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1. Uvod

Tuto diserta¢ni praci piSi na zakladé péti publikaci a jedné kapitoly
v knize, které vysly nebo vyjdou v impaktovanych ¢asopisech, jejichz jsem
bud prvnim autorem i spoluautorem. Je zalozena na spolupraci mezi obory
pfirodnich véd - chemie, fyziky a biologie. To z ni ¢ini mezioborovou praci,
kterd zahrnuje popis pfipravy vzorkUl, otestovani jejich fyzikalné chemickych

vlastnosti a zdznam samotnych biologickych test( in vitro.

Titanové slitiny jsou diky svym vlastnostem, mezi které patfi vysoka
mérna pevnost, korozni odolnost a biokompatibilita, dGlezitymi materidly
v oblasti bioaplikaci. Titanova B slitina TiNb (konkrétné se jedna o slitinu
Ti39Nb (wt%), kterd je vhodna pro budouci vyuZiti pro vyrobu kostnich
implantatd), vykazuje nizky modul pruZnosti (E = 60 GPa) v porovnani
napfiklad s klasickymi korozivzdornymi ocelemi AISI 316L (E = 200 GPa)
nebo titanovou a + B slitinou Ti6AI4V (E = 115 GPa), jenz jsou v soucasnosti
nejpouzivanéjsimi materialy pro vyrobu kostnich a kloubnich implantatd [1].
Modul pruznosti je dllezitou materidlovou charakteristikou a cilem je
dosazeni co nejvétsi podobnosti s modulem pruznosti lidské Kkosti
(E= 10~30 GPa), aby dochazelo k pfirozenému rozloZeni napéti mezi kosti
a implantatem pfi zatéZzovani [2]. Pfi pouziti materildld implantatu
s vysokych modulem pruznosti prfebira tento implantat napéti pfi pohybu

a okolni kost neni namdhana, ¢im dochazi k uvolfiovani implantatu.

Titan a jeho slitiny jsou schopné na svém povrchu vytvaret tenkou
oxidickou vrstvu sloZzenou s oxidd zakladniho kovu (u slitiny TiNb se jedna
pfedevsim o oxid titanicity TiO, a oxid niobi¢ny Nb,Os), které chrani zakladni
material prfed korozi. Této vlastnosti je vyuzivdno pfi modifikaci povrcht
titanovych slitin metodou anodické oxidace, kdy jsme schopni vhodnymi
podminkami procesu upravovat vlastnosti oxidické vrstvy (krystalicka

struktura, tloustka, nanostruktura povrchu) dle pracovnich pozadavks na
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konkrétni materidl. Jednim z dllezitych parametri oxidické vrstvy je jeji
morfologie (nanopdrovitost). Studiemi byla prokdzana lepsi adheze bunék
na povrchu materidlu, ktery vykazoval porézni strukturu oxidické vrstvy.
Nanopodrézni struktura maze slouzit i jako Sablona pro ukladani IéCiv a tim

muze vyrazné urychlit proces vhojeni implantatu do lidského téla.

Tato prace se zabyva pfipravou a modifikaci povrchu materidlu titan-
niobové slitiny, které by slouzily k lepSimu zakotveni implantatd do kostni
tkané. Velmi slibnymi Gpravami je nandseni oxidickych vrstev na materidl,
jehoz mechanické vlastnosti umoznuji vtéleni do kosti. Oxidické vrstvy
mohou byt nandseny nékolika zplsoby a vysledny efekt se mizZe ve findle
liSit, jak ve strukturnim slozeni tak i v morfologii povrchu. Tyto odliSnosti

maji pak zasadni vyznam pro findlni vyuziti materidlu vimplantologii.

2. Lékarské implantaty

2.1 Obecny prehled

V oblasti Iékafskych implantdtd vznikaji nové materidly se zcela
odlisnymi fyzikalnimi vlastnostmi (napf. slitiny kovl, povrchové vrstvy,
nanomateridly) uréené zejména pro zdravotnictvi a biotechnologie. Vyvoj,
vznik novych metod a postup(l k vyjadieni vztahu mezi povrchem nezivého
materidlu a buné&cénou populaci [3] feSi norma ISO 10993, kterd popisuje
obecné principy biologického hodnoceni zdravotnickych prostredki
v rdmci procesu fizeni, fazeni zdravotnickych prostfedk(i do kategorii podle
povahy a doby trvani jejich styku s télem, hodnoceni existujicich dllezitych
dat ze vSech zdrojli, stanoveni dalSich souborl dat nezbytnych k analyze
biologické bezpecnosti zdravotnického prostfedku posouzeni biologické

bezpednosti zdravotnického prostiedku. [4]

Biomateridlové inzenyrstvi se zajima predevsim o vzajemnou reakci

mezi lidskym organismem a implantatem. Pozoruje reakci v tésné blizkosti

10
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organismu, zdali je zaniceny nebo naopak se dobfe hoji. A u materialld se
zkouma predevsim opotiebeni, koroze, degradace, tnava a lom. [5]
Biomaterial je material nahrazujici ¢asti zivé tkang, tudiz je v kontaktu s jinymi
c¢astmi této tkané. Biomateridl interaguje s biologickym systémem.
Biokompatibilita je akceptovani implantatu okolni tkani a celym télem.
Implantat by mél byt kompatibilni s tkani po mechanické, chemické, povrchové
a farmaceutické strance. Prikladem jsou polymerni, kovové, keramické Ci
kompozitni materidly, které lze vhodnou vyrobou pfipravit do stavu s
pozadovanymi vlastnostmi [6].

Z hlediska biologické tolerance lze rozclenit biokompatibilni materidly do
nasledujicich kategorii [7]:

a) materidl biotolerantni - obecnou charakteristikou je tolerance materidlu
z pohledu zivé tkané. Napfriklad pfi vhojovani implantatd z biotolerantniho
materidlu dochazi k distanéni osteogenezi (postupny proces hojeni kosti
smeérem dovnitr od hrany kostniho loze ve sméru k povrchu implantatu. Kost se
nevytvaii bezprostiedné na povrchu implantatu). Vyznamnym problémem
biotolerantnich kovl je hlavné koroze, kdy v pfipadé implanta¢niho materidlu
dochazi vlivem elektrochemické interakce k povrchové dezintegraci. lonty
materidll ziskaji volnost pro prechod do tkané, kde mohou negativné plsobit
(a to toxicky, iritacné, senzibilizacné a je mozna i prostupnost do vzdalenéjsich
tkani-vznik metaldzy.

b) material bioinertni - jedna se o biologicky neaktivni materidl, ktery je tkani
plné akceptovany. Oproti biotolerantnim se bioinertni materidly vhojuji bez
vzniku vazivové vrstvy. To znamen3, ze nedochazi k osteogenezi distancni, ale
ke kontaktni osteogenezi nazyvané rovnéZ oseointegrace (pfimad migrace
vazebnych bunék skrz krevni matrix k povrchu implantatu. Kost se rychle
formuje bezprostifedné na povrchu implantatu).

c) material bioaktivni - definovany jako biologicky reaktivni material, vyvijen
ve snaze dosdhnout vyssi biokompatibility zejména u aloplastickych materiald.
V pfipadé implantace do kosti se z kosti samotné uvolnuji pfedevsim kalciové
a fosfatové ionty. Tento proces nazyvame terminem vazebni osteogeneze

neboli biointegrace. Pro doplnéni a prehlednost rozdéleni materialt zde jen
11
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vyjmenujme nejCastéji pouzivané: hydroxyapatitova keramika, bioaktivni
sklokeramika. [7].

Biodegradabilni materidl se po urcitém casovém uUseku rozklada v
organismu a ustupuje tak nové vzniklé tkani. Slouzi jako docasna nahrada
chybéjici tkané.

Z uvedeného vyplyva fada pozadavk( na vlastnosti pro materidl implantatG
po obecné strance uvedené v Tabulka 1. Konkrétni pouzivané biomaterialy

jsou pak uvedeny v Tabulka 2.

Tabulka 1: Rozdéleni a poZadované vlastnosti materialu pro implantaty [8]

Faktory Popis
Chemické/biologick Fyzikalni Mechanické/str
é vlastnosti u
vlastnosti kturni
vliastnosti
Modul pruznosti
. N Pevnost ve
1. Uroven v
. , L . ., strihu
materialovyc Chemické slozeni
h (objem a povrch) Hustota Mez kluzu
vlastnosti Mez pevnosti v
tahu
Mez pevnosti v
tlaku
Tvrdost
Odolnost proti
2. Uroven Povrchova otéru a tfeni
materialovyc Adheze topografie L(v)mova
h (textura houZevnatost
vlastnosti a drsnost) Modul pruznosti
v ohybu
Pevnost v ohybu
Struktura Tuhost a
e Biofunk&nost (ma%'vn," negoddajn,ost
Specifické , porézni, Unavova
funkénf (netrombogennt, ovlaky, film evnost
N bunééna adhese atd.) P <Y yi P
pozadavky vlakna, .
. . Odolnost proti
(zaloZené na tkanina,
. . ‘v creepu
aplikaci) prasek)
Bioinertnost . Modul pruznosti
.. Geometrie .
(netoxicita, ve stfihu

12
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nedrazdivost, Koef. teplotni
nealergi¢nost, roztaznosti ,
nekarcigennost atd.) Elektricka Adhezni pevnost
vodivost
Biostabilita (odolnost Barva a
proti korozi, esteti¢nost Vrubova
hydrolyze, houzevnatost
. ) Index lomu
oxidaci atd.)
Bioaktivita Prsvitnost
nebo Odolnost proti
Biogradace neprahlednos abrazi
t
Vyroba a Reprodukovatelnost, kvalita, sterilizace, baleni,
zpracovani sekundarni
zpracovatelnost

Charakteristika pacienta: tkan, orgdn, druh, vék, pohlavi, rasa, zdravotni

stav,

aktivita, systémové reakce

Medicinské/chirurgické procedury, perioda aplikace/pou?ziti

Cena

Tabulka 2: Rozdéleni implantata dle materidlu [9]

Rozdéleni biomateriald

Materialy

Hlavni pouziti

Kovy a slitiny

316L Nerezova ocel

Fixace zlomenin, stenty, chirurgické
nastroje

CP-Ti, Ti-Al-V, Ti-Al-Nb, Ti-
13Nb-13Zr,Ti-Mo-Zr-Fe

Kostni a kloubni nahrady, fixace zlomenin,
dentdlni implantaty, srdecni stimulatory

Co-Cr-Mo, Cr-Ni-Cr-Mo

Kostni a kloubni nahrady, dentalni
implantaty, dentdlni ndhrady, srdecni
chlopné

Ni-Ti

Kostni Stitky, stenty, ortodonticka vedeni

Slitiny zlata

Dentdlni ndhrady

Produkty stfibra

Antibakteridlni 1atky

Amalgdmy Hg-Ag-Sn

Zubni ndhrady

Keramika a sklo

Oxid Titanicity

Kloubni ndhrady a dentalni implantaty

Oxid Hlinity

Kloubni ndhrady a dentalni implantaty

Oxid Zirkonicity

Kloubni ndhrady

FosforeCnan vapenaty

Kostni opravy a rozsireni, kryci povlaky na
kovech

13
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Bioaktivni sklo Kostni ndhrady
Porceldn Zubni ndhrady
Uhlik Srdecni chlopné, dentalni implantaty,
perkutanni
Polymery
Polyethelyn Kloubni ndhrady
Polypropylen Sutury (3iti)
PET Cévni protézy, stehy
Polyamidy Stehy
PTFE Cévni protézy, rozsireni mékké tkané
Polyester Cévni protézy, systémy na dorucovani 1€k
Polyuretany Zarizeni, kterd jsou v kontaktu s krvi
PVC Trubicky, dutiny
PMMA Dentalni ndhrady, nitroocni Cocky, kloubni
nahrady (kostni pojivo)
Silikony Nahrady mékkeé tkané, ocni Iékarstvi
Hydrogely Oc¢ni lékarstvi, systémy na doruceni Iéciv
Kompozity
BIS-GMA- Kfemenné / Dentdini ndhrady
Kfremicité vyplné
PMMA - Sklené&né vyplné Dentéalni ndhrady (dentdlni pojiva)

2.1.1 Mechanické vlastnosti a slozeni jednotlivych kosti

Kostra (skeleton) tvofi pevnou a pohyblivou oporu téla. Spolu
se soustavou spoju tvofi pasivni pohybovy aparat (aktivni pohybovy systém
predstavuje svalstvo). Kosterni soustava tvofi také ochranna pouzdra pro
dldlezité orgdny jako je mozek, smyslové organy, srdce, plice
a dalsi. Kosterni systém ma rovnéz dullezitou funkci jako depozitum
minerdlnich latek - Cervend kostni dfen je krvetvornym organem, tukové

buriky Zluté kostni difené jsou vyznamnym energetickym zdrojem. [10]

Kostra ¢lovéka je slozena z 202 kosti, u dospélého Clovéka vazi asi

12 az 14 kg, tj. asi 16% vahy téla.[10]

14
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Mechanické vlastnosti kosti

Tabulka 3: Mechanické vilastnosti kosti v zavislosti na poloze [11]

Mez pevnosti v Maximalni Elasticky modul
tahu [MPa] deformace [%] 10%[MPa]
Femur 124 1,41 1,76
Tibia 143 1,50 1,18
Fibula 149 1,59 1,89
Humerus 125 1,43 1,75
Radius 152 1,50 1,89
Ulna 151 1,49 1,88
\
200
MPa

Obrazek 1: Mechanické vlastnosti (tah, tlak, stfih) kosti v zavislosti na druhu

namahani

Chemické slozeni kosti
Kostni tkan je z jedné tretiny tvorena organickymi latkami a ze dvou

tretin latkami anorganickymi. [12]

Organické latky
e kolagen I. typu —90% vsech organickych sloucenin kosti, tvofen trojitou

Sroubovici ze

15
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Vv

tii a-helixd s pficnymi muUstky, cely komplex dotvaren extraceluldrné

e osteokalcin — je produkovan osteoblasty, jeho zvySena pfitomnost v krvi
signalizuje vysSSi metabolicky obrat kosti

e osteonektin, proteoglykany, sialoproteiny — pfesna funkce téchto proteint

neni doposud zndma

Anorganické latky

¢ 85 % - krystaly fosfore¢nanu vapenatého ve formé krystall hydroxyapatitu
Ca5(P04);(OH)

e 10 % uhlicitan vapenaty

e 0,3 % - fluorid vapenaty

e 1% - fosforeCnan horecCnaty

Hojeni kostnich defektl

Osteosyntéza je operacni IéCba zlomenin jejich stabilizaci spojenim
kostnich fragmentd kovovymi implantaty, jako jsou dlahy, Srouby, draty
hfeby a nebo zevni fixatéry. Kostni fragmenty jsou znehybnény tak, ze je
umoznén pohyb pfilehlych kloubl za soucasného zamezeni plsobeni
pohybu svald na vychyleni Glomkd. Pouzivd se zpravidla pro fixaci
komplikovanych zlomenin nebo u zlomenin, kde doslo k fraktufe na vice

namdhaném misté (zlomenina kosti stehenni pod krékem apod.) [13]

e Zevni fixace — mimotélni montdz. Pozivaji se Schanzovy Srouby,
Steinmannovy hieby nebo Kirschnerovy draty (K-draty). Zavadi se do kosti
z vnéjsku skrz kGzi (perkutdnné&) nebo z malych nafiznuti a ze zevni
konstrukce.

¢ VVnitfni fixace - operadni pfistup, implantat je kryty mékkymi tkanémi nebo

uloZen v kosti, (minidlahy, fixa¢ni Srouby) [14]

16
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2.2 Pevné implantaty kosti (srastajici), dlahy, Srouby

Tato kapitola se zabyva implantaty, které pouzivame jako nahradu,
oporu Ci element pro spojovani kosti, pro jednoduchost jsem je nazval
kostni implantaty, které jsou trvalou ndhradou kosti (endoprotézy).
Osteointegrace je slozity a dlouhodoby proces, ktery je ovliviiovdn Fadou
faktord. Jednim ze zpUlsobdl, jak osteointegraci urychlit je Uprava povrchu
implantdtu vhodnymi modifikacemi. Kostni implantat by mél byt navrzen tak,
aby napodoboval strukturu kosti, kterd je organizovana v makro a mikro
nanostruktufe. Cilem povrchovych modifikaci je tak dosahnout podobné
nanostruktury kosti. Poslednich 50 let byly v implantologii pouzivany
implantaty s hladkym mechanicky opracovanym povrchem. Dalsi
modifikace povrchu implantatd byly zavedeny hlavné k podpofe

osteointegrace, urychleni ristu a stabilni tvorby kosti.

2.2.1 Pouzivany material

Kovové implantaty
Korozivzdorna ocel

Austenitické oceli se tvarenim zpevnuji velmirychle, a proto nemohou
byt tvareny za studena bez mezioperacniho tepelného zpracovani. Tepelné
pracovani by vsak nemélo indukovat tvorbu karbidu Cr;3Cs na hranicich zrn,
coz zplUsobuje mezikrystalovou korozi. Pfi tepelném zpracovanise mlze téz
objevit deformace komponent, které vsak muizZe byt snadno fizeno
rovnomernosti ohfevu. Jinym nezadoucim efektem tepelného zpracovanije
tvorba oxidickych Supin, které musi byt odstrafiovany bud chemicky
(kyselina) nebo mechanicky (piskovanim) [15]. Pouziva se stale pro zevni

fixatory jako ekonomicky vyhodny material.

Slitiny na bazi Co
Tyto materidly jsou vimplantologii zastoupeny v kobalt-chromovym
slitindm. Jsou obvykle dvojiho typu: slitiny CoCrMo (F76), obvykle pouZivané

v litém stavu, a slitiny kované, které slouzi také k vyrobé diikl umélych ¢asti
17
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pro nahradu poskozenych kloubl jako koleno a kycel, a jsou desitky let
pouzivany také dentisty. Pro chirurgické implantatové aplikace jsou
doporucovany nasledujici kované slitiny CoCrMNi (F90) , CoNiCrMo (F562) a
CoNiCrMoWFe (F563). V soucdasnosti pouze dvé z téchto slitin jsou pfi
zhotovovani implantatd Siroce pouzivany litd CoCrMo a kovana CoNiCrMo.
Vybornymi vliastnostmi se projevuje dalsi slitina MP 35N (CoNiCrMo -
35 % Co, 35 % Ni). Je korozivzdorna za napéti vic¢i moiské vodé, obtize se
objevuji pfi zpracovani za studena. Mo je pridavan k zjemnéni zrna. Co slitiny

jsou nachylné ke zpevinovani pfi tvareni[15]

Titan a jeho slitiny
Pravé titan je povazovdn za nejvhodnéjsi materidl pro kostni
inZenyrstvi. Existuje pro to nékolik ddvodd. Jsou to zejména jeho

mechanické vlastnosti, chemicka stabilita a biokompatibilita.

v

Titan a jeho slitiny délime dle typu krystalické mfizky. CP titan
(commercially pure - nelegovany) a slitiny o disponuji hexagonalni
krystalovou mfizkou. Nad teplotou alotropické pfemény (882 °C) dochazi
k transformaci z hexagonalni (HCP) na kubickou prostorové stfedénou
miizku (BCC), kterd je typicka pro krystalickou strukturu B titanovych slitin.
Dale se vyskytuji slitiny titan-a, a+B a metastabilni B. Na fazové slozeni
v titanovych slitinach ma vliv predevSim druh a obsah legujicich
a intersticidlnich prvk(i, které ovliviuji vysSi teploty alotropické

transformace.

Tyto prvky Ize rozdélit do ¢tyf skupin na a stabilizatory (Al, O, N, C), B
stabilizatory isomorfni (V, Mo, Nb, Ta), B stabilizatory eutektoidni (Fe, Mn, Cr,
Ni, Cu, Si, H) a neutrdlIni (Zr, Sn). Prvky stabilizujici fazi a zvysuji transformacéni
teplotu, a tim rozsifuji oblast a. Naopak B stabilizatory transformacni
teplotu snizuji a dochdazi krozsifeni oblasti B, jak je patrné z fazovych
diagramu. Prvky, jako je Fe, Cu, Ni, Si, a B, jsou ¢asto pfidavany do slitin pro

zjemnéni zrna, zlepseni mechanickych a chemickych vlastnosti [2; 1].
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Pokud titanova slitina obsahuje 10 - 15% B stabilizator(, pfi pokojové
teploté se struktura slitiny nachdzi v metastabilnim stavu. Tyto slitiny
oznadujeme jako metastabilni B. Dle fazového diagramu (Obrazek 3) jsou
tyto slitiny tvofené bud nestabilni fazi B’a fazi w, kterd vznikd rozpadem
nestabilni faze B’, nebo pfi vyssich koncentracich B stabilizatord nestabilni

fazi B a stabilni B [2; 1].

S rostoucim podilem B faze ve slitiné se zvySuje pevnost slitin pfi
pokojové teploté. Diky jejich nizkému modulu pruznosti v tahu, vyborné
korozni odolnosti a moznosti tepelného zpracovani se jednd o slitiny

s nejvétsim potencidlem ze vsech titanovych slitin [2; 1]

CoCr (Cast) 240 |

AlSI 3161
CPTa
Ti-6A1-4V
Ti-6AL-TNb
Ti-5A)-1.5B
CPTi

:Iu[

0 |

1z

)L

110

]

Ti- 16MNb- | 3ITa-4Mo 91
Ti-12Mo-6r- 2 &
Ti=15Mo-52r-3Al (ST) aged 2t
Ti-290b- | ¥ Ta-4 6L raged) Lt
Ti-13Nb-1 3Zr L
Ti-29Nb-13Ta-4Mo 4
Ti-29Nb- 1 3Ta-65n 74
Ti-20Mb- | 3Ta-4.65n Fly
Ti-29Mb- | 3Ta-4 .57 &
Ti-29Nb-13Ta-25n [
T-29Nb-13Ta-7.1x 33
NiTi 4x
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Modul prufnosti
((:Pa)

Obréazek 2: Pfehled modulG pruzZnosti slitin pro biomaterialy [16]

Metastabilni a stabilni slitiny B tvofi nejuniverzalnéjsi skupinu ze vSech
titanovych materiald. Disponuji Sirokym mnoZstvim variant zpracovani,
dosazené mikrostruktury a mechanickych vlastnosti.[17; 18].

Z hlediska pouziti v mediciné jsou B slitiny zajimavé predevsim

chemickym slozenim, vybornou korozni odolnosti a nizkym modulem pruznosti

19



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

vtahu a tvafitelnosti za studena [19] ve srovnani s ostatnimi dosud
pouzivanymi materidly pro implantaty.

Soucasnym trendem je snaha nahrazovat potencidlné toxické prvky
hlinik a vanad jinymi prvky, jako je niob, tantal, hafnium a zirkonium. Tyto prvky
s zivou tkani nereaguji na rozdil od jiz zminéného hliniku a vanadu [17; 18].

Pro aplikaci slitiny jako kloubni a kostni implantat je dilezité, aby
hodnota modulu pruznosti v tahu slitiny byla co nejblizsi hodnoté lidské
moduld pruznosti v tahu byly zaznamendny po starnuti pfi pokojové teploté
u slitin Ti-Nb s vysSimi obsahy legujicich prvkl, nebot zde dochazi ke
zpomaleni ¢& pfimo potladeni vyloudeni faze w (pfechodna faze
s hexagondlni mfizkou), kterd ma za nasledek zvySeni modulu pruZnosti
v tahu E. Pfisadou cinu vysledna slitina vykazovala modul pruznosti 40 GPa

[20].

Obrazek 2 nabizi prehled moduli pruznosti nejpouzivanéjsich biomateriald pro

vyrobu kloubnich a kostnich
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Obrazek 3 je zobrazen fazovy Obréazek 3: Fdzovy diagram Ti-Nb slitiny [104]
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diagram, typicky pro slitiny Ti-Nb [27].

Pevné implantaty urychluji tvorbu kostni tkdané na povrchu implantatu
a vyrazné zkracuji dobu hojeni a tim i cely proces oSetreni.
V nékterych pfipadech je mozné implantaty zatézovat okamzité po jejich
zavedeni. Tento pfinos potvrzuji klinické testy uverejnéné v radé odbornych
publikaci. Napfiklad u zubnich implantatd se uvadi 98,8% Uspésnost vhojeni

implantatu [22].

2.3 Kluzné implantaty

V pfedchozi kapitole jsou popsany implantaty, které slouzi jako opora
kostry, v této kapitole pojednavam o implantatech slouzicich jako kluzna
plocha napft. kloubni spoje. Tyto implantaty maji specifické pozadavky na

vlastnosti jako je otér Ci koeficient tfeni.

Otér mlzeme definovat jako progresivni Ubytek materidlu spojeny s
uvolfiovdnim otérovych castic v dlsledku vzdjemného pohybu dvou
protilehlych ploch za plsobeni tlaku. Treci prvky spolecné s vrstvou maziva
a okolnim prostredim vytvareji tribologickou soustavu. Procesy probihajici
v této soustavé mohou byt rozdéleny na procesy kontaktni, procesy treni,
procesy opotrebeni aprocesy mazani. VSechny tyto procesy jsou
determinovany provoznimi podminkami, jako jsou napf. druh pohybu,
rychlost, zatizeni ateplota avedou ke zménam struktury a funkce
tribologické soustavy. Ty mohou za urcitych podminek zplsobit vznik
nékterého z meznich stavl, mezi které patii napriklad nadmeérné treni nebo
opotiebeni [23].

Kloubni implantaty jsou dennodenné vystavovdny vysokému
zatiZzeni. Pfesto ma umély kloub stabilné fungovat po mnoho let. Snizeni
otéru na kontaktnich plochdach implantatu hraje u umélého kolenniho

kloubu dulezitou roli, protoZze otér materidlu mize vést k pred¢asnému
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opotiebeni pfislusnych komponentl a predstavuje nejcastéjsi pficinu
vymeény protézy, a zaroven produkty opotrfebeni se mohou usazovat

v okolnich tkanich a organech.

Endoprotézy muZeme rozdélit na totdlni a dastecné. Totdlni
endoprotéza nahrazuje obé dotykové casti kloubu, zatimco c&astecna

endoprotéza nahrazuje povrch jenom jeden.

2.3.1 Pouzivany material

Parovani materiala (&ili kontakt dvou tfenych materialQ) rozdélujeme
do dvou zdakladnich skupin. Tzv. pdrovani hard-on-hard, tedy parovani dvou
tvrdych povrchd (keramika-keramika nebo kov-kov). A tzv. parovani hard-
on-soft, tedy parovani tvrdého a mék¢iho povrchu (keramika-UHMWPE nebo
kov-UHMWPE). Podle dostupnych informaci ve vétsiné zemi prevazuje

parovani hard-on-soft [24]
UHMWPE

Pro vysokomolekularni polyethylen se pouziva zkratka UHMWPE se
odvozuje z anglického nazvu ,Ultra High Molecular Weight Polyethylene”.
Tento typ polyethylenu pouzivany pro vyrobu kloubnich nahrad ma
vyjimecné fyzikdalnéchemické vlastnosti jako je chemicka inertnost,
lubricita, stdlost a odolnost vici opotiebeni [24].

K vyrobé artikulacnich komponent kloubnich nahrad pomoci
konsolidace jsou v soucasnosti uzivany dva typy vysokomolekularniho
praskového medicindlniho UHMWPE:

1. UHMWPE konsolidovany z prasku GUR 1020. Jeho molekulova hmotnost
je 4,4x106 g/mol. Je vyrdbén bud pomoci ,compresion molding” (firma
MediTech jej oznacuje jako Chirulen 1020) nebo pomoci ,ram extrusion”
(firma MediTech jej oznaduje jako Extrulen 1020). Uddvana mira otéru je 49

mm3/milién pohybovych cykld
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2. UHMWPE konsolidovany z prasku GUR 1050 o mirné vyssi molekulové

hmotnosti- 7,3x106 g/mol. Uddavand mira otéru je mirné nizsi -

45 mm3/milién pohybovych cykld [25].

