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STRESZCZENIE

Celem pracy bylto zaprojektowanie wilasciwosci dwuskladnikowych stopow tytanu
o strukturze B oraz pseudo B zawierajagcych molibden (Ti-Mo). Zbadano wptyw zawartosci
molibdenu (10-35 at. %) na przemiany fazowe oraz wlasciwo$ci mechaniczne stopoéw
otrzymanych w procesach mechanicznej syntezy i metalurgii proszkow (prasowanie na zimno
i spiekanie lub prasowanie na goraco). Dla stopu Ti23Mo przeprowadzono analize
poréwnawczg struktury i wlasciwosci w zalezno$ci od metody otrzymywania. W celu poprawy
biokompatybilnosci wytworzonych uktadéw naniesiono powtoki apatytowe na wybranych
stopach. Fluoroapatyt osadzono na utlenionej powierzchni (MAO) stopu Ti23Mo metoda
elektroforetycznego osadzania, natomiast powlok¢ hydroksyapatytu z niewielkg ilo$cig
CaHPO4-2H>O podczas obrobki hydrotermalnej na stopie Ti31Mo. Zmodyfikowano takze
sktad chemiczny stopu Ti31Mo poprzez wprowadzenie hydroksyapatytu i wybranych
dodatkow antybakteryjnych: Ag, CeO., Ta,0s.

Dla otrzymanych biomateriatéw przeprowadzono analize: struktury krystalicznej
z wykorzystaniem metod rentgenowskich, mikrostruktury za pomocg mikroskopii optyczne;j
oraz skaningowej 1 transmisyjnej mikroskopii elektronowej, odpornosci korozyjnej
w roztworze Ringera z wykorzystaniem potencjostatu, katéw zwilzalno$ci metoda osadzania
kropli oraz wiasciwosci mechanicznych wykorzystujac metody nanoindentacji (modut Younga,
twardo$¢), a takze badan mikrotwardoSci metoda Vickersa. Zbadano wlasciwosci
przeciwbakteryjne kompozytow w stosunku do szczepu Staphylococcus aureus. W pracy
okreslono rowniez cytokompatybilnos$¢ stopow Ti31Mo przed i po modyfikacji powierzchni
oraz kompozytéw dla osteoblastow i fibroblastow wigzadet ozgbne;.

Molibden jako stabilizator fazy Ti(B) umozliwit otrzymanie stopéw jednofazowych
W procesie prasowania na goraco lub stopéw pseudo f w procesie prasowania na zimno
i spiekania. Zastosowanie procesu mechanicznej syntezy doprowadzito do znacznego
rozdrobnienia mikrostruktury otrzymanych materialow. Najnizsze moduty Younga otrzymano
dla kompozytow o niskiej porowatosci (95 GPa, 4%) lub stopéw charakteryzujacych sig¢
wysoka porowatoscig (Ti31Mo 55 GPa, 29%). Modyfikacja powierzchni spowodowata
polepszenie odpornosci korozyjnej stopéw oraz zwilzalno$ci powierzchni wplywajac
na poprawe proliferacji komorek kostnych. Zywotno$é osteoblastow oraz fibroblastow byla
wyzsza lub zblizona dla badanych kompozytéw w porownaniu z tytanem mikrokrystalicznym.
Ponadto dla biomateriatow zawierajacych srebro lub tlenek ceru (IV) wspdtczynnik redukcji
dla bakterii S. aureus wynosit ponad 97 %.

Wytworzone biomateriaty z ultradrobnoziarnistg stukturg charakteryzuja si¢ lepszymi
wlasciwosciami niz mikrokrystaliczny tytan ze wzgledu na potencjalne ich zastosowanie
jako implanty dentystyczne lub endoprotezy stawu biodrowego. Modyfikacja sktadu
chemicznego lub powierzchniowa, spowodowaly obnizenie modutéw Younga, poprawe

odpornosci korozyjnej i biokompatybilnosci.






ABSTRACT

The work aimed to design the properties of titanium alloys with  and pseudo 3 structures
containing molybdenum (Ti-Mo). The effect of molybdenum content was investigated
(10-35 at. %) on phase transformations and mechanical properties of alloys obtained
in the processes of mechanical synthesis and powder metallurgy (both cold and hot approach).
On the other hand, a comparative analysis of the structure and properties of Ti23Mo alloys was
carried out depending on the processing method. Proposed procedures of surface treatment led
to the formation of apatite layers on selected alloys. Fluorapatite was deposited on the oxidized
surface (MAO) of the Ti23Mo alloy by the application electrophoretic deposition method.
After hydrothermal treatment of Ti31Mo alloy, the surface layer mostly consists
of the Caio(PO4)s(OH), with CaHPO4:2H,0O. The Ti31Mo alloy was also modified
by introducing hydroxyapatite and selected antibacterial additives.

For the processed biomaterials was followed analysis of: structure by an X-ray
diffractometer, microstructure by optical microscopy, scanning or transmission electron
microscope, corrosion resistance in Ringer's solution by a potentiostat, wettability angles
by droplet deposition, and mechanical properties (Young's modulus, hardness). The
antibacterial activity of composites against Staphylococcus aureus was studied. The in vitro
cytocompatibility of synthesized materials was also assayed for osteoblasts and fibroblasts.

Molybdenum as a Ti (B) phase stabilizer allowed to obtain single-phase alloys by applicated
the hot pressing process or pseudo-f alloys by the cold pressing and sintering process.
The application of the mechanical synthesis process leads to nano-scale size object formation.
The lowest Young's modulus was obtained for composites with low porosity (95 GPa, 4%)
or alloys with high porosity (Ti31Mo 55 GPa, 29%). The modification of the surface layer
caused improvement of the corrosion resistance of the alloys and the wettability of the surface,
thus improving the proliferation of bone cells. The viability of osteoblasts and fibroblasts was
higher or similar for composites compared to microcrystalline titanium. Moreover, for
biomaterials containing silver or cerium (IV) oxide, the reduction factor for S. aureus bacteria
was over 97%.

The obtained ultrafine grain biomaterials have better properties than microcrystalline
titanium, which causes their potential use as medical implants. Produced composites containing
Ti-based alloys and bioceramic and antibacterial additives as a reinforced and surface
modification of alloys resulted in the reduction of Young's modulus, improved corrosion

resistance, and biocompatibility.
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1. Wstep

Z powodu coraz bardziej starzejacego si¢ spoteczenstwa poszukiwane sg nowe rozwigzania
dla medycyny, w tym ortopedii. W 2017 roku osoby powyzej 60 roku zycia stanowilty 13%
swiatowej populacji. Dla Europy wskaznik ten wynosit az 25% [1]. Wiek jest najistotniejsza
przyczyna wptywajaca na rozwdj i progresj¢ choroby zwyrodnieniowej stawow. Inne czynniki,
jak otylos¢, brak aktywno$ci fizycznej, palenie tytoniu, nadmierne spozycie alkoholu
oraz kontuzje powoduja wzrost dolegliwosci uktadu migsniowo-szkieletowego [2]. Wedtug
danych Swiatowej Organizacji Zdrowia (ang. World Health Organization WHO) choroba
zwyrodnieniowa stawow jest jedng z dziesieciu chordb powodujacych najwicksza
niepetnosprawno$¢ w krajach rozwinigtych. W 2014 roku szacowano, ze na calym $wiecie
choruje na nig 10% mezczyzn 1 18% kobiet w wieku powyzej 60 roku zycia [3]. Od 2000 roku
liczba zabiegdw endoprotezoplastyki stawu biodrowego gwattownie wzrosta w wigkszosci
krajow nalezacych do OECD (Organizacja Wspdipracy Gospodarczej i Rozwoju,
ang. Organisation for Economic Co-operation and Development). 1los¢ wykonywanych
operacji wymiany stawu biodrowego wzrosta o 30% w latach 2007-2017. [2, 4]. Problem
chorob uktadu mig$niowo-szkieletowego wymusza poszukiwanie coraz lepszych,
bezpieczniejszych i skuteczniejszych rozwigzan w zakresie implantologii [1, 5].

Ze wzgledu na wihasciwos$ci tytan i1 jego stopy stanowiag najszerzej stosowang grupe
biomateriatéw. Jednym z najpopularniejszych materiatow wykorzystywanym na implanty
tkanki twardej jest stop tytanu Ti-6Al-4V [6-8]. Wykazuje on jednak istotne wady, takie
jak wysoki modut sprezystosci, niska twardo$¢, stosunkowo staba odpornos¢ na zuzycie
scierno-korozyjne [9, 10]. Ponadto aluminium i wanad maja bardzo negatywny wptyw
na zdrowie cztowieka, prowadzac m.in. do chorob neurologicznych takich jak Alzheimer
czy Parkinson [9-10]. Jednym z rozwigzan umozliwiajacych poprawe jakosci Zycia jest
zastgpienie stopu Ti-6Al-4V nowg generacja materiatlow tytanowych typu [ [11-13].
Charakteryzuja si¢ one wysoka odpornos¢ zmegczeniowa, niskim modutem sprezystosci,
wysoka twardoscig i dobra odpornoscia na korozje [7, 9]. Lepsze dopasowanie wiasciwosci
mechanicznych do wlasciwosci kosci wzgledem stopdéw poprzednich generacji ogranicza
obluzowywanie implantu na skutek resorpcji niecobcigzonej kosci (ang. Stress shielding) [14].

Dodatki stopowe wprowadzane do tytanu mozna podzieli¢ na trzy grupy: stabilizujace
faze o (C, N, O, Al.), neutralne (Zr) i stabilizujace faze B (V, Nb, Mo, Ta, Si, Cr, Mn, Fe, Co,
Ni, W) [7, 9] Stabilizatory fazy  prowadza do obnizenia temperatury przemiany fazowej o =3
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(882°C dla tytanu). Faza Ti(a) krystalizuje w uktadzie heksagonalnym zwartym (P63/mmc),
natomiast faza Ti(f) w regularnie przestrzennie centrowanym (Im-3m) [7, 15, 16]. Do nowe;j
generacji stopéw tytanu nalezg m. in. dwuskladnikowe stopy tytan-molibden. Stopy
te wytwarzano r6znymi metodami, m. in. topienia lukowego [17], przetapiania laserowego [ 18],
czy w procesach obrobki cieplnej [19, 20]. Jednak do tej pory stopy Ti-Mo nie byly
otrzymywane w procesie mechanicznej syntezy (ang. Mechanical Alloying MA), ktéra pozwala
na uzyskanie materialdow trudnych lub niemozliwych do otrzymania konwencjonalnymi
metodami topienia [21, 22]. Dodatkowo, proces ten pozwala na modyfikacje wlasciwosci
stopow przez znaczne rozdrobnienie struktury do wielko$ci nanometrycznych, a w niektorych
przypadkach poprzez powstawanie nowych faz [23].

Kompozyty na bazie tytanu lub jego stopdéw zawierajace jako faz¢ wzmacniajaca
hydroksyapatyt (HA) lub bioszkto (BG) sg obiecujaca alternatywa w porownaniu z materiatami
konwencjonalnymi [24-26]. Wptyw hydroksyapatytu na wlasciwosci tytanu i jego stopow byt
przedmiotem wielu badan. Dodatek nanoczastek HA do tytanu spowodowat wzrost twardosci,
obnizenie modulu Younga oraz poprawe odpornosci korozyjnej w poroéwnaniu do tytanu
mikrokrystalicznego  [24]. Znaczna  poprawa  wlasciwosci  nastgpita  rowniez
poprzez wprowadzenie do stopu Ti23Mo bioszkla w potaczeniu z modyfikacja warstwy
wierzchniej [25].

Wraz ze wzrostem konieczno$ci stosowania implantéw medycznych ro$nie mozliwo$¢
wystepowanie infekcji oraz niepowodzenia integracji. W zwigzku z tym istotne
jest opracowanie biokompatybilnych materialow 1laczacych funkcje antyinfekcyjne
z doskonatymi wiasciwo$ciami osteointegracyjnymi [27].

Zaré6wno bakterie gram-dodatnie, jak 1 gram-ujemne moga tworzy¢ biofilmy
na wyrobach medycznych. Najczesciej wystepujacymi szczepami sg Enterococcus faecalis,
Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus viridans, Escherichia coli,
Klebsiella pneumoniae, Proteus mirabilis 1 Pseudomonas aeruginosa [28]. Gatunki
gronkowcow stanowig zréznicowang grup¢ bakterii gram-dodatnich, zasiedlajacych glownie
skore 1 btony S$luzowe czlowieka oraz innych ssakow. Szacuje si¢, ze sposrod
nich Staphylococcus aureus oraz Staphylococcus epidermidis sa gtownag przyczyng zakazen
miejsca operowanego 1 87% zakazen krwi [28-31]. Dwie trzecie zakazen zwigzanych
z implantologia jest wywotanych przez gronkowce, sposrod ktorych wigkszos¢ stanowia S.
aureus oraz gronkowce koagulazo-ujemnymi [32, 33]. W celu zminimalizowania ryzyka
zakazenia wazne jest wprowadzanie dodatkow antybakteryjnych jako dodatkowych

sktadnikéw materialu badz modyfikatorow warstwy wierzchniej. Ostatnie badania wykazaty
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aktywnos$¢ przeciwbakteryjng ceramiki szklanej domieszkowanej Ta,Os wobec bakterii bakterii
gram-dodatnich: Streptococcus pyogenes, Bacillus subtilis 1 Staphylococcus epidermidis [34].
Natomiast nanoczgstki tlenku ceru wykazuja aktywnos$¢ przeciwbakteryjng wobec Escherichia
coli [35, 36]. Wykazano takze podobne dziatanie srebra wzgledem S. aureus [37].

Poprawe wlasciwosci i biokompatybilno$ci stopow przeznaczonych na implanty mozna
osiggng¢ nie tylko modyfikujac sklad materialu i jego mikrostrukture, ale takze
przez modyfikacje warstwy wierzchniej [25]. W przypadku implantow obrobka
powierzchniowa jest stosowana m. in. w celu zmiany topografii i poprawy zwilzalnosci
powierzchni, aby zwigkszy¢ aktywno$¢ proliferacyjna komoérek kostnych oraz poprawic proces
osteointegracji [25, 38-41]. Jedng z grup materialow wykorzystywanych na biokompatybline
powloki sg fosforany wapnia, w tym hydroksyapatyt, szczawian wapnia CaHPO4-2H>O,
czy fluoroapatyt. [25, 27, 40-42]

W ramach prowadzonych badan wytworzono dwuskladnikowe stopy Ti-Mo metoda
mechanicznej syntezy i metalurgii proszkow. W pracy zbadano wptyw metody otrzymywania
na wilasciwosci stopow. W celu dalszej poprawy wihasciwosci mechanicznych,
ale takze antybakteryjnych 1 biologicznych, zmodyfikowano ich sktad chemiczny tworzac
uktady kompozytowe z hyroksyapatytem, oraz srebrem, tlenkiem tantalu (V) lub tlenkiem
cyrkonu (IV), a takze wytworzono powtoki fluoroapatytu lub hydroksyapatywu z niewielka

iloscig CaHPO4-2H,0.
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2. Celi zakres pracy

Celem pracy byto zaprojektowanie wtasciwos$ci stopdw tytanu o strukturze  oraz pseudo

B zawierajacych molibden (Ti-Mo). Materialy wytworzono metodami mechanicznej syntezy

oraz metalurgii proszkow. Nastepnie modyfikowano ich sktad, dodajac hydroksyapatyt

1 wybrane dodatki antybakteryjne, tworzac uktady kompozytowe, a takze zastosowano metody

obrobki  powierzchniowej. Powzigte kroki przeprowadzono w celu poprawy

biokompatybilnosci stopéw tytanu wykorzystywanych w medycynie, szczegdlnie poprzez
eliminacj¢ szkodliwych dla zdrowia dodatkéw stopowych, takich jak aluminium i1 wanad

o dzialaniu neurotoksycznym. Wytworzenie uktadéw tytan-molibden oraz kompozytoéw miato

takze polepszy¢ wlasciwosci uzytkowe materiatbw do zastosowan medycznych.

Przeprowadzono modyfikacje mikrostruktury otrzymanych stopéw Ti-Mo, aby zredukowac

moduty Younga materiatlow, poprawi¢ ich odpornos¢ korozyjng w $srodowisku pltynow

ustrojowych, zwiekszy¢ biozgodno§¢ oraz aktywnos$é antybakteryjng wzgledem szczepu

Staphylococcus aureus (gronkowca ztocistego). Natomiast zastosowane metody oborki

powierzchniowe] przeprowadzono w celu poprawy biokompatybilnosci oraz odpornosci

korozyjne;.
Zrealizowano szczegoétowe zadania w ramach cyklu monotematycznych publikacji,
do ktorych nalezaly:

a) wytworzenie stopow tytan-molibden Ti-x at. % Mo (x=10, 23, 27, 31 1 35)
o drobnoziarnistej strukturze, wykorzystujac metode mechanicznej syntezy przy czasie
mielenia 48 h oraz procesy metalurgii proszkow. Otrzymane proszki byly prasowane
jednoosiowo na zimno pod ci$nieniem 600 MPa, a nast¢pnie spiekane w temperaturach 600-
1000°C przez 30 min lub indukcyjnie prasowane na goragco w temperaturze 800°C
pod cisnieniem 60 MPa przez 5 min. Zbadano wplyw sktadu chemicznego i metody obrobki
na mikrostruktur¢ oraz wilasciwosci mechaniczne stopow. Zmiany sktadu fazowego
scharakteryzowano metoda dyfrakcji rentgenowskiej podczas mielenia
oraz po konsolidacji. Na podstawie otrzymanych dyfraktograméw rentgenowskich
wyznaczono wielkos¢ krystalitow 1 odksztatcenia sieci po procesie mechanicznej syntezy
metoda Williamsona-Halla oraz przeprowadzono jakosciowg oraz ilo$ciowg (metoda
Rietvielda) analize fazowa stopoéw. Do scharakteryzowania mikrostruktury, skladu
chemicznego 1 rozktadu poszczegdlnych pierwiastkow wykorzystano skaningowy
mikroskop elektronowy (ang. scanning electron microscope SEM) ze spektrometrem

dyspersji energii (ang. energy dispersive spectometry EDS). Do analizy mikrostrukturalnej
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b)

probki zostaly wypolerowane i1 nastepnie wytrawione w odczynniku Krolla. Obserwacji
z wykorzystaniem skaningowej mikroskopii elektronowej poddano réwniez proszki
przed i po mechanicznej syntezie. Natomiast wysokorozdzielcza mikroskopia elektronowa
(HRTEM) umozliwita doktadniejsza analiz¢ mikrostruktury, wraz z wyznaczeniem
wzorcow krystalograficznych. Ponadto oceniono na podstawie histograméw obrazéw
z mikroskopu optycznego porowato$¢ stopéw, a wykorzystujac wage hydrostatyczng
wyznaczono gestosci spiekow. Charakterystyka otrzymanych stopow obejmowata réwniez
badania mechaniczne. Wyznaczono moduty Younga metoda nanoindentacji oraz twardosci
stopow metoda Martensa oraz Vickersa.

wytworzenie dwusktadnikowych stopow Ti-23 at. % Mo (Ti23Mo) metodami topienia
lukowego lub mechanicznej syntezy oraz metalurgii proszkow. Mikrokrystaliczny stop
Ti23Mo otrzymano przez trzykrotne topienie tukowe proszkow przy cigglym przeptywie
argonu, poprzednio sprasowanych na zimno pod ci$nieniem 600 MPa. Dodatkowo stop byt
wyzarzany w temperaturze 800°C przez 24 h. Kolejne stopy Ti23Mo wytworzono,
jak poprzednio, wykorzystujac metode mechanicznej syntezy oraz procesy metalurgii
proszkéw. Otrzymane proszki byly prasowane jednoosiowo na zimno pod ci$nieniem
600 MPa i spickane w temperaturze 800°C przez 30 min lub indukcyjnie prasowane
na goragco w temperaturze 800°C pod cisnieniem 60 MPa przez 5 min. Ponadto wytworzono
porowaty stop (ang. scaffold) poprzez dodanie do proszku, po procesie mechanicznej
syntezy, srodka porotworczego wodoroweglanu amonu (NH4HCO3). Otrzymang wypraske
podczas prasowania na zimno spiekano w prézni 102 Pa w dwdch etapach: 175°C
przez 2 h w celu usuniecia czasteczek srodka porotwoérczego oraz w temperaturze 1150°C
przez 10 h. Charakterystyka otrzymanych stopoéw obejmowata analiz¢ strukturalng
pod wzgledem jakosciowym 1 iloSciowym, a takze obserwacj¢  mikrostruktury
z wykorzystaniem mikroskopu optycznego oraz skaningowego mikroskopu elektronowego.
Okres$lono sktad chemiczny stopow metoda EDS. Wyznaczono takze ggsto$¢, porowatosé
oraz wlasciwosci mechaniczne, takie jak modut Younga metoda nanoindetnacji, twardos$¢
Martenssa, czy mikrotwardo$¢ metoda Vickersa. Oceniono réwniez odpornos¢ korozyjng
stopow w roztworze Ringera. Na podstawie krzywych polaryzacji obliczono ubytek masy
zgodnie z prawem Faradaya oraz poprzez pomiar masy probek przed i po zanurzeniu
w roztworze Ringera przez 14 dni. Kolejnym zadaniem zrealizowanym w tej pracy byta
modyfikacja powierzchni wybranych stopdw poprzez utlenianie mikro-tukowe (ang. micro-

arc oxidation MAO) przy stalym napigciu 250 V przez 3 min w roztworze 0,01 M fosforanu
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d)

wapnia i 0,5 M kwasu cytrynowego oraz osadzanie elektroforetyczne (ang. electrophoretic
deposition EPD) fluoroapatytu przy napigciu -200 V przez 1 min w etanolu. Dla stopu
Ti23Mo po kazdym etapie modyfikacji powierzchni wyznaczono sktad fazowy z uzyciem
dyfraktometru rentgenowskiego, oceniono morfologi¢ z wykorzystaniem SEM, zbadano
odpornos¢ korozyjna oraz dokonano pomiaréw zwilzalnosci powierzchni.

wytworzenie kompozytow na bazie stopu Ti-31 at. % Mo (Ti31Mo) zawierajacych
hydroksyapatyt (HA) 2,5-10 wag. % oraz dla zawartosci 5 wag. % HA dodatki
antybakteryjne takie jak: srebro Ag (1 wag. %), tlenek tantalu (V) TaxOs (2 wag. %)
lub tlenek ceru CeO> (IV) (2 wag. %). Czas procesu wynosit 39 h. Otrzymane materiaty
poddano jednoosiowemu prasowaniu na zimno pod ci$nieniem 600 MPa i spiekaniu
w temperaturze 800°C przez 30 min. Charakterystyka obejmowata, podobnie
jak przy stopach niemodyfikowanych, analize¢ strukturalng podczas mielenia
1 po konsolidacji. Wyznaczono wielko$¢ krystalitow metoda Williamsona-Halla
oraz okreslono zawarto$¢ poszczegolnych faz w kompozytach metodg Rietvelda. Dokonano
obserwacji mikrostruktury otrzymanych materiatlbw za pomocg mikroskopii SEM,
przeanalizowano sktad chemiczny oraz rozklad pierwiastkow metoda EDS. Wyznaczano
takze gestos¢ 1 porowato$¢ kompozytéw oraz wlasciwosci mechaniczne (modut Younga,
mikrotwardos$¢), zwilzalno$¢ powierzchni i odpornos¢ korozyjng w roztworze Ringera.
Ponadto dla kompozytow Ti31MoSHA oraz zawierajacych srebro, tlenek tantalu (V)
lub tlenek ceru (Iv) zbadano wlasciwosci przeciwbakteryjne
w stosunku do szczepu Staphylococcus aureus.

modyfikacja powierzchni stopu Ti31Mo metoda hydrotermalng. W pierwszym etapie
materiaty zanurzano w 5 M roztworze wodorotlenku sodu przez 24 h w temperaturze 60°C.
Nastepnie na powierzchni stopu osadzono warstwe Ca/P skladajaca sie¢ glownie
z hydroksyapatytu przez zanurzenie probek w temperaturze 120°C przez 2 h
w elektrolicie zawierajagcym 0,25 M wersenianu wapniowo-disodowego oraz 0,25 M
fosforanu dipotasu rozpuszczonych w 1 M roztworze wodorotlenku sodu. Dla materiatow
po modyfikacji powierzchniowej przeprowadzono analize strukturalng z wykorzystaniem
dyfraktometru rentgenowskiego. Dokonano obserwacji morfologii 1 przekroju
poprzecznego otrzymanej powtoki wykorzystujac skaningowg mikroskopie elektronowa,
a takze wyznaczono sktad chemiczny oraz rozktad pierwiastkéw metoda EDS. Za pomoca
profilometru optycznego oszacowano parametry chropowatos$ci powierzchni po kazdym
etapie wytwarzania powloki. Oceniono takze zwilzalno§¢ powierzchni i odpornosé

korozyjng stopu Ti3IMo po obrobce powierzchniowej. Zbadano rdwniez
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cytokompatybilno§¢ in vitro stopow Ti31Mo przed i po modyfikacji powierzchni
oraz kompozytow Ti31MoSHA, Ti31MoSHA-Ag(lub Ta;Os, CeO2) wzgledem tytanu
mikrokrystalicznego z wykorzystaniem osteoblastow (NHost) i fibroblastow wigzadet

ozebnej (HpdLF).
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3. Wyniki badan

3.1.Stopy dwuskladnikowe Ti-Mo

Dwuskladnikowe stopy Ti-Mo zawierajace 10, 23, 27, 31 oraz 37 at. % molibdenu zostaty
wytworzone metodami mechanicznej syntezy i metalurgii proszkéw. Otrzymane proszki
skonsolidowano przez jednoosiowe prasowanie na zimno pod ci$nieniem 600 MPa i spiekanie
w temperaturach: 600, 700, 800 1 1000°C przez 30 min w atmosferze argonu [1, 2].

