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STRESZCZENIE PRACY

Cel: Celem badan byla synteza stopéw o strukturze B oraz pseudo P w ukladzie
trojsktadnikowym Ti-Zr-Nb metoda mechanicznej syntezy i metalurgii proszkow. Stopy
poddano nastepnie modyfikacji w zakresie wytwarzania uktadow kompozytowych oraz
elektrochemicznej obrobki powierzchni. Cele szczegdélowe obejmowatly: (a) syntezg oraz
analiz¢ porownawczg 9 stopéw 0 ultra drobnoziarnistej mikrostrukturze o réznej zawarto$ci
niobu (od 16 do 34% at.) oraz cyrkonu (od 14 do 30% at.) otrzymanych metoda mechanicznej
syntezy oraz prasowania na zimno i spiekania, (b) synteze oraz analize poréwnawczg
wybranego dwufazowego stopu a+f oraz jednofazowego stopu [, otrzymanych metoda
prasowania na zimno oraz spiekania, w odniesieniu do stopéw prasowanych na gorgco,
(c) synteze kompozytow, zawierajacych Bioszkto 45S5 (BG) wraz ze srebrem, miedzig lub
cynkiem wraz ze zbadaniem ich wilasciwosci, w tym wlasciwosci bakteriobdjczych oraz
biologicznych, (d) modyfikacj¢ powierzchni  poprzez trawienie oraz osadzanie
elektrochemiczne mieszaniny wodorotlenku wapnia z hydroksyapatytem oraz charakterystyke
wlasciwosci wytworzonej warstwy powierzchniowe;j.

Metoda: Stopy trojsktadnikowe Ti-Zr-Nb oraz ich kompozyty, zawierajace od 3 do 9% wag.
Bioszkta 45S5 oraz 1% wag. dodatku srebra, miedzi lub cynku, zostaly wytworzone metoda
mechanicznej syntezy. Modyfikacje powierzchniowa wykonano dwuetapowo poprzez
trawienie elektrochemiczne w wodnym roztworze kwasu fosforowego (V) ikwasu
fluorowodorowego, a nastepnie osadzanie elektrochemiczne w wodnym roztworze azotanu
wapnia, wodorofosforanu amonu oraz kwasu chlorowodorowego. Otrzymane biomateriaty
zostaly zbadane z wykorzystaniem dyfraktometru rentgenowskiego celem analizy
strukturalnej, nanoindentera i twardosciomierza celem analizy wlasciwosci mechanicznych,
potencjostatu-galwanostatu celem analizy odpornos$ci korozyjnej, mikroskopu $wietlnego oraz
skaningowego celem analizy mikrostruktury oraz technik osadzanej kropli celem
wyznaczenia katow zwilzalnosci. Wykonano ponadto badania aktywnos$ci bakteriobojczej
oraz testy biologiczne in vitro wytworzonych materiatow.

Wyniki: Zr oraz Nb jako stabilizatory fazy Ti(f) umozliwity wytworzenie struktury
jednofazowej stopéw. Wykorzystanie procesu mechanicznej syntezy prowadzi do uzyskania
ultra drobnoziarniste] mikrostruktury. Kompozyty, zawierajace Bioszklto 45S5 wykazuja
obnizony modut Younga oraz lepsze wlasciwosci korozyjne. Dodatek 1% wag. srebra, miedzi
lub cynku poprawia wiasciwosci bakteriobojecze wzgledem kultury typu S. mutans
w odniesieniu do mikrokrystalicznego Ti. Modyfikacja powierzchniowa poprzez wytworzenie
powtoki wodorotlenku wapnia 1 hydroksyapatytu poprawia odporno$¢ korozyjng oraz
zwilzalnos$¢ stopu, co wptywa na wzrost komorek kostnych. Proliferacja komorek kostnych
(osteoblastow 1 fibroblastow) na wytworzonych materiatach jest wyzsza lub rowna
W poroéwnaniu z wzorcowg probka komercyjnie czystego tytanu (Grade 2).

Whioski: Wytworzone stopy Ti-Zr-Nb, jak i rowniez ich biokompozyty z ultra
drobnoziarnista mikrostrukturg posiadajg interesujagce wilasciwosci majagc na uwadze ich
ewentualne zastosowanie na implanty tkanki twardej, tj. implanty stomatologiczne lub
endoprotezy stawu biodrowego. Zaobserwowano wzrost mikrotwardosci i wyrazne obnizenie
modutu Younga wzgledem mikrokrystalicznego Ti. Funkcjonalizacja stopu przez tworzenie
kompozytéw lub obrobke powierzchniowa, prowadzi do poprawy odpornosci korozyjnej,
wilasciwosci hydrofilowych oraz redukcji modutu Younga.






ABSTRACT

Aim: The aims of this thesis were to produce ternary Ti-Zr-Nb alloys with g and pseudo-f
structure by the mechanical alloying approach. The produced alloys were modified by the
composite formation and electrochemical surface modification. The detailed aims included:
(a) the formation and the comparative analysis of 9 ultrafine-grained alloys with niobium
(from 16 to 34 at. %) and zirconium (from 14 to 30 at. %) content produced with the
mechanical alloying and consolidated with cold pressing and sintering approach, (b) the
formation and the comparative analysis of the selected dual-phase o+p and single-phase
B alloys produced by conventional cold pressing with sintering, and hot pressing approach,
(c) composite formation with 45S5 Bioglass (BG) and silver, copper, or zinc content and their
characterization with antibacterial activity and biological tests included, (d) surface
modification with electrochemical etching and electrochemical deposition of the calcium
hydroxide and hydroxyapatite mixture and the evaluation of so produced coating.

Methods: Ternary Ti-Zr-Nb alloys and the composites with 45S5 Bioglass (from 3 to
9 wt. %) and 1 wt. % silver, copper, or zinc content were produced with the mechanical
alloying approach. Electrochemical surface modification was done at two stages, with the first
stage of electrochemical etching in the solution of orthophosphoric acid and hydrogen
fluoride and the second stage of electrochemical deposition in the solution of calcium nitrate,
diammonium phosphate, and hydrogen chloride. The produced alloys were examined with the
use of an X-ray diffractometer for crystallographic analysis, nanoindenter and microhardness
tester for the mechanical properties analysis, potentiostat for corrosion tests, optical and
scanning electron microscope for the structure analysis, and the drop shape analyzer for the
wettability tests. Materials were additionally tested for their antibacterial activity and
biological properties.

Results: Zr and Nb as B-stabilizer has been proved to form a single-phase structure in the
right composition range and process conditions. Moreover, the use of mechanical alloying has
lead to ultrafine-grained structure formation. The composites with 45S5 Bioglass addition
have lower Young modulus and better corrosion properties than the base material. The
addition of silver can additionally improve corrosion properties. 1 wt. % of silver, copper, and
zinc addition has revealed the high antibacterial activity against S. mutans. Surface
modification with the calcium hydroxide and hydroxyapatite coating deposition has lead to
the corrosion properties and wettability improvement, which should further impact the bone
tissue growth on the materials’ surface. The proliferation of the bone cells (both osteoblasts
and fibroblasts) all the produced materials was equal or even better than that of commercially
pure titanium Grade 2.

Conclusions: All studies have proved Ti-Zr-Nb and their biocomposites attractive in the hard
tissue implants as dental or hip implants. Moreover, eliminating toxic aluminum and
vanadium (present in Ti6Al4V) from the materials composition does not provide the
degradation of the materials’ properties as hardness. On the other hand, some of the properties
were improved as reduced Young’s modulus in contrast to the pure titanium. Moreover,
further functionalization was proposed as surface and composite functionalization leading to
the improvement of corrosion properties, wettability, and reduction of Young’s modulus to
the values closer to the bones.






1. Wstep

Stopy tytanu, a w szczegdlnosci stop Ti6Al4V, zawierajacy aluminium oraz wanad, naleza do
najczgsciej wybieranych materiatbw na implanty tkanki twardej. Do elementow,
wytworzonych ze stopow tytanu, ktére maja mie¢ trwaty kontakt z ustrojem ludzkim naleza
miedzy innymi zespolenia kostne, $ruby stabilizujace, implanty stomatologiczne, czy trzon
endoprotezy kosci udowej [1]. Medycyna (w tym ortopedia) wymaga coraz lepszych
rozwigzan ze wzgledu na starzejace si¢ spoleczenstwo. W 2017 roku 13% S$wiatowej
populacji stanowili ludzie w wieku powyzej 60 roku zycia (wskaznik ten wynosi az 25% dla
Europy). Przy ciagltym przewidywalnym wzroscie 3% rocznie ilos¢ oso6b w tym wieku moze
wzrosng¢ do 25% w roku 2050 z wyjatkiem Afryki [2]. Zaburzenia uktadu
mig$niowo-szkieletowego dotycza glownie o0s6b w starszym wieku, co wymusza
poszukiwanie coraz to lepszych i skuteczniejszych rozwigzan, umozliwiajacych ciagla
poprawe warunkoéw i komfortu zycia [2,3]. Jednym z nich jest proba zastgpienia stopu
Ti6AI4V stopami tytanu o lepszych wiasciwosciach uzytkowych w kontekscie ich
zastosowania w medycynie. Jest to mozliwe poprzez wytworzenie stopow B, ktoére po
stopach a, w tym czystego technicznie tytanu, oraz stopach a+f, w tym wspomnianego stopu
Ti6Al4V, stanowig kolejng generacje stopéw tytanu [1,4-6]. Umozliwiaja one
wyeliminowanie toksycznego aluminium oraz wanadu, ktore wykazuja wihasciwosci
neurodegeneracyjne, prowadzac do powstania schorzen, takich jak choroba Alzheimera
i Parkinsona [7-9]. Zastapienie tych elementow pierwiastkami jak niob i cyrkon umozliwia
poprawe biokompatybilnosci tych stopow [10]. Stopy typu P charakteryzujg si¢ nizsza
warto$cig modutu Younga wzgledem stopéw poprzednich generacji, znacznie bardziej
zblizonych do kosci. Lepsze dopasowanie wlasciwosci mechanicznych implantu oraz kosci
prowadzi do ograniczenia wystegpowania zjawiska. tzw. ,stress shielding”, w ktorym
niedostatecznie obcigzona kos$¢ ulega resorpcji oraz prowadzi do poluzowania implantu, co
wymusza konieczno$¢ powtdrnej implantacji [11].

Stopy B, zawierajace dodatki w postaci stabilizatorow fazy B, czyli takich, ktore prowadza do
obnizenia temperatury przemiany alotropowej a=[, wynoszacej dla czystego tytanu 882°C.
Ti(o) jest to odmiana alotropowa tytanu, wystepujaca w strukturze krystalicznej
heksagonalnej zwartej w grupie symetrii P63/mmc, natomiast Ti(f) w strukturze regularnej
przestrzennie centrowanej w grupie symetrii Im-3m [1,12—-14]. Stopy P moga wystepowac
w uktadach dwu-, trgj-, cztero- lub wiecej sktadnikowych. Do uktadow dwusktadnikowych

nalezg miedzy innymi takie stopy jak Ti-Nb lub Ti-Mo, do uktadéw trojsktadnikowych



Ti-Zr-Nb lubTi-Nb-Mo, do uktadow czterosktadnikowych Ti-Nb-Ta-Zr [6]. Stopy Ti-Zr-Nb
w szerokim zakresie skladow chemicznych otrzymywane metoda mechanicznej syntezy nie
zostaty wecze$niej dostatecznie zbadane. Wykorzystanie metod metalurgii proszkéw,
polegajacych na poddaniu materiatu proszkowego powtarzajacym si¢ procesom zgrzewania
na zimno, kruszenia oraz ponownego zgrzewania w wysokoenergetycznych mtynkach, daje
mozliwos¢ szerokiej modyfikacji wtasciwosci stopéw. Zwigzane jest to ze znacznym
rozdrobnieniem struktury materiatu wzglgdem metod tradycyjnych takich jak topienie
tukowe, prowadzac do wytworzenia materialdéw o wielkosci elementow mikrostruktury nawet
ponizej 100 nm. Reakcje pomiedzy wyjsciowymi proszkami mogg zachodzi¢ w niskiej
temperaturze, w tym pokojowej, ograniczajac zastosowanie wysokiej temperatury tylko do
konsolidacji otrzymanych materiatow [15]. Dotychczasowe proby wytworzenia tej grupy
stopéw obejmowaty wybrane sktady chemiczne, takie jak Ti20Nb13Zr (% at.) [16].

Poprawe wlasciwosci stopoéw mozna uzyska¢ rowniez poprzez tworzenie ukladow
kompozytowych. Dodatek Bioszkta 45S5 umozliwia, np. dalsze obnizanie modutu Younga,
zwigkszenie twardosci, poprawe odpornos$ci korozyjnej oraz biokompatybilnosci w testach in
vitro [17]. Tworzenie kompozytow na bazie uktadu Ti-Mo z dodatkiem bioceramiki
potaczone z modyfikacja warstwy wierzchniej przyczynito si¢, jak donoszg badania, do
znacznej poprawy wlasciwosci badanych materiatow [18].

W zastosowaniu na implanty stomatologiczne, bardzo wazng rol¢ pelni mechanizm interakcji
materialu z bakterig typu S. mutans, powodujacej chorobe prochnicza zebdéw. Infekcja
spowodowana adhezjg patogenu do powierzchni wszczepu oraz jej pozniejszy rozwdj, moga
by¢ powodem nieudanego zabiegu implantacji [19,20]. Z tego powodu, dos$¢ istotng rolg
W projektowaniu materialdéw na implanty stomatologiczne jest wykorzystanie pierwiastkow
bakteriobdjczych. Nalezy do nich miedZ, ktéra wykazuje aktywno$¢ antyseptyczna jako
dodatek do tytanu oraz innych stopdw, w tym magnezu i zelaza (np. stal austenityczna) [21].
Cu charakteryzuje si¢ rowniez wysoka biokompatybilnoscia zwigzang z uwalnianiem
niewielkiej ilosci jonow Cu?* [22]. Podobne zachowanie wzgledem S. mutans wykazuje
srebro [23,24] oraz cynk [25]. Kazdy z tych pierwiastkow moze petni¢ role czynnika
bakteriobdjczego nie tylko jako dodatkowy sktadnik stopu, ale rowniez jako modyfikator
powierzchni materiatu [26-28].

Bardzo wazng rol¢ w procesie projektowania implantow, petni ich warstwa powierzchniowa,
majaca bardzo duzy wplyw na ich ostateczng uzytecznos¢ oraz ryzyko ewentualnego
niepowodzenia wszczepu [29]. Obok wspomnianych metod implantacji pierwiastkow

bakteriobdjczych, istotng rol¢ pelnia rowniez powloki majace na celu zwigkszenie
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biokompatybilnosci. Jedng z grup sa powloki na bazie fosforandow wapnia (np.
hydroksyapatytu), ktére moga by¢ naktadane z uzyciem metod, takich jak natryskiwanie
plazmowe, osadzanie elektroforetyczne [30], osadzanie hydrotermalne [31,32], osadzanie
elektrochemiczne w tym wysokonapigciowe [33] lub biomimetyczne [34]. Ich wytwarzanie
wplywa znaczgco na poprawe procesu osteointegracji, czyli narastania tkanki kostnej
w material [33,35]. Wodorotlenek wapnia wykazuje réwniez dziatanie bakteriobodjcze, co
znajduje zastosowanie w stomatologii do sterylizacji kanalow korzeniowych [36—38].

W zwiazku z powyzszym, w ramach realizowanej pracy doktorskiej zostaty wytworzone
stopy trojsktadnikowe Ti-Zr-Nb o szerokim zakresie koncentracji niobu oraz cyrkonu metoda
mechanicznej syntezy, bedace wczesniej przedmiotem badan, obejmujacych jedynie
pojedyncze sktady chemiczne. Nastgpnie celem dalszej poprawy ich wlasciwosci, w tym
aktywno$ci bakteriobdjczej oraz proliferacji komorek kostnych, materiaty te zostaly poddane
dalszym modyfikacjom poprzez tworzenie uktadow kompozytowych zawierajacych Bioszkto
45S5 wraz ze srebrem miedzg lub cynkiem, a takze obrobke powierzchni z wytworzeniem

powtok bedacych mieszaning wodorotlenku wapnia oraz hydroksyapatytu.
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2. Celi zakres pracy

Celem pracy bylo wytworzenie stopéw o strukturze B oraz pseudo [ w ukladzie
trojsktadnikowym Ti-Zr-Nb metoda mechanicznej syntezy, a nastepnie ich modyfikacja
poprzez tworzenie uktadow kompozytowych oraz elektrochemiczng obrobke powierzchni.
Podjete dziatania mialy na celu poprawe biozgodnos$ci poprzez eliminacje dodatkow
0 dziataniu toksycznym w tym neurotoksycznym jak aluminium oraz wanad. Tworzenie tego
typu stopow ma rowniez zapewni¢ lepsze dopasowanie wiasciwosci uzytkowych materiatow
w zastosowaniach medycznych. Dalsza modyfikacja poprzez tworzenie uktadow
kompozytowych miata zredukowa¢ moduly Younga stopow, poprawié¢ ich odpornosé
korozyjna, zwigkszy¢ biokompatybilno§¢ oraz prowadzi¢ do uzyskania aktywnosci
antybakteryjnej, badanej dla znajdujacego si¢ W jamie ustnej szczepu bakterii S. mutans.
Celem polepszenia wtasciwosci biologicznych oraz odpornosci korozyjnej badanych uktadow
poddano je obrébce powierzchnioweyj.

Do szczegotowych zadan realizowanych w ramach zataczonych do rozprawy publikacji
nalezaly:

a) wytworzenie stopow o roznej zawartosci niobu (od 16 do 34% at.) oraz cyrkonu (od 14 do
30% at.) metodg mechanicznej syntezy wykorzystujac proszki wysokiej czystosci Ti oraz Nb,
a takze opitki Zr, przy czasie mielenia 10 h. Wytworzone proszki byly nastepnie prasowane
jednoosiowo na zimno pod cisnieniem 600 MPa i spiekane w temperaturach od 600 do
1000°C przez 30 min. Charakterystyka wytworzonych materialdw obejmowata: analize
strukturalng stopow w trakcie mielenia oraz po konsolidacji z wykorzystaniem dyfraktometru
rentgenowskiego (do tego celu wykorzystano réwniez metode Williamsona-Halla oraz analizg
Rietvelda), analize zwilzalnosci, pomiary potencjodynamiczne odpornosci korozyjnej oraz
badania mechaniczne, obejmujagce pomiary mikrotwardosci i modulu E metods
nanoindentacji. Wykorzystujac metode spekroskopii dyspersji energii (ang. energy dispersive
spectrometry - EDS) okreslono sktad chemiczny finalnych materiatow. Z kolei analize
mikrostruktury wybranego stopu jednofazowego B oraz dwufazowego o+ wykonano metoda
dyfrakcji elektrondw wstecznie rozproszonych (ang. electron backscatter diffraction — EBSD),
b) wytworzenie wybranego dwufazowego stopu a+ Til4Zr16Nb (% at.) oraz jednofazowego
stopu B Ti23Zr25Nb (% at.) mechaniczng syntezg Ooraz poprzez prasowanie na zimno oraz
spiekanie w temperaturach od 600 do 1000°C, a takze poprzez indukcyjne prasowanie na
goraco w temperaturze 600°C oraz pod ciSnieniem 71 MPa przez 10 min. Charakterystyka

wytworzonych materialdow obejmowata: analiz¢ strukturalng stopow w trakcie mielenia oraz
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po konsolidacji z wykorzystaniem dyfraktometru rentgenowskiego (tak samo jak
w przypadku poprzednich uktadow wykorzystano réwniez metod¢ Williamsona-Halla oraz
analize Rietvelda), badania mechaniczne, obejmujagce pomiary nanoindentacji oraz
mikrotwardo$ci wybranych stopow, analiz¢ porowato$ci stopow wytworzonych tradycyjnie
oraz prasowanych na gorgco z wykorzystaniem histograméw obrazow z mikroskopu
optycznego. Badane materialy po trawieniu w odczynniku Krolla byly ponadto obserwowane
z wykorzystaniem skaningowego mikroskopu elektronowego (ang. scanning electron
microscope — SEM) celem odwzorowania i obserwacji mikrostruktury materiatow. SEM
umozliwit réwniez obserwacj¢ proszkéw przed i po mieleniu. Sktady chemiczne finalnych
materiatdow zostaly okreslone z wykorzystaniem metody EDS,

¢) wytworzenie kompozytow na bazie stopu Ti23Zr25Nb (% at.), z dodatkiem od 3 do
9% wag. dodatku Bioszkta 45S5 wraz z 1% wag. dodatkiem bakteriobdjczym w postaci
srebra, miedzi lub cynku metoda mechanicznej syntezy w czasie 16 h oraz metoda prasowania
na zimno pod ci$nieniem 600 MPa oraz spieckanych w temperaturze 800°C. Badania,
podobnie jak w przypadku materiatow niemodyfikowanych obejmowaty analizg strukturalna,
obserwacje proszkow, badania mechaniczne (pomiar mikrotwardosci oraz nanoindentacji
odniesiony do uktadow Ti-Zr-Nb wytwarzanych metoda topienia tukowego oraz pianki na
bazie stopu Ti23Zr25NDb), badania zwilzalnosci oraz odpornosci korozyjnej, a takze analiz¢
porowatos$ci. Dodatkowo w przypadku tych materiatbw wykonano mapy rozktadu
poszczegdlnych pierwiastkow, wchodzacych w sktad kompozytu z wykorzystaniem techniki
EDS, oceng aktywnosci antybakteryjnej w stosunku do bakterii S. mutans oraz testy MTS
(Non-Radioactive Cell Proliferation Assay) celem okreslenia biokompatybilno$ci
kompozytéow wzgledem niemodyfikowanego stopu Ti23Zr25Nb (% at.) z wykorzystaniem
osteoblastow oraz fibroblastow,

d) modyfikacja powierzchni poprzez trawienie elektrochemiczne w wodnym roztworze
1 M kwasu fosforowego (V) oraz 2% kwasu fluorowodorowego stopu Ti23Zr25Nb (% at.)
pod napieciem +10 V wzgledem potencjalu stacjonarnego przez 60 min celem rozwinigcia
powierzchni, a nastepnie osadzanie elektrochemiczne mieszaniny wodorotlenku wapnia
z hydroksyapatytem w wodnym roztworze 0.042 M azotanu wapnia, 0.025 M
wodorofosforanu amonu oraz 0.1 M kwasu chlorowodorowego pod napigciem -10 V przez
60 min. Badane materialty po modyfikacji powierzchniowej zostaly poddane analizie
strukturalnej zuzyciem dyfraktometru rentgenowskiego, ocenie odpornosci korozyjnej,
pomiarom zwilzalnos$ci. Obserwacj¢ morfologii warstw wykonano z uzyciem mikroskopu

SEM, analizg¢ rozktadu wapnia oraz fosforu metoda EDS. Przeprowadzono réwniez badania
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chropowato$ci probek po kazdym etapie wytwarzania, a takze testy biologiczne MTS majace

oceni¢ biozgodnos$¢ badanych uktadow.
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3. Wyniki badan

3.1. Analiza ukladow tréjsktadnikowych Ti-Nb-Zr

Stopy Ti-Nb-Zr, zawierajace od 16 do 34% at. niobu oraz od 14 do 30% at. cyrkonu zostaty
wytworzone metodami mechanicznej syntezy 1 metalurgii proszkow. Konsolidacje
przeprowadzono poprzez prasowanie na zimno oraz spiekanie w atmosferze ochronnej argonu
wysokiej czystosci w temperaturach 600, 750, 800, 850 oraz 1000°C przez 30 min
Z chtodzeniem w wodzie [1,2].

Analiza strukturalna wybranych stopéw Til4Zrl6Nb (% at.) oraz Ti23Zr25Nb (% at.)
w czasie od 15 min do 10 h mechanicznej syntezy wykazata wystepowanie W trakcie procesu
przemiany fazowej Ti(a)—Ti(f) w obu materiatach (Rysunek 1 oraz Rysunek 2 [1]).
Mielenie mikrokrystalicznych proszkéw wyjsciowych tytanu, niobu oraz cyrkonu po
10 h prowadzito do powstawania jednofazowej struktury Ti(B) lub dwufazowej struktury
Ti(a)+Ti(B) w zalezno$ci od zawartosci dodatkéw stopowych (Rysunek 1 [2]). Metoda
Williamsona-Halla, potwierdzita wysoki stopien rozdrobnienia materiatdw, 0 czym $wiadczyt
wyznaczony rozmiar krystalitow w przedziale od 14 do 28 nm, przy jednoczesnej wielkosci

mikro odksztatcen na poziomie od 9 do 23%. (Rysunek 2 [2]).
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Rysunek 1. Dyfraktogramy rentgenowskie stopow Til4Zr16Nb (a) oraz Ti23Zr25Nb (b) w czasie mielenia [1].
Temperatura spiekania oraz sktad wytworzonych stopéw wywieraly istotny wplyw na
strukture krystalograficzng stopow. Analiza dyfraktograméw rentgenowskich materiatéw po
spiekaniu zostatla przeprowadzona metoda Rietvelda, co umozliwito okreslenie udziatow
fazowych oraz parametréw sieci krystalograficznych badanych materiatow (Tabela 2 [2]).
Struktury badanych stopow po przeprowadzonym procesie konsolidacji mozna byto rozdzieli¢

na dwie grupy. W pierwszej z nich poza faza Ti(B) wystgpowaly fazy Zr (ref. code
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01-088-2329), NbZr (ref. code 01-071-9970) oraz Nb0.81Zr0.19 (ref. code 00-049-1455).
W tych stopach niezaleznie od parametréw procesu spickania w strukturze nie wystepowala
faza Ti(a). Nalezaty do nich nastepujace materiaty: Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb,
Ti22Zr34Nb oraz Ti30Zr34Nb (% at.). Do drugiej grupy stopow, w ktorych poza fazami Zr
oraz Nb0.81Zr0.19 wystepowata faza Ti(a) nalezaly stopy TildZrl6Nb, Ti23Zr16Nb,
Ti14Zr25Nb oraz Til3Zr33Nb (% at.). Uzyskanie struktury jednofazowej p w przypadku
szesciu stopow, tj. Ti30Zrl7Nb, Ti23Zr25Nb, Ti30Zr26Nb, Ti22Zr34Nb oraz Ti30Zr34Nb,
byto mozliwe po spiekaniu w temperaturze 600°C, czyli znacznie ponizej temperatury
przemiany fazowej Ti(a)—Ti(B) czystego tytanu, ktora wynosi 882°C. Ponadto w przypadku
wszystkich stopow, z wyjatkiem tych zawierajacych 13-14% at. Zr w wyzszych
temperaturach spiekania (zawsze powyzej 750°C) wystepuje czysty Zr o strukturze regularnej
$ciennie centrowanej. Dodatek niobu wykazywat znacznie wigkszy wptyw na stabilizacje fazy
Ti(B), acyrkonu na wzrost jej parametru sieci krystalicznej. Najmniejsza warto$¢
ok. 3.3218 A charakteryzowata stop Til4Zr16Nb spiekany w 750°C, natomiast najwyzsza
ok.3.3770 A stop Ti30Zr26Nb spickany w 1000°C. Dyfraktogramy stopéw spiekanych

w temperaturze 750°C zostaly przedstawione na Rysunku 2 oraz Rysunku 4 [2].
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Rysunek 2. Dyfraktogramy rentgenowskie stopow tréjsktadnikowych Ti-Zr-Nb o réznym skiadzie chemicznym
w procentach atomowych spiekanych w temperaturze 750°C [2].
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Wiasciwosci stopow Ti-Zr-Nb mogg zosta¢ znaczaco poprawione poprzez zastosowanie
metody indukcyjnego prasowania na goraco. Umozliwila ona znaczace zmniejszenie
porowato$ci wytworzonego materialu w wyniku jednoczesnego oddzialywania wysokiej
temperatury oraz cisnienia prasowania. Jej redukcja w przypadku stopu Ti23Zr25Nb (% at.)
byta mozliwa z ok. 20-28% dla probek prasowanych na zimno do ok. 2% (Tabela 2 [1]).
Ponadto struktura krystaliczna tego stopu po prasowaniu na gorgco w temperaturze 600°C
byta taka sama jak w przypadku probki prasowanej na zimno i spiekanej w wyzszej
temperaturze, tj. 750-800°C. W przypadku stopu Til4Zr16Nb (% at.) przy jednoczesnym
oddziatywaniu ci$nienia (71 MPa) i temperatury (600°C) mozliwe bylo wytworzenie
struktury dwufazowej a+p o wyraznie wigkszym udziale fazy Ti(B) niz przy dwustopniowe;j
konsolidacji proszkow (Tabela 1 [1]). Rysunek 3 oraz Rysunek 6 [1] przedstawia
mikrostrukture nietrawionego stopu Ti23Zr25 (% at.), oraz réznice w rozktadzie porowatosci
w przypadku stopu prasowanego na zimno i spiekanego swobodnie w 800°C oraz
prasowanego na goraco w 600°C.
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Rysunek 3. Powierzchnia nietrawionego stopu Ti23Zr25Nb (% at.) prasowanego na zimno i spiekanego swobodnie
w 800°C (a) oraz prasowanego na gorgco w 600°C (b) [1].