Obrazek 4: Poskozeni UHMWPE jamky nahrady kycelniho kloubu riznymi
mechanismy otéru: a) adhezivni otér, b) abrazivni otér, c) otér z pfitomnosti tietiho

télesa, d) unavovy otér (delaminace) [24].

Keramika

Keramika se pouzivd pro vyrobu tfeci c¢asti ndhrad kycelnich,
kolennich a jinych kloubl. Kovové hlavice byly nahrazeny hlavicemi
keramickymi na bazi AlLOs; apozdéji ZrO,, které maji vyrazné lepsi
tribologické vlastnosti. Dalsi zajimavou moznosti je pouziti TaO, pro korozni

a tribologické aplikace [26].
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Kluzné povlaky

Tribologické vlastnosti lze

zlepSit i tenkymi povlaky
nanasenymi na zakladni
material jednim
Z nejvyznamnejsim z této

skupiny je DLC (Diamond Like
Carbon).

Povlaky DLC vykazuji vysokou
tvrdost (vice nez 70 GPa), jsou
h il . ) » Imi Obrézek 5:Ternarni fazovy diagram povlaki
chemicky inertni a maji velmi , - [27]

nizky soucinitel tfeni proti oceli a

proti sobé samym.

Tenké vrstvy DLC jsou tvorené amorfni strukturou slozenou hlavné z
grafitického ¢i diamantového uhliku a z vodiku v rdznych pomérech Obrazek
5. Tyto vrstvy mohou byt tvorfeny rlznymi postupy, jako je obloukové
napafovani, iontové nanaseni, fyzikalni nanaseni par (PVD) nebo plazmové
obohacené nandaseni chemickych par (PECVD). Zplsob vyroby je
pravdépodobné to, ¢im se odlisSuji povlaky DLC od rGiznych dodavateld. [27].
K hlavni skupiné patfi:

« Hydrogenované povlaky DLC (a-C:H): ziskavaji se pouzitim nosi¢e Ca H, jako
je meta nebo acetylen, a jejich rozkladem v plazmé.
 Bezvodikové povlaky DLC (ta-C a a-C): ziskavaji se pouzitim grafitového

taregtu pro laserovou rozruseni nebo pro obloukové naparovani.

Hlavnim tkolem kluznych vrstev je vytvafeni kluzného povrchu. Cisty
titan ma Spatné tribologické vlastnosti, jako je napfiklad: vysoky a nestabilni
koeficient tfeni [28], nizkad abrazivni a adhezivni odolnost proti opotiebeni,

nizka tvrdost nebo silny sklon k zadfeni.
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Lepsi vlastnosti pro tribologické pouziti ma oxid TiO2, jeho aplikace (s
daldimi materidly) ukazuje Tabulka 4. Vytvareji se proto specidlni kluzné
vrstvy, které maji nizsi tvrdost nez bézné otéruvzdorné vrstvy. Do této
skupiny patfi tzv. ,mékké" vrstvy (napf. vrstvy na bazi grafitu), které se

aplikuji v kombinaci s tvrdymi vrstvami na bazi TiN, TiAIN, TiCN

Tabulka 4: Tribologické vlastnosti oxidovaného povrchu titanu a jeho slitin

Tribologické Met | Pouzitd metoda a Koef. | Otér/ Odkaz
povrchy .oxi | jednoduchy popis tfeni | objem
dac po otéru
e*
SisN4/TiO, Ti6AI4V Ball-on-flat, SisN4 - 2.1103
AO Sy
kulicka @ 2mm, [ m3/Nm] [29]
SisN4/TiO; Ti6AI4V AO pracovni prostor 6 - 0.3x10°
/SiC mm, ¢as 30 min. [ m3/Nm]
UHMWPE/TiO: 0.17 2.93*10°
Ti6Al4V na sucho Pin-on-disk, UHMWPE ) [ m3]
UHMWPE/TiO, kulicka @ 2mm, 1.1¥10°
Ti6AI4V 25 % wt., 10 Ra=0.88+0.09 pm, 0.05 [ m?] 130]
Bovine serum zatéz 90N, ¢as 6 hod,,
UHMWPE/Ti 0, rychlost otaceni 2.32X10°
Ti6AlI4V 0.05 m/s 0.1 [ m3]
destilovand voda
ZrO,/TiO;, TiGAI4V Pin-on-disk, ZrO, 0.413 3.77*108
kuli¢ka @ 6.25 mm, ' [ m3]
Zr0,/Ti0, TO | z4t&Z 3N, &as 1 hod., 7.34107 | [31]
Ti6AI4V 25 % wt., rychlost otaceni 0.197 [ m3]
Bovine serum 0.08m/s
Ocel 100Cr6/TiO; Pin-on-disk, 100Cr6
Ti6AlI4V kulicka @ 3 mm, 1.7x10°
PEO | Ra=0.85um, zatéz 2N, | 0.8 [ rﬁ3/Nm] [32]
draha 300m, rychlost
otaceni 0.075m/s
Ocel 100Cr6/TiO; Pin-on-disk, 100Cr6
Ti6AI4V kulicka @ 6 mm,
Ra=3.78 nm (AFM), ‘16
PBII | z4t&2 0.784 N, ¢as 0.4 [0:1)39/;?71] [33]
1000 s, pradmér drahy
14mm, rychlost
otaceni 0.12m/s
Ocel 100Cr6/TiO; Pin-on-disk, 100Cr6
Ti6AI4V kulicka @ 5 mm, 2.5<10*
PBII Ra=1.54 nm (AFM), 0.7 [ m3/Nm] [34]
zatéz 0.196 N, c¢as 35
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min., prdmér drahy 7
mm, rychlost otaceni
73.3m/s

WC-Co/TiO:
TicAl4V

TPO

Ball-on-plate, WC-Co
kulicka ® 10 mm,
Ra=1.54 nm (AFM),
zatéz 4 N, draha
1600m, primér drahy
10 mm,
rychl.ot.0.1m/s

0.9

9.05*10°
[ m3]

[35]

Al,04/TiO, Ti

AO

Pin-on-disk, Al,O4
kulicka ® 5 mm,
Ra=0.42 mm, zatéz 2
N, ¢as 1200s., prdmér
drahy 10 mm,
rychlost otaceni
0.078 m/s

0.26

0.55%103
[ m3/Nm]

[36]

Al;04/TiO2 AlSI
316L

MS

Pin-on-disk, Al,O4
kulicka @ 6 mm, zatéz
TN, dradha 200m.,
rychlost ot. 5 cm/s

0,38

0.22x10*
[ m3/Nm]

Al;04/TiO2 AlSI
316L

MS

Pin-on-disk, Al,O4
kulicka @ 6 mm, zatéz
3N, draha 200m.,
rychlost otaceni 5
cm/s

0.33*10*
[ m3/Nm]

[37]

* AO — anodicka oxidace, TO - termickd oxidace, PEO - plasma elektrolitic oxidation,

PBIl- plasma based ion implantation, TPO - Triode Plasma Oxidation, MS -

magnetron sputtering

Kluzné a treci vlastnosti vybranych soustav

V Tabulka 5 jsou uvedeny pfiklady pouZziti materidld vhodnych

k implantologii a jejich vlastnosti v ramci tribologickych aplikaci.
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Tabulka 5: Vlastnosti tribologikych povrchi pro kloubni ndhrady

Otér

Vzorek, treci | Pouzitd metoda a 3 Koeficient .
. . ; | (mm3/Nmm . Literatura
materialy jednoduchy popis ) treni
Pin-on-disk,, F=7 N
Ta povlak na rychlost otaceni
CECrMo / =10cm s, pocet 4x1077
iy otacek=25 000, az - [38]
kulicka o ‘ 4
prumer drahy=5 5x10
polyethylen .
mm, mazivo=
bovine serum
Pin-on-disk, , F=5 a
7 N, rychlost
—Bi 1&eni = -1
Ta_ !3|odur otavcenl —'1VO CMS™, | 1 540x10-
(slitina pocet otacek=25 Y
oy az 0.24 [39].
CoCrMo) / 000, primér 0.755x10-4
kulicka Al,Os; |drahy=3, draha ’
785 m, mazivo=
bovine serum
o Pin-on-disk, , F=10-
Graphit-iC 80 N, rychlost
(Crc-C otaceni=20cm s,
p0\_/lvak) / rychlost otacek 0.07
kulicka 318-477rpm, 3x10~7 (mazivo)
100Cr6 0 polomér drahy=3, 0.04 (voda)
/mm mazivo= bovine
serum
[40]
Graphit-iC
(Crc-C Pin-on-disk, , F=10-
povlak) na| TOON, rychlost
ocel _/ kuli¢ka | otacek 318; 5 ) 0.1-0.06
Karbid 477rpm, prumer
wolframu ¢ 5|drahy=3, mazivo=
mm bovine serum
Pin-on-disk, , F=2N Na sucho Na sucho
-8
DLC na CoCr / na kov a TON na 4.6x10 0.72
. povlaky, rychlost HBSS
kulicka L ~ HBSS 0.35
otaceni =0.075 m 1.2x10°8 [41]
100Cr6 0 5 O N - | DLCO.07
mm s™!, pocet otacek DLC1.7x10 DLC HBSS
60tis, draha 750m, DLC HBSS 0.06
mazivo Hanks' 6x10~7 '
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balanced salt

Na sucho

000,

DLC na solution (HBSS) 1x10-¢ Na SUSChO
TI6AVI4V / HBSS_ HBSS 0.32
kulicka 0,8x10°° DLCO.11
100Cr6 0 5 DLC 4x1077 ’
DLC HBSS
mm DLC HBSS 0.05
6x1077 )
DLC P|n—on—d|sk',v, F=,N,
, rychlost otaceni
nanesenyna | _20mms, draha
UHMWPE / o |y 2.75x1077 0.02-0.04 [42]
. . 189 m, prumeér
kulic¢ka SiC, @ drahv=3
6 mm) y=2
DLC Pm—on—dlsk,,v, F=,2N,
, rychlost otaceni =2
naneseny na mm s-', polomar
Ti / kulicka , ! v 9.55x1077 0.1 [43]
ALOs @ 5 drahy=2,5, pocCet
min ' ota&ek=10 000,
vzdalenost 157 m.
Bez
DLC na ;?;E\'/?nvcr;h_opiﬁsza’ Bez povlaku | povlaku
Ti6Al4V / disk p DLC 1.2x10°| DLCO0.181
40 Hz na draze [44]
UHMWPE, 0 S povlakem S
Tmm, F=200N, ~
10 mm) vzdalenost 2000m DLC0.5x10°° | povlakem
) DLCO0.137
Gradient DLC
-Ag naneseny
na T|§AI4V a Pin-on-disk , F=3 a DLC/Ti 3N =
gradient 7N rvchlost 0.107
DLC-Ti Adarta DLC/Ti 7N =
naneseny na oIomér_dréh _3' 10-7-108 0.136 [45]
Ti6AI4V / rpnm Dotet y= DLC/Ag 3N
kulicka L = 0.149
100Cr6, @ 6 otacek=300 000,
mm
Pin-on-disk
Cr/DLC na '
100Cr6/ F=,1E)N,’rychlost_1
kuli¢ka otaceni=>cms™, | 4 5 j56_
100Cré, @ 10 polvomer,dvrahy=2,5, 2 5x10-7 0.05-0.15 [46].
mm pocet otaCek=150
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TiN / Pin-on-disk, , HBSS HBSS
UHMWPE F=67.5N, rychlost 7.8x10* 0.35
otadceni =4.6 cms~', | HBSS + BSA |HBSS + BSA
polomér drahy=2,5, 1.2x10* 0.23
pocet HBSS HBSS
Ti39NbN / draha=1000m, 9.7x10* 0.38 [47].
UHMWPE mazivo HBSS HBSS + BSA |HBSS + BSA
(Hanks' balanced 0.4x10* 0.12
salt solution) a HBSS HBSS
TiCN / HBSS + BSA (bovine| 9.6x10-* 0.41
UHMWPE serum albumin) HBSS + BSA |HBSS + BSA
0.9x10* 0.18

3.Koroze a oxidace

_superlor
VNITRNT | . wWESS|

AOTACE ROTACE

_- mezivrstva - maznvo

treci prvek 2 - jamka TEP kycle
treci prvek 1 - hlavice TEP ky¢le
v FLEXE

/ EXTENZE

T laterdind
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Obrazek 6: Biotribologickd soustava ndhrady kycelniho kloubu, R; - polomér

hlavice, R, polomér jamky [16]

Jak bylo uvedeno vyse, nejastéjsSim systémem je UHMWPE proti
kovu. U téchto systému se uvoliuji ¢astice coz je povazovano za hlavni

pric¢inu aseptického uvolnéni endoprotéz a dlivodem pro reoperace.
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Vznik otéru zavisi na druhu vzadjemného pohybu dvou povrchd.
Linearni pohyb vede k velmi nizkym otérovym rychlostem, zatimco viceosy
k vysokym. Po testech na kloubnich simuldtorech byly v jamkach objeveny i
oblasti s rozsahlymi plastickymi deformacemi. Na povrchu byly lamely
pfednostné orientovany kolmo ke sméru hlavniho pohybu. Na otiranych
povrsich byla pozorovana tvorba fibril, které maji vyssi pevnost ve sméru

orientace, ale nizsi pevnost ve sméru kolmém na tento smér a jsou tak

vvvvvv

materidlovou vlastnosti urcujici odolnost v(ici otéru je pravé odolnost vici
povrchové orientaci materidlu pfi namahani [48].

Vzajemnym pohybem dvou komponent vznika relativné velké
mnozstvi UHMWPE otérovych ¢astic (dale jen polyethylenovych otérovych
¢astic), které jsou jednou z hlavnich pfi¢in selhani implantatu. Organismus
na tyto Castice reaguje jako na cizorody materidl, snazi se ho ohranicit nebo
eliminovat. Céstice se jednak hromadi v okoli kloubu, mohou byt ale
lymfatickou nebo krevni cestou transportovany napr. do uzlin, jater nebo
sleziny.

Tyto biologicky aktivni castice stoji na pocatku aseptického
zanétlivého procesu v organismu. V zavislosti na své velikosti jsou
pohlcovany makrofagy (nejcastéji jsou
fagocytovany castice rliznych tvar( o velikosti 0,1 — 10 m s tim, Ze byly
zjistény Castice v 0,2-0,4 mm), aktivuji lymfocyty a iniciuji tak produkci fady
zanétlivych mediatort [49; 50]. Interakci
mezi makrofagy a lymfocyty dochazi k
imunologicky zprostfedkovanym ;
procesim. Dusledkem je pak vznik
zanicené tkané bohaté na
polyethylenové granulomy Obrazek 7:
Granulomova tkan v okoli Kkosti.

Vystupfiovand tvorba takového Obrézek 7: Granulomova tkari [51]
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granulomu vede k rozsahlé kostni resorpci — osteolyze a ndslednému

uvolnéniimplantatu.

Vyznam oxidace pro kostni implantaty

Nejvétsim problémem implantatd je Casové omezend Zivotnost.
K selhdni vedoucimu k revizni operaci mize dojit z nékolika pficin: infekci,
mechanicky po technicky nespravné implantaci protézy, recidivujici luxaci
(vymknuti), zlomeninou implantatu, korozi implantatu, periprotetickou
zlomeninou a aseptickym uvolnénim (Obrézek 8). Zatimco dfive uvedené
priciny selhdni jsou vzacné a lze jim predchazet spravnym vybérem
implantatu, povrchovou uUpravou (napf. oxidaci) a spravnou operaéni
technikou, aseptické uvolnéni je po delsim pribéhu castéjsi [52]. Pokud by
nemocny Zil dostate¢né dlouho, doslo by pravdépodobné k selhani (napf.
protézy)

u kazdého nemocného.

V dalsi praci se budu zabyvat oxidaci povrchu spolu jejim vlivem na
povrchové vlastnosti titanovych slitin. Pfed tim povaZzuji za potfebné uvést

rozdil mezi korozi a oxidaci.
Oxidaci kovu mizeme délit na:

e nechténou oxidaci (koroze)

e Z3adanou(oxida¢ni metody a postupy)
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3.1Koroze stru¢ny prehled
Koroze ortopedickych biomateriall je komplexni multifaktoridlni jev,
ktery  zavisi na geometrickych,
metalurgickych, mechanickych,
chemickych parametrech. [53]
Koroze je postupné, samovolné
rozrusovani kovl nasledkem jejich
chemického nebo elektrochemické
reakce s okolnim prostfedim Je to jev

nezadouci, ktery zplsobuje postupné

snizovani uzitnych vlastnosti materialu.

Podle prostrfedi, kde oxidacni a

Obrazek 8: ukazka aseptického

redukcni déje probihaji, délime korozi
uvolnéni kycelniho kloubu [105]
na chemickou (oxidace za zvysené
teploty) a elektrochemickou (oxidace za pokojové teploty). Chemicka
koroze probiha v elektricky nevodivych prostredich — vétSinou za vysokych
teplot. Rozsah pouziti titanu a jeho slitin pro bioaplikace Ize hodnotit dle
schopnosti odolavat predevsim elektrochemické korozi - v elektricky
vodivém prostredi. Lze si totiz predstavit slitinu, obklopenou télnimi
tekutinami (elektrolytem), a Zivou tkan jako jeden elektrochemicky systém.
V soucasné dobé se pfi fesSeni koroznich déji implantatd hovori
i 0 tvz. Frettingu — vibrac¢ni korozi. Jedna se proces opotrebeni, ktery se
vyskytuje na kontaktnich plochdch mezi dvéma materialy, na které plsobi
vnejsi zatizeni a zaroven jsou kontaktni plochy vystavené vzajemnému
opakovanému pohybu zplisobenému vibracemi nebo néjakou jinou vnéjsi
silou, ackoli tyto plochy nejsou uré¢ené ke vzajemnému pohybu [54; 55].
Korozni déje probihaji i na ostatnich materidlech pouzivanych pro
implantaty (CoCrMo, ocel, atd.), ale ja se budu dédle vénovat pouze korozi a

oxidaci titanu a titanovych slitin.
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3.1.1 Koroze titanu a jeho slitiny

Aktudlnim koroznim problém pfi pouziti na ortopedické ndhrady je
koroze na zkosenych spojich modularniho kloubu s dalSimi pfiléhajicimi
dily. Titan a jeho slitiny sice vykazuji velmi dobrou odolnost proti korozi, ale
podléhaji snadno otéru a opotfebeni (viz dalsi kapitoly). Nejvétsi riziko,
takzvané stérbinové koroze mizZe u tohoto materialu dojit pfi spojeni kov na
kov v konickém =zuUZeni implantatu. [56]. Gilbertet al, uvadéji,
Ze pfriblizné 16-35% ze 148 ziskanych implantatli kycelnich kloubu
vykazovaly znamky stfedné tézké az tézké koroze zuzeném spojeni

(v kréku) Obrazek 9 [57]

Koroze titanovych slitin je popsana i u dentdlnich implantatd. Kyselé
prostiedi vyvolané bakteridlnimi filmG a/nebo zanétlivych procesti mlze
vyvolat oxidaci povrchu. Korozivni proces muze vést k trvalému rozruseni
pasivacni vrstvy oxidu. Tehdy se uvolnuji kovové ionty a necistoty in vivo

a mohou branit opétovnému vhojeni povrchu implantatu s okolni kosti. [58]

3.20xidické
vrstvy na
titanovych
slitinach
Oxidicka vrstva

na povrchu titanovych

slitin obecné zlepsuje

korozni odolnost a

Obrézek 9: Ukazka koroze dentalnich
také biokompatibilitu implantatd [58]

v pfipadé uziti v mediciné. Korozni odolnost a biokompatibilita titanu a jeho
slitin je zplsobena dobfe adhezni, stabilni ochrannou oxidickou vrstvou,

ktera je odolna i ve zhorSenych koroznich prostfedich. Tvorba této vrstvy je
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podminéna reaktivnosti titanu s atmosférou, Ci vihkosti a nastava nékolik
mikrosekund po kontaktu prostfedim. Rychlost tvorby a kvalita oxidické

vrstvy je zavisla na teploté a chemickém slozZeni prostiedi [59]

3.2.1 Technologie pfipravy titanovych oxidickych vrstev

Titan patfi mezi velice reaktivni kovy, ktery si na svém povrchu vytvari
kompaktnivrstvu oxidl, pokud dojde ke kontaktu povrchu s okolni atmosférou.
Tvorba oxidické vrstvy je zplsobena vysokou afinitou titanu ke kysliku. Vznikla
vrstva (3-7nm) je primarné tvofena oxidem titani¢itym (TiO,) a slouZi jako
ochrana proti korozi [60; 61]. Tloustka vrstvy zdavisi na typu slitiny, prostredi,
teploté béhem vyroby a konecné povrchové Upravé. Pfi umélé pripraveé vrstvy
TiO; jsme schopni dosahovat tloustky i nékolik mikrometrd [62].

Formace oxidd na vzduchu na povrchu titanu se méni v zdavislosti na

postupu oxidace a rostouci teploté dle nasledujici chemické rovnice (1):

Ti+ 0, — Ti(0) - TigO — Tiz0 — Ti,0 — TiO — Ti;0; — Ti;05 — Ti0, -

Z téchto oxidl je termodynamicky nejstabilné&jsi oxid titanicity (TiO,),
ktery se milze vyskytovat jak vamorfni formé& tak i ve tfech rlznych

krystalickych strukturach - anatas, rutil a brookit.

Obrdzek 10: Krystalické modifikace TiO2 zleva: rutil, brookit, anatas [63]
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Anatas

Anatas je cerny, Sedy, Sedomodry, modry, zeleny, hnédy az
hnédocerveny, silné polokovové az diamantové leskly, v jednom smeéru
krystalové mfizky dokonale stépny, ve druhém dobre stépny. Je prlsvitny az
neprihledny [64].
Brookit

Brookit je Zzlutohnédy az cerny, diamantové leskly. Krystaluje
obycejné v tabulkovitych, kosoctverecnych krystalech diamantového lesku
[64].
Rutil

Rutil je Sedy, hnédy, Cervenohnédy az cerny, dokonale Stépny, na
Stépnych plochach silné kovové leskly. Obvykle tvofi kratké, Ci dlouhé
sloupcovité az jehlicovité krystaly, které byvaji slamové zluté. Drobna zrna
rutilu jsou v mdlem mnozstvi bézZnou soucdasti rliznych magmatickych
hornin. Rutil je pomérné odolny a tézky, takze se hromadi v morskych

a fiénich naplaveninach, v nichz mize tvofit i loZiska. [64].

Ti203

Oxid titanity, ktery je také nazyvan tristarite, je granulovité struktury
a ¢erné barvy. Teplota tani je 2130 °C [64].
TiO

Oxid titanity je anorganickd chemickda sloucenina, kterd mizZe byt
pripravena z oxidu titani¢itého, nebo samotného titanu pfi 1500 °C. Teplota

tani je 1750 °C

3.3 Metody pripravy oxidickych vrstev pro implantaty
V této kapitole se budu vénovat jednotlivym metoddam pfipravy oxidickych

vrstev.
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3.3.1 Anodicka oxidace

Anodickda oxidace je po desetileti osvédCend, univerzalni a cenové
pfiznivd metoda pro tvorbu ochrannych protikoroznich vrstev na prechodovych
kovech (Al, Ti, Nb, Zr, atd.). Vytvorené stabilni oxidické vrstvy zabranuji dalsimu
vylucovani kovovych iontd ze zakladniho materidlu
a zpomaluji jeho degradaci. Na zdkladé nastavenych parametrd anodické
oxidace (anodické napéti, proudova hustota, typ elektrolytu, teplota) jsme
schopni kontrolovat tloustku vrstvy a jeji strukturu. Dosazené oxidické vrstvy
maji c¢asto porézni strukturu, ktera dle studii vyrazné pfrispiva ke zlepseni
pfilnavosti povlakd [17; 18].

Pro dosazeni lepsSi bioaktivity byl proto vyvinut hydrotermalni proces.
Ten spociva v anodické oxidaci v elektrolytu obsahujicim ionty Ca a P kdy se
poté slitina vlozi do autokldvu se silné zasaditym roztokem NaOH,
kde se nechd nékolik hodin pfi teploté kolem 250°C. To smérfuje ke vzniku
funk&nich skupin Ti-OH a Nb-OH na povrchu oxidu, coz vede k tvorbé HAP,
a tim k bioaktivité. Bylo také zjisténo, ze hydrotermalni proces zvysuje adhezi
oxidové vrstvy k substratu.

V poslednich letech pribylo praci, jez se snazi hloubé&ji porozumét
procesim béhem anodické oxidace. Zkouman je hlavné vliv parametr(
anodické oxidace, jako je anodické napéti, proud, doba oxidace, slozeni
a koncentrace roztoku, ap., na fazovou strukturu, morfologii a tloustku oxidové

vrstvy.
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Pritomnost fluoridovych iontl a jejich plsobeni na oxidickou vrstvu ma
vyznam pro aplikace titanu a jeho slitin. Napriklad stomatologické implantaty
Elecrolite pfichazi do styku se zubni pastou, ktera

obsahuje fluoridové ionty, tudiz je
nezbytné zkoumat chovani titanovych
slitin  vjejich  pfitomnosti. Vyskyt
fluoridovych iontl je pro vétsinu

aplikaci titanovych slitin nezadouci.

Slozeni a koncentrace elektrolytu

Ti ovliviiuje rdst oxidické vrstvy na

povrchu titanovych material(i. Slozeni

Obrazek 11: Vliv fluoridovych iont( na ) e
elektrolytu ma podstatnée vétsi vliv na
tvorbu nanostruktury oxidické vrstvy

tvorbu poréznich oxidid na povrchu
[106] P P

titanovych slitin nez parametry, jako
teplota, proudova hustota a drsnost povrchu oxidovaného vzorku [65]. Stejné
jako aktivni koroze titanu v prostredi H,SO. byla do znacné miry ovlivhéna
pfitomnosti malého mnoZstvi (do 5,8 hm%) chloridu sodného NaCl. Chloridové
ionty plsobi jako zpomalovace pasivace titanovych slitin a snizuji jejich

pasivacni proudovou

hustotu. Fluoridové anionty v nizkych koncentracich naopak urychluji aktivni
i pasivni korozni déje. Pokud je titanovy povrch vystaven prostredi elektrolytu
s fluoridovymi ionty, tvofici se oxidicka vrstva je zdroven rozpousténa
pusobenim fluoridovych iontl. Tento proces rozpousténi lze popsat
chemickymi rovnicemi (2) a (3). Oba tyto procesy oxidace a rozpousténi se
nachazi vdynamické rovnovaze a rychlost reakci je ovlivhéna predevsim

koncentraci obou reakénich slozek [66]

Ti*t + 6 F~ — [TiFg]*~
2

TiO, + 6 HF — [TiF;]> +2H,0+ 2 H* -
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Chemické procesy, které probihaji na anodé v prostrfedi elektrolytu
s fluoridovymi ionty, jsou velice slozité. Fluoridové ionty pronikaji do kritickych
mist v oxidické vrstvé, jako jsou napfiklad povrchové mikrotrhliny, a dochazi
k rozpousténi tvofici se vrstvy. Za urcitych podminek tohoto procesu mohou
zpUsobit rdst nanostrukturované oxidické vrstvy ve formé nanopérd nebo

nanotrubic (Obrazek 11) [66].