Dla wszystkich koncentracji molibdenu w stopach Ti-Mo przeprowadzono analiz¢ zmiany
struktury krystalicznej podczas procesu mechanicznej syntezy (Rysunek 1 [1]). Dla zawartosci
powyzej 10 at. % molibdenu w czasie od 15 min do 48 h zachodzita przemiana fazowa
Ti(a)—>Ti(B). Mielenie mikrokrystalicznych proszkéw przez 48 h prowadzito do powstania
dwufazowej struktury Ti(B)+TiMo. Dyfraktogramy stopow Ti23Mo oraz Ti31Mo
przedstawiono na Rysunku 1. Jednofazowy stop Ti(f) otrzymano juz po 15 h procesu
mechanicznej syntezy dla koncentracji 35 at. % molibdenu. Wydluzenie czasu mielenia do 48 h
spowodowato przemiang Ti(B)—TiMo. Natomiast dla niskiej koncentracji molibdenu,
tzn. 10 at. %, otrzymano dwufazowg strukture Ti(a)+TiMo niezaleznie od czasu trwania
mielenia. Po zakonczonym procesie mechanicznej syntezy otrzymano prawie amorficzne
proszki charakteryzujace si¢ wysokim stopniem rozdrobnienia. Wielko$¢ krystalitow

wyznaczona metodg Williamsona-Halla wynosita 5,5-19 nm (Rysunek 2 [1], Tabela 1 [1]).
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Rysunek 1. Dyfraktogramy rentgenowskie stopow Ti23Mo (a) oraz Ti3 1Mo (b) podczas procesu
mechanicznej syntezy [1]
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Temperatura spiekania, a takze zawarto§¢ molibdenu w istotny sposéb wplywaly
na strukture krystaliczng stopow. Metoda prasowania na zimno i spiekania w temperaturach
od 600 do 1000°C otrzymano porowate (25-28%) stopy zawierajace gtownie faze Ti(P)
oraz fazg Ti(a). Wigksza zawartos¢ molibdenu powodowata powstawanie dodatkowej fazy
przejsciowej TiMo o strukturze regularnej przestrzennie centrowanej, wykazujacej tendencje
do krystalizacji w kierunku molibdenu. Wystepowata ona w stopach o zawartosci od 23 at. %
molibdenu spiekanych w temperaturze 600°C oraz dla 31 at. % w temperaturze 700°C.
W przypadku stopu Ti35Mo we wszystkich analizowanych temperaturach spiekania widoczne
byly trzy fazy: Ti(B), Ti(a) i TiMo. Natomiast zawartos¢ fazy Ti(B) we wszystkich
syntetyzowanych stopach wzrastata wraz ze wzrostem temperatury spiekania. Finalng strukture
stopéw Ti-Mo mozna ksztaltowac przez odpowiednio dobrang temperaturg spiekania. Wzrost
zawartosci molibdenu powodowatl zmniejszenie rozmiaru regularnej komorki tytanu. Udziaty
fazowe oraz parametry sieci krystalograficznych badanych stopéw okreslono metoda Rietvelda

(Tabele 2-3 [1])
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Rysunek 2. Dyfraktogramy rentgenowskie stopow Ti3 1Mo prasowanych na zimno i spiekanych

w temperaturach 600-1000°C oraz prasowanego na gorqco w temperaturze 800°C [1]

Lite stopy typu Ti(f) otrzymano w wyniku zastosowania indukcyjnego prasowania
na goragco w temperaturze 800°C przez 5 min dla zawarto$ci molibdenu 23-31 at. %.
Dla najnizszej 1 najwyzszej analizowanej koncentracji otrzymano material o strukturze

dwufazowej. Poza dominujaca fazg regularng tytanu wystepowato ok. 27% fazy Ti(a’) w stopie

24



TilOMo lub ok. 16% fazy TiMo w stopie Ti35Mo. W wyniku oddziatywania wysokiej
temperatury oraz ci$nienia porowato$¢ tych materiatow nie przekraczata 0,25%.
Dyfraktogramy stopow spiekanych w temperaturach 600-1000°C oraz prasowanych na goraco
przedstawiono na Rysunku 4 [1]. Na Rysunku 2 zestawiono widma rentgenowskie stopu
Ti31Mo.

Wytworzone stopy charakteryzowaly si¢ drobnoziarnista strukturg (Rysunek 7 [1]).
Dla stopu Ti27Mo prasowanego na gorgco w celu potwierdzenia uzyskanej mikrostruktury
przeprowadzono obserwacje przy uzyciu transmisyjnego mikroskopu elektronowego.
Sprawdzono strukturg krystalograficzng stopu za pomoca dyfrakcji elektronéw. Analizowany
wzor dyfrakcyjny potwierdza struktur¢ regularnie przestrzennie centrowang odpowiadajaca

odmianie alotropowej Ti(B) (Rysunek 3, Rysunek 8 [1])

Rysunek 3. Obraz TEM dla stopu Ti-27 at.% Mo po prasowaniu na gorgco w temperaturze 800°C z dyfrakcjg

elektronow dla jednego z ziaren [1]

Sposéb wytwarzania stopow Ti-Mo ma istotny wplyw na strukture fazowa, mikrostrukture
oraz wlasciwosci. Dla wybranej koncentracji molibdenu — 23 at. % — zastosowano takze inne
metody otrzymywania [2]. Proszki tytanu i molibdenu wymieszano, sprasowano na zimno,
anastepnie trzykrotnie przetapiano metoda topienia tukowego przy ciggtym przeptywie argonu.
W wyniku zastosowanego procesu otrzymano jednofazowy stop Ti(f). W kolejnym etapie
mikrokrystaliczny material zostal wyzarzony w temperaturze 800°C przez 24 h. Zastosowana
obrébka cieplna spowodowala wydzielenie ok. 17% fazy Ti(a') oraz spadek porowatosci
z 0,31% do 0,06%. Ponadto otrzymano jednofazowy stop podczas wytwarzania materialu
porowatego poprzez dodanie $rodka porotworczego do proszku otrzymanego w procesie
mechanicznej syntezy i poddanego dwuetapowemu spiekaniu. Materiat ten charakteryzowat si¢
porowato$cig rzedu 55%. Powierzchnie stopéw Ti23Mo otrzymanych réznymi metodami

konsolidacji przedstawiono na Rysunku 4 (Rysunek 2 [2])
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Rysunek 4. Powierzchnia stopowTi23Po otrzymanych roznymi metodami otrzymywania: topionie tukowe (a),
i wyzarzanie w temperaturze 800°C/24 h (b), mechaniczna synteza przez 48 h oraz: prasowanie na gorgco
w 800°C/5 min (c ), prasowanie na zimno i spiekanie w 800°C/0,5 h (d) i prasowanie na zimno z NH;HCO3
i spiekanie w 1150°C/10 h [2]

Dla wszystkich stopéw Ti-Mo prasowanych na zimno oraz spiekanych w temperaturze
800°C, a takze prasowanych indukcyjnie na goragco wyznaczono moduty Younga metoda
nanoindentacji. Lite materiaty charakteryzowaly si¢ modutami rzedu 124-140 GPa
w zalezno$ci od zawarto$ci molibdenu (10-31 at. %). Dla stopu wielofazowego Ti35Mo modut
Younga byt znaczaco wyzszy (158 GPa). Natomiast stopy Ti-Mo spiekane w dwuetapowym
procesie wykazywaty znacznie mniejszg sztywnos¢, co wynikato z ich duzej porowatosci
(Rysunek 9 [1], Tabela 5 [1]) . Najnizszy modut Younga wynosit ok. 55 GPa dla stopu Ti31Mo
przy porowatos$ci ok. 29%. Dla stopow Ti23Mo przeanalizowano takze wpltyw metody
otrzymywania. Najnizsza warto$cig 69,5 GPa charakteryzowat si¢ materiat o porowatosci 55%,
a najwyzsza uzyskano w przypadku stopu topionego lukowo i wyzarzanego - 143 GPa
(Rysunek 4 [2], Tabela 3 [2]). Prawie wszystkie stopy otrzymane w procesach metalurgii
proszkow charakteryzowaty si¢ modutami nizszymi niz komercyjny tytan Grade 2 (141 GPa),
natomiast mikrotwardo$¢ badanych stopéw byla znacznie wyzsza od mikrokrystalicznego
tytanu (180 HVy3). Dla stopow litych typu Ti(B) wynosita 454-494 HV,3. Stopy pseudo B
po spiekaniu swobodnym charakteryzowaty si¢ zblizonymi wartoSciami w zakresie
337-366 HVo3. Mikrotwardo$¢ materiatow wykazywata zrdéznicowany rozktad, ktory byt
zwigzany ze zmianami mikrostrukturalnymi. Tabela 1 przedstawia stopien porowatosci,

warto$ci modutdéw Younga oraz mikrotwardosci Vickersa dla wybranych stopow.
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Tabela 1. Porowatosc (P), mikrotwardos¢ Vickersa (HVo,3) i moduty Younga (E) dla stopow Ti-Mo [1,2]

stop Metoda otrzymywania P [%] HV,;3 E [GPa]
topienie tukowe 0,31+0,06 547+7 141,2+2.6
topienie lukowe 1 wyzarzanie 0,06+0,01 366+6 142,8+4,3
Ti23Mo prasowanie na goraco 0,24+0,08 45446 127,3+1,2
prasowanie na zimno i spiekanie 24,64+0,45 366+19 104,9+10,5
rasowanie na zimno i spiekanie
P  NILHCO, P 54,47+0,67 397417 69,5+8,9
prasowanie na gorgco 0,21+0,02 49448 136,8+1,8
Ti31Mo
prasowanie na zimno i spiekanie 28,70+0,19 337+14 54,8+16,7

Porowato$¢ stopéw wplywa nie tylko na ich wlasciwosci mechaniczne,
ale takze odgrywa istotng role w zachowaniu korozyjnym. Przeanalizowano odpornos¢
korozyjna stopow Ti23Mo w roztworze Ringera. (Rysunek 5 [2], Tabela 4 [2]). Uzyskane
wyniki wykazuja najlepsza odpornos¢ dla materialdow prasowanych na gorgco oraz topionych
lukowo po obrobce cieplnej. Ponadto podatnos$¢ na procesy korozyjne analizowanych stopow
zalezy od ich skladu fazowego. Materialy jednofazowe charakteryzuja si¢ lepszymi
wlasciwo$ciami w porownaniu do dwufazowych. Wyniki testow zanurzeniowych potwierdzity,
ze ubytek masy zalezy od struktury i porowatosci stopu.

Przeprowadzono analiz¢ wlasciwosci powierzchniowych otrzymanych stopow
wykonujagc pomiary kata zwilzalnosci wybranych materiatow. Badane stopy Ti23Mo
otrzymane réznymi metodami, a takze stop Ti31Mo s3a materialami hydrofilowymi. Katy
zwilzalno§ci miaty warto§¢ mniejszag niz 90° dla cieczy pomiarowych: dijodometanu
oraz gliceryny. Metodga OWRK (Owens, Wendt, Rabel oraz Kaelble) wyznaczono swobodng
energi¢ powierzchniows, ktorej warto$¢ dla stopow Ti23Mo byla zawarta w zakresie 35-56

mN/m, natomiast dla stopu Ti31Mo wynosita 43 mN/m (Tabela 6 [2], Tabela 10 [3]).
3.2.Kompozyty na bazie stopu Ti31Mo

W celu poprawy wiasciwosci stopu Ti3 1Mo wytworzono uktady kompozytowe zawierajace
2,5-10 wag. % hydroksyapatytu oraz dodatki antybakteryjne: 1 wag. % Ag, 2 wag. % TaxOs
lub CeO> [3]. Konsolidacj¢ proszkow po 39 h mechanicznej syntezy przeprowadzono
analogicznie do stopow prasowanych na zimno pod ci$nieniem 600 MPa i spiekanych

w temperaturze 800°C przez 30 min.
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Dla wszystkich koncentracji hydroksyapatytu w kompozytach na bazie stopu Ti31Mo
przeprowadzono analiz¢ zmiany struktury krystalicznej podczas procesu mechanicznej syntezy
(39 h). Po 15 min trwania mielenia dla wszystkich uktadow, w przeciwienstwie do stopu
Ti31Mo, pojawily si¢ linie charakterystyczne dla fazy Ti(B), poza wspotistniejacg fazg Ti(a).
Dodatkowo dla Ti31Mo10HA widoczne byty refleksy pochodzace od hydroksyapatytu. Po 39 h
tylko dla koncentracji 2,5 wag. % HA otrzymano materiat jednofazowy Ti(p). Dla pozostatych
kompozytow proszek mial strukture dwufazowa Ti(a)+Ti(f). Dla zadnej koncentracji
hydroksyapatytu nie zaobserwowano obecnos$ci fazy TiMo, jak w przypadku stopu Ti31Mo
(Rysunek 1 [3]). Wielko$¢ krystalitow wyznaczona metoda Williamsona-Halla wynosita

9-27 nm (Rysunek 2, Tabela 1 [3].
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Rysunek 5. Dyfraktogramy rentgenowskie kompozytow Ti3IMoxHA, x: 2,5 (a), 5 (b) i 10(c) prasowanych

na zimno i spiekanych w temperaturze 800°C [3]

W wyniku konsolidacji proszkow otrzymanych w procesie mechanicznej syntezy
otrzymano materiaty wielofazowe. Analiza strukturalna wykazata, ze we wszystkich

kompozytach wystepowatly fazy typu B. Ich udzial obj¢tosciowy malat wraz ze wzrostem
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zawartosci hydroksyapatytu z 70,3% do 57,5%. Udzial 10 wag. % bioceramiki spowodowat
powstawanie regularnej fazy tytanowej (bcc) Tio9sMooes oraz wzrost udziatu fazy Ti(f)
do 10%. Natomiast w kompozycie Ti31Mo2,5HA dominowala regularna faza (bcc)
Tio,75Mo0,25. We wszystkich kompozytach wystepowata réwniez faza przejsSciowa Tio,67M0o,33
o strukturze regularnie przestrzennie centrowanej (bcc) oraz TizP o strukturze heksagonalnej
pochodzaca z rozkladu hydroksyapatytu. Ponadto tlen dyfundujacy do sieci osnowy
stabilizowal faze Ti(a) powodujac wzrost jej ilosci z 18% (Ti31Mo2,5HA) do 29%
(Ti31Mol10HA). Na Rysunku 5 przedstawiono widma rentgenowskie kompozytéw
Ti31MoxHA (Rysunek 3 [3]). Udzialy fazowe oraz parametry sieci krystalograficznych
badanych kompozytéw okreslono metodg Rietvelda (Tabela 2 [3]). Obserwacje mikroskopowe
powierzchni kompozytow Ti31MoxHA =z uwzglednieniem rozktadu poszczegdlnych
pierwiastkdw potwierdzity otrzymanie struktury wielofazowej oraz ultradrobnoziarnistej
struktury (ok. 1 pum) (Rysunek 4 [3]).

Przeanalizowano takze wptyw dodatkéw antybakteryjnych 1 wag. % Ag, 2 wag. % TaxOs
lub CeO> na strukture¢ kompozytu Ti31MoSHA (Rysunek 5 [3]). Wprowadzenie do uktadu
srebra lub tlenkow bakteriobdjczych spowodowato zmiang relacji miedzy fazami typu p.
W otrzymanych materialach dominuje faza Tio7sMoo 25, ktora nie wystepowata w kompozycie
Ti31MoSHA. Natomiast ilo$¢ dominujacej dla niego fazy Tios7Moo33 zmalata z ok. 57%
do 9-19% w zalezno$ci od wprowadzonego dodatku antybakteryjnego. Wzrdst takze udziat
objetosciowy fazy Ti(P). Laczna ilo$¢ faz Tio 7Moo 33, Tio,7sMo00251 Ti() wynosita 65,4, 54,6
174,5% odpowiednio dla kompozytow o zawartosci 1 wag. % Ag, 2 wag. % TaxOs 12 wag. %
Ce0,. Zawarto$¢ fazy Ti(a) dla wszystkich materiatow, niezaleznie od wprowadzonego
dodatku antybakteryjnego, wynosita okoto 21%. We wszystkich kompozytach wystepowata
takze faza Ti3P, oraz TisP3; dla kompozytu zawierajacego tlenek ceru (IV) (Tabela 4 [3]).

Kompozyty Ti31MoxHA oraz Ti31Mo5SHA-Ag (Ta;Os lub CeO;) charakteryzowaty si¢
znacznie mniejsza porowatoscia (2-8%) w stosunku do stopu Ti31Mo (29%) (Tabela 3, 5 [3]).
Moduly Younga dla otrzymanych materiatlow wielofazowych wynosity od ok. 95 GPa
do ok. 116 GPa (Rysuenk 7, 8 [3]). Najnizszg wartos¢ ok. 95 GPa uzyskano dla kompozytow
Ti31Mo5SHATAg 1 Ti31Mo5HA2CeO: przy porowatosci ok. 4% oraz najnizszych twardosciach
wynoszacych odpowiednio 253 1 315 HVo3. W Tabeli 2 (Tabela 6, 7 [3]) zestawiono stopien
porowato$ci, wartosci moduldow Younga oraz mikrotwardos$ci Vickersa dla analizowanych

kompozytow.
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Tabela 2. Porowatosc (P), mikrotwardosc Vickersa (HVo,3) i moduty Younga (E) kompozytow [1, 3]

material P [%] HV,; E [GPa]

Ti31Mo 28,70+0,19 377+14 54,80+16,68
Ti31Mo2,SHA 2,10+0,10 396424 115,83+11,71
Ti31MoSHA 3,72+0,27 347430 100,91+13,19
Ti31Mol10HA 7,45+0,15 363+25 101,69+13,01

Ti31MoSHA1Ag 3,83+0,54 25311 94,94+6,64
Ti31MoSHA2Ta,0s 4,97+0,39 379429 102,45+30,00
Ti31MoSHACeO: 4,02+0,87 315+10 95,06+19,38

Ultradrobnoziarnisty kompozyt Ti31MoSHA charakteryzowat si¢ znacznie lepsza
odpornoscia korozyjna w roztworze Ringera niz stop Ti31Mo oraz kompozyty z zawartoscia
2,51 10 wag. % hydroksyapatytu. Dodatek 5 wag % hydroksyapatytu spowodowat znaczace
obnizenie pradu korozyjnego do 3,332 pA-cm 2 oraz wzrost wartoéci potencjatu korozyjnego
do —0,562 V. Wprowadzenie dodatkéw antybakteryjnych do kompozytu Ti31MoSHA,
szczegolnie tlenku ceru (IV), pogorszyto jego odpornos¢ korozyjna (Rysunek 9-10, Tabela 8-9
[3D.

Analiza wlasciwosci powierzchniowych wszystkich kompozytéw potwierdzita ich
hydrofilowy charakter. Katy zwilzalno$ci dla cieczy pomiarowych miaty warto§¢ mniejsza
niz 90°. Swobodna energia powierzchniowa wynosita od 43 mN/m dla kompozytu Ti31MoSHA
do 49 mN/m dla Ti31Mol10HA (Tabela 10 [3]). Najnizszg energiag 42 mN/m charakteryzowat
si¢ materiat zawierajacy 2 wag. % Ta2Os (Tabela 11 [3]).

3.3.Modyfikacja powierzchni
3.3.1. Modyfikacja powierzchni stopu Ti23Mo

Stop Ti23Mo prasowany na zimno i spiekany w temperaturze 800°C przez 30 min
poddano dwuetapowej modyfikacji powierzchni. Proces utleniania przeprowadzono metoda
MAO przy statym napigciu 250 V vs. potencjatu obwodu otwartego (ang. open circuit potential
OCP) przez 3 min w roztworze 0,01 M fosforanu wapnia Ca3(POs)> 1 0,5 M kwasu
cytrynowego. W drugim etapie czgstki fluoroapatytu, otrzymane metodg hydrotermalna,
osadzano na utlenionym podlozu poprzez nanoszenie -elektroforetyczne przy napigciu

wynoszacym -200 V przez 1 min w zawiesinie fluoroapatytu w etalolu [2].
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W wyniku zastosowania procesu MAO powierzchnia stopu Ti23Mo charakteryzowata
si¢ wysokim rozwinigciem. Analiza rentgenowska wykazala, Ze utleniona warstwa wierzchnia
sktadata si¢ z tlenkéw (TisO, CaTiO3), wodorotlenku wapnia (Ca(OH),) oraz apatytu
(Caz(POs4)2). Morfologia powierzchni po procesie MAO utatwia zakotwiczenie osadzanych
czasteki zwigksza adhezje powtoki do podtoza. Badania strukturalne potwierdzity otrzymanie
powtoki floroapatytu (Rysunek 6 [2]) charakteryzujacej si¢ rozwinigta topografig
1 porowato$cig, ulatwiajacg proces osteointegracji. Na Rysunku 6 (Rysunek 7 [2])
przedstawiono morfologi¢ powierzchni stopu Ti23Mo po kolejnych etapach modyfikacji

powierzchni.

10 um |8 W S um

Rysunek 6. Powierzchnia stopu Ti23Mo po utlenianiu MAO (a) i osadzaniu elektroforetycznym fluoroapatytu (b)
2]

Obrobka powierzchniowa stopu Ti23Mo prasowanego na zimno 1 spiekanego
swobodnie spowodowata poprawe odpornosci korozyjnej w roztworze Ringera (Rysunek 8 [2],
Tabela [5]). Najlepsza odpornos¢ korozyjng dla analizowanego stopu uzyskano po procesie
MAO. Jednak byla ona gorsza od stopow litych otrzymanych w procesach prasowania
na gorgco, czy topienia tukowego.

W efekcie modyfikacji powierzchni stopu Ti23Mo katy zwilzalno$ci wzrosty,
szczegblnie dla utlenionej powierzchni. Jednak ich wartoéci dla dwoch cieczy pomiarowych
nie przekraczaty 90°, co oznaczalo zachowanie hydrofilorego charakteru. Swobodna energia
powierzchniowa po osadzeniu fluoroapatytu zmalata z 56 mN/m do 49 mN/m. Najnizsza

warto$¢ ok. 43 mN/m uzyskano dla powierzchni po procesie utleniania (Tabla 6 [2]).
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3.3.2. Modyfikacja powierzchni stopu Ti31Mo

Zastosowano procesy modyfikacji powierzchni dla stopu Ti31Mo otrzymanego w procesie
prasowania na zimno i spiekania w temperaturze 800°C. W pierwszym etapie biomaterialy
zanurzono w 5 M roztworze NaOH na 24 godziny w temperaturze 60°C. W drugim kroku
na powierzchni osadzono powltoke Ca/P metoda hydrotermalng. Zastosowano elektrolit
1 M NaOH z 0,25 M CaNa-EDTA oraz 0,25 M K;HPO4 Proces przeprowadzono
w temperaturze 120°C przez 2 h [4].