Wytworzone stopy posiadaty ultradrobnoziarnistg strukturg po spiekaniu, co =zostato
potwierdzone metodg dyfrakcji elektronéw wstecznie rozproszonych (ang. electron
backscatter diffraction — EBSD) wskazujaca na $rednig wielko$¢ =ziarna stopu
Ti23Zr25Nb (% at.) spiekanego w temperaturze 750°C rownag 1.2-1.7 um. Badanie to
wskazatlo rowniez na rdéznice w rozkladzie dezorientacji ziarnowych Ti(B) w stopie
dwufazowym a+p Til4Zrl16Nb (% at.)) oraz jednofazowym [ Ti23Zr25Nb (% at.).
W przypadku materiatu zawierajacego wigksza zawarto$¢ dodatkow, wykazano znacznie
mniejszy udziat granic niskokatowych, co bylo spowodowane niepelnym zanikiem tego typu
granic przez granice wysokokatowe podczas rekrystalizacji materialu w wyniku spiekania

(Rysunek 4 oraz Rysunek 6, 7 [2]).
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Rysunek 4. Mapki EBSD oraz histogramy kqtéw dezorientacji ziarnowej oraz wielkosci ziarna dla stopow
Til4Zr16Nb (% at.) oraz Ti23Zr25Nb (% at.) spiekanych w temperaturze 750°C [2].

Modut Younga wyznaczony metodg nanoindentacji dla wybranych stopow o strukturze 3 oraz
pseudo B wynosit od ok. 68 do ok. 78 GPa, co bylo wartosciag mniejsza niz w przypadku
dwufazowego stopu at+p — ok. 85 GPa (Rysunek 9 [2]). Ponadto, w przypadku stopow
Til4Zr16Nb oraz Ti23Zr25Nb (% at.) prasowanych na zimno i spiekanych swobodnie
w 600°C byl mniejszy niz w przypadku stopéw prasowanych na gorgco w tej samej
temperaturze (97-100 GPa), co wynikato z wyraznie wigkszej porowatosci tych materiatow,
oraz stopu Til8Zr24Nb (% at.)) wytworzonego metoda topienia ‘tukowego
(ok. 92 GPa) - Rysunek 5 [3]. Wszystkie uzyskane wyniki dla wytworzonych stopow byty
korzystniejsze wzgledem czystego technicznie tytanu Grade 2 — 141 GPa (Rysunek 9 [1]).
Twardo$¢ wyznaczona dla wszystkich stopéw byta bardzo zblizona. Dla wybranych

stopow P oraz pseudo B, jak rowniez Stopu jednofazowego o Ti14Zr16Nb (% at.), spiekanych
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w temperaturze 750°C warto$ci miescity si¢ w zakresie 380-410 HV0.3 (Tabela 3 [2]).
Pomiary katow zwilzalnos$ci wybranych materialow wykazaty ich hydrofilowo$¢, co wigze si¢
z katami zwilzalnosci mniejszymi od 90° w przypadku obu stosowanych cieczy
pomiarowych: diiodometanu oraz gliceryny. Nie powinno to mie¢ negatywnego wptywu na
narastanie komorek kostnych jak w przypadku powierzchni hydrofobowych. Swobodna
energia powierzchniowa materialdéw wyznaczona metodg OWRK (Owens, Wendt, Rabel oraz
Kaelble) miescita si¢ w zakresie od 29 do 40 mN/m (Tabela 3 [2]). Ponadto, wytworzone
materiaty charakteryzowata dobra odpornos$¢ korozyjna w roztworze Ringera. Pomimo
wyzszych pradow korozyjnych oraz nizszego potencjatu korozyjnego od czystego technicznie
tytanu, posiadaty zblizony przebieg krzywych polaryzacji z wyraznym zakresem pasywnym
(Rysunek 8 [2]).

3.2. Kompozyty na bazie stopu Ti23Zr25Nb (% at.)

Dalsza poprawa wlasciwosci stopow byta realizowana w zakresie wytwarzania uktadow
kompozytowych, zawierajacych od 3 do 9% wag. Bioszkta 45S5 (Ti23Zr25Nb-3BG,
Ti23Zr25N-6BG oraz Ti23Zr25Nb-9BG) wraz z zawartoscia 1% wag. dodatkow
bakteriobdjczych: srebra, miedzi lub cynku (Ti23Zr25Nb-9BG-Ag, Ti23Zr25Nb-9BG-Cu
oraz Ti23Zr25Nb-9BG-Zn). Konsolidacje proszkow przeprowadzono w atmosferze ochronnej
argonu (podobnie jak w przypadku stopow) w temperaturze 800°C przez 30 min
zZ chtodzeniem w wodzie [4].

Bioszklo 45S5 hamowato powstawanie fazy Ti(B) w trakcie mechanicznej syntezy. Dla
3% wag. dodatku uzyskano materiaty o strukturze jednofazowej. Przy dodatku rzgdu 6% wag.
po 16 h procesu MA w strukturze pojawiajg si¢ zawartosci innych faz. Dalsze zwigkszanie
zawartosci BG do 9% wag. w materiale prowadzi do uzyskania struktury wielofazowej
z wyraznie wystepujacymi refleksami, pochodzacymi od proszkow wyjsciowych, czyli Ti(a),
Nb/Ti(B) oraz Zr (Rysunek 2 [4]). Wykazano rowniez istotny wplyw bioceramiki na
rozdrobnienie struktury proszku podczas mielenia. Wielko$¢ krystalitow, wyznaczona metoda
Williamsona-Halla, zmalata od ok 29 nm do ok. 3 nm w kompozycie Ti23Zr25Nb-9BG.
Dodatkowe zmniejszenie wielkosci do ok. 2.4 nm zostalo spowodowane dodatkiem srebra
(Rysunek 3 [4]). Bioszkto 45S5 wptyneto rowniez na zmniejszenie zawartosci fazy Ti(B) po
procesie spiekania, a jej udzial wynosit ok. 96% w kompozycie Ti23Zr25Nb-3BG. Laczny
udziat roztworéw statych na bazie tytanu (o, B) byl najwyzszy wsréd kompozytéw oraz

wynosil ponad 98%. Swiadczy to o rozpuszczeniu sie pierwiastkow, wchodzacych w sktad
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BG, glownie w tych fazach, prowadzac jednocze$nie do zwigkszenia rozmiaru komorki
elementarnej Ti(B). Zawartos¢ tej fazy znaczaco malata wraz ze zwigkszaniem zawarto$ci
bioszkla, az do 65% w przypadku Ti23Zr25Nb-9BG. Dalsza redukcja zawartosci tej fazy
nastgpita w przypadku kompozytéw domieszkowanych miedzig oraz cynkiem do
odpowiednio ok. 59% oraz 55%, co jest zwigzane z wydzieleniem si¢ wickszej iloSci
stabilizujacego faze Ti(p) niobu w postaci fazy NbsSisP. Wzrost stezenia BG wptynat ponadto
na parametr sieci krystalicznej, ktory zwigkszyt si¢ z 3.3524 A dla niemodyfikowanego stopu
Ti23Zr25Nb (% at.) do 3.3720 A dla kompozytu, zawierajacego 9% dodatku. Zmniejszenie
sie parametru komorki elementarnej w kompozycie Ti23Zr25Nb-6BG do 3.3577 A
spowodowane jest wydzieleniem si¢ fazy Ti.ZrO, ograniczajacej ilos¢ cyrkonu
rozpuszczonego w roztworze stalym na bazie Ti(B). Podobne zjawisko zaobserwowano
w przypadku kompozytow z dodatkiem Ag i Zn, w obu przypadkach prowadzac do redukcji
parametru komorki elementarnej ponizej 3.3600 A (Tabela 2 [4]). Homogeniczno$é¢ rozktadu
zostata

dodatkow, sktad badanych materiatow

(ang. energy
spectroscopy - EDS) oraz przedstawione w postaci mapek rozkladu poszczegdlnych

wchodzacych w potwierdzona

z wykorzystaniem spektroskopii dyspersji energii dispersive
pierwiastkow (Rysunek 7 oraz Rysunek 8 [4]). Dyfraktogramy kompozytéw, zawierajacych
od 3 do 9% wag. BG oraz spiekanych swobodnie w 800°C, zostaly przedstawione na
Rysunku 5 oraz Rysunku 5 [4]. Dyfraktogramy zostaly zestawione z proszkami po

mechanicznej syntezie oraz niemodyfikowanym stopem Ti23Zr25Nb (% at.).
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o ATi(a)
o OTi,ZrO
Ao . ONb,Si,P
od 0 O 0O oomsA A A
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Ag ool Ti23Zr25Nb-9BG - MA
3/\ R
o
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Rysunek 5. Dyfiraktogramy rentgenowskie kompozytow na bazie stopu Ti23Zr25Nb (% at.), zawierajgcych od
3 do 9% wag. Bioszkta 4585 spiekanych swobodnie w 800°C w poréwnaniu do niemodyfikowanego stopu
Ti23Zr25Nb (% at.) oraz proszkéw po mechanicznej syntezie (MA) [4].
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Modut Younga dla kompozytéw, zawierajacych Bioszkto 45S5 wynosit od ok. 43 GPa do
ok. 72 GPa (Rysunek 10 [4]) przy porowatosci od ok. 15 do ok. 23% (Tabela 3 [4]).
Najmniejsza wartos¢ (43 GPa) charakteryzuje kompozyt Ti23Zr25Nb-9BG, ktory odznacza
si¢ jednocze$nie najnizszg twardoscig (ok. 218 HV0.3 — Tabela 4 [4]) oraz najwicksza
porowatoscig (23%). Modyfikacja w ten sposob stopu Ti23Zr25Nb okazata si¢ efektywniejsza
od wytwarzania pianek o porowatosci ok. 70% z wykorzystaniem wodoroweglanu amonu,
w przypadku ktorych modut Younga zostal zredukowany do ok. 56 GPa. Rysunek 6 oraz
Rysunek 5 [3] przedstawia krzywe obcigzenie-glebokos¢ dla stopu Ti23Zr25Nb po réznych
sposobach konsolidacji proszkéw oraz modyfikacji w odniesieniu do czystego technicznie
tytanu Grade 2 oraz stopu Til8Zr24Nb (% at.) topionego tukowo. Wartos¢ ta jest wyraznie
blizsza tej charakteryzujacej kos$¢, prowadzac do lepszego dopasowania wiasciwosci

mechanicznych.

bl
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Rysunek 6. Krzywe obcigzenie-glebokosé pomiaréw nanoindentacji stopu Ti23Zr25Nb (% at.) prasowanego na
gorgco w 600°C (HP), prasowanego na zimno oraz spiekanego swobodnie w 800°C (CP+S), spienionego
Z wykorzystaniem wodoroweglanu amonu (P) oraz modyfikowanego 9% wag. Bioszktem 4555 (9BG). Wyniki
zostaly odniesione do czystego technicznie tytanu Grade 2 oraz stopu Til8Zr24Nb (% at.) wytworzonego metodg
topienia tukowego (AM). Wyznaczono rowniez porowatosci badanych materiatow (P) metodg
planimetryczng [3].

Podobnie jak w przypadku stopow Ti-Zr-Nb, tak rowniez w przypadku kompozytow,
zawierajacych bioszklo oraz modyfikowanych dodatkiem bakteriobdjczym srebra, miedzi lub
cynku katy zwilzalnosci byly mniejsze niz 90°. Potwierdzito to hydrofilowos¢ badanych
materiatdéw. Wyznaczona swobodna energia powierzchniowa wynosita od ok. 35 mN/m
(Ti23Zr25Nb-6BG oraz Ti23Zr25Nb-9BG-Zn) do ok 42 mN/m (Ti23Zr25Nb-9BG-Ag).
Wartosci te byly bardzo zblizone do tych, charakteryzujacych stopy Ti-Zr-Nb bez dodatkow.
Dodatek bioszkla wptywa na znaczng poprawg odpornosci korozyjnej stopu
Ti23Zr25Nb (% at.), prowadzac w przypadku kompozytu Ti23Zr25Nb-9BG do obnizenia
pradu korozyjnego (ok. 12*108A/cm?) oraz potencjatu korozyjnego (ok. -0.38 V) do wartosci
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bliskich czystemu technicznie tytanowi Grade 2 (odpowiednio ok. 16*10%A/cm? oraz
ok.-0.40 V). Dalsze obnizenie pradéw korozyjnych (ok. 7*108A/cm?) przy zblizonym
potencjale korozyjnym (ok. -0.46 V) bylo mozliwe poprzez modyfikacj¢ kompozytu
Ti23Zr25Nb-9BG srebrem. Mogto to by¢ spowodowane zwigkszeniem stabilnoSci warstwy
pasywnej poprzez dodatek metalu szlachetnego (Rysunek 7 oraz Rysunek 11, 12 [4]).

102,
10°3¢
104 leorr 10BA/CM?I | Ugore [V
- : —  TiGrade2 16(3) | -0.40(13)
=105k —  Ti232r25Nb 210(163) | -0.60(7)
2 o — Ti23Zr25Nb-9BG 12(100 | -0.38(4)
< 106} — Ti23Zr25Nb-9BG-Aa 73) -0.46(5)
: Ti232r25Nb-9BG-Cu 101(66) | -0.34(21)
107} — Ti232r25Nb-9BG-Zn 47(7) -0.44(2)
1081
10-9: L 1 1 1 1 1

E vs Ag/AgCI (V)

Rysunek 7. Krzywe polaryzacji kompozytow zawierajgcych 9% Bioszkta 45S5 oraz srebro, miedz lub cynk.
Wyniki zostaly odniesione do czystego technicznie tytanu Grade 2 oraz stopu Ti23Zr25Nb (% at.) spiekanego
swobodnie w 800°C [4].

3.3. Modyfikacja powierzchni stopu Ti23Zr25Nb (% at.)

Stop Ti23Zr25Nb (% at.) byt modyfikowany powierzchniowo. Obrobka sktadata si¢ z dwoch
procesow. Pierwszy z nich polegal na trawieniu elektrochemicznym w wodnym roztworze
1 M kwasu fosforowego (V) oraz 2% kwasu fluorowodorowego pod napieciem +10 V
wzgledem potencjatu obwodu otwartego (OCP) przez 60 min. Nastepnie przeprowadzono
osadzanie elektrochemiczne w wodnym roztworze 0.042 M azotanu wapnia, 0.025 M
wodorofosforanu amonu oraz 0.1 M kwasu chlorowodorowego pod napigciem —10 V
wzgledem OCP przez 60 min [3]. Zaproponowana modyfikacja powierzchni prowadzi do
powstania powloki zawierajacej wodorotlenek wapnia (Ca(OH)2) oraz hydroksyapatyt
(Cas(PO4)30H) — Rysunek 1 [3].

Trawienie elektrochemiczne umozliwito rozwinigcie powierzchni, prowadzac do powstania
wzerOw oraz poroOw na powierzchni materiatu, co w dalszej kolejnosci przyczynito si¢ do
tatwiejszego osadzania jonow wapnia oraz fosforu — Rysunek 2 [3]. Obecnos¢ obu jonow po
przeprowadzonym drugim etapie obrobki powierzchniowej zostala potwierdzona
z wykorzystaniem  spekroskopii  dyspersji  energii (ang.  energy  dispersive

spectrometry - EDS), a rozklad obu pierwiastkow zostat przedstawiony w postaci mapek.
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Potwierdzity one rowniez wigkszy udzial wapnia w stosunku do fosforu na powierzchni stopu
(Rysunek 3 [3]). Dyfrakcja rentgenowska umozliwita okreslenie struktury krystalicznej

wytworzonej powloki, ktora byta mieszaning wodorotlenku wapnia oraz hydroksyapatytu

(Rysunek 8 oraz Rysunek 1 [3]).
®Ti(B) +Ca(OH), = Ca,(PO,),(OH)
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Rysunek 8. Dyfraktogram powtoki na stopie Ti23Zr25Nb (% at.) po osadzaniu elektrochemicznym w roztworze
0.042 M Ca(NOs3), + 0.025 M (NH4)2HPO4 + 0.1 M HCI pod napieciem -10 V wzgledem OCP przez
60 min (CaP), odniesiony do niemodyfikowanego stopu Ti23Zr25Nb (% at.) [3].

Otrzymano powtoke¢ o grubosci ok. 50 um, co zostalo zmierzone z wykorzystaniem obrazéw

przekroju poprzecznego probki po procesie osadzania (Rysunek 9 oraz Rysunek 4 [3]).

Rysunek 9. Powfoka na stopie Ti23Zr25Nb (% at.) po osadzaniu elektrochemicznym w roztworze 0.042 M
Ca(NOs3); + 0.025 M (NH4)2HPO4 + 0.1 M HCI pod napieciem -10 V wzgledem OCP przez 60 min w przekroju
poprzecznym po lewej (po lewej) oraz widoku pochylonym pod kgtem 51° (po prawej) [3].
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Analiza profilow badanych probek potwierdzila wyrazne rozwini¢cie powierzchni po
trawieniu (Rysunek 6 [3]). Warto$¢ parametrow Ra, Rz oraz Rt (Tabela 1 [3]). wzrosta
odpowiednio do ok. 6, 39 oraz 30 um z 1, 13 oraz 8 um dla probki niemodyfikowane;.
P&zniejsze osadzanie prowadzilo do spadku chropowatosci (Ra = 3 um, Rz = 27 um oraz
Rt~19 um). Modyfikacja powierzchni doprowadzita do poprawy odpornosci korozyjnej
stopu Ti23Zr25Nb (% at.) — Rysunek 7 [3]. Byta ona jednak mniej efektywna niz
w przypadku stopow modyfikowanych bioszklem, to jest kompozytow Ti23Zr25Nb-9BG
oraz Ti23Zr25Nb-9BG-Ag. W ich przypadku doszto do zmniejszenia wartosci pradow
korozyjnych do ok. 10*10® A/cm? w poréwnaniu do ok. 10*107 A/cm? dla stopow
modyfikowanych powierzchniowo. Obrobka powierzchniowa umozliwita jednakze znaczne
poprawienie witasciwosci hydrofilowych, o czym $wiadczy wyrazne zmniejszenie katow
zwilzalnosci dla gliceryny do ok. 33° oraz dla dioodometanu do ok. 12°. Jednoczes$nie

swobodna energia powierzchniowa wzrosta z ok. 35 do 58 mN/m (Tabela 2 [3]).

3.4. Ocena aktywnoSci bakteriobdjczej oraz wlasciwosci biologicznych (testy MTS)

W ramach badan materialbw przeprowadzono ocen¢ aktywnosci bakteriobdjczej stopu
Ti23Zr25Nb (% at.), kompozytow Ti23Zr25Nb-9BG oraz Ti23Zr25-9BG-Ag (Cu, Zn)
wzgledem bakterii S. mutans ATCC 2517 [4]. Materiaty te wraz ze stopem modyfikowanym
powierzchniowo poprzez wytworzenie powitoki Ca(OH). oraz hydroksyapatytu, zostalty
rowniez poddane testom biokompatybilnosci in vitro celem zbadania intensywnos$ci wzrostu
komorek kostnych na powierzchniach wytworzonych preparatow. Do tego celu wykorzystano
dwie linie komorek macierzystych: normalne ludzkie osteoblasty (NHost, CC-2538) oraz
ludzkie fibroblasty wiezadet ozgbnej (HPALF, CC-7049) [3], hodowanych na badanych
materiatach przez 24, 72 oraz 120 h.

Wszystkie kompozyty, zawierajace dodatki bakteriobojcze, to jest srebro, miedz oraz cynk,
wykazaly obnizong adhezje bakterii, spowodowang ograniczeniem tworzenia si¢ biofilmu na
tych kompozytach. Wspoélczynnik redukcji, odniesiony do liczby jednostek, tworzacych
kolonie bakteryjne na czystym technicznie tytanie, w przypadku tych materiatow jest wyzszy
niz 90% (Tabela 1 oraz Tabela 5 [4]). Wysoka aktywno$¢ bakteriobdjcza wzgledem stopu
Ti23Zr25Nb oraz kompozytu Ti23Zr25Nb-9BG jest rowniez widoczna na zdjgciach,
przedstawiajacych hodowle bakteryjne po 24 h inkubacji (Rysunek 13 [4]).
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Tabela 1. Aktywnosé bakteriobdjcza materiatow wzgledem bakterii S. mutans [4]

Material CFU/mL CFU/mL RF
po 4 h inkubacji po 20 h inkubacji %
Ti23Zr25Nb <1.0-10% 3.2-10% 78.67
Ti23Zr25Nb-9BG <1.0-103 2.4-10% 84
Ti23Zr25Nb-9BG-Ag <1.0-10° 3.1-103 97.93
Ti23Zr25Nb-9BG-Cu <1.0-103 8.5-103 94.33
Ti23Zr25Nb-9BG-Zn <1.0-10° 3.5-103 97.67
tytan Grade 2 (probka <1.0-10° 2.0-10° )
kontrolna)

CFU — jednostka tworzaca koloni¢ (ang. colony-forming unit); RF - wspolczynnik redukcji (ang.
reduction factor)

W przypadku badanych preparatéw nie zaobserwowano zadnego efektu cytotoksycznego.
Intensywno$¢ wzrostu komorek kostnych byta jednak zalezna od skladu chemicznego
materiatu oraz sposobu przygotowania powierzchni. Proliferacja obu lini komodrek kostnych
po 120 h byta intensywniejsza dla probki modyfikowanej elektrochemicznie niz dla czystego
technicznie tytanu oraz stopu Ti23Zr25Nb (% at.). Bardzo korzystne wyniki zaobserwowano
réwniez dla kompozytow, w przypadku ktorych wzgledna zywotno$¢ komoérek wzgledem
czystego technicznie tytanu Grade 2 (RVC) byla zdecydowanie wyzsza od 100% po
72 h hodowli. Po 100 h hodowli proliferacja osteoblastow byta intensywniejsza, natomiast
w przypadku fibroblastow wyzsza lub zblizona do tytanu (Rysunek 10 oraz
Rysunek 10, 11 [3]).

a) b)
250.0 — — 250.0 —
200.0 200.0 -
215004 = 150.0
& =
z S
100.0 4 X 100.0 4
50.0 4 50.0 4
0.0 : : : 0.0 - s L | . L.
BO B1 B2 B3 B4 B5 PC BO B1 B2 B3 B4 B5 PC
024 h m72h m120 h 024h @72h m120h

Rysunek 10. Wyniki testu MTS po 24, 72 oraz 120 h celem okreslenia zywotnosci komorek NHost (a) oraz
HPdLF (b) stopu Ti23Zr25Nb (BO0), elektrochemiczne modyfikowanego (B1), kompozytu Ti23Zr25Nb-9BG (B2),
Ti23Zr25Nb-9BG-Ag (B3), Ti23Zr25Nb-9BG-Cu (B4), Ti23Zr25Nb-9BG-Zn (B5) oraz kontroli

pozytywnej (PC) [3].
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4. Podsumowanie

W ramach realizowanych badan naukowych wytworzono stopy trojsktadnikowe na bazie
tytanu, zawierajgce niob oraz cyrkon. Byly one réwniez modyfikowanie objetosciowo
poprzez dodatek Bioszkta 45S5 oraz srebra, miedzi lub cynku. Tak wytworzone kompozyty
byly zestawione z probkami po obrobce powierzchniowej, polegajacej na wytworzeniu
powtoki, bedgcej mieszaning wodorotlenku wapnia oraz hydroksyapatytu. Pozwolito to na
sformutowanie nastepujacych wnioskow:

a) dluzszy czas syntezy stopéw prowadzi do wzrostu zawartosci fazy Ti(B),

b) po konsolidacji proszkéw, istnieje mozliwos¢ wytworzenia stopow jednofazowych
Ti-Nb-Zr o strukturze B z ultra drobnym ziarnem, np. stopu Ti23Zr25Nb (% at.),

c) dodatek stopowy niobu wykazuje lepsze wlasciwosci stabilizujace fazg Ti(p), natomiast
cyrkonu wptywa na zmiane parametru sieci krystalicznej,

d) dodatek bioszkta prowadzi do uzyskania struktury wielofazowej (utrata struktury
jednofazowej ) po przeprowadzonym procesie spiekania,

e) wprowadzenie bioszkta do stopéw Ti-Nb-Zr wptywa na poprawe odpornosci korozyjnej
oraz obnizenie modutéw Younga badanych materiatow (43.3 GPa dla stopu zawierajacego
9% wag. Bioszkta 45S5) ponizej modutu Younga, charakteryzujacego pianke na bazie stopu
Ti23Zr25Nb, co daje mozliwos¢ ograniczenia wystepowania zjawiska ,,stress shielding”,

f) modyfikacja kompozytu , zawierajacego 9% wag. Bioszkta 45S5 srebrem pozwala na
dalsze obnizenie pradow korozyjnych do wartos$ci nizszych od komercyjnego, czystego
technicznie tytanu Grade 2,

g) kompozyty Ti23Zr25Nb-9BG-Ag (Cu, Zn) posiadaja wysoka aktywno$¢ bakteriobojcza
wzgledem bakterii S.mutans, powodujacej prochnice z¢boéw, co daje mozliwos$é ograniczenia
powiktan powszczepowych materiatu,

h) proliferacja komoérek kostnych (fibroblastow oraz osteoblastow) na badanych materiatach
jest rowna lub wyzsza w odniesieniu do czystego technicznie tytanu Grade 2,

i) obrébka powierzchniowa wpltywa na popraweg odpornosci korozyjnej stopu
Ti23Zr25Nb (% at.), jednakze w sposob mniej efektywny niz tworzenie ukladoéw
kompozytowych.
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Titanium beta type alloys with an ultrafine grain microstructure are interesting biomaterials that exhibit
an excellent mechanical, physicochemical and biological properties. This study aimed to develop a new
Ti14Zr16Nb and Ti23Zr25Nb (at. %) alloys. These materials were prepared by the combination of me-
chanical alloying and powder metallurgy approach with cold powder compaction and sintering or
interchangeably hot pressing. The details of the processing method were presented for structure evo-
lution analysis. The samples were characterized by an X-ray diffraction method, scanning electron mi-
croscopy observation, chemical composition determination, sinters porosity measurements and finally
mechanical properties evaluation. The microscopic studies confirmed the ultrafine grain structure of the
sinters. The mechanically alloyed Ti23Zr25Nb material upon sintering at 600 °C for 10 min led to the
formation of the single B type phase structure. The present study has demonstrated that ultrafine
structure for Til4Zr16Nb and Ti23Zr25Nb systems proposed for medical implant applications can be
fabricated by the application of hot pressing of mechanically alloyed powders at the temperature below
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1. Introduction

Titanium alloys are one of the most popular materials used in
medicine. They are applied in the hard tissue implants as hip or
dental implants, screws, nails, etc [ 1]. There might be some medical
issues related to the use of the commercially available materials as
Ti6Al4V. The presence of aluminium and vanadium may cause
medical disorders as neurological disorders (Alzheimer disease,
etc.). Because of that fact, many researchers try to find their
replacement [1—4]. By the elimination of toxic elements, it is
possible to prepare Ti-type alloys with excellent biocompatibility.
Ti—6Al—7Nb, which has been developed for surgical implants, is
also attractive for dental applications [5]. Recently, other alloys as
Ti—40Zr, Ti—5A1-13Ta, and Ti—43.1Zr—10.2A1-3.6 V have been also
proposed [5,6].