V elektrolytu bez pfitomnosti fluoridovych iontli vykazuje proudova
hustota klesajici charakter a ustdli se na minimalni proudové hustoté.
V elektrolytu s pfidavkem fluoridovych iontl dochdzi po dosazeni minima
proudové hustoty kjejimu opétovnému navySeni v dUsledku interakce
fluoridovych iontl s vytvorenou oxidickou vrstvou. Toto navyseni proudové

hustoty nam signalizuje tvorbu nanostruktury na povrchu oxidovaného
vzorku (Obrazek 12) [67].

Obrazek 12: Pfiklady nanostruktur vytvorenych v prostfedi elektrolytu
1M (NH4)2504 s pfitomnosti fluoridovych iontt: A) slitina Ti6AI7Nb, B) slitina
Ti6AI4V, C) slitina Ti39Nb, D) slitina TiZr [67].
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3.3.2 Termicka oxidace

Jednim z nejjednodussich zpisobi k vytvorfeni pasivacni vrstvy na
titanu je jeho tepelna oxidace v peci se vzdusnou atmosférou. Takto
pripravena vrstva je za teplot oxidace vyssich nez 500 °C tvorena predevsim
rutilem [68]. Pfiprava termickou oxidaci mizZe nabidnout oxidické vrstvy
s tloustkou i v desitkach nanometri spolu s vysoce krystalickou strukturou.
Na oxidickou vrstvu na povrchu materidlu navazuje prechodova vrstva s
difuznim kyslikem. Metoda termické oxidace byla vyzkousena pro mnoho
biomaterial(, s cilem vylepseni jejich povrchovych vlastnosti.

Hlavnim parametrem oxidované vrstvy je jeji tloustka a chemické
slozeni, to rozhoduje o mechanickych a dalSich vlastnostech povrchu.

Pfi méfeni tloustky vrstev (a posléze EDS analyzou) byla prokazana
pritomnost jak oxidicke vrstvy na povrchu materidlu, tak difuzni vrstvy
v zadkladnim materidlu. TlouStky obou vrstev se s rostouci teplotou
zvétSovaly. V pripadé oxidace za 500 °C nebylo mozné rozliSit oxidickou
vrstvu od pfechodové a jejich spolecna tloustka byla cca 5.5 m; v pfipadé
oxidace za 650 °C byla tloustka oxidicke vrstvy 4.5 m a tloustka pfechodové
vrstvy cca 6.5 m; v pfipadé oxidace za 800 °C byla tloustka oxidické vrstvy

18.3 ym a tloustka prechodové vrstvy 38 m. [69]. Obrazek 13
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Obréazek 13: Tloustka oxidické vrstvy v zavislosti na dobé oxidace pro materialy CP
Ti, Ti-6Al-4V a Ti45Nb; termicka oxidace za teploty 600 °C [69].

Pfi méreni koncentracnich profill se pouzivd napfiklad metoda
GDOES (glow discharge optical emission source) optickd emisni

spektroskopie — interakce iontd s povrchem a nasledna opticka analyza.

100
90 e
Ve Ti
xnll 7
z 70;'
E op—3
P
50 et
g : '\_g\ V(X10
S 40fF o=
Ly Pa
305 ———F
. T Al (x5
20—yt SR, B8
1Y
10—
Nor
3 Ml )
0 1 2 3 4 5 6 7 8
Hloubka (pum)

Obrazek 14:Hloubka profilu ziskanda metodou GDOES tepelné oxidované slitiny

Ti6Al4V pfi 700 ° C po dobu 1 hodiny [70]

Na vnéjSim povrchu jsou pozorovany zény bohaté na oxid hliniku,
naopak ve vnitfnich zéndch vrstvy je koncentrace hliniku i vanadu nizka

(Obrazek 14).
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Se stoupajici teplotou oxidace, dochazi k narlstu drsnosti povrhu i
tvrdosti ve vrstvé. Drsnéjsi povrch oxidovanych vzorkli mize byt pfipsan
mechanismu rlstu oxidické vrstvy [71]. Mikrotvrdost termicky oxidovanych
vzorkl zaznamenala vyznamny nar(st diky tvorbé tvrdych oxidickych vrstev

Tabulka 6 a zménou napéti béhem rozpousténi kysliku pod oxidickou

vrstvou.

Tabulka 6: Drsnost a mikrotvrdost vzork( z CP Ti grade 1 — neoxidovanych a

oxidovanych po 24 hodin [68]

Drsnost povrchu Mikrotvrdost povrchu
Stav Ra [pm] [HVO0.2]
Neoxidovany 0.15 17816
Oxidovany za 500 °C 0.35 2007
Oxidovany za 650 °C 0.39 443120
Oxidovany za 800 °C 0.45 1186+42

3.3.3 PVD pfiprava oxidické vrstvy

Metoda PVD (Physical Vapour Deposition) povlakovani je zaloZena na
kondenzaci ¢astic, které byly ziskany odpafenim, resp. odprasenim (nékteré
metody uzivaji také klasického odporového ohtevu), pevné latky ze zdroju
(cilG, targetl) za snizeného tlaku(0,1-1,0 Pa). Uvolné&né ¢&&astice jsou
ionizovany, reaguji s atmosférou komory tvofenou inertnim (argon)
a reaktivnim (dusik) plynem a zdpornym predpétim jsou urychlovany
k povrchu substratu. Zde se usazuji ve formé tenkého a homogenniho
povlaku [72].

Povlak je vytvoren jednotlivymi dopadajicimi atomy, které jsou na
povrchu nejdfive zachyceny procesy sorpce, pohybuji se po povrchu
a nasledné jsou bud'zachyceny trvalou vazbou, nebo zpétné uvolnény. Dalsi
dopadajici atomy se diky pohybu po povrchu mohou spojit s jiz dfive
zachycenymi atomy a tim postupné tvofit ionizované zarodky a ostravky
rostouci vrstvy. Tyto se nasledné spojuji, az dochdazi k vytvoreni souvislé

vrstvy, kterd nadale roste a zvétsuje svoji tloustku [72]. Patent [73] popisuje
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pfipravu TiO, pomoci PVD na rlizné typy titanovych slitin pro lékarské
aplikace takto:

Podle prfedloZzeného vynalezu m{ze mit bioaktivni krystalicky povlak
TiO, jakoukoliv krystalickou fazi, ale jsou s vyhodou ve formé rutilu nebo
anatasu.
Zajimava varianta z pohledu biokompatibility je kombinace PVD nanaseni
spolu s anodickou oxidaci pro pfipravu nanostrukturovaného TiO,—Nb>Os—

Al,O; povrchu Ti-6Al-7Nb [74].

3.3.4 Dalsi metody pripravy oxidickych vrstev TiO

Pfiprava vrstev z roztoku tzv. mokrou cestou je velmi vyuzivana. Jejimi
hlavnimi vyhodami jsou energetickd nendrolnost, pfiprava za normalni
teploty a tlaku, moznost fizeni a kontroly stechiometrie apod. Témito
metodami lze také fidit strukturu vrstev, velikost ¢&astic, ovlivnit
mezoporézni charakter, vytvofit homogenni vrstvy atd. Bohuzel jsou tyto
procesy mnohdy zdlouhavé a nékteré prekurzory velmi drahé.

Téchto ,mokrych” metod je cela fada, mikroemulzni, sol-gel, hydrotermalni,

solvotermalni, elektrochemicka, pyrolyticka atd.). [75; 76],

Hydrotermalni priprava

Pfiprava nanocastic pfi hydrotermalnich podminkdch ve vodnim
prostfedi mizZe byt pouzita k transformaci amorfniho TiO, na krystalicky.
Tento zplsob syntézy oxidu titanicitého poskytuje variabilni modifikace
v zavislosti na reakénich podminkach (vychozi latky, teplota, ¢as nebo pH).
Obecné je hydrotermalni syntéza nejlepsi technikou na pfipravu castic
pozadované velikosti a tvaru ¢astic s homogennim slozenim a vysokym
stupném krystalinity [75].
Podobnou metodou je tzv. solvotermalni metoda, kterd je v principu stejna
jak metoda hydrotermalni, ale misto vodného prostredi je vyuzito prostredi

organickych latek [77].
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Sol-gel

Metodou sol-gel lze pfipravit homogenni, transparentni, porézni
krystalické a velmi Cisté tenké vrstvy. UmozZnuje snadné fizeni a kontrolu
slozeni ¢i struktury vrstvy a nevyzaduje sloZité technické vybaveni[78].

Dnes jsou znamy dvé metody procesu: alkoxidova a nealkoholatova.
Nealkoholatova cesta vyuziva soli anorganickych kyselin (nitraty, chloridy,
acetaty), coz vyzaduje nasledné odstranéni anorganického aniontu, zatimco
alkoxidova metoda vyuziva alkoxidu kovu jako vychoziho materialu. Tato
metoda pfripravy sol-gelu zahrnuje hydrolyzu a nasledné kondenzaci
alkoxidu titanu. Pro kontrolu vyvoje vznikajici mikrostruktury je dlezité
oddélit a zpomalit  jednotlivé kroky probihajici  hydrolyzy
a nasledné kondenzace. Aby se toho dosdahlo, je nutné pfijmout nékolik
opatreni. Jednim z nich je modifikace alkoxidu koordina¢nimi Cinidly, jako
jsou karboxylaty nebo B-diketony, které hydrolyzuji mnohem pomaleji nez
ligandy alkoxid(i. Pro separaci jednotlivych krokd mize byt pouZita
i acidobazicka katalyza. Kyseld hydrolyza zvysSuje rychlost hydrolyzy, ¢imz
vznika z plné hydrolyzovaného prekurzoru krystalicky prasek. Zasadita
hydrolyza podporuje kondenzaci, ¢imz se ziska amorfni prasek obsahujici
nehydrolyzované alkoxidové ligandy. Na povrchovou modifikaci pfipadné
dalsi vlastnosti ma vliv zplsob kalcinace [79]. Jako zdroj titanu se nej¢astéji
pouzivaji Ti(O-nBu)4. Ti(i-OP)* a Ti(O-E)*. [80]. Blokové kopolymery se
pouzivaji jako cinidla fidici tvorbu mezoporézni vrstvy a povrchové
neaktivni organické Iatky (glycerin) se pouzivaji pro formovani poérQ. Vrstvy
pripravené metodou sol-gel je nutné po naneseni na substrat kalcinovat pfi
relativné vysokych teplotach. Je tedy omezen vybér substratu, ten musi byt

teplotné stabilni [77].
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Plasmovy nastrik
Od svého vzniku v poloviné 50tych let minulého stoleti je plazmovy
ndastrfik, podmnozina termickych nastfiki casto pouzivana k vytvoreni

keramickych povlakul [65].

Plazmovy nastfik je dobfe zavedenad povlakovaci technika, ktera se
pouziva na biomedicinskych implantatech. Bylo potvrzeno, Ze tyto povlaky
TiO, (i jinych keramickych variant), maji dobré mechanické vlastnosti,
vysokou pfilnavost na podkladu a dobrou biologickou kompatibilitu, coz

naznacuje potencidlné vhodny materidl pro implantaty [81].

3.4 Oxidické vrstvy na titan-niobovych (Ti39Nb) slitinach

Na povrchu titanu a veSkerych jeho slitin vznika oxidicka vrstva, ktera je
nositelkou protikoroznich, tfecich a biokompatibilnich vlastnosti. Primarnim
prvkem pro tvorbu oxidicke vrstvy je tedy titan. V celkovém sloZeni povrchové
vrstvy se ovSsem mohou vyskytovat komplexni oxidy, a to v zavislosti na slozZeni
slitiny (napf. ALLTiOs na slitin& Ti6Al4V, Nb,Os a NbO- na slitinach Ti39NDb, & NiTiOs
na slitiné NiTi). Pfipadn& mohou vznikat titanové oxidy, které jsou dopované
stopovym mnozstvim prvkd slitiny. Tato mald mnozZstvi prvkl, kterd jsou

obsazena v oxidech titanu, nasledné ovliviiuji vlastnosti vzniklych vrstev. [2].
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Tabulka 7: XPS sloZeni povrchu elektrolyticky lesténé slitiny Ti45Nb po rlizném

oxida¢nich oSetreni [69].,

a - anodized 130 V, 50 mA/cm?
b - anodized 100 V, 60 mA/cm?

Koncentrace, at.%
Vazeb.
prvek | energi| vrstva Anodicka oxidace
e, eV termicka
Elektrol oxidace
Jesténi 6o | a5 | 60 | 600°C, 1
mA/c | mA/c | mA/c h
m? 70 | m? m?,
Vv 100V | 100V
Ti2pso- 1458.6— | 118 | 112 | 120 | 120 18.0
1/2 464.4 TiO
Nb 3ds/>- | 207.2- 6.1 68 | 64 | 70 03
3/2 2100 Nb205
TiO;, 40.6 38.6
530.1 Nb,Os 49.2 51.2 50.0
contami
01s 531.9 |nation i 12.2
AL Ti45Nb

Obrazek 15: Spektra rentgenové
difrakce slitiny Ti45Nb po riiznych
oxidacnich zpGsobd: (a) anodicka
oxidace, 130 V, 50 mA / cm 2; (b)
anodicka oxidace, 100 V, 60 mA /
cm 2; (c) termickd oxidace pece
(600°C, 1 h)[69]

’ C - furnace oxidized 600°C, 1 h
O TiO, (anatase)
- A TiO, (rutile)
‘g A u-Ti
w
-
4
B-Ti
Q B-Ti
O (@] O
|_a 2 A2
b A
A c AA A
L 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 /0
26, deg.
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3.4.1 Pourbaixlv diagram pro Ti a Nb

Chovani kovu vroztoku suritym pH lze predpovidat pomoci
termodynamickych rovnic. Vysledky téchto vypoctd jsou prezentovany
v zavislosti potencialu kovu E na pH prostredi zobrazenych v Pourbaixové

diagramu (Obrazek 16 a Obrazek 17) [82].

Z diagramu lze vycist, zda se kov nachazi v inertnim stavu, aktivné se
rozpousti, nebo je plné pasivovan. V anodické oblasti nad c¢arou H*/H,, je
povrchova vrstva tvofena pouze pasivnhim oxidem titani¢itym v celém intervalu
hodnot pH. Pod carou H*/H, se nachazi oblast metastabilnich oxidi titanu, ze
kterych se ma titan tendenci separovat v celém rozsahu pH. Pokud roste
potencial, po odtrzeni dochdazi k reakci Ti na kationt Ti* a formaci stabilni vrstvy

TiO: s vybornymi korozivzdornymi vliastnostmi [66].
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Obréazek 16: Pourbaixiv diagram pro systém Ti — H20 pfi teploté 25°C [82]
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Obréazek 17:.Pourbaixtv diagram pro systém Nb-H20, pfi teploté 25, 75 a 95 °C [83]
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4 Metody hodnoceni oxidace povrchu

4.1 Vlastnosti povrchu kostnich implantatu
Kvalita povrchu oxidovaného implantdtu je kvalifikovanad trfemi
parametry: mechanickymi vlastnostmi vrstvy, povrchovymi vilastnostmi

a fyzikadlné chemickymi vlastnostmi [84].

Mezi nejvyznamnéjsSi povrchové vlastnosti oxidické vrstvy pro
biomateridly patfi: povrchova drsnost, polarita, smacivost, elektricky ndboj

a vodivost, tuhost ¢i pruznost povrchu. [85].

4.2 Povrchova drsnost

Podle miry nepravidelnosti povrchu materidlu lIze rozliSovat
makrodrsnost (nerovnosti o rozmérech 100 ym — milimetry), mikrodrsnost
(100 nm - 100 um) a nanodrsnost (méné neZ 100 nm). Kazda z té&chto arovni

drsnosti ma na bunky specificky vliv.

Makrodrsnost se jevi pfiznivé, protoze zlepsuje upevnéni implantatu
v pfirozené tkani a obvykle nijak negativné neovliviiuje napf. adhezi
a rozprostreni bunék. Mikrodrsnost na jednu stranu pfiznivé stimuluje
rostouci osteoblasty smérem k jejich diferenciaci, jak ukazala genova
exprese navozujici osteogenni diferenciaci a vyssSi stupen mineralizace
extraceluldrni matrix ve srovnani s bunéénym rlstem na hladkych povrsich
[86; 87]. Na druhou stranu byla zpozorovana snizena adheze a proliferace
bunék rostoucich na mikrodrsném povrchu. Coz muze byt zapfi¢inéno tim,
ze velikost adhezni plochy je limitovana topografii povrchu materidlu.
Jinymi slovy, bunky, jejichz plocha adheze ma obvykle rozméry fadové
v desitkdch mikrometrd, jsou na mikrostrukturovanych povrsich nuceny
vyhybat se nerovnostem (napf. adherovat jen v prohlubnich mezi nimi) ¢i
nerovnosti pfemostovat, coZ omezuje kontakt jejich povrchu s materidlem.

[88] [89]
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4.3 Povrchova energie

Jednim z dllezitych parametrl adheze bunék je smacivost povrchu.
Smacivost neboli hydrofilie povrchu, ¢i naopak jeho hydrofobie, se obvykle
méfi pomoci kontaktniho Ghlu kapek polarnich kapalin (napf. voda)
a kapalin nepolarnich (napf. benzylalkohol) na povrchu materidlu. Hydrofilie
¢i hydrofobie povrchu materidlu totiz vyplyvd z jeho polarity
tzn. vyska polarni slozky povrchové energie materidlu je pfimo umérna jeho

hydrofilii.

Kontaktnihel je dllezZity parametrv povrchové energii. Je béZnou mirou
hydrofobicity pevném povrchu. Kontaktni Ghel je pak pouzit (je pfimo tmérny)
pfi vypoctu povrchového napéti [90].

Mensi kontaktni uhel udava vyraznéjsi rozprostreni tekutiny na povrchu, tzv.
hydrofilitu materidlu, zatimco vyssi kontaktni Uhel odpovidd stavu
hydrofobnimu, kdy tekutina snizi svlj kontakt s povrchem materialu, ktery
je tedy tzv. hydrofobni. RGzné modifikace povrchi mohou ovlivnit jeho
smacdivost. Napf. oxygenace polymert zvysi podil poldrnich skupin a tim
i smacivost, ktera umozni adsorpci molekul zprostfedkujicich adhezi bunék,

jako je napt. vitronektin, fibronektin, kolagen, laminin.

Buriky obvykle nejpfiznivéji reaguji na stfedné hydrofilni povrch, ktery
umozni adhezi specifickych proteinl v dostate¢ném mnozstvi, vyvhodném
spektru a zejména vyhodné geometrické konformaci, tj. blizké konformaci
fyziologické. Pokud je vSak materidl silné hydrofilni (kontaktni dhel blizky 0°)
anebo je vysoka hydrofilie navic kombinovana
s mechanickou nestabilitou povrchu materidlu (napf. pohyblivé fetézce
polyetylén oxidu), uchycené na materialu pouze jednim koncem, proteiny
se k materidlu neadsorbuji bud viibec, nebo jen velmi slabé. Naproti tomu
na silné hydrofobnich materidlech (kontaktni Ghel kolem 100°) se proteiny
sice adsorbuji v dostate¢ném mnozstvi (dokonce i vy3$im neZ na
materidlech pfiméfené hydrofilnich), ale adsorbuji se v rigidni

a denaturované formé&, coz rovnéz brani adhezi bunék [87; 91].
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5.Biologické testy

U novych typd biomateridll je tfeba brat v Gvahu, aby tyto materidly
podporovaly uchyceni, zivotaschopnost a spravnou funkci konkrétnich bunék.
Adheze bunék k materidlu a jejich nasledujici osud je zprostfedkovan
molekulami extracelularni matrix, jako je vitronektin, fibronektin, kolagen,
laminin a fibrin - tedy molekulami, které se Gcastni pfi procesu hojeni ran. Tyto
molekuly se proto cdasto pouzivaji pro vhodnou modifikaci povrchu
biomaterialu [51].

Materidly navrzené pro implantaci do kosti jsou nejprve testovany
in vitro a nasledné in vivo - na laboratornich zvifatech (v této praci se
nezabyvam). In vitro testovani zpoc&atku pracuje s bunéénymi liniemi. Tyto linie
predstavuji homogenni, jasné definované a relativnhé dobre dostupné
a snadno kultivovatelné bunécné populace, které umoznuji testovani mnoha
typl vzorkl a pfitom davaji reprodukovatelny vysledek. Lidské bunécné linie
odvozené z kosti jsou linie osteoblastt CPC-2, TE-85, MG-63, Sa0S-2, U-20S. [89]

Cytotoxicita je potenciadl chemické latky zplsobit bunéénou smrt pomoci
zmén v bunéném chovani a v bunéénych procesech. Testy in vitro cytotoxicity
se pouzivaji ke stanoveni Gcinkl chemickych a toxickych latek na burikach
rozmnozujicich se in vitro. Tyto testy zahrnuji jednoduché metody, které méfri
viabilitu neboli Zivotaschopnost bunék vystavenych testované latce. Takové
metody sleduji ucinek 1é¢iv na rlst neboli proliferaci bunék
a integritu jejich membrany, metodou barevné diferenciace mrtvych a zivych

bunék [92].
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Konkrétni metody zkouSek pro hodnoceni cytotoxicity zdravotnich
prostfedkd in-vitro jsou definovany v paté ¢asti souboru norem CSN EN 1SO
10993-5. Norma s nazvem ,Zkousky na cytotoxicitu in vitro” popisuje tfi typy

usporadani zkousek cytotoxicity:

1) zkousku extraktu pfipraveného z testovaného materialu,
2) zkous$ku pfimym kontaktem,

3) zkousku nepfimym kontaktem.

Jedna z nejcastéji pouzivanych metod pro urceni viability bunék ve
vzorku je barveni pomoci trypanové modfi. Trypan B lue; (sodna sil toluidin-
diazo-diamino-naftoldisulfonové kyseliny) [93]. Zakladem metody je
odliseni zivych bunék s neporusenou bunécnou membranou a bunék
mrtvych, které maji narusenu strukturalni integritu bunécné membrany.

Prlitokova cytometrie slouzi k analyze ¢astic a bunék, které protékaji
pristrojem v proudu nosné kapaliny. Vyuzivd princip rozptylu svétla,
excitace a emise fluorochromnich molekul k ziskani dat z mikroskopickych
castic a bunék. Bunky jsou vétSinou znaceny specifickymi fluorochromy
a hydrodynamicky soustfedény do tenkého proudu v kapilare, kterou
protékaji vysokou rychlosti, pficemz jsou ozarfovany monochromatickym
koherentnim zafenim produkovanym laserem. Intenzita fluorescence
jednotlivych bunék pak odpovida mnozstvi struktur, které na sebe vazou
fluorescenéni barvivo (napfiklad propidium jodid vazajici se na DNA po
proniknuti narusenou membrdanou mrtvé buriky). Hlavnimi vyhodami
pratokové cytometrie jsou: jednoducha pfriprava vzork(, vysoka rychlost
analyz velkych souborl jednotlivych bunék nebo ¢astic, nedestruktivnost,
snadna detekce subpopulaci a také relativné nizké finan¢ni ndklady na
analyzu jednoho vzorku. Priatokovd cytometrie ma Siroké uplatnéni
v zakladnim biologickém vyzkumu. [94]

In vitro testy se provadi v simulovanych télnich tekutinach

(SBF Simulated body fluid) jsou roztoky, které se svym chemickym sloZzenim
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podobaji lidskym tekutindm (Tabulka 8). Tyto roztoky jsou uzivany pfi

imerznich zkouskach in vitro. Mezi SBF roztoky se fadi napf. Ringer(iv roztok,

Hankdv roztok, saliva¢ni roztok a rizné modifikované roztoky oznacované

zkratkou SBF.

Tabulka 8: Koncentrace anorganickych ionti v krevni plazmé a SBF roztocich

(mmol.I'") [95]

Krevni
lonty / Ringerav Hankav
plazma SBF
roztoky roztok roztok
(lidska)
Na* 142,0 142,0 39,1 141,7
K* 36-55 6,5 1,4 5,7
Ca* 1,0 1,5 0 038
Mg 21-26 2,5 0,4 1,7
cr 95,0 - 107,0 148,0 40,7 145,6
HCOs 27,0 4,2 0,6 4,2
HPO,> 0,65 - 1,45 1,0 0 0,7
SO42_ 1’0 0 O 018
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6.Cile prace

Tato prace se zabyva pfipravou a modifikaci povrchu materidlu titan-
niobové slitiny, které by slouzily k lepSimu zakotveni implantatl do kostni
tkané. Pro tento ucel je vhodné opatfit povrch zakladniho materidlu
oxidickou vrstvou, koncept umoznuje lepsi integraci implantatu do kosti.
Cilem prace je navrhnout vhodnou pripravu oxidické vrstvy a vyhodnotit jeji
vlastnosti vCetné morfologie. Zaroven pak, v ramci biologickych in-vitro
testll, prokdzat lepsi bunécnou aktivitu na pfipravenych materidlech.
Jelikoz, je téma Siroké rozdélil jsem ndapln do nasledujicich cild.

Prvnim cilem bude dosahnout modifikace povrchu titanovych slitin
pomoci anodické oxidace se zameérem pripravit na materialu Ti39Nb
nanostrukturovany povrch. Vzorky budou porovnavany s materidly
komercné pouzivanymi pro implantaty. Zaroven pak otestovat vhodnost
zvolenych zakladnich material(, a to vzhledem k chemické stabilité povrchu
v porovnani s ostatnimi v implantologii pouzivanymi materialy. Vzorky
budou testovany a oxidovany termickou oxidaci spolu s dalSimi postupy
¢isténi povrchu. Byly méfeny Upravy povrchu ke zméné pribéhu zeta ()
potencidlu a chemickému slozeni.

Druhym cilem bude dosahnout definovaného povrchu zakladniho
materidlu (Ti, ocel (1.4404 nebo také oznacovana X2CrNiMo, 316L), TiAIV a
Ti39Nb, nanesenym povlakem Ti39Nb (metodou PVD)). Dvodem pro volbu
tohoto procesu je snizeni pofizovaci ceny zdkladnich materidld k implantaci,
spolu se ziskanim chemicky cistého povrchu. Nasledovalo porovnani
povrchovych vlastnosti povlaku se zdkladnim materidlem a jejich
oxidickych vrstev.

Tretim cilem bude ovéreni zlepSenych mechanickych vlastnosti
jednotlivych povrchovych uprav, hlavné pak mérfeni otérovych
charakteristik oxidickych vrstev.

Poslednim, ¢tvrtym cilem, bude tyto oxidické vrstvy otestovat in-vitro
testy a porovnat se zakladnim materidlem pro urceni vhodnosti zvolenych
materiall k pripravé implantatu.
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7.Experiment

7.1 Pouzité materialy
Jako zakladni, podkladovy material byla pouzita korozivzdorna ocel ISO
5832-1, &isty titan 1SO 5832-2, ocel X2CrNiMo (316L) a titanova slitina Ti6AlI4V

ISO 5832-3 dodané firmou Beznoska s.r.o. a firmou Prospon s.r.o..

Vzorky slitiny Ti39Nb byly pfipraveny obloukovym tavenim 61 hm.% Titanu,
(ingot o Cistoté 99,55%), spolu s 39 hm% Nb (ingot o Cistoté 99,85%). Taveni
pokraovalo osmkrat pfi parametrech 800-100A/23V s naslednym zihanim
pfi 850°C po dobu 30 minut. Nasledovalo ochlazeni ve vodé k dosazeni

potfebné homogenity materidlu, které bylo provedeno ve firmé UJP Praha.

7.2 Priprava vzorku
Jednotlivé vzorky byly roziezany z valeckd o priméru 14 a 10 mm.
Tato operace byla provddéna pomoci rozbrusSovaci pily Mikron 3000

s diamantovym kotouc¢em [109,110]

Po rozfezani byly vzorky zalisovany na metalografickém lisu LECO PR-4x za
teploty 170°C po dobu 5 minut do bakelitu. Po zchlazeni ndasledovalo

brouseni a lesSténi povrchu na pfistroji LECO GPX 300.