100 um

Rysunek 7. Przekroj poprzeczny warstwy CaP na stopie Ti3IMo [4]

Zanurzenie jednofazowego stopu Ti31Mo w roztworze NaOH spowodowato utlenienie
oraz rozwinig¢cie powierzchni stopu, co ulatwito osadzanie i kotwiczenie powloki w kolejnym
etapie obrobki powierzchniowej. Otrzymana powloka o grubos$ci ok. 155 um sktadata si¢
gléwnie z hydroksyapatytu Caio(POs)s(OH), oraz 19% wodorofosforanu wapnia
CaHPO4-2H>O (Rysunek 2 [4], Tabela 1 [4]). Przekrd] poprzeczny powtoki zaprezentowano
na Rysunku 7 (Rysunek 4 [4]). Analiza EDS potwierdzita obecnos¢ jonéw wapnia i fosforu
po zastosowanej obrobce hydrotermalnej oraz ich rtownomierny rozktad (Rysuenk 5 [4], Tabela
[2]).

Znaczne rozwini¢cie powierzchni po procesie utleniania oraz osadzania powloki Ca/P
potwierdzity badania chropowato$ci. Dla stopu Ti31Mo parametry Ra, Rt i Rz wynosity
odpowiednio okoto 1, 15 1 11 pum. Natomiast po zanurzeniu w roztworze NaOH wzrosty
do wartosci 2, 22 1 16 um. Po obrdbce hydrotermalnej warto$ci parametrow chropowatosci
byly najwyzsze: Ra =<9 um, Rt = 62 um, i Rz = 45 um (Rysunek 6 [4], Tabela 3 [4]).

Zastosowana obrobka powierzchniowa dla stopu Ti31Mo spowodowata popraweg jego
odpornosci korozyjnej oraz hydrofilowosci . Ubytek masy po 14 dniach zanurzenia w roztworze

Ringera spadt z 49,6 pg/dzien dla stopu przed modyfikacja powierzchni do 15 pg/dzien
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dla stopu po obrobce hydrotermalnej. Jednak najlepsza odpornos$cia korozyjng charakteryzowat
si¢ kompozyt Ti31MoSHA, dla ktérego ubytek masy wynosit zaledwie 3 pg/dzien. Dla innych
zawarto$ci hydroksyapatytu (2,5 1 10 wag. %) odpornos¢ korozyjna byla zblizona lub gorsza
w porownaniu do stopu modyfikowanego powierzchniowo. Katy zwilzalno$ci powierzchni
dla gliceryny po obrébce powierzchniowej odpowiednio zmniejszyly sie¢ z ok. 50° do 31°

(Tabela 4 [4]).

3.4.Badania aktywnosci przeciwbakteryjnej i biozgodnosci
3.4.1. Badania aktywnosci przeciwbakteryjnej

Przeprowadzono oceng¢ aktywnosci antybakteryjnej dla stopu Ti31Mo
oraz kompozytow Ti31Mo5SHA, Ti31MoSHA-Ag (Ta2Os lub CeO») wzgledem szczepu bakterii
Staphylococcus aureus (ATCC 6538) [3].

W  poréwnaniu do mikrokrystalicznego tytanu na powierzchni kompozytow
zawierajacych dodatki antybakteryjne, takie jak srebro czy tlenek ceru (IV) adhezja bakterii
byla znaczaco mniejsza. Kompozyty Ti31MoSHA1Ag i Ti31Mo5SHA2CeO, hamowaly
tworzenie biofilmu. Wspoétczynnik redukeji (ang. reduction factor RF), ktéry zostat odniesiony
do liczby jednostek tworzacych kolonie bakteryjne na mikrokrystalicznym tytanie, wynosit
odpowiednio 97,5 oraz 98,9% (Tabela 3, Tabela 12 [3]). Wysoka aktywno$¢ przeciwbakteryjna
tych kompozytow wobec S. aureus widoczna jest takze na zdjeciach przedstawiajgcych

hodowle bakteryjne po 24 h inkubacji (Rysunek 11 [3]).

Tabela 3, Aktywnos¢ antybakteryjna materialow wzgledem S. aurerus [3]

CFU/mL
. RF
material Po4h Po20 h %
inkubacji inkubacji
Tytan mikrokrystaliczny (kontrolny) <1,0-10° 2,0-10° -

Ti31Mo <1,0-10° 3,510 82,5
Ti31MoSHA <1,0-10° 4,0-10* 80,0
Ti31MoSHA1Ag <1,0-10° 5,0-10° 97,5
Ti31MoSHA2Ta;0s <1,0-10° 3,510 82,5
Ti31MoSHA2CeO; <1,0-10° 2,2:10° 98,9
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3.4.2. Badania biozgodnosci

Zbadano intensywno$¢ wzrostu komorek kostnych na powierzchniach stopu Ti3 1Mo,
Ti31Mo modyfikowanego powierzchniowo oraz kompozytow Ti31MoSHA, Ti31MoSHA-Ag
(Ta2Os lub Ce0y2), Do badan in vitro wykorzystano lini¢ komdérkowa Normalnych Ludzkich
Osteoblastow (NHost, CC-2538) i Ludzkich Fibroblastow Wigzadla Przyzebia (HPdLF, CC-
7049), ktore hodowano na badanych materiatach przez 24, 721 120 h [4],

Topografia powierzchni i1 sktad chemiczny biomaterialu wptywaty na intensywnos$¢
wzrostu komorek kostnych, Komoérki NHost 1 HPALF wykazywaty bardzo dobra proliferacje,
kolonizacje i wielowarstwowos¢, Po 72 h hodowli wzgledna zywotno$¢ fibroblastow wzgledem
tytanu mikrokrystalicznego (ang, Relative Viability of the Cells RVC) dla wszystkich badanych
materialow byta wyzsza od 100%, Proliferacja osteoblastow dla kompozytéw Ti31MoSHA,
Ti31Mo5HA-Ag (Ta2Os lub CeO») oraz stopu Ti3 1Mo modyfikowanego powierzchniowo po
120 h hodowli byta intensywniejsza lub zblizona, tak jak w przypadku fibroblastéw, do tytanu
mikrokrystalicznego [Rysunek 8, Rysunek 9, 10 [4]),
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Rysunek 8, Wyniki testu MTS po 1, 3 i 4 dobach dotyczqcych zywotnosci komorek NHost (A) i HPALF (B)
dla stopu Ti3 1Mo (a), Ti31Mo po obrobce hydrotermalnej (b), kompozytu Ti31Mo5SHA (c), Ti3IMo5SHA1Ag (d),
Ti3IMo5HA2CeO: (e), Ti3IMo5HA2Ta;0s (f), kontroli pozytywnej (PC)
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5. Podsumowanie

W ramach realizowanych badan wytworzono dwusktadnikowe stopy na bazie tytanu
zawierajagce molibden (10-35 at, %), Okreslono wplyw skladu chemicznego, metody
wytwarzania oraz modyfikacji powierzchni wybranych stopéw na ich wtasciwosci, Zestawione
wyniki badan pozwolity na sformutowanie nast¢pujacych wnioskoéw:

a. Gléwnymi parametrami kontrolujacymi przemiane Ti(a)—Ti(f) w uktadach
wytwarzanych metodami mechanicznej syntezy oraz metalurgii proszkow sg zawarto$¢
molibdenu oraz czas trwania procesu mechanicznej syntezy

b. W otrzymanych stopach Ti-Mo wraz ze wzrostem zawarto$§ci molibdenu
oraz temperatury spiekania wzrasta udzial fazy Ti(f)

c. W procesie indukcyjnego prasowania na gorgco otrzymano jednofazowe, lite stopy typu
Ti(P) dla zawartosci 23-31 at, % molibdenu z ultradrobnym ziarnem

d. Zawarto$¢ molibdenu oraz porowato$¢ stopoOw wptywajg na wartosci modutéw Younga
(najnizsza warto$¢ 55 GPa przy porowatosci 29% dla stopu Ti31Mo)

e. Metoda otrzymywania determinuje sklad fazowy oraz porowato$¢ otrzymanych

materiatow, ktore wpltywaja na ich finalne wtasciwosci mechaniczne i powierzchniowe
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Modyfikacja skladu chemicznego poprzez wprowadzenie do stopu Ti31Mo
hydroksyapatytu oraz dodatkéw antybakteryjnych prowadzi do otrzymania materialow
wielofazowych, w ktoérych dominujg fazy typu 3

. Wprowadzenie hydroksyapatytu oraz dodatkow antybakeryjnych powoduje obnizenie
modutéow Younga (najnizsza warto$¢ ok, 95 GPa dla kompozytéw Ti31MoSHAIAg
1 Ti31Mo5SHA2CeO» przy porowatosci ok, 4%)

. kompozyty Ti31Mo5SHA1Ag i Ti31Mo5SHA2CeO;, charakteryzuja si¢ znaczng
aktywno$cig antybakteryjng wzgledem szczepu bakterii S, aureus

Modyfikacja powierzchni stopow powoduje wzrost odpornosci korozyjnej stopow;
w przypadku stopu Ti31Mo bardziej efektywna poprawe uzyskuje sig
przez modyfikacje sktadu chemicznego wprowadzajac 5 wag, % hydroksypapatytu
do objetosci materiatu

Kompozyty Ti31Mo5SHA, Ti31Mo5SHA-Ag (Ta2Os lub CeOz) oraz stop Ti31Mo
po modyfikacji powierzchniowej wykazuja lepsza lub zblizong cytokompatybilnosé
wzgledem tytanu mikrokrystalicznego dla osteoblastow (NHost)
1 fibroblastow (HPdLF)
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Titanium-based alloys with fine grain structure represent a class of engineering materials that can
exhibit a unique combination of properties. This paper presents the structural evolution of the p phase in
Ti-x at. % Mo (x = 10, 23, 27, 31 and 35) alloys synthesized by mechanical alloying with different milling
times between 15 min and 48 h and powder metallurgical process with cold powder compaction and
sintering or interchangeably hot pressing. The binary alloys were characterized by X-ray diffraction,
scanning electron microscopy, chemical composition determination as well as density and porosity
measurements. The influence of the chemical composition and method of processing on the final
microstructure, and mechanical properties of bulk alloys were studied. The mechanically alloyed Ti2Z3Mo,
Ti27Mo and Ti31Mo materials upon sintering at 800°C for 5min led to the formation of single f type
phase alloys. All these B-type alloys have elastic modulus lower than CP microcrystalline «-Ti, but their
hardness is nearly 3 times higher (approx: 460 HVy3). The present study has demonstrated that these
single phase p-type alloys with fine grain microstructure can be fabricated by the application of hot
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pressing of mechanically alloyed powders at the temperature below o — j transus (800 “C).

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Commercial purity titanium and Ti—6Al-4V alloy are the main
materials in the medical applications [ 1—4]. However, they present
important disadvantages such as high elastic modulus (E), rela-
tively poor wear resistance, low hardness and in the case of TiGAI4V
alloy some toxicity due to the aluminium and vanadium contents
[5,6]. Current research goals are: (i) to avoid potentially toxic ele-
ments to improve biocompatibility; (ii) to produce Ti-based alloys
with a high fatigue strength. Above mentioned requirements
partially fulfil f-titanium type alloys [1-4,7-12].

Alloying metals for Ti are arranged in three groups: i) #-stabi-
lizers (C, N, O and Al), ii) neutral stabilizers (Zr) and iii) p-stabi-
lizers: isomorphous (V, Nb, Mo, Ta) and eutectoid (Si, Cr, Mn, Fe, Co,
Ni, W). For medical implant applications, Ti-based alloys with f3-
phase are desirable due to high fatigue resistance, low elastic
modulus, high hardness and good corrosion resistance [2,5]. For
example, till now Ti-Mo, Ti-Mo-Ta,Ti-5A1-5Mo-5V-3Cr, Ti-40Zr and

* Corresponding author.
E-mail address: andrzej.miklaszewski@put.poznan.pl (A. Miklaszewski).

https://doi.org/10.1016/j.jallcom.2018.10.217
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Ti-5Al-13Ta alloys have been synthesized, and their properties
studied [8,11,13,14].

Recently, many attempts were made to create low modulus B Ti
biomaterials [12,13]. Molybdenum is less toxic than aluminium and
vanadium. The solubility limits of alloying Mo metal in Ti is 8 wt%
[15]. The phase constitutions, hardness and Young modulus are
different for different contents of molybdenum in Ti—Mo system
[13,14]. Latest research have shown that the addition of Mo form p-
phase in Ti-base alloy, and finally increase the hardness, decrease
the Young modulus as well as improve the corrosion resistance and
the biocompatibility [ 16]. Zhang et al. synthesized a series of Ti—Mo
alloys (3.2—12at. %) with the application of arc melting process
[13]. The phase constitutions and Young modulus are very sensitive
to the Mo content. For example, Ti-3.2Mo and Ti-8Mo alloys contain
only o.and f phases and have low E modulus. On the other hand, Ti-
4.5Mo, Ti-6Mo and Ti-7Mo biomaterials have a high E modulus due
to some contents of w phase in Ti-Mo alloys.

Additionally, Whang et al. studied the super elasticity and shape
memory effect in water-quenched and air-cooled Ti-x Mo (x = 10,
11, 12 wt%) biomaterials [ 17]. The water-quenched alloys except the
fp phase contain the martensite «"phase and w phase, but the air-
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cooled alloys contain a large amount of w phase. The increasing
content of molybdenum decrease the amounts of #” and w phases.
Metastable materials are created from the nonequilibrium
(Im3m) phase retained during quenching [15]. The cph phase (o',
P63/mmc) can form martensitically in Ti-rich alloys. On the other
hand, in alloys with slightly higher Mo content, an orthorhombic
distortion of cph (2", Cmcm) is created. The w (P6/mmm) phase is
formed as an intermediate phase in the decomposition of meta-
stable B to the equilibrium o« (P63/mmc). At higher Mo concentra-
tions, o', a”, &” +PB + w, p + w and B phases can be observed after
quenching from the f§ section.

The microstructure and grain growth kinetics of Ti—-Mo alloys
have been analysed, too [18]. The single phase f type materials
were observed when Mo content increases to 10 wt % or higher. The
plasticity and strength of these biomaterials increase with the
increasing of Mo content and decreasing grain size. On the other
hand, in the Ti—10, 20 and 30 Mo alloys (wt. %) o precipitates were
detected in their p matrix [19]. Almeida et al. synthesized a series of
Ti-Mo alloys (4—-19 wt% Mo) by the application of laser alloying
method [20]. For Mo concentration between 4 and 8 wt% 2-phase
materials were produced (acicular martensite and f-phase) and
alloys with Mo > 10 wt% are f§ phase. For the Ti-13Mo alloy Young's
modulus and hardness were 75 GPa and 240 VHN, respectively.

Ti—Mo alloys from 4 to 20 Mo wt. % were arc-melted [21]. The
mixture of the hexagonal «'and orthorhombic «"phases were
detected for the Ti-4Mo alloy, and the «"phase is visible for the
concentration of Mo =6 wt %. At higher concentrations of Mo (15
and 20 wt %) only f phase is observed. Electrochemical studies have
indicated a good corrosion resistance in Ringer solution for all
alloys.

The chemical composition and ageing heat treatments have a
powerful influence on the microstructure, hardness and elastic
modulus of Ti-Mo biomaterials [22]. The application of high cooling
rate allows to produce the f§ phase biomaterials with the concen-
tration of 10% of molybdenum. The phase composition has a strong
influence on Young's modulus and the highest hardness was ach-
ieved by ageing at 450°C, due to the precipitation of o and w
phases.

Generally, the mechanical performance and biocompatibility of
Ti-based alloys can be improved by modification of its alloy
composition and microstructure [23-29]. In the past years, appli-
cation of materials with diminished grain scale has become very
popular in implantology [23]. Improvement of the mechanical
properties of Ti-type biomaterials can be achieved through
microstructure control, the top-down approaches known as severe
plastic deformation (SPD) and mechanical alloying (MA)
[25—-28,30—33]. These biomaterials exhibit an unusual combina-
tion of properties such as high strength, high fracture toughness,
good corrosion resistance and good biocompatibility
[23,27,31,34,35].

MA technique allows alloying elements that are difficult or
impossible to combine by conventional melting methods [31,32].
Additionally, this process allows to improve material properties
because of the nano-scale size objects formation and in some cases
new phases creation. One of the examples could be hardness
improvement due to the grain boundary strengthening mechanism.
During the MA process the extreme grain refinement of the
powdered metals down to nanoscale creates surface morphology
that intensify growth and adhesion of living cells [35].

In this work the mechanical alloying with different milling times
between 15 min and 45 h and powder metallurgical process with a
cold powder compaction and sintering or interchangeably hot
pressing (HP) was applied for the preparation of the B-type Ti-x at.
% Mo (x =10, 23, 27, 31 and 35) alloys. Structure, microstructure,
composition, porosity and mechanical properties of bulk alloys
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were studied. Till now, no attention has been paid to the influence
of Mo contents on the structure evolution in Ti-Mo alloys during
mechanical alloying and its sintering at the different temperature
regimes.

2. Materials and methods
2.1. Sample preparation

Mechanical alloying was performed at argon atmosphere by the
application of SPEX 8000 Mixer Mill. Total milling time was 48 h.
Powders of titanium (<45 pm, 99.9%, Alfa Aesar) and molybdenum
(44 um, 99.6%, Sigma Aldrich) were weighted, blended and poured
into stainless steel vials in glove box (Labmaster 130). A weight
ratio of hard steel balls to powder weight ratio equalled 10:1. In the
next step, the produced powders were processed by powder met-
allurgy process by the application both cold and hot methods. In
the cold method, the MA powders were placed into the matrix and
uniaxially pressed at a pressure of 600 MPa. Finally, the green
compacts were placed in argon filled quartz tubes and heated
through 1 h to 600, 700, 800 and 1000 °C, and kept at high tem-
perature for 30 min for sintering. The diameter and height of bulk
samples were 8 mm and 4 mm, respectively. In the case of hot
pressing, induction coil module was used for a conductive die
heating which for the processing detailed were described in our
previous work [36].

2.2. Materials characterization

For sample structure examination during different processing
stages, a Panalytical Empyrean XRD equipment with CuKe. radia-
tion, A=1,54178 A (Almelo, Netherlands) was used. For crystallite
size and lattice strain estimation after mechanical alloying, the
Williamson-Hall (W-H) method with assumed uniform deforma-
tion model (UDM) was used. Detailed description of crystallo-
graphic structure evaluation was included in our previous work
[36].

The lattice parameter estimation and phase quantitative anal-
ysis was based on the Rietveld profile fitting realized on the Maud
software. Apply approach involve the simulation of the diffraction
pattern based on the analysed structural model for:

- Ti (a) (ref. code 01-071-4632),
- Ti (B) (ref. code 01-074-7075),
- Mo (ref. code 01-071-4645),

- MoTi (ref. code 01-071-9821).

The calculated pattern of the model structure was fitted to the
observed spectra by minimization of the sum of the squares and
after refinement using Levenberg-Marquardt least squares algo-
rithm which achieves high goodness of fit (xz < 2.5). For clearance,
residual pattern indicators of modelled data as:

- Rwp — weighted pattern residual indicator,
- Rexp— expected residual indicator,
- ¢ — goodness of fit were revealed.

For microstructural analysis, the samples were polished and
next etched in Kroll reagent for a 50 min.

Scanning electron microscope (SEM, VEGA Tescan, Brno, Czech
Republic) with energy dispersive spectrometer (EDS, PTG Prison
Avalon, Princeton Gamma Tech. Princeton, NY, USA) was used to
characterize the microstructure and chemical composition of the
prepared sinters. For a high-resolution microstructure and crys-
tallographic pattern analysis high-resolution transmission electron
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microscope HITACHI HD-2300A was used.

For the obtained sinters porosity was evaluated. The calculation
was based on the formula P = (1 - p/p) x 100%, where p and pp, are
the density of the porous material and its corresponding theoretical
density calculated from the rule of the mixtures, respectively. The
density of the obtained sinters was determined by the Archimedes
method.

Indentation Hardness (HV) and Young modulus (EIT) of the non-
etched Ti-Mo alloys, was evaluated using a CSM Instruments
nanoindenter with the Berkovich diamond tip [37] based on the
Oliver and Pharr [38] approach and ISO 14577 standard for mea-
surements. Detailed description of data evaluation was included in
our previous work [27].

Additionally, the Vickers microhardness of the sinters was
measured using a microhardness tester by applying a load of 300 g
for 10 s on the polished surfaces of the samples. For each sample, 10
separate indents were created on the investigated surface.

3. Results and discussion
3.1. Mechanical alloying stage

The goal of our research was the synthesis of f} type Ti-x at. % Mo
(x=10, 23, 27, 31 and 35) alloy powders by mechanical alloying.
The crystal structure change during milling process was studied.
Fig. 1 shows XRD patterns of MA materials in function of milling
time. For x> 10 in Ti-x at. % Mo, the characteristic (hkl) lines of Ti
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and Mo are only visible after 15 min of MA, but after 5 h of MA the
(110) plane from cubic Mo crystal structure disappeared, and new
MoTi phase is formed. Additionally, after 15 h new phase Ti(f) (110)
was detected. As it could be seen during synthesis, cold welding
and alloying of substrates proceeds at the solid state. In the case of
Ti-10at. % Mo composition, the reflexes characteristic for TiMo
phase is visible after 15 min of MA and any trace of Ti(p) phase is
observed even after 48 h of MA.

High energy transfer to the substrate powders during MA result
in a high density of defects and dislocation. After 48 h of mechanical
alloying the powders are almost amorphous and the crystallite
sizes calculated by the application of W-H (UDM) approach were
5.5, 13.5, 16, 18 and 19 nm for 10, 23, 27, 31 and 35at. % of Mo
content in Ti-Mo alloy, respectively (Table 1). During the MA pro-
cess the phase transition from Ti(2) to Ti(B) is observed for x > 10 in
Ti-x at. % Mo. In the case of Ti35Mo, single p phase material was
obtained after 15 h of MA. Longer milling time (48 h) has created
the Mo-Ti phase, only (see Fig. 1). The molybdenum content and
milling time are the main parameters which control this
transformation.

The particle size and strain values evaluated by the
Williamson—Hall approach from the plots slope and intercept
depictured on Fig. 2 of TiMo samples after 48 h of MA, where
gathered in Table 1. In the case of Ti-10 at. ¥ Mo alloy a negative
slope indicates compressive strain experienced by the particles. For
growing in a starting powders (from 23 to 35 at. %) molybdenum
content, calculated values of strain and crystallite size shows
coincident relation. Above structural response stays firmly con-
nected with obtained phase composition and its respective con-
tributions. The material phase transformation fallowed in cold
welding and fracturing stadium of powder processing shows
different reliance for different starting substrate powders
compositions.

Fig. 3 shows the SEM microphotographs of starting powders (Ti
and Mo) and Ti27Mo agglomerates obtained after 48h of MA.
Presented microphotographs confirm continuing cold welding and
fracturing stadium of starting substrate powders noticeable by the
particle size scattering and agglomerate structure. Most of the
agglomerated rounded particles have a size which varies from 50 to
150 pm.

3.2. Bulk alloy stage

All mechanically alloyed powder compositions were finally cold
pressed and sintered at temperatures of 600, 700, 800 and 1000 °C
for 0.5 hat argon atmosphere and also hot pressed in 800°C in
vacuum conditions. Fig. 4 shows XRD spectra of synthesized bulk
alloys. The sintering at temperatures of 600, 700, 800 and 1000 °C
results in bulk materials formation. Additionally to the main Ti(f)
phase; Ti(e) and MoTi phases could also be observed. It is important
to note that except the value of the sintering temperature, the
amount of molybdenum in the Ti-Mo system is sensitive on the
final phases content of so produced bulk materials what also earlier

Table 1
Structure size and strain factors determined by the Williamson-Hall method based
on XRD spectra of Ti-x at. % Mo powders after 48 h of MA.

alloys D [nm] €

Ti-10 at. % Mo 5.48 -393:103
Ti-23 at. % Mo 13.46 560-10°
Ti-27 at. % Mo 1594 560-10°
Ti-31at. % Mo 18.01 788-107
Ti-35 at. % Mo 18.74 8.25-1077
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Fig. 2. Linear Williamson-Hall plots based on the XRD spectra of studies Ti-x at. % Mo powder materials after 48 h of mechanical alloying.