Ti-Nb-Zr alloys are one of the other substitutes, It is due to the
fact of their chemical composition the phase (B-type titanium al-
loys) structure, and mechanical properties stay attractive in the
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biomedical field of application. The alloyed cubic titanium structure
allows making the Young modulus much lower even 50 GPa. Above
relation minimize the risk of mechanical unfit between the bone
tissue and the implant. The problems of bones resorption and
loosening of the implants due to of stress-shielding effect could be
in above manner significantly reduced [1,7—-9].

Some researchers at the base of theoretical studies of beta Ti-
type binary and ternary systems, try to calculate theoretical
values of Young modulus which depend on the contents of the
element [10]. The most favourable Young modulus (50 GPa) was
estimated for Ti(B) alloy with 25 at. % of niobium and 6.25 at. % of
zirconium [10]. The content of niobium and zirconium may influ-
ence the titanium alloy cell toxicity. Cell toxicity can also be influ-
enced by others factors as surface properties or manufacturing
steps [11].

There are also many others elements, stabilizing p-structure as
tantalum, molybdenum or palladium. All of these elements allow
us to decrease the Young modulus and make it much more similar
to the Young modulus of bone, At this point of discussion, it is
essential to mention that proper processing condition should also
be however maintained. Formation of other phases like o or w-
phase, during for example heat treatment procedures may provide
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an increase of the modulus. On the other hand, martensite phases
as o and o” decrease it [1,7,9].

The Ti-Nb-Zr alloys could be produced in multiple manners. So
far, the most popular one stay: vacuum arc remelting (VAR), vac-
uum induction melting (VIM), induction skull melting (ISM),
plasma arc melting (PAM), electron beam melting (EBM) [12,13].
Very interesting and possessing high potential in the meaning of
final products possible cost reduction approach, stays powder
metallurgy (PM) method [2,4,14].

One of the methods of Ti-based alloys powder preparation is the
mechanical alloying (MA) which allows to obtained nanocrystalline
materials [2,4]. Mechanical alloying could be controlled with some

parameters like; milling time, additional agents (lubricants, etc.),
ball-to-powder mass ratio (BPR), milling atmosphere, milling
temperatures (cryomilling as the process conducted at lower
temperatures), materials of vial, reactor and balls, type of used mill,
vibration frequency (milling speed), etc. [15]. Mechanical alloying
allow to improve material properties because of the nanocrystalline
or ultrafine structure transition and what was also confirmed in
other research new phase formation. One of the other example
could be the hardness improvement because of the grain boundary
strengthening mechanism. Moreover, this process has the
tremendous economic benefit (the process of MA stays uncompli-
cated and just cheaper than vacuum arc melting or other
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Fig. 1. Processing scheme assumed for nanocrystalline beta titanium alloys consolidation and sintering.
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conventional methods), it is not difficult to perform, and it gives the
better homogenising effects [2].

New perspectives appear for the transitional sized materials
that exhibit better mechanical and physicochemical properties in
comparison to their microcrystalline counterparts [16,17]. Recent
studies showed for instance that for the titanium example, size
transition could considerably improve not only the mechanical
properties but also the biocompatibility [17—21]. For example, the
strength of the titanium could be nearly twice of that of conven-
tional CP titanium [22].

Also, other properties like corrosion resistance, which tests were
performed for microcrystalline Ti-Nb-Zr alloys showed that these
materials are passive in Ringer's solution without fluorides and in
Ringer's solution with 1000 ppm of fluorides at 5 or 7.5 pH. It was
also observed that corrosion resistance of this alloys decreases with
fluorides content and lower pH [23].

While Ti-based biomaterials have been successful at encour-
aging bone ingrowth both in vivo and in clinical trials, the range of
materials and microstructures available is still rather limited. To
optimize titanium alloys for medical implant applications use,
several studies have focused on the design of biomaterials with
planned architecture to fulfil physicochemical, mechanical as well
as regeneration requirements. For example, current studies remain
focused on fabricating Ti-based porous biomaterials to promote
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Fig. 2. XRD spectra of Til4Zr16Nb (a) and Ti23Zr25Nb (b) powders mechanically
alloyed for different times,
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bone or tissue ingrowth into pores and to provide biological
anchorage. Several factors have been demonstrated to have an in-
fluence on bone ingrowth into porous implants, such as the porous
structure (pore size, pore shape, porosity and interconnecting pore
size) of the implant, duration of implantation, biocompatibility,
implant stiffness, micromotion between the implant and adjacent
bone, etc. Additionally, the architecture of a porous implant has
been suggested to have a significant effect on the implant inte-
gration with newly grown bone [24,25]. The goals in the develop-
ment of new Ti-based biomaterials are: (i) to avoid potentially toxic
elements (such as vanadium), (ii) to produce titanium alloys with a
low modulus and high fatigue strength, (iii) to improve biocom-
patibility by the bulk or surface modification approach. Currently, it
is possible to prepare p-type titanium alloys with excellent
biocompatibility [21].

The significant progress for the Ti-Nb-Zr type alloys was made
by Hussain team [2] for TiZ0ONb13Zr (at. %) composition, It should,
however be noted that proposed composition, not allowed to form
a single Ti(p) phase even for a high-temperature range of pro-
cessing 1200 °C (visible highly intense Ti(a) peaks). To form a single
B-phase type structure, other research was done on the
Ti30TalONb20Zr (wt.%) [26].

Proposed in this work Ti23Zr25Nb alloy composition processed
at 600 °C, is characterized by a single Ti(p) phase type structure.
Less expensive mixture and significant processing temperature
reduction remain as an evident improvement achieved in this work
in oppose to the previously mentioned research [2,26]. According
to our knowledge, nobody manufactured titanium-niobium-
zirconium (Ti14Zr16Nb and Ti23Zr25Nb (at. %)) type alloys within
ultrafine grain structure and studied their phase transformation or
microstructure till now. The profitability of undertaken actions of
composition and processing condition change could only be justi-
fied by the expected property enhanced. Biomaterials in the same,
with the ultrafine grain titanium-based alloy structure, defines a
new biomaterial group, with better mechanical properties, that
consequently may provide the savings in health care system and
accelerate recovery time expectations for the markedly growing
group of final consumers.

2. Experimental details and research methodology
2.1, Chemicals and materials

The commercial Ti (Alfa Aesar, 99.9% purity, CAS:7440-32-6), Nb
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Fig. 3. Linear Williamson-Hall plots with estimated crystallite size (CS) and micro-
strain (MS) factors based on the XRD spectra of Til4Zr16Nb (a) and Ti23Zr25Nb (b)
powder materials after 10 h of mechanical alloying,
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powders (Sigma Aldrich, 99.8% purity, CAS:7440-03-1) and Zr fill- 2.2. Sample preparation

ings from sponge (Sigma Aldrich, > 99%, CAS:7440-67-7) were

used. The experiments were carried out on Til4Zr16Nb and Mechanical alloying was performed using SPEX 8000 Mixer Mill

Ti23Zr25Nb (at. %) alloys. (SPEX® SamplePrep, Metuchen, NJ, USA). Argon was a protective
atmosphere. Round bottom stainless vials were used. Elemental

Fig. 4. SEM microphotographs of Ti, Zr, Nb elemental powders and Ti14Zr16Nb as well as Ti23Zr25Nb powder agglomerates after 10 h of MA.
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powders (Ti, Zr and Nb, all pm in size) was weighted, blended and
poured into vials in the glove box (LabMaster 130) filled with
automatically controlled argon atmosphere (0;<2ppm and
H20 < 1 ppm). MA process was lasted up to 10 h in all cases. In the
next step, the produced powders were processed by powder met-
allurgy process by the application both cold and hot processing
methods according to the scheme depictured in Fig. 1. In the case of
hot pressing, induction coil module was used for a conductive die
heating by the Joule's heat generated on it the surface. Additional
the module allows to control, during sintering procedure the force,
temperature, and vacuum with the 0.1s duration. Control temper-
ature measurement variance is kept at +25°C variability, The
diameter and height of the cbtained bulk samples were 6 mm and
4 mm, respectively. For traditional cold compaction and sintering
approach, the pressure of 600 MPa was adopted for powders
consolidation. The samples were next sealed in a quartz tube filled
with an argon atmosphere after several vacuum flushing. Four
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temperatures of sintering as 600, 750, 800, 850 and 1000 °C were
proposed within a 1800s heating argon atmosphere regime with
following fast water cooling. Hot pressing was conducted at 600 °C
for 300s within a 600s heating up step in a vacuum condition
(50 Pa) with an acting pressure of 71 MPa.

2.3. Materials characterization

The crystallographic structure of the samples during different
processing stages was investigated at room temperature using a
Panalytical Empyrean XRD equipment with CuKe radiation
(Almelo, Netherlands). The conditions of XRD measurements was
as follows: voltage 45kV, anode current 40 mA, 2 Theta range
30-80 [°], time per step 60.325 [s/step], step size 0.0334 [°]. Ob-
tained spectra were refined for parameters and variables as a
background and profile coefficients, lattice parameters, linear ab-
sorption coefficients. The instrumental broadening effect for
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Fig. 5. XRD spectra of bulk Ti14Zr16Nb (a) and Ti23Zr25Nb (b) samples sintered at different temperatures for 0.5 h in an argon atmosphere and hot pressed at 600 “C for 10 min in

vacuum conditions,
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collected data was eliminated by subtracting the full width at half-
maximum (f,) of a standard (Si) sample from B of the respective
Bragg peaks. The Williamson-Hall (W-H) analysis method was used
to study crystallite size and lattice strain on the peak broadening of
the obtained mechanical alloyed powders spectra for assumed
uniform deformation model. Each point at linear W-H analysis is
assigned to a specific diffraction line, after the point collection, a
linear regression should give a linear fit which allows to estimate
the material strain component from the slope and the size
component from the intercept.

The lattice parameter estimation as also phase quantitative
analysis was based on the Rietveld profile fitting method realized
on the Maud software. Apply approach involve the simulation of
the diffraction pattern based on the analyzed structural model for:

o Ti(a) (ref. code 01-071-4632),

o Ti(B) (ref. code 01-074-7075),

e Nb0.81Zr0.19 (ref. code 00-049-1455),
e Zr (ref. code 01-088-2329).

The calculated pattern of the model structure was fitted to the
observed one by minimization of the sum of the squares and after
refinement using Marquardt least squares algorithm which ach-
ieves high goodness of fit (S < 2,5). For clearance, residual pattern
indicators of modelled data as:

* Ryp — weighted pattern residual indicator
® Rexp — expected residual indicator
e S — goodness of fit were revealed.

Scanning electron microscope (SEM, VEGA 5135 Tescan, Brno,
Czech Republic) with energy dispersive spectrometer (EDS, PTG
Prison Avalon, Princeton Gamma Tech., Princeton, NY, USA) was
used to characterize microstructure and chemical composition of
the prepared samples. EDS analyzer was calibrated using a typical
Cu calibration procedure.

The porosity of the porous materials was estimated by GIMP
software from the histograms analysis of optical microscope pho-
tographs. The densities of the samples were calculated by the for-
mula p=(1-P/100) x p, where p and pwy are the density of the
porous material and its corresponding theoretical density calcu-
lated from the rule of the mixtures. The microhardness measure-
ments were carried out on samples in order to determine average
hardness by Innovatest Nexus Vickers tester with an applied load of
300 ¢g and loading time 10s.

The modulus analysis of selected samples based on the EIT
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(indentation modulus) estimation, was realized on CSM In-
struments with Berkovich tip. The measurement was carried out
with nanoindenter using DIN 50 359/ISO 14577 standard, and load
parameters of the test as;

F =300mN/20s

C=>5s

Obtained results were compared with the commercially avail-
able rod titanium (Grade 2) sample at the annealed state.

3. Results and discussion
3.1. Powder stage

The aim of this research was a synthesis of Til4Zr16Nb and
Ti23Zr25Nb alloys by mechanical alloying and powder metallurgy
methods. The crystallographic structure changes during MA was
investigated. Fig. 2 shows XRD patterns of the mechanically alloyed
Ti, Zr and Nb powders for different milling times. In both cases,
after 15 min of MA of Ti14Zr16Zr (Fig. 2a) and Ti23Zr25Nb (Fig. 2b)
mixtures, the characteristics lines of Ti (), Zr and Nb are visible.
After 3 h of MA, the (101) plane from hexagonal Zr crystal structure
almost disappeared, and additionally, after 6 h new phase Ti(B) (2
theta=38.59(2) for Til4Zr16Zr and 2 theta=38.41(1) for
Ti23Zr25Nb [°]) is forming for considered alloys compositions. The
high plastic deformations of the powders result in a high density of
dislocation lines and subsequently, subgrains formation that may
finally lead also to amorphisation [15]. After 10 h of mechanical
alloying the crystallite sizes calculated by the application of
Williamson-Hall approach were 23 and 28 nm for Ti14Zr16Nb and
Ti23Zr25Nb alloys, respectively (Fig. 3). During the MA process, the
transformation from Ti(2) to Ti(f) phase is observed. The zirconium
and niobium contents and milling time are main parameters which
control this transformation. Finally, it is necessary to mention that
application of MA process reduces not only the elements of the
microstructure of so produced alloys but also increases the
microstrain (in average 14—15 x 1073) of so produced materials
(Fig. 3).

Fig. 4 shows SEM microphotographs of starting powders (Ti, Zr
and Nb) and Ti14Zr16Nb and Ti23Zr25Nb agglomerates obtained
after 10 h of MA process. Most of the agglomerated particles have a
size which varies from 50 to 150 pm. Some of the Ti14Zr16Nb
powder agglomerates had a sharp boundaries which weren't
observed for Ti23Zr25Nb powder agglomerates. A microstructure

Table 1
Crystallographic data analysis of bulk Til4Zr16Nb and Ti23Zr25Nb samples sintered at different conditions by a cold and hot pressing approach.
Sample PP PT [=C] Ti(=) Ti(p) Additional phase Rwp [%] Rexp[%] S
Nb0.81Zr0.19
a[A] c[A] VA’ PA[%] alA] VIA]]  PA[%] alA] v [A%] PA[%]
Ti14Zr16Nb CP+S 600 2.9862(4) 4.7566(14) 36.73(2) 44.83 3.3218(3) 36.65(1) 55.17 — — — 4.86 335 1.45
750 2.9853(4) 4.7761(15) 36.86(3) 26.54 3.3255(3) 36.78(1) 7346 -— - — 5.67 3.20 1.77
800 2.9908(5) 4.7843(19) 37.06(3) 2620 3.3313(3) 36.97(1) 73.80 -— - - 6.28 3.65 1.72
850 2.9903(11) 4.7817(41) 37.03(6) 9.94 3.3327(2) 37.02(1) 88.64 4.3477(25) 82.18(14) 142 735 3.39 217
1000 2.9972(16) 4.7798(63) 37.18(9) 269  3.3357(2) 37.12(1) 96.02 4.3214(14) 80.70(8) 129 658 3.04 217
HP 600 2.09844(4) 4.7688(12) 36.78(2) 3132 3.3208(2) 36.92(1) 68.68 — - - 6.37 2.74 232
Zr
Ti23Zr25Nb CP+S 600 — — — - 3.3440(1) 37.39(1) 100 — — — 4.86 2.67 1.82
750 - - — - 3.3495(2) 37.58(1) 100 - - — 5.19 2.60 2.00
800 — — — - 3.3524(2) 37.68(1) 100 — — — 5.05 3.08 1.64
850 — — - 3.3500(2) 37.60(1) 99,50 4.6035(30) 97.56(19) 050 546 297 1.84
1000 - - - 3.3500(2) 37.60(1) 99.07 4.6077(25) 97.83(16) 0.93 6.76 274 2.46
HP 600 - - - - 3.3507(2) 37.62(1) 100 - - - 6.73 317 212
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that forms during MA consists of layers of the starting materials
mixture. A lamellar structure is increasingly refined during further
mechanical alloying. A thickness of materials decreases with in-
crease in mechanical alloying time resulting in the alloy formation.
Obtained final particle morphology is in agreement with the plastic
deformation mechanism of mechanically alloyed components and
its reciprocal amount during tensile fracture.

3.2. Bulk stage

Both MA compositions according to processing scheme depic-
tured on Fig. 1, were cold pressed and sintered at four temperatures
of 600, 750, 800, 850 and 1000 °C for 0.5 h at argon atmosphere as
also hot pressed in 600 °C in vacuum conditions. Fig. 5 shows XRD
spectra of so produced bulk samples. The most intense peaks on all
patterns are related to Ti(j) type phase. In the case of cold pressed
and sintered Ti14Zr16Nb alloy, additionally to main Ti( ) phase, two
minor phases are visible: Ti(a) (ref. code 01-071-4632) and
Nbgg1Zrg 19 (ref. code 00-049-1455). On the other hand, in the case
of a Ti23Zr25Nb alloy, additionally to main Ti() phase, a trace of Zr
is visible after sintering at 850 or 1000 °C (ref. code 01-088-2329).

Single phase B-type Ti23Zr25Nb alloy was produced in the
sintering temperature range 600—800 °C. At temperatures starting
from 850 °C small content of pure Zr was observed. In the case of a
Ti1l4Zr16Nb alloy, additionally to the main Ti(f) phase, the second
phases such as Ti(a) and Nb0.81Zr0.19 were detected. The content
of Ti(2) phase in the Ti14Zr16Nb alloy is decreasing with increasing
sintering temperature as a Table 1 confirms. At 1000 °C the content
of the main Ti(B) phase was about 96%. Except the value of the heat
treatment temperature, the amount of Nb and Zr in the Ti-Zr-Nb
system shows as the results confirm, high sensitivity on the final
phases content of so produced alloys.

In the case of samples obtained after hot pressing in 600 °C in
vacuum conditions, namely low-temperature sintering, the bulk
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materials are formed (Fig. 6). For the Ti23Zr25Nb starting compo-
sition, single phase B-type alloy was produced. In the case of
Ti14Zr16Nb composition, additionally to the main Ti(f) phase alloy,
the second Ti(a) phase is detected (Fig. 5) and it content deter-
mined by Rietveld analysis locate at 31.32%.

According to gathered in Table 1 data, the structural dimension
relation and analyzed phases amount remain dependent on the
processing treatment approach as also starting elements
composition.

For the Til4Zr16Nb sample obtained by traditional CP+S
approach, the increase of the Ti(B) cubic phase structure amount by
the reduction of Ti(«) hexagonal phase, related to processing
temperature condition, shows also a deeper underlying structural
relation. Analyzed for the obtained sinters titanium phase struc-
tures, expands as the calculation shows the average dimension of
the cubic and hexagonal cells by the movement of the atoms, due to
sintering temperature increase, until the o—f transus become

Table 2
Obtained properties of the bulk Ti1l4Zr16Nb and Ti23Zr25Nb samples sintered at
different conditions by a cold and hot pressing approach.

Sample PP PT[°C] TD [g/cm®] Porosity [%] D[g/cm®] HVO0.3
Ti14Zr16Nb CP+S 600 5.93(20) 182+29 4.85(34) 446(11)
750 5.93(20) 145+2.8 5.07(34) 409(17)

800 5.93(20) 149+3.2 5.05(36) 407(5)

850 5.93(20) 134+29  5.14(35) 398(7)
1000  5.93(20) 150+3.6  5.04(39) 402(12)
HP 600 5.93(20) 03+1.2 5.91(27) 399(10)
Ti23Zr25Nb CP+S 600 6.50(20) 275+34 4.71(37) 392(18)
750 6.50(20) 19.6+34 5.22(38) 384(13)
800 6.50(20) 21.6+3.7 5.09(40) 375(33)

850 6.50(20) 229+32 5.01(36) 397(8)

1000 6.50(20) 27.9+3.1 4.68(35) 426(5)

HP 600 6.50(20) 19+1.7 6.37(31) 407(6)

Fig. 6. OM microphotographs of bulk Ti14Zr16Nb (a) and Ti23Zr25Nb (b) samples produced by the application of HP method (600 °C/10 min). The microstructures of the same
materials obtained after cold pressing with additional sintering at the same temperature (600 ©C/0.5 h) were also presented.
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reached. Above 850 °C the structure dimensions growth is sus-
tained only for the cubic phase as for the hexagonal the dimin-
ishment is observed. In the case of the increase alloying elements
content for Ti23Zr25Nb example, obtained in the sinters beta phase
structure, expands the cell dimension with growing sintering
temperature also until the o — B transus become reached. Above
850 °C, the Ti (B) cell dimension become reduced similarly to the
behaviour of the Ti(a) structure in the two-phase o+ system
considered for the lower alloyed example. The observed relation
may point out for the obtained phases it's stability, due to the
analyzed influence of composition, processing path (PP) and tem-
perature (PT) treatment conditions. Considered also structural data
of HP samples, located them in examined compositions for tradi-
tional CP+S approach between 750 and 800 °C regime. Above re-
sults suggest that due to simultaneously force and temperature
acting not only the economic benefits due to the lower processing
treatment requirements could be obtained. For the bulk
Ti14Zr16Nb and Ti23Zr25Nb alloys produced by HP at 600 °C for
10 min in vacuum conditions (Fig. 6), analyzed porosities summa-
rized in Table 2 were 0.3 and 1.9% respectively.

The bulk samples of Ti14Zr16Nb and Ti23Zr25Nb alloys, pro-
duced by cold pressing and sintering at different temperatures for
0.5 h in an argon atmosphere, were composed of irregular particles
and show porous morphology (Fig. 6). Porosity depends heavily on

114Zr16Nb
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the type of material (size of agglomerates) and it's chemical
composition what was confirmed and summarized in Table 2. The
low-temperature sintering at 600 °C for 30 min, allows obtaining
the bulk materials.

Obtained average microhardness results of all analyzed samples
show close to 400 HV values without visible relation to phase
amount calculations based on structural data. The smooth bulk
Ti14Zr16Nb and Ti23Zr25Nb alloy surfaces were also presented in
Fig. 7 with the EDS result analysis that confirmed the chemical
composition for the HP samples.

The SEM analysis was conduct to confirm in obtained sinters
ultrafine grain structure. Highly magnified in BSE mode, HP sam-
ples presented in Fig. 8, shows independently phase contrast
relation and microstructure size range. Obtained microstructure
shows uniform grain size distribution, however, in the case of a
Ti23Zr25Nb alloy, the grains are more refined.

