitive for cytotoxicity of biomedical materials® surfaces. The combination of this type of
treatment with the production of advanced thin multiphase/multilayer electrochemical coatings
will allow us to obtain a gradient of the concentrations of the phases/mixtures constituting the
coating as a function of depth from the surface. The proceeding will also improve the adhesion
of the substrate-coating layer, which will ensure an increase in the durability of biomedical
implants and significantly extend the product's lifetime in the working environment (organism).
This state will be achieved without causing adverse reactions of the immune system, such as
metallosis or thrombosis [6,7]. Moreover, the application of the multilayer coating will ensure
appropriate operating conditions even in the case of incorrect implantation with partial damage
to the surface, which so far has made the success of the implantation dependent on the operator's
skills [8].

The purpose of the research project is to apply surface enriched layers using laser
microalloying in two different variations, which is the original method for improving the
connection between gold and titanium. The tests will be conducted on two base materials using
a range of parameters. The best performing parameters for each base material will be carefully
characterized and tested for their potential utility properties.

Specific objectives of the dissertation:

- Definition of the conditions necessary for the electrochemical deposition of gold on
titanium and its alloys, due to the rapid formation of oxides on the titanium surface, the
deposition will require a strictly defined procedure.
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- Definition of the influence of laser alloying on the surface phenomena within the surface
layer, indication of the conditions under which the most advantageous intermetallic
composition is formed using TEM and XRD technics

- Evaluation of the obtained materials: corrosion resistance, description of the mechanical
properties, visualisation of the surface through the scanning electron microscopy SEM and
transmission electron microscopy TEM

- Checking the biological response through cytotoxicity tests as the most critical factor for
future technology implementation and as a first step in the assessment of the properties
according to 1ISO 10993-1:2018 - Biological evaluation of medical devices - Part 1: Evaluation

and testing within a risk management process) [9-13].

2.State-of-the-art.

2.1. Biomedical materials

Due to the specific working environment, the materials used for medical implants require
strictly defined physical and chemical properties. The criteria according to which medical
devices are designed and tested stem from the desire to maximise the usefulness of the implant
in the working environment, but above all to ensure the patient's safety [12]. Depending on their
exact purpose and chemical nature, materials used for medical purposes must be designed to
withstand factors such as corrosion, continuous and cyclic loading, repeated bending, abrasion
(tribological resistance), protein adsorption or fluid absorption. They must have the lowest
possible thrombogenicity (tendency to clot), calcification (calcification due to deposition of
calcium salts in the soft tissues and on the surface of the material), minimal cytotoxicity and
adequate magnetic and electrical properties. They must therefore be as immunologically
inactive as possible [10,14,15]. The most common way of shaping the best properties is to
model the specificity of the replaced tissue, allowing the biophysical contact bond to be realised
and the load transfer to be as smooth (non-stiff) as possible. The set of criteria for evaluating a
material's suitability for medical purposes is referred to as biocompatibility in the literature.

This characteristic determines how well the material functions in the tissue environment, which
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is expected to be a stable state, although in practice it is often found to be an asymptotic variable
[6].

Over the years, chemical elements from almost every position on the periodic table (Tab.
1) have been and continue to be used for medical applications. These include pure metals and
their alloys, polymers and ceramics, as well as inclusions that act as alloying elements to

stabilise the material, e.g., in a particular area of the phase system, or to improve corrosion

resistance.
1 8
H 2 3 14 15 16 17 He
Li | Be B | C| N | O | E | Ne
Na | Mg 4 6 7 8 9 10 11 12| Al |[Si|[P | S| cCl |Ar
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Figure 1. Periodic table of elements used in biomedical sciences (bold and underlined) including

their nature: metals, semi-metale, non-metale, noble gases [16,17]

2.1.1. Metals used in medicine

Metals and their alloys are used in almost every branch of medicine involving direct and
indirect reconstructions, both as implants and surgical instrumentation. A metal is a chemical
element that, in solution, undergoes a process of ionisation into cations (positively charged

ions), meaning that it releases electrons during the ionisation process. As elements, metals
occupy about two-thirds (g) of the periodic table. The decisive factor affecting the reactivity

and physical properties of metals is their ability to exist as stable, free and positively charged
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ions. The second important group of elements is the semi-metals. Although they do not always
form positive ions, they have good electrical and conductive properties, making them
components of many alloys used successfully in medicine [9].

The most common metallic materials can be broadly classified into consecutive and
property-differentiated groups: Austenitic Cr - Ni - Mo steels, cobalt matrix alloys, titanium
alloys and Ni - Ti shape memory alloys, the so-called Nitinols. In addition to the different
properties that determine their specific application, they are characterised by different
biotolerance. The applicability of each group has been described and strictly defined by their
respective PN - ISO, ASTM, DIN, ISO and other standards, which require manufacturers of
these products to maintain high standards in terms of both quantity and quality of critical
factors, i.e. mechanical and physical characteristics, chemical and/or phase composition and

electrochemical properties [12,18,19].

2.1.2. Tiand its alloys

Today, titanium alloys are the most widely used metals because of their special properties,
which meet the criteria for biocompatibility in a way that is unattainable for other materials.
These include, in particular, high corrosion resistance in a tissue environment, low density with
appropriate mechanical properties, paramagnetic properties, low electrical and thermal
conductivity and inertness to the biological environment. In addition, the ability to lower the
longitudinal modulus of elasticity (Young's modulus) is important for implants that work with
bone [11,13,19,20].

The most widely recognised titanium alloy is Ti6AI4V. It has been used clinically in the last
century and even today, but today it is avoided for long-term implants because of the risk of the
release of the toxic elements vanadium and aluminium when it is used. Due to this fact,
‘'vanadium- and alumina-free' alloys are more readily used. These are alloys such as Ti6AI7Nb
(ASTM F1295 standard), Ti1l3Nb13Zr (ASTM F1295 standard) or Til2Mo6Zr ( ASTM F1813
standard) [21-23]. The ability to spontaneously generate a passive layer and thus have good
corrosion resistance, as well as a high strength-to-density ratio, are two of the most distinctive
characteristics of superior behavior in titanium [24]. But easily formed passive layer can contain
imperfections (inclusions and discontinuities—weak spots) that might lead to the onset of

corrosion; therefore it does not completely guarantee corrosion protection [25]. The
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fundamental drawback of titanium is also its low wear resistance, which is often worse than
that of other metallic biomaterials [26]. It might cause the surface to deteriorate, release
elements, and accumulate corrosion products, which would result in metallosis [27]. According
to Salem et al. [28], Titanium implant components are more likely to cause metallosis than
cobalt-chrome implant components. As a result, altering the titanium implants' surface
characteristics is still acknowledged as a key means of enhancing biocompatibility [29]. To
improve the state of pure titanium, several surface alterations including ion implantation,
plasma treatment, and chemical etching, physical vapour deposition (PVD) and atomic layer
deposition (ALD) coating deposition methods are being used [26,27,29]. With the pursuit of
newer and better solutions, and the increasing availability of laser techniques, this dissertation
focuses on the application of coatings and subsequent laser alloying of coatings to produce

competitive/better coatings than those already available in medicine.

2.1.3. Gold additives and coupling with Ti

The remedy for the previously described problems with titanium may be the use of a precious
element, which is gold. This element has a long history of usage in the jewellery business as a
valuable metal. Research has proven the widely held belief that it does not cause allergies when
it comes into contact with the human skin and has also demonstrated its great biocompatibility
and advantageous characteristics [30,31]. In the last century, gold fillings and denture
components were also frequently employed in dental prostheses. Due to their extremely low
corrosion rate, they continue to play a significant role in dental prosthetics today [32]. The use
of gold as a precious metal seems to be an excellent option that has the potential to considerably
increase the utility of titanium in biomedical applications. This is made feasible by the qualities
of gold, including its biocompatibility, antibacterial property, lack of toxicity, lack of
immunogenicity, and high tolerance without impairing cellular function. Additionally, the use
of gold nanoparticles can benefit from their antioxidant properties, which are internalized in the
cell nucleus [33-35]. The major drawback of gold from the perspective of mechanical
engineering of prosthesis is its high density, pas =19.3 g/cm?®, which results in its weight and
poor hardness. Although it may reach 81 GPa, the Young Modulus is lower than that of
titanium. Other metals have been added to gold alloys as alloying agents to modify the
mechanical properties. Palladium (Pd) and platinum (Pt) increase the solidus temperature, while

non-precious elements like indium (In) and tin (Sn) are added to improve hardness and modify
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the coefficient of thermal expansion of the ceramic components in prostheses. These additives

have been and continue to be popular in gold alloys over the years.

2404 Ti

10 30 50 70 90
Time (min)

Figure 2. Protein adsorption (biofilm) thickness onto gold and titanium diagram.

Studies conducted by Sundgren et. al. [36] indicated that there is a significant difference
between protein adsorption on hydrophilic titanium and hydrophobic gold surfaces (Fig. 2). The
primary distinction is that titanium surfaces tend to generate an extended, loosely packed
protein layer with a tendency to fluctuate over time, whereas gold surfaces tend to form a
narrow, compact protein layer that is consistent with time. The unstable oxide layer of the
titanium passivation layer, among others, intensifies this phenomenon [37]. Employing TiAu
intermetallics may minimise the impact of artificial materials and blood flow patterns on the
clotting system by managing the biofilm layer [36,38]. Furthermore, according to a research by
Kodama et al.[39], using intermetallic compounds made of a diamagnetic element like Au and
a paramagnetic element like Pt can help reduce artifacts brought on by a disturbed magnetic
field close to an imaging target (region) because the metal and the surrounding living tissue
have different magnetic susceptibilities [39]. Surface application of coatings comprising these
metals may be a less expensive option for applications needing a high magnetic field because
the Au-Ti pair is also a diamagnetic and paramagnetic pair (like Au-Pt). Currently, the range of
magnetic induction values for Magnetic Resonance Imaging (MRI) in typical practice is from
1.5 to 3.0T; however, a magnetic induction value of > 3.0T is required for accurate imaging of
microscopic anatomical structures [40,41]. Stracukova et al. [42] explains that artifacts
produced by metallic implants during MRI are attributed to two main factors: 1st.

Susceptibility-related artifacts caused by a disrupted magnetic field at the imaging target site
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due to a susceptibility discrepancy between the metal and the surrounding live tissue. 2nd.
Artifacts caused by the development of a local magnetic field by the electric current created
within the metal as a result of the gradient magnetic field and radiofrequency coil pulse
operating on the imaging target location. While the first cause is unavoidable, the second can
be minimised. Knowing the magnetic induction of living tissues to be -11 to -7ppm, Kodama
et al [39] obtained an approach (in Ti-Pt alloy) to a value of -9ppm, which (apart from copper,
which however presents tissue toxicity) does not occur for any other known metallic material.
This resulted in much less MRI artifacts, particularly under conditions of intense magnetic
excitation. Since the Ti-Au pair is also diamagnetic-paramagnetic, it may be predicted that the
coatings we create would have a similar set of characteristics but need less raw material.
Additionally, the Ti-Au combination satisfies every other material criterion for implants,
particularly those relating to non-toxicity, strong corrosion resistance, and high electric
conductivity. In order to attempt to produce a material or coating consisting of Ti and Au, it is
necessary to trace the phase equilibrium diagram. A studied diagram of the mutual phase ratios
and solid solutions gives us the necessary information about the possible molar concentration
and the potential phases that can be produced in equilibrium state. A stocktaking of the literature

will allow us to answer the question of which phase is of interest in terms of material properties.
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Figure 3. Ti - Au equilibrium diagram scheme [43]

The phase diagram of Ti-Au binary system is presented in Fig. 3. In 2000, Fischer [32]
studied a binary alloy of titanium (Ti) and gold (Au) in which Ti acted as an alloying agent at
a range of 0-10% by weight. He concluded that a cast alloy with a content of 8% or more Ti
was too brittle to be used in prosthetics [32]. 16 years later, Svanidze et al. [31] observed
remarkable mechanical qualities in an intermetallic - TisAu composition that were, in their
opinion, the result of three factors:

- cubic crystal form with a high (14) coordination of Ti atoms and naturally short Ti-Au
bonding.

- high density of valence electrons.

- the development of pseudogaps. In comparison with the two cubic TizAu complexes, the
Ti-Au bond length is smaller for the p-phase (dTi-Au = 2.845 A) compared to the a-phase (dTi-
Au =2.932 A). This prevents dislocation formation and contributes to the high hardness of -
TizAu, which is combined with the more complicated crystallographic environments of Ti and
Au. This 4-fold increase in hardness allows PB-TisAu to be described as the hardest
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biocompatible material known [31]. This indicates a huge potential in Ti-Au system that is still
undiscovered.
The models of elementary unit cells of Ti, Au and the most desirable intermetallic between

those two elements is presented in the Fig. 4. Models were made using Vesta Software.

Hcep -Ti

Figure 4. Elemental unit cells of gold, titanium and the most desirable intermetallic TizAu in
—form

The aforementioned literature studies influenced the decision to fabricate Ti and Au
intermetallic multilayers for biomedical and anti-corrosion applications using laser assistance.
Due to greater control of the passive layer compared to titanium, strong mechanical qualities
mentioned in the literature, and yet relatively good economic ratio, suggested coatings have the
potential to replace already applied coatings (due to achieving material with a thin gold layer

and without platinum).

2.2. Surface engineering in medicine

2.2.1 Surface engineering as key to the tissue-material interface

Designing appropriate surfaces has been a major focus in the design of orthopedic, dental,
cardiac, and neural implants over the past decade. This is due to the close link between surface
roughness and the effect on the sequence of events occurring in the healing process and the
associated 'recovery' of the patient. At the molecular level, roughness affects wettability, which
facilitates the initial interaction of the implant surface with proteins and other molecules. This
also affects platelet adhesion and the process of thrombogenesis. Porous surfaces prolong the
persistence of blood clots at the implant site by physically trapping fibrin particles [20,44-46].
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On the other hand, the high mortality rate associated with cardiovascular problems means
that a number of devices have become commercially available for assisting the heart and
restoring normal coronary vascular function by preventing clots, embolic aneurysms or
managing cholesterol deposits. Such applications require a fundamentally different approach at
the property design level. Any aforementioned platelet adhesion, activation of the coagulation
system or overly effective contact of constantly flowing body fluids with the material is
detrimental or even unacceptable.

Since the usability of the implant is primarily determined by the surface in contact with
living tissue (100-200 um into the bone measured from the implant surface), the surface layers
of the implant should be the primary focus when designing new materials. Modified surfaces
of metallic implants should provide [9,47]:

e durability and functionality of the layer

e high adhesion which excludes the possibility of layer delamination

e homogeneous structure of the entire surface

e thickness small enough not to significantly alter the geometrical features of the object

and to maximise phase homogeneity in the case of diffusion coatings

e resistance to sterilisation

e specific physico-chemical and biochemical properties to provide an appropriate

microstructure or topography to favour the adsorption of organic compounds (e.g.
osteoblasts) resulting in faster osseointegration, i.e. a structural and functional

connection between structured, living bone and the surface of the loaded implant.

Despite the rigor of the material, the implantation of a foreign body into the body is not always
successful. The term "Bone-Implant Interface (BII1)" is a commonly used term that encompasses
all phenomena relevant to successful implantation. Bone is a complex, multi-component system
that evolves over time and is difficult to estimate due to its continuous remodeling. The
phenomena that occur as a result of this are still problematic to determine in vivo. In addition
to an appropriate surface structure, a suitable geometry, which manufacturers have been
constantly refining over the years, often has a decisive influence on the success of treatment.
Additional influences are, of course, individual variability (bone quality, lifestyle), as well as
complications resulting from the actions of the staff (e.g. aseptic surgical conditions) or the
correct fixation of the implant in the implant bed. Both too tight and too loose implant insertion
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can produce unfavourable results. It is assumed that the optimum bone-to-implant contact ratio
(BIC) should be between 60% and 99%. This is important for the secondary stability of the
implant (after remodelling), i.e. several weeks to several months after surgery [8,48,49].

When focusing on modifications to the surface layers of metallic biomedical materials,
particular attention should be paid to material degradation in the form of corrosion damage,
which effectively causes a decrease in functional properties. The decrease in properties is
caused by the impact of the environment on the surface layer of the implant, which is the tissue-
implant contact surface. Damage to the coating, according to well-defined corrosion
mechanisms, can lead to the release of metal ions from the prosthesis into the surrounding
tissues and bloodstream, causing metallosis, a disease entity that is one of the complications
observed in patients treated for osseoarthritis with endoprosthesis [11].

The effect of metal ions entering the bloodstream is toxic to the surrounding tissues and
leads to numerous inflammatory and allergic reactions or, in the worst cases, necrosis. These
conditions, if left untreated, can lead to serious complications and even the need to amputate
the limb. The relationship between the concentration of a chemical element and the response of
neighbouring tissues can be described using a curve (Fig. 5) analogous to the model curve used
in human toxicology, which shows the determination of the LCso as an empirical estimate of
the dose causing the death of 50% of the cells in the population under study [11,50,51].
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Chemical element concentration —D
Figure 5. Relationship between tissue reaction and the concentration of a chemical element
diagram [50]

Surface modification of metallic biomedical materials is performed by a variety of

methods, each of which produces slightly different properties of the final surface.
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Manufacturers of many current implants for medical applications use combinations of the
methods described below to produce a specific structure. This is the result of many years of
research into the effects of micro- and submicro-structure on the response of bone tissue both
during primary and secondary remodelling in the implant locus. The types of surface treatment
used often results in a structure with the appropriate roughness. The first authors to clearly
describe the differences in smooth (Sa< 0.5 um), minimally rough (Sa=0.5- 1 um) , moderately
rough (Sa =1 - 2 um) and rough (Sa > 2 um) surfaces were Wennerberg & Albrektsson [49].
The Sa defined as a roughness measured as the average deviation in height from the surface.
These studies suggest a predominance of roughness defined as medium, but the selection of the
most favourable roughness depends on a number of factors, hence a whole cross-section of
roughness, types of machining and implant systems used are used in manufacturing practice.
Examples of manufacturers and the types of machining they use are shown in the Table 1 below
[8,23,48,49,52].