200 pm

Fig. 3. SEM micrographs of titanium (a), molybdenum (b) and Ti-27 at. % Mo powders
after 48 h of MA (c, d).

research confirms [39]. The most intense peaks on all patterns are
related to Ti(f) phase. No single phase p-type Ti-Mo alloys were
produced during cold pressing and sintered approach in the tem-
peratures range between 600 and 1000 °C. The content of Ti(a)
phase in the all synthesized TiMo alloys is decreasing with
increasing sintering temperature (see Table 2). For example in
Ti27Mo alloy, the content of the main Ti(p) phase was increased
from 88.90 to 97.61% if sintering temperature increase from 600 to
1000°C. In bulk alloys with x >23at. % Mo sintered at 600°C a
small content of MoTi phase is detected. In the case of Ti35Mo alloy,
three phases are visible in all analysed sintering temperature re-
gimes: Ti(B), Ti(e) and MoTi. Additional TiMo cubic phase preserved
from the powder stage based on molybdenum, as presented data
shows, stays as a source of Mo for Ti(p) phase due to its decom-
position. Growing molybdenum content influence as Fig. 4 and
Table 2 confirmed, the additional cubic TiMo phase appearance,
that volumetric amount could be shaped by a proper sintering
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temperature treatment.

On the other hand, the Ti-x Mo alloys produced by the appli-
cation of hot pressing at 800 °C in vacuum approach, allow to form
the single p phase bulk materials, formed for x =23, 27 and 31 at. %
(Table 2). For the Ti10Mo and Ti35Mo compositions, additionally to
the main Ti(B) phase, the second Ti(z') and MoTi phases are
detected and its contents determined by Rietveld analysis were
26.75 and 16.01% for x =10 and 35 at. %, respectively. The hexag-
onal martensitic Ti(o') phase appearance for the lowest analysed
molybdenum content TilOMo, also observed in other works
[40,41], evidence stable transformation. For the highest Ti35Mo
composition additional TiMo phase appearance translate to pre-
served after MA phase that full decomposition do not take place.
The structural parameters of synthesized bulk TiMo alloys are
summarized in Table 3.

Hot pressing method allows to synthesize bulk TiMo alloys with
very low porosities (Table 4). On the other hand, the bulk TiMo
samples produced by cold pressing and sintering at different tem-
peratures for 0.5 h, were composed of irregular particles and show
porous microstructure (Fig. 5). Porosity depends strongly on the
chemical composition of synthesized alloys (Table 4). The applica-
tion of HP method can obtain single beta phase type materials for
Ti23Mo, Ti27Mo and Ti31Mo. The smooth bulk Ti27Mo alloy sur-
face was also presented in Fig. 6 with their EDS analysis and ele-
ments mapping (Fig. 6 b, ¢, d), for example. The obtained results
confirmed the chemical composition of HP sample with its uniform
distribution. The presence of small amount of iron atoms (0.24 at. %)
in the synthesized Ti27Mo alloys could be explained by Fe impu-
rities trapped in the MA powders from erosion of the milling media.

The microstructure analysis was conduct to confirm in obtained
sinters, formed grain size scale structure. BSE view of HP samples
presented in Fig. 7, shows independently phase contrast relation
and microstructure size range. As it could be observed from the
analysis, the etching agent reaction characterize different surface
reaction due to starting compositional change. For the lowest
analysed molybdenum content Til0Mo sample, the microstructure
consists of Ti(f) and Ti(z') phases also confirmed structurally,
which for the martensitic phase mostly place the boundary posi-
tion. As for the single cubic Ti(f) phase Ti23Mo, Ti27Mo samples
the etching agent shows a deep subsurface infiltration confirming
simultaneously uniform grain size distribution in view. For a higher
molybdenum content Ti31Mo and Ti35Mo, the etching agent re-
action manifests by a weaker grain boundary and porosity
impingement which for alone Ti(§), or Ti(p) and TiMo phase could
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be distinguished.

Additional for Ti27Mo sample, transmission electron micro-
scopy analysis was conduct to confirm the obtained microstructure
and crystallographic order. Revelled for a Ti27Mo sample in Fig. 8
images, located the obtained grain size scale at the fine range.
Analysed diffraction pattern confirms cubic Ti(B) phase structure.

Hardness and Young modulus of the Ti-Mo alloys was deter-
mined and the results were listed in Table 5. The indentation
hardness (HIT), Vickers hardness (HVj3) and indentation modulus
(EIT) were evaluated from the indentations plots which were
shown in Fig. 9.

The room temperature load-displacement curves of synthesized
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Ti-Mo alloys confirmed in nearly all cases, lower than commercial
pure Ti (&) modulus values (140 GPa) [ 36], interpreted from the line
course. It was also noticed from Table 5, that the higher average
value of EIT characterize the HP samples due to lower porosity
values than for CP one. For example in the case of the bulk HP
Ti27Mo alloy with porosity 0.04% and porous CP Ti27Mo alloy with
porosity 24.74%, the Young modulus equals 139.5 and 91.2 GPa,
respectively.

The microhardness of the sintered samples exhibited various
distributions that were related to compositional changes. The
Vickers hardness for all bulk HP Ti-Mo alloys reached 460 HVg 3 and
are almost triple as high as that of pure microcrystalline Ti-a (180
HVp3) [36].

Obtained results, stay in accordance to the solid solution and/or
precipitation strengthening effect, which for the introduces stress
and traps for dislocation movement as other phases, reduce the
grain growth also at elevated temperature. For above-discussed
effect not without meaning stays; starting powder material size
relation and obtained homogeneous substrates distribution after
MA. The mechanical alloying in the same results in structure
refinement. Obtained after sintering smaller grains, increase the
volume contribution of the grain boundaries in the whole volume
of the material that finally corresponds to a higher strength. The
grain boundaries act against dislocation movements, and this
relation is explained by the Hall-Petch equation.

4. Discussion

Presented results clearly demonstrate that powder
manufacturing route allows production of f Ti-based alloys. Our
results show that the crystal structure of solution treated alloys are
sensitive to Mo contents. When Mo content increases in Ti-Mo
system the p phase becomes the only dominant phase. Mo stabi-
lizes the B-Ti structure and promotes the spontaneous passivation
of the alloys [21]. Additionally, Mo can help to suppress the w-phase
appearance and in many compositions may have a unique prop-
erties such as a shape memory effect [15,17,42,43]. The control of
the crystalline phases is of great importance in the design of new
alloys for biomedical applications.

The phase and crystal structures of Ti—Mo alloys synthesized in
this work are summarized in Table 3. When the alloys contain 8 at.
% Mo or more, } phase became the only dominant phase. It is well
known that w phase is formed in the metastable f type alloys, and
the amount of w phase depends significantly on the stability of the
B phase [42]. With the increase of Mo content, the § phase is more
stable.

The elastic modulus is sensitive to the phase/crystal structure of
Ti alloys. B Ti alloys generally have a lower elastic modulus than
that of the o or o 4 p type alloys [43,44]. According to the published
data, the w phase has the highest elastic modulus, and the
martensitic «” phase has a lower modulus than the martensitic o’
phase, and the B phase has the lowest modulus in Ti—Mo alloys. The
result of some early studies shows that the elastic modulus can be
controlled by the content of alloying elements in Ti alloys. Pure p
phase or " single phase are always expected to be obtained in
Ti—Mo alloys. The pure p phase can be obtained only if o’ phase and
w phase can be suppressed through increasing the content of the f3-
stabilizing element (e.g., Mo).

Fine and ultrafine-grained materials due to their size, may
enhance physicochemical, mechanical and biological properties
compared with the corresponding materials with microcrystalline
grain size [23,34]. Valiev and co-workers apply a process known as
equal channel angular pressing (ECAP), which is a viable processing
route to grain refinement and property improvement [30]. Cyto-
compatibility tests utilizing fibroblast mice cells L929 were carried



P. Sochacka et al. / Journal of Alloys and Compounds 776 (2019) 370-378 375

Table 2
Phase amounts determined by the Rietveld method.
alloys T sig Rup [% Rew (%] THE T TEm (M)
Ti-10at. % Mo 600 1.3588959 7.26000317 5342596 6361 36.39 - =
700 1.7369086 7231819 4.1636157 72.00 28.00 - -
800 1.828498 79643564 43556824 7290 27.10 - =
1000 1.7364146 8793383 5.0641036 84.18 15.82 - -
HP 800 2412863 10.728335 4.4463096 73.25 - 26.75 -
Ti-23 at. % Mo 600 1.2343249 66812625 5412888 7222 16.72 . 11.06
700 1.7970943 5.8089623 32324193 9444 5.56 = )
800 1.7763894 5.885216 33130217 94.83 517 = =
1000 1.8122728 6.284918 34679756 9527 473 - -
HP 800 2.3671894 8.234684 3.4786754 100.00 - - -
Ti-27 at. % Mo 600 1.3267181 5.3600826 4.040107 88.90 749 = 361
700 1.7383119 7.440266 4.2933946 9536 4.64 - =
800 1.593477 6.7736397 4250855 9593 407 - -
1000 1.4466127 6.01129 4.1554246 9761 239 - -
HP 800 2.7457373 11.205753 4.0811453 100.00 - - -
Ti-31 at. % Mo 600 1.6264594 5.19341 3.193077 59.78 22.83 - 17.39
700 1.4481523 6.1851983 4.271096 78.15 11.10 - 10.75
800 1.317118 6.5026984 4.9370656 93.23 6.77 - -
1000 1.2014796 5381764 44792805 94.98 5.02 - -
HP 800 2.7709262 11.446373 4.130883 100.00 - - -
Ti-35at. % Mo 600 1.9581753 6.242858 3.1880996 4294 11.96 s 45.10
700 1.4797326 47622957 3218349 72.80 6.74 - 2046
800 1.5083703 47301025 3.1359903 81.37 298 - 15.65
1000 1.3265590 4.4007497 33174174 92.86 228 - 4.86
HP 800 2.239303 7.8918023 3.5242224 83.99 - - 16.01
Table 3
Structural phase parameters of analysed alloys.
alloys T[°C]  Ti(p) Ti(a) Ti(a') (MoTi)
a \ a c v a € \4 a \4
[A] A 1Al [A] [A%] A] (A] [A°] (Al [A’]

Ti-10at. %Mo 600 32723(2) 35.041(5
700 32701(1) 34.970(3

[

) ( 47401(11) 36033

) (
800 32758(2) 35.151(5)  29623(

) (

)

)

)

) (1

) 4737813) 358992

) 47412014) 360322
1000 32759(2) 35.154(5 ) 47598(19)  26.244(2

HP80D 32577(1) 35.574(4
Ti-23at %Mo 600 32514(2) 34374(7 (6) (2

700 32476(1) 34.252(3 (10 (4

800  32453(0) 34178(1)  29700(10)  47540(28)  36316(4

1000 32600(3) 34645(10)  209698(15)  47677(48)  36416(7

HP80D 32570(0) 34550(1)  — - - - - - - -
Ti-27aL %Mo 600  32461(1) 34204(3)  29617(7)  47474(23) 36063(35) - - - 3.1469(17)  31.164(50)

700 32477(1) 34255(3)  29668(8)  47602(25)  36.286(38)

800  32549(1) 34483(4)  29695(12)  47675(38)  36407(58)  — - - - -

1000 32532(1) 34.42994)  29702(19  47737(61)  36473(93)

HP8OD 32839(3) 354159) - - - - - - - -
Ti-30at %Mo 600 32325(1) 33776(2)  29596(2)  47399(5)  35955(8) = - N 31479(2)  31.195(7)

700 32345(1) 33840(2)  29616(5)  47508(15)  36.087(24) - - e 31481(9)  31.198(26)

800  32373(0) 33926(1)  29704(4)  A7716(12)  36460(18) - - = 2 s

1000 32394(0) 33995(1)  29731(10)  47729(31)  36537(49) - - = = -

HP80O 32767(4) 35.180(13) -

47278(17) 35860
) 47682(30) 36339

3.1526(7)  31.335(20)

)

) - - - - -
) — — — — —
) — — — — —

47217(66)  35.651(66) - - - 3.1401 30.963(8)

Ti-35at%Mo 600  32132(3) 33.076(8)  29527(7) (66 3)
700 32329(2) 33780(5)  29659(11)  47573(26)  36.242(46) - = = 31595(3)  31.539(10)
800  32271(1) 33607(4)  29978(35)  47751(72)  37.164(143) - = = 31735(5)  31.960(15)
1000 32171(1) 33977(4)  29777(10)  47842(22)  36737(41) - = = 31709(6)  31.883(17)
HP800 32389(2) 33957(7)  — = s = = e 3.0647(19) 28.785(55)
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Table 4
Theoretical density (py). calculated density of the porous materials (pey) and
porosity (P) of bulk Ti-x at. % Mo alloys.

alloys TECT  pon [gfem’] P[%] peal [glem?]
Ti-10at Mo 800 5605+0126  2560+036  4.171+0.368
HP 800 005+002  5603+0.129
Ti-23at. %Mo 800 6700£0.177 24644045 50490560
HP 800 0244008 66840195
Ti-27at %Mo 800 6953+0.112 2474+014  5233:0334
HP 800 0044001 6950+0115
Ti3lat %Mo 800 7226+0193  2870+019 51530633
HP 800 021002 7.211£0201
Ti-35at %Mo 800 7658+0230  2760+177  5544+1122
HP 800 016003  7.645+0.239

Fig. 5. Optical micrographs of bulk Ti-x at. % Mo sinters obtained after cold pressing
and sintering at 800 °C (left) and HP at 800 °C (right); a) 10at. %, b) 23 at. %, ¢) 27. at %,
d) 31. at % and e) 35 at. % mechanically alloyed powders.
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Ti

200 pm

Mo

0 5  10[keV]

Element Line Wt% At%

Ti Koy 57.54 73.00
Mo Loy 42.24 26.76
Fe Koy 022 024
Total - 100.00 100.00

20 pm

Fig. 6. SEM micrograph, EDS mapping of the Ti, Mo and Fe distribution and EDS
spectra of bulk Ti-27 at. % Mo alloy mechanically alloyed for 48 h and sintered at 800 °C
for 5min (HP approach).

out. After nanostructuring, fibroblast colonization of the cp Grade 4
titanium surface increases.

A porosity after powder compaction has also played a role in the
cell adhesion. It was proposed that an increased area of the surface
defects exposed to the cell culture and to a larger degree of surface
electron delocalization caused enhanced cell adhesion.

The variation of elastic modulus in the Ti—Mo alloys shows a
trend similar to the microhardness. The elastic modulus firstly in-
creases slightly until 140 GPa at 27 at. % Mo, which is also due to
solid solution strengthening [44]. A further increase in the Mo
content causes a slight decrease of the Young's modulus to values
up to 137 GPa (for x=31at %) and these values are considerably
lower than that of Co-Cr-Mo (210GPa) or 316L stainless steel
(200 GPa) [43].

5. Conclusions

The aim of this research was synthesis of titanium-molybdenum
(Ti-x at. % Mo; x =10, 23, 27, 31 and 35) alloys. The influence of Mo
content and processing method on phase transitions (Ti(z:)-Ti(f))
were studied. The results can be summarized as follows:

- longer MA time increase the content of Ti(B)-phase in Ti-x at. %
Mo system,

- sintering of the obtained powder material led to the formation
of a Ti(P) type alloys,
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Fig. 7. SEM microphotographs of Ti-x at. % Mo alloys mechanically alloyed for 48 h and
HP at 800°C for 5 min - BSE mode: a) 10at. %, b) 23 at. %, ¢) 27at. %, d) 31at. % and e)
35at. %

- with the increase of Mo contents in Ti-x at. % Mo system an
increase of B-phase is noticeable in the obtained sinters,

- with the increase of sintering temperature more Ti(j8)-phase in
Ti-x at. % Mo system is detected,

377

Table 5
Vickers hardness (HVq3), Martens hardness (HM) and Young modulus (E) of Ti-x at.
% Mo alloys.

alloys HVo3+a HM + o [N/mm?] E+0[GPa]
Ti-10at. % Mo HP 499+ 6 3875.65 +41.32 124204478
Ti-23 at. % Mo HP 454 +6 3531.23£32.71 127.29+1.21
Ti-27 at. % Mo HP 495+8 3779154443 139.51+1.88
Ti-31at. % Mo HP 49448 3744.54 +28.89 13676 + 1.80
Ti-35 at. % Mo HP 54049 419443 +73.33 15838+ 1.28
Ti-10at. % Mo CP 363+ 10 2919.15+72.24 93834824
Ti-23at. % Mo CP 366 +19 3093.14 + 111.42 104.87 +10.53
Ti-27 at. % Mo CP 35116 2931.10+34.52 91.20+6.12
Ti-31at, % Mo CP 337+14 1617.07 £673.15 54.80 + 16.68
Ti-35at. % Mo CP 357+15 2918.78 +1201.74 7807 £33.35

=
()

Lonbidpeliele bl ol

50 50 150 250 F[mN]

150 250 F[mN]

Fig. 9. Load-depth curves of bulk Ti-x at. % Mo samples prepared by the hot pressing
and cold pressing with additional sintering at the same processing temperature
800°C: a) 10at. % b) 23at. %, ¢) 27at. %, d) 31at. % and e) 35at. %.

- with the increase of Mo contents in Ti-x at. % Mo system an
increase of E modulus is noticeable.

- the hot pressing processed samples at low temperature (800°C)
for Ti-Mo system characterizes with increase content of Ti([})
phase in comparison to the cold pressing approach.

Fig. 8. TEM image of Ti-27 at. % Mo alloy mechanically alloyed for 48 h and sintered at 800 °C for 5 min (HP approach) with electron diffraction pattern taken from one of the grains.
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Abstract: In this paper, binary f type Ti-23 at.% Mo alloys were obtained by arc melting as well as by
mechanical alloying and powder metallurgical process with cold powder compaction and sintering
or, interchangeably, hot pressing. The influence of the synthesis method on the microstructure
and properties of bulk alloys were studied. The produced materials were characterized by an
X-ray diffraction technique, scanning electron microscopy and chemical composition determination.
Young's modulus was evaluated with nanoindentation testing method based on the Oliver and Pharr
approach. The mechanically alloyed Ti-23 at.% Mo powders, after inductively hot-pressed at 800 °C
for 5 min, allowed the formation of single Ti(f3) phase alloy. In this case, Young's modulus and Vickers
hardness were 127 GPa and 454 HV 3, respectively. Among the examined materials, the porous
(55%) single-phase scaffold showed the lowest indentation modulus (69.5 GPa). Analytical approach
performed in this work focuses also on the surface properties. The estimation includes the corrosion
resistance analyzed in the potentiodynamic test, and also some wettability properties as a contact angle,
and surface free energy values measured in glycerol and diiodomethane testing fluids. Additionally,
surface modification of processed material by micro-arc oxidation and electrophoretic deposition
on the chosen samples was investigated. Proposed procedures led to the formation of apatite and
fluorapatite layers, which influence both the corrosion resistance and surface wetting properties in
comparison to unmodified samples. The realized research shows that a single-phase ultrafine-grained
Ti-23 at.% Mo alloy for medical implant applications can be synthesized at a temperature lower than
the transition point by the application of hot pressing of mechanically alloyed powders. The material
processing, that includes starting powder preparation, bulk alloy transformation, and additional
surface treatment functionalization, affect final properties by the obtained phase composition and
internal structure.

Keywords: material processing; mechanical alloying; titanium f3 alloys; phase transformation; powder
metallurgy; X-ray diffraction; fluoroapatite coating; corrosion resistance; contact angle measurements

1. Introduction

Titanium and the Ti-6Al-4V alloy remain the main metallic biomaterials for orthopaedic and
dental applications [1-4]. Young’s modulus of these biomaterials is, however, much higher than that of
the human bone (20-27 GPa) [5]. In order to reduce the undesirable (SSE) stress shielding effect and
the mismatch of Young’s modulus, some metallic elements such as Zr, Nb, Mo, Ta have been proposed
and added to titanium for new Ti(B) or near Ti(p) alloys, such as Ti5Al13Ta [6], Ti5AISMo5V3Cr [7,8],
Ti5AI5Mo5V3Cr, Ti5AI5Mo5V3Cr1Zr [9], Til4Zr16Nb [10], and Ti23Zr25Nb [10].

Recent reports have shown that Ti-Mo alloys have great potential for surgical applications [5,11,12].
The studies and evaluation of the phase transformations and mechanical properties of Ti-Mo alloys
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have also concluded that the phase composition and mechanical properties remain different for these
biomaterials with a changeable Mo content [5,12,13].

The phase diagram of Ti-Mo shows the molybdenum solubility limits in the titanium matrix drag
by a temperature reliance [14]. The research confirms that the higher addition of Mo forms a stable
Ti(B) phase in Ti-based alloys, and eventually also increases hardness and decreases the elasticity
modulus [10]. The microcrystalline Ti-Mo alloys with molybdenum content from 3.2 to 12 at.% were
synthesized by the arc melting method [13]. The 3.2 and 8 at.% additions allows only « and 3 phases
to form and characterize with a low elasticity modulus; however, for 4.5, 6, and 7 at.% contents the
same research report a high E modulus owing to some presence of the w phase in the alloy structure.

Independently, the properties of Ti-Mo alloys (with 4-19 wt.%) synthesized by the laser alloying
method were studied [15]. Two-phase biomaterials were obtained for the Mo content in a range 4 to
8 wt.% (martensite and Ti(() phase). For a concentration higher > 10 wt.%, the obtained alloys were a
single f phase.

Ithas been indicated that the composition and heat treatment strongly influence the microstructure
and mechanical properties of Ti-Mo alloys [8,9,16]. Additionally, a high cooling rate enables the
production of Ti(B) phase materials for the concentration of 10% of Mo. A strong influence of the
structure on the elasticity modulus and hardness were also confirmed for samples aged at 450 °C,
following the « and w phase composition.

It is well known that the properties of Ti-based alloys can be enhanced not only by a changeable
composition but also by their microstructure modification [17-27]. For nearly a decade, the application
of nano- or ultrafine-grained materials have become very popular in implantology [21,25,27].
The enhancement of properties of Ti-based biomaterials can be obtained by a microstructure control.
For example, the top-down approach method can be used: severe plastic deformation (SPD) or
mechanical alloying (MA) [21,27].

The MA technique allows the improvement of the material properties by the obtainment of the
nanocrystalline or ultrafine structure. As the example, the hardness increase based on the mechanism
of grain boundary strengthening [24] can be distinguished. The MA process by cold welding and
fragmentation of powder materials leads finally to grain refinement. The additionally obtained
nanoscale also creates an inherent morphological change and this, as reports confirm, may influence
adhesion, proliferation, and growth cells activity [28].

Recently, Ti-xx at.% Mo (xx = 10-35) alloys have been prepared by mechanical alloying and
the powder metallurgy approach [18,29]. The Mo addition to titanium and proper heat treatment of
nearly amorphous powders allows the synthesizing of a Ti(j3) alloys. In this work, the arc-melting,
as well as mechanical alloying and powder metallurgical process based on cold powder compaction
and sintering or, alternatively, hot pressing (HP), was applied for the obtainment of the Ti(B)-type
(Ti-23 at.% Mo) alloy. For this study, this alloy was labelled Ti23Mo. Additionally, for the Ti23Mo
alloy, the micro-arc oxidation (MAQ) and electrophoretic deposition (EPD) approaches were applied
and led to the formation of apatite and fluorapatite (FA) layers, which improved analyzed surface
properties compared to the base sample. The crystal structure, microstructure, composition, porosity,
corrosion resistance, mechanical, and surface wetting properties of the bulk synthesized alloy were
studied. To date, no attention has been paid to the influence of the processing method on the evolution
of the properties in the Ti23Mo biomaterial.

2. Materials and Methods

The present work concludes the research results carried out on the Ti-23 at.% Mo alloy synthesized
by different methods. For clearance, obtained materials were marked as follows:

-AM—arc melted;

-AMAB00—arc melted and annealed 800 °C/24 h;

-HP—hot-pressed at 800 °C/5 min;

-CP—cold-pressed and sintered at 800 °C/0.5 h;
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-CP + NHyHCO3—cold-pressed with NH4HCO; and sintered in a vacuum of 1072 Pa in two
steps: (i) Space-holder particles burn out at 175 °C for 2 h, (ii) heat-treatment at 1150 °C for 10 h [23];

-CP + MAO—cold-pressed and sintered at 800 °C/0.5 h, samples next treated by micro-arc oxidation;

-CP + MAO + EPD—cold-pressed and sintered at 800 °C/0.5 h, samples next treated by micro-arc
oxidation and electrophoretic deposition.