Indentation modulus estimation of the selected samples
depictured on Fig. 9 by the load-depth curves shows the expected
properties course relation. Confirmed structurally for the hot
pressed as well as cold compacted and sintered at 600°C -
Ti14Zr16Nb and Ti23Zr25Nb samples phase composition relates to
a higher average EIT values results obtained for a) and b) samples
than c) and d) one. Crucial in above comparison stays, however,
obtained not only sample phase composition, but also the porosity

123Zr25Nb

Element] Line| Wi [%] | At [%] TiKa

Ti |KA1| 3552 | 51.44 NbLa

Zr |LA1| 307 | 2335| Zrla

Nb |LA1| 33.78 | 25.22 TiKB iR
Element| Line | Wt [%] | At [%] TiKa

Ti |KA1| 54.12 | 69.4

Zr | LA1| 21.46 | 14.45 NbLa -

No | LA1| 24.42 | 16.15 | ZrLa Kp Ti14Zr16Nb

0 2 4 6 8 10

Energy [keV]

Fig. 7. SEM microphotographs and EDS spectra of Ti14Zr16Nb and Ti23Zr25Nb alloys, mechanically alloyed for 10 h and HP at 600 °C for 10 min.
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Fig. 8. SEM microphotographs of Ti1l4Zr16Nb (a) and Ti23Zr25Nb (b) alloys, mechanically alloyed for 10 h and HP at 600 °C for 10 min - BSE mode.

share. For above, less concise cold compacted and sintered samples
b), d) characterize with the lower EIT values despite dual phase
microstructure than the hot pressed a), c) one. Above results
compared with Ti-G2 rod sample at the annealed state, points out
evident EIT diminishment. Additionally, arrange results deserves
also proper attention due to a high applied 300 mN measurement
load.

Many different methods for producing nanocrystalline and/or
fine-grained structures are available [27]. They are mainly based on
the production of fine-grained powders and a subsequent powder
metallurgy for consolidation [15]. Presented results clearly
demonstrate that powder manufacturing route allows production
of B Ti-based alloys for biomedical applications. It is well proven
that refinement of the grain structure can significantly enhance the
mechanical properties of Ti-based alloys. Grain refinement is a key
principle in the strengthening of engineering alloys. Our results
show that the crystal structure of solution treated alloys are not
only sensitive to Zr and/or Nb contents but also on the value of
sintering temperature. When Nb content increases, the  phase
becomes the only dominant phase in Ti-Zr-Nb system. The Nb
stabilizes the f-Ti structure and promotes the spontaneous
passivation of the alloys [28]. Additionally, Zr is a neutral element
that can help to suppress the w-phase and in many compositions
may have special properties such as a shape memory effect [29,30].
However, in ternary alloys, Zr increases the amount of B-Ti, being
responsible for the single phase structure formation which couldn't
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be achieved without this additive. Both these elements are very
resistant in physiological liquids due to its natural oxide films. The
control of the crystalline phases is of great importance in the design
of new alloys for biomedical applications, and what was proven in
this work stays reliant on the composition, processing temperature
and applied manufacturing approach.

4. Conclusions

The aim of this research was a synthesis of new Ti14Zr16Nb and
Ti23Zr25Nb alloys by mechanical alloying and powder metallurgy
methods including cold and hot pressing. The influence of Nb and
Zr contents as also processing conditions on phase transitions
(a.— B) and microstructure were studied. The following conclusions
can be withdrawn:

— longer MA powder processing time for analyzed compositions
increase the content of Ti(B) - phase in Ti-Zr-Nb system (Fig. 2),

— crystallization of the MA powder materials due to acting pro-
cessing treatment temperature led to the formation of ultrafine
grain structured Ti(B) type alloys (Fig. 8),

— with the increase of Nb and Zr contents in Ti-Zr-Nb system in-
crease of Ti(f) phase is noticeable,

— with the increase of sintering temperature more Ti(}) - phase in
the Ti14Zr16Nb system is noticeable,
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Fig. 9. Load-depth curves of bulk Ti14Zr16Nb (a) and Ti23Zr25Nb (c) samples prepared by the hot pressing and cold pressing with additional sintering Ti14Zr16Nb (b) and
Ti23Zr25Nb (d) at the same processing temperature 600 °C. The curves of rod titanium (G2) sample in the annealed state (e) were also reviled,
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the hot pressing process at low temperature (600°C) of

Til4Zr16Nb characterizes with increase content of Ti( ) phase in

the alloy in comparison with the cold pressing process.
proposed low-temperature sintering (bellow o— [} transus) re-
sults in bulk materials formation.

Indentation modulus estimation of obtained in this work sin-
ters, confirms lower values for f§ type titanium alloys with the
ultrafine grain structure staying however related to the sample
porosity shear.
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Abstract: Titanium (-type alloys are preferred biomaterials for hard tissue replacements due to the
low Young modulus and limitation of harmful aluminum and vanadium present in the commercially
available Ti6Al4V alloy. The aim of this study was to develop a new ternary Ti-Zr-Nb system at
36 < Ti < 70 (at. %). The technical viability of preparing Ti-Zr-Nb alloys by high-energy ball-milling in
a SPEX 8000 mill has been studied. These materials were prepared by the combination of mechanical
alloying and powder metallurgy approach with cold powder compaction and sintering. Changes
in the crystal structure as a function of the milling time were investigated using X-ray diffraction.
Our study has shown that mechanical alloying supported by cold pressing and sintering at the
temperature below x— 3 transus (600 °C) can be applied to synthesize single-phase, ultrafine-grained,
bulk Ti(B)-type Ti30Zr17Nb, Ti23Zr25NDb, Ti30Zr26Nb, Ti22Zr34Nb, and Ti30Zr34Nb alloys. Alloys
with lower content of Zr and Nb need higher sintering temperatures to have them fully recrystallized.
The properties of developed materials are also engrossing in terms of their biomedical use with Young
modulus significantly lower than that of pure titanium.

Keywords: metals and alloys; mechanical alloying; X-ray diffraction; phase transition;
powder metallurgy

1. Introduction

Titanium appears in two different allotropic forms. At low temperatures, it has a closed packed
hexagonal crystal structure (space group: P63/mmc-hcp), which is known as «, whereas above
882 + 2 °C, it has a body-centered cubic structure (space group: Im-3m - bec) termed (3. The alloying
elements, such as N, O, and Al, tend to stabilize the o phase, whereas elements V, Cr, Nb, and Mo
stabilize the 5 phase [1—4]. Pure titanium and Ti-6Al-4V alloy are the main materials in the medical
field. A component such as vanadium is described to be cytotoxic. The release of its ions to the human
body system during implant wear can lead to neurodegenerative diseases such as Alzheimer’s disease.
Furthermore, some of the researches also revealed the severe danger of the DNA damage caused by
the Ti-6Al-4V alloy [5-7]. Vanadium ions were also proven to be toxic to the fibroblasts causing the
significant limitation of their viability [8]; therefore, preparation of Ti alloys without these additives
should be the prior goal of most researches. One of the possibilities is to produce 3-type titanium
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alloys with low toxicity and high biocompatibility as Ti-Zr-Nb alloys. To stabilize Ti(3) it is necessary
to form the alloys based on the following elements [9].

(a) Binary alloys: Ti-Nb, Ti-Mo, Ti-Ta, Ti-Zr, Ti-Mn, Ti—Cr.

(b) Ternary alloys: Ti-Nb-Mo, Ti-Nb-Pd, Ti-Nb-Zr, Ti-Nb-Sn, Ti-Nb-Ta, Ti-Nb-Fe, Ti-Mo-Zr,
Ti-Mo-Nb, Ti-Cr-Al, Ti—-Cr-Nb, Ti-Cr-Sn, Ti-Mn-Al, Ti-Ta-Nb, Ti-Ta-Sn, Ti-Ta-Zr, Ti-Mn-Fe, Ti-Sn-Cr.

(c) Quaternary alloys: Ti-Ta-5n-Zr, Ti-Nb-Zr-Sn, Ti-Nb-Zr-Fe, Ti-Nb-Ta-Zr, Ti-Mo-Zr-Fe,
Ti-Fe-Ta-Zr, Ti-Cr-Mn-5n.

Two of the elements stabilizing Ti(f3) are niobium and zirconium. Both have been proven to
have higher biocompatibility than aluminum and vanadium. The biocompatibility of niobium was
also concerned to be higher than titanium [10]. Ti-Zr [11-15] and Ti-Nb systems [16-21] were already
examined in several articles. It was reported that Ti-Zr alloys can improve biocompatibility properties
of pure titanium, their mechanical strength and grind ability [13,14]. Additionally, it can be observed
that the content of Zr in the binary Ti-Zr alloys cannot provide Ti([3) formation at room temperature.
Zr allows only to decrease the temperature of Ti(x)-Ti([3) phase transition to 806 °C [11,12]. On the
other hand, Ti-Nb alloys allow improving the mechanical properties of titanium. Niobium increases
the hardness of the alloy and decreases the compression modulus. Content of niobium influenced
also compression strength and wear resistance [17]. Niobium forms also isomorphous phase with
titanium providing good Ti(p) stabilizing effect and appearance of this phase at room temperature.
Ti-Nb alloys can form double Ti(ex) + Ti([3) phases and single Ti((3), Nb phases [21]. The matter of great
importance is that crystal structure influences Young’'s modulus which is lower with the addition of
[-stabilizers. It was observed that Ti(3) alloys and near Ti(3) alloys can be characterized by the lower
elastic modulus, even multiple times lower than commercially pure titanium (especially for alloys
with niobium and zirconium content) [3,22]. It limits the possibility of mechanical unfit and loosening
of the implant (so-called stress shielding effect) [1,2].

The Ti-Nb-Zr alloys need to be well treated after alloying to provide the correct structure.
The properties of the 3-type alloys are susceptible to heat and mechanical treatment. Ti-39Nb after
repeated several times cold rolling and heat treatment had the single B structure with low Young
modulus equals to 39 GPa. This is mainly because of the high density of the defects as dislocations and
grain boundaries [23]. The properties of casted Ti-15Zr-5Cr-2Al alloys were also drastically changed
after water quenching [24]. Titanium alloys in Ti-Nb-Zr system could be used as the coating. It is
provided that this type of modification will improve the surface properties of the alloy. Moreover,
depending on the type and the parameters of the process it is possible to control the properties and
the microstructure of the manufactured implant layer [25]. To develop biomaterials properties the
use of mechanical alloying (MA) should be considered [26]. Phase equilibria in the Ti-Nb-Zr system
with the powders produced by this technology has not been investigated so far. However, these tests
are relevant to determine the influence of the process parameters on the crystal structure of these
materials. Recently, other 3-type materials were tested as Ti-Fe-Zr alloys [27] and the properties
of the Ti-Nb-Zr alloys were introduced only in two different chemical compositions: Til4Zr16Nb
and Ti23Zr25Nb [28]. Many B-type titanium alloys are still under investigation as selective laser
melted metastable Ti-37Nb-65n [29], laser powder bed fused Ti-18Zr-14Nb [30] with nano «-phase
precipitates, vacuum arc melted Ti-32Nb-(2, 4) Sn with nano «-phase precipitates [31], mechanically
alloyed Ti-Mo alloys [32]. Low Young modulus alloys are not mentioned to be only the titanium-based
alloys. Mechanical properties of materials as Zr-12Nb-45n seems to be also interesting [33].

Nowadays, the majority of Ti-Nb-Zr alloys are produced by traditional methods as vacuum
arc remelting (VAR) [34,35]. Mechanical alloying allows us to form the nonequilibrium structures
(nanocrystalline, ultrafine grain structure, etc.) influencing the improvement of some properties.
The process can be controlled by the following parameters: time of milling, the ball to powder mass
ratio, type of the mill, milling speed, etc [26,36]. Ti-Nb-Zr alloys have been produced by mechanical
alloying but the influence of Nb and Zr on the crystal structure has not been examined [27]. The hardness
of Til3Zr20NDb (at. %) has been estimated as 660 HV, which is higher than the hardness of traditional
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alloys [37,38]. Recently Bai et al. investigated the diffusion behaviors of Zr and Nb in 3-Ti alloys and
developed an atomic mobility date base for the bce phase in the Ti-Zr-Nb system using the LALPHAD
method [39]. Additionally, the properties of ternary Ti-Nb-Zr alloys with porous structures synthesized
by a magnetron sputtering method was studied [40]. It was shown that the porous structure was also
dependent on the alloy composition. The Young’s modulus of ternary thin films was in the range of
80 to 95 GPa.

The aim of the current study was the synthesis of ultrafine-grained Ti-Zr-Nb alloys at
36 <Ti <70 (at. %) by mechanical alloying and powder metallurgy methods. Proposed in this work
broad stabilizing elements composition was chosen to include both dual-phase and single-phase Ti-Zr-Nb
alloys structure evolution as also its microstructure formation and properties comparison studies.
The influence of Zr and Nb contents with a heat treatment temperature on phase transitions of Ti(«x) to
Ti(p), with a microstructure examination, were studied. Yet to the authors’ knowledge, there have been
no papers regarding the addition of Zr and Nb to Ti-based alloys in very wide concentrations to have
appeared until now.

2. Materials and Methods

2.1. Chemicals and materials

The following powders were used to produce the materials: the commercial Ti (Alfa Aesar,
Haverhill, MA, USA, 99.9% purity, CAS:7440-32-6), Nb (Sigma Aldrich, St. Louis, MO, USA, 99.8%
purity, CAS:7446-03-1) powders and Zr fillings from a sponge (Sigma Aldrich, > 99%, CAS:7440-67-7).
The experiments were carried out on 9 different Ti-Zr-Nb type alloys (Table 1). The experiments were
arranged at three stages: (1) Ti-Zr-Nb (Nb: 16-34 at. %; Zr: 14-30 at. %) powders preparation by
mechanical alloying for 10 h, (2) sample consolidation by cold pressing and sintering at the temperature
range of 600 to 1000 °C, and (3) materials characterization (phase structure analysis with X-ray
diffraction, wettability, and surface free energy, corrosion resistance, hardness, and nanoindentation,
EDS and EBSD).

Table 1. Chemical compositions of output powders needed to get following Ti-Nb-Zr alloys after all
stages of specimen preparation by the application of SPEX 8000 Mixer Mill (total weight of milling
powders: 4.5 g; ball-to-powder mass ratio: 7.5:1; milling time: 10 h).

Ti Zr Nb

Alloy wt % wt % wt %
Til4Zr16NDb (at. %) 66 17 17
Ti23Zr16NDb (at. %) 57 26 17
Ti30Zr17Nb (at. %) 50 33 17
Ti14Zr25Nb (at. %) 57 17 26
Ti23Zr25Nb (at. %) 48 26 26
Ti30Zr26ND (at. %) 41 33 26
Ti1l3Zr33Nb (at. %) 50 17 33
Ti227r34Nb (at. %) 41 26 33
Ti30Zr34Nb (at. %) 34 33 33

2.2. Specimen Preparation

SPEX 8000 Mixer Mill (SPEX® Sample Prep, Metuchen, NJ, USA) and round-bottom stainless vials
were used for the mechanical alloying process in an argon atmosphere. Glove box (LabMaster 130) filled
with argon atmosphere (O2< 2 ppm and HyO < 1 ppm) was used to weigh, blend, and pour (into vials)
the elemental powders (Ti, Nb, and Zr). MA process was lasted up to 10 h in all cases. All the powders
turned into bulk specimens of 6 mm diameter and 4 mm height. The pressure of 600 MPa was used for
cold compaction to consolidate the powders. The specimens were next sealed in a quartz tube filled with
an argon atmosphere. Specimens were sintered in five temperatures: 600, 750, 800, 850, and 1000 °C
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within a 30 min heating being sealed in a quartz tube filled with an argon atmosphere. Specimens were
fast cooled in water.

2.3. Materials Characterization

Panalytical Empyrean XRD equipment with Cu K« radiation (Almelo, Netherlands) was used to
evaluate the structure of the specimens at room temperature during different processing stages. XRD
measurements was done as follows; voltage 45 kV, anode current 40 mA, 2 theta range 30 — 80[°], time
per step 60.325 [s/step], and step size 0.0334[°]. Background, profile coefficients, lattice parameters,
linear absorption coefficients, and other variables were refined to obtain the spectra. Crystallite size
and lattice strain of mechanically alloyed powders were estimated by the Williamson-Hall (W-H)
analysis method [41] with the use of the uniform deformation model (UDM) [41] linearly fitting
points assigned to the different diffraction lines. Rietveld analysis [42] was done to estimate the lattice
parameters and phase quantity by Maud software. The following analyzed structural models were
used in this approach: Ti(e) (ref. code 01-071-4632), Ti(R) ref. code 01-074-7075), Nb0.81Zr0.19 (ref.
code 00-049-1455), Zr (ref. code 01-088-2329), and NbZr (ref. code 01-071-9970). The calculated pattern
of the model structure was fitted by minimization of the sum of the squares and using Marquardt
least-squares algorithm [43]. High goodness of fit (x2<3) was achieved. Pattern fitting parameters:
Rwp—weighted pattern residual indicator; Rexp—expected the residual indicator: S—the goodness of
fit were revealed.

The chemical composition was examined by the scanning electron microscope (SEM, VEGA
5135, Tescan, Brno, Czech Republic) with the energy dispersive spectrometer (EDS, PTG Prison
Avalon, Princeton Gamma Tech., Princeton, NY, USA) calibrated by a typical Cu calibration procedure.
The parameters of the measurement are as follows; accelerating voltage: 20 kV; working distance:
23 mm; spot size: 160 nm. The microstructure of the alloys was characterized by electron backscatter
diffraction (EBSD), using a Tescan Mira microscope (Brno, Czech Republic) and Digiview V camera
from EDAX (Mahwah, NJ, USA). The crystal orientation maps were acquired using electron beam
conditions of 20 kV and 10 nA, with 100 nm step size. The minimum misorientation angle for the grain
calculation was 5° and with a minimum of 8 pixels, discarding the grain smaller than 300 nm in diameter.
No cleaning procedure was applied to the maps. The contact angle (CA) of the surfaces was recorded by
the optical system with a digital camera (Kruss-DSA25, Kriiss, Hamburg, Germany) and measured by
dedicated software (Kruss-Advanced 1.5, Kriiss, Hamburg, Germany). The specimens were polished
with AL O3 suspension, flushed with alcohol, and dried before the measurement. Determination of
contact angles for diiodomethane and glycerol was done with the ellipse fitting method [44] and 2 uL
drop. Surface free energies were calculated based on the results for both fluids. The experiments
were repeated three times for each specimen to determine the uncertainty and standard deviation
for each measurement and all at ambient conditions (23 °C). For the specimen corrosion resistance
analysis in the Ringer’s solution (NaCl: 9 g/L, KCl: 0.42 g/L, CaCI2: 0.48 g/, NaHCO3: 0.2 g/L) at
ambient conditions (23 °C). the potentiodynamic method was used. The experiments and analysis
were conducted on Solartron 1285 potentiostat (Solartron Analytical, Farnborough, UK) with dedicated
Corrware and Corrview software (Solartron Analytical, Farnborough, UK). Ag/AgCl electrode was
used as a reference electrode in the measurements. The corrosion potential and current were calculated
with Tafel curves. The specimens were polished with grinding paper 600 grit and clean with ethanol
inside the ultrasonic bath before each measurement before starting. Potentiodynamic tests were
preceded with open circuit potential measurement for 60 min. Every specimen was measured three
times to estimate uncertainties and standard deviation.

Vickers microhardness (HV) of the sinters was measured using an Innovatest Nexus microhardness
tester (Innovatest, Maastricht, Netherlands) with an applied load of 300 g and loading time 10 s.
The modulus analysis of selected specimens based on the EIT (indentation modulus) estimation,
was realized on Fischerscope HM2000 nanoindenter with Vickers tip located in Bern University of
Applied Sciences (Biel, Switzerland). The measurement was carried out with nanoindenter using DIN
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50 359/ISO 14577 standard, and load parameters of the test as: F (the max load with the loading time)
= 300 mN/20s, C (creep time at the max load) =

3. Results

Synthesis of ultrafine-grained Ti-Zr-Nb alloys by mechanical alloying and powder metallurgy
method was the goal of this research, see Table 1. Crystal structure and its changes during milling
were deeply examined. Diffractograms of the selected Ti-Zr-Nb alloy powders with the final single
phase beta-structure (Ti23Zr25Nb) and dual-phase alpha + beta structure (Til4Zr16Nb) milled for
different times were presented in our previous article [28]. After 15 min of milling, the positions of
the 20 peaks of Ti-Zr-Nb mixtures are the same as that of the elemental powders, indicating that no
significant reaction had occurred during milling. The hexagonal Zr (101) plane is barely visible after
3 h of milling. Moreover, 6 h of mechanical alloying leads to the formation of Ti(f3) for all produced
compositions. Zr content influences the angle position of the newly formed Ti(3) phase peaks moving
them to the higher values. (Figures 1 and 2). It can be seen that after 10 h of MA of Ti1l4Zr16Nb and
Ti23Zr16ND there are peaks of Ti(x) and Ti(3). Additionally, in the case of Ti30Zr17Nb, Til4Zr25Nb,
Ti23Zr25Nb, Ti30Zr26Nb, Til3Zr33Nb, Ti22Zr34Nb, and Ti30Zr34Nb mixtures all three peaks emerge.
These peaks mark to coincide with the peaks of Ti(3) phase suggesting that these mixtures could be of
a bec structure induced by deformation during the mechanical alloying.

J»l“\\_ _| &4 ATi(a) OTi(B)
Q| +© ~ r— o~
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ALAS g e =g
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Figure 1. X-ray diffraction (XRD) spectra of Ti-Zr-Nb powders mechanically alloyed for 10 h.

B (110)
</f‘l |
—— T
Ti14Zr16Nb 4 38.5902)
Ti14Zr25Nb 4P 3858(1)
Ti13Zr33Nb 4P 3864(1)
Ti23Zr16Nb 4 38.57(3)
Ti23Zr25Nb 4P 38.410)
Ti222r34Nb 4P 38.39(1)
Ti30Zr17Nb 4P 38.37(2)
Ti30Zr26Nb 4P 38.15(1)
Ti30Zr34Nb 4 38.10(1)
38.77

r T T T T T T T T 1

38 38.1 38.2 383 38.4 38.5 38.6 38.7 38.8 389

Figure 2. New phase Ti(f3) 2 theta locations of studied alloys after 6 h of MA.
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Mechanical alloying was described as a high energy milling process in which powder particles
were subjected to repeated cold welding, fracturing, and rewilding [26]. The high plastic deformations
of the powders result in a high density of dislocations and, subsequently, subgrains formation that may
finally lead also to desired phase Ti(3) formation [45]. Our studies have shown that the mechanical
alloying of mixtures of Ti, Zr, and Nb metal powders produces the crystal phases depending on the
milling conditions and starting composition. No amorphous phases have also been observed in milled
powder mixtures. Mechanical alloying allows inducing allotropic transformation of titanium (from
hexagonal « to cubic (3). Both the content of beta-stabilizers (Zr and Nb) and time help to control this
transformation. Based on the Williamson—Hall model [41] after 10 h of milling crystallite size was
estimated in the range of 14 to 28 nm. Moreover, the application of mechanical alloying increases the
microstrains in the produced alloys (on average 9 - 23 x 107%) - Figure 3. Proper choice of the process
parameters and alloy composition allows producing crystalline Ti() phase.

01 | 4Ti14Zr16Nb  « Ti23Zr6Nb = Ti30Zr17Nb
009  +Ti14Zr25Nb  « Ti23Zr25Nb  » Ti30Zr26Nb P
Ti13Zr33Nb Ti22Zr34Nb  » Ti30Zr34Nb .~

0.08
007 ; ) CS [nm]| MS [no unit x 10 ]
& G Ti14Zr16Nb| 23 14.1
2006 L Ti23Zr16Nb| 19 14.4
o 2 . Ti30Zr17Nb| 14 227
x 0.05 P Ti14Zr25Nb| 15 9.9
5 0.04 = N o Ti23Zr25Nb| 28 14.9
8 e P 0 Ti30Zr26Nb| 14 9.9
0.03 -~ o : Ti13Zr33Nb| 20 1.7
0.02 = Ti22Zr34Nb| 17 138
— e Ti30Zr34Nb| 20 93
0.01 ==—=
0
0 05 1 15 2 25 3
4*sin(6)

Figure 3. Linear Williamson-Hall plots with estimated crystallite size (CS) and microstrain (MS) factors
based on the XRD spectra of Ti-Zr-Nb powder materials after 10 h of mechanical alloying.

To produce bulk specimens of mechanically alloyed powder: cold pressing and sintering were
conducted. Heating was done for 0.5 h and at five different temperatures: 600, 750, 800, 850 and
1000 °C. The process was conducted at the argon atmosphere to prevent the materials from oxidation.
The diffractograms of alloys sintered at the same temperature of 750 °C were presented in Figure 4.
The diffractogram relations of two selected specimens with single-phase beta structure (Ti23Zr25Nb)
and dual-phase alpha+beta structure (Til4Zr16Nb) with the sintering temperature were presented
in our previous article [28]. Additionally, lattice constants and phase amounts relations based on
a composition and processing parameters of the materials were presented in Table 2. After consolidation,
two groups of produced materials can be distinguished:

(a) Til4Zr16Nb, Ti23Zr16Nb, Til4Zr25Nb, and Til3Zr33Nb alloys with visible traces of Ti(cx) (ref.
code 01-071-4632), and Nb0.81Zr0.19 (ref. code 00-049-1455),

(b) Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26NDb, Ti22Zr34Nb, and Ti30Zr34Nb alloys with visible traces
of Zr (ref. code 01-088-2329), NbZr (ref. code 01-071-9970), and Nb0.81Zr0.19.