Obrézek 18:Pfistroje pro pfipravy povrchu vzork(: a) pila Mikron 3000 (MTH),
b) metalograficky lis LECO PR — 4x, c) bruska-lesti¢ka LECO GPX 300
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Brouseni probihalo na ru¢ni brusce pfi stfidani zrnitosti brusnych papiri od
120 po 4000 pfi rychlosti 200 ot/min. Vzorky byly chlazeny pfivodem vody
na povrch brusného kotouce. Sled vSech operaci je uveden v nasledujici

Vv Tabulka 9.

Tabulka 9: Parametry procesu brouseni preparatd

Cas
[min]

Pritlacna
sila [N]

Zrnitost
kotouce
120

320

600
1000
2400
4000

Rychlost

Chlazeni [ot/min]

Operace

voda 20-30 200 1-2

O AW IN =

Lesténi vzork( probihalo na automatické brusce/lesti¢ce od firmy
LECO. Tato lesticka disponuje nastavcem pro Sest vzorkd, tudiz byly vzorky
leStény stejnou pfitlacnou silou vyvinutou strojem na rozdil od predchoziho

ruéniho brouseni vzorkl. Jako lestici suspenze byl pouZit roztok Colloidal

silica 0,05 micron. Detailni leStici parametry jsou obsazeny v Tabulka 10

Tabulka 10: Parametry procesu lesténi preparatd

Operac . PFitlacna Rychlost Cas
e Abrazivo/ povrch sila [N] [ot./min] [min]
ver s . kotou¢ — 150
1. Ie§t|C| COI.I(.)IdaI 35 vzorek - 70 20
platno silica e
(protismérné)
ver s . kotou¢ — 150
2. Ie§t|C| COI.I(.)IdaI 20 vzorek - 70 20
platno silica ey
(protismérné)

Vzorky byly po vylesténi vyprany v ultrazvukové pracce v acetonu a poté

v destilované vodé.

55



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

7.3 Popis nejvyznamnéjSich pouzitych méricich zarizeni

7.3.1 Elektronova mikroskopie

Scanovaci elektronovy mikroskop s vysokym rozliSenim JSM 7600F
(obrazek 19), je doplnény o detektor difraktovanych zpétné odrazenych
elektron(

a detektor energiového spektra charakteristického RTG zafeni. Ma
nizkolUhlovy detektor zpétné odrazenych elektrond, vysuvny objektivovy
detektor zpétné odrazenych
elektront, vysuvny déleny detektor
zpétné odrazenych elektrond,
detektor difraktovanych zpétné
odrazenych elektronG—-EBSD (HKL
Nordlys) a energiové disperzni X-ray

detektor EDS (Oxford X-Max 50 mm?2).

Schottkyho katoda SE, in-lens SE a
BSE detektor EDS, EBSD analyza.
Rozliseni 1,2 nm (15 kV). ZvétSeni 25
az 1 000 000krat. Urychlovaci napéti
100V az 30 kV X-Y 140x80 mm,

Obréazek 19:Radkovaci elektronovy
mikroskop JSM 7600F od firmy JEOL

7.3.2 Tribometr

Test spociva v interakci rotujiciho vzorku se zatizenym indentorem ve
tvaru kulicky Obrazek 20. Tim se vytvofi kruhova stopa, jejiz analyzou
dostdvame informace o koeficientu tfeni a otéru, které jsou charakteristické
pro danou materialovou dvojici. Zkousku Ize provadéti za zvysSenych teplot.

Maximalni otacky vzorku: 500 ot/min, maximalni tfeci sila: 10 N, maximalni
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normalové zatizeni: 10 N, primér kulicky 6 mm je mozZné nastavit i méfeni

pfi zvysené teploté a to do 800°C.

Obrazek 20: Zafizeni High Temperature Tribometer.

7.3.3 XPS

Standardni elektronovy spektrometr ESCA 3 Mk Il (VG Scientific,
Anglie), ktery umozZiiuje kromé& spekter excitovanych mékkym
rentgenovym zarenim meéfit i spektra excitovand UV zarenim s energii
fotonl od 20 do 41 eV, spektra Augerovych elektronl excitovanych fotony a
elektrony a studovat sloZeni plynné faze (napft. pfi zahfivani vzorkd nebo
jejich interakci s vybranymi plyny) metodou hmotnostni spektrometrie.

Pro krystalografické pozorovani struktury vrstvy byla pouzita rentgenova
difrakce (paralelni paprsek (PB) a Brag-Brentano (BB) geometrie). Analyza
byla provedena na difraktometrech Seifert XRD7 (N&mecko)
a PANanalytical X'Pert MPD Pro (Nizozemsko), a to jak PB, tak BB geometrie,

za pouziti CuKa zareni. PB byl nastaven na uhel incidence 1,0 °.

7.3.4 Ramanovo spektroskopie

Ramanové spektra byly mérfeny za pouziti spektrometru Labram HR

(Horiba Jobin-Yvon) propojenym s mikroskopem Olympus BX-41. Spektra
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byla buzena 633 nm laserem a vykon laseru pod objektem 50x2 mW.
Raman(v spektrometr byl kalibrovan pomoci Flg

radek Si pfi 520,5 cm-1.

7.3.5 AFM

Obraz povrchu se zde sestavuje postupné, bod po bodu. Metoda
dosahuje velmi vysokého rozliSeni. Techniku AFM lze pouzit nejen
k zobrazovani, ale také k tvorbé struktur ¢i zpracovani povrchi
v nanometrové oblasti. AFM mikroskop firmy NT-MDT Solver NEXT, jednim
skenem lze skenovat velké plochy az do rozsahu 100x100 pm a zaroven
ziskat obrazky povrchu s vysokym rozliSenim vcetné atomarniho rozliSeni

diky specidlnimu nizkonapétovému maédu.

7.3.6 Scratch test plus calotest

Scratch test neboli ¢esky ,Skrabanec” se vyuziva k porovnani adheze
povlaku k zakladnimu materidlu. Na nasem pfistroji (od firmy CSM dnes
Anton Paar), Ize vedle béZného nastaveni zatéZovaci sily a délky méfeni,
navolit i jednotlivé programy uzivani a to napfr. skokové zatézovani nebo
mapovani povrchu indentorem atd. Zafizeni je vybaveno i snimadem
akustické emise, jehoz zdznam signalizuje praskani a Idmani vrstvy a tim
i misto na mérené drdze na, které se ma obsluha zaméfit.

Calotest (od firmy CSM dnes Anton Paar) je zavedenou metodou pro
stanoveni tloustky povlaku, muUzZe byt také aplikovdn na rGzné ze

souvisejicich metod méreni a pouzit k ziskani dalSich informaci.

7.3.7 Nanoindentace

K méreni nanotvrdosti povlakdl pouzivime zafizeni od némeckého
vyrobce ,Nanotest”. Tento instrumentovany nanotvrdomér pouzivd hrot
typu Berkovich, ma horizontdIni systém indentace, rozsah zatézovacich sil
je 1-500 mN, rozsah hloubek vpichu 10-10000 nm. Teoretické vypocty pak

podle metody Olivera Pharra.
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7.3.8 Méreni drsnosti povrchu

Pro méreni pro drsnosti povrchu a vyhodnoceni morfologie byl pouzit
dotykovy profilometr Hommel Tester T 1000, ktery vyuziva posunu hrotu o
vrcholovém radiusu 0,05 mm po vhodné zvolené draze vzhledem
k predpokladané drsnosti povrchu. Naopak program Scandium,
vyhodnocuje morfologii ze 3D modeld, které ziskava sloZzenim fotografii pfi

rdzném stupni ndklonu.

Neupravena data pro vyhodnoceni makro- a mikrostruktury byly
méreny na konfokalnim mikroskopu OLS3000 (Olympus Ltd., Japonsko). Pro
makro-drsnost byl pouzit objektiv 10xZ1, takze celkové zvétSeni objektivu
bylo 10x. Pro mikrostrukturu byl pouzit objektiv 100x s digitalnim zoomem

Z2, takze celkové zvétSeni objektivu bylo 200x.
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8.Vysledky, mechanické vliastnosti

8.1 Priprava povrchu pomoci anodické oxidace

Anodickd oxidace probihala v home-made apararature, ve vané s
elektrolytem — viz obr. 21. zdroj stejnosmérného elektrického proudu (NES,
Nova Dubnice), anoda — zkuSebni vzorek, elektroda katody zhotovena
z poplatinovaného kovové mfizky. V procesu anodické oxidace byly
nastavovany hodnoty anodického potencialu v rozmezi 10-30 V pomoci
zdroje stejnosmérného proudu. Anodicky potencidl byl nastavovdn na
konecnou hodnotu postupnym ndbéhem pfibliznou rychlosti 100 mV/s.
Vzhledem k tloustce PVD vrstvy a moznosti jejiho odleptani byl ¢as oxidace

stanoven na 1 h nasledné pak na 2h.

Obrazek 21:5chéma zapojeni
oxidaclni vany: 1- vzorek, 2 —

platinova katoda, 3 —elektrolit, 4 —

vana 6 — zdroj elektrického proudu 7

— stolni multimetr

Pro pfipravu elektrolytu byl pouZit roztok 1M (NH,).SOs + 0,5 hm% NH,F.
K dosaZeni této koncentrace bylo zapotfebi smichani 1000 g (NH4),SO0,,

42,8 g NH4F a 7,56 | destilované vody. Vysledny roztok mél pH 4,7.
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8.1.1 Anodicka oxidace a nanostrukturovani povrchu

V této Casti se zabyvam modifikaci povrchu a nanostrukturovanim
oxidické vrstvy pomoci anodické oxidace. Porovndnim anodicky oxidované
vrstvy na titan-niobovém povlaku naneseném na Ti, TiAIV a Ti39Nb
substratech spolu se zménami oxidické vrstvy v zavislosti na vstupnim
proudu v elektrolytu. Za pomoci elektronové mikroskopie vyhodnocuji

nanostrukturu povrchu.

Byly porovnany snimky struktury z elektronového mikroskopu
a morfologie oxidické vrstvy na masivni slitiné Ti39Nb a na slitiné nanesené
PVD procesem na odlisnych substratech Ti (Ti39Nb/Ti) a Ti6Al4V
(Ti39NDb/Ti6Al4V). Snimky jsou rozdéleny dle velikosti anodického napéti
a doby oxidace.
Pfi vétsim zvétseni je mozné u povlaku na Ti pozorovat jednotlivé pdry
o velikosti pfiblizné 10 nm (obrazek 22 a), tvofici se v dasledku pUsobeni
fluoridovych iontl obsazenych v elektrolytu. Oxidicka vrstva na PVD povlaku
na podlozce Ti6Al4V vykazuje stejné jako u titanové podlozky porézni

strukturu se srovnatelné velkymi jednotlivymi péry (obrazek 22 b).

= ) h

Obrazek 22: SEM snimek anodické oxidické vrstvy anodické napéti 10 V, Cas oxidace
1 h, a) Ti39Nb/Ti zvétseni 50 000x, méritko 100 nm. b) Ti39Nb/Ti6Al4V zvétseni 50
000x, méritko 100 nm.

Po anodické oxidaci pfi konstantnim napéti 20 V je mozné pozorovat

na povlaku naneseném na Ti substratu porézni vrstvu oxida titanu a niobu,

ktera vykazuje podobnou povrchovou strukturu jako v pfedchozim pokusu
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pfi anodickém napéti 10 V (obrdzek 23 a). Pro substrat Ti6Al4V je v3ak jiz

[épe viditelnd pdrovitd nanostruktura. (obrazek 23 b).

Obrazek 23: SEM snimek anodické oxidické vrstvy pro anodické napéti 20 V, Cas
oxidace 1 h,: a) Ti39Nb/Ti zvétseni 50 000x, méritko 100 nm. b) Ti39Nb/Ti6Al4V

v v,

zvétseni 50 000x, méritko 100 nm.

Pfi anodické oxidaci povlaku Ti39Nb/ Ti pfi napéti 30 V (obrazek 24 a) je
mozné spatfit porézni oxidickou vrstvu, ktera se lisi od predchozich struktur
usporadanim i geometrii. Jednotlivé pdéry se shlukuji a tvofi na povrchu
charakteristické zvrasnéni, které je rovnomérné rozprostieno po celé plose
vzorku. Na SEM snimcich oxidické vrstvy u Ti39Nb/Ti6Al4V jsou patrné
hranice zrn faze a a B, jenz byly zkopirovany Ti39Nb povlakem pfi PVD

procesu (obrazek 24 b).

Obrazek 24: SEM snimek anodické oxidické vrstvy pro anodické napéti 30 V, ¢as
oxidace 1 h,: a) Ti39Nb/Ti zvétseni 50 000x, méritko 100 nm. b) Ti39Nb/Ti6Al4V

v v/,

zvétsSeni 50 000x, méritko 100 nm.
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Struktura vrstvy pfi anodickém napéti 20 V vykazuje nejvétsi hustotu
a pravidelnost p6rd z provedenych experimentt. Na zdkladé téchto zjisténi

byl ¢as oxidace prodlouzen na 2 hodiny.

Oxidicka vrstva na Ti substratu po 2 hodinach oxidace nedisponuje
velkou hustotou poérd, nicméné porézni struktura byla zachovana. Na
urcitych mistech je detekovan rlst nanotrubic TiO, (obrazek 25 a). Oxidické
vrstva na Ti39Nb/Ti6Al4V vykazuje naporézni az samoorganizovanou
nanostukturu ve formé& nanotrubic (Obrazek 25 b, ¢). Primé&r nanotrubic se
pohybuje v rozmezi pfiblizné 50 — 100 nm a rovhomérné pokryvaji povrch

vzorku.

L

PY

- 100nm ICDAM ) - 100nm ICDAM
8.0kV SEI SEM WD 7.9rmr X 8.0kV LEI SEM WD 8.Om

N o
100nm ICDAM
X 100,000 8.0kV LEI SEM WD 8.0mm

Obrazek 25: SEM snimek anodické oxidické vrstvy pro, anodické napéti 20 V, cas
oxidace 2 h, detektor SEI i LEI: a) Ti39Nb/Ti zvétseni 30 000x, méfitko 100 nm. b)
Ti39Nb/Ti6Al4V zvétseni 30 000x, méritko 100 nm, c) Ti39Nb/Ti6Al4V zvétseni 100
000x, méritko 100 nm

63



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

Kriticka pasivacni proudova hustota iw, dosahuje hodnot 11,9 - 12,2 mA.cm™

pro Ti39Nb/Ti, respektive 10,2 - 10,4 mA.cm? pro Ti39Nb/Ti6Al4V.
Z vypocitanych udajl vyplyva, Ze pfi takto zvolenych parametrech procesu
nemda velikost anodického napéti vliv na velikost kritické pasivacni

proudové hustoty iw.

Velikost anodického napéti ovliviiuje rychlost poklesu proudové
hustoty, jejiz pokles je zpomalovan s rostouci hodnotou anodického napéti.

Zaroven vyssSi hodnota anodického napéti zvysSuje hodnoty pasivacni

proudové hustoty ip.

Hodnota kritické pasivacni proudové hustoty iw odpovida v grafické
zavislosti ¢asovému Useku 65 = 75s pro povlak Ti39Nb/Ti (Obrézek 26)
a 75 = 85 s pro povlak Ti39Nb/Ti6Al4V (Obrazek 27). Ze znalosti téchto udaja
a z rychlosti narlistu anodického napéti Ize teoreticky spocitat, Ze k pasivaci
Ti39Nb/Ti pfi 6,5+7,5 Vna
Ti39Nb/Ti6Al4V pak pfi anodickém napéti 7,5 = 8,5V.

povlaku dochazi anodickém napéti

12
14
10 —10V
o8 —20V
E | 30V
# |
£
a2 |
2
0
0 200 400 ¢ $00 0 200 400 {600

Obrazek 26: Priibéh proudové hustoty
v zavislosti na <dase pfi oxidaci
Ti39Nb/Ti6Al4V v elektrolytu 1M
(NH4)2 S04 + 0,5 hm% NH4 F.

Obrézek 27: Pribéh proudové hustoty v
zdavislosti na case prioxidaci Ti39Nb/Ti v
elektrolytu 1M (NH4)2 SO4 + 0,5 hm%
NH4 F
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Diskuse ke kapitole anodicka oxidace:

Z vysledkd anodicky oxidovanych povrchl slitiny Ti39Nb [96] byla
prokdzana moznost nanostrukturovani povrchu oxidické vrstvy beta
titanovych materialu, coz pred tim nebylo jednoznacné prokazano. TiO; na
titanovych slitindch pfi pfidani fluoridovych iontld do elektrolytu pfi
anodické oxidaci tvofi nanostrukturovany povrch tzv. nanotrubky. Vznikaji
ristem oxidické vrstvy a zdroven odleptavanim, je mozné jejich rist fidit jak
do primeéru, tak do velikosti trubek. Z vySe uvedené diskuze vyplyva, Ze ve
slozeni oxidické vrstvy beta-titanové slitiny neni zastoupeno pouze TiO, ale
i oxidy dalSich prvk{. Tato skutecnost ovliviiuje i rist a formovani oxidické
vrstvy pro nanostrukturovani. Zajimavé je zjisténi chovani oxidickych vrstev
na povlacich Ti39Nb nanesenych na titanové slitiny. Tento postup byl zvolen
pro zlepseni chemické cistoty povrchu, zanesené z predchozich operaci
(brouseni, lesténi, atd.). Dale také jako pfechodova vrstva mezi zakladnim
materialem a oxidickou vrstvou. Povlak Ti39Nb neni neporézni a proto je
i oxidicka vrstva na povlaku ovlivnéna zakladnimm materialem. Dalsi
komplikaci je zména morfologie povrchu povlaku ve vztahu k zakladnimu

materidlu.

8.2 Priprava povrchu termickou oxidaci

Pripravené (brousené a lesténé) vzorky Ti39Nb a distého titanu byly
oxidovany v peci pfi rychlosti ohfevu 10 °C za min-1 az do 600 °C, pficemz
byly vzorky na této teploté udrzovany 60 minut a potom se ochladi rychlosti
10 ° C min-1. Teplota byla zvolena tak, aby byla nizSi nez
B-pfeména slitiny B-TiNb, aby se zabranilo moZznému vysrazeni a-Ti (viz
Obrazek 3). Nékteré vzorky Ti (TiNb) byly namodeny pfed Zihdnim po dobu
5minut v cerstvém roztoku Piranha, pfipraveném z 35 ml H2S04
(96%, Aldrich) a 15 ml H202 (30%, Aldrich) za intenzivniho michani. Podle

stupné pfipravy a osetfeni byly oznaceny jako: TiNb600 (Ti600) - vzorky
65



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

zihané pfi 600 ° C bez namadceni v Piranha roztok a TiNbPi60O0 (TiPi600) -

vzorky namocené v roztoku Piranha pred zihanim.

Dale byly pouzity jesté dveé teploty pro porovnani hlavné morfologie
povrchu (165°C a 800°C). Pfi pfipravé vzorkd oxidovanych pfi 165 ° C byly
vzorky vlozeny do teflonového autoklavu, naplnéného 40 ml deionizované
vody. Oxidace probihala za hydrotermalnich podminek pfi teploté 165 ° C
po dobu 24 hodin. Dalsi série vzorkt (Ti a TiNb) byla tepelné oxidovana pfi
teploté 800 ° C v atmosférickém vzduchu v peci LAC LE 15/11. Vzorky byly
udrzovany uvnitf pece ohfaté na pozadovanou teplotu po dobu 8 hodin. Po
oxidac¢ni Upravé pfi nastavené teploté a po zvoleny c¢as probihd v peci

pomalé ochlazovani.

8.2.1 Termicka oxidace titanovych slitin

Povrchy vzork( Ti a slitiny Ti39Nb byly v rGzném stadiu pfipravy
oxidické vrstvy byly charakterizovany soucasnym uzitim fotoelektronové
spektroskopie buzené rentgenovym zafenim (XPS), Ramanovy
spektroskopie (RS) a mé&Fenim zavislosti zeta (§) potencidlu na pH. Byly tak
ziskdny poznatky i o mechanismu oxidovani povrchl vzork( Piranha
roztokem a o zavislosti uzitého zpusobu opracovani na podet a aciditu

vzniklych povrchovych hydroxylovych (OH) skupin.

Bylo dokazano, ze oxidované povrchy Ti a slitiny Ti39Nb jsou prevazné
pokryty oxidem niobi¢nym (Nb,Os) a oxidem titani¢itym (TiO,) ve formé
rutilu. Leptanim v Piranha roztoku byly na povrch vzork( zavedeny
i sulfatové skupiny, které tvori amorfni fazi. Na povrchu Ti Ize tuto fazi pfi
ohfevu na 600 °C termicky desorbovat za vzniku kladné nabitych poruch
povrchové rutilové vrstvy, jez jsou kompensovany bazickymi OH skupinami.
Leptanivzorku slitiny Ti39Nb v Piranha roztoku a naslednym ohfevem na 600
°C vznika kompaktni termicky stabilni sulfatova vrstva o tloustce vétsi, nez

je hloubka informace XPS (~3 nm). Tuto vrstvu lze odstranit sterilizaci ve
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vrouci vodé. Takto pfipraveny vzorek slitiny obsahuje velmi malo
povrchovych OH skupin, jejichz koncentrace je zanedbatelna. Povrch slitiny
Ti39Nb oxidovany bez predchoziho leptani
v Piranha roztoku obsahuje nejvyssi koncentraci OH skupin, které jsou

nejvice acidické v studované sérii vzorkda.

Raman Intensity (a.u.)

200 400 600 800
Raman Shift (cm'1)

Obrézek 28: Ramanova spektra vzorku Ti600 (a), Nb600 (b[) a Ti39Nb600 (c).

Ramanovo spektrum vzorku Ti39Nb600, ve srovndni se spektrem
vzorkd Ti600 a Nb600 (Obrazek 28). Pozorovand spektra byla ve shodé&
s publikovanymi tdaji. Namacenivzorkl do "Piranha roztoku" a vareniv H,O
nevyvolaly zadné zmény v Ramanovych spektrech. Hlavni spektrdini
vlastnosti ve vzorku Ti600 jasné patfi rutilové fazi TiO,, slaby pas pfi
144 cm™ (B1g zvInéni), Siroky pas pfi 234 cm™ (multi-fononovych procesq,
v blizkosti pasu (ii) vzorku Nb600), intenzivni pas pfi 446 cm™' (E,), intenzivni

pas pii 612 cm™ (Ayy) a slaby pas pfi rameno 825 cm™ (By,).

Vzorek Nb600 ukazuje nékolik slabych Siroké pasy pfi 125, 232,315 a
415 cm, intenzivni Siroky asymetricky pas pfi ~ 690 cm-1 a slaby Siroky pas
pfi ~ 830 cm™ (viz pasy (i) - (v) v spektra B. Pfitomnost téchto skupin

poukazuje jednoznacné na orthorhombickou strukturu Nb;Os.
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Obrdzek 29: SEM obrazy vzorkd (a) Ti39Nb60O, (b) Ti600, (c) Ti39NbPI600, (d)
TiPi600.
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Morfolie vzorkU je ovliviiovana hlavné substratem materidlu a podle planu
pfipravy, vCetné vSech fazi povrchu modifikace. Typické SEM snimky
zkoumanych vzorkl jsou shrnuty na obrazku 29. Bez leptani roztokem
Piranha a po oxidaci se povrchy vzorkl Ti39Nb (Ti39Nb600, (a)) jsou hladké
a bez struktury. Tento hladky povrch je pozorovan az do zvétseni 100000 x.
U nékterych snimkl se objevily castecky oxidické vrstvy, kterd byla

s v 7

pravdépodobné odtrhana. Tyto obcasné Glomky (svétlé ¢astice na povrchu
materidlu) sloZené z oxid{ Ti a Nb (jak odhaduje EDS analyza Obrazek 30).
Nicméné, tyto vlastnosti zmizely po oxidaci pfipravkem Piranha. Na povrchu
vzorku Ti6e00 byla pozorovana komplikovanéjsi struktura na
nepravidelnymi zrny o rozmeérech kolem ~ 100 nm, s malymi péry okolo 50

nm.

a 0.2 a4 [a] =] OE 1 1.2 14 168 1.E z 23 z4 26 2a

il Seaks 20275 clg Cursar. 0,743 0 306 clz)

Obrédzek 30: EDS analyza povrchu Ti39Nb600 (termicka oxidace pfi 600°C)

69




Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

Vy3$si nerovnosti byly pozorovany také u povrchu oxidld na Piranha leptané
vzorky. Zde je povrch vzorku TiPi600, (c) ma opét vyraznéjsi morfologii nez
vzorek Ti v tomto pfipadé je vyraznéjsi morfologie zplsobena nejen
povrchovou morfologii oxidu, ale také morfologii povrchu po leptani
Piranha. Jemna struktura povrchu na obou vzorcich rozméry asi ~ 50-100 nm

je velmi podobnad jako na povrchu vzorku Ti39Nb.

Termicky oxidované povrchy maji vétsi ploSnou drsnost, a to ve vSech
méfenych rozsazich (makro, mikro i nano - rozméru). Plosna makro a mikro
drsnost bylo mérena konfokdlnim mikroskopem a nanodrsnost bylo mérena

pomoci AFM mikroskopu Tabulka 11.

Tabulka 11: Plosnd drsnost povrchu Sa a Sds (hustota vystupkd) na Ti
a Ti39Nb pred a po oxidaci.

Paramet|Rozm |[Jed. |Zakladni Oxidace Oxidace Oxidace

r ér material 165°C 600°C 800°C
. Ti39 . Ti39 . |Ti39N . Ti39
Ti Nb Ti Nb Ti b Ti Nb

Macro| m | 0.08 |0.23| 0.23 [0.38|0.79|0.68 | 1.98 |2.63

Sa Micro| m | 0.009 O'E_?O 0.017(0.080 0'502 0.015| 0.096 O’;3

Nano | nm 0.6 22| 5.8 53 (58| 20

Macro| m?| 0.019 o.;)z 0.018(0.018 0'81 0.020{ 0.019 0'81
5dS MMicro [ m2| 68 | 75| 56 | 72 | 66| 73 | 66 | 7.2
Nano | M 1886 | 701 {1625 3350

Drsnost se zvysSuje s oxidacni teplotou a zdroven je vétsi na vzorcich Ti39Nb.

70



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

Diskuse ke kapitole termicka oxidace:

Vysledky uvedené v publikaci [97] prezentuji méfeni rdznych
zplUsobl oxidace beta titanové slitiny Ti39Nbv porovnani s dalsimi
titanovymi slitinami. Povrchy vzorkt Ti a Ti39Nbbyly pokryty nativni vrstvou
pfirodnich oxidl (bez upravy) nebo oxidové vrstvy ziskanou tepelnou
oxidaci (v peci 600°C 1 hodina) a kontaminaci sloZenou prevazné
z uhlovodikd absorbovanych z okolniho vzduchu a v disledku cisténi. Jiné
znedisténi kiemikem (Si), dusikem (N) a draslikem (K) na povrchu nékterych
vzork( byla zanedbatelna (~ 0,1%) a neni proto zde diskutovano. V souladu
s publikovanymi vysledky je pomérné vysokda kontaminace uhlikovych
sloucenin u vzorkd ,bez Gpravy” se podstatné snizila po tepelné oxidaci.
Nicméné, Zzadny pozitivni vliv na koncentraci uhlikovych sloucenin
v povrchové kontaminaci nebyly zjistény u ponofeni vzorkd do Piranha
roztoku. Po vareni vzork( v demineralizované H,0O uhlovodikové slouceniny
nebyly pozorovany.