Table 1. The Implant manufacturers and used surface treatment [52]

Manufacturer Implantation Commercial Surface treatment Processing
system name of the abbreviation
surface

Straumann BL SLA® Surface treatment | SB + AE
Coarse
sandblasting +
etching

Microdent Genius ATEC® Aluminum  oxide | SB (Al203)
sandblasting

Dentsply-Sirona | Astra Tech OsseoSpeed® Titanium oxide | SB(TiOz) +F
sandblasting +
fluoride addition

Avinent OCEAN® Biomimetic® Sandblasting +|SB+Ca+P
Implantation of Ca
and Phosphor ions

Zimmer Biomet | Biomet 3i Osseotite® Double etching 2AE
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Klockner

Vega®

Vega®

Aluminum  oxide
sandblasting +
thermal-chemical

treatment

SB (AlQO3) +
TCT

Ticare

inHex®

RBM TC®

Sandblasting with
resorbable particles

+ double etching

SB (res) + 2AE

Nobel Biocare

NobelReplace®

TiUnite®

Titanium oxide

coating

TiO2

Galimplant

IPX®

Nanoblast®

Sandblasting +
triple etching in an

acidic environment

SB+3AE

At the stage of designing the surface layer and selecting the appropriate treatment, it is useful

to determine which property improvements will be most desirable. The most important

directions for improving properties are given in the Fig. 6 below:
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Figure 6. The Surface modification for the implant — bone relations [44]

2.2.2 Selected methods for modifying surface layers

The main methods of physico-chemically modifying the surface layers that are used in
manufacturing practice are based on well-known operations from other areas of materials
engineering, and when modified appropriately, they are successfully applied. The most
important of these are [9,13,44,53-55]:

Abrasive grinding - Grinding with an abrasive of varying grit size. It makes it possible to vary
the degree of roughness, but because of the impurities introduced by the abrasive, this method
requires a further treatment stage to clean the actual surface. Grinding media of different
gradations, i.e. with abrasive grains of different sizes in their matrix, are used.

Shot blasting, sandblasting - High-pressure spraying of Al;Os, TiO2 or hydroxyapatite
grains/particles to produce a porous structure of material usually 10 - 100 um. This procedure
develops the contact surface with the tissue, which promotes faster integration of the deposited

cells. The grains collide with the surface, imparting a set amount of kinetic energy to it. This
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energy is absorbed by the crystal lattice, causing an increase in the number of lattice defects
and surface melting of the material. The defect structure and melting of the material depend on
the kinetic energy of the grains [56].

Electrolytic polishing, anodic oxidation - Machining methods that can follow abrasive
grinding or blasting to produce a micron (or in some cases even nanoscale) structure. It is the
anodic dissolution of metals by means of an applied electrical voltage. A part of the electrical
charge is deposited on the surface roughness elevations, which smooths out the irregularities.
Electrolytic polishing produces a deformation-free surface without disturbing the crystal
structure. The obtained effects increase with increasing homogeneity of the alloy.

Acid etching - A similar effect to anodic oxidation can be achieved by etching the surface layer
structure with acid. The less homogeneous the structure, the more effective this process is -
different phases dissolve at different rates. Depending on the material to be etched, different
reagents and their mixtures are used to carry out the etching. It is also possible to control the
etching time and temperature of the process. The most commonly used acids for this type of
treatment are: HNO3z, HF, HCI, H2SO4, H3PO4 [55].

Alkaline etching - Similar to acid etching, alkaline etching is a simple technique for modifying
the surface of a material by immersion. The main difference lies in the medium used, a highly
concentrated base. Most commonly, concentrated NaOH is used for Lugging. Analogous to
pickling, the essential parameters for leaching are the time (often in the order of 24 hours) and
the process temperature (in the order of 600°C) . In the case of leaching of titanium alloys, a
1um-thick Na-Ti gel layer with an irregular structure and open extensive pores can be produced.
Passivation - After etching, anodic oxidation, or through spontaneous processes, a passive layer
of oxides or salts forms on the metal surface due to contact with oxygen or another oxidizing
gas. For titanium alloys, the resulting passive layer is tight and well bonded to the substrate
(high adhesion). The response from tissues at the implant site may vary depending on the
chemical composition and alloying elements present. Such responses are summarised in Tab 2
[19,57]

Table 2. Properties of oxides of elements formed on titanium alloys [13]

) Isoelectric point | Solubility at pH 7, Tissue
Element Most stable oxide
pH(I) [mol/L] response
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Ti TiO, 3,5+6,7 3x10° inert
Al Al,O3 8,8+69,5 10® encystment
Nb Nb20s 34+38 ~10° inert
Vv V205 1,5+23 >1 toxic
Zr ZrOs 10,0+ 11,0 <10 inert
Ta Ta20s 2,7+3,0 ~10° inert
Fe Fe203 22+9,0 <10° encystment

Pulsed laser deposition and ablation - In this method of surface modification, a laser with
pulsed light beam emission is often used because of its ability to achieve high energy density
and its ability to achieve ablation, i.e. a state in which the high-energy quanta of the laser
radiation are capable of lowering the energy of the bonds between the particles, which
consequently makes it possible to remove atoms layer by layer. Pulsed laser deposition (PLD)
allows a highly focused, impinging beam of light to be incident on successive areas of the
material to be vaporised (target), leading to absorption of the beam energy by the exposed atoms
and their vaporisation (ablation). The vaporised atoms are then deposited on the material to be
modified (substrate) as a result of the interaction with the laser. This process usually takes place
in vacuum because of the need to minimise collisions of air atoms with the atoms of the material
being excited (Fig. 7).

This procedure makes it possible to obtain homogeneous single- or multi-layer coatings with
good adhesion to the substrate and even nanometric structures. The technique allows the
deposition of both borides, carbides, nitrides and their compositions, as well as organic coatings
(conductive polymers) or hydroxyapatite layers and almost all allotropic carbon varieties (from

diamond to fullerenes).
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Figure 7. Schematic diagram of laser ablation deposition [54]

PLD can essentially be regarded as one variation of a very diverse group of methods that

put elemental ions into a gaseous state:

Physical Vapour Deposition (PVD) of atoms by physical methods in vacuum. All vapour
deposition technologies consist of three stages [44,54]:

e evaporation of the target (deposited) material
o transfer of evaporated target material to the surface of the sample (target material)

e deposition of target atoms on the surface - sputtering.

The criterion that distinguishes these methods is how the target material is excited. The
most well-known methods are: electron, arc, resistive, inductive, and laser excitation (as
previously mentioned).

Due to the large number of methods described in the literature under different names, it is
difficult to classify them unambiguously. Despite the abundant variety, only a few methods
have found application in the production of medical implants. For the most part, PVVD methods
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are used to produce coatings characterised by high hardness and tribological resistance, where
wear, friction and lubrication properties are the main focus of analysis.

Materials designed for enhanced tribological properties can be divided into:

e hard-coated materials

e solid lubricants

The solid state of the materials means that they can provide lubricating properties in two ways
[54]:

1) Asaresult of their high hardness, mainly used to protect surfaces against abrasive and/or
erosive wear. It is also possible to use materials with high hardness as diffusion barriers,
insulators or thermal conductors, e.g. diamond in electronics

2) As aresult of a suitable crystalline structure having an easy slip plane, e.g. graphite, or
weak interplanar bonds that allow absorption of foreign molecules and consequently

easy slip, e.g. MoS». Such materials are typically characterised by a hexagonal structure.

LSTO (Laser Surface Texturing Oxidation) - Laser surface texturing oxidation is a widely
used technique for improving material properties associated with changes in both roughness
and phase composition of the material surface layer. LSTO is a fast and clean process. The
absence of the need for large quantities of electrolytes and long heating and cooling times as in
conventional annealing of titanium alloys makes laser oxidation environmentally friendly.
Laser texturing allows selective processing of the surface layer material by directing the laser
beam along a pre-designed path (pattern). This leads to improved wear resistance and the
development of the surface (Fig. 8), enables a change in the surface energy of the surface layer
being processed. Thanks to the concentrated energy and high density of the laser beam, in
addition to vaporising part of the material (ablation), it is possible to carry out laser alloying,
i.e. to cause a change in phase composition by producing intermetallic substances [24,58]. All
the phenomena produced by the concentrated laser beam also (or even primarily) allow a change
in the wetting angle, which is decisive for the designation of a surface as either hydrophobic or
hydrophilic [59]. The phenomenon of hydrophobicity and superhydrophobicity itself is used
extensively in technology in the production of modern smart materials with 'self-cleaning’
potential. The discovery of the hydro-, lipo- or oleophobic potential was prompted by
observations of nature, hence the name 'Lotus Effect'. A surface showing a wetting angle >150°

is considered superhydrophobic [14,59-61]. Hydrophilicity, on the other hand, is used in

36



“The influence of hybrid processes of surface microalloying on the structure and properties of surface layers
of Ti and Ti alloy-based biomedical materials”
Oktawian Bialas

moving machinery equipment to maximise the retention of lubricating substances on its surface
that reduce friction and thus extend the life cycle of the component by reducing the coefficient
of friction. The texture itself can act as a kind of lubricant reservoir in this application [62].

It is the wetting angle that will determine the inhibition of microbial colonisation, and the type
of microbes. Depending on the intended use of the material, the expected value of the wetting
angle may range from hydrophilic (favoring osseointegration, better bone-implant contact rate,
and osteoblast differentiation) to superhydrophobic (reducing platelet adhesion, resistance to
blood flow, activation of the coagulation system, and the risk of embolism). Both of these
phenomena in their environment are very important and have a significant impact on implant
usability [14,59,60,63,64].

Focusing
lenses
Laser
System
Texturised pattern hv
Machined material

Figure 8. LSTO process scheme.

IBAD (lon Beam Assisted Deposition) a dual-beam deposition method from the PVD
family of methods, the development of which in recent years has ensured that layers composed
of several elements can be deposited with good adhesion to the substrate and the presence of a
wide interlayer giving the coating a high degree of deformability [65]

Plasma spraying - Temperatures on the order of 10,000°C make it possible to spray a layer of

hydroxyapatite with particle sizes on the order of nanocrystals. The method is also used to apply
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compounds such as Al>0z or ZrO». The plasma is generated by an arc discharge between a pure
tungsten electrode (the cathode) and a water-cooled copper nozzle acting as the anode. In the
case of fluorescent methods, an ionised reactive gas with a high concentration of charged
particles is used, obtained by passing a current through the gases.

The layers produced by fluorescent techniques (nitriding and fluorescent oxidation), allow the
formation of multiphase layers on the titanium surface, which are resistant to corrosion and
tribological effects and provide a good barrier against metallosis. In vivo studies showed high
cell proliferation and reduced peri-implant capsule area. The absence of alloy components in
the surrounding tissues demonstrates the high biocompatibility of the coating. An
unquestionable advantage of the above methods is the high control over process parameters,
which enables the production of layers with the desired chemical and phase composition, as
well as the appropriate topography and microstructure [66].

lon Implantation - The main advantage of ion implantation technology is the idea of
implanting any material, non-metallic or metallic, with any components, solids or gas ions. In
addition, the implanted material can be a material with a previously produced coating, or
without any coating (most applications). The general principle of ion implantation is based on
the incorporation of a foreign atom into a solid by acquiring sufficient kinetic energy (obtained
in a strong electric field). The ion initially causes ionisation of the substrate and exchanges
electrons with it. Subsequent collisions in the solid are elastic in nature. It is important that the
energy of the ions bombarding the implanted surface is chosen so that the implantation process
outweighs the ion etching process. With this method, hard and corrosion-resistant coatings can
be obtained with little consumption of protective material. [44,47,67].

Sol-gel method - The sol-gel method can be used for the constitution of single- and multi-
component and multilayer coatings. The oxide coating formed during the process is
characterised by a variety of chemical compositions and microstructures, typically reaching a
thickness of approximately 1 um. Furthermore, one of the advantages of the sol-gel method is
that hydroxyapatite can be produced directly on the deposited surfaces through interaction with
physiological fluids. The surface after the sol-gel method is rich in ZrO, oxides, occurring in
three crystallographic varieties, of which the high-temperature configuration has the best
properties. The improved mechanical properties provide, high hardness, high bending strength
and resistance to fracture. In addition, the coating has significant corrosion resistance, which

provides satisfactory biocompatibility [6,68—71].
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ALD (Atomic layer deposition) - An atomic layer deposition process is a type of chemical
vapour deposition (CVD) technigue. CVD techniques involve creating conditions in which a
coating layer forms on the surface of a material as a result of the decomposition of chemicals
in the gas phase. This process is usually thermally activated, but photon (light) or plasma
excitation methods are also often used. The constitution of the coating is controlled by a
chemical reaction, which fundamentally distinguishes the CVD method from the previously
described PVD techniques. The growth of the film is controllable by a non-equilibrium
precursor concentration, which is used as an indicator of the dynamics of the CVD process. The
advantage of this approach is that it can be developed both at the laboratory scale and for high-
volume material production. This is favoured by the prospect of achieving a very high degree
of reproducibility [24,44,67].

When shaping the surface of metallic biomedical materials, the electromagnetic

properties of the body must not be neglected. Tissues are electrically conductive centres,
influencing the propagation of action potentials in the body and the proper functioning of
electrically sensitive components of the body (nervous system, blood components, muscles).
Introducing a substance with ferromagnetic properties into such a structure can significantly
disrupt the functioning of the above-mentioned elements, causing clots, disruption of the
transport of biological mass, disruption of bone growth and all the associated biomechanical
consequences [19].
Particular attention should be paid to the electrode potential of the implanted metal or coating,
which will act as protection, due to the initiation of thrombosis in particular. Covering the
implant with a dielectric coating or a paramagnet with a high specific resistance will contribute
greatly to increasing biotolerance. In addition to bioelectronic phenomena, this should also
include a reduction in sensitisation and toxicity, as confirmed by numerous empirical studies.
Taking into account all the constraints and surface layer fabrication options considered in this
chapter, an attempt can be made to select the most optimal method for producing biomedical
implants, depending on the application [13,19].

2.3 Laser impact on the solid matter
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2.3.1 Physical basis of the laser impact on the solid matter

A laser is a source (generator) of radiation. It transforms the supplied energy - into
electromagnetic wave energy using the radiation amplification effect in the laser active medium
and resonator feedback. The radiation amplification effect is conditioned by the phenomenon
of forced emission caused by occupancy inversion. In a dynamic equilibrium environment

emission is described by Boltzmann equation (1)

Ng _ g (Fofdy _ g v
L= exp (L) = exp (- 57) (1)

where: Ng, Nq - level occupancy (concentration) Eg, Eq, k - Boltzman's constant (k= 1.38x10"

23).5), T — temperature

Because of the abovementioned statement, the ratio Ng/Nd is always smaller than unity for
Eg>Ed, and as a result, the occupancy of the state decreases with increasing energy. The
situation is inverted in a system with occupancy inversion: the higher state's atom concentration
is greater than the lower state's atom concentration. Accordingly, the mechanism in the laser's
active medium with an occupancy inversion produced between the Eg and Ed levels is as
follows: when radiation with a resonance frequency of AE/h enters this medium, forced
emission and absorption processes occur simultaneously. However, the number of forced
emission and absorption actions is proportional to the concentration of atoms in the upper Eg
and lower Ed states, respectively, even if the probability of both events is equal. Therefore, the
number of forced emission acts surpasses the number of absorption acts in a system with
inversion of occupancies where Ng>Nd, and as a result, the resulting active medium has an
amplifying effect. The situation is exactly the reverse in an excited medium with a Boltzman
distribution of occupancies; absorption overcomes forced emission, and the resulting medium

absorbs radiation.
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Figure 9. Schematic diagram of laser beam formation.

The three main parts of a laser (Fig. 9) are as follows [72]:

1. A source of energy, often known as a "pump," that can be a chemical reaction, flash
bulb, electric current or discharge, or another laser's light.

2. A lasing (or gain) medium, which may be a solid (such as crystals, glasses, or
semiconductors), a liquid (such as organic solvents and dyes; "dye lasers"), or a gas.
The lasing medium, which is also the primary determinant of the kind of pump used
and the wavelength of the generated laser light, is often termed after the kind of
laser.