Single beta alloys were produced at some specific sintering conditions which confirm the high
influence of consolidation parameters on the crystal structure of the materials. Ti23Zr25Nb and
Ti30Zr26Nb alloys needed the sintering temperature in the range of 600 to 800 °C, Ti22Zr34Nb and
Ti30Zr34Nb in the range of 600 to 750 °C and Ti30Zr17INb—~600 °C. In higher temperatures, pure Zr
was present in the structure of alloys. It was observed in almost all materials except these with the
smallest concentration of Zr: Til4Zr16Nb, Til4Zr25Nb, and Ti1l3Zr33Nb. This phase appears mainly in
the temperatures above 850 °C. The increasing concentration of Ti() phase could be easily connected
with the increase of the sintering temperature. All alloys, except Til4Zr16Nb with the lowest content
of beta-stabilizers, have the pseudo-beta structure with Ti(p) phase content above 97%.
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The chemical compositions of alloys were confirmed with EDS. All the spectra and results were

presented in Figure 5.
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Figure 4. XRD spectra of bulk Ti-Zr-Nb specimens sintered at 750 °C.
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Energy [keV]
Material L 4 b
Wt [%] At [%] Wt [%] At [%] Wt [%] At [%]
Ti14Zr16Nb | 54.12+1.00 | 69.40+0.85 | 21.46+0.38| 14.45+0.19| 24.42+1.35| 16.15+1.00
Ti23Zr16Nb |44.48+0.42 | 60.59+0.41| 32.06+0.94 | 22.93+0.73 | 23.46+0.53 | 16.48+0.34
Ti30Zr17Nb | 37.49+0.23 | 53.49+0.24 | 39.86+0.33| 29.86+0.29 | 22.65+0.22 | 16.66+0.16
Ti14Zr25Nb |44.95+0.35 | 61.15+0.33 | 18.9620.26 | 13.54+0.17 | 36.08+0.54 | 25.31+0.43
Ti23Zr25Nb | 35.52+0.35 | 51.44+0.38 | 30.70+0.29 | 23.3520.24 | 33.78+0.40 | 25.22+0.34
Ti30Zr26Nb |29.17+0.29 | 44.17+0.34 | 37.02+0.45| 29.44+0.29 | 33.80+0.73| 26.39+0.62
Ti13Zr33Nb | 37.7420.42 | 53.90+0.44 | 18.0120.17 | 13.5020.17 | 44.25+0.28 | 32.59+0.29
Ti22Zr34Nb [29.01+0.32 | 44.04+0.38 | 28.15+0.33| 22.43+0.21|42.83+0.64 | 33.52+0.58
Ti30Zr34Nb | 22.73+0.22| 36.13+0.28 | 35.6620.55| 29.76+0.45 | 41.62+0.67 | 34.11£0.59

Figure 5. Energy-dispersive spectroscopy (EDS) spectra of Ti-Zr-Nb alloys.
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Table 2. Crystallographic data analysis of bulk Ti-Zr-Nb specimens sintered at different conditions.
Specimen PT [°C] Ti(er) Ti(B) Acl::l::(:ll;l r{I; 111:59 Rup [%]  Rexp [%] S
a[A] clA] VIA3]  PA[%]  a[A]l VA% PA[%] a[A]  VIA}] PA[%]
600 2.9862(4) 47566(14)  36.73(2) 4483  33218(3) 36.65(1)  55.17 - - - 4.86 3.35 1.45
—— 750 2.9853(4) 47761(15)  36.86(3) 2654  33255(3) 3678(1)  73.46 - - - 5.67 3.20 1.77
800 2.9908(5) 47843(19)  37.06(3) 2620  33313(3) 3697(1)  73.80 - - - 6.28 3.65 1.72
850 29903(11)  4.7817¢41)  37.03(6) 9.94  33327(2) 37.02(1)  88.64  43477(25) 82.18(14)  1.42 7.35 3.39 217
1000 29972(16)  4.7798(63)  37.18(9) 260 33357(2) 37.12(1)  96.02  4.3214(14) 80.70(8)  1.29 6.58 3.04 2.17
Zr
600 2.9966(8) 47892(33)  37.24(5) 2490  3.3494(2) 3757(1)  75.10 - - - 5.47 2.99 1.83
S 750 29982(34)  4.8054(156) 37.41(21)  7.87  33510Q2) 37.63(1)  92.13 - - - 6.58 3.03 217
800 3.0246(41) 4.7830(196)  37.89(26) 9.65 3.3527(2)  37.68(1) 90.35 - - - 6.42 291 2.21
850 - - - - 33509(2) 37.63(1) 9919  4.6102(17) 97.98(11)  0.81 5.01 2.95 1.70
1000 - - - - 33532(2) 37.70(1)  98.98  4.6051(14) 97.66(9)  1.02 6.33 2.89 2.19
Zr
600 - - - - 3.3610(2) 37.97(1) 100 - - - 6.74 2.72 248
Ti30Z:17Nb 750 - - - - 3.3699(2) 38.27(1) 99.66 4.6157(29) 98.33(18) 0.34 6.73 2.84 2.37
800 - - - - 33688(2) 38.23(1) 9871  4.6050(23) 97.66(15)  1.29 6.89 2.89 239
850 - - - - 33628(2) 38.03(1) 9953  4.6054(22) 97.68(14)  0.47 6.62 2.77 2.39
1000 - - - - 33671(2)  3817(1)  99.27  4.6092(13) 97.92(9)  0.73 7.79 2.65 2.94
Zr
600 2.9826(7) 4.7679(27) 36.73(4) 14.05 3.3232(2)  36.70(1) 85.95 - - - 5.50 2.99 1.84
S 750 2.9949(13)  4.7679(55)  37.04(8) 698  33261(2) 36.79(1)  93.02 - - - 6.55 2.82 2.32
800 2.9993(15) 4.7671(65) 37.14(9) 7.24 3.3280(2)  36.86(1) 92.76 - - - 6.35 2.97 2.14
850 29992(22)  47653(87)  37.12(12) 468  3.3278(2) 36.85(1)  95.32 - - - 7.35 2.95 2.49
1000 3.0091(43) 4.7939(183)  37.59(25) 3.23 3.3359(2) 37.12(1) 96.77 - - - 6.21 3.05 2.03
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Table 2. Cont.

] Ti(e) Ti(p) Additional Phase . .
Specimen PT [°C] Nb0.81Z10.19 Rup [%]  Rexp [%] S
al[A] c[A] VIA’l  PA[%]  al[A] VIA3]  PA[%]  alA] VIA3]  PA[%]

Zr
600 - - - - 334401)  37.39(1) 100 - _ - 4.86 2.67 1.82
U 750 - - - - 3.3495(2)  37.58(1) 100 - - - 519 2.60 2.00
800 ] ] ] - 33524(2)  37.68(1) 100 - ] ] 5.05 3.08 1.64
850 - - - - 335002) 37.60(1) 9950  4.6035(30) 97.56(19)  0.50 5.46 2.97 1.84
1000 - - - - 33500(2) 37.60(1)  99.07  4.6077(25) 97.83(16)  0.93 6.76 2.74 2.46

Zr
600 - - - - 3.3694(2)  38.25(1) 100 ] - - 5.61 3.23 1.74
07526ND 750 - - - - 3.37202)  38.34(1) 100 - - - 5.36 3.02 1.77
800 - - - - 33753(2)  38.45(1) 100 - - - 6.20 2.62 2.37
850 - - - - 337202) 3834(1) 9935  4.6199(16) 98.60(10)  0.65 5.82 2.93 1.99
1000 - - - - 33770(2)  3851(1)  98.66  4.6188(12) 98.53(8)  1.34 6.53 2.64 2.48

Nb0.81Zr0.19

600 2.9880(15)  47643(68)  36.84(9)  6.88  3.3242(2) 3673(1)  93.12 - - - 5.09 3.04 1.67
N 750 3.0022(14)  47679(56)  37.22(8) 560  33314(2) 3697(1) 9440 ; - - 5.38 2.95 1.82
800 3.0033(22)  47591(98) 37.18(13)  4.82  33271(2) 36.83(1)  95.18 - - ; 5.82 2.76 21
850 3.0103(16)  47667(73) 3741(10) 694  33318(2) 3699(1)  93.06 - - - 6.18 2.79 222
1000 - - - - 33327(2)  37.02(1) 9944  4.3283(48) 81.09(27)  0.56 7.18 2.97 2.41

NbZr
600 ; - - - 3.3490(2) 37.56(1) 9714  34573(18) 41.33(7)  2.86 166 2.73 1.71

Zr
Ti22Zr34Nb 750 ] } } } 33512(1)  37.63(1) 100 ] } ] 493 2.98 1.65
800 - - - - 33515(1)  37.65(1) 100 - - - 6.13 2.64 232
850 - - - - 33527(2) 37.69(1) 9978  4.5920(31) 96.83(20)  0.22 6.33 2.68 2.36
1000 - - - ; 33537(2) 37.72(1)  99.63  4.5992(23) 97.29(15)  0.37 6.99 3.07 228
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Table 2. Cont.
Additional Phase
. ° Ti(ot) TI(B) 0, 0,
Specimen PT [°C] Nb0.81Z10.19 Ruwp [%]  Rexp [%] S
alA] c[A] VIA3]  PA[%] alA] V[A3]  PA[%] alA] V[A3]  PA[%]
Ir
600 - - - - 3.3528(2)  37.69(1) 100 - - - 5.03 2.44 2.06
750 - - - - 3.3677(2 38.20(1 100 - - - 4.6 2.56 1.80
Ti30Zr34Nb @ (1)
800 - - - - 3.3698(1)  38.27(1) 99.15 4.6383(29) 99.79(19)  0.85 4.46 2.94 1.52
850 - - - - 3.3706(1)  38.29(1) 99.04  4.6236(14) 98.84(9) 0.96 4.33 271 1.60
1000 - - - - 3.3742(2)  38.42(1) 98.86 4.6288(8)  99.18(6) 1.14 4.37 3.21 1.36
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The microstructure of the sintered specimen was determined by EBSD (Figure 6). Both alloys show
similar mean grain sizes in the order of 1.2 to 1.7 um. The black areas in the maps are miss-indexed
points due to too small grains which cannot be measured by classic EBSD. The grain smaller than
300 nm has been discarded from the grain size distribution shown in Figure 7. The dual-phase
Til4Zr16Nb alloy shows an alpha fraction of ~39%. The beta phase in this alloy contains a lot of low
angle boundaries, as seen in the misorientation angle distribution in Figure 7. The alpha phase shows
a misorientation angle distribution similar to the random one. The single beta phase Ti23Zr25Nb alloy
shows some low angle boundaries in the larger grains, but to a less extent than the beta phase of the
Ti14Zr16Nb alloy.

Hardness and surface free energy by diiodomethane and glycerol contact angles of the Ti-Zr-Nb
alloys were determined and the results listed in Table 3. Hardness for alloys was approximate 400 HV0.3.
Contact angles for all alloys were much lower than 90° pointing their good wettability. Ti30Zr34Nb
alloy was characterized by the highest value of surface free energy among all materials. The corrosion
resistance of this alloy in the Ringer solution is also the highest which is indicated by the highest value
of corrosion potential and the lowest value of corrosion current. All produced materials passivate in
the higher potentials making their potentiodynamic curves not so different than that of pure titanium
(Figure 8). This phenomenon is identified with no corrosion current increase in the anodic range of
potentiodynamic curves and corresponds with the formation of the particular compounds on the
material’s surface, preventing them from further corrosive wear.
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Figure 6. Top: Electron backscatter diffraction (EBSD) crystal orientation maps of @ and  phases in
Til4Zr16Nb and Ti23Zr25Nb (only 3 phase) cold pressed and sintered at 750 °C for 30 min. The IPF
color is displayed for the z-direction (cold pressing axis). Bottom: a and 3 phase distribution map
in Til4Zr16Nb.
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Figure 7. Misorientation angle and grain size distributions from EBSD measurements of « and 5 phases

in Til4Zr16Nb and Ti23Zr25Nb (only B phase) cold pressed and sintered at 750 °C for 30 min.

Table 3. Vickers hardness (HV0.3), surface free energy, diiodomethane, and glycerol contact angles for 3
and pseudo-f3 alloys Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and Ti30Zr34NDb, cold pressed and sintered
at 750 °C for 30 min in comparison with dual-phase Ti14Zr16Nb processed in the same conditions.

The results were obtained from the group of three replicated measurements.

CA[M]

CA[M]

Specimen HV0.3 Diiodomethane [°] Glycerol [°] SFE [mN/m]
Til4Zr16Nb 409 + 17 53420 69.2+22 35.0+2.0
Ti30Zr17Nb 387 + 14 598+ 1.6 933+3.3 291+1.2
Ti23Zr25Nb 384 +13 540x78 742 + 6.8 344+ 6.6
Ti30Zr26Nb 386 + 15 65.1 £ 3.7 706 £ 2.5 30.8 = 4.1
Ti30Zr34Nb 412+ 17 480+ 1.8 61562 40.0 £ 3.6
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Figure 8. Potentiodynamic curves of bulk p and pseudo-f3 alloys Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb,
Ti30Zr34Nb cold pressed and sintered at 750 °C for 30 min in comparison with dual-phase
Til4Zr16Nb processed in the same conditions. The results were obtained from the group of three

replicated measurements.
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Young modulus of all the  and pseudo-{3 Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and Ti30Zr34Nb
is lower than 80 GPa and significantly lower than for dual-phase Til4Zr16Nb alloy (Figure 9). There are
no meaningful differences between the mechanically alloyed Ti-Nb-Zr alloys in terms of that property.
Moreover, all the E modulus are nearly twice lower than pure titanium: 141 GPa [28].

h [um]

— Ti14Zr16Nb  84.618.5 [GPa]
— Ti30Zr17Nb  78.4+5.8 [GPa]
— Ti23Zr25Nb  71.6x7.0 [GPa]
Ti30Zr26Nb  77.4+9.9 [GPa]
Ti30Zr34Nb  67.9+6.4 [GPa]
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N
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Figure 9. Load—depth curves of bulk 3 and pseudo-p alloys Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and
Ti30Zr34Nb cold pressed and sintered at 750 °C for 30 min, in comparison with dual-phase Til4Zr16Nb
processed in the same conditions.

4, Discussion

Presented results clearly demonstrate that the powder manufacturing route supported by the
mechanical alloying process allows the production of 3-Ti-based alloys. Moreover, it was possible with
the formation of ultrafine-grained structure. It could lead to better mechanical properties of produced
alloys cause of the strengthening of the material with the use of the grain refinement mechanism.

In one of the latest papers of our group [28], the MA technique was used to manufacture Til4Zr16Nb
and Ti23Zr25NDb (at. %) alloys. A positive impact of using MA process on properties was due to
the reduction of particle size, creation of new clean surfaces, and creation of various types of defects.
These materials were prepared by the combination of mechanical alloying and powder metallurgy
approach with cold powder compaction and sintering or interchangeably hot pressing. The mechanical
alloying of Ti, Zr, and Nb for 10 h with additional hot pressing (71 MPa) and sintering for 10 min at
600 °C results in ultrafine-grained structure formation. It has been observed in the cited paper that the
mechanically alloyed Ti23Zr25Nb material upon sintering at 600 °C for 10 min led to the formation
of a single p-type phase alloy. Note that to control the crystal structure of Ti(3) alloys, processing
parameters are a significant factor. These alloys are not only sensitive to the beta-stabilizers content
but also to the sintering temperatures. However, Nb has much higher beta-stabilizing properties than
Zr, which mainly leads to the spontaneous passivation of its alloys and does not form Ti(B) structure
in the Ti-Zr binary alloys as a neutral element [46]. Henriques et al. synthesized the Ti-13Nb-13Zr
alloy by conventional sintering [47]. The densification between 93 and 97% was achieved at a high
sintering temperature of 1400 °C. Recently, nanostructured near- Ti-20Nb-13Zr at. % alloy with nontoxic
elements and enhanced mechanical properties have been synthesized by spark plasma sintering (SPS)
of nanocrystalline powders obtained by mechanical alloying [37]. A nearly full density structure was
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obtained after SP5 at 1200 °C. The microstructure of the obtained alloy is a duplex structure with the o-Ti
(hcp) region having an average size of 70-140 nm, surrounding the 3-Ti (bcc) matrix. The obtained alloy
was chemically homogenized with a microhardness value (HV) of 660. Compared to these results, it is
clear that we were able to obtain by the powder metallurgy approach nearly full density in the Ti-Zr-Nb
alloys, at a much lower temperature (600 °C) [28]. The synthesized Ti23Zr25Nb alloy was chemically
homogenized with a hardness value, HV0.3 of 407. The Ti, Zr and Nb are nontoxic elements [10].
Additionally, Nb in Ti-Zr-Nb system act as -stabilizer and Zr acts as a neutral element for forming
a homogeneous solid solution in the x- and {3-phases [48]. On the other hand, Nb is found to reduce the
elastic modulus when alloyed with titanium [49]. Studies on Ti-Zr-Nb systems for medical applications
have shown that >3 phase transformations are sensitive not only by chemical composition but also by
heat treatment parameters and cooling rates.

The Zr content in the Ti-Nb-Zr alloys not only allows the formation of the single-phase p-type
alloys, but also influences the lattice constant of both Ti(x) and Ti(p)-phase. The increase of the Zr
clearly expands the volume of the cell (Table 2). Nb in Ti-Nb-Zr does not have any impact on the Ti(3)
lattice constants but increases the amount of the Ti() phase and volume of Ti(x) phase (in smaller
range than Zr). The Ti-Zr alloys allow only to form a single-phase «-type alloys without p-phase
presence because of no stabilization effect of Zr without the present of Nb in the alloy composition
could not be observed. The volume of Ti(3) phase cell in the produced alloys varies from 36.65(1)
A3 t0 38.51(1) A3 and volume of Ti(x) phase vary from 36.73(2) A3 to0 37.89(26) A3. The structure of
produced alloys depends also on the temperature of sintering. It was observed that in the produced
single (3-phase alloys beneath 25 at. % Nb content (Ti23Zr16Nb, Ti30Zr17Nb, Ti23Zr25Nb Ti30Zr25Nb)
in the temperatures above 750-800 °C lattice constant of Ti(3) phase decreases. In the dual-phase alloys
(Til4Zr16Nb, Til4Zr25NDb) in the temperatures beneath 1000 °C the same situations always happen
with the Ti(x) phase volume. The volume of Ti(3) phase grows in these two alloys continuously with
the sintering temperature increase. In the alloys with Nb content from 23 at. % to 34 at. % Zr-phase
appears in the higher temperatures. Moreover, in Ti22Zr34NDb alloy in the temperature of 600 °C
the NbZr-phase diffraction peaks are visible and show the same group symmetry as Ti(3) phase but
with a higher volume cell equals to 41.33(7) A®. It is the transitional phase that appears because of
limited solubility in the lower temperature of Zr and Nb in Ti solid solution. It disappears in higher
temperatures forming a single (3-phase structure in the temperature of 750 °C and 800 °C.

The EBSD results show significant differences in microstructures between dual-phase Til4Zr16Nb
and a single 3-phase Ti23Zr25Nb alloys. The misorientation distribution histograms can be easily
contrasted (Figure 7). The recrystallization of Ti-Zr-Nb powders is driven by the energy stored in
the mechanically alloyed materials coming from multiple crystal defects in the dominant form of the
dislocations coming from the plastic deformation of powders during milling. These types of defects
are considered to be the main part of the stored energy [50]. These alloys should be considered as
high stacking fault energy materials with dynamic recovery and continuous dynamic recrystallization
(CDRX) [50,51]. CDRX is the mechanism of low angle grain boundaries (LAGB) migration to the
high angle grain boundaries (HAGB). It is clearly visible that CDRX in Til4Zr16Nb alloy has not
been completed cause a high amount of HAGB in comparison to the random distribution histograms.
However, it was finished in Ti23Zr25Nb alloy with higher (3-stabilizing Nb and Zr content. This type
of histogram for this alloy matches the random one. The above result confirms that Til4Zr16Nb alloys
were not fully recrystallized in the provide sintering temperature of 750 °C because LAGB was not
fully annihilated by HAGB. The thermal energy provided during sintering was not enough. However,
the same temperature was enough to recrystallized and annihilate the HAGB in the Ti23Zr25Nb alloy.
The Rietveld refinement results for Til4Zr16Nb alloy (Table 2) shows the trend of the clear increase
of Ti((3) phase fraction with sintering temperature. It is in parallel to the further recrystallization of
this material. Nb and Zr limit the thermal energy provided to that materials during the sintering
process and needed to fully recrystallize highly-defected Ti-Zr-Nb alloys after the mechanical alloying
process which can be easily proven by the limitation of a— 3 phase transformation temperature in the
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binary phase Ti-Nb and Ti-Zr diagrams. That is highly dependent on their 3-stabilizing properties.
EBSD results prove also an obtained ultrafine grain structure of prepared by mechanical alloying, cold
compaction and sintering approach materials, with grain size significantly lower than one micron
(Figure 7).

Moreover, the produced B and pseudo-p alloy—Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and
Ti30Zr34Nb—have interesting properties in terms of their biomedical applications. Their corrosion
properties are nearly similar to that of the pure titanium which means that they are not going to behave
much differently inside the human body. However, the most important remains a significant reduction in
their Young modulus comparing to pure titanium. These properties limit the stress shielding effect and
increase the osteointegration which should be also stimulated by the porosities in these materials [52].
The obtained results are between 67.9 (Ti30Zr34Nb) and 84.6 (Ti14Zr16Nb) which makes their modulus
near about twice lower than that of commercially pure titanium. The modulus of 3 and pseudo-{ alloys
are also lower than that of dual-phase o+ Til4Zr16Nb alloy, which proves clearly the influence of the
crystal structure of these materials on their mechanical properties.

In this work, the mechanical alloying process followed by the pressing and sintering was applied
for the preparation of the bulk Ti-Zr-Nb near-f type alloys. The developed ultrafine-grained Ti-based
alloys can be used as the implant materials in dental and orthopedics applications. The special interest
should be focused on modifying these alloys by the formation of biocomposite materials. Biocomposite
formed by adding 45S5 Bioglass to these alloys during milling can lead to interesting results as higher
biocompatibility, hardness, and lower Young modulus. The structure, microstructure, porosity, surface
morphology, corrosion resistance, wettability, and in vitro cytocompatibility will be investigated and
the results will be published independently.

5. Conclusions

The Ti-Zr-Nb near-f type alloy 36 < Ti < 70 (at. %) was synthesized by mechanical alloying
and powder metallurgy method. The influence of Nb and Zr contents as also heat treatment on
phase transitions (x—{3) were studied. The main conclusions can be withdrawn: For the analyzed
compositions, the Ti(p) —phase content can be increased with the longest processing time of mechanical
alloyin; the formation of Ti(fR) type alloys is possible after recrystallization of MA powders during
its sintering in the wide range of process temperatures; with the increase of Zr and Nb amount
in the Ti-Zr-Nb system, the Ti(f3) phase content is higher and Zr has the main impact on the Ti(j3)
lattice constant and Nb on the beta-stabilizing effect; single-phase Ti(p) type Ti30Zr17Nb, Ti23Zr25Nb,
Ti30Zr26Nb, Ti22Zr34Nb, and Ti30Zr34Nb alloys are synthesized after sintering at a low temperature
(600 °C) for 30 min; the mechanical alloying and powder metallurgy approach remains beneficial
in grain growth control and synthesis of ultrafine-grained Ti-Zr-Nb alloys for implant applications,
the recrystallization process during sintering and final microstructure of Ti-Zr-Nb alloys clearly
depends on the -stabilizers content; and the developed ultrafine-grained Ti-Zr-Nb alloys could be
used as the implant materials in dental and orthopedics applications because of their good properties
as significantly reduced Young modulus in contrast to the commercially pure titanium and limitation
of toxic elements as 3-stabilizers.
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Abstract: In this study, the ultrafine-grained Ti23Zr25Nb-based composites with 4555 Bioglass
and Ag, Cu, or Zn additions were produced by application of the mechanical alloying technique.
Additionally, the base Ti23Zr25Nb alloy was electrochemically modified in the two stages of processing;:
electrochemical etching in the solution of H3POy4 and HF followed by electrochemical deposition
in Ca(NO3),, (NHy),HPOy, and HCL. The in vitro cytocompatibility studies were also done with
comparison to the commercially pure titanium. The established cell lines of Normal Human
Osteoblasts (NHost, CC-2538) and Human Periodontal Ligament Fibroblasts (HPdLF, CC-7049) were
used. The culture was conducted among the tested materials. Ultrafine-grained titanium-based
composites modified with 4555 Bioglass and Ag, Cu, or Zn metals have higher biocompatibility than
the reference material in the form of a microcrystalline Ti. Proliferation activity was at a stable level
with contact with studied materials. In vitro evaluation research showed that the ultrafine-grained
Ti23Zr25Nb-based composites with 4555 Bioglass and Ag, Cu, or Zn additions, with a Young modulus
below 50 GPa, can be further used in the biomedical field.

Keywords: Ti alloys; 4555 Bioglass; metal matrix composites; electrochemical deposition;
cell proliferation

1. Introduction

[-type titanium alloys are promising materials based on the current research studies in terms of their
biological properties. Currently published results of TiNb, TiZrNb, TiNbTa, TiNbSn, TiNbHf, TiMoNDb,
TiMoTa, TiNbTaZr, TINbZrAl, TiNbZrSi, and TiNbZrTaSiFe confirm their high biocompatibility and
makes them interesting for further research studies and development in the biomedical field [1-11].
Zr, Nb, and Mo (with titanium-based alloys containing these elements) are biocompatible, and their
cytotoxicity is lower than that for pure titanium [12].

The modification of titanium with calcium phosphate (CP) is a widely used method to modify the
properties of titanium biomaterials. There are numerous methods of doing so and diverse research
studies proving the utility of this type of modification (especially considering the enhancements of
biclogical properties as excellent biocompatibility). CP could be used in the form of coatings. It has
revealed the possibility of increasing the biological properties of the material. Various deposition
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methods can be applied to obtain CP layers on the titanium substrate, including plasma spraying,
electrophoretic deposition, and electrochemical deposition (ED). The electrodeposition methods offer
many advantages compared to other methods. During the ED process, it is possible to control the
chemical composition of layers and their thickness. ED also allows covering irregular shapes and porous
structures of implants. The formation of multilayer and two-layer composites of hydroxyapatites (HA)
with titanium oxide leads to increased cell proliferation [13]. The nano titanium oxides as a monolayer
also can form the surface with interesting properties such as high osteointegration properties [14].
Hydrothermal treatment leading to calcium titanate formation increases apatites’ formation on the
titanium surface in the body fluids, enhancing its biocompatibility [15]. Recently, a high point of
interest was also focused on the doping of this type of coatings. Calcium phosphates modification
with silver, silicon, strontium, magnesium, zinc, cobalt, and multiwalled carbon nanotubes leads to the
formation of the coating with no toxicity against fibroblast and high potential because of the improved
osteointegration [16-19]. The production of titanium-based composites containing calcium phosphates
also provides a faster growth of apatites on the material and high biocompatibility with excellent
mechanical properties [20,21].

There is also high interest in biomaterials engineering for the use of bioglasses such as 4555
Bioglass [22]. The bioglass can also be additionally modified with the incorporation of many different
elements. The addition of niobium in 4555 Bioglass could stimulate the regeneration of the bone
tissue [23,24]. The bioglass properties could also be further improved with the addition of selenium,
magnesium, zinc, and hydroxyapatite [25,26]. The addition of graphene oxides can lead to both
enhancing the biocompatibility and antibacterial properties [27].