Spektralni charakteristiky Ramanova spektra vzorku Ti600 jsou jasné,
patfi do rutilové faze TiO, - slabého pasma pfi 144 cm™', Siroky pas na 234
cm, intenzivni pas pfi 446 cm™, intenzivni pas na drovni 612 cm™ (A19g)
a slaby pas na rameni 825 cm™ (B2g) (viz. Obrazek 28). Spektrum vzorku
Nb600 ukazuje nékolik slabych Sirokych pasem pfi 125,232,315 a 415 cm’’,
intenzivni Siroky asymetricky pds pfi ~ 690 cm™ a slaby Siroky pas
pfi ~ 30 cm?. Pfitomnost téchto péast jednoznac¢né ukazuje na
orthorhombické Nb,Os. Ve vinové délce> 400 cm™ spektrum vzorku TiNb600
(Obrazek 28 spektrum c) je linearni kombinace obou vyse popsanych
spekter Cistého TiO; (rutil) a T-Nb,Os. Tepelna oxidace vzorkd slitiny B-Ti39Nb
zplsobuje pokryti povrchu dvéma odlisSnymi krystalickymi oxidovymi
fazemi: T-Nb,Os a rutil. Nebyly nalezeny 2adné  dukazy
o pfitomnosti smésné oxidové faze Ti-Nb, avsak nelze vyloudit podil amorfni
faze. Povrch vzorku slitiny obsahuje mista spojena s Nb, které jsou obtizné
identifikovatelné pfimo, vzhledem k jejich pomérné nizké koncentraci.
Jejich pfitomnost v8ak zpUsobuje pokles fyziologického potencidlu zeta ()
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pH. Lze usuzovat, Ze nékteré Nb lokality souviseji
s povrchovymi vadami, tj. kladné nabitymi tetrahedralnimi koordinovanymi
Nb atomy, které plsobi jako vodé odolné tzv. Lewisovi centra. Snizeni
potencidlu zeta (Q ma a pozitivni vliv na adhezi a nasledné proliferaci
osteoblastové bunky MG 63 na slitiné B-TiNb. Leptani Piranha roztokem
nevede k dalsimu zlepseni bunécné kolonizace téchto vzorkd. Na vzorcich
Ti a Ti39NbosSetfenych Piranou, hustota bunécné populace byla dokonce
vyrazné nizsinez na odpovidajicich vzorcich oxidovanych pouze zahfivanim.
Tepelné oxidovany vzorek Ti39Nb(600 ° C, 60 min) byl nejlepsi pro kolonizaci
bunék.

Vysledky elektrokinetického méfeni zavislosti pH na Zeta (T-)
potencidlu byly pouzity k charakterizaci vrcholu povrch vzorkl Ti600
a TiNb600, tj. vzorky s nejméné kontaminovanych povrchi. Podle
odhadovanych hodnot izoelektrickych bodd (IEP), povrchu vzorku TiNb600
(IEP = 3,4 £ 0,1) byl vice kysely nez povrch vzorku Ti600 (IEP = 4,1 £ 0,1). Méné
negativni hodnoty potencidlu byly nalezeny v oblasti fyziologické oblasti pH
pro vzorek slitiny TiNb. Nékteré z atom0 Nb tedy zilstavaji
v nejvyssim bodé povrchu vzork( TiNb600 i po Zihani na 600 ° C. Povrchovy
naboj vzorkl TiNb600 je méné negativni (T ~ -48 mV) neZ povrchovy ndboj
vzorku Ti600 (T ~ -60 mV) pfi fyziologickém pH. Tento G¢inek muizZe byt

zodpoveédny za vysSi hustotu bunécné populace zjisténé na vzorku TiNb600.

8.3 Povrchové a strukturni vlastnosti povlaku

Byl studovdan vlivzmény substratu na povlakovany materidl. Vzorky Ti,
Ti39Nb, Ti6Al4V a Fe byly napraseny povlakem Ti39Nb. Byly sledovany
pfipadné zmény zakladnich mechanickych parametrd, jednak substratu

a pak i povlaku (metoda XPS a elektronova mikroskopie).

Tabulka 12 uvadi seznam a zmérené zdakladni charakteristiky pouzivanych

materiall pro pripravu oxidickych vrstev a zaroven slouzi jako substrat pro
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pfipravu povlaku Ti39Nb. Mechanické vlastnosti spolu s morfologii povlaku

Ti39NDb na rGiznych substratech se lisi coz ukazuje

Tabulka 13. Tuto zménu se snazim c¢astecné ve své praci vysvétlit. Zptsob

oznacovani pak je napft. Ti (substrat)/ TiNb (povlak Ti39Nb slitiny)

8.3.1 Proces nanaseni povlaku Ti39Nb

s v 7

V experimentalni ¢asti se byl nanasen povlak Ti39Nb technologii PVD
(Physical Vapour deposition) a to magnetronovym naprasovanim v zafizeni
Hauser Flexicoat 850 Obrazek 31. Jedna se o duplexni povlakovaci zafizeni,

které umoznuje vyuziti metody PVD, CVD a iontové nitridace.

Obrazek 31: Zarizeni Hauser
Flexicoat 850
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Obréazek 32: Target, ze kterého se odprasuje material.

Povlak Ti39Nb byl nanasen technologii PVD ( Physical Vapour
deposition) a to magnetronovym naprasovanim. Vysledkem je tenky povlak
v fddu mikrometrd, jehoZz mechanické vlastnosti byly také predmétem
vyzkumu.

Pouzité zafizeni: Hauser Flexicoat 850 Techno coating
Proces povlakovani probihal v zafizeni Hauser ve 4 stupnich.

Stupeii 1 - Pfedehfev - (Heating): Dohdazi k vypumpovani plynu z komory za

daného tlaku a zaroven k zahrati na pracovni teplotu 250 °C

Stupei 2 - Cisténi targetu - (Target cleaning):

Stupenn 3 - PSE — Plasma source etching - Type: Glow discharge

(doutnavy vyboj):

Produkt se disti za pomoci plasmy, pratok plynu — Argonu je
50 [sccm].
-magnetrony
- doutnavym obloukem —ionty
Princip Cisténi spociva vtom, Ze se zapne doutnavy vyboj a za pomoci

iontl se odlisti substrat tzv. Glow discharge po dobu 20 minut.

74



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

Bias:

Je oznaceni pro zapalné napéti pfivadéné na stolek. Podle velikosti ve
[V]se odprasuje. Pokud by byla mald energie, ionty by se neodrazily zpét, ale
zlstaly by implementovany na vzorcich. Proto je zapotiebi velké energie,
aby se odrazily zpét a doslo tak k ocisténi. Pfi tomto procesu se otadi stil se
vzorky.

Sila plasmy se udava v ampérech [A], plasma current je pulsni napéti
znacené PLS bylo 60 A.

Stuperi 4- Povlakovani - (Coating) -Depozice:

Tloustka povlaku je urena vykonem katody a dobou depozice.
DC = stejnosmérné napéti, pouzijeme napéti 75 V, jelikoz nechceme
odprasit vice materialu, proto nastavujeme nizsi napéti. Pratok plynu je 90
cm? (Argon), ten udava pracovni tlak depozice, tj. 2.10°3 mbar, coz je idedlni
hustota, aby doslo k napraseni, ¢as povlakovani 150min., rychlost otaceni
vzorku v komofre 2 ot/min..
Poznamka: Mensi pritok plynu by znamenal vice kinetické energie, coz
zpUsobi vice iontovych srdzek, nebrzdi se mezi sebou a Iépe prochazi
plasmou.
Na katodé je nasSroubovany target s kovem, nastaveni katody je v kW, zde
4kW.
UBM Coil = Unbalanced magnetron coils (nevyvazena magnetronova civka).
Kolem katody je namotana civka 5 A, ktera vytvari uvnitf dalSi magnetické
pole, pomdaha smérovat ionty na stolek, aby doslo k lepSimu naprasovani.

Tabulka 12: Popis pouZivaného zdkladniho materidglu (zdkladni vybrané
charakteristiky)

Drsnost
. s Modul Tvrdost
. Faze Chemické | povrchu v . .
Substrat . . . . pruznosti | substratu
substratu | slozeni substratu
E.[MPa] (GPa)
Ra[m]
) Ti+ 0.058+/-
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. . 0.047+/-
Ti Ti —alpha - 0005 135+/-2.1 | 2.3+/-0.1
Ti - Ti + 6Wt%
TiGAI4V alpha+bet Al 0'8?6%;/ " | 143+/-1.3 | 4.0+/-0.11
a 4wt. %V, '
Cr17-19,
Steel Austenite | Ni13-15, | 0013+/- o 0 56 | 454/-1.18
Mo 2.25- 0.005
3.0,C0.03

Tabulka 13: Tabulka vybranych parametri a viastnosti Ti39Nb povlakd pro riizné

Substraty
Substrat | Modul Tvrdost Drsnost
pruznosti povlaku povlaku
E. [MPa] [GPa] Ra[m]
0.093+/-
Ti39Nb 100+/-2.5 3.8+/-0.14 0.047
.13+/-0.
Ti 1164/-3.37 | 414/-022 | >-13+/0008
.10+/-0.
TiGAI4V | 1154/-3.15 | 4.14/-0.19 | >-10+/70:005
) /-0.012
Steel 127+/-3.88 | 4.38+/-0.28 0.08+/-0.0
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8.3.2 X-ray difrakce

— TiNb films BB config |
8[110]
S0N 1 Feyp111]
20000 [ Fe
U ~
g B[211] TiNb
=
£ 10000 ,. o Ti
= —
z “”E'E,L a{101) . TiAIV
3 8[110] "
A IbquITle:
40 60 80 100 120

26deq

Obrédzek 33: X-ray difrakce Ti39Nb vrstev na rGznych substratech [98]

Usporadani BB rentgenového méreni  prednostné zobrazuje
krystalografické roviny rovnobézné se substratem. Diffraktogramy BB
(Obrazek 33) ukazuji strukturu BCC a silnou (110) texturu na vsech povlacich.
To je obvyklé pro vrstvy TiNb a pro jiné podobné povlaky [99].PB geometrie
vyuzivd konstantni Uhel dopadu primarniho paprsku a bylo provedeno
pouze snimani detektoru (2eta skenovani). To umoZiiuje stalou penetraéni
hloubku rentgenového paprsku do vzorku. V PB geometrii se v
difraktogramech objevily zejména linie B-faze TiNb vrstev (viz pfiloha této
prace) a pro konfiguraci BB se objevila stejna struktura. Kromé toho se pro
véechny filmy méfené pomoci geometrie PB (obr. 1b) objevily linky (002) a

(112) o faze Ti.
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8.3.3 SEM a AFM povrchu Ti39Nb vrstvy

x: 2.5 um

Obrazek 34: SEM Ti39Nb/Ti39Nb Obrazek 35: AFM Ti39Nb/Ti39Nb

Morfologie na Ti39Nb vrstvé je zvinéna s pravidelnymi vzdalenostmi
jednotlivych "vin" (odlisné Ti39Nb a ocelovém substratu Obrazek 40 a 41).
Pfi vySSim zvétSeni je vidét i jiny charakter viny na Ti39Nb, namisto vin jsou

pritomny plochd mista a malo poklesu.

3 ¥

! 2
e 1pm ICDAM . 2 S
5.0KV LEI SEM WD 8.lmm X2 ’ um

Obrazek 36: SEM Ti39Nb/Ti Obrazek 37: AFM Ti39Nb/Ti
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f R
AR ST IR Y == ”
SRRy == 52 _
X 20,000 5.0kV SEI M 'y Y' 2’5 pm

Obrazek. 38: SEM Ti39Nb/Ti6Al4V ve vyfezu Obrazek. 39: AFM Ti39Nb/Ti6Al4V
50 000x

5.0kV LEI SEM

Obrazek 40: SEM Ti39Nb/Fe ve vyrezu Obrazek 41: AFM Ti39Nb/Fe
zvétseni 50 000x

Je tfeba vzit v Gvahu, Ze se fazové struktury substrat zna¢né lisi (alfa
titan ma krystalovou strukturu hexagonalni (HCP) a beta titan kubickou
prostorové stfedénou miizku (BCC)), a to maze silné ovliviiovat rdst vrstvy.
Napfiklad pfi Ti39Nb / Ti6Al4V Obrazek. 38 a 39 to mizZe byt dobfe vidét, Ze

typ rlstu zrn souvisi s riznymi fazovymi zménami podkladu.
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8.3.4 Drsnost povrchu povlaku a substratu

Cilem bylo zhodnotit zménu
drsnosti povrchu zakladniho
materidlu pfed povlakovanim a na
povlaku Ti39Nb. Porovnat vybrané
parametry drsnosti pfi méfeni
dotykovou a bezdotykovou
metodou na povlaku Ti39Nb.

Lesténé zakladni materidly
bez povlaku (Fe, Ti a Ti6Al4V)

Obrazek 42: Ukazka 3D povrchu z
programu Scandium

a nasledné ty samé podklady
povlakované Ti39Nb. Méreno
dotykovym profilometrem Hommel tester a bezdotykovou metodou
v programu Scandium Obrazek 42 v ramci elektronového skenovaciho
mikroskopu pfi zvétseni 3000x a 5000x.

Tabulka 14: Aritmetické priméry vybranych parametri drsnosti povrchu pro
vSechny vzorky (zdkladni materidl versus povlak) méfené dotykovou
a bezdotykovou metodou

Parametry (um)
Re Ra Rq R.(DIN) Rsm
Dotykova 0,1900|0,0133| 0,0167 | 0,1133 0,0063
Fe Bezdotykova 3000x [0,1623|0,1860| 0,2520 | 0,6096 0,5823
Bezdotykovd 5000x |0,1517 /10,2177 | 0,2647 0,6287 0,4433
Dotykova 0,1633|/0,0100| 0,0167 | 0,0967 0,0063

Vzorek Metoda

Tr|13;:]9|£\leb Bezdotykova 3000x |0,7367 |0,1030| 0,1297 | 0,5037 1,0390
Bezdotykova 5000x |0,1737 |0,0243 | 0,0310 | 0,1193 0,5720

Dotykova 1,7033 10,0467 | 00767 | 0,7133 0,0203

Ti Bezdotykova 3000x |0,6283|0,0773 | 0,1060 | 0,4267 0,8867
Bezdotykova 5000x |0,3307 |0,0633| 0,1017 | 0,4100 0,6077

) Dotykova 0,8600 | 0,0300 | 0,0400 | 0,4067 0,0157
T|ri3a91l\_lib Bezdotykova 3000x |0,2267 |0,0200| 0,0300 | 0,1133 0,8833

Bezdotykova 5000x |0,2133|0,0200| 0,0300 | 0,1200 0,6000
Dotykova 0,4533|0,0300| 0,0400 | 0,2800 0,0160
Ti6Al4V | Bezdotykova 3000x |0,4990|0,3217 | 0,4890 | 0,4457 3,3433
Bezdotykovd 5000x |1,3383|0,1307| 0,1940 | 0,6897 06173
Ti39Nb Dotykova 0,1667 | 0,0200| 0,0200 | 0,1467 0,0091
na Bezdotykova 3000x |1,0977|0,1073| 0,1547 0,6310 1,0800
Ti6Al4V | Bezdotykova 5000x |0,3227 |0,0280 | 0,0387 0,1540 0,7217
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V Tabulka 14 porovndvam zmeénu v drsnosti povrchu povlaku Ti39Nb

v zavislosti na zméné substratu na ktery byl dany povlak nandasen.

Mérenim bylo zjisténo, Zze aplikaci povlaku Ti39Nb metodou PVD

vykazuji vSechny vzorky mnohem nizsi hodnoty vSech parametru drsnosti.

v v s s v

Hodnota R: udavajici soucet nejvyssiho vystupku a nejnizsi prohlubné
profilu je u vzorkd s povlakem Ti39Nb nizsi nez u vzork( bez povlaku.
Parametr R, ktery uddva stfedni kvadratickou uchylku profilu, je nizsi
uvzorkl po aplikaci povlaku Ti39Nb. Vyska nerovnosti profilu
a stfedni hodnota nerovnosti profilu R, v rozsahu vyhodnocované délky byla

-y

rovnéz nizsi u vzorkd s povlakem.

Diskuse pro kapitolu vlastnosti povlaku:

Morfologie a struktura vrstev na kovovych substratech jsou obecné
definovany materidlem povlaku [100], zptsobem a podminkami pro
prfipravu povlaku a také povrchem substratu strukturou a chemickymi
vlastnostmi. V nasem pfipadé material povlaku a metoda pfipravy byla pro
vSechny vrstvy identickd a ménily se pouze substratové materidly. | kdyz
krystalograficka struktura Ti39Nb filmU0 je prakticky totoZzna lisi se vsak
morfologie povrchu vrstvy pomeérné znacné. Vysledky ukazuji, ze drsnost
vsech Ti39Nb filmU je az pétkrat vyssi nez drsnost podkladu. Mohou pro to
byt rGizné dlvody. Pravdépodobné mUze byt zplsobena i tzv. bucklingem
neboli pravidelnym narusenim plochého povrchu, ktery se obvykle objevuje
jako pole hfeben( a Gdoli pfitomnych na povrchu [101]. Tyto procesy mohou
byt zplsobeny i tahovym napétim, které muizZe vznikat
i rGznym koeficientem tepelné roztaznosti substratu a filmu. ,Buckling”
obvykle probiha s delaminaci nebo bez delaminace filmu. U filmG Ti39Nb na

substratech TiNb, TiAIV a Fe, kde se objevilo periodické zvinéni, je
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predpoklad, Ze nedochazi k delaminaci vrstev, protoze tloustka je vétsi nez
typicka délka zvinéného povrchu. Vysoka plasticita materidlu vrstvy také
snizuje moznost delaminace.

Nepravidelny rlst vrstvy je druhou mozZnou pfi¢inou zmény
morfologie povrchu [102]. Tento jev by mohl c¢astec¢né vysvétlit odlisny
priabéh drsnosti povlaku na substratu Ti. Morfologie filmG Ti39Nb na
substratu Ti je ponékud odliSna od morfologie filmu na substratu TiNb. Jeho
povrch se skladd z pomérné plochych oblasti (asi 1 ym veliké) misty
s jemnym zvinénim a oblasti s nanostrukturovanym systémem pér(
a vrcholkl (cca 100 nm). Tento rozdil v ristu povlaku Ti39Nb muizZe byt
zpulsoben nizsi teplotou povrchu tohoto substratu vzhledem k jeho vyssi
vodivosti, vysSimu koeficientu tepelné vodivosti a vysSimu chlazeni béhem
rastu filmu (v tomto pfipadé zejména na Ti). Vzhledem k niZ3i teploté
povrchu, primérna kinetickd energie Ti a Nb atomu klesd, to znamen3, Ze
jejich volna drdha na povrchu také klesa (coz vede k niz8imu potencidlu
zejména pri nerovnostech povrchu a energetické mezery, napf. na hranicich
zrna). Kromé& toho je naméfenad drsnost Ti39Nb povlaku nejvétsi na
substratu Ti. Mohou se také objevit mista s jemnym zvinénim kvli vnitfni
hodnoté napéti ve vrstvé, které je nejvyssi ze vSech substratli. VSechny
naprasené Ti39Nb povlaky maji v souladu se sloZzenim slitiny Ti39Nb (39%
hmotn. Nb) strukturu kubickou prostorové stfedénou (BCC). Povlaky na
vSech pouzitych substratech maji texturu (110), jak bylo zméfeno

rentgenovou difrakci. U kovl s krystalografickou strukturou BCC, je rovina

v v

8.4Tribologické testy a mechanické vlastnosti oxidickych

vrstev
Cilem tohoto vyzkumu byla pfiprava, oxidické vrstvy jako vhodné
povrchové Udpravy, metodou magnetronového naprasovani na slitinu
Ti39Nb, Ti6Al4V a Ti a méreni tribologickych vlastnosti oxidické vrstvy
metodou PIN-ON-DISK Tabulka 15.
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Tribologickd méreni byla provddéna na tribometru THT-S-CE 0000

vyrobce CSM. Pro lepSi pfedstavu chovaniimplantatu v ne-suchém prostredi

bylo zvoleno porovnani vysledklli s mérenim ve fyziologickém roztoku

Obrazek 43. Fyziologicky roztok se vytvofil z tablet v prasku s nazvem

.Phosphate buffered saline” od vyrobce SIGMA-ALDRICH. Davkuje se jedna
tableta na 200 ml vody. Od kazdého materidlu (Ti, Ti39Nb, Ti6Al4V) byly

k dispozici 2 vzorky bez oxidické vrstvy a 2 vzorky s oxidickou vrstvou.

Celkem bylo k dispozici 12 vzork(. Od kazdého materidlu se jeden vzorek

meéfil na vzduchu a druhy vzorek ve fyziologickém roztoku.

Tabulka 15: Podminky tribologické zkousSky

Prostredi: vzduch Prostredi: fyz. roztok
Polomér stopy 4 mm 2mm
Zatizeni 5N 5N
Pocet otacek 5000 5000
Obvod. rychlost 6 cm/s 6 cm/s
PrGmér kuli¢ky 6 mm 6mm
Material kulicky Al203 Al203

Srovndnd keseficientu theni na veorcich Ti-Mb

Obrézek 43: Ukdzka srovnani koeficientu tfeni (materidlu Ti) s vyraznou stopou

poruseni oxidické vrstvy

Na shora uvedeném grafu je zachycena pouze tretina celé

tribologické zkousky Z dlivodu poruseni oxidické vrstvy je tfeba porovnat
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pocatecni stavy a najit misto poruseni. Nasledné byly uvazovdny pouze

hodnoty do poruseni oxidické vrstvy.

Srovnani velikosti koeficientu treni
0,7

0,6

0,5

0,4
|Ti
0.3 @Ti-ND

0,2 @Ti-Al-v

0,1

oxid. vrstva oxid. vrstva

vzduch vzduch fyz. roztok fyz. roztok

Obrazek 44: Srovnani primérnych namérenych hodnot koeficientu treni

v v

Nejvyssi hodnotu ze srovnavanych tii materidld méa pfi méreni na
vzduchu prvni vzorek - materidl Ti. Pfi méreni ve fyziologickém roztoku

M v s

materidl Ti dosahuje nizSiho koeficientu tfeni. Tento trend je patrny i u
ostatnich materidll. Nizsi hodnoty koeficientu tfeni se dosdhne vzdy u
materialQ, které jsou vloZzeny do fyziologického roztoku. Tento poznatek se
tykd nejen vSech materiall bez oxidické vrstvy, ale stejné chovani je patrné
i na vzorcich s oxidickou vrstvou. Tzn. materidl s oxidickou vrstvou méreny

ve fyz. roztoku ma nizsi koeficient tfeni nez tentyz materidl méreny na

vzduchu Obrazek 44.
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Srovnani velikosti otéru

0,7
0,6
0,5
0,4 BT
0,3
BTi-Nb
0,2
@Ti-Al-v
0,1
0 e e e e
oxid. vrstva oxid. vrstva
vzduch vzduch fyz. roztok fyz. roztok

Obrazek 45: Srovnani objemu opotrebeni na jednotlivych materidlech

Objem opotiebeni byl pocitdn dle normy ASTM G99-04 z primeéru
stopy po kuli¢ce Obrazek 45

Z porovnani je zfejmé jednak to, ze kapalina napomdaha snizeni
velikosti opotfebeni, jednak to, Ze oxidicka vrstva, at uz na vzduchu nebo
v kapaliné snizuje otér. NizSi hodnoty otéru u oxidickych vrstev jsou dany
vySSi tvrdosti; viz teoretickd ¢ast. Napr. material Ti39Nb s oxidickou vrstvou
dosahuje polovi¢niho otéru oproti materidlu bez oxidické vrstvy a totéz plati
i pro materidl s vrstvou nebo bez ni ve fyziologickém roztoku. Rovnéz tak pfi
srovnani materidlu Ti39Nb bez oxidické vrstvy méreného na vzduchu a ve
fyziologickém roztoku je patrné, ze vliv fyziologického roztoku na snizeni

opotrebeni je znacny.
Diskuze pro kapitolu tribologické testy:

Re&eni tribologickych vlastnosti je dileZité pro uplatnéni implantatl
v kluznych aplikacich. Z mérfeni tribologickych vlastnosti zdakladnich
materidlld vyplyvd, Ze vyssi hodnotu koeficientu tfeni ma pfi méfeni na
vzduchu materidl Ti oproti Ti39Nb a TiAlV. Zajimavé je, Ze pfi méfeni ve
fyziologickém roztoku je to obracené. Tento jev le vysvétlit nizsi tvrdosti

oxidické vrstvy na vzorcich TiNb. NizSi hodnoty koeficientu tfeni se dosahne

vzdy u materidll, které jsou vloZzeny do fyziologického roztoku oproti tfenfi
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na vzduchu. Tento poznatek se tyka nejen materiadld bez oxidické vrstvy, ale
stejné chovani je patrné i na vzorcich s oxidickou vrstvou. To znamena, ze
materidl s oxidickou vrstvou meéreny ve fyziologickém roztoku ma nizsi
koeficient tfeni nez tentyz materidl mérfeny na vzduchu. Obecné lze
sledovat snizujici se hodnotu koeficientu tfeni od materidli bez vrstvy a
pouze na vzduchu az po materidl s oxid. vrstvou ve fyziologickém roztoku,
ktery ma nejnizsi hodnotu koeficientu treni. Pfi pozorovani materidlld s
oxidickou vrstvou je patrné, Ze tato vrstva rovnéz vyrazneé snizuje koeficient
tfeni. To mGze byt dano vyssi tvrdosti oxidické vrstvy oproti zdkladnimu

materidlu.
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8.5Biologické testy

Z osteointegracnich experimentl plyne pozitivni vliv pfitomnosti Nb
v povrchové vrstvé vzorku. K hodnoceni byly pouzity poclty bunék ve tfech
¢asovych intervalech (1., 3. a 7. den po nasazeni). Z vysledk( vyplyva, ze
pfitomnost Nb zlepSila pocatecni adhezi a proliferaci kostnich MG 63 bunék.
Buriky byly ddle 1.i 7. den po nasazeni vysoce zZivotaschopné (viabilita se
pohybovala mezi 85-95%). Doba zdvojeni se na téchto vzorcich v poslednim
sledovaném intervalu snizila, z <cehoz Ize wusuzovat, Ze bunky

pravdépodobné vstoupily do faze diferenciace [97].

—_ a) Poiet bunék 1 den 200007 h) Pocet bunék 3 den
— 150000 4 ~3
25000 4 “
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Obrézek 46: Pocet lidskym osteoblastiim podobnych MG 63 bunék ve dnech 1, 3 a
7 po naneseni na vzorky Ti a Ti39Nb a po tepelné oxidaci pfi teploté 600 °C (Ti600 a
Ti39Nb600), spolu s vzorky leptanymi roztokem Piranha (Pi) pfed tepelnou oxidaéni
(Tib0O + Pi a Ti39Nb600 + Pi, v uvedeném poradi). Primér + SEM. (Standardni
odchylka pridméru) od 3 vzorky (celkem 9 méreni)
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Obrézek 47: Morfologie, distribuce a Zivotaschopnost lidskym osteoblastim
podobnych MG 63 bunék vden 1 (A aZ E) av den 3 (F-J) po vyseti na vzorcich Ti600
(A, F), TiPi60O0 (B, G), Ti39Nb600 (C, H), Ti39NbPi600 (D, 1) a polystyrenové kultivaéni
misky (E, J). Obarvené soupravy LIVE / DEAD Zivotaschopnosti / cytotoxicity pro
sav&i buriky (A-E) nebo fluorescenéni barvivo (Hoechst33342) (F-J).