2.1. Sample Preparation

Powders of titanium (<45 pm, 99.9%, Alfa Aesar, Karlsruhe, Germany) and molybdenum (44 pm,
99.6%, Sigma Aldrich, Karlsruhe, Germany) were used as primary materials. Binary  type Ti23Mo
alloys were synthesized by arc melting as well as mechanical alloying and the powder metallurgical
process with a CP and HP approach.

In the first approach, the microcrystalline Ti23Mo ingot was obtained by arc-melting of the powders
on a water-cooled copper pot under Ar. The powders of Ti and Mo were weighed, mixed and placed
into the die (8 mm in diameter), uniaxially pressed (600 MPa) and finally arc-melted. The obtained
alloy was re-melted three times for homogeneity. Additionally, the arc melted alloy was annealed at
800 °C for 24 h.

In the second approach, the ultra-fine grained materials were synthesized by mechanical alloying
and the powder metallurgical process. The MA was performed under Ar (99.999% putity) by the
application of the SPEX 8000 Mixer Mill (SPEX SamplePrep, Metuchen, NJ, USA). The total milling
time was 48 h. The Ti and Mo powders were weighed, blended, and insert into stainless steel vials in
the glove box (LabMaster 130) filled with automatically controlled argon atmosphere (O, < 2 ppm and
H;O < 1 ppm).

A ball to powder ratio was set to 10:1. The size of the powders after 48 h of MA was 13.5 nm
according to the Williamson-Hall approach calculation method and it was the subject of the detailed
investigation with powder processing and preparation in our earlier research [18]. So prepared
precursor powders were next processed by the powder metallurgy (CP and HP approach). In the
CP approach, precursors were inserted into a die and uniaxially pressed at a pressure of 600 MPa.
For sintering, the green compacts were placed in argon-filled quartz tubes and heated for 1 h to 800 °C
and then kept at temperature for 30 min. Obtained sinters dimensions were 8 mm diameter and 4 mm
height. For the HP samples, an induction module was used for a conductive die heating by the Joule’s
heat generated on its surface. The HP was carried out at 800 °C for 300 s within a heating step of
800 s in the vacuum (50 Pa) with acting pressure of 60 MPa. A detailed description of the hot pressing
procedure was included in the authors’ previous work [18].

Additionally, the mechanically alloyed Ti23Mo powders were mixed with ammonium hydrogen
carbonate (AHC)-CH4HCOj3 (500-800 pm, 98%, Alfa Aesar) used as the space-holder filler. The powder
mixture prepared by the above-mentioned recipe was uniaxially pressed at the pressure of 400 MPa.
Obtained samples dimensions were close to that one from the earlier procedure. The green compacts
were next sintered in a vacuum of 1072 Pa in two steps. Firstly, the space-holder particles were burned
out at 175 °C for 2 h secondly, the compacts were heat-treated at 1150 °C for 10 h as was performed in
the authors’ previous research [23]. The porous (55%) Ti23Mo scaffold was obtained by the addition of
35 wt.% AHC to the powder mixture.

Additionally, the surface treatment functionalization based on MAO and EPD process was
performed. The oxidation process [30-32] was realized under Atlas Sollich potentiostat (300 V/3 A)
equipment control, at a constant voltage of 250 V vs. open circuit potential for 3 min. As the electrolyte,
an aqueous solution of 0.01 M Ca3(PQy),, 0.5 M citric acid was chosen.

Fluorapatite particles were hydrothermally prepared by the recipe given in the [33]. Subsequently,
the FA suspension in ethanol was magnetically stirred for 30 min followed by 15 min ultrasonic
treatment. After the MAO process, electrophoretic deposition [34] of FA was accomplished at the
negative voltage —200 V for 1 min in the fluoroapatite suspension in ethanol.
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2.2. Materials Characterization

The crystallographic structure examination at the preparation and final processing stages
was realized by the Panalytical Empyrean equipment with the copper anode 1.54A (Almelo,
The Netherlands). A detailed description of the structural analysis and evaluation methodology was
included in the authors’ previous work [17,23].

Additionally, for the lattice parameter estimation and phase quantitative analysis, the Rietveld
approach was used. The applied estimation realized in the Maud software involved a simulation of
the diffraction patterns based on the structural models for: Ti(x) and Ti(a") (ref. code 01-071-4632),
Ti(B) (ref. code 01-074-7075).

A scanning electron microscopy (SEM, VEGA 5135 Tescan, Brno, Czech Republic) was used
to characterize obtained samples microstructure; additionally, for non-etched surfaces observation,
optical microscopy was used (Olympus GX51, Shinjuku, Tokio, Japan). For chemical composition
determination, the energy dispersive spectrometer adapter (EDS, PTG Prison Avalon, Princeton Gamma
Tech., Princeton, NY, USA) was used, calibrated with a typical Cu calibration procedure.

The density of the obtained sinters was determined by the Archimedes drainage method. For the
sample porosity measurement, formula P = (1 — p/py) X 100% was used, where p is the density of
the porous material and py, is its corresponding theoretical density calculated based on the rule of
mixtures. For the hardness measurement of the bulk samples, Vickers microhardness testing approach
was used (HV). The average value was calculated from the 10 separate indents on each sample for the
load of 300 g during 10 s.

Indentation Hardness (HM) and modulus (EIT) of the non-etched Ti23Mo samples, was evaluated
by a CSM Instruments nanoindenter with the Berkovich diamond tip [35]. The Depth-sensing
indentation technique was used for the measurements of:

-indentation Martens Hardness (HM)

-indentation Modulus (EIT) based on the Oliver and Pharr [36] approach.

A detailed description of the measurements realized at the room temperature based on the ISO
14577 standard for F = 0.3 N per 20 s and C = 5.0 s parameters was included in the authors’ previous
work [37].

Additionally, the corrosion resistance properties of the obtained samples were evaluated.
The surface of the sample was prepared by grinding in water up to 600 grit. Next, the samples
were cleaned ultrasonically with ethanol for 15 min and dried in a cold air stream. For the
measurements, the samples were first immersed in the Ringer’s solution for 1 h vs. open circuit
potential (OCP). The Ag/AgCl electrode was used as the reference electrode in the electrochemical cell.
Three measurements for each sample were carried out. The weight loss by polarization was calculated

using Faraday’s law:
EW-IeorA
W= —2_ 1
: (1)

W—weight loss [g-s~1];
Ion—corrosion current [pA-cm™2];
EW—equivalent weight [g-mol™'];
A—surface [em?];

F—Faraday constant [A-smol™]

The samples were also immersed in the Ringer’s solution for 14 days to measure the weight
loss (W by weight loss). Then, they were ultrasonically cleaned for 3 min in a solution of
30 vol.% HNOj + 3 vol.% HF (ASTM B 600-91). The weight of the sample was evaluated before and
after the immersion (Kern ABT 120-5DM).

The MAO and EPD modified sample surfaces were investigated after drying and 24 h desiccator
storage. The XRD analysis was carried out after a single treatment. The obtained diffractograms were
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processed by the background subtraction and peaks position determination. Additionally, for the
obtained surface development the SEM imaging technique was also used.

For the surfaces wetting investigations the samples which for the additional MAO and EPD
processes were not pursued the grinding (up to 400 grit) and ultrasonically rinsing in acetone for
cleaning and preparation were followed. The contact angle (CA) of the obtained surfaces was analysed
by the optical system with a digital camera (Kruss-DSA25, KRUSS GmbH, Hamburg, Germany) and
estimated by added software (Kruss-Advanced 1.5, KRUSS GmbH, Hamburg, Germany). A static
surface contact angle measurements were carried out with glycerol (99.9%, Chemland, Poland) and
diiodomethane (99.9%, Chemland, Poland) testing fluids. The CA values were determined from the
geometrical shape of the droplets using the Young-Laplace function and manual baseline correction.
Surface free energy (SFE) of analysed samples was estimated from the Owens, Wendt, Rabel, and Kaelble
(OWRK) model used today most frequently. It is based on Fowkes and uses contact angles of two
liquids with known polar and disperse component of SFE. A detailed description of the surfaces
wetting analysis was included in the authors’ previous work [20,38].

3. Results and Discussion

The aim of the current study was the synthesis of the Ti23Mo alloy with a beta type structure
by arc-melting as well as mechanical alloying and the powder metallurgical process with a CP or
HP approach and the evaluation of the properties as a function of microstructure. Additionally,
material volumetric and surface functionalization changes were also investigated.

The crystal structure changes during mechanical alloying of Ti23Mo were studied earlier [29].
The typical (hkl) indexes of the titanium and molybdenum remain visible after 15 min of MA. After 5 h
of milling, the new MoTi phase is formed. 15 h of milling allows the formation of a new Ti($) phase.
During processing, an energy transfer to a powdered material results in an increase of defects density
with a subsequent subgrains formation, which may eventually even lead to material amorphization [39].
Processed for 48 h, the powder mixture evinces a strongly amorphous character with a crystallite size
value estimated by the Williamson-Hall UDM approach close to 13 nm with an increases microstrain
level at the range of 5.6 x 1073 [18]. The XRD analysis confirms for MA processed powder the phase
transition possibility from («) to (B) form during synthesis. What earlier research also shows is that the
molybdenum content and the milling time remain crucial parameters responsible for transformation
control [29].

The processed arc-melted, CP and HP sinters samples spectra were gathered in Figure 1. The XRD
analysis that includes the microcrystalline arc melted (Figure 1a), arc melted and annealed (800 °C/24 h)
(Figure 1b), hot-pressed and sintered (Figure 1c), cold-pressed and sintered (Figure 1d), as well as
the scaffold samples with the porosity of 55% (Figure 1e), was revealed. The sintering results in the
formation of bulk materials. A single-phase, 3-type, Ti23Mo alloy and a Ti23Mo scaffold with the
porosity of 54.7% were obtained by the HP approach and CP with the addition of ammonium hydrogen
carbonate and sintering. The arc-melted sample is also a pure Ti(8) phase-type alloy. For the Ti-23Mo
sample (arc-melted and annealed at 800 °C for 24 h), due to high saturation, another Ti(x")phase
was detected in the  phase region (Figure 1b). Its content equals 17.0%. The obtained two-phase
sample structure is characterized by a homogenous low porosity microstructure. On the other hand,
the cold-pressed and sintered sample mostly remain a -type one, with some (5.2%) content of the
second Ti() phase. The structural parameters of the synthesized Ti23Mo alloys are summarized in
Table 1. The porous and nearly fully light-reflective Ti23Mo alloy surfaces are shown in Figure 2 for
which the EDS results have confirmed their chemical composition (Figure 3). The small content of
an impurity («-Fe) was detected in the MA sintered samples, due to the erosion of the milling media.
The hot pressing method allows the synthesizing of a bulk Ti23Mo alloy of very low porosity (Table 2,
Figure 2c). As can be seen, the porosity heavily depends on the processing method.
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Figure 1. XRD spectra of Ti23Mo alloys obtained by different processing approaches: Arc melted (a),
arc melted and annealed at 800 °C/24 h (b), MA for 48 hand: hot pressed at 800 °C/5 min (c), cold-pressed
and sintered at 800 °C/0.5 h (d) and cold-pressed with NHyHCO5 and sintered at 1150 °C/10 h (e).
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Figure 2. Optical and SEM microphotographs of Ti23Mo alloys obtained by different processing
approaches: Arc melted (a), arc melted annealed at 800 °C/24 h (b), MA for 48 h and: hot pressed at
800 °C/5 min (c), cold-pressed and sintered at 800 °C/0.5 h (d) and cold-pressed with NH4HCO; and
sintered at 1150 °C/10 h (e).
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Table 1. The structural parameters of Ti23Mo alloys synthesized by different processing approaches,

estimation based on the Rietveld approach with phase amounts values (A%).

Structural Parameters

Materal ~ Sig Ry Rep (%) D1 4 : : :
P a(A) cd  V(AY
AM 2666797  10.484024 3.9313207  Ti(P) 100.0 3.2619(1) - 34.707(3)
AMASO0 1573098 63340626 40264g97 _ ) 8298 3:247(1) i i)
Ti(e')  17.02  29712(11) 4.7592(18) 36.385(41)
HP 23671894 8234684 34786754 i) 1000 325700) - 345500)
cr 17763894 5885216 33130217 _ Ob) 9480 3.2453(0) . 34178(1)
T 520  29700(10) 47540(28) 36316(45)
CP+ :
NHHco, VIO SSSISIO 4916383 T(E) 1000 32650 - 34650)

Table 2. Theoretical density (py,), calculated density (pca1), and porosity (P) of Ti23Mo alloy obtained

by different processing approach.

Material Py (g/cmd) Peqi (g/em®) P (%)
AM 6.695 + 0.164 6.674 +0.180 0.31+0.06
AMAB800 6.695 + 0.164 6.691 + 0.167 0.06 + 0.01
HP 6.700 + 0.177 6.684 +0.195 0.24 +0.08
CP 6.688 £ 0.219 5.040+£ 0671  24.64 £0.45
CP + NH4HCO, 6.690 £ 0.095 3.046+£0578 5447 +0.67
a T
Line Wit% At%
Ka 6210 7665
Lo, 3790 2335
- 10000 100.00
Line  Wt% At%
Ka 6191 7643
Lo 3786 2333
Kay 023 024
- 100.00 100.00
Element  Line  Wit% At%
Ti Ko, 6214 7661
Mol Mo Lw 3765 2320
Ti | Ti Fe Ko 018 019
Fe| | Fe vy T - 10000 100.00
Line  Wt% At%
Koy 0213 7662
Ly 3773 2323
Ko, 014 015
100.00 100.00

Figure 3. The amount of elements in Ti23Mo alloy: Arc melted (a), hot pressed (800 °C/5 min) (b),
cold-pressed at 800 °C/0.5 h (c), cold-pressed with NH4HCOj3 at 1150 °C/10 h (d) with their EDS spectra.
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The SEM analysis was conducted to confirm the ultrafine-grained structure in the hot-pressed
sinters. The highly magnified BSE mode microphotograph of the hot-pressed Ti23Mo sample presented
in Figure 2¢ (top right-hand corner), confirmed the microstructure size range.

The Martens hardness (HM), Vickers microhardness (HV3), and indentation modulus (E;r)
were shown for all the indentations selected (Table 3, Figure 4). The microhardness of the sintered
samples shown a variety of distribution that was related to the microstructural changes. For example,
the Vickers microhardness for the microcrystalline (arc-melted) and the cold-pressed and sintered
(800 °C/0.5 h) alloys reached 547 and 366 HV 3, respectively. In the case of the hot-pressed Ti23Mo
alloy, the Vickers microhardness increased to 454 HVy 3 and it was almost three times higher compared
to microcrystalline Ti (180 HV(3). A ten-times lesser force (300 mN), applied using the indentation
depth-sensing technique, shows different results from those of the Vickers and Martens hardness
measurements. A smaller examination area, resulting from the application of the Berkovich indenter,
reflects more correctly the the material response by avoiding the porosity shear but suffers in the case
of a multiphase material of higher scatter. The data shown in Table 3 for the above-mentioned relation,
show very close results shared for higher data transparency, confirm sample homogeneousness, and the
control of results for standard deviation. Alloying and reduction of structural objects following MA,
strengthening of the solid solution as well as the grain refinement mechanism following sintering,
allow an improvement of the analyzed material properties.

Table 3. Vickers hardness (HV 3), Martens hardness (HM), and Young's modulus (Ejr) of the Ti23Mo
alloys obtained by different processing approaches.

Material HVy3+ o HM + ¢ (NJ/mm?)  Ejr+ o (GPa)
AM 547 + 7 4289.4 +28.2 1412426
AMAS00 366 + 6 3270.7 + 47.9 1428 +4.3
HP 454+ 6 3531.2 +32.7 1273+1.2
cp 366 + 19 3093.1 1114 1049 £105
CP + NH4HCO; 397 + 17 2880.7 + 184.3 69.5+89
h [pm]
18
10—
= g v
02—
= € =i
I TTI ‘ TTT \‘IIH‘HH‘HH‘HHPT

50 150 250 F[mN]

Figure 4. Depth-load (h-F) nanoindentation curves of Ti23Mo alloys obtained by different processing
approaches: Arc melted (a), arc melted and annealed at 800 °C/24 h (b), MA for 48 h and hot pressed at
800 °C/5 min (c), cold-pressed and sintered at 800 °C/0.5 h (d) and cold-pressed with NHy;HCO; and
sintered at 1150 °C/10 h (e).

The load-displacement curves of the synthesized Ti23Mo alloys and the scaffold are shown in
Figure 4. In the case of the hot-pressed alloy (Table 3), the Young’s modulus was 127.29 GPa, which was
considerably lower than that of the Ti (140 GPa), Co-Cr-Mo alloy (210 GPa), and 316L stainless steel
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(200 GPa) commonly used in orthopedic applications [3]. The obtained two-phase Ti23Mo structure in
the case of the arc-melted and annealed (800 °C/24 h) alloy is characterized by the highest reported E
modulus values (Figures 2 and 4). The lower average value of EIT characterizes the porous material of
the porosity of 55% (69.5 GPa).

The mechanical properties of the Ti («’) phase can be controlled by a process of cold working
and subsequent low-temperature heat treatment. For example, an o" martensite high strength alloy
Ti-10Nb-2Mo-45n (wt.%) could be obtained [40].

The analyzed values of the modules for differently synthesized Ti23Mo alloys show a relation
based on phase composition and shear of the microstructural elements. The first relation manifests with
the modules drop, due to the appearance of a single beta phase or a diminishment of the second phase
for the increased value of the stabilizing elements or different treatment approach. The second relation
shows a direct connection to the microstructural features based on its internal structure. The material
consistency analyzed in terms of porosity induced intentionally or being the effect of processing,
through its volumetric amount influences the resultant value of the module. The above-mentioned
relation corresponding with the obtained results indicates a possibility of module shaping.

The authors’ earlier results have shown that the crystal structure of the solution treated alloys
is sensitive to the Mo contents [18]. When it increases, the 3 phase becomes the only dominant one.
Molybdenum stabilizes the 3-Ti structure and may suppress the w-phase transition, which, in many
compositions, may exhibit unique properties such as the shape memory effect [41,42]. The presented
results demonstrate that different synthesis methods of the f Ti-based alloys may influence the phase
composition as well as the final sinters properties.

It is noteworthy that the elasticity modulus of the studied alloy can be significantly reduced
by the introduction of a porous structure [43]. The interconnected porous structure may facilitate
the transportation of body fluid and the attachment of the implant to the surrounding bone tissue.
For example, the bulk Ti23Mo scaffold with the porosity of 55% has a lower Young’s modulus (69.5 GPa)
compared to microcrystalline titanium (Table 3). This scaffold exhibited wide cavities of 250-500 um
in diameter (Figure 2e). The optimal pore size for the cell attachment, differentiation, and ingrowth
osteoblasts and vascularization is approximately 200-500 pm [44]. In general, great variations in
the elastic modulus and the plateau stress of the scaffolds can be achieved by different chemical
compositions, pore morphologies, pore sizes and their distributions, shape and thickness of the struts,
different compressive strength test parameters employed (sample geometry, size, loading speed) as
well as by different fabrication methods [45].

It is well known that the elastic modulus of materials remains sensitive to the phase/crystal
structure as well as inherent system confirmation. It has been demonstrated that metastable phases
suchas o, &”, w and {3 can be formed during quenching from the high-temperature p field, depending
on the content of the (3-stabilizers (e.g., Zr, Nb, Mo, Ta, etc.) [17,18,46,47].

Due to extremely small grain sizes, ultrafine-grained metals enhance physicochemical, mechanical
and biological properties compared with the corresponding materials of a microcrystalline grain
size [19,40,48]. A small degree of residual porosity after powder compaction also plays a role in the
cell adhesion.

Earlier, Collings, and Gebel studied the elastic modulus in Ti-Mo alloys [49]. Firstly, due to solid
solution strengthening, the E modulus increased lightly until 120 GPa at 7.5 wt.% Mo. A further
increase in the Mo content caused a decrease of Young’s modulus corresponding to the transition to
the B phase microstructure. A minimum value of 75 GPa was achieved for the Ti-13 wt.% Mo alloy.
A further increase in the Mo content caused a slight increase in the elastic modulus to values up to
90 GPa. These results were in good agreement with those obtained on alloys prepared by casting [50].

The analyzed additional corrosion resistance behavior of the Ti-Mo samples (Table 4 and Figure 5)
in the Ringer’s solution, shows the relation resulting from the material’s porosity and their chemical
composition. The obtained corrosion resistance results show the best values for the hot-pressed,
and arc-melted and annealed (800 °C/24 h) samples. The potential values, analyzed separately from the
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corrosion curves, indicate a possible increase in the speed of the reactions that may take place on the
surface, particularly the one with easier access of the liquid environment to the material substructure.
The presence of porosity in the analyzed samples plays an essential role in the corrosion behavior of
the material. Separate immersing test results confirmed that the weight loss analysis remains in close
relation to the earlier discussion.

Table 4. Estimated from Tafel extrapolation corrosion potential (Ecory) and current (Iegr) with calculated
weight loss from Faraday law (W by polarization) and after 14 days immersing in Ringer solution
environment (W by weight loss) of Ti23Mo alloys obtained by different processing approaches.

. Esrs I W by Polarization =~ W by Weight Loss
Material v (nA-cm™2) (ng-day™) (ugday™
AMAB00 —-0.556(2) 0.3913(66) 4.7(1) 3.5(5)

HP -0.276(6) 0.3333(355) 4.0(4) 1.7(2)
cp —-0.610(3) 4.506(705) 53.7(8) 73.3(6)
CP+NH4HCO;  -0511(4) 1.139(313) 13.6(2) 423(8)
107 =
10° o
10*
5100k
— 10 = l‘,
i
107 3 Py
e 1 | 104 !
08 d ! 109
g ’ 0.75 -050 025 0
10—') | 1
-2 -1 0 1 2 3
E[V]

Figure 5. Potentiodynamic test result curves of Ti23Mo alloys obtained by different processing
approaches in Ringer solution: Arc melted and annealed at 800 °C/24 h (a), MA for 48 h and hot pressed
at 800 °C/5 min (b), cold-pressed and sintered at 800 °C/0.5 h (c) and cold-pressed with NHyHCO; and
sintered at 1150 °C/10 h (d).

Additionally, for the cold-pressed and sintered at 800 °C/0.5 h samples, surface functionalization
by MAO and EPD was investigated. The structural analysis (Figure 6) of obtained modified
surfaces confirms, beside strong Ti(f3)substrate reflexes for MAO, a complex composition
based on the oxides-TigO (01-073-1118)/CaTiO3 (01-075-0437), hydroxides-Ca(OH), (04-014-7726),
and apatite-Caz(POy), (00-048-0488) mixture, as for EPD a fluorapatite layer (FA 01-071-0881).
The morphological view of the samples revealed on SEM microphotographs (Figure 7), allows the
characterization of the obtained surfaces as highly developed ones, with a specific formation. The EPD
process fully obscures the MAO procedure, however, what remains important and confirmed in FA
layer formation [51-53] is the influence of the substrate relation.
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Figure 6. XRD spectra of Ti23Mo alloy MA for 48 h and cold-pressed and sintered at 800 °C/0.5 h and
next surface-treated: MAO (a), MAO + EPD (b).

Figure 7. SEM micrographs of CP samples after surface treatment: MAQO (a), MAO and EPD (b).
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The evaluation of corrosion resistance in Ringer’s solution (Table 5 and Figure 8) of modified
layers shows visible improvement in accordance with the base sample. Also, what the collation of
the potentiodynamic curves shows in Figure 8 is the specific sample behaviour in comparison to all
analyzed processing examples.

Table 5. Estimated from Tafel extrapolation corrosion potential (E¢;) and current (I¢) with calculated
weight loss form Faraday law (W by polarization) and after 14-days immersing in Ringer solution
environment (W by weight loss) of Ti23Mo alloys obtained by different processing approaches.