45S5 Bioglass can be used as a coating to improve titanium and titanium-based alloys further,
mainly their biocompatibility [28]. 4555 Bioglass is added as a ceramic component of metal-matrix
titanium-based composites. This type of composites could be easily produced with a mechanical alloying
technique leading to the further improvement of composite properties and high cytocompatibility
compared to commercially available pure titanium [29]. The properties of biomedical materials could
also be enhanced with a different grade of bioglass as S53P4 Bioglass [30]. This type of modification was
proved to be efficient in terms of 3-type titanium alloys. Both hydroxyapatite and 4555 Bioglass have
proved to enhance many different alloys’ biocompatibility as Mg-based alloys [31,32]. The formation
of calcium hydroxide on the titanium surface is also beneficial because of their antibacterial and
osseointegration properties [33,34]. The same increase in the biocompatibility could have also been
achieved with the production of other calcium-decorated coatings [35].

One of the most popular methods of modifying (3-type titanium to increase their osteointegration
properties is foams’ formation. This method was successfully used in the alloy containing niobium
and zirconium using different foaming agents [36-38]. The foam production could also be applied in
the titanium-based composites such as TiNb-HA composites [39]. It is also possible to produce porous
coatings to increase bone tissue ingrowth into the modified implant [40].

The synthesis of bulk ultrafine-grained Ti-based materials is possible using a mechanical
alloying approach allowing the refinement of powders to even the nanometer scale with its further
consolidation [29,31,32,41,42]. The synthesis of ultrafine-grained B-type titanium alloys might enhance
the properties of materials used in medicine. One of these alloys is Ti-Zr-Nb alloys with Nb and Zr
used as the 3-stabilizers [41,42]. These elements’ biocompatibility is higher than that of commercially
used aluminum and vanadium in the commercially available Ti6Al4V alloys [12,43]. The production
of alloys with a single-phase Ti(3) structure is possible with the alloys as Ti30Zr17Nb, Ti23Zr25Nb,
Ti30Zr26Nb, Ti227r34NDb, and Ti30Zr34Nb even after consolidation in the temperature as low as
600 °C [42].

Ultrafine-grained Ti-based materials, due to exceptional physicochemical, mechanical,
and biological properties, are considered as the next-generation biomaterials [44,45]. The main
research task is to adjust the microstructure and chemical composition, leading to increased cell
proliferation among the osseointegration of potentially produced implants. Proliferation can be
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improved by the chemical composition of materials and its surface properties with roughness included.
However, the roughness of the medical product can lead to undesirable pathogens colonization [46].
That leads to other goals in enhancing the material as the limitation of these types of phenomena.
As one possible way of doing so, silver particles were already studied in these applications [47].
The proposed production method with mechanical alloying led to the formation of the p-type titanium
alloys with Nb and Zr with the mean average grain size of 1.2 to 1.7 um, which proved it to be the
ultrafine-grained material [42].

The structure and corrosion resistance as well as the wettability properties of surface-modified
material were also examined in this work. The mechanical properties of Ti23Zr25Nb-based materials
were summarized with commercially available titanium (rod Grade 2), arc-melted microcrystalline
Ti18Zr24Nb, and Ti23Zr25Nb-based foam used as the reference samples to present and analyze their
relations. Biocomposites formation was considered a much more effective way of Young modulus
limitation than the foam formation. The significant reduction in elastic modulus is a way of reducing
the risk of the stress shielding effect. Moreover, increased osseointegration is possible because of the
porosities in these materials [48]. The influence of chemical composition on the biological properties
was investigated. Additionally, the possibilities of electrochemical surface modification for a further
improvement of osteointegration and the cytocompatibility properties of ultrafine-grained Ti23Zr25Nb
alloy were introduced, and the biological properties of the so modified materials were revealed.
The synthesized 3 alloy, Ti23Zr25Nb, has interesting properties for biomedical application.

In vitro, a cytocompatibility test was done to assess the toxicity and the interaction process
with the proliferation activity in all the tested materials, including those functionalized with surface
modification and composite formation. The established cell line of Normal Human Osteoblasts (NHost)
and Human Periodontal Ligament Fibroblasts (HPdLF) was cultured among all tested materials.

2. Materials and Methods

The present work covers the research results for the surface and composite functionalized
Ti237r25Nb (at.%) alloys.
In this study, synthesized materials are denoted as follows:

A0 annealed titanium rod (Grade 2)

BO Ti23Zr25Nb—cold pressed and sintered at 800 °C for 30 min
B1* Ti23Zr25Nb—electrochemically etched

Bl Ti23Zr25Nb—electrochemically deposited calcium and phosphorus-riched coating
B2 Ti23Zr25Nb—9 wt.% 4555 Bioglass

B3 Ti23Zr25Nb—9 wt.% 4555 BG-1 wt.% Ag

B4 Ti23Zr25Nb—9 wt.% 4555 BG-1 wt.% Cu

B5 Ti23Zr25Nb—9 wt.% 4555 BG-1 wt.% Zn

B7 microcrystalline arc-melted Ti1l8Zr24Nb (at.%)

B8 hot-pressed at 600 °C for 10 min

B9 Ti23Zr25Nb-based foam.

2.1. Sample Preparation

The production of all materials was conducted from the following powdered precursors:
Ti (CAS:7440-32-6, 99.9% purity, Alfa Aesar, Haverhill, MA, USA), Nb (CAS:7446-03-1, 99.8% purity,
Sigma Aldrich, St. Louis, MO, USA), 4555 Bioglass (45% SiO;, 24.5% NaO, 24.5 CaO, 6% P05,
Mo-5c¢i GLO160P, Mo-Sci, Rolla, MO, USA), Ag (CAS:7440-22-4, 99.9% purity, Alfa Aesar) powders,
Cu (CAS:7440-66-6,99% purity, Sigma Aldrich) turnings, Zn (CAS:7440-66-6, 99% purity, Sigma Aldrich)
granules, and Zr fillings from a sponge (CAS:7440-50-8, purity >99%, Sigma Aldrich). The commercial
pure (CP-Ti) microcrystalline titanium (Ti) with purity >99.6% (Grade 2) cut from the rod delivered at
the annealed state from Goodfellow (Huntingdon, UK) was used as a control sample for the in vitro
cytocompatibility test and the nanoindentation measurements. The mechanical alloying process and
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the powder consolidation (cold compaction and sintering) were provided as in the previous article of
our scientific group [41]. The pellets have d = 6 mm in diameter and /# = 3 mm in height.

The Ti23Zr25NDb alloy was electrochemically modified. Before the modification, the sample
was polished with the grinding paper of 600 grit and cleaned with an ultrasonic bath and ethanol.
Additionally, to conduct the electrochemical process only on the one sample’s surface, other surfaces
were protected by covering with the heat-resistant silicone gasket. The process was divided into two
stages. The first stage of electrochemical etching was conducted in the bath containing 1 M H3zPO,
+ 2% HF with the use of Solartron 1285 potentiostat (Solartron Analytical, Farnborough, UK) and
platinum electrode in the voltage of 10 V vs. OCP for 60 min. The second stage was conducted in the
bath containing 0.042 M Ca(NOs), + 0.025 M (NHy),HPO,4 + 0.1 M HCl using the same equipment.
Process parameters were —10 V vs. OCP voltage and 60 min.

In contrast to nanoindentation load—depth curves of the Ti23Zr25Nb-9BG composite, the results of
Ti23Zr25Nb-based foam and microcrystalline arc-melted Ti1l8Zr24Nb alloy were additionally presented.
The foam was made with the addition of 40% ammonium bicarbonate (Alfa Aesar, 98% purity)
(to Ti23Zr25Nb powder ratio). Sintering was conducted in two stages. The first stage was carried out
at 175 °C for 2 h in the vacuum. In the second stage, the temperature was set at 1150 °C for 10 h in the
protective high-purity argon atmosphere.

2.2, Materials Characterization

The electrochemically modified sample’s crystal structure was characterized by the Panalytical
Empyrean XRD equipment (Almelo, Netherlands) with the copper (CuKea) radiation source.
The following measurement parameters were used: voltage 45 kV, anode current 40 mA, 2 theta range
30-80°, time per step 60.325 s/step, and step size 0.0334°.

The microstructure of the modified materials was revealed with the scanning electron microscope
technique. A Mira-3 Tescan microscope (Tescan, Brno, Czech Republic) was used for this purpose.
The corrosion properties of the materials were determined with the potentiodynamic tests. A Ringer’s
solution and Ag/AgCl reference electrode were used for that purpose with the following testing
parameters: —1 V to 2.5V vs, OCP range and 1 mV/s scan speed. The samples’ surface morphology
was investigated using a profiler T8000 (Hommel-Etamic, Villingen-Schwenningen, Germany).
EVOVIS software (Hommel-Etamic, Villingen-Schwenningen, Germany) was used to analyze the
measured profiles, which allows us to calculate roughness parameters (ISO 25178-2) [49]: arithmetic
mean roughness (um)—R,, the maximum height of the profile (nm)—R;, ten-point mean roughness
(um)—R;. Contact angles (CA) for diiodomethane and glycerol testing fluids and surface free energy
(SFE) were calculated using the Kruss-DSA25 instrument and Kruss-Advanced 1.5 software (Kriiss,
Hamburg, Germany). An ellipse fitting method was applied to calculate the contact angles of
materials [50]. The surface free energy was calculated using the Owens, Wendt, Rabel, and Kaelble
(OWRK) method [51,52]. Tests were carried out at ambient conditions (23 °C). Multiple measurements
of the single 2 uL drop, dosed with the speed of 0.2 mL/min, were handled for 2 s with the probing
frequency of 50 fps. Corrosion and wettability results were based on the three repeated measurements
for the data analysis and uncertainties calculations. Nanoindentation measurements were conducted
with Picodentor HM500 (Fischer Technology Inc., Windsor, CT, USA). The parameters were as follows:
300 mN load applied for 5s. A Vickers’ tip was used as the indenter for these measurements. The elastic
modulus of materials based on the load-depth curves was calculated with the Oliver—Pharr method [53].
Details of the run tests are the same as in the previous research studies [41,42].

2.3. In Vitro Biocompaltibilily Studies

Cultures in a conditioned medium were carried out to investigate the potential cytotoxic effects of
the insert’s components that entered the solution (breeding medium). To sterilize the inserts, they were
immersed in a 70% solution of the ethanol, diluted with distilled water, and dried in a laminar flow
hood with the UV sterilization of each side of the sample for 12 h.
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2.3.1. Cell Lines Preparation

Primary cell lines, Normal Human Osteoblasts (NHost, CC-2538), and Human Periodontal
Ligament Fibroblasts (HPdLF, CC-7049) were purchased together with a dedicated set of breeding
media, respectively: CC-3207 OGM Osteoblast Growth BulletKit (CC-3208 + CC-4193) and CC-3205
SCGM Stromal Bullet CellKit (CC-3204 + CC-4181) at LONZA Group Ltd. (Morristown, NJ, USA).
After thawing, the cells were sown into 25 cm? cultured bottles. Cell multiplication was carried out
until 80% of the cultured vessels’ surface coverage was obtained by cells, and the cells were transferred
to new vessels. Cells were cultured under standard conditions in plastic plates in the Haereus BB16
incubator (Haereus, Hanau, Germany) at 37 °C temperature in an atmosphere of 5% CO;, and increased
humidity level of 95%.

2.3.2. Conditioning of Breeding Media

Half of each type of prepared and sterilized inserts was placed (the test surface down) in an
unsupplemented medium (1.25 mL of substrate per 1 cm? insert) OBM dedicated to breeding the original
line of human osteoblasts (Osteoblasts Basal Medium, #CC-3208; LONZA Group Ltd., Morristown, NJ,
USA), the second half in an unsupplemented, dedicated medium for the breeding of human fibroblasts,
SCBM (Stromal Cell Basal Medium, #CC-3204; LONZA Group Ltd., Morristown, NJ, USA) Inserts were
incubated for 24 h in closed culture bottles, on zirconium balls ($2 mm) at 37 °C, on an orbital shaker
(100 rpm). After the incubation, the protected medium was centrifuged 1300x ¢ for 10 min and then
filtered through a 0.22 mm microfilter (Millipore, Burlington, MA, USA). Then, the substrates were
protected in a refrigerator (4 °C) until the growth of cells conditioned in the medium was performed.
Directly before the experiment, conditioned substrates were supplemented with dedicated sets of
supplements: #CC-4193—fetal bovine serum (FBS), vitamin C. 50 mg/mL, and antibiotic mixture
(LONZA Group Ltd.; Morristown, NJ, USA) for OBM medium. Medium SCBM was added with a set
of #CC-4181—FBS, rhFGF (Recombinant Human Fibroblast Growth Factor), insulin, and antibiotic mix.

2.3.3. The Cytotoxicity Evaluation of Inserts and Cell Survival by MTS Assay

The inserts tested’s possible cytotoxic effect was evaluated using the CellTiter 9%6® AQueous
Non-Radioactive Cell Proliferation Assay (MTS) (Promega, WI, USA). The lifespan assessment was
used to measure the ability of live cells to convert MTS into a colored product—a formazan whose
concentration is proportional to the number and metabolic activity of cells. Up to 96-well culture plates
were sown with 2.5 x 103 cells of each type. The cells were grown for 24, 72, and 120 h in each cell type
and test materials, conditioned, fermented, and medium diluted with the fresh added medium in a
ratio of 1:1, at a volume of 300 uL per well. Cell culture in a conditioned medium was carried out in
parallel with the culture of cells of a given type, growing in a completely fresh, insulating medium.

At the end of each time interval, an MTS test was performed for both cell types following the
manufacturer’s instructions. In short, before the test, the culture medium was listed on the test plate
by adding 100 mL of a new portion of the conditioned medium mixture in a ratio of 1:1 with a fresh
culture medium and 20 mL of MTS working solution. The cells were incubated with culture conditions
37 °C/95% H;0/5% CO; for 1.5 h until the product’s color solution was obtained.

The product’s concentration was measured spectrophotometrically at A = 490 nm in the ELISA
plate reader, MRX Dynex (Chantilly, VA, USA). The measurement was made against a negative control,
which was a reaction in wells without cells sown. All farms were conducted in triplicate. For each cell
type and conditioned medium, the MTS test results were averaged.

The relative viability of the cells (RVC) was calculated based on the value of absorbance from
the equation:

RVC (%) = [(a — b)/(c — b)] x 100 (%), (1)
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where a—mean absorbance of the tested sample (corrected to specific background), b—mean absorbance
of blank control (reaction without the cells), and c—mean absorbance of medium conditioned with a
reference sample (microcrystalline Ti, with the correction to specific background).

2.3.4. Cell Culture for Photographic Documentation

In parallel, on 24-hole breeding plates, on glass inserts (¢13 mm), osteoblasts and fibroblasts
were established in conditioned culture media and prepared for the MTS test. Farms were farmed at
37 °C/95% H,O/5% CO, for 24, 72, and 120 h. After this time, the cells were fixed in a 2% solution
of glutaraldehyde in PBS. The cells fixed on the inserts were colored with methyl blue solution and
rinsed in ddH,O. After drying, microscopic preparations were made based on which photographic
documentation was made in the 150X magnification using a Nikon microscopic kit and a digital camera
(Nikon, Tokyo, Japan).

3. Results and Discussion

3.1. Structure Properties

The electrochemically etched sample, followed with the electrochemical deposition, leads to
the calcium and phosphorus-riched coating formation. This coating’s crystal structure was mainly
the calcium hydroxide—Ca(OH), (Figure 1). The other phases that were identified with the X-ray
diffraction include hydroxyapatite—Cas(PO4)3;(OH) (with peaks of much lower intensity) and Ti([3)
(the crystal structure of the base Ti23Zr25Nb material).

o Ti(B) +Ca(OH), mCa.(PO,),(0OH)

Intensity [a. u.]

BO

30 35 40 45 50 55 60 65 70 75 80
267

Figure 1. XRD spectra of Ti23Zr25NDb alloy electrochemically modified in 0.042M Ca(NO3); + 0.025M
(NH4),HPO, + 0.1M HCI bath with the voltage of =10 V and the time of 60 min (B1). The base
Ti23Zr25Nb (B0) alloy was used as a reference material.

Moreover, the previously studied phase composition of biocomposites differs from the single-phase
Ti23Z125Nb alloy. Ti{w), TipZrO, and NbsSi3P are other phases determining these materials” improved
biological properties. The Ti(j) content is decreased to 65% with 9% 4555 Bioglass content. Additionally,
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its lattice constant is expanded to the 3.36-3.37 A phase with 4585 Bioglass and the content of Ag, Cu,
and Zn [41].

Surface SEM images of Ti23Zr25NDb alloys after electrochemical etching at different magnifications
are presented in Figure 2. The electrochemical etching allows the development of the Ti23Zr25Nb
alloy surface, further improving the Ca and P ions’ deposition to the material’s surface during the next
processing stage. Both pits and pores are visible in the presented micrograph.

pores pits

Figure 2. SEM micrographs of Ti23Zr25Nb alloy electrochemically etched in 1 M H3POy4 + 2% HF in
the voltage of 10 V vs. OCP for 60 min (B1*) with different magnifications.

The morphology of coating obtained after deposition in 0.042M Ca(NOs), + 0.025M (NH,4), HPO,
+ 0.1 M HCl at =10 V vs. OCP voltage and 60 min, with EDS mapping, confirms the higher content of
both calcium and phosphorous on the surface, forming the mixture of Ca(OH), and Cas(PO,)3(OH)

complex presented in Figure 3. Additionally, the tilted-views with the estimated coating thickness
close to 50 pm are provided in Figure 4.

Figure 3. SEM micrographs, EDS mapping of the Ca and P distribution in the electrochemically

modified Ti23Zr25NDb alloy in 0.042 M Ca(NO3), + 0.025 M (NHy4),HPO, + 0.IM HCl bath with the
voltage of =10 V and the time of 60 min (B1).
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Ti23Zr25Nb

Figure 4. Tilted-views of Ti23Zr25Nb modified in 0.042M Ca(NQOj3); + 0.025M (NH4);HPO4 + 0.1 M
HCI bath with the voltage of =10 V vs. OCP and the time of 60 min (B1) at 90 (on the left) and 51 (on the
right) tilt angle.

3.2. Mechanical Properties

The mechanical properties of Ti23Zr25Nb alloys (as well as other TiZrNb alloys) and
Ti23Zr25Nb-based composites were already studied in our previous work [41,42,54]. In Figure 5,
the Young modulus was referenced to arc-melted Ti18Zr24Nb alloy and Ti23Zr25Nb foam. Ti23Zr25Nb
alloys produced with hot pressing has a similar modulus [54] as a similar alloy made with conventional
arc melting technology as the reference sample. The conventional method of samples consolidation in
two stages, cold pressing and sintering, leads to a further limitation caused by the higher porosity of
the produced sample [54]. Ti23Zr25Nb-9BG has been proven to have interesting mechanical properties
with an elastic modulus equals to approximately 43 GPa [41], which is also lower than the elastic
modulus of the Ti23Zr25 sample with 70% porosities produced with the use of ammonium bicarbonate
(approximately 56 GPa). The limitation of the Young’s modulus of TiZrNb and 4555 Bioglass was done
despite lower porosities of the so-produced materials. Both of these materials, Ti23Zr25Nb foam and
the Ti23Zr25Nb-4555 composite, seem to be in the same way interesting in terms of their mechanical
properties. Their use in biomedical applications in terms of stress shielding effect limitation [55] is much
more suitable than using the non-modified Ti23Zr25Nb alloy with the elastic modulus of approximately
70 GPa and 100 GPa for the cold-pressed and hot-pressed samples, respectively [54]. In both cases,
the osseointegration process would be stimulated with the pores” presence in the produced materials.
However, other technologies allow limiting these materials” modulus even further, such as the gel
casting technique, which should ke the object of further studies [56].

——AD 140.9+2.0 [GPa]
B7 92.4%2.2 [GPa]
——B8 07.1:28[GPa]  P=1.9+17
BO 69.849.5[GPa]  P=27.5+3.4
— B9 56.1:12.8[GPa]  P=70.4:4.4
——B5 43.3+36[GPa]  P=226465

Force [mN]

05 15 25
Penetration depth [um]

Figure 5. Nanoindentation load—depth curves of Ti23Zr25 alloys produced with hot pressing (BS),
cold pressing with sintering (B0), as foams with ammonium bicarbonate (B9), and modified with
9% of 4555 Bioglass addition (B5). Curves were contrasted with commercially pure Ti (A0) and
microcrystalline arc-melted Til8Zr24Nb (B7). The porosity results based on planimetric analysis (I’) of
each material were also provided.
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3.3. Surface Properties

The surface roughness of the implant significantly influences cell attachments. Additionally,
micro- and nanotopography has played a crucial role in cell proliferation [44,57]. The bulk Ti23Zr25Nb
alloy’s roughness before and after electrochemical modification are presented in Figure 6.

BO

Z[um]

o & & N o

X [mm]

Z [um]

10 1---{-

0iokmm = A

20 4=~

-30 + 1 +
0.40 1.20 2.00 2.80 3.60 440  X[mm]

B1

Z [um]

0.40 1.20 2.00 2.80 3.'60 4.40  X[mm]

Figure 6. Roughness profiles of the bulk Ti23Zr25Nb alloy before etching (B0), after etching (B1*),
and after etching with Ca(OH), + Ca5(PO4)3(OH) deposition (B1).

Ra, Rt, and Rz are equal to 0.56, 12.72, and 8.06 um for the bulk non-modified sample, respectively
(Table 1). Etching leads to the formation of the pores and numerous pits on the sample’s surface,
leading to the enhanced proliferation and growth of cells. During the etching process, large pores are
formed on the surface of the sample.

Table 1. Two-dimensional (2D) (Ra, Rt, R;) parameters for the Ti23Zr25Nb (at.%) on different
processing routes.

Processing Route R; (um) Rt (um) Rz (um)
BO—polished 0.56 +0.11 12.72 £1.33 8.06 + 0.83
B1* 5.58 +0.14 39.08 + 7.02 30.33 +£4.38
B1 342 +1.04 27.36 + 7.67 19.14 + 4.98
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3.4. Corrosion and Surface Wetting Properties

Several reports have shown that surface treatment methods can decrease Ti's corrosion rate
in simulated body fluids [58,59]. The methods, including titanium plasma-spraying, grit-blasting,
acid-etching, and anodization, or calcium phosphate deposition, can lead to coating with increased
osteoconduction. The morphology and the properties of the so modified materials are reviewed by
Guehennec et al. [58].

The corrosion resistance after electrochemical modification of the Ti23Zr25Nb alloy is improved
(Figure 7). Electrochemical etching leads only to a slight decrease of the corrosion current, which is
caused by the formation of some anodic oxides among the etching process previously observed after
the same treatment of Ti foil [60] and mechanical alloyed Ti6Al4V alloy [61]. Further improvement is
possible after the electrochemical deposition of calcium and phosphate-containing coatings consistent
with other studies [62]. All of the potentiodynamic curves (Figure 7) reveal a clear passivation in the
anodic part in the whole measurement range. However, better corrosion properties are possible with
biccomposites containing 4555 Bioglass formation, especially doped with silver. These composites
were proven to improve the corrosion properties significantly (lower corrosion currents and corrosion
potential). The corrosion currents of Ti23Zr25Nb-9BG and Ti23Zr25Nb-9BG-Ag are equal to about
10 x 1078A/cm? in contrast to 10 x 1077 A/em? for the Ca(OH), + Cas(PO4);(OH) coating [41].

102,
10-3L
10-4L
§ 10-5¢
<
~ 106
3 lcor 10PA/CM?]_|Ugorr V1
it — BO_[210(163) -0.60(7)
1077 — B1_[157(113) -0.77(20)
g — B1_|90(39) -0.86(4)
'10'8 i L L 1 L 1 L 1 L
-2 -1 0 1 2 3

E vs Ag/AgCl (V)

Figure 7. Potentiodynamic curves of Ti23Zr25NDb alloy after electrochemical etching (B1*) and
electrochemical deposition (B1) in contrast to non-modified Ti23Zr25Nb alloy.

The surface free energy and contact angles for an electrochemically etched and deposited sample
were significantly improved compared to the non-modified sample (Table 2). Surface free energy was
increased to about 57-58 mN/m after both stages of surface modification. Contact angles were decreased
to about 28-33° (for both modification stages) in the case of glycerol and about 48° (for electrochemical
etching) and 12° (for electrochemical deposition) in the case of diiodomethane. It makes these
materials more hydrophilic than before the modification, which is essential for bone tissue growth [63].
The composites’ contact angles are equal to about 45-62° and 58-78° for diiodomethane and glycerol,
respectively. The surface energy is equal to about 35-42 mN/m. These values are similar to that of
non-modified Ti23Zr25Nb without vital improvement [41].

3.5. MTS Assay

NHost and HPALF cultivated in the conditioned medium revealed various growth patterns,
depending on the sample chemical composition and its microstructure modifications. Additionally,
the time of culture influence the increase of the living cells. On the other hand, the growth rate was
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differentiated between the different cultures (Figures 8 and 9). It is important to note that NHost
comparing to HPALF cells overgrow faster and more regularly on the tested materials.

Table 2. Surface free energy (SFE), dispersive and polar parts of SFE, diiodomethane, and glycerol
contact angles for Ti23Zr25Nb alloy after electrochemical etching (B1*) and electrochemical deposition
(B1) in contrast to non-modified Ti23Zr25Nb alloy (BO).

CA (M) CA (M) Disperse
Diiodomethane (°) Glycerol (°) SFE (mN/m) (mN/m) Halamaim)
BO 62.2+9.0 64.6 +4.9 35.1 +10.0 274 +5.6 77+44
B1* 476 £5.0 278 +59 56.5 + 8.0 35.6+£29 209 +£5.1
Bl 11.6 £ 8.0 33.4 +£10.2 58.4+4.3 496 +1.2 8.8+3.1

Figure 8. Morphology of the NHost cells cultured in different conditioned media for different times:
24,72, and 120 h: positive control (PC), microcrystalline Ti (A0), ultrafine grained Ti23Zr25Nb alloy
(B0), ultrafine grained Ti23Zr25Nb alloy electrochemically modified (B1) and Ti23Zr25Nb—9 wt.%
4555 Bioglass (B2), Ti23Zr25Nb—9 wt.% 45S5 Bioglass—1 wt.% Ag (B3), Ti23Zr25Nb—9 wt.% 4555
Bioglass—1 wt.% Cu (B4), Ti23Zr25Nb—9 wt.% 45S5 Bioglass—1 wt.% Zn (B5) composites.
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Figure 9. Morphology of the Human Periodontal Ligament Fibroblasts (HPALF) cells cultured
in different conditioned media for different times: 24, 72, and 120 h: positive control (PC),
microcrystalline Ti (A0), ultrafine-grained Ti23Zr25Nb alloy (BO0), ultrafine-grained Ti23Zr25Nb alloy
electrochemically modified (B1), and Ti23Zr25Nb—9 wt.% 45S5 Bioglass (B2), Ti23Zr25Nb—9 wt.% 4555
Bioglass—1 wt.% Ag (B3), Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Cu (B4), Ti23Zr25Nb—9 wt.%
4555 Bioglass—1 wt.% Zn (B5) composites.