3. An optical resonator, also known as an "output coupler,” is a device that, in its most
basic form, consists of two parallel mirrors that are both highly reflecting and
partially reflective.
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2.3.2 Laser melting and alloying

During laser processing, several types of the laser beam impact on solid matter can be
distinguished, such as remelting, alloying, fusion, or surfacing. Depending on the parameters
effect of the processing it can produce the plasma that is created as the substance evaporates
and the surface layer is melted by the laser. While actively engaging with the surface of the
liquid material pool by pressurising and stirring the molten material, the plasma protects the
surface from further laser heating. A funnel-shaped cavity is created in the pond at the laser
beam penetration point, where the hydrostatic pressure of the liquid on the molten material side
and the vapour pressure on the beam side impinge on its surface. The ongoing upheaval of this
dynamic equilibrium is caused, among other things, by the relative movement of the laser beam
and the workpiece. As a result, the cavity moves relative to the melted material in the opposite
direction [72,73].

Laser alloying is made by simultaneously melting the substrate and alloying material with a
laser beam while rapidly mixing them in a liquid pool, this process is known as laser melting.
Depending on how the alloying agent is added to the pool, remelting and melting are
distinguished from one another. The alloying process consists of applying an alloying material
to a substrate and subsequently melting it together with the surface layer of the substrate
material. Painting, coating with adhered pastes or powders (of saturating metals, boron carbides,
tungsten carbides, with powdered ferroalloys or titanium), thermal spraying (flame, detonation,
plasma spraying), vapour deposition (PVD, CVD), electrolytic deposition, spraying with
suspensions, and application of thin films, plates, rods, or wires are all methods used to apply
the alloying material to the substrate material. A very thin diffusion zone of 10 um thickness
forms at the solid-liquid interface after cooling when a tiny layer of solid clinging to the material
of the pool melts due to heat transfer from the bath, However, in some cases, alloying elements
can diffuse to a depth of as much as 200-300 um. One or more passes of the laser beam are
used to do the alloying [54,74,75].

For laser processing of e.g., TiAu, convection plays a major role (due to the high speed of the
process, mass exchange is not possible through e.g. diffusion). Convection is the most important
factor affecting the pool geometry, including its shape, undercutting and rippling, and can cause

defects such as variable penetration, porosity and lack of fusion. Convection is also the main
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factor responsible for mixing and hence affects the composition of the melted pool [75]. The

schematic of how convection moves inside the melting pool area is presented in the Fig. 10.
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Figure 10. Convection schematic during laser process a) side view, b) front view [76]

After irradiation with the laser beam is completed, the material in the alloy layer solidifies, and
the substrate material nearby hardens. The structure, chemical composition, and
physicochemical characteristics of this layer are distinct from those of the substrate and the

alloying substance.

3. Aim and thesis of the work

The issue of the Ti-Au laser modified system potential for biomedical devices have not
yet been fully characterized, the presented literature review shows that a deeper analysis of
the use of one of the most biocompatible metals - gold - in the treatment of medical problems.
Its unique properties enable for the use of gold in numerous applications as biomaterials in the
form of layers, particles and nanomaterials. This is possible due to biocompatibility, non-
toxicity, non-immunogenicity, high tolerance without slowing down cellular function.
Following the discovery in recent years of a very promising combination of gold and titanium

for orthopaedic medicine (TisAu phase to be the hardest metallic compound ever made for
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biomedical application) [31] it can be concluded that its full potential has not yet been used.
Taking into account increased corrosion resistance [33] of Ti-Au composition in comparison to
conventionally used pure titanium and other unique properties of gold (such as prospective
ability to control clotting [36]), efforts devoted to the development of laser micro-processing
technology seem justified and may lead to increase the so-called percentage time to event

release in post-operative cases. The justification diagram is presented in Figure 11.

Ti Au Microalloying

Advantages- Disadvantages- Advantages- Disadvantages-| [ Advantages- Disadvantages-
- good Sl mcu - excelent - high density - precise control of - Still relatively
biocompatibility elemental release biocompatibility - heavy intermetalics expensive
for long lasting - low wear - nonreactivity - relatively soft formation - nonapplicable
implants resistance - excelent - expensive - adaptation for complex
- excelent strenght - mp.ermancm corrosion of Siichice shapes
1o weight ratio passive layer resistance

free energy

- low density - stabile & wetting angle

passive layer

Advantages- Aims and opportunieties-

- improvement of layer adhesion - synergistic production

- gradiental change of concentration provides of a very corosion resistance material

protection even in case of surface damage with exceptional hemocompatibility

- the creation of a phase -Ti3Au, considered and a longer product life than the equipment used so far
to be the hardest known in modern medical engineering - control of the amount of gold enrichment in the surface
can be a breakthrough in many medical fields area suitable for a particular application

- magnetic induction field value simillar to living tissue

Figure 11. Justification of research diagram

It is anticipated that by determining the impact of the gold-titanium layers made by hybrid
treatments consisting of coating application and laser intermetallics formation it is possible to

shape and prolong the usage of implanted medical devices and thus improve their so-called
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biocompatibility. These issues have not yet been characterized in the subject literature and
should be analysed for modern blood contact materials (i.e., housing of Ventricular assist
devices (VADs), dacron valves rings, Total Artificial Heart (TAH), aneurysms clips, middle

ear prostheses used in stapedotomy, endoprosthesis and many more.

Pioneering nature of the dissertation

The Pioneering nature of the following dissertation consist of the use of modern technique
of laser microalloying of the material (Ti and its modern medically used alloy Ti13Zr13NDb)
covered by thin electrochemical coating (Au). Gold-enriched titanium surface layers have the
potential to perform better than those used in current medical sciences that only contain titanium
materials alloyed with Al and V or Zr and Nb throughout their volume, which are in the same
comparative group (properties improvers). Additionally, there is a lack of systematized
knowledge about the performance of the TiAu system during protein adhesion tests and
cytotoxicity assessment, which are basic methods in the early-stage assessment of materials
intended for use in a continuous blood flow environment and inside the human body. There is
also a lack of studies in the publicly available literature on MRI imaging and the artifacts caused
by the presence of such materials (the available studies on the Ti-Pt system are very promising
and the Ti-Au pair would be economically preferable). Moreover, there is a lack of detailed
research on promising laser alloying of Gold coating on Titanium having a potential for
increasing layers adhesion. Therefore, scientific efforts should be made to clarify the TiAu
intermetallics composition as the complex interactions between the blood flow and potential
clotting system activation. In particular, the following fundamental scientific and research
issues still need to be resolved:

- Characteristics of the conditions necessary for the electrochemical deposition of gold
on titanium and its alloys, so far in industry the common method with nickel interlayer
between Ti and Au was seated to make the adhesive strength acceptable [77],

- Characteristics of the influence of laser alloying on the surface phenomena within the
surface layer, the laser parameters and characteristics should be suited very carefully because
of the tendency of Gold to evaporate from the surface instead of being alloyed

- Characteristics of the obtained materials under the mechanical point of view, surface
conditions of the biomaterial are critical for the destination point of view (body fluids are hostile

for materials)
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- Characteristics of the biological response during in vitro study, critical value should be

the cytotoxicity and protein adsorption/adhesion during blood flow.

By identifying and solving these problems, the thesis of the following dissertation was: It is
possible, through the application of a hybrid processes of electrochemical deposition and
laser microalloying, to produce a multicomponent surface layer on Ti and Ti-based alloys,
enriched in gold, which will possess improved functional properties due to the presence of

TisAu phase

4. Experimental section
4.1 Research methodology

4.1.1 Research plan

The research plan includes the use of Ti and Ti1l3Zr13Nb as the base material. A layer of
gold with a thickness of about 2 um will be applied to the properly prepared surface of each
base material in an electrochemical process. The specific details of this process, such as the
type of electrolyte and the current density, will need to be determined and optimized to achieve
a uniform and adherent gold coating.

After the gold coating has been applied, the coated materials will undergo laser alloying using
a series of parameters. The specific parameters and the laser alloying process itself will need to
be carefully chosen and controlled to achieve the desired microstructure and properties in the
final materials.

The laser processing schemes that will produce materials with the best properties will be
selected for further and more detailed analysis. This analysis will include a variety of methods,
such as numerical analysis, light microscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), electron
backscatter diffraction (EBSD), X-ray diffraction (XRD), wettability, corrosion resistance,
tribological, cytotoxicity, and nanohardness testing.

The results of these tests will be used to compare the properties and performance of the coated
and uncoated materials and to understand the effect of the gold coating and laser alloying on

the microstructure and properties of the materials.
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Research plan

DC electrochemical I=03 A dm2 i:'g
deposition T=293K

P=75-125W
Vs=1-3mm/s
Laser
alloying
Variant 1 Variant 2 Variant 1 Variant 2

(Vs=1mm/s) (Vs=15mmy/s) (Vs=2mm/s) (Vs=3mm/s)

Figure 12. Research plan

4.1.2 Materials

Samples from commercially pure Titanium Grade 11 (CP Ti), were delivered as ¢ 30mm
rods (Wolften, Wroctaw, Poland), cut into slices on a lathe. The material is characterized by the
ASTM B348/B348M standard, with the chemical composition presented in Table 3.

Table 3. Chemical composition of pure titanium grade 11 used in experiment [78,79]

Elem. Ti Fe @) C N H

Wt. % 99.65 0.02 0.18 0.10 0.0096 0.0290
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Ti13Zr13Nb samples, were delivered as @ 40mm rod (BimoTech, Wroctaw, Poland), cut

into slices on a lathe. The chemical composition is presented in Table 4 [80].

Table 4. Chemical composition of Ti1l3Zr13Nb used in experiment

Elem. Ti Zr Nb Fe C N O

Wt. % Balance 13.0 13.0 0.05 0.04 0.019 0.11

The rods were cut into 7 mm thick slices and prepared for electrodeposition. Each sliced
sample was prepared according to metallographic procedure: grinding with paper grain size
gradation sequentially 220, 800, 1200 in time t = 4 min per gradient and mechanical polished
using 0.04 um colloidal silica. The process was performed using the grinding-polishing
machine TERGAMIN-30 (Struers, Willich, Germany).

4.1.3 Coating application

Suitably prepared - polished, washed and degreased titanium samples were etched in boiling
hydrochloric acid (HCI) solution (50% v/v). Immediately prior to the gold plating process, the
etched samples were cathodic polarised for 10 minutes in a 1 mol solution of sulphuric acid
(H2S0g), in order to completely reduce the titanium oxide present on the sample surface. The
gilding process was carried out using a direct current of 0.3 A dm2 in a commercial
electroplating bath using the KIKUSUI PWR 800H (Kikusui, Yokohama, Japan). Based on
literature reports, the thickness of the desired gold layer was set to around 2 um and a roughness
of no more than around 1.04 um (the samples were polished to a mirror finish before the etching
process), as a value identical to the natural vessel of the vessel's wiener [81]. Process scheme is
presented in Fig. 13.
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Figure 13. DC electrochemical deposition process scheme.

4.1.4 Laser alloying

The samples were laser processed using the parameters presented in Tab. 5. Alloying was
carried out along the line. The experiment was accomplished using Trumph TruDisk 3302
(Trumph, Ditzingen, Germany) based on 1030 nm wavelength continuous laser. Device is
powered by neodymium-doped yttrium aluminum garnet; Nd: Y3Als012. The shape of the laser
beam was flat-top. The system provided energy that allowed remelting of the material. The
maximum energy for the laser acquired was 3.3 kW. The experiments were conducted in an
atmosphere of the protective gas — Argon, Ar. In order to obtain a uniformly remelted layer
(which requires the melting of both components with different melting points, respectively
1668°C for Ti and 1064°C for Au) with a thickness not exceeding 10 pum, it was planned to use
a defocused beam, as suggested by the research carried out by T. Kunimine [82]. The use of a
defocused beam changes the heat distribution, and thus also modifies the changes in the
microstructure and Kinetics of phase transitions. Defocusing makes the sample heat up slower,
over a larger area and does not penetrate as deeply as if it were in focus. The use of the variant
that delivers the same amount of energy but with the beam in focus (applying lower beam power
at a higher photon source feed rate) leads to deeper melting (decrease in near-surface gold
concentration) and affect phase formation by increasing the process speed and thus the kinetics

of phase formation. During parameter selection, the thickness of one laser line was assessed
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and a line-by-line scanning overlap (effective remelting will be selected, covering the heat
affected zone where no remelting has been recorded, in order to maximise material surface
homogeneity across the cross-section). The fact that convection in crystalline solids
characterised by compact space filling is impeded and occurs exclusively in the remelting pool
will allow the formation of an Au phases at the desired (controlled by parameters and
defocusing of the beam) depth, where at the contact surface with body fluids (blood) the film
composition will tend to have higher Au concentration and as one penetrates into the core of
the material the Ti concentration will increase gradually. Process parameters used in the course
of the experiment has been shown in Tab. 5 below.

Table 5. Parameters of the process in parametrisation.

Material

Laser power

(P)

Scan velocity
(Vs)

Defocusing of beam
focus

Ti+ Au

75W

1 mm/s

+ 10 mm

100W
125W
75W 1.5 mm/s

100W
125W

Til3Zr13Nb + Au 75W 2 mm/s

125W
75W 3 mm/s
100W
125W

100W + 10 mm

4.2 Methodology for evaluating the material obtained

4.2.1 Numerical analysis

The spatial and temporal fluctuation of temperature occur during laser processing of
electrodeposited materials. The temperature of melted material heavily influences the kinetics
of interdiffusion and interfacial phase formation. Understanding the temperature change at the
Ti-Au contact during laser processing is therefore required. The gold-coated Ti specimen is
depicted in Fig. 14a). The top of a Ti cylinder with a base diameter of 35 mm and a height of
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7 mm is coated with a thin Au layer, as shown in the schematic sketch of Fig. 14b). The
representative volume element (RVE) depicted in Fig. 14a) will be taken into consideration as
the computational domain for the finite element analysis since the Ti-Au contact is the region
of interest for numerical analysis. A 300 um x 300 um x 50 um cube will be used to represent
the Ti base metal, and a thin layer of Au with a thickness of 2 um will be computationally
deposited on top of the cuboid. Part of the Ti-Au samples' phases may melt during laser heating;
as a result, the computational domain will include both solid and liquid parts at the same time.
The apparent or effective heat capacity-based enthalpy approach is used in the current work to
enable the modelling of melting in a Ti-Au sample. The following equation describes the
enthalpy of a material (pure Au, pure Ti, or a Ti-Au alloy) at a specific temperature (T) [83].

Equation 1 Enthalpy of the TiAu

T ?
H{(T) = |, (PiCp,i + pily; a_];) dt (2)

In Eq. 2, the symbols i, Cpiand Ls ;i are respectively the density, specific heat capacity, and

latent heat of fusion of the material i.

Scan Direction a)
Pr—
b)
hv
E. - - )
=1 i C
N A 300pm
=) : :
g e 3
o ' R T =
. \//
b i
3
30 mm

Figure 14. a) View of the Au-Ti sample after processing, b) Scheme of laser processing , ¢)
Representative volumetric element (RVE) of the sample for finite element analysis. Schemes
in b and c are not proportional (the vertical axis is greatly stretched compared to the horizontal

axis) to allow proper visibility of the coated thin layer.

The thermodynamic CALPHAD database values of Ti-Au sytem has been obtained from Xiong

et al. [84], and the enthalpies of Au (pure) and Ti (pure) are computed as a function of
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temperature using OpenCalphad software [85]. The simplified model used for calculation is
presented in Fig. 14 b.

A constant laser power of 100 W was being used, and two values of scan speed (Vs = 1.0 mm/s

and 1.5 mm/s) are employed for the laser system directed onto the electrodeposited Au surface
of the Au-Ti system. The computation of temperature variable in the Au-Ti RVE was
accomplished using finite element analysis. Fig. 15 displays the computed values of H (T) for
Au and Ti. The enthalpy curves in the picture are represented as vertical lines at the melting
point of a metal or alloy (1337 K for Au and 1941 K for Ti). The latent heat of fusion is
represented by the increase in enthalpy magnitude that is reflected by the length of the vertical
line at the melting regime of the H-T curve (L¢). The part of the curve closest to the vertical
line on the left represents the solid phase, whereas the part closest to the vertical line on the
right represents the liquid phase. Two levels of scan speed (Vs = 1.0 mm/s and 1.5 mm/s) are
used for the laser system focused onto the electrodeposited Au surface of the Ti-Au system
together with a constant laser power of 100 W. Using Elmer Multiphysics software's finite
element approach, a coupled set of partial differential equations related to heat transfer and fluid
flow are solved to determine the temperature profile in the Ti-Au materials system being heated
by a laser. [83,86]. Densities and thermal conductivities of Au and Ti for liquid and solid states

are presented in Table 6.

Table 6. Density and thermal conductivity comparison of Ti and Au in the liquid and solid

states.
kg kg
State Pau [W]D Pri [W]D
Solid (T =700K) 18817.6 4433.217
Liquid (T =1950K) 16517.28 412793
State w k w
Au [ﬁ] Ti [ﬁ]
Solid (T = 700K) 290.4024 17.32635
Liquid (T = 1950K) 153.4242 34.119
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Figure 15. Dependence of the enthalpy of gold a) and titanium b) on temperature. The melting
regime of these materials is represented by the projections of the vertical lines of the enthalpy
curves on the T axis.

The laser heat source is assigned the flat top heat distribution profile. Temperature
dependence of materials properties is considered in the finite element model.