Dale byly testovany povrchy Ti, Ti39Nb a Nb termicky oxidovanych pfri
teploté 800 °C (8 hodin). Povrchy Ti a Ti39Nb oxidované v autoklavu pfi
teploté 165 °C a povlaky Ti a Ti39Nb byly zaroven pfipraveny i metodu PVD.
K experimentu byly pouZity dva typy bunék MG 63 spolu s Saos-2 (Sarcoma

osteogenic) lidska buné&&na linie ziskana z kostni matrix Obrazek 46,47,48,49.
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Obrézek 48: Pocet MG-63 a Saos 2-bunék ve dni 1 a 3 po naneseni. a) ab) jsou pocty
bunék Saos 2 1 a 3 den, ¢) a d) pak buriky MG-63.
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Obrazek 49: vlevo = Saos-2 buriky na 3-denni kultury na testovanych materialech;
vpravo = MG-63 bunky na 3-denni kultury na testovanych materiald.
Imunofluorescenéni barveni vinkulin (zelend) a aktin (¢ervend). Ti PVD (A), Ti39Nb
PVD (B), zékladni materiél Ti (C), zadkladni material Ti39Nb (D), Ti 800 ° C (E), Ti39Nb
800°C(F), Ti 165 ° C(G), Nb 165 ° C (H), Ti39Nb 165 ° C (1), kontrolni mikroskopické
sklenéné kryci skli¢ko (J).
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Diskuse pro kapitolu biologické testy:

Zakladnim predpokladem vsech novych typd materidld pro
implantaty a jejich povrchy je, aby tyto materidly podporovaly uchyceni,
migraci, proliferaci, diferenciaci, dlouhodobou zivotaschopnost a spravnou
funkci konkrétnich bunék. Adheze bunék k materidlu a jejich nasledujici
osud je zprostfedkovdn molekulami extraceluldarni matrix, jako je
vitronektin, fibronektin, kolagen, laminin a fibrin — tedy molekulami, které se
ucastni pfi procesu hojeni ran. Tyto molekuly se proto ¢asto pouzivaji pro
vhodnou modifikaci povrchu biomateridlu [103; 87]. Jsou obsazeny
v biologickych roztocich (kultiva¢ni médium, krev, interceluldrni tekutina),
spontdnné se adsorbuji na povrch materialQ, a poté jsou jejich specificka
aktivni mista (napf. specifické aminokyselinové sekvence) rozpoznana
buné&nymi receptory (pfedevsim integriny).

V ramci prace bylo zjisténo, ze Ti39Nb vzorky podporovaly adhezi
bunék a rldst osteogennich bunék vice, nez Cisty Ti, a to i bez oxidace. Tyto
ucinky byly vyraznéjsi, kdyz byly vzorky tepelné oxidovany za nizSich teplot
(165°C) nebo za vyssich teplot (600°C). Dle zjisténych vysledkl byly Ti a Nb
druhy povrchového oxidu, vytvorfené zihdanim Ti39Nb slitiny v suché
atmosfére pri 600°C, identifikovany jako smés prevazné nizko krystalické
TNb:Os a rutilové faze s podilem amorfni oxidické faze. Bylo prokdzano, ze
¢ast Nb zGstava na povrchu vzorku. Pfitomnost smisené Ti-O-Nb oxidické
faze nebyla prokazéna. Cisté Ti a Ti39Nb povrchy a oxida¢ni teplota 600°C
podporuji osteogenni diferenciaci bunék projevujici se produkci kolagenu |
a zejména osteokalcinu. Experimenty s osteointegraci prokdazaly, zZe
zlepSeni biokompatibility bylo ovlivnéno minimalné pfitomnosti Nb,Os na

povrchu vzorku.
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9.Zavér, celkova diskuse

Hlavni diskuse byla provedena v ramci jednotlivych kapitol, v této
kapitole se budu vénovat jiz jen souhrnu a propojeni jednotlivych poznani
se zameérfenim na cile prace. Rozbor jednotlivych kapitol vychazi
z naplanovaného vyzkumu, tak jak byl cely koncept oxidickych vrstev
pribéhu let feSen. Jednotlivé vystupy jsou zaméfeny na povrchovou
modifikaci beta-titanové slitiny a jeji oxidické vrstvy. Pro porovnani je vzdy
pouzity titan pfipadné jeho slitiny. Tam, kde to mélo smysl, byla pro
porovnani, pouzita i ocel 316L pouzivana pro implantaty. Veskeré materialy
a povrchy které byly vramci vyzkumu vytvofeny a analyzovany, se
pripravovali pro inzenyrstvi kostni tkané. Materidly a povrchy vykazovali
adhezi a rlst kostnich bunék, neovliviiovaly negativné jejich
zivotaschopnost a podporovaly jejich diferenciaci.

V této praci byl hodnocen vliv povrchovych Uprav materidld na
mechanické vlastnosti, tribologické chovani a rlst kostnich bunék
pozornost byla vénovana chemické stabilité, charakteristice
a opakovatelnosti pfipravy vyroby chemicky Cistého povrchu na titanovych
slitinach i na oxidovaném povrchu. Bylo zjisSténo, ze beta titanova slitina ve
slozeni Ti39Nb je vhodnd (na zakladé testl in vitro) pro uplatnéni
v implantologii. Jeji vysledky jsou jednoznacné lepSi nez pouzivané
materidly na bazi titanu jako je Cisty titan, pfipadné slitina TiAIV. Toto zjisténi
dalo zaklad dalSimu vyzkumu v oblasti Ti39Nb slitiny a navazovali dalsi

projekty zakladniho vyzkumu.

Vramci prdce byli vyhodnocovany a porovnavdny materialy
s oxidovanym a neoxidovanym povrchem a byly testovany pomoci
elektronové mikroskopie a podrobeny méreni drsnosti. Morfologie povrchu
je jednim z hlavnich parametrd pro vybér vhodného nastaveni pfipravy
implantatu. Bunky rozeznavaji mezi makroskopickou a mikroskopickou

drsnosti povrchu. V pfipadé makroskopického vnimani preferuji mirné
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zvinéné prostfedi a v pfipadé mikroskopické drsnosti preferuji drobné

neostré nerovnosti (rozmér okolo 100 m) kde se mohou schovat.

Bylo dokdzano, Ze plsoby pfipravy oxidickych vrstev na jednotlivé
titanové slitiny maji vliv na vysledné biologické testy i jejich povrchovou
charakteristiku. Metoda pfipravy vrstev anodickou oxidaci vykazala
perspektivni vysledky. Pfi spravném zvoleni elektrolytu (za pomoci
fluoridovych iontd) byly pfipraveny nanostrukturované povrchy
(nanotrubky) jejichz velikost je moZné ménit nastavenim vhodnych
parametrd pfipravy v zavislosti pravé na preferenci in vitro testl. Vyrazné
pozitivni vysledek experimenti je pfiprava nanostrukturovaného povrchu
na beta-titanové slitiné Ti39Nb coz se zatim pokladalo za obtizné. Takto
pripraveny povrch pak tvofi zaklad jednak pro pfimé pouziti biologického
rozhrani implantat-kost, nebo jako vhodny nosi¢ dalSich povrchovych uprav

napf. kolagenu ¢i hydroxyapatitu.

Byla zjisténa zajimava zména orientace a rastu povlaku Ti39Nb (PVD)
na odlisSnych zakladnich materidlech. Hodnoceni bylo provedeno predevsim
na zakladé morfologickych zmén. Na odlisnych fazich (alfa, beta titanu)
dochazi k rozdilnému ristu povlaku a zaroven se projevuje i zavislost na

krystalografické orientaci, coz potvrdila metoda EBSD.

Podrobné byla analyzovdna zména vlastnosti oxidickych vrstev na
zakladnim materialu Ti39Nb a povlaku Ti39Nb. Jiz na zacatku prace byla
zjiSténa chemickd nestdlost souvisejici s pripravou vzorkdl a to hlavné
a zaroven moznosti vyuzivat vyhod slitiny Ti39Nb na levnéjsich titanovych

slitindch.

K porovnani tribologickych viastnosti oxidické vrstvy na titanovych
slitinach, byly vzorky testovany metodou PIN-ON-DISK na vzduchu a ve
fyziologickém roztoku. Fyziologicky roztok spliuje mazaci funkci a tak dle
predpokladu byl otér mensi. Vyzkum ukazal i prokazatelné zlepSeni tfecich

vlastnosti titanovych slitin s oxidickou vrstvou.
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Biologické testovani a porovnani jednotlivych materialu metodou in-
vitro probihalo ve spolupraci s fyziologickym ustavem a jeho vysledky jasné
ukazuji na lepsi rlist bunék jednak na slitiné Ti39Nb a jednak na oxidické
vrstveé této slitiny. Vysvétlenim tohoto jevu je pravdépodobné pfitomnost
niobu, ktery podporuje rist i diferenciaci bunék. V oxidické strukture je pak

pritomen ve formé Nb,Os.

9.1 Moznosti a vyvoj do budoucna

V soucasnosti pokracuje vyzkum beta-titanovych slitin nandsenim
povlakl z BaTiOs; jenz ma feroelektrické vlastnosti. Povrchovy ndboj muize
také pochdzet z polarizovanych dialektrik, piezoelektrik a feroelektrik.
Elektricka aktivita biomateridld mUze zlepsit jejich integraci s okolni Zivou
tkani. Je dobrfe znamo, ze kost je elektricky aktivni pod mechanickym
zatizenim vlivem piezoelektricity kolagenu a pohybu iontovych tekutin
uvniti  struktury kosti (proudovy potencial). Elektricky potencial
v mechanicky zatizené kosti je spojovan s mechanickym pfizpisobenim
kosti v reakci na zatizeni coz vede k Uvaze, ze pfidani elektricky aktivni
slozky k implantovanému materidlu mize zlepsit IéCeni a adaptaci okolni
tkané. Nedavno vzrostl zajem ve vyuziti tohoto jevu k vyvinuti elektricky
aktivni keramiky pro implantaci tvrdé tkdné, coz mize vyvolat vylepsenou

biologickou odezvu.

Firma pro vyrobu implantatd Beznoska s.r.o. zavadi v soucasnosti
linku na anodickou oxidaci a nanostrukturované oxidické vrstvy pro

implantaty.

Novym fenoménem je 3D tisk soucasti. Pfiprava materidlu beta-
titanové slitiny spolu se zachovanim vhodnych mechanickych vlastnosti
vCetné povrchovych vlastnosti pro kostni implantaty je ndplni vyzkumu

s firmou Prospon s.r.o.
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ARTICLE I'NFO ABSTRACT
Article history: Surface bioactivity has been under intensive study with reference to its use in medical implants. Our study is fo-
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cused on coatings prepared from an electroactive material which can support bone cell adhesion. Until now, hy-
droxyapatite films have usually been utilized as a chemically-active surface agent. However, electrically-active
films could set a new direction in hard tissue replacement. As a base for these films, it is necessary to prepare
an intermediate film, which can serve as a suitable barrier against the possible diffusion of some allergens and
toxic elements from the substrate. The intermediate film also improves the adaptation of the mechanical proper-

Received in revised form 6 June 2017
Accepted 10 July 2017
Available online 12 July 2017
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Biomaterials ties of the basic material to an electroactive film. The aim of our work was to select an implantable and biocom-
PVD patible material for this intermediate film that is suitable for coating several widely-used materials, to check the
TiNb possibility of preparing an electroactive film for use on a material of this type, and to characterize the structure

Surface properties
BaTiO;

and several mechanical properties of this intermediate film. TINb was selected as the material for the intermedi-
ate film, because of its excellent chemical and mechanical properties. TiNb coatings were deposited by magne-
tron sputtering on various substrates, namely Ti, Ti6Al4V, stainless steel, and bulk TiNDb (as standard), and
important properties of the layers, e.g. surface morphology and surface roughness, crystalline structure, etc.,
were characterized by several methods (SEM, EBSD, X-ray diffraction, nanoindentation and roughness measure-
ment). It was found that the structure and the mechanical properties of the TiNb layer depended significantly on
the type of substrate. TiNb was then used as a substrate for depositing a ferroelectrically active material, e.g.,
BaTiO3, and the adhesion, viability and proliferation of human osteoblast-like Saos-2 cells on this system were
studied. We found that the electroactive BaTiO3 film was not only non-cytotoxic (i.e. it did not affect the cell vi-
ability). It also enhanced the growth of Saos-2 cells in comparison with pure TiNb and with standard tissue cul-
ture polystyrene wells, and also in comparison with BaTiO3 films deposited on Ti, i.e. a material clinically used for
implantation into the bone.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Titanium alloy Ti6A4V ELI is one of the most widely-used materials
for the manufacture of implants. It is used for example for a variety of
fixation elements in contact with the bone. The main advantages of
this alloy are its relatively low modulus of elasticity and its chemically
resistant surface. However, its chemical composition containing Al and
V may be problematic in some applications [1,2]. Attempts are therefore
being made to find a material with a similar or lower modulus of elastic-
ity and with a chemical composition based on non-toxic elements, such
as Ti, Nb, Ta and Zr [3,4]. One possible option is to use 3-Ti alloys based
on a 3-structure (with a BCClattice). The 3-structure mainly has a lower
elastic modulus than the more usual a- or & + [3 structure. Titanium

* Correspondence author.
E-mail address: stary@fsik.cvut.cz (V. Stary).

http://dx.doi.org/10.1016/j.msec.2017.07.013
0928-4931/© 2017 Elsevier B.V. All rights reserved.

alloys with lower moduli of elasticity can decrease the stress-shielding
effect and can limit bone resorption and loosening of the implant.
These alloys can be used in the form of a bulk material, or as a coating.
Coating materials widely used for the production of implants (stainless
steel, CoCrMo or Ti6Al4V) with a suitable film can also provide a diffu-
sion barrier against the penetration of toxic ions, such as Co, Al, and V
[5.6].

It is obvious that cell adhesion and growth, and the consequent ap-
plicability of materials for bone implantation, can be dramatically en-
hanced if their surface structure (e.g., their nanoroughness) and/or
their surface chemistry (e.g., the presence of oxygen-containing chemi-
cal functional groups) can be tuned by an appropriate modification. A
possible surface modification method is to cover the surface with a func-
tional coating to improve integration with the bone. This is currently
often applied by coating the surface with a layer of hydroxyapatite
(HAp) (which, however, involves some well-known disadvantages,
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especially poor adhesion between the coating and the substrate, the
brittle characteristics and the low strength of HAp) [7]. The properties
of HAp coatings depend strongly on the conditions and on the method
of preparation. Nanostructured or nanocrystalline HAp has been suc-
cessfully developed into a promising ceramic biomaterial, and is
employed in many practical [8]. Piezoelectric ceramics, e.g. barium tita-
nate (BaTiO3), can be used as coatings, due to the fact that natural bones
are electrically active under mechanical loading, i.e., they behave as pi-
ezoelectric materials [9]. In vivo and in vitro investigations have indicat-
ed that piezoelectric ceramics are biocompatible and can, under
appropriate mechanical loading, improve the bone formation around
implants [10]. This type of coating can have more pronounced
electroactive properties than HAp. It is not yet precisely known by
which mechanism the creation of electrical activity has a positive effect
on biological responses, but it is likely to result from preferential ad-
sorption of proteins and ions to the polarized surface [11]. In recent
years, the growth of barium titanate layers with some possible ferro-
electric effect has been studied in an attempt to improve cell growth
on some types of implants [12].

It can be supposed that a suitable adhesion/buffer interlayer im-
proves the potential application of some functional coating on widely-
used implant materials. A promising material that meets the conditions
presented above is TiNb alloy, a binary system with a -structure [4,13].
Firstly, itis a suitable material with mechanical properties close to those
of the bone. Secondly, it is a binary alloy with a more simple composi-
tion and phase diagram than ternary or quaternary Ti 3-alloys. Thirdly,
it has better corrosion resistance than Ti. In our earlier studies, biological
tests on TiNb were performed on native and oxidized TiNb surfaces [14,
15]. It has been stated that TiNb is a fully biocompatible material for
human cell growth, and no negative reports have appeared in the
literature.

The first aim of our present work was to compare (3-TiNb alloy films
prepared on various bulk substrates, especially on cpTi, on Ti6Al4V ELI
alloy and on austenitic stainless steel (and 3-TiNb as standard), for
use in bio-applications. The structure and the surface morphology of
these films were characterized by several methods, and reasons for
the differences were suggested. TiNb alloy in the form of a coating is
targeted for use as a barrier and adhesion interlayer, especially as a sub-
strate for an electrically active BaTiOs layer, which has the potential to
enhance the adhesion and growth of bone cells, and thus to enhance
the osseointegration of bone implants. The second aim of this study
was therefore to test the adhesion, viability and proliferation of
human osteoblast-like Saos-2 cells on BaTiOs films deposited on TiNb
substrates, i.e. materials that are promising for the construction of
bone implants, and also on Ti substrates, i.e. materials that are in current
clinical use. In addition, the cell behavior on these two material systems
was compared with the cell behavior on standard tissue culture polysty-
rene (TCP) wells, i.e. on a material highly suitable for cell cultivation. We
found that BaTiOj; films deposited on TiND significantly enhanced the
adhesion and subsequent growth of Saos-2 cells in comparison with
BaTiO; on Ti substrates and TCP.

2. Material and methods
2.1. Preparation and characterization of samples

The B-Ti39Nb alloy for bulk samples was supplied by UJP Ltd.
(Prague, Czech Rep.), and was prepared by arc-melting of 61 wt% Ti
with 39 wt% Nb. Melting was followed by solution annealing at 850 °C
for 30 min and water quenching to achieve the specified homogeneity.
Other substrates are standard commercial materials supplied by
Beznoska Ltd. (Kladno, Czech Rep).

Four types of materials with identically prepared surfaces were used
as substrates for sputtering the TiNb layer. The substrates were cut from
arod into cylinders approximately 1-2 mm in thickness. Ground and
polished coupons of [3-Ti39Nb, cpTi ISO 5832-2 (cpTi grade2), Ti alloy

Ti6AI4V 1SO 5832-3 and austenitic stainless steel AISI 316L 1SO 5832-1
were used as substrates. In what follows, the substrates are usually de-
noted as TiNb, Ti, TIAIV and Fe (steel), respectively. A complete list of the
samples is presented in Table 1.

2.2. Preparation of films/layers

The TiNb layers were prepared by magnetron sputtering in a
Flexicoat 850 (Hauzer, Netherland) coating machine on prepared sub-
strates. The deposition time was 2.5 h, the temperature of the samples
was 350 °C, and the working pressure was 0.2 Pa. The samples were
placed on a rotating tool. Before sputtering, the samples were ion etched
in Ar for approximately 15 min. The thickness of the TiNb layer was
measured with a Calotest (CSM, Switzerland), and was found to be 2.4
+ 0.1 pm.

2.3. Characterization of substrates and samples

The surface roughness of the substrates was measured with a T1000
Tester (Hommel, Germany). The morphology of the surface of the layer
was evaluated with a JEM7600F scanning electron microscope (SEM)
(Jeol, Japan), using SEI or LEI secondary electron detectors (magnifica-
tions ranging from 5000 x to 50,000 x ). The nanohardness near to the
surface of the substrate was measured using the NanoTest system
(Micro Materials Ltd., UK) with a Berkovich indenter. The applied load
for the substrate was 200 mN, and for the film the load was 10 mN.
The modulus of elasticity can also be specified using nanoindentation,
and was determined by instrument software from the hardness test.

24, X-ray diffraction

The crystallographic structure of the substrates was studied by X-ray
diffraction (XRD) on an X'Pert PRO diffractometer equipped with a 1D
detector using CoKa radiation. Phase analysis of the diffraction pattern
was performed using the X'Pert HighScore programme.

X-ray diffraction was also used for crystallographic observation of
the structure of the layers. The analysis was performed on a Seifert
XRD7 (Germany) powder diffractometer in the Bragg-Brentano ar-
rangement, using CuKo radiation. This geometry provides reflection of
the crystallographic planes parallel with the substrate surface. This al-
lows a clear definition of the texture present in the film. Unfortunately,
reflections of the substrate are usually also present.

2.5. Biotests

In order to test the biological performance of the materials that were
used, we prepared the BaTiO3 layers on TiNb and Ti substrates, which
had proved to be highly biocompatible in our earlier studies [14,15]).
In addition, Ti is currently used in clinical practice for fabricating bone
and dental implants. The layers were prepared by the pulsed laser depo-
sition method (PLD), with a typical setup consisting of a stainless steel
vacuum chamber with a basic pressure of 10~ Pa and a KrF* excimer
laser (Compex Pro 205F). The fluence was set to 2 ] cm ™2, the laser rep-
etition rate was set to 10 Hz, and the target-substrate distance (ds) was
35 mm. Deposition took place in a 1 Pa oxygen environment using
10,000 pulses. The substrate holder was held at 160 °C. The PLD method
was followed by rapid thermal annealing (RTA process), during which
the layers were annealed for 60 s at 750 °C in an oxygen flow.

TiNb samples covered with BaTiO, were sterilized with 70% ethanol,
inserted into 24-well tissue culture polystyrene (TCP) culture plates
(TPP, Trasadingen, Switzerland), internal well diameter 15.6 mm), and
were seeded with human osteoblast-like Saos-2 cells (ECCC, Salisbury,
UK) (for detailed information, see [14]). Pure TiNb, BaTiO3-coated Ti
and standard tissue culture polystyrene (TCP) wells were used as refer-
ence materials. The cells were cultured for 1 and 3 days (to evaluate the
number and the viability of the cells) or for 7 days (to evaluate the
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Fig. 1. SEM images of the surfaces of TiND layers on various substrates, namely a) TiNb, b) Ti, ¢) TiAlV, d) Fe. Magnification 20,000 (Fe 30,000x).

of the cells on these materials (Fig. 5). On day 7, the final cell population 4. Discussion
density was highest on BaTiO3-coated TiNb, which indicated that the
BaTiOs film significantly improved the proliferation of Saos-2 cells on

The morphology and the structure of layers on metallic substrates
the TiNb substrate.

are generally defined by layer material, by the method and the
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Table 3
Values of several parameters of BaTiO; layers.

Substrate material BaTiO; film thickness [um]

Ra [pm]

Film roughness

Film hardness H (GPa) Modulus of elas-ticity E, [MPa]

TiNb or Ti 0.99 + 0.02 0.06 + 0.01

85+ 1.1 142 + 12,6

conditions for preparing the layer, and also by the substrate surface
structure and chemistry. In our case, the material and the preparation
method for all the layers were identical, and only the substrate materials
differed. Although the crystallographic structure of TiNb films is practi-
cally the same, however, the morphology of the layer surface varies
quite considerably. The results show that the roughness of all the TiNb
films is between two and five times higher than the roughness of the
substrate (Tables 1 and 2). There can be various reasons for this. In
our case, at least a part of this effect is caused by so-called buckling or
by periodic perturbation of a flat surface, which usually appears as an
array of ridges and valleys present on the surface [19]. Both of these pro-
cesses can be caused by compressive stress. Compressive stress of differ-
ing intensity is present in the TiNb films on all tested substrates (Table
2). Compressive stress in thin films can first appear when the samples
are cooled, due to the different coefficient of thermal expansion of the
substrate and the film. The relation of the various thermal expansion co-
efficients (CTE) of the substrate and the layer (Table 4) shows that the
CTE of the film is lower than the CTE of the substrates. During cooling,
the dimension in the substrate, decreases more than the dimension in
the film and this causes compressive stress in the film.

Buckling usually takes place with or without delamination of the
film. The typical ripple wavelength for films of thickness ~ 1 pm is
about 1 pm [19]. For our TiNb films on TiNb, TiAIV and Fe substrates,
where periodic undulation appeared, we assume that no delamination
of layers occurred, due to the thickness being greater than the typical
wavelength of buckling waves. The high plasticity of the layer material
also reduces the possibility of delamination.

Very few substrate grain boundaries are visible on the surfaces of our
TiNb layers sputtered on TiNb substrates. On these substrates, where
there are only beta phase grains, the buckling is very fine and is not
very regularly oriented. Even though the composition of material of sub-
strate and film is in this case nominally the same, it is probable the CTE
of the substrate and that of the sputtered layer is different and residual
stress appears, the lowest of all the substrate materials.

The substrate surface of the TiNb film on the TiAlV substrate (Fig.1c)
is formed by grains with an alpha structure and a beta structure (Fig. 6).
The undulation is much finer than on TiNb. We suppose the buckling
tends to coincide mainly with the Ti-alpha grains that appear on the

surface. Additional measurements are needed in order to provide a
more precise definition. The buckling of various grains of TIAIV changes
the orientation, and the direction of undulation is probably influenced
by the orientation of the basic grain. In some cases, some grains have
no waves on the surface, or only small and relatively regular waves.
This can be caused by the oriented matrix mismatch stress due to the
lattice parameter mismatch [20]. This is usually observed on relatively
thin films. However, the effect appeared here probably because of the
suitable ratio of the matrix parameters of the substrate and the film.
On most of the films (on Ti, Fe), the grain boundaries are not
pronounced.

Fine undulations with a very well unified orientation can also be
found on stainless steel (Fig.1d), even when there is considerable
cooling of the surface due to the CTC. We assume that this is due to
the weak bonding of different type of atoms of the substrate and the
film or the weak influence of the possible epitaxial mismatch of fully dif-
ferent crystallographic matrices on residual stress formation. In addi-
tion, the roughness of the layer is the lowest of all the TiNb layers.

Irregular growth of the layer is a second possible cause of surface
roughness [21]. This could partly explain the morphology of the film
on the Ti substrate. The morphology of TiNb films on a Ti substrate
(Fig. 1b) seems to be rather different from the morphology of the
films on a TiNb substrate. Its morphology consists of relatively flat re-
gions (about 1 um in size) sometimes with potential fine undulation,
and regions with a nanostructured system of pores and hills (about
100 nm in size). This difference in TiNb layer growth can be caused by
the lower temperature of the surface of this substrate due to higher con-
ductive heat flow into the substrate, a higher coefficient of thermal con-
ductivity (CTC), and higher cooling during film growth (in our case
especially Ti, see Table 4). Due to the lower temperature of the surface,
the average kinetic energy of Ti and Nb adatoms decreases, and their
mean free path on the surface also decreases (resulting in lower poten-
tial for crossing steps and energy gaps, e.g. on grain boundaries). This
causes irregular growth with a large number of closely situated peaks
and holes. In addition, the measured roughness of the TiNb film is
greatest on the Ti substrate. Places with fine undulation can also appear
due to the internal stress value in the layer that is the highest of all the
substrates.

a)

b)

Fig. 3. SEM images of a BaTiO; layer deposited a) on Ti and b) on a TiNb substrate.
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Fig. 4. Viability of Saos-2 cells on day 1 (A-D) and on day 3 (E-H) after seeding on Ti covered with BaTiOs (A, E), on TiNb covered with BaTiOs (B, F), on pure TiNb (C, G), and on TCP (D, H).
Stained with the LIVE/DEAD viability/cytotoxicity kit for mammalian cells. The viable cells are stained in green, while the dead cells are stained in red. Bar = 200 pm. The cell viability
values, obtained by counting cells on microphotographs, were between 97 and 99%. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

All the sputtered TiNb films have a beta (BCC) structure due to the
composition of the target with TiNb composition (39 wt% of Nb). The
layers on all of our substrates have a (110) texture, as was measured
by X-ray diffraction. For metals with a BCC crystallographic structure,
the (110) plane is the plane with the lowest surface energy [22]. In stud-
ies of BCC films on various substrates, the preferred orientation is usual-
ly (110) [23,24]. The orientation of the film is therefore controlled by
the contact of the lowest surface energy plane with the substrate [23].
This means that a number of other conditions, especially adatom mobil-
ity connected with the different substrate surface composition, does not
change the formation of the texture during the nucleation and coales-
cence process.