The MTS assay is used to evaluate the cell proliferation, cell viability, and cytotoxicity of
biomaterials. The reduction of the MTS tetrazolium compound by viable cells to generate a soluble in
cell culture media colored formazan dye is the MTS assay base. MTS is more efficient than MTT and
produces water-soluble formazan that does not require other additives such as DMSO. The quantity of
dye product is measured by absorbance at 490 nm wavelength and is directly related to the number of
metabolically active cells in culture. A commercial titanium rod was used as the growth control of
the cells on the surface of the composite Ti23Zr25Nb—9 wt.% 4555 Bioglass—type samples. In each
culture, cells were grown three times directly on samples of the test materials for 24, 72, and 120 h.
To control the natural spread of cells, they were grown directly on culture dishes in the plates without
the tested material samples.
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The rate of the viability of cells cultured directly on the surfaces of the studied materials is the
measurement of the cytotoxicity of TZN-based materials. MTS results showed (Figures 10 and 11) a
varying influence of the tested materials on the NHost and HPALF cells’ viability. Both types of cells
showed reduced viability in comparison to the blank cultures. No cytotoxic effect of the samples had
been perceived both on the commercial Ti rod and tested Ti23Zr25Nb alloy and composites. However,
the intensity of the cell growth of fibroblasts and osteoblasts is heavily reliant on the composites’
chemical composition and surface morphology. The experimental results show that the untreated as
well as the electrochemically etched and Ca(OH); + Cas(PO4)3(OH) deposited samples on the 5th
day of cell proliferation exceeded the rate of the cell proliferation in the medium conditioned with
microcrystalline Ti.

250.0
200.0

150.0

RVC [%]

100.0 1
50.0 A

0.0 -

BO B1 B2 B3 B4 BS PC

024 h @72h m120 h

Figure 10. The results of the MTS assays performed at 24, 72, and 120 h on the viability of the NHost:
ultrafine-grained Ti23Zr25Nb alloy (B0), ultrafine-grained Ti23Zr25Nb alloy electrochemically modified
(B1) and Ti23Zr25Nb—9 wt.% 4555 Bioglass (B2), Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Ag (B3),
Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Cu (B4), Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Zn
(B5) composites; PC—positive control.

250.0
200.0

150.0

100.0 -

RVC [%
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0.0

BO B1 B2 B3 B4 B5 PC

024h @72h ®120h

Figure 11. The results of the MTS assays performed at 24, 72, and 120 h on the viability of the HPdLF:
ultrafine-grained Ti23Zr25Nb alloy (B0), ultrafine-grained Ti23Zr25Nb alloy electrochemically modified
(B1), and Ti23Zr25Nb—9 wt.% 4555 Bioglass (B2), Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Ag (B3),
Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Cu (B4), Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Zn
(B5) composites; PC—positive control.

The proliferation of the fibroblasts and osteoblasts cells in conditioned mediums is expressed
as a percent of the relative viability potential (RVC) value of the reference medium, conditioned
with a CP-pure Ti sample. After 72 h, the proliferation of both cells in the media conditioned with

81



Materials 2020, 13, 5252 14 of 18

all tested samples exceeded the cell proliferation rate compared to the reference pure Ti specimen.
Despite the natural diversities between the NHost and HPdLF cell lines, the tested cells showed
similar RVC in contact with tested samples compared to the control. While the vitality rate of the cells
cultured directly on the surface of the modified materials exceeded the vitality of the cells growing on
Grade 2 Tj, particularly good results were observed for the B2 (Ti23Zr25Nb—9 wt.% 4555 Bioglass),
B3 (Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Ag), B4 (Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.%
Cu) and B5 (Ti23Zr25Nb—9 wt.% 4555 Bioglass—1 wt.% Zn) samples.

In our earlier study, the biocompatibility of the samples of anodized Ti modified with deposited
Ag nanodendrites was investigated [64]. The assessment of fibroblasts and osteoblasts growth served
as a model of the soft and hard tissue cells” performance in contact with the titanium-based materials.
The results clearly show that the modification of titanium with silver improves the biocompatibility rate
compared to untreated samples. A higher cell RVC was obtained for the cells cultured modified materials
than for cells in contact with the control samples’ surface. Modification of the titanium conducted
with the anodic oxidation process at high voltages followed by the deposition of silver nanodendrites
significantly changed the material’s properties, leading to improved biocompatibility [64].

Silver possesses numerous benefits from the viewpoint of biomedical applications, such as good
antibacterial properties, exceptional biocompatibility, and acceptable stability [65]. The addition of
Ag into bioactive glasses composition has been studied by incorporating Ag ions into BG particles,
which does not influence the biocompatibility of BG, but it improves the antibacterial properties of
materials [66,67]. The addition of silver can also considerably decrease the bacterial S. mufans and
S. aureus on the bulk Ti-10 wt.% 4555 Bioglass-1.5 wt.% Ag surface compared to that on the pure Ti rod
surface [68]. The antibacterial activity of TiMo-HA composite modified with silver, tantalum (V) oxide,
or cerium (IV) oxide against Staphylococcus aureus was investigated. The composites modified with Ag
and CeQO; possess significantly lower adhesion levels of S. aureus (p < 0.05). In general, the Ag ions
provide both bacteriostatic and bactericidal effects for the E. coli and Gram (+) and Gram () bacteria
without harmful effects to the human cells [69].

The antibacterial effect of mechanically alloyed Ti23Zr25Nb-based composites was also evaluated.
Produced materials doped with Ag, Cu, and Zn have promising high antibacterial activity against
S. mutans [41]. Those properties among high biocompatibility make these materials attractive in use in
the medical field of applications as dental implants.

4, Conclusions

In this work, novel ultrafine-grained Ti23Zr25Nb-based materials with 4555 Bioglass and Ag,
Cu, or Zn additions were produced through the combination of mechanical alloying and powder
metallurgy. Additionally, Ti23Zr25Nb alloy was electrochemically modified in the two stages of
processing: electrochemical etching in the solution of H3PO, and HF followed by electrochemical
deposition in Ca(NQO3),, (NH4),HPO4, and HCL. That studied possesses a Young modulus considerably
lower than that of Grade 2 Ti. Furthermore, surface modification significantly improves the corrosion
resistance and wettability properties. The biocompatibility MTS assays indicates that the bulk
composites based on Ti23Zr25Nb and 4555 Bioglass, with the addition of Ag, Cu, or Zn are suitable
candidates for future dental and orthopedics implants.
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Abstract: In the present study, the crystal structure, microstructure, mechanical, corrosion properties,
and wettability of bulk Ti23Zr25Nb-x45S5 Bioglass (x = 0, 3, 6, 9 wt.%) and Ti23Zr25Nb—9 wt.% 4555
Bioglass composites with the addition of 1 wt.% Ag, Cu, or Zn were synthesized and their properties
studied. The hardness of these biomaterials is at least two times higher and the elastic modulus
lower in comparison to commercial purity (CP) microcrystalline o-Ti. The mechanically alloyed
Ti23Zr25Nb—9 wt.% 4555 Bioglass composite was more corrosion resistant in Ringer’s solution
than the bulk Ti23Zr25Nb alloy. Surface wettability measurements revealed the higher surface
hydrophilicity of the bulk synthesized composites. The antibacterial activity of Ti23Zr25Nb-based
composites containing silver, copper, or zinc against reference strain Streptococcus mutans ATCC 25175
was studied. In vitro bacterial adhesion indicated a significantly reduced number of 5. mutans on the
bulk Ti23Zr25Nb-BG-Ag (or Cu, Zn) plate surfaces in comparison to the microcrystalline Ti plate
surface. Ultrafine-grained Ti23Zr25Nb-BG-Ag (or Cu, Zn) biomaterials can be considered to be the
next generation of dental implants.

Keywords: Ti-Zr-Nb alloy; 4555 Bioglass; mechanical alloying; structural properties; antibacterial
activity; S. mutans

1. Introduction

Beta-type titanium alloys are an interesting group of biomaterials. Mechanical alloying is the
technology of producing them with much smaller grain sizes than conventional methods such as
arc melting. The structure evolution of titanium-based alloys with different beta-stabilizers (Nb, Zr,
and Mo) produced with mechanical alloying has been already examined [1,2]. These alloys were
described as really interesting in terms of their properties such as the Young modulus. Moreover,
further modification leads to their improvement, including better corrosion resistance [3].

Particular interest should be focused on modifying these alloys by the formation of biocomposite
materials. That allows us to decrease their Young modulus, increase the corrosion resistance, and
antibacterial properties. Biocomposites formed by adding 4555 Bioglass to these alloys during milling
can lead to interesting results such as higher biocompatibility, hardness, and a lower Young modulus.
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Moreover, Ag content increases the antibacterial behavior of alloys and the formation of foams improves
the osteointegration process [4,5].

Modification of titanium alloys with bioglass and bioglass-reinforced composites was also
done with surface engineering methods as electrophoretic deposition (EPD) [6-13], magnetron
sputtering [14,15], pulsed electron deposition [16] and plasma spraying [17]. Hydroxyapatite and
bioglass co-coatings produced with laser engineering net shaping (LENS) should also be a matter of
scientific interest because of their promising corrosion resistance, wear-resistance, and interaction with
bone cells [18]. A potential medical application has also been documented with an anodic bonding
method of titanium with 5254.6 and 4555 Bioglasses [19]. Electrophoretically deposited films also
showed good properties on a non-titanium alloy like stainless steel and Nitinols [20]. The nanobioglass
composited with silver [21], metal oxides such as TiO; [22], and graphene oxides [23,24] was done with
the use of the sol-gel technique. Depending on the modification technique, the properties of bioglass
can be significantly improved in terms of their bioactivity, hemocompatibility, antibacterial activity,
and cell proliferation properties.

The Zn addition was proved to have antibacterial properties in the coatings, either as an implanted
ion with plasma immersion technology [25] or as a doping element for the calcium phosphates
films [26-28]. Zn is also successfully added to the coatings with other antibacterial elements such as
Ag[29].

Ti-Cu alloys with high antibacterial properties were also produced. In these alloys, the crucial
factor is not only the Cu content but also precipitation of the Ti;Cu phase with the best effect achieved
with the homogenous fine precipitate. The Cu addition also leads to the hardening effect of these alloys.
According to most of the research, at least 5 wt% of Cu is needed to have the right antibacterial effect
against some of the well-known bacteria: Escherichia coli, Staphylococcus aureus, Streptococcus mutans
and Porphyromonas gingivalis [30-39]. Copper can also be successfully added to non-titanium alloys
such as steels, magnesium alloys, cobalt alloys, and zinc alloys. Its addition not only allows the use of
the antibacterial properties of that element but also improves its corrosion resistance and mechanical
properties [40].

Ti-Ag alloys are also a matter of great importance for the development of materials with
antibacterial ability. As in Ti-Cu alloys, the intermetallic Ti; Ag phase is crucial and its homogenous and
nano-scale precipitation could improve their antibacterial properties [41,42]. Silver containing bioglass
nanoparticles (AgBGs) produced with the sol-gel method were also created. This type of particle could
also be interesting in terms of bioactivity and the antibacterial improvement in the biomedical field
of applications [43]. Producing of antibacterial alloys containing silver is a deeply examined topic in
biomedical science. Titanium alloys are not the only modified materials with this additive. One of the
newest examples of using silver in material engineering is the antibacterial, biodegradable Fe-Mn-Ag
alloy [44].

Surface engineering of implants is relevant for safeguarding them against the formation of bacterial
biofilms. The use of Zn, Cu, Ag (ion-implanted, etc.), is the selected way of doing that [45,46].

In this work, the ultrafine-grained Ti23Zr25Nb alloy and its composites with 4555 Bioglass as
well as with Ag, Cu, or Zn were synthesized by the application of mechanical alloying and powder
metallurgy. As was mentioned in the previous articles considering the production of beta-type Ti-based
alloys this method is seen as the most useful in contrast to the conventional ones. It allows the
production of ultra-fine grained beta-type titanium alloys in a wide range of the concentrations and
with the use of the elements with significantly different melting points [1,2,47]. Grain refinement can
lead to further improvement of properties and increased hardness. Mechanically alloyed materials
were also proven to have better biological properties [48,49].

The reason for the modification with 4555 Bioglass was to improve the properties which would
lower the Young modulus and improve the corrosion resistance of the non-modified Ti23Zr25Nb
alloy. Its corrosion resistance has been revealed as worse than that of microcrystalline titanium
in our previous work [47]. This type of bioglass provides good cell growth and differentiation of
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osteoblasts due to the low phosphate content and the widest clinical application among all other
bioglasses [50,51]. The addition of well-known elements with antibacterial properties such as Ag, Cu,
and Zn was to enhance the antibacterial response of the material, which should make the produced
material interesting for use in the biomedical field. The influence of the microstructure and chemical
composition of Ti23Zr25Nb and Ti23Zr25Nb-BG-Ag (or Cu, Zn) composites on the crystal structure,
microstructure, mechanical properties, corrosion behavior, surface wettability, and antibacterial activity
against a reference strain of Streptococcus mutans were investigated in detail.

2. Materials and Methods

2.1. Sample Preparation

Mechanical alloying was done with a SPEX 8000 Mixer Mill (SPEX® Sample Prep, Metuchen, NJ,
USA) and round bottom stainless vials. To produce the alloy, the composites vials was filled in the Ar
atmosphere inside a glove box Labmaster 130 (MBraun, Garching, Germany) with following precursors:
Ti (Alfa Aesar, 99.9% purity, <45 pm average particle size, CAS: 7440-32-6), Nb (Sigma Aldrich, 99.8%
purity, <45 um average particle size, CAS: 7440-03-1), 4555 Bioglass (Mo-Sci GL0160P; 53 um average
particle size, 45% SiO,, 24.5% Na»O, 24.5 Ca0O, 6% P,0s5), Ag (Alfa Aesar, 99.9% purity, 4-7 um
particle size, CAS: 7440-22-4) powders, Zn (Sigma Aldrich, 99% purity, 30-100 mesh, CAS: 7440-66-6)
granules, Cu (Sigma Aldrich, 99% purity, CAS: 7440-50-8) turnings, and Zr fillings from a sponge
(Sigma Aldrich, >99%, CAS: 7440-50-8). The experiments were carried out on 6 different Ti23Zr25Nb
(at.%)-based composites. 4555 Bioglass composition was varied from 3 to 9 wt.% (to alloy powder
ratio). The composite with 9 wt.% content of 4555 Bioglass was additionally doped with 1 wt.% (to 4555
Bioglass composite powder ratio) of 3 antibacterial elements (Ag, Zn, Cu). The content of antimicrobial
elements was chosen to be as low as possible to introduce the antibacterial properties with as small an
impact possible on the other properties such as its biocompatibility and limitation of the additional
ions release. Mechanical alloying for all composites was carried out for 16 h. Mechanically alloyed
powders were consolidated with conventional cold compaction and sintering. All of the samples were
consolidated with the same process parameters. Cold compaction pressure was equal to 600 MPa.
Sintering was conducted in an 800 °C temperature for 30 min (allowing the consolidation of the
powders with not too much grain growth) and followed with fast water cooling in a quartz tube filled
with Ar. The temperature choice was based on previous research of the Ti-Zr-Nb alloys and also Ti-Mo
alloys, which proves the increase in -phase content in most of these types of materials with increase
in temperature. Moreover, the highest possible temperature at which it was possible to achieve a
fully single p-phase structure in Ti23Zr25Nb (at.%) alloy was 800 °C, which was chosen as the most
suitable [2,47]. Bulk sample dimensions were 6 mm diameter and 4 mm in height. The schematic
representation of the mechanism behind the mechanical alloying of biocomposites is presented in
Figure 1. Additionally, the summarization of mass ratios of precursors and optimization parameters is
presented in Table 1.

Table 1. The mass ratios of output precursors and optimization parameters for preparation of the
studied Ti23Zr25Nb-based biocomposites (TNZ—Ti23Zr25Nb (at.%) alloy [1,47]; BG—4555 Bioglass;

AB—antibacterial additive; T—milling time; CP—compaction pressure; S—sintering temperature).

Material BG/TNZ [%] AB/TNZ-BG [%] T [h] CP [MPa] S[°Cl]

Ti23Zr25Nb-3BG 3
Ti23Zr25Nb-6BG
Ti23Zr25Nb-9BG
T23Zr25Nb-9B-Ag
T23Zr25Nb-9B-Cu
T23Z125Nb-9B-Zn

16 600 800

o WO O WO O
= e
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Figure 1. Schematics representation of the mechanism behind the mechanical alloying of biocomposites.
2.2. Materials Characterization

The crystal structure of produced samples in the powder and bulk stage was evaluated with
the Panalytical Empyrean XRD equipment with CuK« radiation (Malvern Panalytical B.V., Almelo,
The Netherlands). The microstrain and crystallite size of the powders after 16 h of mechanical
alloying was calculated with the uniform deformation model (UDM) of the Williamson-Hall analysis
method [52]. Rietveld refinement with Maud software was carried out to estimate the phase amount
and lattice parameters of the following phases:

- Ti(«) (ref. code 01-071-4632) hexagonal P63/mmc

- Ti(P) (ref. code 01-074-7075) cubic Im-3m

- TipZrO (ref. code 01-072-1881) hexagonal P6/mmm
- NbsSisP (ref. code 00-051-0788) hexagonal P63/mcm

The refinement was done with the use of the Marquardt least-squares algorithm. The following
pattering fitting parameters were calculated: Rywp—weighted pattern residual indicator; Rexp—expected
residual indicator; S—the quality of the fit (lower than 2 for all refinements).

The one selected Ti23Zr25Nb-based (at.%) composite with 9 wt.% 4555 Bioglass content was
examined with a scanning electron microscope (SEM, VEGA 5135 Tescan, Brno, Czech Republic) with
an energy dispersive spectrometer (EDS, PTG Prison Avalon, Princeton Gamma Tech., Princeton,
NY, USA) calibrated by the typical Cu calibration procedure. The goal of the analysis was to obtain
the EDS mapping for componential elements of the material: Ti, Zr, Nb, 5i, Ca, Na, P, Ag, Cu, Zn.
Additionally, the final powders after the mechanical alloying of Ti23Zr25Nb-BG composites were
observed with the same instrument at two different magnifications to present both morphology and

particle size. The porosities of the samples were calculated from the histograms in GIMP software
based on the micrographs of non-etched samples obtained from the optical microscope Olympus
GX51 (Olympus, Tokyo, Japan). Calculations included the pores of different sizes, revealed at two
different magnifications.

Mechanical properties of the materials were tested with a Vickers microhardness tester Innovatest
Nexus (Innovatest, Maastricht, The Netherlands). The measurement parameters were as follows:
an applied load of 300 g and loading time of 10 s. Ten hardness measurements were conducted for
each sample. Nanoindentation tests for selected samples with different contents of 4555 Bioglass were
also done with Picodentor HM500 (Fischer Technology Inc., Windsor, CT, USA). The measurement
was carried out with DIN 50 359/ISO 14577 standard and load parameters: F = 300 mN/20s, C =5s.
Based on load-depth curves, the indentation modulus (EIT) was calculated.

A Kruss-DSA25 digital camera and Kruss-Advanced 1.5 software (Kriiss, Hamburg, Germany)
was used to measure diiodomethane and glycerol contact angles as well as calculate surface free
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energies with dispersive (polar) parts for every bulk sample; each sample polished with the Al;O3
suspension, flushed with alcohol and dried. The ellipse method was used to fit the drop shape formed
with 2 pL of the mentioned fluids. Tests were conducted at ambient conditions (23 °C) and three times
for each sample.

Corrware and Corrview software, as well as the Solartron 1285 potentiostat (Solartron Analytical,
Farnborough, UK), were used for the potentiodynamic corrosion measurements of all composites
polished with 600 grit grinding paper and cleaned with the ethanol inside an ultrasonic bath before each
measurement. Open-circuit potential measurement (OCP) was first conducted for 60 min. In the created
electrochemical cells, Ringer’s solution (NaCl: 9 g/L, KCI: 0.42 g/L, CaCl,: 0.48 g/L, NaHCO3: 0.2 g/L)
was the electrolyte and Ag/AgCl was used as the reference electrode. Each material was examined
three times with both corrosion potential and current calculated from Tafel curves. The measurement
was conducted in the range of —1 V to 2.5 V vs. OCP, and the scan speed was equal to 1 mV/s.

2.3. Assessment of Biofilm Formation Inhibition

The strain of S. mutans was obtained from the American Type Culture Collection (ATCC 25175).
A detailed description of the assessment of biofilm formation inhibition was previously presented [4].

The quantitative dilutions and surface spread method were applied to assess the bacterial
adherence, after 4 h and 20 h, respectively, to the experimental biomaterial surfaces. All experiments
were repeated three times. Statistical software R version 3.0.1 was applied to determine whether
any significant difference existed in bacterial numbers in the antibacterial experiments. Analysis of
variance (ANOVA) followed by Tukey’s honest significant difference (HSD) test were performed on
the bacterial counts. The statistical significance was defined as p < 0.05.

3. Results

Figure 2 presents the diffractograms of TiZrNb-based composites powders in the function of
milling time. The 3 wt.% content of 4555 Bioglass led to the longer form of the new Ti () phase in
comparison to the Ti23Zr25Nb alloy [1]. The Ti (B) phase appeared after 10 h of milling and 16 h of
mechanical alloying was needed to produce the single structure Ti () powder. For the biocomposites
with the 6 and 9 wt.% 4555 Bioglass content, after 10 h hours of milling peaks from all starting phases
Ti (o), Nb/Ti (), and Zr were still visible. However, in the case of the Ti23Zr25Nb-6BG composite
after 16 h of milling, only Ti (3) peaks were visible with trace contents of others. The Ti23Zr25Nb-9BG
composite still had a multi-phase structure after 16 h of milling with the presence of other starting
phases among Ti (B). Milling between 10 h and 16 h led only to the further fraction of the structure
of the powder because of their plastic deformation and hardening caused by the high density of
dislocations and the amorphization of the material [53].

The content of 4555 Bioglass also decreased the crystallite size of the materials in the as-milled
state (Figure 3), which was equal to 2.6 nm for the 9 wt.% 4555 Bioglass content. Further reduction
could also be conducted with the 1 wt.% content of silver and made it equal to 2.4 nm. Both powders of
Ti23Zr25Nb-9BG and Ti23Zr25Nb-9BG-Ag only produced samples with negative microstrains which
corresponded to the tensile strains. Copper and zinc led to the increase in the crystallite size—8.4 and
11.1 nm, respectively, with positive microstrains corresponding to the compression strains.
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Figure 2. XRD spectra of Ti23Zr25Nb-based composites powders with (a) 3 wt.%, (b) 6 wt.%,
and (c) 9 wt.% 4555 Bioglass content mechanically alloyed over different times.

The micrographs of mechanically alloyed (16 h of MA) powders are presented in Figure 4.
The morphology of powders particles of all composites was in an irregular shape within the wide size
range in contrast to the non-modified Ti23Zr25Nb alloy [47]. Most of them varied from not strongly
agglomerated particles in sizes of less than 10 microns to highly agglomerated particles in sizes of
hundreds of microns with the biggest particles in sizes of approximately 500 um. The variation of the
particle size was much higher than in the non-modified alloys [1]. The structure of powder was lamellar,
with the ceramic phases on the surface of the particles increasing in volume with the bioglass content.
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Figure 3. Linear Williamson-Hall plots with estimated crystallite size (CS) and microstrain (MS) factors
based on the XRD spectra of Ti23Zr25Nb-based composites powders after 16 h of mechanical alloying

in contrast to the mechanically alloyed Ti23Zr25Nb alloy for 10 h.

7 of 24

The cold compaction and sintering of composites did not allow the formation of the single-phase
Ti (B) structure (Figures 5 and 6). The amount of Ti (3) decreased to 65.02% in the Ti23Zr25Nb-based
composite with the 9 wt.% 45S5 Bioglass content. The addition of Cu and Zn led to its further reduction
below 60 wt.% (Table 2). However, despite not having the single-phase Ti (3) structure, Ti (3) was still
the dominant phase in all the produced materials. The other phases appearing in materials were Ti (),
TiZrO, and NbsSisP. The Ti23Zr25Nb-based composite with the 3 wt.% content of 4555 Bioglass was
still the material with the highest amount of the Ti (3) phase which was above 95%.
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1 mm 200 um

Figure 4. SEM microphotographs of Ti23Zr25Nb-based composites powder agglomerates with the
(a) 3 wt.%, (b) 6 wt.%, and (c) 9 wt.% 45S5 Bioglass content mechanically alloyed for 16 h.
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Figure 5. XRD spectra of Ti23Zr25Nb-based composites with the 3, 6, and 9 wt.% 4555 Bioglass content
sintered at 800 °C for 0.5 h in an argon atmosphere in contrast with the mechanically alloyed powders

milled for 16 h and the Ti23Zr25Nb alloy sintered with the same parameters and mechanically alloyed

for 10 h.
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Figure 6. XRD spectra of Ti23Zr25Nb-based composites with the 9 wt.% 4555 Bioglass and 1 wt.%
Ag, Cu, Zn content sintered at 800 °C for 0.5 h in an argon atmosphere in contrast with mechanically
alloyed powders for milled for 16 h and the based Ti23Zr25Nb-9BG composite sintered with the same

parameters and mechanically alloyed for 16 h.
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Table 2. Crystallographic data analysis of bulk Ti23Zr25Nb-based composites with the 3, 6, 9 wt.% 4555 Bioglass and 1 wt.%. Ag, Cu, Zn content in contrast to the

Ti23Zr25Nb alloy.
Tia Tip Ti,Z+O Nb3SisP
Sample : : : : 4 : : : : : : Rwpl%] Rep[%] s
alAl clA] VIA3] PA [%] alA] V[A3] PA [%] alAl clA] V [A3] PA [%] alA] c[A] V [A3] PA [%]
Ti23Zr25Nb - - - - 33524(2) 3768 (1) 100 - - - - - - - - 6.28 3.65 172
Ti23Zr25Nb  2.9987 48192 77633 53173 27753 . . )
3BG (35) (136) o793 208 33602(7) 3794 9638 - - - - ) 13) 170 154 165 34 137
Ti232:25Nb 17992 47683 7729 53123 27487
o 29979 37.32(5) 983 33577(2) A786(1) 7563 G 30O e 1047 o o) ) 407 383 32 119
Ti232125Nb 41,8085 77132 52967
e 30003(6) Y 3749(3) 2813 33720(4) 38342 6502 - . . - 5 Go,  MR9@9 66 15 344 131
Ti237:25Nb , 47970 , 47858 77575 sa213 27733
BCAg  GON® oy 37.42 (5) 153  33579(4) 3786(2) 6598 Qo) 3BHE  e0ls@ 1373 e 22 i 499 3.97 31 128
Ti23Z:25Nb 18229 . 77398 53117 27557 - _ )
eca 2o S0 3746(2) 3189 33629(3) 3803(1) 59 - . . - on on 0, 9.00 502 338 149
Ti23Z:25Nb 18188 R 77671 53331 27863
prve R LT RO WEL(3) 1713 33557(3)  3779(1) 5468 A7SO7(7) 30301(6) 6020(3) 1947 o s ) 8.73 3.64 296 123
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EDS mapping confirms the homogenous distribution of all componential elements of the
composites on the micro-scale (Figure 7). There were no inhomogeneities in the bulk materials
which could have appeared during the consolidation of mechanically alloyed powders. Moreover,
maps in Figure 8 presents the distribution of all antibacterial activities (Ag, Cu, and Zn) in the
biocomposite matrix.