Finite element analysis is used to calculate the temperature variable in the Au-Ti
representative volume element (RVE). Fig. 16 depicts the materials system's mesh. Although
Fig. 16(a) shows the whole mesh, the inset picture, Fig. 16 b), emphasises the meshing work
done in the location where the Au thin film and the basal Ti material meet. In the computational
domain, the 3D mesh is represented by tetrahedral mesh components. In order to create a finer
mesh in the interface region, sub-meshes are added to the geometric region corresponding to
the volume of the thin Au film. There are 29402 nodes and 169505 mesh components in the
mesh. Au-Ti system's starting temperature is thought to be 298 K (both Au rich top film and Ti
base in the slab are in solid phase). The gold film mostly absorbs the incident heat flux when
the top layer of the materials system is exposed to a laser beam with a spot diameter of 245 pum,
and heat transfer occurs. The main forms of heat transport in the system are conduction and
convection, as will be demonstrated numerically. The partial differential equation (PDE) for
heat transfer process in the AuTi computational domain (Fig. 17) undergoing laser processing

is given as follow (Eg. 3) [83]:
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T  —
picapp,i (E + u. VT) = kiVZT + Quaser (3)

where, i = Au, Ti. In above equation, T is temperature, t is time. The density and thermal

conductivity of the material i are respectively denoted as p; and k; .

b)

Figure 16. The entire computational domain (volume = 300 pm x 300 pm x 52 pm) with
tetrahedral mesh elements a), the inset in b) is an enlarged image of the portion of the domain.
As revealed in b) the 50 um thick Ti base has coarse mesh whereas the Au thin film (2 pm) is

with a relatively finer mesh. The heat from the laser will enter the medium from the top Au

surface.

The apparent / effective heat capacity (C,pp,;) Of the material is a function of its enthalpy

(0H;) defined by the following expression (Eq. 4):
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_ oHy/ot
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Quaser is represented by flat top heat source [74] and is defined by the following expression
(Eq. 5):

2R U(ry —1)eC%D (5)

Quaser = -
In Eq. 5, « is the absorption coefficient of Au, and as mentioned in Zhu et al. [87], its value
is assumed equal to 8.5E+07 m™! for the current experiment using particular wavelength of
laser. Laser power (P) for the current model is 100 W. @ is a function of excitation beam
wavelength and fluorescence quantum efficiency. The quantity ro is the beam spot radius and it
is equal to 122.5 um. The radial distance of a point (x,y) from the center (x(t), yo ) of a moving

laser head is the initial position of the beam center. The scan speed (Vs) of the laser has been

defined as V, = % _ x(H-xo

. Two of scan speed values (1 mm/s and 1.5 mm/s) are employed

in the model. The quantity U (ro — r) will be 0 if (ro — r) has a negative value, and 1 if it is
positive. &, in the expression is the length in the vertical (z direction). On obtaining adequate
heat (Q;4se-) from the laser, the surface material at the vicinity of the laser beam spot can melt
and subsequently flow with a flow velocity (u.) in the melt pool. The two main mechanisms of
heat transport in an Au-Ti media heated by a laser beam are conduction and convection, as
shown in Eq. 3. The molten regime can extend to a depth that is significantly below the surface

for lasers with high power or slow scan rates.
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Figure 17. Calculated average velocity at time t=0.04 s for a laser with power P=100 W and
speed Vs=1.0 mm/s. Only the area of the Au film that is currently molten is present; the Ti

underlying the Au is still solid.

The dynamics of fluid flow in the melt pool is described by the incompressible Navier-

Stokes equations:

Vi =0 (6)

ou - = ~ "
pim+p@- V)i =V [-pl +v;(Vi+ (VDI +F  (7)

In the momentum equation (Eq. 7), v; is the viscosity of liquid material. The expression for
Boussinesq approximation is utilized within the F; term to enable the variation of liquid density
only in the vertical direction and thereby ensure the incompressible nature of flow in the melt
pool. The simulation figure illustrating the numerically computed average velocity magnitude
in the computational domain treated by laser of P = 100 W and Vs = 1.0 mm/s is presented in
Fig. 17. It is important to note that throughout the laser irradiation process, the temperature of
the computational domain varies both spatially and temporally. Temperature changes have an
impact on qualities including density, thermal conductivity, specific heat capacity, and
viscosity. The enthalpy-temperature curves may be used to visualise how heat capacity changes
with temperature (Eq. 4). The model takes into account the temperature dependency of the

viscosities of liquid and semi-liquid Au and Ti materials and assumes that the viscosities of
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liquid Au and liquid Ti are equal to those of other molten metal alloys like Sn-0.7Cu solder.
The dynamic viscosity of liquid phases of Au or Ti is represented by the Arrhenius equation
[88]. However, for mushy zone, the apparent viscosity is approximated to be equal to the
asymptotic viscosity [88]. The solid Au film or Ti block are thought to be made of materials
with very high viscosities, so they don't move in a multi-phase system. The input file for
ElmerSolver receives the viscosity-temperature and enthalpy-temperature data in tabular data

format.
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Figure 18. Influence of temperature on the density of Au and Ti (a-d).

The fitted data of density of Au and Ti at both solid and liquid states are plotted graphically
against temperature in Fig. 18(a)-(d). The densities of solid Au presented in Fig. 18(a) are
derived from the report by Ricci et al. [89]. The values of liquid Au densities as shown in Fig.

18(b) are obtained from the work of Paradis et al. [90]. The values for temperature dependent
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density of solid Ti (Fig. 18c) are obtained from the work of Zhang et al. [91] whereas the
densities of liquid Ti (Fig. 18d) ) are obtained from the report by Wang et al. [92]. It can be

inferred from the curves that the absolute density of Au is several times larger than that of Ti:

Prig, = 4433.22:% and pry,, = 4127.93 2% compare to p,, = 18817.6-% and pay, =

16517.28 k—i) . With temperature, Au's density drops linearly in both the solid and liquid forms.
m

However, although the density of liquid Ti reduces linearly with temperature, that of solid Ti
decreases parabolically. The study of Cook and Van der Meer [93] provided the thermal
conductivity measurements for Au in the solid state. The data for liquid state are derived from
the work of Petrov et al [94]. The report by Zhang et al [91] is utilized to derive data for thermal
conductivity of solid Ti. The thermal conductivity of liquid Ti is derived from the work of
Watanabe et al [95]. The k data were fitted against temperature, and graphically presented in
Fig. 19a-d. k,,, decreases with temperature in solid state (Fig. 19a) whereas increase for liquid
state (Fig. 19b). On the other hand, as revealed in Fig. 19c-d, the k; increases both for solid
and liquid states. The curve of k; is non-linear in solid state, whereas it is linearly increasing

with T in liquid state. Generally speaking the k;; is smaller in magnitude than the k4, for a

given temperature: kTi(s): 17.33% and kn'(lq): 34.12% compare to kAu(S): 290.40%

and kg, = 153.42 -2 . One of the variables in the numerical model is temperature, and the
9 mK

user defined functions (UDFs) that specify how thermal conductivity and density change with

temperature are called by the solver during computation.
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Figure 19. The pictures (a)- (c) show the temperature dependency of the thermal conductivities

of Au and Ti (d). The thermal conductivity of (a) solid Au is observed to decrease with

temperature, but the kth of (b) liquid Au, (c) solid Au, and (d) liquid Ti rise with temperature.

4.2.2 Hardness assessment by Nanoindentation simulation study

In the case of Ti material, a hexagonal closed pack (HCP) unit cell is initially constructed,

and it is subsequently repeated in all directions to create a supercell with 66912 atoms. During

replication, a procedure is used to create it as an orthogonal supercell of Ix = 120.28 A, 1,=

121.96 A, and I, = 79.17 A. It is done by copying the unit cell by n times in x direction, m times

in y direction and r times in z direction to form a supercell. A unit cell with a simple cubic

structure is duplicated in the Intermetallic Compound (IMC) TisAu in the X, Y, and Z directions

to create a supercell: Ix = ly = 122.72 A, and I, = 81.81 A. The total number of atoms in the
nanoslab of TizAu IMC is 73728 (55296 Ti atoms and 18432 Au atoms). The X, Y, and Z axes
in this simulation setup are situated along the [1 0 0], [0 1 0], and [0 O 1] crystallographic
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directions, respectively. The top active region, which is being indented, and the bottom fixed
region make up the domain of the nanoindentation simulation. The bottom fixed zone offers the
rigid support for the nanoindentation process since the atoms there do not move during the
duration of the simulation. The fixed region spans from the base of the slab to the upward length
dix =40 A, and the length of the active nanoindentation region = 1, - di . The indenter is a virtual
one, and is represented by a non-atomic rigid and repulsive sphere of radius (R) = 30 A. The
indenter is initially placed so that the distance between its centre and the top surface of the slab

exceeds R by a small percentage of 1 A.

The indenter upon contact with the atoms of the naonoslabs of Ti or TisAu, exerts the

following repulsive force F(r):

—K.(r—R)? r <R

0; r=R (8)

F(r) ={

In Eq. 8, K¢ is the specified force constant of value 1300 Z—Z, and r is the distance from the
atom to the indenter’s center. In order to model the Ti-Ti atomic interactions in the pure Ti slab,
Embedded Atom Method (EAM) potential developed by Zhou et al. [96] is utilized. The
interactions between Ti-Ti pairs and Au-Au pairs in intermetallic TizAu are modelled using
EAM interatomic potentials [96]. Morse potentials have been used to characterise the
interactions between the Ti and Au atoms. The MD simulations were performed using the
LAMMPS software [97]. Both Ti and IMC materials had the same boundary conditions,
timestep size, and loading rate (for indentation motion). Iteration timestep is assumed to be 1
fs. In the X and Y directions, periodic boundary conditions (PBC) are used, whilst non-periodic
and shrink-wrapped boundary conditions are used along the Z direction. The periodicity in the
plane parallel to the indented surfaces will be ensured by the employment of PBC along the X-
and Y-direction [98]. The indenter loading rate of 0.5 A/ps is utilized in the models. The
visualization of the nanoslabs were done with OVITO software [99].

4.2.3 Roughness tests
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Measurements of surface roughness were conducted using the contact method with a
Surtronic 25 surface roughness tester by Taylor Hobson (Enland). The measurements length
was 4 mm and the accuracy of the measurements was + 2% of read value. On the basis of the
measurement results obtained, the average Ra and Rz parameters were determined. An average

of five measurements was determined for each sample.

4.2.4 Light microscopy

Preliminary assessment of the effects of laser micromachining was carried out on an outer
section (normal plane) by a metallographic light microscope Axio Observer (Zeiss,

Oberkochen, Germany).

4.2.5 Scanning Electron Microscopy (SEM)

SEM studies were performed in a scanning electron microscope SEM EVO MA10 (Zeiss,
Oberkochen, Germany), equipped with an Energy Dispersive Spectrometer (EDS) for chemical
composition analysis. The aim of these studies was to characterize the morphology and
chemical composition of the tested materials, in particular changes in Au content as a function

of the distance from the surface.

4.2.6 X Ray Diffraction Analysis

The phase analysis was carried out on an X'Pert PRO X-ray diffractometer (Panalytical, The
Netherlands), equipped with an X-ray tube with a cobalt anode (ACo=1.7909 A), powered with
a voltage of 40 kV. The heater current was 30mA. The diffractograms were recorded in the
Bragg-Brentano geometry. In order to precisely determine the phase composition of the
remelted layer and compensate for the influence of the base material, Grazing Incidence
Diffraction (GID) geometry was used, dedicated to the precise analysis of a low-thickness

material (located near the surface). X'Pert High Score Plus (v. 3.0e) software with a dedicated
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Inorganic Crystal Structure Database - ICSD (FIZ, Karlsruhe, Germany) was used to analyse

the results.

4.2.7 Electron Backscatter Diffraction (EBSD)

The TiAu and Ti13Zr13NbAu variants were analysed using orientation imaging microscopy
(OIM) with electron backscattered diffraction (EBSD) on a Zeiss Supra 35 Scanning Electron
Microscope. OIM measures crystal orientations on a regular grid by electron diffraction.
Obtained data are used to produce orientation or phase maps of the scanned area on the sample.
The grain structure was studied by scanning a 15x15 pum area on the cross section of the
remelting zone at a step size of 0.2 um. The data was cleaned using a level 4 neighbour
orientation correlation process and a grain confidence index standardization with a 2 degree
grain tolerance angle threshold. Finally, a coincidence index filter of 0.005 was applied to
remove any incorrectly indexed points. The quantitative results presented in the tables have

been calculated on the basis of averaged values from min. 3 representative areas.

4.2.8 Transmission Electron Microscopy (TEM)

TEM studies were performed using a transmission electron microscope S/TEM TITAN 80-
300 by Thermo Fischer Scientiffic (formerly FEI), equipped with a STEM scanning system,
BF, DF and HAADF scanning and transmission detectors, CETCOR Cs condenser aberration
corrector from CEOS, Ultrascan camera from Gatan, EDS energy dispersion spectrometer from
EDAX and GIF Tridiem energy filter from Gatan. Samples for TEM studies were prepared
using the Focused lon Beam (FIB) technique using the SEM/Ga-FIB Helios NanoLab™ 600i
microscope by Thermo Fischer Scientiffic (formerly FEI). Crystal Maker and Single Crystal
software (CrystalMaker Software Limited, version 10.4.1) were used to simulate the crystal

structure and electron diffraction.
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4.2.9 Atomic Force Microscopy (AFM)

In order to observe the nature of the surface topography and to assess the roughness more
accurately, tests were carried out using Atomic Force Microscopy. The XE-100 atomic force
microscope was used in non-contact mode for the observation (AFM, Park System, Mannheim
Germany). The analyses were taken over a 20 x 20 um area scan. As a typical parameter
determining the surface roughness, the arithmetic mean of the ordinate profile (Ra) was

determined. Five measurements were made for each sample.

4.2.10 Wetting Angle measurements

Wettability tests were carried out using the sitting drop method with an Attension Theta Flex
optical tensiometer (Biolin Scientific, Darmstadt, Germany) and OneAttension software.
Distilled water and diiodomethane were used for testing. A drop of 1.5 mm?® was applied to the
surface. Each test lasted 60 s with a measurement frequency of 1 Hz. Surface free energy SFE
was determined using the OWRK method (a.k.a. Owen-Wendt). The measurements were
carried out at temperature of approximately 25.0+1.0 ° C. Each measurement was repeated 5

times to ensure statistical significance of the measurement.

4.2.11 Corrosion Tests

The Tafel method was used to examine the tested samples' corrosion resistance. The test was
conducted using a three-electrode system in a water-jacketed cell with a Pt wire as an auxiliary
electrode, a saturated calomel electrode SCE as a reference electrode, and tested samples as a
working electrode. The test stand was an Autolab 302 N potentiostat from Metrohm AG in
Herisau, Switzerland, controlled by the NOVA software (v. 1.1). After measuring the open
circuit potential (Eocp) for each sample for 60 minutes, the potentodynamic test was initiated
from the initial potential (Eint = Eocr — 100 mV) to 278 mV. Each variant was evaluated three
times for statistical purposes. One mV per second (mV/s) was the polarization rate. 250 ml of
Ringer's solution was used for all the electrochemical assays (NaCl - 8.6 g/cm?3, KCI - 0.3 g/cm?,
CaCl, x 2H,0 - 0.33 g/cm®) at 37 + 1°C and pH 7.4.
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The third method, electrochemical impedance spectroscopy (EIS), was also used to
determine the electrochemical properties. First, the samples were stabilized in the test
environment for 5 min without current flow, and then a flow through the AC system fixed at an
amplitude of 10 mV and frequencies between 100 kHz and 10 mHz was used to determine the
electrochemical properties. Nyquist and Bode graphs were used to display the results. Using
the AtlasLab and EC Lab software, numerically produced curves were fitted to the experimental
results to create an electrical equivalent circuit (EEC) to replicate the correlations seen in these
research. The EEC utilized non-linear CPEs (constant phase elements) in addition to

conventional resistors.

4.2.12 Tribological tests

A CSM tribometer (CSM Instruments, Switzerland) was used to perform the wear test using
the ball-on-plate technique. A 5.6 mm diameter ZrO> ball was utilized as a counter specimen.
Tests were performed in Ringer's solution (NaCl - 8.6 g/cm?, KCI - 0.3 g/cm?, CaCl, x 2H0 -
0.33 g/cm?®) at room temperature and pH 7.4. The wear test was conducted with an amplitude
of 4 mm with load of 2 N and a frequency of 1.25 Hz with 2500 cycles and acquisition rate
equal to 4.0 Hz. The value of the coefficient of friction was calculated using the data that were

taken during the experiment.

4.2.13 Nanohardness test

Nanohardness tests were conducted in accordance with 1SO 14577 on an NHT+Step 300
(Anton Paar, Technolusions, Poland). The instrumented indentation technique (I11T) involves
pressing an indenter of known geometry (for this study the diamond Berkovich penetrator has
been used as the most used as a tip for nanoindentation standard ISO 13577) into the surface
while both penetration depth and normal load are monitored. The indentation hardness and

elastic modulus were obtained from the force-displacement curve. In order to facilitate material
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comparisons, the same test parameters were used for each sample variant: max load = 100 mN,
linear loading/unloading rate: 200 mN/min, pause after test: 10 s. In order to demonstrate and
determine the variation in hardness parameters and Young’s modulus, hardness tests were
carried out on the gold layer deposited on Ti and Ti13Zr13Nb, and then the results obtained
were compared to those of the two selected variants for each of the base materials. In total,
nanohardness results were obtained for (Au on Ti substrate, Au on Ti13Zr13Nb substrate, TiAu
1 mm/s, TiAu 1.5 mm/s, Til3Zrl13Nb Au 2 mm/s and Til3Zrl3Nb Au 3 mm/s). Five
measurements were taken for each variant, of which the two outliers were discarded. The

remaining 3 measurements were subjected to calculation of the average and standard deviation.