: Ecorr Teorr W by Polarization =~ W by Weight Loss
Atarial ) (nA-cm~2) (ng-day™) (ng-day1)
CcP —-0.610(3) 4.506(705) 53.7(8) 73.3(6)
CP + MAO ~0.194(2) 0.8367(376) 14(2) 2.8(5)
CP + MAO + EPD -0.615(6) 7.519(725) 39.5(4) 6.9(3)
10"
107
10°
s 10
3)
-
< 10
e
[—
100
107
£
]0 — t 107 L 1 s 1 "
075 050 025 0
109 | | ! ! L L |
-2 -1 0 1 2 3

E[V]

Figure 8. Potentiodynamic test result curves of Ti23Mo alloys obtained by different processing
approaches in Ringer solution: Arc melted and annealed at 800 °C/24 h (a), MA for 48 h and hot
pressed at 800 °C/5 min (b), cold-pressed and sintered at 800 °C/0.5 h (c), cold-pressed with NH;HCO;
and sintered at 1150 °C/10 h (d) and cold-pressed and sintered at 800 °C/0.5 h after surface treatment:
MAO (e), MAO and EPD (f).

Finally, surface properties analysis based on the contact angle measurements in glycerol and
diiodomethane testing fluids, and further estimation of the surface free energy with disperse and polar
components, were performed on the prepared samples. Results (Table 6) confirmed that different
processing approaches influence the SFE and it is dependent on structural and internal material
characteristics. Secondly, for the additionally CP modified surfaces after MAO and MAO + EPD
processes, we observed the decrease of SFE which for the proposed treatment justifies the investigated
functionalization step. Low SFE corresponds to high wetting properties which for the hard tissue
replacement application remain crucial, especially at the level of molecular activity at the interface
region of the host.

64



Metals 2019, 9, 931 13 of 16

Table 6. Contact angle (CA), surface free energy with disperse and polar components for Ti23Mo alloys
obtained by different processing approaches.

2 Diiodomethane  Glycerol CA Surface Free Disperse
Material CA () ©) Energy (mN/m) (mN/m) Polar (mN/m)
AMAS00 63.62 +9.44 62.72 £11.30 35.56 + 6.31 2784 +1.71 7.56 +5.26
HP 60.47 + 5.68 69.98 + 6.78 3191 £3.16 28.14 +3.42 3.61+1.94
cp 53.43 +13.61 28.09 +4.38 56.34 +1.81 3230 +7.75 27.37 +4.00
CP + NH4HCO; - 54.34 +10.05 - - -
CP + MAO 64.64 + 1.66 50.54 + 14.46 42.56 +£9.81 2591 +0.94 16.65 +5.38
CP + MAO + EPD 54.93 £9.31 41.58 +3.35 48.84 £1.86 31.85 £ 5.31 16.99 +6.15

4. Conclusions

Conducted research allowed a synthesising of a new Ti23Mo alloy by the arc-melting,
mechanical alloying, and powder metallurgy methods including cold and hot pressing approaches.
Additionally, material volumetric and surface functionalization changes were also investigated.
The influence of the processing approach on the phase transitions (x—{), microstructure,
corrosion resistance, mechanical and surface wetting properties was studied. The following conclusions
can be drawn:

(1) -sintering of MA powder leads to the formation of the Ti(3) based type alloys,

(2)  -the HP process at a low temperature (800 °C/5 min) of the Ti23Mo alloy in comparison to the
cold pressing and sintering (800 °C/0.5 h) approach allows an obtainment of a low porosity high
compactness pure Ti(p) phase,

(3) -thelow-temperature sintering (below x— f3 transus) allows the synthesizing of the bulk materials,

(4) -the obtained microhardness test results favoured the samples with high compactness and
low porosity,

(5) -the indentation modulus and estimated sinters parameters obtained in this work confirm a
relationship between the material phase and the internal structure,

(6) -the potentiodynamic corrosion resistance analysis indicates a heavy dependence of the obtained
results on the material’s porosity and their chemical composition,

(7)  -the results obtained for surface modified MAO and MAO + EPD treatments confirms that the
substrate has a crucial meaning for wetting and corrosion resistance characteristics

(8) -the SFE, as the analysis confirms, stays strongly dependent on structural and internal material
characteristics as dictated by different processing approaches.
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In the present study, the crystal structure, microstructure, mechanical and corrosion properties of bulk
Ti31MoxHA composites (x = 0, 2.5, 5 and 10 wt %) were investigated. The sintering of Ti31MoxHA
powders led to the formation of a bulk composite with grain size of approx. 1 um. All these composites
have elastic modulus lower than CP microcrystalline o.-Ti, and their hardness is two times higher. The
ultrafine Ti31Mo5HA composite was more corrosion resistant in Ringer solution than the bulk Ti31Mo
alloy. Surface wettability measurements revealed the higher surface hydrophilicity of the bulk ultrafine-
giained Ti31Mo10HA sample in comipaiison to microciystallinie Ti samiple. Ti31Mo5HA coimiposites with
the addition of 1 wt % Ag, 2 wt % Ta;05 or 2 wt % Ce0; were synthesized, too. The antibacterial activity of
Ti31Mo5HA composite containing silver (Ag), tantalum (V) oxide (Ta;0s) or cerium (IV) oxide (CeO;)
against Staphylococcus aureus was studied. in vitro bacterial adhesion, study indicated a significantly
reduced number of S. aureus on the bulk ultrafine-grained Ti31Mo5HA-Ag (Ce,03) plate surfaces in
comparison to microcrystalline Ti plate surface. Ultrafine-grained Ti31Mo5HA - Ag or CeO; biomaterials

Antibacterial activity

can be considered to be the future generation of medical implants.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Austenitic steels, Co—Cr alloys, Ni—Cr alloys, and titanium alloys
are used to produce medical implants [1-5]. Recently a lot of
attention is paid to enhance the biocompatibility of Ti-based alloys
[6,7].

Ti—6Al—-4V alloy is the main biomaterial for medical applica-
tions [5]. However, the Young modulus of this biomaterial is much
higher than that of human cortical bone. To eliminate the stress
shielding effect which originates from the mismatch of Young's
modulus some metallic elements such as Zr, Nb, Mo, Ta, etc have
been added to titanium to develop new low modulus f or near f§ Ti
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(M.U. Jurczyk).
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alloys [4,8—10]. By the elimination of toxic elements such as Al and
V in Ti—6Al-4V, it is possible to prepare Ti-type alloys with
excellent biocompatibility.

Recent studies have demonstrated that Ti—Mo alloys had great
potential for surgical applications [5,11-15]. The solubility limits of
molybdenum alloying in Ti is 8 wt% [16]. The research has shown
that the addition of Mo forms (-phase in Ti-base alloy, and finally,
increase the hardness and decrease the Young modulus [17]. The
phase transformations and mechanical properties of different
Ti—Mo alloys have been investigated and found that the phase
constitutions, mechanical properties were different for these bio-
materials with different Mo contents [12,14,17].

It has been pointed out, that the improvement of the mechanical
properties and biocompatibility of Ti-type alloys can be achieved
through microstructure control, the top-down approaches known
as severe plastic deformation (SPD) and mechanical alloying (MA)
[1,2,17—22]. These biomaterials with nano- or ultrafine-grained
microstructure exhibit an interesting combination of mechanical
properties. One of the examples could be hardness improvement

0925-8388/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd /4.0/).
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due to the grain boundary strengthening mechanism [23].

An alternative method for changing the properties of metal-
based biomaterials is the production of a composite
[18,20-22,24). The hydroxyapatite (HA, Ca;o(PO4)s(OH);) and 4555
Bioglass (44.8% Si0y, 24.9% Nay0, 24.5% Ca0, 5.8% P,0s) [25] are the
main ceramics used in medical applications, Composites containing
titanium or Ti-based alloys and bioceramic as a reinforced phase
are promising alternatives in comparison to conventional materials
because they can match the properties of bone tissue in order to
enhance bone healing.

Earlier, Ti23Mo—45S5 Bioglass composite was developed by the
introduction of 4555 Bioglass (BG) powders into the Ti23Mo matrix
[26]. As a result, the corrosion resistance significantly changed after
the electrochemical treatment and Ca—P deposition and the rough,
electrochemically biofunctionalized surface (porous with Ca—P
layer) supports osteoblast cell growth and proliferation.

Recently, Ti—x at.% Mo (x = 10—35) alloys have been synthesized
by mechanical alloying and the powder metallurgy approach [17].
The Mo addition to titanium and proper heat treatment of nearly
amorphous powders allow the synthesizing of a Ti (B) alloys. The
mechanically alloyed Ti—Mo alloys upon sintering at 800 °C for
5 min led to the formation of single p type phase materials with low
elastic modulus and ultrafine-grained microstructure. Additionally,
for the Ti23Mo alloy, the micro-arc oxidation (MAQ) and electro-
phoretic deposition (EPD) approaches were applied and led to the
formation of apatite and fluorapatite (FA) layers, which improved
the surface properties compared to the base sample [27,27].

In this study, the mechanical alloying and powder metallurgy
process was applied for the synthesis of the ultrafine-grained
Ti—31Mo-x wt. % HA composites (x = 0, 2.5, 5 and 10). Till now,
no attention has been paid to the influence of HA addition on the
crystal structure, mechanical and corrosion properties evolution in
ultrafine-grained Ti31Mo alloy. Additionally, the antibacterial ac-
tivity of Ti31Mo5HA composite containing silver (Ag), tantalum (V)
oxide (Ta,0s) or cerium (IV) oxide (CeO,) against Staphylococcus
aureus was assessed. The influence of microstructure and chemical
composition of Ti31MoxHA and Ti31Mo5HA-Ag (or Ta;0s, Ce0;)
composites on the crystal structure, microstructure, mechanical
properties, corrosion behavior, surface wettability and antibacterial
activity against S. aureus were investigated in details.

2. Materials and methods

The present work contains results of research carried out for Ti-
31 at. % Mo - based composites. [n this study, synthesized materials
are denoted as follows:

- Ti31Mo — mechanically alloyed, cold-pressed and sintered at
800 °C/0.5 h Ti-31 at.% Mo alloy,

- Ti31MoxHA (x = 2.5, 5 and 10 wt%) — mechanically alloyed, cold-
pressed and sintered at 800 °C/0.5 h Ti-31 wt% Mo - x HA
composites,

- Ti31Mo5HA1Ag — mechanically alloyed, cold-pressed and sin-
tered at 800 °C/0.5 h Ti-31 wt% Mo - 5 wt% HA - 1 wt% Ag
composite,

- Ti31Mo5HA2Ta;05 — mechanically alloyed, cold-pressed and
sintered at 800 °C/0.5 h Ti-31 wt% Mo - 5 wt% HA - 2 wt% Ta05
composite,

- Ti31Mo5HA2Ce0; — mechanically alloyed, cold-pressed and
sintered at 800 °C/0.5 h Ti-31 wt% Mo - 5 wt% HA - 2 wt% Ce0;
composite.

2.1. Sample preparation

Powders of Ti (<45 um, 99.9%, Alfa Aesar), Mo (44 um, 99.6%,
Sigma Aldrich), HA (reagent grade, Sigma Aldrich), Ag (5-8 pm,
>99.9%, Sigma Aldrich), Ta;0s5 (250 pm, 99.5%, Sigma Aldrich) and
Ce0; (<5 pum, 99.9%, Sigma Aldrich) were used as primary
materials.

The ultrafine-grained Ti31Mo alloy and their composites were
synthesized by the application of mechanical alloying and powder
metallurgical processes. MA was performed at argon atmosphere
by the application of SPEX 8000 Mixer Mill. The total milling time
was 39 h. Powders of Ti and Mo, Ti, Mo and HA, Ti, Mo, HA and Ag,
Ti, Mo, HA and Ta,0s, Ti, Mo, HA, and CeO; were weighted, blended
and poured into stainless steel vials in the glove box (Labmaster
130). The hard steel balls ratio to powder weight was 10:1. In the
next step, the MA powders were placed into the matrix and uni-
axially pressed at a pressure of 600 MPa. The sample diameter and
height were 8 mm and 4 mm, respectively. Finally, the green
compacts were sintered at 800 °C for 30 min in argon-filled quartz
tubes.

2.2. Materials characterization

The crystal structure of the samples on each step of the pro-
cessing was studied at room temperature using a Panalytical
Empyrean XRD equipment with CuKe radiation. A detailed
description of crystallographic structure evaluation was included in
our previous work [17-20,22].

The lattice parameters estimation as also phases quantitative
analysis were based on the Rietveld profile fitting method realized
on the High Score software. The following structural models were
used: Ti(x) (ref. code 04-008-4973, Ti(B) (ref. code 04-019-3251),
Ag (ref. code 04-016-1388), Ce (ref. code 04-012-9496), Tig 75Mog 25
(ref. code 04-013-0263), TipgzMog3s (ref. code 04-017-8941),
Tio.9aMog o6 (ref. code 04-017-1340), TigP; (ref. code 04-002-5387),
TisP (ref. code 07-007-1166 and 04-002-5385).

Scanning electron microscope (SEM, VEGA 5135 Tescan) with
energy dispersive spectrometer (EDS, PTG Prison Avalon) was
applied to calculate the chemical composition and microstructure
of the synthesized alloy and composites.

The porosity of the synthesized alloy and composites was
calculated by the formula P=(1 - p/py) x 100% (p and py, - the
density of the porous material and its corresponding theoretical
density calculated for the rule of the mixtures). Additionally, the
density of the sinters was calculated by the Archimedes method.

The Vickers hardness (HVp3) was measured using a micro-
hardness tester by applying a load of 300 g for 10 s on the polished
surfaces of the samples. Ten separate indents were created on the
investigated surface of each sample for the statistics.

Indentation Martens Hardness (HM) and Young modulus (E) of
the non-etched Ti31Mo alloy and its composites, were evaluated
using a CSM Instruments nanoindenter with the Berkovich dia-
mond tip [28]. E Modulus testing calculated from the slope of the
tangent for the calculation of indentation hardness following the
method given by Oliver and Pharr [29], carried out on the samples
by four-sided Vickers diamond indenter with an ISO 14577 stan-
dard for measurement parameters as follows F = 0.3 N/20 s and
C=50s.

A detailed description of corrosion resistance measurements
was previously described [27]. The surface of the sample was pre-
pared by grinding in water up to 600 grit. The weight loss by
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polarization was calculated using Faraday's law.

The contact angle (CA) of the synthesized materials was inves-
tigated by the optical system with a digital camera (Kruss-DSA25)
and estimated by software (Kruss-Advanced 1.5). A static surface
contact angle measurements were carried out with glycerol (99.9%,
Chemland, Poland) and diiodomethane (99.9%, Chemland, Poland)
testing fluids. A detailed description of measurements was included
in our previous works [27,30].

2.3. Assessment of biofilm formation inhibition

In this study, the Staphylococcus aureus (ATCC 6538) strain was
assessed. S. aureus was obtained from commercial sources (Amer-
ican Type Culture Collection). A detailed description of the assess-
ment of biofilm formation inhibition was previously presented [31].
The surface spread method and quantitative dilutions were applied
to asses 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 number in
the antibacterial experiments. Analysis of variance (ANOVA) fol-
lowed by Tukey's honest significant difference (HSD) test was
performed on the bacterial counts, The statistical significance was
defined as p < 0.05.

3. Results

In the present work, bulk ultrafine-grained Ti31MoxHA and
Ti31Mo5HA with 1 wt % Ag, 2 wt % Ta;05 or 2 wt % Ce0, composites
were synthesized by MA and powder metallurgy route. The influ-
ence of microstructure and chemical composition of Ti31MoHA
based composite on the crystal structure, microstructure, me-
chanical properties, corrosion behavior, surface wettability and
antibacterial activity against S. aureus was evaluated.

3.1. Structure properties

The crystal structure change of Ti31Mo alloy during mechanical
alloying by XRD method was studied earlier [17]. The sintered
Ti31Mo alloy (800 °C/0.5 h) showed only two phases: a major Ti(p)
-type phase with the cell parameter a = 3.2373 A and a minor Ti(z)-
type phase with cell parameters a = 2.9704 A and ¢ = 4.7716 A. The
Ti31Mo alloy produced by the application of hot pressing at 800 °C
in vacuum approach, allows forming the single p-type alloy [17].

The evolution of crystallographic structures of Ti31MoxHA
composites during mechanical alloying was studied by the XRD
method, too (Fig. 1). The characteristic (hkl) lines of Ti and Mo are
not visible even after 15 min of MA, but in the case of Ti31Mo10HA
only (hkl) lines of HA can be detected after 15 min of MA (see Fig. 1
). After 5 h of MA, for all HA concentrations, except the u-type
phase, the p-type phase was detected. Additionally, in the case of
Ti31Mi2.5HA composite after 39 h of MA single Ti(B) (110) phase
material was formed. During MA, cold welding and alloying of
starting powder substrates proceed at the solid-state. High energy
transfer to the substrate powders during MA results in a high
density of defects and dislocation. The particle size and strain
values evaluated by the Williamson—Hall Uniform Deformation
Model (UDM) approach from the slope of the plots and intercept
depictured on Fig. 2 of Ti31MoxHA samples after 39 h of MA, where
gathered in Table 1. The negative slope indicates the compressive
strain experienced by the particles in the case of Ti31Mo2.5HA
composite.

Formation of the bulk ultrafine-grained composites was ach-
ieved by cold uniaxial pressing and sintering of the MA powders at
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a temperature of 800 °C for 0.5 h at argon atmosphere (see Fig. 3).
XRD analysis of Ti31Mo2.5HA composite showed the presence of
regular phases (total 70.3%): Tip75Moqzs, (44.9%), Tipe7Mog33
(24.3%), B-Ti (1.1%) with minor hexagonal =-Ti (17.8%) phase and
TisP (11.9%). In Ti31Mo5HA composite, except the major p-type
phases (61.1%), the o-Ti (24.3%) and TisP (14.6%) and for Ti31M-
010HA composite o-Ti (29.0%), Tigs;Mog33 (13.8%), TisP (13.5%),
Tip.04Mog 06 (34.0%) and B-Ti (9.7%) were detected (see Table 2). Asit
could be seen from the structural data, the HA decomposition
during MA process appears, its manifests in sinters as a TisP phase
presence, as also what was confirmed, an influence on a primary
phase relation. Higher HA addition to the main composition in-
fluences the growing o-Ti phase volumetric amount and change the
element relation in the bcc phase formation mechanism. For
instance, a higher HA amount influence the beta type phase solu-
tion relation, which for a titanium base stays a dominant one alike
in Tip94Mog o or oppositely for Tig75M0p 25 where a molybdenum
amount arises in a cell volume with simultaneous rearrangement of
the transition Tig 57Mo0g 33 phase.

The volume of the regular structure of Ti31Mo alloy decreases
by the modification of its chemical composition by hydroxyapatite.
The shift of the main diffraction peaks of the (hkl) crystal planes
towards larger angles was observed in comparison with pure
Ti31Mo alloy. The porosity of synthesized composites increases
with an increase of x in Ti31MoxHA (Table 3, Fig. 4). It is important
to note that the final phases content and porosity of so produced
bulk materials remain sensitive to the amount of HA in the Ti31Mo
alloy. The structural parameters of produced Ti31MoxHA compos-
ites are summarized in Table 2.

The bulk Ti31MoxHA composites produced by cold pressing and
sintering were composed of irregular particles and show a poerous
microstructure (Fig. 4, Table 3). Porosity depends strongly on the
chemical composition of synthesized composites. The composite
surfaces were presented in Fig. 4 with their elements mapping
(Fig. 4 a, b, ¢). The obtained results confirmed the chemical
composition of synthesized composites.

The SEM view of composites presented in Fig. 4, shows inde-
pendently phase-contrast relation and microstructure size range.
As could be observed from the analysis, the etching agent reaction
characterizes different surface respond due to a starting composi-
tion. The predominant effect that could be observed remains con-
nected to the HA content that influences porosity and final phase
relation. Visible aggregation, local interactions, and porosity
appearance however homogenously distributed in the final
microstructure corresponds to a changeable analyzed in the further
steps surface properties relation.

Formation of the bulk ultrafine-grained of Ti31Mo5HA with 1 wt
% Ag, 2 wt % Taz05 or 2 wt % CeO, composites were achieved by cold
uniaxial pressing and sintering of the MA powders at a temperature
of 800 °C for 0.5 h at argon atmosphere (Fig. 5). The XRD analysis of
synthesized composite with 1 wt % Ag, 2 wt % Ta;05 and 2 wt% CeQ;
confirm the phase presence composed from the titanium regular
(Tip.67Mo0p 33, Tip75Mogz2s, B-Ti) and hexagonal o-Ti forms as also
other ones like TisP, TigP3 related to HA addition. The content of &-Ti
phase was about 21%. On the other hand, in synthesized compos-
ites, the total amounts of Tip g;Mog 33, Tig75M0g 25 and B-Ti phases
was 65.4, 54.6 and 74.5 for composites with 1 wt % Ag, 2 wt % Ta;05
and 2 wt% CeO; contents, respectively. The structural parameters of
produced Ti31MoxHA composites are summarized in Table 4. The
porosity of synthesized composites was below 5% (Fig. 6, Table 5).

3.2. Mechanical properties

In Table 6 the hardness and Young modulus of the Ti31MoxHA
composites were presented. The indentation hardness (HIT) and
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Fig. 1. XRD spectra of Ti31MoxHA: x = 2.5 (a), 5 (b), 10 (c) mechanically alloyed for different times.

indentation modulus (EIT) were evaluated from the indentations
plots which were shown in Fig. 7. The room temperature load-
displacement curves of synthesized composites confirmed in
nearly all cases, lower than commercial pure Ti (2) modulus values
(140 GPa), interpreted from the line course. For example in the case
of the bulkTi31Mo5HA composite with the porosity 3.72% the
Young modulus equals 10091 GPa. The Vickers hardness for
Ti31MoxHA composites reached 396, 347 and 363 HV( 3 for x = 2.5,
5 and 10, respectively. These values are more than 2 times higher
than that of pure microcrystalline Ti(a) (160 HVq3).

In the case of Ti31Mo5HA with 1 wt % Ag and 2 wt % CeO;
composites Young's modulus (E) are around 95 GPa (Table 7, Fig. 8).
For above the solid solution and/or precipitation strengthening
mechanism remains involved with correspondence to introduced
stress level and dislocations anchorage, which reduces grain
growth at elevated temperatures. The mechanical alloying in the
same results in structure refinement. Obtained after sintering
smaller grains, increase the volume contribution of the grain
boundaries in the whole volume of the material that finally

Ti31Mo +2.5 wt. % HA ¢

Bcos(©) = -0.0065sin(©) + 0.0152

TR*=0.9533

Bcos®
o
(=]
—
i

0.01 -

0.005

Ti31Mo + 10 wt. % HA A==+
Bceos(©) =0.0118x + 0.006
R*=10.3696

Table 1
Particle size and strain factors determined by the Williamson-Hall UDM method
based on the XRD spectra of Ti31MoxHA powders after 39 h of MA.

Ti31MoxHA D [nm] e~

25 9.12 -163-107
5 26.66 3231072
10 2311 295107

corresponds to a higher strength.
3.3. Corrosion behavior

The examples of the polarization curves of Ti31MoxHA com-
posites investigated in the Ringer solution at 37 °C are shown in
Fig. 9 (Table 8). For the HA concentration x = 5 the corrosion cur-
rent (Lorr) is 3.332-[A-cm 2] The addition of 1 wt % Ag and 2 wt %
Ce0;, to Ti31Mo5HA composite deteriorates the corrosion proper-
ties. On the other hand the addition of 2 wt % Tay05 has much more

Ti3lMo +5wt. % HA B = = ==
Bcos(®) = 0.0129sin(®) + 0.0052
R*=0.4684

0 0.1

0.2 0.3

0.4 0.5 0.6 0.7
sin®

Fig. 2. The linear Williamson-Hall UDM plots based on the XRD spectra of Ti31MoxHA powder materials after 39 h of MA.
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Fig. 3. XRD spectra of Ti31MoxHA: x = 2.5 (a), 5 (b), 10 (c) mechanically alloyed for
39 h and sintered at 800 “C/0.5 h.

better corrosion properties (o = 6.293 [pA-cm2]); (Table 9,
Fig. 10).

34. The surface wetting properties

The surface wetting properties such as the contact angles in
diiodomethane and glycerol as well as estimated the surface free
energy with its disperse and polar components of the synthesized
Ti31MoxHA composites were presented in Table 10. Surface
wettability assay recorded lower diiodomethane contact angles in
the case of Ti31Mo5HA composite with 2 wt % CeO; (Table 11). For
the hard tissue replacement applications, the high wetting

Table 3
Theoretical density (p), calculated density (pe) and porosity (P) of Ti31MoxHA
composites.