Since we were investigating TiNb as a potential interlayer for bioac-
tive coating of bone implants, we coated it with a BaTiOs film. We found
that the BaTiO; film deposited on TiNb improved the growth of human
osteoblast-like Saos-2 cells, as indicated by a significantly higher cell

The growth curves of Saos-2 cells

300 000 —+—BaTiO3 on Ti

— +--m-+ BaTiO3 on TiNb _.EA"
- TiNb L

200 000 —e -TCP 4

150000 -|

Cells/cm?

100 000

50 000

Days

Fig. 5. The growth curves of Saos-2 cells on TiNb covered with BaTiOs, and on the reference
materials, e.g. pure TiNb, BaTiO3-coated Ti, and tissue culture polystyrene (TCP)wells
during 7-day cultivation. Mean + S.E.M. (Standard Error of Mean) from 48
microphotographs for each experimental group and time interval. ANOVA, Student-
Newman-Keuls Method. The asterisks above day 1 and day 3 indicate statistical
significance of BaTiO; on TiNb vs. BaTiO; on Ti and TCP, and simultaneously statistical
significance of TiNb vs. BaTiOs on Ti and TCP. Differently-coloured obelisks indicate
groups significantly differing from BaTiO; on TiNb and TCP. “All" means significance in
comparison with all remaining experimental groups.

number on BaTiO3-coated TiNb than on uncoated TiNb on day 7 after
seeding, and even on standard TCP wells in all tested culture intervals
(Fig. 5). However, in a study by Rahmati et al. [25], BaTiO5 films depos-
ited on Ti-6Al-4V alloy decreased the activity of mitochondrial enzymes
(i.e., an indirect measure of cell proliferation and number) in human os-
teoblast-like MG-63 cells in comparison with the values obtained on
pure Ti-6Al-4V. Nevertheless, this decrease was not explained by cyto-
toxicity of BaTiOs, because the cells were well-flattened (i.e., spread)
on these surfaces [25]. Similarly, the cells on the BaTiO; coating on
TiNb in our study were well-flattened, showing mostly a polygonal
morphology. Moreover, as revealed by staining with a LIVE/DEAD via-
bility/cytotoxicity kit, the cells on BaTiO3-coated TiNb were highly via-
ble (Fig. 4). The positive effect of BaTiO; on cell growth can be further
enhanced by combining it with small amounts of hydroxyapatite
(10 wt%), and particularly by mechanical stimulation. This can be attrib-
uted to the piezoelectric effect of the material [26]. The appropriate po-
rosity of BaTiOs/hydroxyapatite composites (50%) also increased the
adhesion, growth and osteogenic differentiation of human osteoblast-
like MG-63 cells, though no differences in these parameters were
found when the polarized and non-polarized BaTiO; were tested [27].
In our earlier studies performed on LiNbO3, another type of ferroelectric
ceramic, the positive polarization to a slight extent promoted the adhe-
sion, growth and osteogenic differentiation of human osteoblast-like
Saos-2 cells [11], and particularly of human bone marrow mesenchymal
stem cells [28]. In addition, BaTiO; promoted the formation of calcium
phosphates, i.e. important components of the bone tissue, when im-
mersed in simulated body fluid [25]. The biocompatibility of hydroxyap-
atite-BaTiO3 nanoparticles was also tested in vivo after intraarticular
injection of these particles into mice. A histopathological examination
of the adjacent and remote tissues and a biochemical analysis of the
blood serum did not reveal any systemic toxicity or inflammatory reac-
tion [29]).

Table 4
Values of several thermal parameters of different substrates [18].

Material Coefficient of Thermal Expansion  Coefficient of Thermal Con-
CTE[10 K '] ductivity CTC [W/(m-K)|

TiNb ~7 ~8

Ti 8.6 164

TiAIV 95 6.6-6.8

Fe 16.0 16.2
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Fig. 6. SEM image of the phase structure of the TiAIV substrate. (Bright - beta phase, dark -
alpha phase.)

Interestingly, the cell population densities on BaTiO; films were
higher on TiNb than on the Ti substrate in all culture intervals (Figs. 4,
5), although the films seem fully continuous in the SEM images. The
positive influence of Nb may be connected with the possibility of
some cells finding a surface not covered by a BaTiOs film, or with the ex-
istence of some mechanism for transporting Nb ions through this film.
In our earlier studies performed on MG-63 and Saos-2 cells, the cell pop-
ulation densities were higher on TiNb than on Ti, which was attributed
mainly to the less negative zeta potential of TiNb surfaces [14,15]. An-
other possible explanation that should be further investigated is the sur-
face morphology. Specifically, surfaces with similar R, can have a
different profile (e.g., sharp or smooth irregularities), and also a differ-
ent density of the irregularities on the material surface, which may in-
fluence the cell growth (for a review, see [30]).

5. Conclusion

We have used several substrate materials to obtain a 3-TiNb layer
with a physically and chemically defined surface. The substrate affects
the properties of the layer, mainly its roughness and its morphology.
We assume that the differences in the roughness and in the morphology
of TiNb layers are strongly affected by the coefficient of thermal expan-
sion and by the coefficient of thermal conductivity of the substrate. The
surface orientation, especially the dependence of the thermal expansion
coefficient on the orientation of the surface, can probably also change its
roughness. In addition, the texture appearing in the coatings is due to
the material of the coating, and is not due to the substrate material.

It is known that 3-TiNb has excellent chemical resistance, and it can
also have a relatively low modulus of elasticity. A PVD TiNb coating can
cover various materials that have properties that may not be very suit-
able in terms of biocompatibility, but that have other favourable proper-
ties. TIND can also be a promising substrate for active layers such as
BaTiOs, which have very appropriate characteristics for medical applica-
tions. It was found that combinations of TiNb/BaTiO5 and of Ti/BaTiO3
are biocompatible and non-cytotoxic, but that significantly higher cell
numbers were achieved on TiNb/BaTiO5,
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3-Stabilized titanium (Ti) alloys containing non-toxic elements, particularly niobium (Nb), are promising mate-
rials for the construction of bone implants. Their biocompatibility can be further increased by oxidation of their
surface. Therefore, in this study, the adhesion, growth and viability of human osteoblast-like MG 63 cells in
cultures on oxidized surfaces of a 3-TiNb alloy were investigated and compared with the cell behavior on ther-
mally oxidized Ti, i.e. a metal commonly used for constructing bone implants. Four experimental groups of sam-
ples were prepared: Ti or TiNb samples annealed to 600 °C for 60 min in a stream of dry air, and Ti and TiNb
samples treated in Piranha solution prior to annealing. We found that on all TiNb-based samples, the cell popu-
lation densities on days 1, 3 and 7 after seeding were higher than on the corresponding Ti-based samples. As re-
vealed by XPS and Raman spectroscopy, and also by isoelectric point measurements, these results can be
attributed to the presence of T-Nb,05 oxide phase inthe surface of the alloy sample, which decreased its negative
zeta (¢)-potential in comparison with zeta ({)-potential of the Ti sample at physiological pH. This effect was ten-
tatively explained by the presence of positively charged defects acting as Lewis sites of the surface Nb,Os phase.
Piranha treatment slightly decreases the biocompatibility of the samples, which for the alloy samples may be
explained by a decrease in the number of defective sites with this treatment. Thus, the presence of Nb and ther-
mal oxidation of 3-stabilized Ti alloys play a significant role in the increased biocompatibility of TiNb alloys.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The most widely-used Ti-based material for implant fabrication is
an alloy composed of titanium (Ti), aluminum (Al) and vanadium
(V) (Ti6Al4V) [1,2]. This alloy fulfills many requirements for an im-
plant material, i.e. it has beneficial mechanical and chemical proper-
ties (a low Young modulus value, low density as well as fatigue and
corrosion resistance), and high biocompatibility, i.e. it is tolerated by
the human body and by regenerating tissue. However, a substantial
drawback of TIAIV materials is the presence of small amounts of highly
toxic Al and V oxide species in their surface region [3-5], which may
be evolved into the body. This problem is of essential importance par-
ticularly after long-term exposure of an implant fabricated from
Ti6Al4V alloy in the body. Great attention has therefore been paid to
the development of new materials which contain no toxic elements
and fulfill the fundamental requirements for their applicability as im-
plants [1,2]. p-Stabilized Ti alloys which contain non-toxic elements
are therefore under extensive investigation [1,2,6-9]. In this context,

* Corresponding author. Tel.: + 420 266 053 465; fax: +420 286 582 307.
E-mail address: lvan Jirka@jh-inst.cas.cz (1. Jirka).

0928-4931/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.msec.2012.12.073

niobium (Nb) is promising as a non-toxic and moreover (>-stabilizing
agent. 3-TiNDb alloys are characterized by mechanical properties (es-
pecially by a lower Young modulus value than Ti6Al4V) which make
them suitable for application as implant materials. However, only lim-
ited information is available on the role of Nb in the biocompatibility
of >-TiNb alloy. For example, it has been reported that sol-gel-derived
niobium oxide gels promoted the formation of apatite when a material
was immersed in a simulated body fluid (SBF), and this supported the
interaction of the implant with the surrounding bone tissue [10]. Sim-
ilarly, immersion in SBF led to the deposition of an amorphous calcium
phosphate layer on Nb pretreated in sodium hydroxide (NaOH) [11].

Biocompatibility of alloys and other materials is still not a well-
understood phenomenon. It is affected by various material surface
properties, which are often mutually interrelated, e.g. corrosivity, hy-
drophilicity/hydrophobicity, surface energy and charge, chemical com-
position (including the presence of surface functional groups), surface
roughness and topography, etc. [1,2,12]. There is some range of these
characteristics in which optimal cell-surface interactions appear. Vari-
ous surface modifications for tailoring surface properties have been
tested. These include acid and alkaline etching [ 13-16], thermal and an-
odic oxidation [17], and a combination of these two modifications: acid

Please cite this article as: 1. Jirka, et al,, Mater. Sci. Eng., C (2013), http://dx.doi.org/10.1016/j.msec.2012.12.073

117



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

2 1. Jirka et al. / Materials Science and Engineering C xxx (2013) xxx-Xxx

(alkaline) treatment of the material followed by calcinations [18,19],
modification of the surface by polymer species [20,21], and modifica-
tion by self-assembled monolayers [22] or by hydroxyapatite coatings
[23], etc.

In our study, we tested the biocompatibility of 3-TiNb alloy by in
vitro experiments in which we investigated the responses of bone-
derived cells on the surface of 3-TiNb alloy covered by a thermally
grown oxidic layer. Some of the samples were soaked in Piranha solu-
tion, i.e., in a mixture of sulphuric acid (H,SO,) and hydrogen peroxide
(Hx0,), prior to thermal oxidation. The samples were finally boiled in
deionized water (dei H,0). It has been shown by others that soaking
Ti-based materials in Piranha solution (without subsequent annealing)
induced the appearance of a nanostructure on their surface with charac-
teristic dimension ~100 nm. This nanostructure was found to be bene-
ficial for adhesion and proliferation of cells [15]. A combination of
soaking in Piranha solution and subsequent heat treatment of (>-TiNb
alloy and Ti is tested in the present work. Simultaneously, it is reason-
able to assume that Piranha soaking may reduce surface contamination
of Ti-based materials, which makes it difficult to discuss their chemical
composition by surface-sensitive techniques.

The results obtained by in vitro experiments on the oxidized alloy
samples were compared with analogous experiments on oxidized Ti
surfaces. The samples were characterized in detail by various methods,
including X-ray photoelectron spectroscopy (XPS), Raman spectrosco-
py (RS) Scanning electron microscopy (SEM), and electrokinetic mea-
surements of the pH dependence of the zeta (g) potential. Using
experiments designed in this way, we attempted to investigate the bio-
compatibility of 3-TiNb alloy on a molecular level. A positive effect of
the presence of the Nb oxidic phase in the 3-TiNb alloy surface on its
biocompatibility was proved, i.e. we observed higher adhesion, growth
and viability of human osteoblast-like MG 63 cells in cultures on an ox-
idized [>-TiND alloy surface than on an oxidized Ti surface.

2. Experimental
2.1. Preparation of the TiNb samples

The -TiNb alloy samples were prepared by arc-melting 74 at% Ti
(ingot, 99.55%, Frankstahl, Austria) with 26 at.% Nb (ingot, 99.85%, TIC,
Brussels, Belgium). The melting proceeded eight times at 800-1000A/
23V with subsequent solution annealing at 850 °C for 30 min and
quenching in water to achieve the defined homogeneity. Usinga SiC cut-
ting wheel, the as-prepared ingot was sliced into coupons (diameter
10.5 mm, thickness ~1.5 mm). The surfaces of the coupons were
polished sequentially with abrasive paper (240, 600, 800, 1000 and
4000 grit) and with a suspension of colloidal SiC (0.05 pm, Colloidal
Sillicat, Leco) into a mirror-like sheen, using a Buehler machine. The Ti
and Nb coupons (9% 10 mm), used as standards, were cut from foil pur-
chased from Goodfellow Metals, Ltd. (Ti: 99.6%, thickness 0.7 mm; Nb:
99.9%, thickness 0.1 mm). Their surfaces were polished in the same
way as described above. The polished surfaces of the samples were
cleaned by sonication in acetone, rinsed in deionized water (dei-H-0)
and dried in hot air. The surfaces of the sample were annealed in a
stream of dry air (300 ml min—"). The following temperature program
was used: heating rate 10 °C min~" up to 600 °C, at which the sample is
kept for 60 min and then cooled ata rate of 10 °C min~". The annealing
temperature was selected to be above the [>-transus of the [3-TiNb alloy
to avoid possible precipitation of «-Ti (cf. phase diagram of Ti-Nb alloy
in [24]). Some of the Ti (TiNb) samples were soaked prior to annealing
for 5 min in fresh Piranha solution, prepared from 35 ml H,S0,4 (96%, Al-
drich) and 15 ml H,0, (30%, Aldrich) under vigorous stirring. The sam-
ples, finally boiled for 30 min in copious amounts of deionized water
(dei H,0), were assigned according to their composition and treatment
as: TiINb600 (Ti600) — samples annealed at 600 °C without soaking in Pi-
ranha solution, and TiNbPi600 (TiPi600) — samples soaked in Piranha so-
lution prior to annealing. The characterization results for the oxidized

samples used in the cell experiments were compared with the results
for untreated samples, assigned as Ti as received and TiNb as received.
The Nb foil annealed as the alloy, used as a standard for characterizing
the samples by Raman spectroscopy, was referenced as Nb600. The sam-
ple characterization results refer to the samples boiled in dei H,0 (if not
stated otherwise). Each experiment in which the investigated samples
were characterized (as described below) was reproduced at least once.

2.2. Characterization of the samples

The XPS experiments were carried out using an ESCA 3 Mk 2 spec-
trometer (VG) with a hemispherical analyzer in fixed transmission
mode, using a passing energy of 20 eV. The photoelectrons were excited
by the Al K ; emission line (1486.6 eV). The vacuum during an exper-
iment was of the order of ~ 10~ mbar. Binding energies E;, were cali-
brated using the E}, of the Ti 2ps, photoelectron line (458.7 eV) [25,26].

The concentrations c(x) [atoms cm_zl of oxygen (x=0), titanium
(x=Ti), niobium (x=Nb) and carbon (x=C) were estimated from
the integral intensities I(x) of O 1s, Ti 2p, Nb 3d and C 1s photoelectron
lines after Shirley background subtraction and correction on probability
of photoemission (0(E,) [barn]) [24], transmission function of the ana-
lyzer (T(Ex) [eV]) and inelastic mean free path of the photoelectrons
(A(Ex) [nm], where E, stands for kinetic energy of the emitted photo-
electrons of a given element x [26]:

c(x) = KI(x)/(0(E,) T(E,) ME,)) (1)

KinEq. (1) is an instrumental constant. T(Ey) was checked to be ~E, ',
and the value of A(E,) was ~E,~%°. The O, C and Nb concentrations of
the TiNb (Ti) samples were discussed as atomic ratios ¢(x):

€(x) = c(x)/(c(Ti) +c(Nb)): (= c(x)/(c(Ti)) (2)

A damped nonlinear least-square fitting procedure was used to dis-
tinguish partially resolved lines in O 1s, Ti 2p, Nb 3d and C 1s in the pho-
toelectron spectra [27]. The spectra were approximated by a weighted
sum of Gaussian and Lorentzian functions.

Raman spectra were measured using a Labram HR spectrometer
(Horiba Jobin-Yvon) interfaced to an Olympus BX-41 microscope. Spec-
trawere excited by a633 nm laser,and the laser power under a 50 x ob-
Jjective was 2 mW. The Raman spectrometer was calibrated using the F,
line of Si at 5205 cm™".

Electron microscopy was provided on the JEOL JSM-7600F in sec-
ondary electron mode at magnification 2000-100000x. The micro-
scope was equipped with an energy-dispersive X-ray spectroscopy
system for microanalysis (EDS). The electrokinetic potentials ({-poten-
tial) of the samples were determined using a SurPASS Instrument
(Anton Paar, Graz, Austria). The samples were studied inside the adjust-
able gap cell in contact with the electrolyte (0.001 mol - dm 3 KCl). The
pH dependence of the zeta potential for all samples was determined by
titration with 0.1 mol-dm™> HCl and 0.1 mol-dm™> NaOH in the
range from 2.5 to 9. The relative experimental error was 10%. Further
details of the electrokinetic experiment can be found in [28].

2.3. Cell seeding and culture conditions

Samples TiNb600, Ti600, TiNbPi600 and TiPi600 used in the cell cul-
ture experiments were first sterilized in an autoclave (at 121 °C for
1 h) and then inserted into 12-well polystyrene cell culture plates
(TPP, Switzerland; internal well diameter 21.4 mm). Then they were
seeded with human osteoblast-like MG 63 cells (European Collection
of Cell Cultures, Salisbury, UK) and suspended in Dulbecco's modified
Eagle’s Minimum Essential Medium (DMEM; Sigma, USA, Cat. N°
D5648) with 10% fetal bovine serum (FBS; Sebak GmbH, Aidenbach,
Germany) and gentamicin (40 pg/ml, LEK, Ljubljana, Slovenia). Each
well contained 36000 cells (i.e., approximately 10000 cells/cm?) and
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3 ml of the medium. The cells were cultured for 1,3 and 7 daysat37 °C
in a humidified air atmosphere containing 5% CO». Three samples were
used for each experimental group and time interval.

24. Evaluation of the cell number and viability

Three samples for each experimental group were used for the analy-
ses performed on day 1 after seeding. The samples were rinsed with
phosphate-buffered saline (PBS; Sigma, USA), and the cell number and
viability were determined using the LIVE/DEAD viability/cytotoxicity
kit for mammalian cells (Invitrogen, Molecular Probes, USA) according
to the manufacturer's protocol. Briefly, the cells were incubated for 5
to 10 min at room temperature in a mixture of two of the following
probes: calcein AM, a marker of esterase activity in living cells, emitting
green fluorescence, and ethidium homodimer-1, which penetrated into
dead cells through their damaged membrane and produced red fluores-
cence. The live and dead cells were then counted on microphotographs
taken under an epifluorescence microscope (Olympus IX-51, DP-70 dig-
ital camera, Japan, obj. 20 ).

On day 3 after seeding, the samples were rinsed with PBS, fixed with
70% frozen ethanol (room temperature, 20 min) and stained with
Hoechst #33342, which stains the cell nuclei (excitation max. 346nm,
emission max. 460nm; Sigma, USA; 5 pg/ml of PBS). This dye was
applied for 2 h at room temperature. The number of cells was evaluated
on microphotographs taken under an IX-51 microscope, equipped with
a DP-70 digital camera (both from Olympus, Japan, obj. 20x).

On day 7 after seeding, when the cells reached high numbers and
grew in multilayers (which hampered cell counting on the microphoto-
graphs), they were detached using trypsin-EDTA solution (Sigma, U.SA.,
Cat. N°T4174) in PBS for 10 min at room temperature, and the cell num-
ber was evaluated using a Vi-CELL XR analyzer (Beckman Coulter, USA).
Three samples were used for each experimental group, and 50 measure-
ments were performed on each sample (i.e. 150 measurements in total ).
This experiment was also repeated three times.

2.5. Statistical analysis

The quantitative data was presented as mean--S.EM. (Standard
Error of the Mean). The statistical analyses were performed using
SigmaStat (Jandel Corporation, USA). The multiple comparison proce-
dures were carried out by the ANOVA, Student-Newman-Keuls meth-
od. The value p <0.05 was considered significant.

3. Results
3.1. Results of characterization

3.1.1. X-ray photoelectron spectroscopy measurements

The surfaces of the Ti and TiNb samples were covered by a layer of
the native oxides (as received) or by the oxide layer grown by thermal
treatment, and by contamination composed mainly of hydrocarbons
adsorbed from the ambient air and due to the cleaning procedure.
Other contamination by silicon (Si), nitrogen (N) and potassium (K)
found on the surface of some samples was negligible (~0.1 at%), and
is therefore not discussed here.

A typical simulation of the C 1s photoelectron spectrum of TiNb se-
ries is depicted in Fig. 1. Similar C 1s line shapes were observed for the
Ti series. These results are in line with published values [29]. The line
assigned as C(1) at E;,=285.1-285.6 eV is related to the presence of al-
iphatic hydrocarbon contamination. Lines C(2) at E, =286.7-287.3 eV
and C(3) at E,=289.0-289.5 eV reflect the presence of C-OH and
(=0 functional groups of hydrocarbon contamination [29,30] (Fig. 1).
The concentrations of various forms of hydrocarbon contamination
¢(C(x)) (x stands for the number of the C 1s line (cf. Fig. 1) of the sam-
ples as received and heat treated with or without Piranha soaking are
depicted in Fig. 2. In line with published results [29], the rather high
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Fig. 1. Results of simulation of the C 1s spectra of samples TiNb as received (a), TiNb600 (b)
and TiNbPi600 (c). Lines 1 (assigned to C- C, C-H bonds), 2 (assigned to C- OH bonds)
and 3 (G=0 bonds) are distinguished.

contamination of the as received samples decreased substantially after
heat treatment. However, no positive effect on the concentration of car-
bonaceous surface contaminants was found for the Piranha soaked
samples.

Itis generally accepted that Tiis present in the oxidized surfaces of Ti
and TiNb samples in oxidation state 4+ [15,17]. Small amounts of Ti
(~10%) in lower oxidation states (+2, 0), observed only in the as re-
ceived samples, disappeared after boiling in dei H,O. Identical line

3.32

o 330

084

00+

X i T o
asrec 600 deg Piranha, 800 deg
Fig. 2. Concentrations of aliphatic (c(C(1))) and oxidized (¢(C(2)), ¢(C(3)) carbonaceous
contamination of samples TiNb600, TiNbPi600, Ti600 and TiPi600. The concentrations of the

Ti and TiNb samples before thermal oxidation are added for comparison (error bars: se.).
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shapes of the Ti 2p spectra were observed along the two series of TiNb
and Ti samples.

The Nb 3ds, photoelectron line was found at E, =207.35 eV (s.d.
0.18 eV) along the investigated series of alloy samples. Small concentra-
tions of Nb species in lower oxidation states (~10% low energy shoulder
in the Nb 3d photoelectron spectrum) in the as received TiNb sample
disappeared after boiling in dei H,0. However, it was not straightfor-
ward to assign the Nb 3ds» line. The estimated Ej, value was substantial-
ly lower than the value for Nb®>* (207.85 eV, s.d. 0.44 eV [31]), and at
the same time substantially higher than the value for Nb** (206.0 eV,
[31,32]). Nevertheless, the oxidation state of Nb in the surface oxide
layer was assumed to be 5+ along the whole series of TiNb samples.
This assumption is in accordance with the discussion presented below.

The treatments affected the surface concentration of Nb in the alloy
samples. While the concentration of Nb in the non-calcinated TiNb as re-
ceived samples was slightly higher than the bulk concentration (corre-
sponding value of ¢(Nb)=0.34), it was observed to decrease upon
heat treatment in sample TiNb600 (TiNbPi600) (c(Nb)=0.21 (0.16),
cf. Table 1). The observed slight lowering of the measured ¢(Nb) value
in sample TiINbPi600 is readily explainable by rather high contamination
of this sample (cf. Fig. 2).

To characterize the differences in abundance of variously coordinat-
ed O species in the treated surfaces of the samples, the pertinent line
shapes of the O 1s photoelectron spectra will be discussed. The O 1s
spectra are simulated by a minimal number of lines with full width at
half maximum equal to ~1.5 eV. The results for simulation of the O 1s
photoelectron spectra of the series of TiNb and Ti samples are depicted
in Fig. 3. The low energy O 1s line (O(1)) can be related to the concen-
tration of covalently bonded O atoms in the Ti (TiNb) oxide phase
(mostly lattice oxygen of Ti (Nb) oxides [22,33]). The concentration of
covalently bonded O atoms calculated from the O(1) lines (c(01))
was discussed relative to the nominal concentration of skeletal O
atoms (€(0)nom), equal to 2 for the Ti samples, and calculated for the
TiNb alloy samples using the simple relation:

€(0) nom = Xria, C(Ti) + Xps , ‘¢(Nb) 3)

where X7+ , Xnps +~ Were stoichiometric factors of oxygen bonded in
TiNb oxides. Their values (X4 ~ = 2, Xnp5 ~ = 2.5) were selected assum-
ing lattice electroneutrality of the TiNb oxide phase and oxidation state
5+ of Nb. The corrections on the presence of Ti (Nb) in lower oxidation
states in the evaluation of the ¢(0)nom of the samples as received were
further included. The values of Ac(0)=¢c(01) — ¢(0),om are summa-
rized in Table 1 and in Fig. 4.

The high energy O 1s lines reflect the presence of Ti(Nb) -OH
groups and O atoms bonded in oxidized hydrocarbon contamination
on the investigated surfaces [33]. The O-containing groups bonded in
carbonaceous contamination were identified using E;, values of high en-
ergy C 1s lines (Fig. 1) as C- OH and C=0 [30]. Their concentrations
were calculated using intensities of pertinent C 1s lines by Egs. (1),
(2). The overall concentration of the O-containing functional groups
on the surface of the TiNb (Ti) samples before (c(O)"‘g") and after cor-
rection for the presence of C—~OH (C=0) groups (c(0)"&"™) was
discussed. The values of ¢(0)"#" and ¢(0)"®8"®™ are summarized in
Fig. 4 and Table 1. The hydrocarbon contamination functional groups
participated dominantly in the intensity of the high energy O 1s spectra.

Table 1

Ac(0), c(0)"is", c(0)"ish™rr and ¢(Nb) values of the investigated samples.
Sample Ac(0) (0)"=" o0y ¢(Nbx)
TiNb as received —0.16 169 0.25 034
Ti as received 0.00 099 022 0
TiNb600 024 039 0.14 021
Ti600 0.50 050 0.07 0
TiNbPi600 030 057 0.08 0.16
TiPi600 0.26 129 0.16 0

3.1.2. Raman spectroscopy

Fig. 5 shows the Raman spectrum of the TiNb600 sample, compared
to the spectrum of the Ti600 and Nb600 samples. Featureless spectra
were observed in agreementwith published data [15] for the as received
samples. Soaking the samples in Piranha solution and boiling them in
dei- H,0 did not induce any changes in the Raman spectra.