4.2.14 Cytotoxicity tests

Cell lines and culture conditions
In order to determine the biocompatibility of the tested materials, with modified growth
surfaces, cultures of normal cells were performed on them and incubated for several hours.
Experiments in an in vitro system were performed on model human cell lines, on normal
fibroblasts, NHDF (Neonatal Human Dermal Fibroblasts; CC-2509 LONZA). The cell line
selected for the study and the in vitro culture conditions met the requirements for 1ISO 10993-
1:2009I for the biological evaluation of medical materials using standard in vitro assays.
Monolayer cultures of NHDF line cells were grown using standard culture media and
supplements in a Heracell™ 150i, Thermo Scientific™ hothouse with a constant CO-
concentration (5 %), temperature (37 °C) and constant humidity (60 %). Cells were cultured in
DMEM:F12 HAM (1:1) medium (Sigma, Germany), enriched with 10 % fetal bovine serum
(FBS, fetal bovine serum; EurX, Poland); with the antibiotic [80 pg/ml] gentamicin (Krka,
Poland). After obtaining 80 % confluence, cells by trypsinization (digestion with 0.25 %
trypsin; Sigma) were transferred from the culture bottles into reaction dishes containing
previously prepared UV A-sterilised test materials. Approximately 10x104 cells suspended in 1
ml of fresh culture medium were seeded as controls directly onto the well of the culture plate
(Satstedt) or onto the surface of the test materials (numbered 1-8). Incubations were conducted

for a further 48 hours, under standard conditions, in an a.i. incubator.
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Evaluation of cell growth on material and surface biofilm formation

To evaluate the survival and growth of NHDF fibroblasts on the materials, the
LIVE/DEAD™ Viability Kit (Thermo Fisher Scientific) staining method was used for
microscopy. After 48 hours of incubation on the test materials, the biological material was
labelled in a 20-minute procedure according to the manufacturer's protocol, washed with saline
solution and then the cell biofilm was fixed using 70% EtOH solution (Chempur). Prior to
fixation, a set of vivo images was taken using a Leica PAULA System camera (Personal
AUtomated Lab Assistant), which allowed the number and viability of cells to be assessed in
the control panel (directly on the culture plastic) and image acquisition was performed for
biofilm assessment. After fixation, staining with DAPI solution (2 pg/ml) was additionally
performed on the materials, the slides were covered with 50% glycerol solution (Sigma) and
subjected to microscopic evaluation with a bacteria kit using Geimza and May-Grunwad stains
(Chempur). Biofilm assessment was presented as % cell surface coverage of the material in
contrast to the plastic culture plate (positive control) - signals from cell nuclei of cells fixed on
the materials were counted.

Image acquisition from the fixed slides was performed using an Olympus FluoView FVV1000
scanning confocal microscope, with a spectral detection system with SIM scanner. By using an
inverted microscope, it was possible to visualise and analyse the rapid changes occurring in the
biological material scanned on the surface of the specimens. Thanks to its high resolution and
performance, the system allowed multidimensional imaging (3D) of cell structures and
detection of blue signals for cell nuclei, where genomic DNA is bound by the fluorescent dye
DAPI. Images were taken in the blue channel (DAPI) at 400 x magnification, image slopes
were saved in .TIFF format (Fig. 75), which were then used for statistical analysis of the cell

number signal on the surface.

Signal analysis of microscopic images

Using Matlab R2022a functions, an analysis of the positive signals from the images
obtained by confocal microscopy was performed. A conversion from greyscale to binary, i.e.
black and white (binarisation) was performed using the im2bw (l,level) I-image, level function.

Values in the image above the level were converted to white (1) and below to black (0). The
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number of pixels in the image with values of 1 and 0 was then counted. The results, obtained,
were presented as the ratio of the white signal (from the cell nuclei), to the background signal.
The results were normalised to the control population incubated on culture plastic and presented
as the summed up signal for the blue channel from the scanned area (Fig. 75), in addition to the
percentage change relative to the untreated control (Fig. 74).

5 Results and Discussion

5.1 Numerical Analysis results

The results of finite element analysis are presented in Fig. 20 and 21. For a given laser
heating power of 100 W, Fig. 20 mainly highlights the spatial-temporal evolution pattern of T
in the dimensional computational domain at two Vs values. At the final simulation time of t=
0.2 s, the laser focal point is still somewhere within the computational domain for Vs = 1.0
mm/s, whereas this point already reaches the end length of the Au-Ti computation domain at
Vs =1.50 mm/s. The intensity distribution of irradiation decreases exponentially with the radial
distance from the focal point, and thus the Au surface is exposed to a relatively larger amount
of irradiance when the scan speed is less for a given power value. Hence the surface and
interface temperature at the vicinity of laser beam focal point reaches a relatively higher value
in Fig. 20(a) than as compared to Fig. 20(b). The temporal evolution of T at the interface point
located 2 um below the starting corner of the domain is graphically plotted for the two scan

speeds in Fig. 21

For P = 100W, Vs = 1.0 mm/s, the peak temperature is 2133 K whereas the maximum
temperature reached by this interface for laser with P = 100W, Vs = 1.50 mm/s, is about 1969
K. It must be highlighted that for a total laser heating duration of 0.2 s, the interface point in
the computational domain irradiated by 100 W, 1.0 mm/s remains at a temperature above the
melting point of Ti (TmTi) for 97 ms. However, when using the laser of same power but larger
scan speed of 1.5 mm/s, the interface point remains at T > Tm i for less than 5 ms. Thus, heating
the medium with laser at lower scan speed of 1.0 mm/s accounts for larger convection effects

during the interfacial reaction and melt pool evolution.
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Figure 20. Thermal distribution profiles on the 3D computational domain at different time for
heating by the 100 W laser source moving with a scan speed (Vs) = (a) 1.0 mm/s , and (b) 1.5

mm/s.

It is obvious that surface and interface of the Au-Ti system reaches high temperature
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Figure 21. Influence of scan speed of the laser on the temporal evolution pattern of T at the

interface point 2 pm below the surface located at starting point of the laser beam.
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5.2 Indentation test for understanding the mechanical response of Ti
and TisAu slabs at nanoscale

Molecular Dynamics (MD) techniques were used in this study to carry out atomistic
simulations of the nanoindentation process of the Ti and TizAu nanostructures. The simulation
set up with nanoslab of dimensions Ix x lyx I, is shown in Fig. 22a. The supercells of Ti and

TisAu were constructed using Atomsk software [100].

a) b)
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depth along Z direction (nm)

Figure 22. The outcomes of the MD simulations for nanoindentation

The conceptual design for the MD simulation setup for the nanoindentation test. The spherical
indenter's radius (R) is 3 nm. The dimensions of the slab corresponding to initial configuration
is indicated as Ixx 1y x I,. For Ti supercell (constructed in an orthogonal mode for a unit cell of
HCP structure), Ix = 120.28 A, 1,=121.96 A, and 1, = 79.17 A. On the other hand, the
dimensions for TisAu supercell (built from simple cubic unit cell) are Iy = I, = 122.72 A, and 1,
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= 81.81 A. In both of these nanostructures, the atoms within the vertical length of di = 40 A
from the slab base are kept fixed during the simulation. The simulation results for the timestep
when the indenter travels at a depth of 2.5 nm for Ti b) and TizAu ¢) nanostructures are shown.
In these graphics, the gray spheres represent Ti atoms and the yellow spheres represent gold
atoms. The curves in d) show how the resultant indentation force varies with the indenter's
vertical displacement. The pictures in Fig. 22b and 22c shows indented structures when the
indenter has travelled 2.5 nm in depth from its starting location, in both cases the shape of the
indentation on the upper side is very clearly visible. It's crucial to take into account the
dislocations that are present in the indented nanostructures in addition to the geometry of the
indentation. While the dislocations associated with the HCP-structured Ti slab (Fig. 22b) are
evenly distributed around the indentation shape's periphery, those associated with TizAu (Fig.
22c) appear to be distributed more unevenly throughout the active regions. The existence of Ti
(grey) and Au (yellow) atoms, as well as their initial arrangement in a basic cubic structure,
results in a non-uniform distribution of dislocations during processing. The configuration of the
dislocation motion trajectories and their reaction to the applied force will undoubtedly have an
impact on how the treated material structure behaves mechanically. The propensity of a
continuum scale material to experience dislocation depletion [101] following stress is of special
relevance because this can have a significant impact on characteristics like hardness.

The load-displacement curves for Ti and IMC material during the nanoindentation test are
shown in Fig. 22d. The data are recorded while the indenter has not yet finished indenting the
entire active zone as the maximum indentation depth (horizontal axis) is 3 nm. The range of
indenter force (in N) values discovered in this work for pure Ti is well in line with the findings
of Verkhovtsev et al. [102]. While their study models the Ti-Ti interaction using an empirical
Finnis-Sinclair-type potential, this work uses an EAM potential, which can account for the
slight differences in the results. Additionally, several potentials are used in their research to
illustrate how the Ti atoms and the indenter interact. The fact that the indentation force values
for a pure Ti slab in this study were comparable to those in their work verifies the accuracy of
used model. From Fig. 22 d) force-distance curves, it is clear that the atoms of IMC TizAu exert
more force on the indenter than do those of pure Ti. For an example, at a given indentation
depth of 25 A, the indenter penetrating the pure Ti slab experiences a force of 0.36 pN from the
adjacent Ti atoms whereas the indenter surrounded by Ti+Au atoms of IMC slab is associated

with a force of 0.82 uN. These curves can be used to make an estimation of the hardness of
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these two materials. The ratio of the highest indentation force to the contact area can be used to
understand the hardness for a nanoindentation method [103]. The contact area between the two
systems at the critical indentation depth for the simulation configuration provided with the same
indenter will not be significantly different, and based on these curves, it can be inferred that the
IMC TizAu will have a higher hardness value. The work of Svanidze et al. [31] reports
experimental evidence of it, that the hardness value of B- TizAu is about 4 times larger than that
of pure Ti. This fact therefore supports our hypothesis. The high hardness of the IMC material
during indentation in the initial phase influences from the interaction of the Ti and Au atoms,
and the dislocation exhaustion as a result of the reconfiguration of the Au atoms within the
majority of atoms. The work of Svanidze et al. [31] also reports an improvement in
intermetallics' wear characteristics in addition to an increase in hardness and this can also be
justified by the enhanced cohesion of the surface atoms, and certainly the presence of two types
of atoms in the IMC has a role in it. Such behaviour of IMC makes it a potentially favourable
candidate in the design of harder and super biocompatible materials. IMC's behaviour makes it
a potentially advantageous candidate for the development of more durable and more

biocompatible materials.

5.3 Roughness Tests

Hardness tests were performed on samples immediately after preparation and
electrochemical application of the gold layer. For both alloys used (Ti and TiZrNb), the aim
was to make a compromise between the need to etch the surface in order to remove the
contaminants and uneven oxide layers [104], which forms almost immediately after the sample
is exposed to the air and causes delamination of the deposited layer to the substrate, and
obtaining a roughness Ra lower than that found in natural tissue (for the purposes of this work,
this was a coronary vessel). According to the literature, the Ra value should not exceed 1.04
um [81]. For samples from the Ti group, the Ra value obtained is the same as the roughness
value for the coronary vessel, while in the case of Til3Zr13Nb, it was possible to adjust the
etching bath in such a way that the roughness was lower and the adhesion of gold to the substrate
was still satisfactory. The hardness test results for the individual groups of samples are
presented in Tab. 7 and Tab. 8. For both Ti and Ti13Zr13Nb, roughness in the acceptable range

of no more than 1.04 um was achieved. However, it should be noted that the roughness is higher

71



“The influence of hybrid processes of surface microalloying on the structure and properties of surface layers
of Ti and Ti alloy-based biomedical materials”
Oktawian Bialas

for the Ti samples, which is statistically significant, and attempts to reduce the roughness by

selecting other layer deposition methods should be considered in future studies.

Table 7. Roughness measurements for Ti based sample group

Ti+ Au Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Total
Measurement Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz
no [um] | [pm] | [pm] | [pm] | [pm] | [pum] | [pm] | [um] | [pm] | [um]
1 096 | 510 094 560 1.04 620 114 830 112 6.0
2 090 | 540 | 102 680 112 | 630 @ 098 @ 6.00 106  7.10 Ra Rz
[nm] [nm]
3 1.02 | 600 1.04 630 110 620 @102 610 158  8.20
4 095 | 540 @ 1.00 @ 650 @ 094 | 6.40 | 1.00 670 114  9.10
5 081 | 490 100 590 114 670 | 1.08 | 6.80 @ 1.02 @ 5.40
Average 093 | 536 100 | 622 1.07 636 1.04 678 118 @ 7.26 1.04 6.40
Standard 0.07 0.37 0.03 0.43 0.07 0.19 0.06 0.82 0.20 1.29 0.13 0.96
deviation
Table 8. Roughness measurements for Ti1l3Zr13Nb based sample group
Til13Zr13Nb Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Total
+ Au
Measurement Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz
no [um] | [pm] | [um] | [pm] | [pm] | [um] | [pm] | [pm] | [um] | [pm]
1 040 | 290 045 | 220 044 410 050 390 044 3.80
2 044 | 340 | 043 | 210 046 | 360 | 052 490 056 350 Ra Rz
3 056 350 | 035 300 056 510 055 470 045 | 220  [wml [um]
4 041 | 290 | 040 | 300 036 310 052 @ 480 035 | 3.00
5 040 & 300 | 040 | 360 042 350 0.68 490 036 | 3.10
Average 044 | 314 041 278 045 388 055 464 043 312 | 046 351
Standard 006 026 | 003 | 056 007 069 006 038 0.08 | 054 0.08 0.83
deviation

5.4 Light microscopy

Images taken using light microscopy for samples both after etching and after gold plating

are presented in Fig. 23 below. Both materials after etching are characterised by a rough surface

that is difficult to distinguish. In the images after application of the gold layer, we see a

homogeneous, intense yellow gold layer with a partially mapped surface roughness. In

microscopic images, discontinuities of the coating are not visible.
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The images from the light microscope (Fig. 24) show the Ti surfaces after laser treatment,
using various parameters (scan velocity, laser power). It can be seen that the choice of
parameters causes the coating to melt in different proportions with the substrate material. For
all variants, a distinction can be made between the heat-affected zone and the actual remelting.
In the case of low power (75W), melting can be seen, with characteristic fluctuations indicating
that at least one of the system components (Au) is in a liquid state. For variants with P=100W,
we can distinguish a widening of the heat-affected zone and a metallic colour of the remelting
area. The remelting zone is characterised by a high homogeneity with a tendency towards a
dendritic structure for the P=100W and VV=1mm/s variants. In the case of the variant with the
highest applied power (P=125W), we can see visible chiaroscuro stresses along the grain
boundaries. it was assumed that, due to this microstructure, the resulting coating is not
predisposed to useful properties and can be discarded.
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Figure 24. Light microscopy images of the surface after laser treatment in a range of process

parameters carried out during process optimisation for Ti based group.

For the group of samples with a Ti13Zr13Nb substrate presented in Fig. 25, due to the
different behaviour of the alloy following laser treatment, it was decided to reselect the
parameters at higher speeds (2-3 mm/s) of the process parameters and the same power. In the
microscopic images, a strongly fluctuating coating surface was visualised for the low-power

variants (P=75W). The 100W parameters are again characterised by the highest homogeneity
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and metallic shine, indicating a good combination of process parameters in these variants. The
highest power used for the Ti13Zr13Nb group (P=125W) resulted in strong remelting with a

significant widening of the heat affected zone.
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Figure 25. Light microscopy images of the surface after laser treatment in a range of process

parameters carried out during process optimisation for Ti1l3Zr13Nb based group.

75



“The influence of hybrid processes of surface microalloying on the structure and properties of surface layers
of Ti and Ti alloy-based biomedical materials”
Oktawian Bialas

5.5 Scanning Electron Microscopy on cross sections

Scanning electron microscopy images of cross-sections for samples immediately after
electrochemical deposition of gold are presented in Fig. 26. The higher roughness of the Ti+Au
group results in greater unevenness. Very thin areas can be seen in the microscopic image,
which allows the conclusion that the gold layer will not be perfectly tight, which, without
appropriate laser treatment, will not provide improved corrosion protection (anodic protection).
For the Til3Zr13Nb group, the layer is much more homogeneous, facilitating a noticeable
reduction in surface roughness.

a) Ti+Au b) Til3Zr13Nb+Au

20 ym Mag= 1.00KX Signal A= NTS BSD 20 pm Mag= 1.00K X Signal A = NTS BSD

EHT =20.00kV WD = 10.5 mm EHT =20.00kv._WD= 8.0mm

Figure 26. Scanning electron microscopy images of the cross-section of the samples after
electrochemical deposition of gold on the a) Ti surface and b) Ti13Zr13Nb.