Ti31MoxHA pun [glem®] Peat [g/cm?] P%]

25 7.142 6.992(21) 2.10(10)
5 7.048 6.785(57) 3.72(27)
10 6871 6.359(32) 7.45(15)

properties remain crucial.

3.5. Effect of Ag Tay05 or CeQ; contents on the antibacterial activity
of Ti31Mo5HA composite

Fig. 11 shows the results of viable bacteria adhered to the
different experimental material surfaces when exposed to S. aureus.
Bacterial adhesion was significantly reduced on the surface of
Ti31Mo5HA1Ag and Ti31Mo5HA2CeO, composites compared to
the microcrystalline titanium. These biomaterials were observed to
have significantly lower adhesion levels (p < 0.05) of S. aureus,
suggesting that these composites have inhibited biofilm formation.
On the other hand, a lot of bacteria are found on the Ti31Mo,
T31Mo5HA and Ti31Mo5HA2Ta,05 composites, as shown in Fig. 11,
displaying that these composites have low antibacterial activity
against S. aureus (Table 12).

4. Discussion

Titanium-based composites have gained great scientific interest
in their adjustable mechanical and corrosion properties. In
consideration of biocompatibility, the reinforcement phases in Ti-
based composites are usually hydroxyapatite, fluorapatite, resorb-
able calcium phosphates, silica, bioactive glasses and calcium [25].

Many different methods for producing ultrafine-grained struc-
tures are available. They are mainly based on the production of fine-
grained powders (down the nanometer scale) and subsequent
powder metallurgy for consolidation. In this work, the bulk
ultrafine-grained Ti31MoxHA composites have been produced by
consolidating the mechanically alloyed powders. The bulk Ti31Mo-
type composites were produced by the application of cold uniaxial

Table 2
Phase amounts determined by the Rietveld method and structural parameters of Ti31MoxHA.
Ti31MoxHA 25 5 10
sig - 2.56274 3.00599 3.2278
Ryp [%] 6.68328 7.65377 7.97017
Rexp [%] 2.60787 2.54617 246923
Tig75Mog 25 A %] 449 % =
a [A] 3223811 - -
v 1A% 33.50494 - -
Ti(z) A [%] 17.8 243 29.0
a 1A] 2.969040 297131 2973551
¢ 1A] 4769867 4.775368 4.780843
% |A] 36.41405 36.51181 36.60885
Tigs7Mo0g 33 A [%] 243 574 138
a 1A] 3.213758 3.214438 3214171
v 1A% 33.19247 3321353 33.20527
Ti(p) A %] 11 37 9.7
a [A] 3.144 3.146497 3.146145
v [A%) 31.07761 3115173 31.14128
TisP A [%] 119 14.6 13.5
a 1A] 9954813 9.966627 999358
c 1A] 4986428 4992807 4958161
\ 1A% 494.14640 4959537 495.1797
Tio94Moo.06 A [%] - - 340
a [A] - .- 3.187645
v |A%] - - 32.38992
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Fig. 4. SEM micrographs, EDS mapping of the Ti, Mo, Ca and P distribution of Ti31Mo
withx HA: x = 2.5 (a), 5 (b), 10 (c) mechanically alloyed for 39 h and sintered at 800 °C/
05h.

pressing and sintering of the MA powders.

The influence of chemical composition on the microstructure,
mechanical properties and corrosion behavior of bulk Ti31MoxHA
composites were discussed. Chemical modification of the Ti31Mo
alloy by 5 wt% of HA led to the obtainment of a composite with a
different properties relation. The higher average values of the
Vickers hardness (396 HV(3) characterize the Ti31Mo2.5HA com-
posite. The Young modulus and hardness of the ultrafine-grained
Ti31Mo5HA composite were found to be 101 GPa and 347 HVy3,
respectively.

The effect of the initial chemical composition on the micro-
structure and properties of Ti-HA composites was studied previ-
ously [20]. Due to the refinement of the microstructure, the
hardness of titanium-reinforced with 10 vol % of HA reached 1500
HVp2; the hardness of microcrystalline Ti is 250 HVy .

It is well known that the mechanical properties of Ti-based al-
loys can be enhanced by the refinement of microstructure to the
ultrafine regime. In this case, enhanced strength and ductility and
reduced tension-compression yield asymmetry can be measured
[32,33].

Due to the corrosive environment of the body fluids, the syn-
thesized composites may undergo unexpected corrosion and finally
can lead to a release of the corrosion products to the tissue. The
ultrafine-grained Ti31Mo alloy possesses a lower corrosion resis-
tance and consequently a higher corrosion current density
(Ieorr = 14.40 [pA-cm?), Ecrr = —0.94 [V]) in the Ringer solutions.
The modification of the chemical composition of Ti31Mo alloy by
HA addition for the x concentrations equals 2.5 and 5 improves
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*Ti(a)
+Ti.P

# TiaPs

2

Intensity [a. u.]
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Fig. 5. XRD spectra of Ti31Mo5HA (a) with 1 wt % Ag (b), 2 wt % Ta,05 (c), 2 wt % CeQ;
(d) mechanically alloyed for 39 h and sintered at 800 °C/0.5 h.

corrosion resistance. Additionally, the bulk Ti31Mo5HA2Ta;05
composite has also good corrosion properties (Ior = 6.293
“lA‘cm_Z]- Ecorr = 0.687 [V])).

The surface wettability and by above surface free energy re-
lations remain a key parameter for the osteoblastic proliferation
activity [34,35] which for improved surface wettability enhanced
the cellular adhesion.

In the present research, the ability of S. aureus to form biofilm on
ultrafine-grained Ti31Mo alloy and subjected to the different types
of chemical modifications, including Ag, Ta;05 or CeO, was evalu-
ated. S. aureus is a Gram-positive bacterium that is a member of the
Firmicutes, and it is a usual member of the microbiota of the body.
Additionally, this bacterium is the leading etiologic agent of limb
and life-threatening biofilm-related infections in the patients
following any implantations.

The obtained results indicate that the tested S. aureus strain is
able to adhere to the Ti31Mo5HA composites produced by the
powder metallurgical method. Additionally, the type of chemical
modification (Ag, Ta;0s5 or Ce05) influences the ability of S. aureus
to form biofilm on the tested biomaterial.

According to published research, when a Ti31Mo5HAAg com-
posite stays immersed in body fluid, the silver could react with the
environment and release ionized Ag into the surrounding [36]. A
release of the silver biocide at a concentration level (0.1 ppb) is
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Table 4

Phase amounts determined by the Rietveld method and structural parameters of Ti31Mo5HA with 1 wt % Ag, 2 wt % Ta;0s and 2 wt % CeO, mechanically alloyed for 39 h and

sintered at 800 °C/0.5 h.

sample Ti31Mo5HA1Ag Ti31Mo5HA2Ta;0s Ti31Mo5HA2Ce0,
sig - 295171 24587 379002
Rwp [%] 745910 6.05492 9.80756
Rexp 1%] 2.52704 246265 258773
Tio 57M0p 33 A [%] 94 1838 152

a [A] 3213202 3215359 3217825

v A% 33.17525 33.2421 33.31864
Ti(x) A 1%] 215 203 20.7

a 1Al 2967743 2.967486 2.96785

c [A] 4767614 4766392 4767345

v [A%] 36.36505 36.34943 36.36562
Tig7sMog 25 A [%] 46.8 36.3 45.6

a [A] 3224589 3.225721 3228327

v [A%] 3352918 33.56452 33.64593
Ti() A [%] 92 95 137

a [A] 3146462 3145521 3145865

v [A%] 31.15068 3112273 3113294
TisP A [%] 13.1 151 45

a 1Al 9.95885 9.965362 9.960789

c [A] 4,997669 4985011 4995629

v [A%] 4956658 4950536 4956529
TigPy A [%] - - 03

a IA] = - 7425

v IA%] - - 4093449

Table 5
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Fig. 6. SEM micrographs, EDS mapping of the Ti, Mo, Ca and P distribution of
Ti31Mo5HA with 1 wt % Ag (a), 2 wt % Taz05 (b), 2 wt % Ce0; (c) mechanically alloyed
for 39 h and sintered at 800 °C[0.5 h.
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Theoretical density (py,), calculated density of the porous material (pcq) and porosity
(P) of Ti31Mo5HA with 1 wt % Ag, 2 wt % Tay05, 2 wt % Ce0,.

sample prn [gfem’] feal [glem’] P{%]

Ti31Mo5HA 7.048 6.79(57) 3.72(27)

Ti31Mo5HA1Ag 7.082 681(12) 383(54)

Ti31Mo5HA2Ta,05 7.070 6.72(08) 497(39)

Ti31Mo5HA2Ce0, 7.051 6.77(18) 4.02(87)
Table 6

Vickers hardness (HVy3), Martens hardness (HM) and Young's modulus (E) of
Ti31MoxHA composites.

Ti31MoxHA HVos + 0 HM + o [N/mm?] E+ o [GPa]

25 396 + 24 3800.01 + 600.50 115.83 + 11.71
5 347 + 30 3107.00 + 635.33 10091 + 13.19
10 363 +25 3032.09 + 469.41 101.69 + 13.01

capable of rendering antibacterial efficacy [36,37].

The mechanism for bacterial toxicity of tested Ti31Mo5HAAg
alloy may include free metal ion toxicity arising from the dissolu-
tion of metals from the surface of the silver particles (e.g., Ag+ from
Ag)[37,38] or oxidative stress via the generation of reactive oxygen
species (ROS) on crystal surfaces of some nanoparticles [39]. Other
mechanisms, which mainly include changes in bacterial cell wall
permeability, removal of antimicrobial agents through efflux
pumps of the membrane, drug action site modification, antimi-
crobial agent's inactivation, etc., should be considered [40).

Titanium remain mostly neutral and for shore not poisonous for
the human body environment which can tolerate this metal in large
doses. Therefore, the composites based on the Ti containing hy-
droxyapatite and Ag additions have the potential to be used in
medicine with the infection control. Information on the acute
toxicity of molybdenum and molybdenum compounds to humans
is not available [41].

The results of this research show that Ta;0s fail to inhibit bac-
terial growth and biofilm formation of S. aureus studied on
Ti31Mo5HA composite. Recently, in vitro antibacterial activity of
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Fig. 7. Depth - load (h-F) nanoindentation curves of Ti31MoxHA: x = 2.5 (a), 5 (b), 10
(¢) mechanically alloyed for 39 h and sintered at 800 °C/0.5 h.

Table 7
Vickers hardness (HVp3)., Martens hardness (HM) and Young's modulus (E) of
Ti31Mo5HA with 1 wt % Ag, 2 wt % Ta;05, 2 wt % Ce0,.

sample HVg3+0  HM + ¢ [N/mm?] E + 6 [GPa)
Ti31Mo5HA1Ag 253 £ 11 2337.92 £ 275.76 94.94 + 6.64
Ti31Mo5HA2Ta;05 379+29 3264.73 + 125212 10245 + 30.00
Ti31Mo5HA2Ce0, 315+ 10 3125.84 + 610.37 95.06 + 19.38
b [um)]
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Fig. 8. Depth - load (h-F) nanoindentation curves of Ti31Mo5HA (a) with: 1 wt % Ag
(b), 2 wt % Ta;05 (c), 2 wt % Ce0; (d).

that Ta;05 doped glass-ceramic (40-x)Si0;-24.4 Nay0-26.9 Ca0-6.1
CaF;-2.6 Py05—xTay05 against pathogenic bacteria was investi-
gated [42]. It was found that ceramic samples showed statistically
significant (p < 0.05) antibacterial activity against the following
gram-positive bacteria: Streptococcus pyogenes, Bacillus subtilis and

E[V]

Fig. 9. Potentiodynamic polarization curves of Ti31Mo (a) and Ti31MoxHA composites:
x=25(b),5(c), 10 (d).

Table 8
Corrosion potential (Egr), current density (l.o,r) of Ti31MoxHA composites.
Ti31MoxHA Ecorr Leorr
V] [pA-cm?
0 -0.940 14.40
25 -0.771 5.386
5 ~0.562 3332
10 -1.040 12.89
Table 9

Corrosion potential (Egyr) and current density (I,r,) of Ti31Mo5HA with 1 wt % Ag,

Wt T 0 D wt ¥ Cal),
2wt Ta;05, 2 wt's (0,

sample Ecorr Loom.

V] [uA-cm 2]
Ti31Mo5HA —-0.562 3.332
Ti31Mo5HA1Ag -0.834 13.17
Ti31Mo5HA2Ta;05 -0.687 6.293

Ti31Mo5HA2Ce0, -0,863 3049
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Fig. 10. Potentiodynamic polarization curves of Ti31Mo5HA (a) with 1 wt % Ag (b),
2 wt % Tay0s (c), 2 wt & Ce0; (d).

Staphylococcus epidermidis.

The Ti31Mo5Ha2Ce0; composite showed the highest antibac-
terial activity against S. aureus. The biofilm formation was reduced
by RF 98.9% in comparison to microcrystalline titanium. Recent
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Table 10

Contact angle (CA), surface free energy, disperse and polar for Ti31MoxHA.
Ti31MoxHA Diiodomethane CA["| Glycerol CA["] Surface free energy [mN/m)| Disperse [mN/m] Polar [mN/m]
0 58.76 + 4.54 5012 +1.39 43.16 + 037 29.29 + 2.61 13.87 + 2.87
25 56.64 + 12.12 4641 + 11.84 46.57 + 5.97 30.49 + 692 16.08 + 10.48
5 5355 + 3.87 51.64 + 6.82 4298 +4.39 3226 +2.20 10.71 + 2.54
10 5455+ 1.18 40.73 + 11.65 49.18 + 6.60 3370 £395 1747 +6.99

studies showed that the cerium oxide nanoparticles with antimi-
crobial activity against Escherichia coli adsorb to the bacteria surface
but do not penetrate the cell [43]. This research is in good agree-
ment with Thill et al. [44], who suggested three types of interaction
between bacteria and Ce nanoparticles: adsorption, oxi-reduction,
and toxicity.

Ultrafine-grained Ti—31Mo5HA-based composites possess
unique mechanical properties and are thus considered to represent
the future generation of biomaterials. Additionally, the addition of
the Ag or CeO; to Ti31Mo5HA composite has significantly lower
adhesion of S. aureus, suggesting that these composites had anti-
bacterial activity.

5. Conclusions

In this study, the influence of microstructure and chemical
composition of ultrafine-grained Ti31MoxHA and Ti31Mo5HA/Ag
(or Ta205, Ce02) composites on the phase transitions (u—f),
microstructure, mechanical properties, corrosion behavior, surface
wettability and antibacterial activity against S. aureus was investi-
gated in detail. An improvement of the properties due to the
ultrafine-grained composite structure was observed.

Summarizing, the following conclusions can be drawn:

- the XRD analysis of Ti31Mo2.5HA composite showed the pres-
ence of regular phases (total 70.3%): Ti0.75M00.25, (44.9%),
Ti0.67M00.33 (24.3%), B-Ti (1.1%) with minor hexagonal «-Ti
(17.8%) phase and Ti3P (11.9%). In Ti31Mo5HA composite, except
the major B-type phases (61.1%), the o-Ti (24.3%) and Ti3P
(14.6%) and for Ti31Mol0HA composite o-Ti (29.0%),
Ti0.67M00.33 (13.8%), Ti3P (13.5%), Ti0.94M00.06 (34.0%) and p-
Ti (9.7%) were detected (see Table 2).

the XRD analysis of synthesized composite with 1 wt % Ag, 2 wt
% Ta205 and 2 wt% CeO2 confirmed the phase presence
composed from the titanium regular (Ti0.67Mo0.33,
Ti0.75M00.25, B-Ti) and hexagonal o-Ti forms as also other ones
like Ti3P, Ti4P3 related to HA addition. The content of o-Ti phase
was about 21%. On the other hand, in synthesized composites,
the total amounts of Ti0.67Mo0.33, Ti0.75M00.25 and {-Ti
phases were 65.4, 54.6 and 74.5 for composites with 1 wt % Ag,
2 wt % Ta205 and 2 wt% CeO2 contents, respectively,

the ultrafine-grained composites possessed higher Vickers
hardness,

in the case of Ti31Mo5HA with 1 wt % Ag and 2 wt % Ce02
composites Young’s modulus was around 95 GPa,

Fig. 11. Antibacterial activity against S. aureus (ATCC 6538) growth on agar plates after
24 h incubation on different composites: (a) control (Ti), (b) Ti31Mo, (c) Ti31Mo5HA,
(d) Ti31Mo5HATAg, (e) Ti31Mo5HA2Ta,05 (f) Ti3s1Mo5HA2Ce0,.

- the corrosion resistance analysis indicated a dependence of the
obtained results on the material’s chemical composition,

- surface wettability assay recorded lower diiodomethane contact
angles in the case of Ti31Mo5HA composite with 2 wt % Ce02,

- the Ti31Mo5HA1Ag and Ti31Mo5HA2Ce02 composites have
significantly lower adhesion levels of S. aureus (p < 0.05).

Table 11

Contact angle (CA), surface free energy, disperse and polar for Ti31Mo5HA with 1 wt % Ag, 2 wt % Ta,0s, 2 wt % Ce0,.
sample Diiodomethane CA[°] Glycerol CA[°| Surface free energy [mN/m] Disperse [mN/m] Polar [mN/m]
Ti31Mo5HA1Ag 62.11 + 5.28 49.12 + 12.14 43.46 + 8.19 27.37 +3.03 16.10 + 5.17
Ti31Mo5HA2Ta,05 4827 + 5.87 59.99 + 20.29 42.01 +7.89 3519 +3.18 229 +1.88
Ti31Mo5HA2Ce0, 4739 +9.09 54.08 +5.08 4335 +2.75 35.60 +4.93 7.75+3.79
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Table 12

Antibacterial activity evaluated using reduction factor (RF) of composites against S. aureus.
sample CFU/mL RF

after 4 h of incubation after 20 h of incubation %

microcrystalline Ti (control) <1.0-10° 20-10° -
Ti31Mo <10.10° 3510 825
Ti31Mo5HA <1.0-10° 40-10 30
Ti31Mo5HA1Ag <1010 50-10° 97.5
Ti31M0o5HA2Ta;05 <10-10° 35-10? 825
Ti31Mo5HA2Ce0, <1010 22.10° 98.9

The ultrafine-grained Ti31Mo5HA - Ag or Ce02 biomaterials
may offer new structural and functional properties for innovative
medical implant applications.
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Abstract: Ultrafine-grained Ti31Mo alloy and Ti31Mo5HA, Ti31Mo5HA-Ag (or Ta;Os5, CeO,) com-
posites with a grain size of approximately 2 um were produced by the application of mechanical
alloying and powder metallurgy. Additionally, the surface of the Ti31Mo alloy was modified. In
the first stage, the specimens were immersed in 5M NaOH for 24 h at 60 °C. In the second stage,
hydroxyapatite (HA) was deposited on the sample surface. The cathodic deposition at =5 V vs.
open circuit potential (OCP) in the electrolyte containing 0.25M CaNay-EDTA (di-calcium ethylene-
diaminetetraacetic acid), 0.25M K;HPO, in 1M NaOH at 120 °C for 2 h was applied. The bulk
Ti31Mo alloy is a single -type phase. In the alkali-modified surface titanium oxide, Ti3O is formed.
After hydrothermal treatment, the surface layer mostly consists of the Cajo(POy)s(OH), (81.23%)
with about 19% content of CaHPOy-2H,0. Using optical profiler, roughness 2D surface topography
parameters were estimated. The in vitro cytocompatibility of synthesized materials was studied. The
cell lines of normal human osteoblasts (NHost) and human periodontal ligament fibroblasts (HPdLF)
was conducted in the presence of tested biomaterials. Ultrafine-grained Ti-based composites altered
with HA and Ag, Ta;Os5 or CeO; have superior biocompatibility than the microcrystalline Ti metal.
NHost and HPALF cells in the contact with the synthesized biomaterial showed stable proliferation
activity. Biocompatibility tests carried out indicate that the ultrafine-grained Ti31Mo5HA composites
with Ag, Ta;O5, or CeO; could be a good candidate for implant applications.

Keywords: Ti31Mo alloy; hydroxyapatite; biomaterials; ultrafine grain; metal matrix composites; cell
proliferation; MTS assay

1. Introduction

Stainless steel, cobalt alloys, titanium, and titanium-base alloys are applied as implant
materials. These cannot be substituted by ceramics or polymers because of their high
strength and toughness [1]. Stainless steel and Co-Cr—-Mo due to high Young modulus in
comparison to that of bone tend to fail after long-term use.

In the production of dental and orthopedic implants titanium and its alloys are
used [2]. These biomaterials have interesting properties: low density (4.5 g/cm®), low
Young modulus (about 100 GPa), high tensile strength (240 MPa), and due to the passive
titanium oxide film (TiO;) have acceptable corrosion properties [3]. On, the other hand,
titanium and titanium alloys, due to low hardness, have poor tribological properties [4].
Additionally, some research reports signifying metal release and corrosion in vivo [5,6].

The aim of the current study is directed at improving the physicochemical and me-
chanical properties as well as biocompatibility of Ti-based systems through crystal structure
evolution (e« — ) and new microstructure formation (micro — nano or ultrafine) via its
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chemical composition modification and processing method, respectively [4,5,7-19]. B-type
titanium alloys are interesting biomaterials for innovative implantable medical devices.
Recently studies on TiMo, TiNb, TiZrNb, TiNbHf, TiNbZrTa, TiNbZrTaSiFe have confirmed
their interesting properties for future application in medicine [9,13-17,19-25]. It is impor-
tant to note, that the cytotoxicity of Mo, Zr, and Nb is lower than that for commercial purity
Ti [26].

The latest studies have proven that Ti-Mo alloys open new possibilities for advanced
medical implants [13,16,17]. The solubility limits of molybdenum in titanium is 8 wt. % [27].
The phase evolutions and properties of Ti-Mo (10 < x < 35) alloys were studied [16].
Additionally, the influence of the preparation method on transitions (x — B) as well
as on the microstructure, mechanical, corrosion, and surface wettability properties was
investigated, as well [17]. It is possible to obtain Ti-Mo alloys with high f-phase content
and also low porosity by using hot pressing (HP) at low temperature (800 °C/5 min)
compared to cold pressing and sintering (800 °C/0.5 h).

One possibility to enhance the mechanical, corrosion, and biological properties of
implant materials, except the chemical composition modification, is the microstructure
control via severe plastic deformation (SPD) [28,29] or mechanical alloying (MA) pro-
cessing methods [11,12,15-19]. Published results proved that the nano- or ultrafine grain
microstructure of titanium and its alloys improved the mechanical properties as well as the
biocompatibility [18,19,29-32].

To change the biological properties of titanium alloys, composites can be synthesized
that combine good mechanical properties of titanium and the excellent biocompatibility
and bioactivity of ceramics (hydroxyapatite (HA), 4555 Bioglass) [33]. Bioceramic-titanium
composites will have practical applications in medicine and can replace titanium alloys with
a ceramic coating. It is well known that ceramic coating improves the surface bioactivity,
however, it often falls off due to the poor ceramic/metal interface bonding [11,19,34].

Biomaterials with nano- or ultrafine- grains offer an interesting property for new prod-
ucts in medical applications [4,10,15-19,28-32,35]. Our previous studies confirmed that Ti
or Ni-free 316L stainless steel—hydroxyapatite composites exhibit superior properties due
to the nanostructure. [10,36]. The mechanical properties and corrosion resistance on bulk
Ti-x wt. % 4555 Bioglass nanocomposites (x = 0, 3, 10, and 20) were investigated [10]. For
example, the bulk Ti-10 wt. % 4555 Bioglass composite in comparison to pure titanium
is more corrosion resistant and twice as harder. Ti-10 wt. % 45S5 Bioglass scaffold shows
an enhanced property for dental implant applications. These composites show better
cytocompatibility in comparison with microcrystalline commercial purity titanium.

Another example of materials for potential applications in dentistry and medicine are
independently synthesized bulk metal matrix nanocomposites (MMNC) based on titanium
and boron [12]. Novel in situ bionanomaterials MMNC based on Ti-B obtained in the
processes of mechanical synthesis and powder metallurgy show new properties compared
to the microcrystalline counterpart. The combination of their unique structure with good
mechanical properties, as well as cell viability and cytological compatibility depending on
the processing conditions favor the nanoscale range of results of the Ti-TiB. [12].