Ti23Zr25Nb-9BG

50 um
—

Figure 7. Energy-Dispersive Spectroscopy (EDS) maps of Ti, Nb, Zr, Si, Ca, Na in the Ti23Zr25Nb-based
composite with the 9 wt.% 45S5 Bioglass content and within the area of the scan micrograph.
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Figure 8. Energy-Dispersive Spectroscopy (EDS) maps of Ag, Cu and Zn in the bulk Ti23Zr25Nb-based
composite with the 9 wt.% 4555 Bioglass and 1 wt.% Ag, Cu, Zn.

The porosities of the biocomposites were calculated and are presented in Table 3 and differ
between 13.7% (Ti23Zr25Nb-9BG-Zn) and 22.8% (Ti23Zr25Nb-9BG). The morphology of the pores is
additionally presented in the micrographs in Figure 9. Porosities were homogeneously distributed on
the microscale. Additionally, in Ti23Zr25Nb-6BG and slightly in Ti23Zr25Nb-9BG, a large number of
porosities in the size of 10-100 pm were additionally visible with the lower magnifications.

Table 3. Porosities calculated with the use of optical micrographs and histograms in GIMP software.

Material Porosity [%]
Ti23Zr25Nb-3BG 154 +£ 3.6
Ti23Zr25Nb-6BG 22.1+89
Ti23Zr25Nb-9BG 228+6.5

Ti23Zr25Nb-9BG-Ag 140+41
Ti23Zr25Nb-9BG-Cu 183 +£7.8
Ti23Zr25Nb-9BG-Zn 13.7 £ 4.6

The mechanical properties of produced composites were superior to commercially pure titanium
in terms of their biomedical application. The Young modulus was significantly lower and was lowest
for the Ti23Zr25Nb-based composite with the 9 wt.% 4555 Bioglass content in comparison to the
140.9 = 2.0 GPa of titanium [1]. The Young modulus of this composite was in conjunction with the
high porosity (around 20%) and the lowest hardness (218 HV0.3) (Figure 10 and Table 4). Despite the
hardness similar to titanium, the drastic reduction of the Young modulus made it close to the modulus
of human bone. Contact angles of all the materials were lower than 90 for both diiodomethane and
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glycerol. It confirmed the good wettability of the produced composites. Surface free energies (SFEs)
were similar and differed from 34.6 mN/m (Ti23Zr25Nb-6BG) to 42.3 mN/m (Ti23Zr25Nb-9BG-Ag).

Figure 9. Micrographs of non-etched biocomposites revealing porosities (black in the graph) at
2 different magnifications: Ti23Zr25 (at.%) with (a) 3 wt.%, (b) 6 wt.% and (c) 9 wt.% of 4555 Bioglass
content and Ti23Zr25Nb-9BG doped with (d) Ag, (e) Cu and (f) Zn.
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Figure 10. Load-depth curves of bulk Ti23Zr25Nb-based composites with the 3, 6, and 9 wt.% 4555

Bioglass content.

Table 4. Vickers hardness (HV0.3), surface free energy (SFE), dispersive and polar parts of SFE,
diiodomethane, and glycerol contact angles for Ti23Zr25Nb-based composites with the 3, 6, 9 wt.%

4555 Bioglass and 1 wt.% Ag, Cu, Zn content in contrast to the Ti23Zr25Nb alloy.

CA [M] CA [M] Disperse Polar
Santple HVO3  hudomethane ] Glycerol ] SFEIMN/MI e (mN/ml
Ti23Z:25Nb 375 + 33 62290 64649 3512100 274456 77+44
Ti23Z:25Nb-3BG 31536 50.8 + 7.4 702445  361+65  338+44 23+21
Ti23Zr25Nb-6BG 321 +22 56.0 % 6.2 68174 34657  309+37  37:20
Ti23Zr25Nb-9BG 218 +23 57.7 % 44 615:42 36933  299%25  7.0:08
Ti23Zr25Nb-9BG-Ag 322 + 24 449238 57524 42342  37.0£22  53%20
Ti23Zr25Nb-9BG-Cu 329 + 49 493+24 667+47  375+25 347413  28+12
Ti23Zr25Nb-9BG-Zn 387 + 49 505 + 6.6 778431  346+44  339:39 07405

The corrosion resistance of Ti23Zr25Nb-9BG is also similar to that of titanium and significantly
better than that of the Ti23Zr25Nb alloy sintered at the same temperature—800 °C (Figure 11) which
was based on the lower corrosion current and higher corrosion potential results. The corrosion current
can be further limited by doping this material with silver. However, the corrosion potential of the
Ti23Zr25Nb-9BG-Ag composite was higher and there was no clear and visible passivation as in the
Ti23Zr25Nb-9BG composite. There was no passivation also in the Ti23Zr25Nb-9BG-Cu alloy (Figure 12).
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Figure 11. Potentiodynamic curves of bulk Ti23Zr25Nb-based composites with the 3, 6, and 9 wt.%
4555 Bioglass content in contrast to cp-Ti and the Ti23Zr25Nb alloy.
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Figure 12. Potentiodynamic curves of bulk Ti23Zr25Nb-based composites with the 9 wt.% 4555 Bioglass
and 1 wt.% Ag, Cu, Zn content in contrast with the Ti23Zr25Nb-9BG composite.

Figure 13 shows the results of viable bacteria adhered to the different experimental material
surfaces when exposed to S. mutans ATCC 25175, The bacterial adhesion was significantly reduced
on the surface of Ti23Zr25Nb-9BG-Ag, Ti23Zr25Nb-9BG-Cu, and Ti23Zr25Nb-9BG-Zn composites
compared to microcrystalline titanium. These biomaterials were observed to have significantly lower
adhesion levels (p < 0.05) of S. mutans ATCC 25175, suggesting that these composites have inhibited
biofilm formation. On the other hand, many bacteria were found on the Ti23Zr25Nb, Ti23Zr25Nb-9BG
composites, as shown in Figure 13, displaying that these composites have low antibacterial activity
against the reference strain of S. mutans (Table 5).
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Figure 13. Antibacterial activity against S. mutans ATCC 25175 growth on agar plates from the
same dilution after 24 h incubation on different composites: (a) Ti23Zr25Nb, (b) Ti23Zr25Nb-9BG,
(c) Ti23Zr25Nb-9BG-Ag, (d) Ti23Zr25Nb-9BG-Cu, (e) Ti23Zr25Nb-9BG-Zn, (f) control (Ti).

Table 5. Antibacterial activity of composites against S. mutans ATCC 25175.

PR CFU/mL CFU/mL RF
After 4 h of Incubation After 20 h of Incubation %
Ti23Zr25Nb <1.0 x 103 32x10* 78.67
Ti23Zr25Nb-9BG <1.0x 10° 24 x10* 84
Ti23Zr25Nb-9BG-Ag <l % 10° 3.1x10° 97.93
Ti23Zr25Nb-9BG-Cu <1.0x10° 8.5 x 103 94.33
Ti23Zr25Nb-9BG-Zn <1.0 x 103 3.5 x 10° 97.67
microcrystalline Ti (control) <1.0x10° 2.0 x 10° -

CFU—colony-forming unit; RF—reduction factor.
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4. Discussion

The crystal structure evaluation of the obtained materials clearly shows that the addition of
4555 Bioglass limits the {3 stabilizing effect of niobium and zirconium. In its lower concentrations,
only « and (3 phases peaks were visible. However, with higher concentrations of 4555 Bioglass and
elements such as silicon, calcium, sodium, and phosphorous, completely different phases than thos
evident titanium-based solutions were present (Figure 2). It means that mechanical alloying leads
to the homogenous distribution of 4555 Bioglass components in the titanium matrix (Figure 7) but
also destabilizes it during both milling and sintering. It could have been changed with the short
milling of the proposed 4555 Bioglass powders with the pre-milled Ti23Zr25Nb powders. This type of
composite producing technique should lead to the mainly homogenous distribution of the amorphous
4555 Bioglass phase in the beta-phase Ti23Zr25Nb alloy matrix. The main disadvantage of this method
would be an aggregation of the 4555 Bioglass and limitation of the fine-grained structure biocomposite
formation. The proposed method of producing TiNbZr-based composites destabilized 4555 Bioglass
during the process but gave interesting mechanical, corrosion, and antibacterial results in terms of
their biomedical applications.

With the higher content of 4555 Bioglass, a significant reduction in the crystallite size could
be observed. It was because of the limitation of the cold welding effect during milling and the
intensification of plastic deformation and structure fracturing of the powders. It was visible both
with much broader Ti (B) XRD peaks (Figure 5) and based on the Williamson-Hall linear plots.
The size of the crystallite size can be limited even below 4 nm for Ti23Zr25Nb-6BG, Ti23Zr25Nb-9BG,
Ti23Zr25Nb-9BG-Ag (Figure 3).

The limitation of Ti ([3) with 4555 Bioglass content was caused by its x-stabilizing effect, which
was mainly caused by the major oxygen presence in its composition. This type of effect has also been
observed in other B-type alloys as Ti-Mo alloys [54]. An increase in the Ti ($3) lattice constant was
observed in the Ti23Zr25Nb-3BG composite (Rietveld refinement results—Table 2). This content of
4555 Bioglass did not allow the formation of phases other than titanium solutions: Ti («) and Ti ().
That means that all of the 4555 Bioglass elements were dissolved in the titanium solutions and mainly
in the major Ti (3) phase leading to its extension.

Significant changes can be observed in the behavior of the alloy with the 6 wt.% content of
4555 Bioglass. The precipitation of interstitial phases of Ti;ZrO and NbsSi3P were present because
introduced elements could not be dissolved in the titanium solutions. Furthermore, the limitation of Zr
content in the cubic Ti (3) phase led to the drastic decrease in its amount and contraction of its lattice
constants (in contrast to the 3 wt.% content of 4555 Bioglass).

The further increase in the 4555 Bioglass content to 9 wt.% led to the progressing precipitation of
the NbsSis P and finally to a 65% content of Ti (3) in the produced composites. Furthermore, because of
no TipZrO participation, the Ti (3) lattice constant extended to the highest values of all the produced
materials—3.3720 A.

The addition of silver was proven to have some beta-stabilizing effect on the Ti23Zr25Nb-9BG
composite. Despite the Zr limitation in the titanium solution because of the Ti;ZrQ phase formation,
the addition of Ag increased the amount of the Ti (3) phase. The drastic contraction of a unit cell and a
decrease in the lattice constant to 3.3579 A was also observed.

In the case of alloys with other antibacterial additives, a reduction in the Ti () phase content was
visible despite the beta-stabilizing effect of Cu and Zn. The loss of niobium in Nb55i3P precipitates
was too high and could not be replaced with both these elements, which tend to create eutectoid phase
diagrams with titanium [55,56] and not isomorphous ones as does niobium [57].

In Ti23Zr25Nb-9BG-Ag and Ti23Zr25Nb-9BG-Zn, similar phenomenon as to those observed in
Ti23Zr25Nb-6BG can be observed. The formation of Ti;ZrO limited the Zr soluted in the Ti ((3) phase,
which led to its contraction in contrast to Ti23Zr25Nb-9BG and Ti23Zr25Nb-9BG-Cu composites.

TiZrO presence in the selected materials: Ti23Zr25Nb-6BG, Ti23Zr25Nb-9BG-Ag,
and Ti23Zr25Nb-9BG-Zn might have been caused by the interfacial reaction between titanium and
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zirconia formed from the oxygen being in the 4555 Bioglass content during sintering. This type of
reaction could lead to the formation of a hexagonal and oxygen-deficient Ti,ZrO phase [58].

The distribution of all elements in the titanium matrix was homogenous, which also corresponded
to the homogenous distribution of all precipitates (Figure 7). The same type of distribution can also
be observed in materials with the addition of Ag, Cu, and Zn (Figure 8) with none of this element
being aggregated in produced composites but regularly dispersed in its volume and materials matrix.
This type of composite is possible and easy to produce with mechanical alloying, which is absolutely
the novel approach.

The Young modulus of all composites makes them suitable for biomedical applications. The most
interesting could be the modulus of Ti23Zr25Nb-9BG, which is equal to 43.3 GPa and significantly
lower than that of other B-type titanium alloys produced by members of our group [1-3]. However,
there are still porous structures with significantly lower Young modulus’ than those or Ti-based
materials produced with the gel casting techniques, which could be one of the methods of reducing
the modulus’ of this type of material further [59]. The elastic modulus of the human bone can be
measured as a wide range of values (from 4 to 30 GPa), depending on the testing parameters such as
measuring direction and the exact type of the examined bone tissue [60,61]. With the nanoindentation
using the Berkovich tip and the Oliver—Pharr indentation method, the Young modulus of bone was
estimated as equal to 20 GPa and 10 GPa for dry and wet bone, respectively [62]. That means that
the Ti23Zr25Nb-9BG Young modulus is still far from the modulus of bone but much closer than most
titanium-based alloys. This composite allows us to limit the stress-shielding effect caused by the high
elastic modulus of the implant and all the harmful effects of that phenomenon such as bone resorption,
implant loosening, and implant failure [61,63]. The lower modulus of this composite could also be
caused by its high porosity (around 20%), which should also lead to intensified osseointegration [64].
This limitation of the Young modulus goes in tandem with a decrease in the hardness of this composite.
However, it is still beneficial in contrast to commercially pure titanium [1]. The mechanical properties
of this composite are also coincidentally similar to the lattice constant of the T (f3) phase, which is
significantly the highest of all the tested materials (3.3720 A). It might prove that in the Ti (3) phase,
most bioglass components such as phosphorous and calcium, along with zirconium, which was proven
in our previous research to have a high impact on the lattice constant, have dissolved. In contrast,
for the hardest Ti23Zr25Nb-9BG-Zn, the hardness and lattice constant were equal to 387 HV0.3 and
3.3557 A, respectively.

The surface free energy of all alloys was in the range of about 30—40 mN/m, contact angles were
in the range of about 45-60° for diiodomethane, and about 60-80° for glycerol. That means that the
wettability of all the composites was high, and all of them can be named as hydrophilic, with no
significant differences between all of them (Table 4). Formation of the hydrophilic surface should not
inhibit bone tissue growth on the produced materials, which could happen with the hydrophobic
surface due to the high affinity to the broad types of proteins of this type of surface [65].

The corrosion current decreased, and the corrosion potential increased with the 4555 Bioglass
content (Figure 11). However, Ti23Zr25Nb-6BG and Ti23Zr25Nb-9BG alloys showed a drastic increase
in the corrosion current around +0.5 V potential, which corresponds to the changes in the passive
film. Both these composites should not be used in these ranges. Above +1 V there was once again
the constant corrosion current and the composites should not corrode, being in the range of anodic
protection. The Ti23Zr25Nb-3BG composite potentiodynamic curve was similar to that of Ti23Zr25Nb
and pure titanium despite the higher corrosion current and the lower corrosion potential. The increase
in the corrosion resistance of alloys containing 4555 Bioglass could be caused by the significant changes
in its passive film composition. This was observed by other researches on other types of alloys as
magnesium alloys. The surface of the composite might be enriched with calcium and phosphate,
leading to the formation of chemical compounds containing both of these elements [66,67].

The Ti23Zr25Nb-9BG-Ag composite had the lowest corrosion current of all the composites
(Figure 12). It is well known and researched that the addition of a noble metal such as silver to the alloy
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can lead to that because of the increase in the passive film stability and the easiness of passivation [68].
The addition of copper tends to increase the corrosion current to the highest corrosion current among all
the composites. It could be caused by the copper enrichment of the passive film and its impoverishment
with the other alloy components such as Ti, Zr, Nb, Ca, and P. Other research groups previously
observed this type of change in the passivation behavior of titanium-based alloys [69]. The same type
of mechanism may provide the increase in corrosion current of the Ti23Zr25Nb-9BG-Cu composite
in contrast to the Ti23Zr25Nb-9BG composite. The curve of Ti23Zr25Nb-9BG-Zn looks most familiar
to Ti23Zr25Nb-9BG, with the same type of passivation observed in its anodic part. Furthermore,
Ti23ZrNb-9BG-Zn and Ti23Zr25Nb-9BG corrosion currents and potentials were in the same order
of magnitude.

In the present research, the ability of S. mutans ATCC 25175 to form biofilm on the ultrafine-grained
Ti23Zr25Nb alloy and subjected to the different types of chemical modifications, including 4555 Bioglass,
Ag, Cu or Zn was evaluated. S. mutans is a Gram-positive bacteria commonly found in the human oral
cavity and is the main contributor to tooth decay. The microbe was first described by J. Kilian Clarke in
1924 [70].

The obtained results indicate that the tested S. mufans reference strain can adhere to the Ti23Zr25Nb-9BG
composites produced by the powder metallurgical method. Additionally, the type of chemical modification
(Ag, Cu, Zn) influences the ability of S. mutans to form biofilm on the tested biomaterial.

According to published research, when a Ti23Zr25Nb-9BG-Ag composite stays immersed in body
fluid, silver could react with the environment and release ionized Ag into the surrounding area [71].
A release of the silver biocide at a concentration level (0.1 ppb) is capable of rendering the antibacterial
efficacy [71,72].

The mechanism for bacterial toxicity of the tested Ti23Zr25Nb-9BG-Ag alloy may include the
free metal ion toxicity arising from the dissolution of metals from the surface of the silver particles
(e.g., Ag+ from Ag) [72,73] or the oxidative stress via the generation of reactive oxygen species (ROS)
on crystal surfaces of some nanoparticles [74].

Copper and copper alloys were able to decrease the counts of bacteria, including pathogens
such as methicillin-resistant Staphylococcus aureus (MRSA), by seven to eight logs within hours [75].
The mechanism for bacterial toxicity of the tested Ti23Zr25Nb-9BG-Cu alloy was the same as in the
case of Ag containing biomaterials.

Zinc is an environmentally friendly material and has little toxicity [76]. It is naturally present in
dental plaque and saliva. At higher concentrations Zinc is toxic. For many years, Zn was incorporated
into many dental materials due to the ability of zinc ions to inhibit the growth of cariogenic bacteria.
Recently, it has been shown that zinc oxide nanoparticles (ZnO-NPs) have an antibacterial property [77].
QOur findings allowed us to assess the effectiveness of zinc against S. mutans.

Titanium remains mostly neutral and is certainly not poisonous for the human body environment,
which can tolerate this metal in large doses. Therefore, the composites based on the Ti containing 4555
Bioglass and Ag (or Cu, Zn) additions have the potential to be used in dentistry with infection control.
Generally, the Ti-base alloy containing niobium, zirconium (TiZrNb) is beneficial in dental and other
medical device applications. Even though zirconium and other elements in Ti-based alloys for dental
and medical uses are nontoxic, there are still ongoing studies to ensure that the materials themselves
don’t have adverse side effects over the long term [78]. Cossellu et al. found that there might be
a link between zirconium implants and some health problems, such as inflammation and skeletal
and connective tissue disorders [78]. Ultrafine-grained Ti23Zr25Nb-9BG-based composites possess
unique mechanical properties and are thus considered to represent the next generation of biomaterials.
Additionally, the addition of the Ag, Cu or Zn to Ti23Zr25Nb-9BG composites significantly lowered
the adhesion of S. mutans, suggesting that these composites had antibacterial activity.
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5. Conclusions

The main goal of these studies was to produce biocomposites based on the Ti23Zr25Nb alloy
previously tested by our group [1]. The composites were formed by the addition of 4555 Bioglass and
three different antibacterial additives: silver, copper, and zinc. All experiments conducted on these
novel materials allow us to withdraw some conclusions:

—  the content of Ti (B) increases with milling time and 4555 Bioglass decreases it,

- Ti23Zr25Nb-3BG and Ti23Zr25Nb-6BG need longer milling time (16 h) than Ti23Zr25Nb (10 h) to
produce fully single-phase p-type powders,

— 4555 Bioglass limits the content of Ti (f3) as a beta non-stabilizer in the bulk samples,

—  Cuand Zn decrease the content of Ti (3) despite their p—stabilizing properties in the bulk samples,

—  the corrosion, mechanical properties, and wettability of the produced materials are beneficial in
contrast to the Ti23Zr25Nb alloy,

—  Ti23Zr25Nb-9BG-Ag, Ti23Zr25Nb-9BG-Cu, Ti23Zr25Nb-9BG-Zn are proved to have high antibacterial
activity against 5. mutans being present in the human oral cavity,

—  produced materials based on the performed experiments are highly recommended for biomedical
use (especially as dental implants) because of their high corrosion resistance, low Young modulus,
and good antibacterial activity.
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Niniejszym oswiadczam, ze w pracy M. Marczewski, M. Jurczyk, P. Pecyna, M. Ratajczak, M. Gajecka,
M.U. Jurczyk, The Effect of 4555 Bioglass and Ag, Cu, or Zn Addition on the Crystal Structure, Properties,
and Antibacterial Effect of Bulk Ti23Zr25Nb Biocomposites, Metals (Basel). 10 (2020) 1-23.
https://doi.org/10.3390/met10091115. M6j udziat polegat na merytorycznej ocenie opracowanych
wynikow oraz artykutu. Jednoczesnie wyrazam zgode na wykorzystanie danych z tej publikacji na
potrzeby przewodu doktorskiego Pana mgr inz. Mateusza Marczewskiego.







Poznan, dnia 5 listopada 2020 r.
mgr anal. med. Paulina Pecyna
Katedra i Zaktad Genetyki i Mikrobiologii Farmaceutyczne;
Uniwersytet Medyczny im. Karola Marcinkowskiego w Poznaniu
e-mail: paulinasawicka@ump.edu.pl

Oswiadczenie

Niniejszym o$wiadczam, ze w pracy M. Marczewski, M. Jurczyk, P. Pecyna, M. Ratajczak, M. Gajecka,
M.U. Jurczyk, The Effect of 4555 Bioglass and Ag, Cu, or Zn Addition on the Crystal Structure,
Properties, and Antibacterial Effect of Bulk Ti23Zr25Nb Biocomposites, Metals (Basel). 10 (2020) 1-
23. https://doi.org/10.3390/met10091115 moj udzial polegal na realizacji badan aktywnosci
bakteryjnej wytworzonych materialéw oraz wspolipracy w analizie wynikow tych badan. Jednoczesnie
wyrazam zgode na wykorzystanie danych z tej publikacji na potrzeby przewodu doktorskiego Pana

mgr inz. Mateusza Marczewskiego.

Podpis
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dr n. farm. Magdalena Ratajczak
Katedra i Zaktad Genetyki i Mikrobiologii Farmaceutycznej
Uniwersytet Medyczny im. Karola Marcinkowskiego w Poznaniu
e-mail: mratajczak@ump.edu.pl

Oswiadczenie

Niniejszym os$wiadczam, ze w pracy M. Marczewski, M. Jurczyk, P. Pecyna, M. Ratajczak, M. Gajecka,
M.U. Jurczyk, The Effect of 45S5 Bioglass and Ag, Cu, or Zn Addition on the Crystal Structure,
Properties, and Antibacterial Effect of Bulk Ti23Zr25Nb Biocomposites, Metals (Basel). 10 (2020) 1-
23. https://doi.org/10.3390/met10091115 moj udziat polegat na wykonaniu badari aktywnosci
bakteryjnej wytworzonych materiatdw oraz wspdtpracy w analizie wynikéw tych badan. Jednoczes$nie
wyrazam zgode na wykorzystanie danych z tej publikacji na potrzeby przewodu doktorskiego Pana
mgr inz. Mateusza Marczewskiego.
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Oswiadczenie

Oswiadczam, ze w pracy autorstwa M. Marczewski, M. Jurczyk, P. Pecyna, M.
Ratajczak, M. Gajecka, M.U. Jurczyk, pt.: “The Effect of 4555 Bioglass and Ag, Cu, or Zn
Addition on the Crystal Structure, Properties, and Antibacterial Effect of Bulk Ti23Zr25Nb
Biocomposites”, Metals (Basel). 10 (2020) 1-23. https://doi.org/10.3390/met10091115, moj
udziat polegat na ocenie merytorycznej badan aktywnosci przeciwbakteryjnej wytworzonych
materiatow. Jednoczesnie wyrazam zgode na wykorzystanie danych z tej publikacji na
potrzeby przewodu doktorskiego Pana mgr inz. Mateusza Marczewskiego.
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dr hab. n. med. Mieczystawa Urszula Jurczyk, prof. UM
Katedra i Klinika Zdrowia Matki i Dziecka
Uniwersytet Medyczny im. Karola Marcinkowskiego w Poznaniu
e-mail: mjur@poczta.onet.pl

Oswiadczenie

Niniejszym oSwiadczam, ze w pracy M. Marczewski, M. Jurczyk, P. Pecyna, M. Ratajczak, M. Gajecka,
M.U. Jurczyk, The Effect of 4555 Bioglass and Ag, Cu, or Zn Addition on the Crystal Structure,
Properties, and Antibacterial Effect of Bulk Ti23Zr25Nb Biocomposites, Metals (Basel). 10 (2020) 1-23.
https://doi.org/10.3390/met10091115. M9j udziat polegat w pomocy przy badaniach aktywnosci
bakteryjnej wytworzonych materiatéw oraz wspoétpracy w analizie wynikdw tych badar. Jednoczeénie
wyrazam zgode na wykorzystanie danych z tej publikacji na potrzeby przewodu doktorskiego Pana mgr
inz. Mateusza Marczewskiego.
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