The cross-sections of the TiAu group samples after laser processing are presented in Fig. 27.
The photos were taken using the Backscattered Electron BSE technique. Obtained images are
formed by backscattered electrons which are emitted by elastic scattering of the incident
(primary) electrons. A BSE images reveal the compositional difference in a specimen
(difference in the average atomic number). Therefore, in the images the element with the higher
atomic mass (Au) is lighter compared to the lighter one (Ti). For P = 75W in both speed variants,
a large unevenness of remelting zone and low penetration of gold into the Ti matrix can be
noticed, which allows for immediate rejection of these process variants. In the case of
parameters with the power variant P = 125W, the situation is reversed. Too deep penetration of
gold atoms causes too little local concentration of gold atoms, which prevents the stoichiometric
ratio of Ti to Au (preferably 3: 1). Therefore, it was decided to reject the 125W variants. In the

case of variants with a power of P = 100 W and a scan speed of V =1 mm/s and V = 1.5 mm/s,
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the most uniform coatings were obtained. In addition, several distinct zones can be
distinguished on the cross-section, indicating the formation of specific phases. The above

variants were qualified for further analysis

TiAu
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1lmmy/s 1.5mm)/s

75W
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e e B T BED b EHT= 20008V WOD'= 80mm
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. Mag= S00X  Sgnal A= NTS BSD
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Figure 27. SEM images of the samples cross-section after laser treatment in a range of process
parameters carried out during process optimisation for Ti based group.
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For Til3Zr13Nb based-samples, the results of the analysis using scanning electron
microscopy are presented in Fig. 28. As for the Ti-substrate samples, the process parameters
with the power P = 75W result in uneven remelting, albeit with an indication of a more uniform
remelting behaviour in the case of V = 3 mm/s than 2 mm/s. In the case of 125 W power, as in
the Ti substrate group, the remelting is too deep for a reasonable concentration of gold in the
matrix, allowing the TisAu phase to crystallize. In the case of 100W process parameters, both
for the velocity V =2 mm/s and V = 3 mm/s, quite deep remelting (> 10um) can be noticed and
possibly greater gold distribution in the Ti matrix (this is evidenced by the lower Au signal
intensity in the BSD image). However, on the surface, a strong, bright signal can be seen. It
was decided again to select 100 W process variants for further analysis for the Ti13Zr13Nb

substrate group.
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Figure 28. SEM images of the samples cross-section after laser treatment in a range of process
parameters carried out during process optimisation for Ti1l3Zr13Nb based group.

After on-side light microscopy and SEM microscopy analysis of the cross-sections of the
samples obtained for the laser power of 75-125W and the beam travel speed in the range of 1-
1.5mm/s for the Ti alloy and 2-3mm/s for the Ti13Zr13Nb alloy, samples obtained using a laser
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with a beam power of 100W. The selected samples are characterized by the most uniform

remelting and the desired depth of not more than 20um.

5.6 Energy Dispersive Spectroscopy

The results of quantitative EDS analyzes confirm changes in the chemical composition
(more precisely, the concentration of chemical elements) as a result of remelting the samples
TiAu 1 mm/s (Fig. 29), TiAu 1.5 mm/s (Fig. 31), Ti1l3Zr13NbAu 2 mm/s (Fig. 33) and
113Zr13NbAu 3 mm/s (Fig. 35). Several main areas of concentration changes can be
distinguished in the presented images. For the 1 mm/s TiAu sample, there are four areas whose
Au content decreases from the maximum value (approx. 21 at%) to 5 at%. In region 1, the ratio
of the atomic concentration of Ti to Au is 3 to 1, as shown in Fig. 32. It is therefore the most
interesting for the search for the TisAu phase. Similar results were obtained for the TiAu 2
mm/s sample, where four areas with different concentrations of elements are also visible. Again,
in region 1, the Ti to Au atomic concentration ratio is close to that expected for the TisAu phase
(Fig. 32).

TiAu 1 mm/s

1. at%: Au~215% 6. at%:

Ti~ 785 %
2. at%: Au~11%
Ti~ 89 %

7. at%:

8. at%:
3. at%: Au~8%

Ti~92 % 9. at%:

4. at%: Au~5%
Ti~95 %

5. at%: Ti ~ 100 %

10 pm Mag= 500K X Signal A =NTS BSD
| — EHT =20.00kV__ WD =10.5mm

Figure 29. Quantitative EDS analysis results for the sample TiAu 1 mm/s.
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Figure 30. EDS X-ray spectrum from area 1 of Fig. 29.

TiAu 1.5mm/s
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Figure 31. Quantitative EDS analysis results for the sample TiAu 1.5 mm/s.
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Figure 32. EDS X-ray spectrum from area 1 of Fig. 31.

In the case of a group of samples based on Ti13Zr13Nb, the changes are more heterogeneous,

and the areas with a similar concentration of Au are more difficult to determine. For the

Ti13Zr13NbAu 2 mm/s sample, there are three areas whose Au content decreases from the

maximum value (approx. 14 at%) to 4 at%. Figure 34 shows the EDS spectrum obtained for

region 1. For the Ti1l3Zr13NbAu 3 mm/s sample, there are only two areas. Au content in them

is approximately 15 at. % (Fig. 36) and about 7 at. %.

5. at%: Au~13 %
Ti~72%
Zr~85%
Nb ~ 6.5 %

6. at%: Au~9%
Ti~76 %
Zr~7%
Nb ~8 %

7. at%: Au~7%
Ti~775%
Zr~65%
Nb ~ 9%

Ti13Zr13NbAu 2 mm/s

Mag= S500KX Signal A= NTS BSD
EHT=20.00kV__WD= 8.0mm

4. at%:

Figure 33. Quantitative EDS analysis results for the sample Ti1l3Zr13NbAu 2 mm/s.
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Figure 34. EDS X-ray spectrum from area 1 of Fig. 33.
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Figure 35. Quantitative EDS analysis results forthe sample Ti13Zr13NbAu 3 mm/s.
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Figure 36. EDS X-ray spectrum from area 1 of Fig. 35.

5.7 XRD

XRD analysis were performed for TiAu 1mm/s (Fig. 37) and TiAu 1.5 mm/s (Fig. 38) and
for Ti13Zr13NbAu 2mm/s (Fig. 39) and Ti13Zr13NbAu 3m/s (Fig. 40). In each case P = 100W.
In order to confirm the presence of the TisAu phase, a qualitative analysis was performed by
X-ray diffraction. Measurements made for the 1 mm/s TiAu sample (Fig. 37a, 38a) confirmed
the presence of the Au phase (Cubic, space group: Fm -3m), as well as a-Ti (Hexagonal, space

group: P63/mmc), titanium (11) oxide (Hexagonal, space group: P-3m1), titanium (IV) oxide -
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rutile (Tetragonal, space group: P42/mnm) and the intermetallic phase B-TisAu (Cubic, two
space groups: Pm-3m and Pm-3n) . The results obtained with GID (Fig. 37b, 38b) did not reveal
the presence of the B-TisAu phase (Cubic, space group: Pm-3m), which is due to the limited X-
ray penetration in this geometry. This means that the intermetallic phase with the space group
Pm-3n crystallizes on the gold side and is therefore identified. The phase with the space group
Pm-3m, due to crystallization on the titanium side, is located deeper and has not been identified

in the GID geometry.
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Figure 37. XRD analysis results of sample TiAu 1mm/s: a) 20 Bragg-Brentano geometry, b)

Grazing Incidence Diffraction (GID) geometry.
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Figure 38. XRD analysis results of sample TiAu 1.5 mm/s: a) 20 Bragg-Brentano geometry, b)
Grazing Incidence Diffraction (GID) geometry.

Fig. 39 and Fig. 40 show the results of the phase analysis for a group of samples based on
Ti13Zr13Nb. XRD measurements confirmed the presence of Au phase (Cubic, space group:
Fm-3m), as well as a-Ti (Hexagonal, space group: P63/mmc), Titanium (I1) Oxide (Hexagonal,
space group: P-3m1), Zirconium Gold (Anorthic, space group: P-1,2), Zirconium Titanate
(Orthorhombic, space group: Pbcen) and B-TisAu intermetallic phase crystalized in cubic crystal

system (space group: Pm-3m).
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The results obtained with the GID geometry (Fig. 39b, 40b) did not reveal the presence of
the Zirconium Titanate phase, which is a result of limited X-ray penetration in this measurement
geometry. The absence of the Au phase in the GID diffraction patterns is probably due to the
greater remelting/deeper penetration of gold atoms into the Ti13Zr13Nb matrix, which is also
confirmed by SEM imaging on cross-sections. The presence of Zirconium Titanate for
measurements in the Bragg-Brentano geometry is understandable because it is located inside

the Ti13Zr13Nb matrix and deeper X-ray penetration is needed to identify it.
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Figure 39. XRD analysis results of sample Til3Zr13NbAu 2mm/s: a) 20 Bragg-Brentano
geometry, b) Grazing Incidence Diffraction (GID) geometry.
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Figure 40. XRD analysis results of sample Til3Zr13NbAu 3mm/s: a) 20 Bragg-Brentano
geometry, b) Grazing Incidence Diffraction (GID) geometry.

5.8 EBSD

In order to assess the microstructure, phase composition, grain size and orientation, the
samples were subjected to EBSD analysis. Fig. 41 shows Image Quality (1Q) maps and phase
maps for TiAu 1 mm/s and TiAu 1.5 mm/s samples. They represent an area of approximately
10 um x 10 um. The area for analysis was selected on the basis of the EDS test results, i.e.
homogeneous in terms of the concentration of elements and the closest to the stoichiometric
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content of the TisAu phase. For TiAu, it was region 1, located near the surface. The EBSD
results confirm the presence of large Ti grains and smaller Au grains, which is consistent with
the XRD results. In addition, small crystallites of the TisAu phase are visible, located in the

vicinity of grain boundaries of the Ti and Au phases.

TiAu 1 mm/s a) _ b)

Figure 41. EBSD IQ a) and phase map b) of TiAu 1 mm/s and TiAu 1.5 mm/s

In the analyzed areas of remelting, the share of the TizAu phase was 0.067 for TiAu 1.5
mm/s and 0.042 for TiAu 1 mm/s, respectively. This indicates that the process parameters used
for TiAu 1 mm/s have a better effect on obtaining the TisAu phase. The TizAu phase is

surrounded by Ti but always close to Au.
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Figure 42. Grain size versus Fraction area diagram for TiAu sample group variants.

For TiAu 1.5 mm/s samples, the grain size was characterised by a smaller grain size,

especially in the 1 to 5 micrometre range (Fig. 42).
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Figure 43. Misorientation Angle distribution for TiAu sample variants.
The average angle of disorientation is greater for the TiAu 1.5 mm/s samples, which is due

to the greater number of boundaries in the 49-55 degrees range (Fig. 43).
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-

Til3Zr13NbAu 2 mm/s  a) b)

Figure 44. EBSD IQ a) and phase map b) of Ti1l3Zr13NbAu 2 mm/s and Til1l3Zr13NbAu 3

mm/s.

For samples with Til3Zr13Nb substrates, the TizAu to Ti ratio is higher for the
Ti13Zr13NbAu 2mm/s parameter. It should be noted, however, that in the case of samples
containing TiZr and AusZr phases (previously revealed by XRD analysis), it is not possible to
distinguish between these phases and TizAu on the basis of EBSD detection due to very similar
lattice parameters. For cubic TisAu the parameter a = 5.097 A, for orthorhombic ZrsAu a =
5.0A, b =4.445 A and c = 14.294 A, while for tetragonal TiZra,b=3.11 Aandc=4.2 A. Such
parameters do not allow unambiguous indexing of the individual phases, with the result that we
are dealing with a mixture of these phases in regions indexed as TisAu (Fig. 44).
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Figure 45. Grain size versus Fraction area diagram for Ti13Zr13NbAu sample group variants.

Number Fraction
s 2 2 o

Ti13Zr13NbAu 2 mm/s Ti13Zr13NbAu 3 mm/s

0.11 0.10

o e 2 o o

8 8 & 8 9 8 8 8
Number Fraction

o °

] 2

e

=

S
o
o
~

o
2
o
2

o
=
3

o

8

10 20 30 40 50 60 10 20 30 40 50 60

Misorientation Angle [°] Misorientation Angle [°]

Figure 46. Misorientation Angle distribution for Ti1l3Zr13NbAu sample variants.

For Ti13Zr13NbAu 2 mm/s there is a significantly lower average grain size: 1.14 to 5.83 for

Ti13Zr13NbAu 3 mm/s (Fig. 45). Where the samples are characterised by very similar values

of the misorientation angle distributions, it suggests that Ti13Zr13NbAu 2 mm/s should have

better performance properties (Fig. 46 and Tab. 10).
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Based on the EBSD results, it can be concluded that the tested samples contain TizAu in the
case of Ti based sample group, and a mixture of TisAu, TiZr, and AusZr phases in the case of
Ti13Zr13Nb based sample group. This information can be useful for understanding the
microstructure and properties of these materials. Further analysis by TEM techniques was

necessary to identify the individual phases.

59 TEM

Following the previous investigations, analysis was carried out using transmission electron
microscopy. For lamellae taken from TiAu 1 mm/s, TiAu 1.5 mm/s, Ti1l3Zr13NbAu 2 mm/s
and Ti13Zr13NbAu 3 mm/s samples imaging (TEM, STEM), electron diffraction and EDS
analysis were performed. TEM images obtained for TiAu 1mm/s sample (Fig. 47) and TiAu
1.5 mm/s sample (Fig. 49) are supplemented by the results of the EDS analysis (Fig. 48 and
Fig. 50, respectively). In both cases, fine and uniformly distributed grains containing Au and
Ti are surrounded by a Ti matrix. Grains are usually fine and elongated (100-300 nm wide).
Larger grains (500-1000 nm) with the same chemical composition are more regular in shape.
Grains of pure unmelted gold can also be seen in some places, but the amount of gold suggests
its negligible contribution, due to its low melting point (1064 °C). Electron diffraction with the
SAED selection aperture was used for phase identification. The results of experimental electron
diffraction were compared with the computer simulations of diffraction pattern in determined
zone axis. Obtained results confirmed the presence of the intermetallic phase B-TisAu (Cubic,
space groups: Pm-3m k) (Fig. 51), a-Ti (Hexagonal, space group: P63/mmc) (Fig. 52) and Au
phase (Cubic, space group: Fm -3m) (Fig. 53).
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Figure 48. EDS analysis results (TiAu 1 mm/s sample). STEM-HAADF image with mapping
area a) marked in red. EDS analysis result taken from area marked as 1 b), 2 ¢), and 3 d). EDS

maps of Ti f) and Au g) taken form the square area marked in a).
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Figure 50. EDS analysis results (TiAu 1.5 mm/s sample). STEM-HAADF image with mapping
area (a) marked in red. EDS maps of Ti(b) and Au(c) distribution.
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Figure 51. TisAu phase (TiAu 1.5 mm/s sample). TEM-BF image with marked in red selection
aperture position (a). SAED electron diffraction from the red indicated area (b). Computer

simulation of the cubic TisAu phase (space group Pm-3m) in the [011] zone axis (C).

Figure 52. Ti phase (TiAu 1.5 mm/s sample). TEM-BF image with marked in red selection
aperture position (a). SAED electron diffraction from the red indicated area (b). Computer

simulation of the hexagonal Ti phase (space group P 63/mmc) in the [011] zone axis.
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Figure 53. Au phase (TiAu 1 mm/s sample). TEM-BF image image with marked in red selection
aperture position (a). SAED electron diffraction from the red indicated area (b). Computer
simulation of electron diffraction for the cubic Au phase (space group Fm -3m) in [121] zone
axis (d).

The structure of Ti13Zr13NbAu samples is more heterogeneous. Also, due to the greater
number of elements (Ti, Au, Nb, Zr), the interpretation of TEM results is more difficult. This
applies in particular to phase identification. The structure of Ti1l3Zr13NbAu 2mm/s is visible
in Fig. 54 and Fig. 57, while Ti13Zr13NbAu 3mm/s in Fig. 55 and Fig. 56. Based on the
obtained results, it can be concluded that both tested materials (Ti13Zr13NbAu 2mm and
Ti13Zr13NbAu 3mm/s) contain a Ti matrix (hexagonal, space group: P63/mmc) with dissolved
Nb and Zr and fine precipitates of TisAu (Cubic, space group: Pm-3m). Precipitates are regular
in shape (elongated grains were not observed) and 500-1000 nm in size. In the Ti13Zr13NbAu

2 mm/s sample, the presence of lamellar ZrAu4 nanograins was also confirmed.
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Figure 54. Ti13Zr13NbAu 2 mm/s sample structure. TEM-BF image a). STEM-HAADF
images b). EDS maps of Ti ¢), Zr d) and Au e) taken from the marked square area. EDS analysis

result taken from area marked as 1 f) and 2 g) in b).

dgone, )
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Figure 55. TisAu phase structure in Til3Zr13NbAu 3 mm/s sample. TEM-BF image where the
position of the selection aperture is marked in red a). SAED electron diffraction from the
indicated area b). Computer simulation of the TizAu (Cubic, space group: Pm-3m) in [100] zone

axis c).
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Figure 56. Ti phase structure in Til3Zr13NbAu 3 mm/s sample. TEM-BF image where the

position of the selection aperture is marked in red a). SAED electron diffraction from the

indicated area b). Computer simulation of the Ti (hexagonal, space group: P63/mmc)
in [-6-31] zone axis c).

s o, o © © O

Figure 57. ZrAus phase structure in Til3Zr13NbAu 2 mm/s sample. STEM-BF image where
the position of the selection aperture is marked in red a). SAED electron diffraction from the

indicated area b). Computer simulation of the ZrAu4 phase (Orthorhombic, space group Pnma)
in [111] zone axis c).