Recently, ultrafine-grained Ti-Zr-Nb type composites with 4555 Bioglass and Ag, Cu,
or Zn metals have synthesized, as well [19]. Higher biocompatibility than the reference
material (microcrystalline Ti) was observed. Ti23Zr25Nb-9BG composite has interesting
mechanical properties. An elastic modulus equals 45 GPa, which is lower than the E
modulus for Ti23Zr25 samples with 70% porosity (55 GPa).

In this paper in vitro cytocompatibility of Ti-31 Mo alloy and Ti31Mo5HA, Ti31Mo5HA-
Ag (or TayOs5, CeO,) biocomposites were investigated and compared with commercial
purity (CP) Ti. Additionally, the surface of the basic Ti31Mo alloy was modified. The
biomaterials were tested on the cell lines of normal human osteoblasts (NHost) and hu-
man periodontal ligament fibroblasts (HPdLF). The studies aimed to confirm superior
biocompatibility of ultrafine-grained Ti-based composites altered with HA and Ag, Ta;Os,
or CeO;.
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2. Materials and Methods
2.1. Sample Preparation

Details on sample synthesis are available in our recent papers [16,18]. The ultrafine-
grained Ti31Mo-type samples (diameter—6 mm; height—3 mm) were synthesized by
MA and powder metallurgy. High-purity powder precursors from Alfa-Aesar, Heysham,
Lancashire; United Kingdom (Ti), Sigma-Aldrich, St. Louis, MO, USA), (Mo, HA, Ag,
Tay0s, and CeO,) were used. In the first stage, the powders were ground in SPEX 8000
Mixer Mill (SPEX SamplePrep, Metuchen, NJ, USA) for 39 h at room temperature and the
ball to powder ratio (BPR) was 10:1. Then, the green compacts were obtained by uniaxial
pressing (600 MPa) and finally were sintered at 800 °C for 0.5 h in an argon atmosphere.

Polishing, then washing with distilled water, rinsing and degreasing ultrasonically in
ethanol, and finally, air-drying were carried out to prepare the surface of the samples for
surface treatment. To obtain an oxide layer on the surface the samples were immersed in
5M NaOH (Poch S.A., Gliwice, Poland) for 24 h in a vessel heated to 60 °C in a furnace.
After the alkali treatment specimens were washed with distilled water and ethanol. Finally,
the hydroxyapatite was deposited on the surface. Aqueous electrolyte containing 0.25M
CaNay-EDTA (Sigma-Aldrich, St. Louis, MO, USA), 0.25M K;HPOy (Alfa-Aesar, Heysham,
Lancashire; United Kingdom) in 1M NaOH (Poch S.A., Gliwice, Poland) at 120 °C for 2 h
was applied.

For this study, the synthesized Ti-31Mo—materials were labeled as follows:

- ultrafine-grained Ti31Mo alloy—Ti31Mo

- ultrafine-grained Ti31Mo alloy after NaOH 60 °C /24 h oxidation—Ti31Mo (Ox)

- ultrafine-grained Ti31Mo alloy after hydrothermal treatment—Ti31Mo (HT)

- ultrafine-grained Ti31Mo-5 wt. % HA composite—Ti31Mo5SHA

- ultrafine-grained Ti31Mo-5 wt. % HA-1 wt. % Ag composite—Ti31MoSHA1Ag

- ultrafine-grained Ti3iMo-5 wt. % HA-Z wit. % CeO; composite—Ti3iMo5HAZCeO,
- ultrafine-grained Ti31Mo-5wt. % HA-2 wt. % Ta;O5 composite—Ti31Mo5HA2Ta,O5

2.2. Materials Characterization

The crystal structure was studied by the application of Panalytical Empyrean equip-
ment with copper radiation; 1 = 1.54 A (Almelo, The Netherlands). Additionally, the
Rietveld approach was used on the Maud software (Luca Lutterotti, University of Trento,
Trento, Italy) for the crystal data estimation and phase quantitative analysis [11,12,15-19].
The applied estimation involved the simulation of the diffraction patterns based on
the structural models for Ti(p) (ref. code 01-074-7075), TizO (ref. code 01-073-1117),
Cayg(POy4)s(OH); (ref. code 04-010-6315), and CaHPO4-2H,0 (ref. code 01-072-1240).
The chemical compositions and microstructure of the studied alloy and composites were
investigated by the application of a scanning electron microscope (SEM, VEGA 5135, and
Mira 3, Tescan, Brno, Czech Republic) with an energy-dispersive spectrometer (EDS, PTG
Prison Avalon). T8000 Profiler (Hommel-Etamic, Villingen-Schwenningen, Germany) was
applied to analyze the surface morphology of the samples. The EVOVIS software (Hommel-
Etamic, Villingen-Schwenningen, Germany) was applied to analyze the obtained profiles.
The arithmetic mean roughness (jm)—R,, the maximum height of the profile pm)—R;,
10-point mean roughness (um)—R; was estimated. The weight loss (W) of the samples,
after immersion in them for 7 days in the Ringer solution environment, was measured to
evaluate the corrosion resistance of synthesized biomaterials. Digital camera Kruss-DSA25
(KRUSS GmbH, Hamburg, Germany) and Kruss-Advanced 1.5 software (KRUSS GmbH,
Hamburg, Germany) and ellipse fitting method were used to determine the contact angles
for diiodomethane and glycerol at 23 °C [37]. The application of Owens, Wendt, Rabel, and
Kaelble method allowed to establish the surface free energy (SFE) [38,39].

2.3. In Vitro Evaluation

The in vitro cytocompatibility investigations were done under standard conditions in
96 well culture dishes in the Heraeus BB16 incubator (Heraeus Instruments GmbH Bereich
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Termotech, Hanau, Germany) at 37 °C temperature, in an atmosphere of 5% CO,, and
humidity level of 95%. The discs of Ti31Mo—type materials, as well as microcrystalline
titanium, were sterilized by immersion in 70% of the EtOH dilution and drying in a laminar
flow hood with the ultraviolet (UV) sterilization of each side of the insert for 12 h.

Normal human osteoblasts (NHost., CC-2538) and human periodontal ligament fi-
broblasts (HPALF, CC-7049) were ordered 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). More details related to cell line preparation with the conditioning of breeding media
are available in our recently published paper [19].

To assess the number of cell proliferation, viability, and cytotoxicity the CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega, Madison, W1, USA)
was applied [12,19,32,35]. The MTS assay protocol is based on the reduction of the MTS
tetrazolium compound by viable cells to generate a colored, soluble formazan product the
quantity of which was measured spectrophotometrically (A =490 nm) in the ELISA plate
reader, (MRX Dynex, Chantilly, VA, USA). Microcrystalline titanium (Ti) was applied as
reference material of the cell growth in the conditioned media of the composite Ti31Mo-
type samples. The cells were grown in triplicates for 24, 72, and 120 h in each cell type and
test materials. The MTS test results were averaged for each type of cells and conditioned
medium. The relative viability of the cells (RVC) was calculated based on the value of
absorbance [19].

Photographic documentation of the cell cultures was conducted in conditioned media
in 24 well dishes, on sterile 13 mm cover slides. The photographic documentation was
made in the magnification of 150 x by the application of a Nikon digital camera (Nikon,
Minato-ku, Tokyo, Japan).

3. Results
3.1. Crystal Structure, Phase Contents, the Morphology

The uniaxial pressing of Ti31Mo type materials leads to the formation of green com-
pacts. These were sintered at 800 °C for 0.5 h. The Ti31Mo alloy showed Ti(f)-type phase
(a=3.2433 A). In the Ti31Mo5HA composite, mainly B-type phases (61.1%), as well as the
o-Ti (24.3%) and TizP (14.6%), were observed. The presence of the Ti;P phase confirms the
decomposition of HA during the MA process. More details related to the HA content on
the crystal structure of Ti-31Mo alloy can be found in our previous paper [18].

In bulk Ti31Mo5HA composite with 1 wt. % Ag, 2 wt. % Ta;O5 and 2 wt.% CeO,
the multiphase material were observed: regular phases Tij ¢;Mog 33, Tig 7sMoy 25, -Ti in
total amounts 65.4, 54.6, and 74.5, respectively, and hexagonal a-Ti forms as also TisP, TisP3
related to HA addition. The SEM micrograph of the bulk ultrafine-grained Ti31Mo alloy
is shown in Figure 1. The average grains of about 2 pm can be seen for this sample. The
average grain size is about 150-170 um in microcrystalline Ti.

S pm

Figure 1. Scanning electron microscopy (SEM) micrograph of the bulk ultrafine-grained Ti31Mo alloy.
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Figure 2 shows X-ray diffraction (XRD) results of ultrafine-grained Ti31Mo alloy before
(a), after NaOH 60 °C/24 h (b), and hydrothermal treatments (c). The bulk Ti31Mo alloy
is a single B-type phase. In the alkali modified (5M NaOH for 24 h at 60 °C) surface
titanium oxide, TizO, is formed. Its content equals 4.93%. After hydrothermal treatment,
the surface layer mostly consists of the Cajg(POy4)s(OH), (81.23%) with about 19% content
of CaHPOy-2H;,0 (Table 1). Due to their bioactive properties, these ceramics are useful in
bone surgery. Additionally, they are non-toxic and non-allergic.

7 Ca(PO)(OH):
* CaHPO#2H.O

Intensity [a. u.]

\ | T T \
20 30 40 50 60 70 80
2Theta CuKa

Figure 2. Ti31Mo alloy before modification (a), after NaOH 60 °C/24 h (b), and hydrothermal
treatment (c).

Table 1. The structural parameters of Ti31Mo alloys before modification, after NaOH 60 °C/24 h,
and hydrothermal treatment.

Structure Parameters Ti31Mo sTi31Mo (Ox) Ti31Mo (HT)
sig - 1.4629564 15791782 1.405559
Rwp [%] 6.0970262 6.329574 5.535124
Rexp [%] 4167606 4.0081444 3.9381716
A [%] 100.00 95.07 5
Ti(p) a [A] 3.2433(1) 3.2426(1) 8
\Y [A3] 34.1(0) 33.5(0) 8
A [%] . 493 -
Ti,0 a [A] - 5.1361(41) -
c [A] - 9.5623(164) .
\Y [A3] - 36.6(0) -
A [%] . . 81.23
Cayg(PO(OH), {2} ) ) 2;3‘2}223
v [A%] - - 530.1(1)
A [%] 2 2 18.77
a [A] = = 6.3748(32)
CaHPO,-2H,0 b [A] = = 15.2564(58)
c [A] - - 5.7910(31)
v [A3] = - 487.8(7)

In the alkali and hydrothermally treated Ti31Mo alloy, the hydroxyapatite was de-
posited. Porous Ca-P protrusions in cauliflower-like shape are visible (Figure 3). The
morphology, size, and structural organization of HA particles could be controlled by chang-
ing the temperature and time during the HT process. The osteoblast cells will be grown
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on that porous Ca-P layer. Figure 4 shows a cross-section view of the surface layer with a
thickness close to 155 pm.

20 jm

20 pm 2 um \
- N ——

Figure 3. SEM micrographs for Ti31Mo before modification (a), after NaOH 60 °C/24 h (b), and
hydrothermal treatment (c).

\O
—
~I_

Ti3 1Mo
y 100 pm

Figure 4. Cross-section view of Cal surface layer for Ti31Mo after hydrothermal treatment.

The EDS analysis confirmed the XRD analysis and proved the content of both Ca and
P on the surface after HT treatment (Table 2, Figure 5). After immersion in 5M NaOH at
60 °C for 24 h, the average sodium content was equal to 2.22 wt. % due to the presence
of the sodium titanate [40] which can positively influence the nucleation and growth of
the surface layer. EDS analysis of the deposited Ca-P layer (Figures 3 and 4) confirmed
the formation of hydroxyapatite (HA), which was similar to the human hard tissues in
morphology and composition. An important property of HA is its stability in the body
fluids in comparison to other calcium phosphates.
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Table 2. Energy-dispersive spectrometer (EDS) results for Ti31Mo after NaOH 60 °C/24 h and
hydrothermal treatment.

Ti31Mo(Ox) Ti31Mo(HT)
Element Line
wt. % wt. %
Ti Koy 50.07 0.00
Mo Loy 41.63 0.00
Ca Koy 0.00 45.07
P Koy 0.00 24.28
(0] Koy 6.07 16.56
Na Koy 2.22 6.81
K Koy 0.00 7.28
Total - 100.00 100.00

50 pm 50 um

P 0

50 pm 50 pm 50 pm

50 pm 50 pm

Figure 5. EDS mapping for Ti31Mo after NaOH 60 °C/24 h (a) and hydrothermal treatment (b).

3.2. Surface Properties

Figure 6 shows X-profiles, at the different processing stages, of the bulk Ti31Mo al-
loy. Surface roughness is a leading property of the implant during the osseointegration.
The proliferation of cells can be supported also by nano-topography [29,31,41]. The bulk
ultrafine-grained Ti31Mo alloy had Ra, Rt, and Rz values of approximately 1.04, 14.55, and
10.59 wm, respectively (Table 3). After NaOH 60 °C/24 h (b) and hydrothermal treatments
this alloy surface had an average Ra, Rt, and Rz values in the range of 2-9, 22-62, and 16—
45 pm, respectively. Large pores formed on the surface of the sample during the two steep
of treatment aid proliferation. The highly developed surface morphology obtained after ad-
ditional Ca-P deposition facilitates the colonization by pathogenic microorganisms [42-46].

Table 3. Two-dimensional (R,, Ry, R;) parameters for the Ti31Mo alloy before modification, after
NaOH 60 °C/24 h, and hydrothermal treatment; parameters are taken from the surface area of

1.08 mm?.
2D Parameters Ti31Mo Ti31Mo (Ox) Ti31Mo (HT)
Ra 1.04 £0.13 240 £036 9.22 +£1.93
R¢ 14.55 + 0.78 2218 +£1.85 62.52 £ 10.85
Rz 10.59 +0.77 15.70 + 1.69 45.39 4+ 5.95
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Figure 6. The surface roughness of the Ti31Mo before modification (a), after NaOH 60 °C/24 h (b),
and hydrothermal treatment (c).

3.3. Corrosion and Surface Wetting Properties

Plasma-spraying, grit blasting, acid etching, anodization, or calcium phosphate coat-
ings are methods used to reduce the corrosion rate of titanium alloys in simulated body
fluids [8,11,47-50]. In this study, the corrosion resistance was evaluated by the weight loss
(W) of the samples after immersion in the Ringer solution environment. In the case of
Ti31Mo alloy after HT treatment W equals 0.0150 mg/day (Table 4). The alkali treatment
led only to a decrease in weight loss, which was caused by the Na;Ti;O4(OH); and Ti;O
formation. The same positive effect was observed previously in the case of mechanically
alloyed and sintered titanium-hydroxyapatite nanocomposites and other Ti-based metallic
biomaterials [51-53]. Better corrosion resistance is possible with Ti-Bioglass(4555)-Ag
composites due to the rutile layer on the surface [10].

Table 4. Estimated weight loss (W) after 7-days immersing in Ringer solution environment and
contact angle (CA), surface free energy, disperse, and polar for Ti31Mo before modification, after
NaOH 60 °C/24 h and hydrothermal treatment.

Parameter Unit Ti31Mo Ti31Mo (Ox) Ti31Mo (HT)
w (mg/day) 0.0496(16) 0.0357(22) 0.0150(25)
Diiodomethane CA ©) 58.76 + 454 46.16 +5.71 impossible to
measure
Glycerol CA ©) 50.12 £ 1.39 55.97 4 5.31 31.28 +2.78
Surface free energy (mN/m) 43.16 + 0.37 42.54 +3.07 -
Disperse (mN/m) 29.29 +2.61 36.37 +3.10 -
Polar (mN/m) 13.87 £ 2.87 6.17 £1.41 -

The surface contact angles and free energy in diiodomethane and glycerol were signif-
icantly improved for an electrochemically etched and deposited sample (Table 4). Surface
free energy was measured to be about 43 mN/m after NaOH 60 °C/24 h treatment. On
the other hand, contact angles were decreased to about 31°, after hydrothermal treatment,
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in the case of glycerol. As a result, the materials after surface treatment were more hy-
drophilic, which promotes the growth of bone tissue. This surface had a positive effect on
the absorption, adhesion, and cell proliferation activity [54].

3.4. Biocompatibility Studies

An in vitro test is a method to test for the toxicity of a biomaterial [54,55]. In our study,
we tested Normal Human Osteoblasts and Human Periodontal Ligament Fibroblasts.
The MTS [3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H
-tetrazolum] assay was used to assess cell proliferation in a conditioned medium. The
tetrazolium salts were reduced by viable cells to formazan products that are directly
soluble in the cell culture medium. The quantity of formazan product was measured.
Microcrystalline titanium (Ti) was applied as reference material for the cell growth of the
composite Ti31Mo-type samples.

The sample chemical composition and its microstructures as well as the time of culture
of NHost and HPALF influences strongly the final growth patterns. As we can see in
Figures 7 and 8, the growth rate was differentiated between the NHost and HPALF cultures.
Generally, NHost cells overgrow more regularly and faster on the tested Ti31Mo-type
biomaterials.
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Figure 7. Morphology of the normal human osteoblast (NHost) cells cultured for a different time: 24 h, 3 days, and 5 days:
Ti31Mo (a), Ti31Mo after hydrothermal treatment (HT) (b), Ti31Mo5HA (c), Ti31Mo5HA1Ag (d), Ti31MobHA2CeO; (e),
Ti31Mo5HA2Ta, Os (f).
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Figure 8. Morphology of the fibroblasts cells cultured for a different time: 24 h, 3 days, and 5 days: Ti31Mo (a), Ti31Mo after
hydrothermal treatment (HT) (b), Ti31Mo5HA (c), Ti31Mo5HA1Ag (d), Ti31Mo5HA2CeO; (e), Ti31Mo5HA2Tay 05 (f).

Results of metabolic activity of NHost. and HPALF and RVC values (%) for the
reference sample (Ti) measured based on the MTS test after 24 h, 72 h, and 120 h of breeding
in conditioned media are shown in Figures 9 and 10; PC (positive control) is the cells of a
given type bred in a fresh, unconditioned medium. Interesting results were noted for the
Ti31Mo after hydrothermal treatment and for bulk Ti31Mo5HA1Ag, Ti31Mo5HA2CeO,,
Ti31Mo5HA2Ta;O5 samples.
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Figure 9. The results of the MTS assays performed at 1, 3, and 5 days on the viability of the osteoblasts for: Ti31Mo (a),
Ti31Mo after hydrothermal treatment (b), Ti31Mo5HA (c), Ti31Mo5HA1Ag (d), Ti31Mo5HA2CeO; (e), Ti31Mo5HA2Ta;O5

(f); PC—positive control.
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Figure 10. The results of the MTS assays performed at 1, 3, and 5 days on the viability of the fibroblasts for: Ti31Mo (a),
Ti31Mo after hydrothermal treatment (b), Ti31Mo5HA (c), Ti31Mo5HA1Ag (d), Ti31Mo5HA2CeO; (e), Ti31Mo5HA2Ta,05

(f); PC—positive control.

4, Discussion

B-type Ti alloys are interesting metallic materials for medical applications. Ultrafine-
grained Ti-31 Mo alloy and Ti31Mo5HA, Ti31Mo5HA-Ag (or Ta; 05, CeO;) composites
were synthesized and their properties investigated. The heat treatment of the amorphous
material after the MA process led to the creation of B-type Ti31Mo alloy with a unique
microstructure with a grain size of 2 um. The increase of the HA concentration in the
Ti31Mo composite increased the content of the o-phase. The alkali and hydrothermal
treatment in the electrolyte containing 0.25M CaNay-EDTA, 0.25M K;HPO, in IM NaOH
at 120 °C for 2 h were applied. On a porous surface, the bioactive ceramic CaP layer was
deposited.

In the corrosive environment of the tissue and body fluids, implants unexpected local
corrosion. The corrosion products in the tissue can create a toxic effect [3]. The tests in the
Ringer solution showed a positive effect on corrosion resistance of the CaP layer formed on
ultrafine-grained Ti31Mo composite. This composite showed the best corrosion resistance
after oxidation and CaP deposition (estimated weight loss of W = 0.015 mg/day). Contact
angles of ultrafine-grained Ti31Mo alloy were determined in glycerol and show a visible
decrease for bulk Ti31Mo alloy after oxidation and hydrothermal treatment (CA = 31°).

In vitro cytocompatibility of Ti-31 Mo alloy and Ti31Mo5HA, Ti31MoSHA-Ag (or
Tay0s5, CeO;) biocomposites was investigated and compared with commercial purity
(CP) Ti. The cell lines of normal human osteoblasts (NHost) and human periodontal
ligament fibroblasts (HPdLF) was conducted in the presence of tested biomaterials. NHost
and HPALF cells showed very good cell proliferation, colonization, and multilayering.
The surface topography and the chemical composition of the biomaterial are key factors
for the successful implant integration with the hard tissue. So, the biofunctionalization
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of synthesized composites represents an important procedure in the development of
biomaterials that support the initial healing of the implant.

Silver has good antibacterial properties [54,56]. Earlier, the properties of Ti samples
modified with nanodendrites of Ag were studied in detail [32]. These biomaterials have
good biocompatibility. Recently, the antibacterial properties of Ti31Mo5HA composite
containing Ag, Ta;Os, and CeO; against Staphylococcus aureus was evaluated [18]. The
Ti31Mo5HA1Ag and Ti31Mo5HA2CeO, biomaterials have lower adhesion levels of S.
aureus (p < 0.05). Additionally, these composites possess good mechanical properties [18].
Young's modulus around 95 GPa is measured for bulk Ti31Mo5HA composites with 1 wt.
% Ag and 2 wt. % CeO, additions.

Good biocompatibility makes these biomaterials attractive in applications in implant
applications. Performed in vitro studies confirm that ultrafine-grained bulk Ti31Mo-type
composites altered with HA and Ag, TayO5, or CeO; did not show cytotoxic properties
against cultured NHost and HPALF cells. Independently, electrochemical anodic and
cathodic surface treatment was applied to the Ti-6Zr-4Nb bulk alloy with nanostructure [57].
This treatment supports osteoblast adhesion and cell proliferation due to the created pores.

Recently, the properties of Ti-based scaffolds with a porosity of 70% and pore sizes in
the range of 200-300 um were synthesized by the application of titanium and ammonium
hydrogen carbonate particles [58]. Anodization and heat treatment allows the formation of
bioactive anatase nanotubes with the size of approximately 100 nm. Due to apatite creation,
this surface modification on the Ti scaffold improved the biocompatibility. Finally, the
compressive strength of 36.8 MPa was equal to the cancellous bone.

Until now, large numbers of new Ti-based alloys have been synthesized and their
properties studied in vivo [12-14,20-26,44-46,49,50]. The environmental impacts and toxi-
city of ultrafine Ti-bioceramic composites should be evaluated. New implant biomaterials
with B-crystal structure and ultrafine-grained microstructure should demonstrate a re-
duced susceptibility to bacterial colonization and should not have pathogenic effects. The
ultrafine-grained Ti31Mo-type composites with the HA and Ag, Ta;Os, or CeO; addition
may support the continuous adaptation process to the implant by the host organism.

5. Conclusions

In our study, bulk ultrafine-grained Ti31Mo-type composites with HA and Ag, CeO,,
or Ta;Os5 additions were synthesized. The results of surface modifications of the ultrafine-
grained Ti31Mo alloy were shown. This Ti31Mo alloy is favorable for biomedical applica-
tions. The modification of the alloy surface improves their properties. The alkali treatment
(immersion in 5M NaOH (60 °C/24 h) and hydrothermal treatment in the electrolyte
containing 0.25M CaNa,-EDTA, 0.25M K,HPO, in 1M NaOH at 120 °C for 2 h, achieves
promising results of surface fitting for implant applications. Ca-P layer formation during
cathodic deposition is useful in osseointegration. The in vitro biocompatibility studies
show that the bulk composites based on Ti3IMo5HA and Ag, CeO,, or Ta,0s are good
candidates for future implant applications.
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wynikéw i redagowaniu artykutu. Jednoczesnie wyrazam zgode na wykorzystanie danych z tej
publikacji na potrzeby przewodu doktorskiego Pani mgr inz. Patrycji Sochackiej.
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