The structural parameters of the identified phases are presented in Tab. 1
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Table 9. Structural parameters of the identified phases

no. Phase Crystal system Space group Parameters of the unit cell Reference
1 TizAu Cubic Pm-3m 4.15; 4.15; 4.15 [105]
90; 90; 90
2 AusZr Orthorhombic Pnma 5.01; 4.45; 14.29; [106]
90; 90; 90
3 Ti Hexagonal P3/mmc 2.95; 2.95; 4.686 [107]
90; 90; 120
4 Au Cubic Fm-3m 4.08; 4.08; 4.08 [107]
90; 90; 90
5.10 AFM

AFM studies were carried out on the samples after etching, immediately before the
electrochemical deposition of the gold coating onto the material, as well as after the coating had
been applied. Analysis was also carried out for each of the selected laser treatment parameters
(presented on Fig. 58, 59). Fig. 60 shows, that for samples with a Ti substrate, a decrease in the
average roughness (Ra factor) can be observed respectively after each stage of material
fabrication, i.e. from an initial value of Ra = 0.93 um, after coating application there is a
decrease in roughness to approximately Ra = 0.88 um. Thereafter, both laser treatment variants
decrease the Ra values to approximately 0.63 pum. Interestingly, the roughness results for
samples with a Ti13Zr13Nb substrate increase from an initial Ra = 0.59 um after etching to
0.81 um. After laser treatment, the roughness decreases again to 0.57 pm for Ti13Zr13NbAu
2mm/s and 0.78 um for Ti13Zr13NbAu 3 mm/s, respectively. With regards to roughness, the
most important finding of the analysis is that the samples tested (in no variant and at no stage)
exceeded a maximum value of 1.04 + 0.45 um [81], corresponding to the natural roughness of

the coronary vessel.
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Ti13Zr13Nb

Ti13Zr13Nb + Au

Figure 58. AFM 3D images reconstruction before applying coating (Ti, Ti1l3Zr13Nb) and after
electrochemical process (Ti + Au, Til3Zr13Nb + Au).

TiAu Imm/s

Til3Zr13NbAu 3 mm/s
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Figure 59. AFM 3D images reconstruction after laser machining for each variant selected for
further analysis (TiAu 1 mm/s, TiAu 1.5 mm/s, Til3Zr13NbAu 2 mm/s, Til3Zr13NbAu 3

mm/s).
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Figure 60. Average roughness test factor Ra for each sample group tested by AFM technique.

511 Wetting Angle

The results of the measurements carried out are summarised in Tab. 10 and representative
plots of the change in wetting angle and photographs of the droplet shape are summarised in
Fig. 61 for Ti-based materials and Fig. 62 for Ti1l3Zr13Nb - based materials. Each measurement
was repeated 5 times to ensure statistical significance of the measurement. The application of
gold causes an increase in the wetting angle value and a decrease in the SFE value relative to
only etched surfaces for both Ti and Ti13Zr13Nb alloy. The same relationship (increase in angle
and decrease in SFE) can be observed after laser treatment of both Ti and Ti13Zr13Nb substrate
samples. In the case of gold - coated Til3Zr13Nb, a laser with a higher velocity causes a
decrease in the water wetting angle and an increase in the SFE value. A similar trend for Ti-
substrate samples was not apparent. In general, each successive operation (application of gold
followed by laser treatment) results in an increase in the wetting angle and a decrease in the
SFE, but generally without a change in the nature of the surface to an unambiguously
hydrophobic one. The increased wetting angle when gold is applied is due to its hydrophobic
nature, as confirmed by the Ricci and Novakovic [89] report. Due to the application of a gold
layer of similar thickness, the difference in wetting angle value between Ti + Au and
Ti13Zr13Nb + Au is due to the difference in surface roughness [36].
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Table 10. Wetting Angle results.

@Water [0] @dijodometan [0] 'Yd [m N/m] 'Yp [mN/m] SFE [m\]/mz]
Ti 30.17£55 77.7£1.2 18.69 43.32 63.01
Ti+ Au 53.86+3.4 70.52+4.3 22.55 24.93 47.48
TiAu Imm 72.25+9.8  60.27+9.1 28.17 9.81 37.98
TiAu 1.5mm 99.01+9.1 69.68+3.3 23.03 1.38 24.42
Til3Zr13Nb 45.15+4.3 45,1544 .3 29.96 30.95 58.26
Til3Zr13Nb + Au 69.45+4.7 45.67+5.5 36.55 8.57 45.12
Ti13Zr13NbAu 2mm 80.51+6.6 60.19+2.1 34.46 4.46 38.61
Til3Zr13NbAu 3mm 71+4.1 39.79+7.2 35.82 7.54 43.36
CA for Ti sample group
110 ~ a) |
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TiAu 1.5 mm/s
90 4 b) |
80
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Figure 61. Wetting angle change versus time diagrams and corresponding settle drop images:
a) TiAu 1.5 mm/s, b) TiAu 1 mm/s, ¢) Ti + Au, - d) Ti, for Ti based sample group.
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CA for Til3Zr13Nb sample group
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Figure 62. Wetting angle change versus time diagrams and corresponding settle drop images:
a) Ti1l3Zr13NbAu 2 mm/s, b) Ti13Zr13NbAu 3 mm/s, ¢) Til3Zr13Nb + Au, - d) Ti1l3Zr13Nb,
for Ti13Zr13Nb based sample group.

5.12 Corrosion

Ti based samples group

Based on tests of the change in open circuit potential as a function of time, positive Eocp values
were exhibited by the alloy with the 1.5mm TiAu coating. Slightly lower values were exhibited
by the alloy with TiAu 1 mm coating. Au-coated (Tab. 13) titanium was characterised by
slightly negative open circuit potential values. As expected, pure titanium showed open circuit
potential values most directed towards negative values. In addition, peaks were evident, which
are characteristic of the breakthrough of the forming passive layer. The pure gold coating
showed the most stable Eocp curve, however, the stability of the open-circuit potential variation
as a function of time is closely dependent on the surface quality [108,109]. In the case of the
materials tested, polishing could damage the applied coatings.

After an hour-long stabilisation of the EOCP (Fig. 63), polarisation tests were carried out, from
which anodic polarization curves were recorded. Based on the Tafel extrapolation of the anodic
and cathodic curves (Fig. 64), the corrosion potential and the corrosion current density were

determined. Based on the tests, it was found that the TiAu 1.5 mm/s coating had the most
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positive Ecorr potential value (Tab. 11), which is consistent with the obtained open circuit

potential value. In addition, TiAu 1.5 mm/s showed the lowest corrosion current density

variation. The TiAu 1mm/s coating showed a negative corrosion potential value and a higher

corrosion current density value compared to the 1.5 mm/s parameter. Pure titanium was

characterised by the most negative Ecorr and the most positive icorr. On the basis of the

electrochemical tests carried out, it can be concluded that the layer with the best corrosion

protection is TiAu 1.5 mm/s, while pure titanium proved to be the least resistant of the tested

materials.

Table 11. Results of electrochemical test for Ti sample group.

Eocp [mV] Ecorr [m\/] icorr [uA/cmZ]
Ti -141 -133,97 +5.03 0,64+0.13
TiAu 1 mm/s 10 -12,42 +7.65 0,096 + 0.04
TiAu 1.5 mm/s 40 44,15+ 9.39 0,046 £ 0.01
Ti+ Au -26 -74,88 + 10.45 0,440+ 0.17
0.15 - TiAu 1.5 /s
0.10 4 Ti+Au
[
0.05 -
—-—w——' L
> 0.00
e h
9 -
= 0.05 4
-0.10 4
0.15 /_F__F_—r— v
-0.20
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Figure 63. Results of electrochemical test: Eocp,- open circuit potential curves for Ti samples

group.
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Figure 64. Results of electrochemical test potentiodynamic curves for Ti based samples group.

Ti13Zr13Nb based samples group

Based on the changes in open circuit potential (Fig. 65) as a function of time, the most
positive Eocp values were recorded for Til3Zrl3NbAu 3 mm/s, and slightly less for
Ti13Zr13NbAu 2 mm/s (Tab. 12). The Au-coated Ti13Zr13Nb alloy initially showed positive
potential values, and with increasing time the Eocp values decreased. The characteristics of the
gold-coated Ti13Zr13NbAu alloy were more positive than those of the uncoated TiZrNb alloy.
Based on the polarization curves (Fig. 66), the values of corrosion potential and corrosion
current density were determined. According to the measurements, the highest Ecorr values were
characteristic of the Til3Zrl13NbAu 2mm/s coating. The average values of the corrosion
potential were similar for TiZrNb and Til3Zr13Nb + Au, however, the corrosion current
density was higher for the gold coating. Ti13Zr13NbAu 3 mm/s was characterized by the most
negative Ecorr values as showed Tab. 12. The discrepancy in the results indicates a difference
in the mechanisms of corrosion processes, so it is important to analyze the corrosion products.

Based on observations using scanning electron microscopy, it was observed that in the case of

105



“The influence of hybrid processes of surface microalloying on the structure and properties of surface layers
of Ti and Ti alloy-based biomedical materials”
Oktawian Bialas

Ti13Zr13NbAu 3 mm/s there are local galvanic micro-cells, which accelerate the corrosion

destruction process (Fig. 74).

Table 12. Results of electrochemical test for Ti13Zr13Nb sample group.

EOCP [mV] Ecorr [mV] icorr [IJA/CITIZ]
Ti13Zr13Nb 22 -79.84 £5.38 0.21 £0.004
Ti13Zr13NbAu 2 mm/s 101 -30.99 £60 0.02 £0.008
Ti13Zr13NbAu 3 mm/s 114 -198 £34 0.44 £0.3
Ti13Zr13Nb + Au 36 -65.64 £1.25 19.24 +6.8

0.15 -

0.10

\/
0.00 : ///—”"

e,
m® Ti13Zr13NbAu 3 mum/s
-0.05
010 4 Au
015 - Ti1l3Zr13Nb
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Figure 65. Results of electrochemical test: Eocp,- open circuit potential curves for Ti1l3Zr13Nb

samples group.
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Figure 66. Results of electrochemical test potentiodynamic curves for Til3Zr13Nb based
samples group.

The open circuit potential values for the Ti samples tend to shift towards more electropositive
values without stabilizing over the test time. A similar trend was observed for the TiAu 1.5mm/s
samples. However, for the Au and TiAu 1 mm/s samples, the open circuit potential values begin
to decrease and then gradually stabilize (as shown in Figure 64). The most positive open circuit
potential values were obtained for the Au enriched samples - recorded values were more than
7 times higher than those obtained for Ti samples, indicating better corrosion resistance for
samples with Au due to the noble nature of Au. The highest values of the open circuit potential
in comparison to Titanium were obtained for both groups of TiAu samples (1 mm/s and 1.5
mm/s). In the case of Ti13Zr13Nb based samples the similar tendency has been revealed (Fig.
66). To investigate the effect of Au content on corrosion resistance, a Tafel method was
performed. The obtained values of corrosion potential (Ecorr) confirm the behavior of the open
circuit potential (Fig. 67 and Table 12). The recorded values of the current density for Au
samples were lower than those recorded for uncoated titanium samples, indicating that the
corrosion resistance of the Au enriched samples was better. The lowest values of icorr were
observed for the TiAu 1 mm/s and TiAu 1.5 mm/s sample groups, indicating the best corrosion
resistance in the tested group. For the TiAu Imm/s and TiAu 1.5 mm/s samples, icorr decreased

from 0.639 (Ti) to 0.096 and 0.046 pA/cm?, respectively (Fig. 65). In the case of Ti13Zr13Nb
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samples group the icorr increased from 0.21 (Ti13Zr13Nb) up to 0.44 and 19.24 pA/cm? in
Ti13Zr13NbAu 3 mm/s and Til3Zr13Nb + Au respectively. However, The Til3Zr13NbAu 2
mm/s icorr value was 0.02 pA/cm? as presented in Fig. 67. (It should be noted that the TiAu
samples exhibit the TisAu phase, which is prone to preferential dissolution in corrosion
environments [110] [111]. Gold is known for its low reactivity and resistance to corrosion.
However, when it is deposited on titanium as a thin layer (around 2 um), it may not be thick
enough to protect the base material from corrosion. The solution may be able to penetrate any

defects in the gold layer, allowing the titanium to corrode.

Electrochemical Impedance Spectroscopy results

Ti based sample group

The impedance spectra of Ti and Ti-based coatings were presented in figures 67, 68, and 69
in the form of Nyquist plots and Bode diagrams. The Nyquist diagrams showed semi-circles
located at the origin of the coordinate system, which were deformed to different degrees for the
different samples. It was found that increasing the angle of inclination of the curves for the Au
coated material and laser-treated samples indicated increased impedance values and corrosion
resistance compared to the Ti samples. The impedance modulus for all samples decreased with
increasing frequency of the voltage excitation signal. For low frequencies, the impedance
modulus was higher for the modified samples, but at higher frequencies, the situation was
reversed. Additionally, the highest values of the phase shift angle, around 80 degrees, in the
Bode phase diagram were observed in the laser-treated samples, compared to the non-stable
values of 60 degrees at the peak in low frequencies and 40 degrees and high frequencies for the
Ti. Large values of the phase shift angle in the high and mid-frequency region indicate the
presence of a capacitive double layer between the solution and the substrate material. The
impedance spectra of the analyzed corrosion systems were also studied using electrical
equivalent circuit, as shown in Fig. 70. It was found that for both groups of samples, an
equivalent circuit with two-time constants was used to analyze the EIS data, indicating the
presence of two sublayers: a cohesive inner one and a porous outer one, as evidenced by the
two-time constants on the plot. The equivalent circuit consists of Rs — electrolyte resistance,

Rpore — electrical resistance of the electrolyte in the pores, CPEpore — capacity of the double
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layer-porous surface, and Rct and CPEgq — resistance and capacity of the twin substratum,
respectively (Table 13)[112,113].

Table 13. Results of EIS test for Ti based sample group.

Parameters Samples
Ti Ti+Au TiAu 1 mm/s TiAu 1.5 mm/s

Rs [Qxcm?] 6.8 1.394 2 2
Rpore [Q*cm?] 2000 5400 6 500 5800
Ret [Qxcm?] 21900 21 800 42 000 25000
CPE e Yp [uFxs"Yem?] 0.80 x 1078 100.85 x 106 20.24 x 108 1052 x 10®

Np 0.55 0.85 0.82 0.66
CPE4 Ya [uFxs™/cm?] 0.585x 107 0.308 x 1073 0.135x 10 0.51 x 107

Ngl 0.83 0.7 0.6 0.65

For all sample variants, the R¢t value was greater than the Rpore Value, indicating that the
inner compact layer plays a more significant role in corrosion protection. The best resistance is
seen in the TiAu 1 mm/s variant, with an R value almost two times higher than that of pure
titanium and Ti + Au without laser treatment. The TiAu 1.5 mm/s variant also showed better
corrosion resistance of the compact layer than the non-laser-treated samples. In general, the

higher the Rt value, the more compact and protective the layer of the sample is [113].
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Figure 67. Nyquist diagram for Ti based sample group.
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Figure 68. Bode impedance - frequency diagram for Ti based sample group.
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Figure 69. Bode phase angle diagram for Ti based sample group.

CPE CPE,

pore

R

S

|1 —
1 11

R-pore Rd

Figure 70. The Electrical Equivalent Circuit (EEC) for the EIS tests.

Til3Zr13Nb based samples group

The impedance spectra of Ti13Zr13Nb and Ti13Zr13Nb-based coatings are presented in Fig.
71,72, 73 in the form of Nyquist plots and Bode diagrams. The Nyquist diagrams showed semi-
circles located at the origin of the coordinate system, which were deformed to different degrees
for the different samples. It was found that increasing the angle of inclination of the curves for
the Ti13Zr13NbAu 2mm/s coated material indicated increased impedance values and corrosion
resistance compared to Til3Zr13Nb + Au, Ti1l3Zr13NbAu 3 mm/s, and Ti13Zr13Nb. The Bode
modulus plot showed similar impedance modulus values for all variants over the full range of
frequencies. The impedance modulus for all samples decreased with increasing frequency of

the voltage excitation signal. For low frequencies, the impedance modulus was higher for the
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modified samples, but at higher frequencies, the situation was reversed. Additionally, the
highest values of the phase angle displacement in the Bode phase diagram were observed in all
tested samples, around 80 degrees. Large values of the phase shift angle in the high and mid-
frequency region indicate the presence of a capacitive double layer between the solution and
the substrate material. The impedance spectra of the analysed corrosion systems were also
studied using alternative electrical circuits, as shown in Fig. 70. Again, for both groups of
samples, an electrical equivalent circuit (Fig. 67) with two-time constants was used to analyse
the EIS data, indicating the presence of two sublayers: a cohesive inner one and a porous outer
one, as evidenced by the two-time constants on the plot. The equivalent circuit consists of Rs
— electrolyte resistance, Rpore — electrical resistance of the electrolyte in the pores, CPEpore —
capacity of the double layer-porous surface, and Rct and CPEq — resistance and capacity of the

twin substratum, respectively (Table 14).

Table 14. Results of EIS test for Ti1l3Zr13Nb based sample group.

Samples
Parameters Til3Zr13Nb + Ti13Zr13NbAu 3
Ti13Zr13Nb Ti13Zr13NbAu 2 mm/s
Au mm/s

Rs [Qxcm?] 1 1 2 2
Rpore [©2xcm?] 13 400 12 000 39 200 41500
Ret [Qxecm?] 708 800 150 000 14 000 110 000
CPE e Yp [uFxs™Ycm?] 0.123 x 10 90.65 x 10® 0.3253 x 108 54.48x 10°®

np (a2) 0.677 0.62 0.7619 0.828
CPE4 Ya [uFxs™/cm?] 0.5x10°% 0.121 x 1078 53.5x 108 0.1425 10

Nl 0.762 0.75 0.6893 0.809

For specimens with Til3Zr13Nb based material, the Re coefficient suggesting the
contribution of the inner compact layer to corrosion protection is higher for the non-laser-
treated variants (Til3Zr13Nb, and Ti13Zr13Nb + Au) and for the Ti1l3Zr13Nb Au 3 mm/s
parameter. For the Ti13Zr13NbAu 2 mm/s variant, the porous layer takes a decisive part in the
corrosion protection. The highest R-value is characterised by Til3Zr13Nb + Au, which is
indicative of a good tight gold coating of the samples (anodic protection). However, the laser-
treated variants relative to the native material Til3Zr13Nb are characterised by an Rpore Value
3 times higher for Ti13Zr13NbAu 3 mm/s, and 2.9 times higher for Ti13Zr13NbAu 2 mm/s.
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Figure 71. Nyquist diagram for Ti13Zr13Nb sample group.
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Figure 72. Bode impedance-frequency diagram Ti13Zr13Nb sample group.
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Figure 73. Bode phase angle diagram Ti13Zr13Nb sample group.

After the corrosion test, it is possible to observe the changes that occurred in the sample's
microstructure using a high-resolution imaging technique SEM. In the case of Ti and
Ti13Zr13Nb, the sample's surface may show the presence of pits and dissolutions, which are
indicative of corrosion damage. Pits are small cavities or holes in the surface of the material,
while dissolutions are the loss of material from the surface due to chemical reactions with the
environment. The formation of pits and dissolutions can weaken the material and reduce its
lifespan. In the case of Til3Zrl13NbAu 3mm/s, the sample's surface may also exhibit
microgalvanic cells, which are small regions where corrosion is more severe due to the
combined effects of chemical and electrochemical reactions. These cells can occur when
different materials in the sample interact with each other and the environment during corrosion.

The images are presented in the Fig. 74.
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Figure 74. SEM images of samples after corrosion testing a) pure Ti and Til3Zr13Nb, b)

samples after Au coating, ¢) Ti variant 1 mm/s, Ti1l3Zr13NbAu 2 mm/s, d) Ti 1.5 mm/s,
Ti13Zr13NbAu 3 mm/s.
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Corrosion resistance studies have shown that adding Au and laser treating the surface layer
can increase corrosion resistance. However, in some cases, due to local chemical changes in the
Au content caused by insufficient control of the process, the corrosion resistance may be
slightly decreased. Despite this, the overall corrosion resistance of samples with added Au and
laser treatment is better than that of the base materials (Ti and Ti13Zr13Nb) without these
modifications or only coated with gold through Electrochemical process. This increased
corrosion resistance is crucial for biomedical applications, where the material must be able to
withstand the harsh conditions of the human body without corroding or degrading. By
improving the corrosion resistance of these materials, it is possible to ensure their safe and

effective use in medical devices and implants.

5.13  Tribological tests

For titanium alloys used in biomedical implants, poor tribological performance and low
surface hardness have typically been documented [114,115]. Their tribological behaviour is
thought to have negative impacts such as high coefficients of friction (COF), severe adhesive
wear, and low abrasion resistance. By disturbing the protective oxide layer, mechanical sliding
between titanium alloys (or a titanium alloy and another material) can cause wear damage to
the surface, especially when a third body is present at the interface. Due to the high reactivity
of titanium alloys, the oxide surface layer quickly changes to an oxidative environment, which
may result in removal during the sliding of the two contacting surfaces. The results of a study
performed by De Viteri and Fuentes [116] showed that the protective oxide layer can be
removed from the surface of metals. This phenomenon occurs by applying contact loads which
allows metals to have interaction with the surrounding environment (or the adjacent material).
It can cause adverse effects including high friction and corrosion, and also premature failure of
implants [116,117]. The wear resistance of Ti-6Al-4V is poorer than that of 316L stainless steel
and Co-Cr-Mo alloy, according to Geetha et al. [118] Additionally, when compared to the Co-
Cr alloy and stainless-steel prostheses, larger metal concentrations were found in the tissue that
was taken from the area around the Ti-alloy prosthesis. In view of the above, the need to
improve the tribological properties of titanium-based biomaterials is eminent. Tests carried out
under physiological walk conditions and in the environment of ringer solution similarly to the

work of the Svanidze et al. [31]. The tribological test results for Ti-based materials are shown
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in Fig. 75. The quantitative values of the results are shown in Tab. 15. Similarly, the results for

Ti13Zr13Nb-based materials are shown in Figure 76.

Ti
0.8 - _
TiAu 1.5 mm/s
07 TiAu 1 mm/s
' Ti+ Au

COF

0.0

i I i I i I i I
0 500 1000 1500 2000

Time [s]
Figure 75. Coefficient of Friction vs Time dependence diagram for the Ti based sample group.

Table 15. Average and standard deviation values of the wear test for Ti based sample group.

Ti Au TiAu 1.5mm/s TiAu Imm/s
Average 0.48 0.35 0.40 0.40
Standard 0.24 0.09 0.11 0.10
deviation

In Fig. 69 relating to Ti-based sample group under the assumed test parameters, it can be
seen from the COF vs time dependence plots that for electrochemically deposited and non-
laser-treated gold, the gold layer abrades after approximately 250s, after which it increases
steadily until a COF of 0.35 is reached, close to the TiAu parameters of 1.0mm/s and 1.5mm/s.
In addition, the COF achieved by pure Ti is the highest (0.48) which prospects faster material

wear. The laser-treated samples stabilised at a similar level to each other (average 0.40),
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resulting in lower wear under test conditions and a longer product life cycle. The quantitative

values of the results are shown in Tab. 16.

08 Ti13Zr13NbAu 3 mmys

Ti13Zr13NbA1 2 mm/s
0.7 4 Au
0.6 - TllBZLl?‘Nb
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' I ! I T I T I
0 500 1000 1500 2000
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Figure 76. Coefficient of Friction vs Time dependence diagram for the Til3Zr13Nb based
sample group.
Table 16. Average and standard deviation values of the wear test for Ti1l3Zr13Nb based sample

group.

Ti Au Ti13Zr13NbAu | Ti13Zr13NbAu
2 mm/s 3 mm/s
Average 0.28 0.25 0.44 0.43
Standard 0.12 0.12 0.11 0.11
deviation

Figure 76. showing Til13Zr13Nb-based sample group dependencies under the same test
parameters as in Fig. 75. It can be seen from the COF vs time dependency plots that for
electrochemically deposited and laser untreated gold, the gold layer abrades after exactly the

same time of approximately 250s (this indicates a similar thickness and type of coating), after

118



“The influence of hybrid processes of surface microalloying on the structure and properties of surface layers
of Ti and Ti alloy-based biomedical materials”
Oktawian Bialas

which the COF increases and stabilises at 0.25 similar to the parameters of the base material
(Ti13Zr13Nb). This is due to the lower roughness, which allows Au particles to be completely
eliminated from the wear groove area. In the case of Ti- based samples, due to the twice higher
roughness, complete removal of gold from the abrasion lodge under the assumed test conditions
is impossible, resulting in the penetrator sliding over the softer gold particles, which results in
a lower coefficient of friction (COF). An increase in the coefficient of friction with comparison
to the native material (Ti13Zr13Nb) is observed for the laser-treated samples, to an average
value of 0.44 for both parameters, which is slightly higher than the laser-treated Ti samples.
This is not a good predictor of tribological wear in this case. SEM images of samples after

tribology tests are presented in Fig. 77.
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Figure 77. SEM images of samples after tribology testing a) pure Ti and Til3Zr13Nb, b)
samples after Au coating, ¢) Ti variant 1 mm/s, Til3Zr13NbAu 2 mm/s, d) Ti 1.5 mm/s,
Ti13Zr13NbAu 3 mm/s.
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Fig. 77 shows SEM image documentation of the test samples taken after tribological wear
tests. The images show a) pure Ti and Ti13Zr13Nb, b) samples after Au coating, c) Ti variant
1 mm/s, Til3Zr13NbAu 2 mm/s, d) Ti 1.5 mm/s, Ti1l3Zr13NbAu 3 mm/s. The images indicate
the individual dominant chemical compositions in a specific area. The Images highlight the
predominance of abrasive wear. The specimens showing the laser-treated variants (image c and
d)) have noticeably the smallest wear marks compared to non-laser processed samples, which
is confirmed by the hardness results obtained. In the case of samples with an applied layer of
gold untreated by laser b), the difference in the abrasive behaviour of titanium and gold can be
seen most clearly, loss of adhesion of the layer to the substrate is visible. The surviving coating
remnants in the wear groove are also visible, reflecting the COF undershoot obtained in diagram

presented in Fig. 69.

5.14 Nanoindentation test

Figures 78 and 79 show load diagrams as a function of vertical indenter displacement for
nanoindentation testing for Ti based specimens (Fig. 78) and Ti1l3Zr13Nb based specimens
(Fig. 79). The recorded measurement curves allow the hardness Vickers indentation test (HV/T)
and Young's modulus indentation test (Eir) to be read. These values are shown in Table 17 and
18.
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Figure 78. Nanoindentation test results for Ti based sample group.

Table 17. Nanoindentation test results for Ti based sample group.

HV it Eir [GPa]
Au 68.23 +21.0 56.7 +5.0
Ti 189.0 + 2.16 71.33+11.2
TiAu 1 mm/s 226.0 £27.0 151.3+4.2
TiAu 1.5 mm/s 215.7 +£20.0 114.3+20.0

During the nanohardness tests, average vickers hardness results of 68 HV for gold were
obtained for Ti substrate samples and 64 HV for TiZrNb substrate. Considering tabulated data
from chemical element databases (AZOM materials) [119], these values are within the average
accepted value for chemically pure gold according to mentioned base approximately 60 HV.
A significant increase in hardness was recorded for the TiAu samples after laser treatment in
both treatment variants, for TiAu 1 mm/s approximately 226 HV, and for TiAu 1.5 mm/s -
215.7 HV, according to the research reported by Svanidze et. al. [31].
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Figure 79. Nanoindentation tests results for TiZrNb based sample group.

Table 18. Nanoindentation test results for Ti13Zr13Nb based sample group.

HV/r Eir [GPa]
Au 64.7+4.6 57.7+86
Ti13Zr13Nb 11343.6 158.343.4
Ti13Zr13NbAU 2 mm/s 117.7+ 26.8 1257+ 10.3
Ti13Zr13NbAu 3 mm/s 145.3+30.35 109.0 + 14.7
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5.15  Cytotoxicity

In order to simplify the determination of samples for cytotoxicity analysis, samples were

labelled as shown in Tab 19 below:

Table 19. Determination of samples for testing.

label 1 2 3 4 5 6 7 8
sample Ti Ti + TiAul | TiAu 1.5 | Til3Zr13Nb | Ti1l3Zr13NbAu | Til3Zr13NbAu | Til3Zr13Nb
Au mm/s mm/s + Au 2 mm/s 3 mm/s

Most of the materials evaluated did not show inferior biocompatibility to the control culture
plastic surface (polystyrene plate well, 6-well format, Sarstedt). The exception may be the
samples identified with numbers 1 and 5, where the number of counted cells per scanned surface
was lower than the untreated control (C). The remaining materials show concordance in the

absence of toxicity to the normal human fibroblast lineage (Figure 80).

Growth of NHDF cells on the material,
incubation 48 h

s NHDF

e cOTLETOL

Confluence vs Control [%]
=9

Control 1 2 3 4 5 6 7 8

Sample

Figure 80. NHDF cell density on materials, 48 h incubation. Results from counts of cell nuclei
from the scanned surface. Results are presented as percentage change from control population;

mean of 3 experiments +/- SD.
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Figure 81. Summary of example images recorded after 48 h of incubation of NHDF cells on
material (samples 1-8) and plastic control medium (K). Fluorescence signal of cell nuclei,
labelled with DAPI dye; detection with an Olympus FluoView FVV1000 confocal microscope in

the blue channel; magnification 400 x.

Due to the different structures of the scanned materials, it can be concluded that samples
with an uneven and irregular surface create better conditions for fibroblast growth in long-term

incubation (Figure 81). The larger surface area allows the use of niches (extra spaces) where
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cells proliferate better and faster, which is reflected in the number of cells counted per surface
area (Figure 82). The method of counting signals from labelled cell nuclei, similarly, to

manually counting them on the image, gives comparable readings (Figures 80 and 82).
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Figure 82. NHDF cell growth on materials, 48 h incubation. Results from fluorescence
measurement by automated method; mean of 3 experiments +/- SD.

In a 48-hour growth and biofilm formation test on the materials, it can be concluded that the
modified surfaces are suitable for in vitro application, as the growth effects were not reduced
below a value of 70% of the number of control cells (cultured on polystyrene control plastics).
All steps and tests were performed under sterile conditions, in accordance with the guidelines
for the assessment of cytotoxicity according to 1SO 10993-5 for the biological evaluation of
medical materials by in vitro assays. In the absence of a reduction in the survival fraction below

70 % of the control, the effect of the test material is not considered cytotoxic.
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6 Conclusions

Research on the production of a material presenting a thin surface layer enriched in Au on
the basis of a material used in medicine and cardiology - Ti and its new generation alloy

Ti13Zr13Nb, allowed the following conclusions to be drawn:

1. Titanium and its alloys have a strong tendency to form a heterogeneous, unstable passive
layer composed of oxides, which forces the use of etching immediately before the process of
electrochemical gold deposition.

2. The composition of the etching bath, etching time, and bath temperature have a decisive
influence on the roughness and topography of the material. In order to ensure a sufficiently low
roughness (too high roughness may cause local slowing of blood flow and consequently
promote thrombus formation), the selection of process parameters was carried out to obtain a
material with a target roughness much lower than Ra = 1.04 um - corresponding to the
peripheral roughness of a coronary vessel. Electrochemical gold deposition results in a slight
decrease in Ra for Ti and an increase in Ra for Ti13Zr13Nb-substrate material, but no increase
in roughness above the assumed value was visualized.

3. Numerical analysis of the heat flow allowed a preliminary assessment of the achieved
temperature during laser processing, leading to the observation that in the selected parameters
both the substrate material and the coatings (Ti and Au) were in a liquid state allowing dynamic
mass exchange between each other following convection movements. The following
observations were confirmed empirically using light and electron microscopy

4. The selection of process parameters using laser processing made it possible to establish a
parameter window for good coating quality after remelting (avoiding, on the one hand, cracks
under quenching stresses and too intensive convection of gold particles preventing
stoichiometric concentration allowing crystallization of the TisAu phase, and on the other hand,
too low remelting and lack of remelting control). It was shown that the best coating quality is
obtained at P = 100 W, beam rate = 1-3 mm/s and beam deconcentration + 10 mm.

5. Analysis using a wide range of microscopic techniques both in the form of image observation

and phase composition determination, as well as XRD analysis allowed us to evaluate the cross-
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section of the obtained coatings. Following laser treatment, we obtained multilayered coatings
with different concentrations of the enriched element gold Au. The presence of B-TizAu phase
in the form of fine crystallites was also revealed in EBSD and TEM analysis.

6. Surface wettability tests indicated an increase in the value of the wetting angle in the direction
of hydrophobicity after each successive stage of material processing, but the final coating
obtained is still in the hydrophilic range, which has a particularly positive significance for the
applicability of the material for biomedical purposes.

7. Corrosion resistance studies generally indicated improved corrosion properties for gold-
enriched samples. Studies by EOCP, Tafel curves and EIS techniques allowed a favourable
assessment of the material in terms of corrosion behaviour. However, it should be noted the
decrease in corrosion resistance in the case of local changes in gold concentration characteristic
of the Ti13Zr13Nb 3 mm/s variant, where such a change in concentration leads to the formation
of corrosion micro-cells.

8. Investigations of tribological resistance under physiological gait conditions revealed a
reduction in the COF friction coefficient, for variants of Ti-based samples, this is undoubtedly
related to the combination of laser treatment and the presence of TizAu phase presenting better
tribological properties and higher hardness. However, for samples with Ti13Zr13Nb substrate,
the COF increases, which is not favourable. The Au coating without laser treatment abrades
after 250 s of the experiment.

9. Nano-hardness tests, similar to the numerical analysis of nano-hardness, showed an increase
in hardness properties for laser-treated samples having TisAu phases in their composition.
Further optimization of the process to maximize the proportion of TizAu in the coating
composition seems reasonable.

10. Cytotoxicity tests revealed no toxic effects of the material on the survival of cells seeded

on the surface.

The research conducted in this dissertation allows for a positive assessment of the material in
terms of both mechanical and biological properties and opens the door for further analysis in
accordance with EN 10993-1:2010, "Biological evaluation of medical devices - Part 1:

Evaluation and testing in the risk management process.
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