The main spectral features in the spectrum of the Ti600 sample clear-
ly belong to the rutile phase [34] of TiO; — a weak band at 144 cm ™'
(Byg vibration), a broad band at 234 cm™" (multi-phonon processes,
close to band (ii) of the Nb600 sample), an intense band at 446 cm ™!
(Eg), an intense band at 612 an~! (Asg), and a weak shoulder band at
825 cm™ " (Byy) (Fig. 5, spectrum a). This finding was in line with pub-
lished diffraction (XRD) data (cf. JCPDS no.: 88-1175). The spectrum of
the Nb600 sample shows several weak broad bands at 125 , 232, 315
and 415 cm ™, an intense broad asymmetric band at ~690 cm ' and a
weak broad band at ~830 cm ™" (cf. bands (i)-(v) in spectrum b, Fig. 5).
The presence of these bands points unambiguously to orthorhombic
Nb0s [35]. The band at 690 cm ™" (band (v)) is assigned to the symmet-
ric stretching vibration of the slightly distorted NbOg octahedra, while the
weak bands in the lower wavenumber region belong to the Nbo— O-Nb
bending vibrations, and the weak band ((vi)) at 830 cm ™' belongs to
the symmetric stretch of the Nb=0 surface sites [35]. The heat treatment
temperature (600 °C) is thus fully reflected in the Raman spectrum — es-
pecially due to the appearance of weak but well resolved bands in the
400-500 and 800-900 cm™ " regions, which probably mark the onset of
the T-Nb,Os phase, in contrast to the TT-Nb,O5 phase, where these re-
gions contain no clearly distinguished bands [35].

In the wavenumber region >400 cm™', the spectrum of the
TiNb600 sample (Fig. 5, spectrum c) is a linear combination of the two
above-described spectra of pure TiO, (rutile, spectrum a) and T-Nb,Os
(spectrum b) with the main bands as well as the shoulders indicated
by arrows. It can be seen that the main bands correspond to the TiO, ru-
tile phase; however, the bands are much broader, and are redshifted,
especially in the case of the E, band at 446 cm . This indicates a sub-
stantial decrease in the rutile crystallite size, leading to phonon confine-
ment [36] in the alloy compared to pure Ti600. The lower wavenumber
region in the TIND600 Raman spectrum shows a much stronger signal
than what would be expected from pure compounds. However, their
main features can be still recognized in the alloy spectrum, again
labeled by the corresponding arrows. There is no clear evidence of any
other ordered crystalline phase in the spectrum, but the presence of
amorphous matter of some kind cannot be ruled out. The more
intense-than-expected background in the Raman spectrum of TiNb600
could be a hint that some amorphous matter is present.

3.1.3. SEM results

The morphology of the samples is influenced mainly by the substrate
material and by the preparation schedule, including all the stages of sur-
face modification. Typical SEM images of the investigated samples are
summarized in Fig. 6. Grinding and polishing generally provided very
smooth samples, which were damaged, probably by the grains of
polishing agent, only in some local places, mainly in the case of relatively
soft Ti. Without etching with Piranha solution, and after oxidation, the
surfaces of the TiNb samples (TiNb600, Fig. 6(a)) are smooth and struc-
tureless. This smooth surface is observed up to magnification 100000
times. In some images, particles appeared that were probably torn off
the oxide layer. This occasional debris composed of Ti and Nb oxides
(as estimated by EDS) occurs on the material surface, as indicated by
light-colored particles on the TiNb600 samples (Fig. 6A). However,
these features disappeared after Piranha treatment (Fig. 6B). A rather
rough surface was observed for the Ti sample (Ti600, Fig. 6(b)). A
more complicated structure on the surface of the Ti600 sample is formed
by irregular grains with dimensions around ~100 nm, with small pores
of ~50 nm ~50 nm in dimensions among them (not shown). The pres-
ence of a pronounced morphology causes the appearance of a white (or
light-colored) phase.
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Fig. 3. Results of simulation of the O 1s spectra of the samples as received (a), calcinated at 600° (b), and soaked in Piranha solution prior to caldnation (c). The simulated spectra of the TiNb
samples (top of the Figure) were compared with the spectra of the Ti samples (bottom of the figure).

Higher roughness was also observed for the oxide surfaces on the Pi-
ranha etched samples. Here, the surface of the Ti sample (TiPi600,
Fig. 6(c)) again has a more pronounced (substantial, considerable, dis-
tinctive) morphology than the TiNb sample (TiNbPi600, Fig. 6(d)). In
this case, the more pronounced morphology is caused not only by the
surface morphology of the oxide, but also by the morphology of the sur-
face after Piranha etching. The fine structure of the surface on both sam-
ples with dimensions of about ~50-100 nm is very similar. However, in
range of ~0.5 um, a large number of irregularities are seen on the surface
of the Ti samples. These irregularities are copied into the morphology of
the oxide layer (Fig. 6(d); compare the size of the light-colored phase
details in Fig. 6(d)). A comparison of the images of the morphology of
the oxide layer on un-etched vs. etched metalic substrates indicates

I \c(O); TiNb
¢(0)™" TiNb

¢(0)™™ " TiNb
7 [ac(o), Ti
EJeo)™ i
144 m c(:o-)hu;n.c:r'; Ti
© 074

UU—]—

Fig. 4. The values of ¢(0"®") and Ac(0) of the investigated samples. The former values before
and after correction for concentration of O bonded in carbonaceous contamination are distin-
guished (error bars: se.).

Piranha 600 deg

that the etchinginfluences the morphology on Ti, but does not influence
the morphology on TiNb alloy.

3.14. Electrokinetic measurements

The results of the measurements of the pH dependences of the elec-
trokinetic zeta (¢-) potentials were used to characterize the topmost
surface of samples Ti600 and TiNb600 (Fig. 7), i.e. the samples with the
least contaminated surfaces. According to the estimated values of the
isoelectric points (IEP), the surface of sample TiNb600 (IEP=3.440.1)
was more acidic than the surface of sample Ti600 (IEP=4.140.1).
Less negative ¢ potential values were found in the region of physiologi-
cal pH for the alloy sample.

Raman Intensity (a.u.)

41‘70 6&0
Raman Shift cm’')

T
200

Fig. 5. Raman spectra of sample Ti600 (a), Nb600 (b|) and TiNb600 (c).
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Fig. 6. SEM images of samples (A) TINb600 (top) and Ti600 (bottom), (B) TiNbPi600 (top), and TiPi600 (bottom).

3.2. Adhesion, growth and viability of cells in cultures on the tested
materials

On day 1 after seeding, the cell numbers on materials with different
surface chemistry and surface modification were evaluated. The cells
differed in number for materials with different chemical compositions,
i.e. on the Ti and TiNDb alloy surfaces. On an average, the highest number
of initially adhered cells was found on the TiNbPi600 and TiNb600 sam-
ples (31500 3300 cells/cm? and 28800+ 2700 cells/cm?, respective-
ly). These cell numbers were significantly higher than the values on the
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Fig. 7. Dependence of the zeta potential (mV) of sample TiNb600 and Ti600 on pH.

bottom of the control polystyrene culture dishes (10300 4= 1000 cells/
cm?) (Fig. 9A). The viability of the cells on all tested materials, evaluated
by the LIVE/DEAD viability/cytotoxicity kit, was high, nearly 100%, and
there were no significant differences among the tested groups (Fig. 10,
Table 2).

From days 1 to 3 after seeding, the cells on the surfaces of the Ti600
and TiNb600 samples proliferated with significantly shorter cell popula-
tion doubling times than on the Piranha-treated samples and on the
control polystyrene culture dishes (Table 3). As a result, on day 3 after
seeding, the cell population densities on only heated samples were sig-
nificantly higher than on samples pretreated with the Piranha solution.
Nevertheless, the cell population densities achieved on the TiNb-based
samples (including Piranha-treated samples) still remained higher
than the values obtained on the corresponding Ti samples. On day 3
after seeding, the highest cell population densities were reached on
the TiNb600 and TiNbPi600 samples (154600 5600 cells/cm?® and
12580010000 cells/cm?, respectively). These values were signifi-
cantly higher than those on the Ti600 and TiPi600 samples (49800 +
3900 cells/cm? and 32500 4 1500 cells/cm?, respectively) and on the
control polystyrene culture dish (330002900 cells/cm?) (Figs. 9B,

0).

From days 3 to 7, the cells on both groups of TiNb samples slowed
down their proliferation significantly (Table 3). Nevertheless, on day 7
after seeding, the cell numbers on the TiNb600 and TiNbPi600 samples
(708300 22600 cells/cm? and 493300+ 16200 cells/cm?, respec-
tively) still remained significantly higher than the values on the Ti600
and TiPi600 samples (4049004 14900 cells/em® and 215700+
8500 cells/cm?, respectively), and on the control polystyrene culture
dish (409100 + 9600 cells/cm?) (Fig. 9C).

On all tested materials, the cell viability, evaluated during automatic
cell counting in the Vi-CELL XR Analyser using the trypan blue-exclusion
test, ranged from 76.9 - 2.2% to 87.3 + 1.0%. The values for viability on
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Fig. 8. Correlation of Ex(Nb 3ds ) (eV) of the alloy samples with their Ey(Ti 2ps (eV) values.

day 7 were lower that the values obtained on day 1. The reason for this
may lie in the different methods used for evaluating viability. Whereas
on day 1 the cells were stained directly on the material with the LIVE/
DEAD viability/cytotoxicity kit, on day 7 the cells were subjected to
trypsinization and resuspension, which may have damaged the cells.
At the same time, the cell viability on the Nb-containing samples, i.e.
TiNb600 and TiNbPi600, was significantly higher than on the corre-
sponding samples containing only Ti (Table 2).

4. Discussion

The attachment, proliferation, differentiation and other behavior of
bone-derived cells on solid materials depends on the physico-chemical
properties of the material surface. Cell adhesion is mediated by extracel-
lular matrix (ECM) molecules. These molecules have to be adsorbed in
an appropriate conformation, which is affected by surface properties
such as surface energy, polarity, charging, wettability, topography,
roughness, etc. The definite material properties result in the exhibition
of specific sites in the adsorbed proteins and subsequent recognition
and bonding by cell adhesion receptors [1,2,37,38].

The chemical composition of the material surface is an important
factor. The properties of [3-TiNb alloy are related to the presence of var-
ious oxygen-containing functional groups that increase the energy, po-
larity and wettability of the surface, and support the adhesion and
growth of cells [39]. The surface morphology of the cell growth support
can be another factor that favors cell adhesion. An enhanced nano-
structure of the surface of Ti-based materials has been found to be ben-
eficial for cell adhesion [15,40]. Both of these effects may promote the
appearance of suitable conformations of ECM molecules, which support
cell adhesion. However, our study has not proved any positive effect of
the surface nanostructure in causing higher biocompatibility of 3-TiNb
alloy samples than of Ti samples. The SEM images show a structureless
character of the TiNb600 (TiNbPi600) alloy samples and a rather rough
surface of the Ti600 (TiPi600) samples (Fig. 6). No increase in surface
roughness was observed on the TiNbPi600 and TiPi600 in comparison
with the surface roughness of samples Ti600 and TiNb600 (Fig. 6). The
rougher Ti600 surface was found to be less bioactive, although the size
of the irregularities on this surface is still within the nanoscale, i.e.
100 nm. The same conclusion was found for the as received samples
(data not shown here).

A difference in the surface properties of Ti-based and TiNb-based
samples, which may affect their biocompatibility, is the higher acidity
of the surface of the TiNb-based samples. The increase in surface acidity
is simply explainable as a consequence of the presence of Nb-related
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Fig. 9. Number of osteoblast-like MG 63 cells on days 1,3 and 7 after seeding on Tiand TiNb
samples subjected to thermal oxidation at 600 °C (Ti600 and TiNb600), or samples pre-
treated by Piranha solution (Pi) prior to thermal oxidation (Ti600+ Pi and TiINb600 +- Pi, re-
spectively). Mean + SEM. (Standard Error of Mean) from 3 samples (in total 9 measure-
ments) for each experimental group and time interval. ANOVA, Student-Newman-Keuls
method. Above the columns, significantly different samples are mentioned (p<005).

species in the topmost surface of the alloy samples. The T-Nb,Os phase
(observed by Raman spectroscopy in the alloy samples) does indeed
contain more acidic sites [41] than the amphoteric rutile phase [43]. In
principle, however, the presence of Nb species in the topmost surface
of the alloy samples may be questioned, particularly for the annealed
samples. While no evidence is found by XPS for depletion of Nb in the
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100 um

Fig. 10. Morphology, distribution and viability of human osteoblast-like MG 63 cells on day 1 (A-E) and on day 3 (F-J) after seeding on samples Ti600 (A, F), TiPiG0O (B, G), TiNb600 (C, H),
TiNbPi600 (D, I) and polystyrene culture wells (E, ). Stained with LIVE/DEAD viability/cytotoxicity kit for mammalian cells (A-E) or Hoechst 33342 (F-J). Olympus IX 51 microscope, DP 70 digital

camera. Obj. 10, bar=200 um (A-E); obj. 20, bar=100 um (F-J).

surface region in the non-oxidized TiNb sample, the surface concentra-
tion of Nb is lowered in the TiNb600 sample (cf. Table 1, last column).
This effect can be explained mainly by coverage of the surface Nb sites
by Ti species segregated into the topmost surface of the alloy samples
upon annealing. In principle, all surface Nb sites of the alloy samples
may be covered by this mechanism. Estimates of the surface concentra-
tion of Nb for TiNbPi600 sample are rather unambiguous, however, due
the rather high contamination by hydrocarbons (cf. Fig. 2). However, it
follows from the results of the electrokinetic titration experiment that
the acidity of the surface of the TiNb600 sample is higher than the acidity
of the surface of the Ti600 sample. Indeed, the IEP value of the oxidized
alloy samples estimated by measuring the dependence of the zeta po-
tential on pH is equal to 3.4, while the IEP of the oxidized Ti samples is
equal to 4.0 (Fig. 7). Thus, some of the Nb atoms remain in the topmost
surface of the TiNb600 samples even after annealing to 600 °C. The sur-
face charge of sample TiNb60O is less negative ({~—48 mV) than the
surface charge of sample Ti600 ({~—60 mV) at physiological pH
(Fig. 7). This effect may be responsible for the higher cell population
densities found on the TiNb600 sample. The electrokinetic titration ex-
periment was not performed for samples TiPi600 and TiNbPi600 due to
their high hydrocarbon contamination.

Raman spectroscopy identifies the Nb oxide phase as T-Nb,Os in the
TiNb600 (TiNbPi600) alloy sample. However, a part of the Nb and Ti
oxide species may in principle also be present in the surface region of
the alloy samples in another form, including some amorphous Nb-Ti
mixed oxide phases, and Nb species with an oxidation number lower
than 5+, [44,45]. These effects may tune the acidobasic properties of
the surface of the alloy sample. The appearance of these surface
phase(s), which are not visible by Raman spectroscopy, would induce
changes in the first coordination sphere of Nb and Ti atoms, i.e. they
would induce shifts in the core level Ej, values of Ti and Nb. For the Ep,
value of a given element A of the insulating sample, it holds [26]:

E, kqy+ V4 +R+C (3)

where — kg, reflects the dependence of E,, on the amount of negative
charge on atom A, V, is the Madelung potential, which describes the

Table 2

electrostatic interaction of a single atom A and the other atoms coordi-
nated around it, R is a relaxation term which includes the response of
the solid to the creation of a core hole localized in atom A, and Creflects
the reference level shift which includes the charging effects during
photoemission.

Possible changes in the chemical composition of the first coordina-
tion sphere of Nb induced by the treatments that are applied can be test-
ed simply by plotting the Ep, of the Nb 3ds; line (En(Nb 3ds)2)) of the
alloy samples against the Ej, of the Ti 2ps,, line (Ey(Ti 2p35)) (Fig. 8).
The data for all investigated alloy samples, including those before boil-
ing in dei H,0, is employed. The two E, values are not calibrated, as
every relevant pair of values of E;(Nb3ds2) and Ep(Ti2ps2) is estimated
in a single experiment, i.e. they are systematically affected by C.

The values of E,(Nb 3ds,) are linearly shifted with E,(Ti 2p5,) when
their shifts are induced solely by the reference level (C) shift, i.e. when
no changes in the coordination mode of Ti and Nb and their oxidation
state proceed. Indeed, the En(Nb 3ds,2) — En(Ti 2ps2) dependence is lin-
ear with a high value of R? and a unit slope (Fig. 8). Thus, no evidence is
found from the values of E,,(Nb 3ds,,) and Ey,(Ti2ps,,) forany changes in
the chemical composition of the first coordination sphere of Ti and Nb
along the series of investigated samples. This finding is in accordance
with the identical line shapes of the Nb 3d and Ti 2p photoelectron spec-
tra (except some changes in the low energy region, which is limited to
the as received samples only). Thus, the surfaces of all alloy samples
are covered by an oxide phase, which differs significantly mainly in its
thickness, which influences the value of C. Taking into account the
Raman results, we can conclude that the whole series of alloy samples
is covered by two distinct phases of Ti**(rutile) and Nb®* (T Nb,0s)
oxide phases. No evidence for a Ti-Nb mixed oxide phase is found.

Observed differences in the acidity of the Ti and TiNb surfaces may be
related to the presence of various Brensted Ti-OH and Nb-OH sites co-
ordinated on these surfaces, as is evident from the values of Ac(0) and
the presence of high energy lines in the O 1s photoelectron spectra
(Figs. 4, 5). Unfortunately, the Ti-O and Nb-O coordinations cannot be
distinguished from the O 1s photoelectron spectra. Moreover, the inten-
sities of the high energy O 1s lines are too low to discuss them separately
(cf. Fig. 4). However, some qualitative findings can be drawn.

Percentage of viable cells on all tested materials, evaluated by the LIVE/DEAD viability/cytotoxicity kit on day 1 after seeding (from 36 microphotographs on day 1) and automatic cell

counting in the Vi-CELL XR Analyser, using the trypan blue-exclusion test (from 200 measurements). Mear

.M. (Standard Error of Mean). *p<0.05 compared to the corresponding

Ti samples.
Ti600 TiPi600 TiNb600 TiNbPi600 PS
Viability on day 1 after seeding 99.15+1.36 99.52+0.20 99.42 +0.22 99.59+0.18 99.46 +0.24
Viability on day 7 after seeding 80.92 +1.68 76.89+2.19 87.26 +£0.99° 8425+ 1.15° 86.85 +0.72
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Table 3

Cell population doubling time (hours) of MG 63 cells between days 1 to 3 and 3 to 7 after
seeding on Ti and TiNb samples treated by heat (600) and pretreated by Piranha solution
(Pi) before heating.

Material/DT ~ Ti600 TiPi600 TiNb600 TiNbPiG00O  PS

Days 1to3 18.6+08 360+16 199420 276445 298+21
Significant to: s Ti600 s TiIND6OO

Days 3 to 7 329+06 359+08 51.6+46 526+44 266+07
Significant to: PS, TI600 PS, TiPi600

Mean + SEM (Standard Error of Mean) from 9 measurements. ANOVA, Student-Newman—
Keuls method, statistical significance: p<005.

The values of Ac(0) may be related to the number of covalently
bonded - OH groups, created by dissociation of the Nb-O-Nb (Ti-O-
Ti) bridges in the oxidized samples, schematically described as follows:

Nb(Ti)—O-Nb(Ti) —2Nb(Ti)-OH

i.e. Ac(0) >0, or they may reflect the presence of defective sites in the
lattice of the surface oxide (Ac(0)<0, as observed for the as received
TiNb sample, cf. Table 1, Fig. 4). However, as indicated by our prelimi-
nary experiments (data not shown here), the number of initially adher-
ing MG 63 cells was similar both for the oxidized alloy samples and for
the as received alloy samples, and the subsequent cell proliferation,
manifested by the cell population densities in the days after seeding,
was even lower on the oxidized samples. The Ti(Nb) sites related to
the value of Ac(0) thus do not increase the biocompatibility of the
alloy samples.

The presence of other —OH groups induces changes in the line
shapes of the high energy region of the O 1s photoelectron spectra.
Their favourable effect on cell adhesion and functioning on the
heat-treated Ti (rutile) surfaces has already been established [42].
The presence of both acidic and basic ~ OH groups on these surfaces
[43] supported the adhesion of osteoblasts and the activity of alkaline
phosphatase in these cells, although this effect was mediated more by
the basic ~ OH groups than by the acidic ~ OH groups. The more pro-
nounced effect of the basic OH groups is explained by the fact that
they endowed the material surface with a positive charge, which fa-
cilitates the adsorption of cell adhesion-mediating proteins (mainly
fibronectin and vitronectin) from the serum of the culture medium
[42]. At the same time, the presence of OH groups on the material sur-
face decreased the adsorption of albumin, i.e. a protein present in the
serum supplement of the cell culture media, which is non-adhesive
for cells [46]. This effect has been attributed to the increased wettabil-
ity of OH-functionalized surfaces.

Last but not least, both acidic and basic - OH groups stimulate the
formation of calcium phosphates, i.e. important components of the in-
organic bone extracellular matrix, on the material surface. Acidic - OH
groups on the material surface tend to act as cation exchange sites,
while basic -~ OH groups may act as anion exchange sites. Thus, it has
been suggested that the hydroxyl groups contribute to bone growth,
as calcium ions bind with acidic groups and phosphate molecules bind
with basic groups [47]. The source of both calcium and phosphate ions
are biological fluids, including cell culture media.

According our results, the alloy surface is more biocompatible than
the Ti surface (cf. Fig. 9). The IEP values in Fig. 7 show that the TiNb sur-
face is more acidic than the Ti surface. This effect may be caused by the
presence of more acidic —~OH groups bonded on Nb sites. Other sites of
the Nb,Os phase may be related to defects. Nb atoms mostly have octahe-
dral coordination, but they may also be coordinated tetrahedrally. Niobi-
um sites in tetrahedral coordination act as water-tolerant strong Lewis
acid sites [41]. Some high energy O 1s lines may thus be assigned to
both Nb Lewis sites and Nb Brensted sites. However, direct evidence for
this assignment is complicated, due to very low concentration of the sur-
face Ti (Nb) sites on the investigated samples. Indirect evidence for the
presence of Nb-Lewis sites follows from the lowered biocompatibility

of sample TiNbPi600, manifested by the lower cell numbers observed
on days 3 and 7 than for the TiNb600 samples (Fig. 9). This lowering
can be associated with the decrease in the number of Lewis sites in the
case of oxidative treatment in Piranha solution.

5. Conclusions

Thermal oxidation of a 3-TiNb alloy sample causes its surface to be
covered by two distinct crystalline oxide phases: T-Nb,Os and rutile.
No evidence was found for the presence of Ti-Nb mixed oxide phase.
The surface of the alloy sample contains Nb-related sites which are dif-
ficult to identify directly due to their relatively low concentration. As
their presence causes a decrease in zeta (¢) potential at physiological
pH, we propose that some Nb sites are related to the surface defects,
i.e. to positively-charged tetrahedral coordinated Nb atoms which act
as a water tolerant Lewis site. Reducing the zeta (¢) potential has a
positive influence on the adhesion and subsequent proliferation of
osteoblast-like MG 63 cells on 3-TiNb alloy. Piranha treatment does
not further improve the cell colonization of these samples. On the
Piranha-treated Ti and TiNb samples, the cell population densities (on
days 3 and 7 after seeding) were even significantly lower than on the
corresponding samples oxidized only by heating. This may be attributed
toa decrease in the number of surface Lewis sites after oxidative Piranha
treatment. Thus, thermally oxidized TiNb (600 °C, 60 min) was the
most attractive sample for cell colonization.
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ABSTRACT. Ti alloys are widely used for construction of bone implants. Some of them can be prepared without any
toxic elements containing only Nb, Zr and Ta. At suitable composition they have the beta (BCC) structure with low
modulus of elasticity and high corrosion resistance. The oxidation of their surface can increase the biocompatibility and
enable the preparation of nanostructured surface morphology.

The B-alloy Ti39wt.%Nb alloy was melted cight times by electric discharge, anncaled at 850 °C for 30 minutes and
quenched to water. The substrates of the TiNb layers were prepared from bulk Ti39Nb and commercial ¢pTi and
Ti6Al4V. They were cut using a SiC cutting wheel. ground with abrasive papers and then polished with a suspension of
colloidal SiC. The TiNb layers were prepared by cathodic sputtering in a Hauser Flexicoat 850 unit. The thickness of
the TiNb layer was measured by Calotest. Surface roughness was measured by a Hommel T1000 Basic roughness test-
er. The sample surface was observed by a JSM7600F scanning clectron microscope. Samples were anodically oxidized
in (NH4)2S04 + 0,5wt%NH4F clectrolyte at DC voltages 10, 20 and 30 V using a stabilized voltage source.

The morphology of the nanostructured surface of a PVD layer depends particularly on the oxidation voltage and time,
but also on the type of substrate. The surface morphology containing nanotubes appeared only on TiNb layer with a
TiAIV substrate prepared at certain oxidation voltage and time.

The morphology of oxidized layers is heavily influenced by substrate material even though the surface roughness of
PVD layer and substrate is identical for all oxidation processes.

TiNb alloy have very suitable properties for bioapplications and the study of surface properties contribute to the practi-
cal use of this material

Introduction. Titanium alloys have very suitable properties for bioapplications including high spe-
cific strength, high corrosion resistance and due to these properties also excellent biocompatibility.
Until now the classical biomedical material — stainless steel (e.g. AISI 316L, (E ~ 210 GPa)) and
pure Ti and o and a+f Ti alloys (E ~ 110-120 GPa) are usually used for the production of implants
[1; 2]. Recently Ti alloys, which have a lower modulus of elasticity, are intensively studied. Since
for bone implants is very useful to obtain maximum similarity of the moduli of elasticity of the
material of the implant and the bone [3] and, simultancously, the high corrosion resistance, the aim
of these studies is the fabrication of a material with these properties. The moduli of B-Ti alloys, es-
pecially TiNb alloys (B-TiNb), can be about 60 GPa. Layers of these B-alloys with prospective
properties can be prepared applying an appropriate method, particularly PVD (Physical Vapour
Deposition) [4].

A relatively thin film of oxide(s) of the basic material is present on the surface of titanium and its
alloys. In a TiNb alloy these are usually titanium oxide TiO; and a niobium oxide, usually Nb2Os
[4; 5]. These oxides form a layer, which decreases potential corrosion in a corrosive environment.
By anodic oxidation a basic thicker oxide layer is created. The propertics of this layer (crystalline
structure, thickness, porosity and/or nanoporosity) depend on the conditions of oxidation and can be
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sclected with respect to the required propertics of the final application. One of the advantagcous
properties of the surface is its porosity, since a better adhesion of cells was observed on the surface
with a porous morphology (structure). The structure with suitable pores can also be used as a reser-
voir of appropriate healing drugs. All these properties can improve the process of healing after im-
plantation [5].

In our work we studied B-Ti39Nb, i.c., a Ti alloy with 39 wt.% Nb (further only TiNb). Both ele-
ments in the alloy are nontoxic and highly biocompatible [4; 6: 7]. At present research is concen-
trated on a material which could replace the until now widely used Ti alloy Ti6Al4V, which can
hypothetically cause damage to the tissue due to the content of potentially toxic elements Al and V
[31.

Generally, titanium alloys containing 10 - 15% of P stabilizers are in a metastable state and they are
denoted as f-metastable. According to the phase diagram these alloys are formed by the unstable
phase B’ and the phase ® or by a mixture of the unstable phase B’ and the stable phase  [1]. This
depends on the concentration of the  stabilizer. The phase ® is created by the decomposition of the
unstable phase . The mechanical properties of the alloys are influenced by the appearance of un-
stable and martensitic phases which depends on the concentration of  stabilizing elements and on
the cooling rate during heat treatment. Only high concentrations of f3-stabilizers (30% or more) cre-
ate a stable form of the B phase in the alloy at room temperature. However, it is responsible for an
increase of the density and weight of the alloy [8].

At room temperature the strength of the alloy increases with the content of the B-phase. The me-
chanical properties of B-alloys, e.g., strength and fatigue resistance, can be improved by heat treat-
ment.

Composition, AtomicPercent Niobium
10 20 30 40 50 6070 80 100

28004+ A bt e e b e

Liquid o 7

2200+ e ’/
2000 =

/./""Liquid B
1800 2 —_—

o —

1400

Temperature, °C

1200} B

soox\\
e

6001 | Qe R e,

SOoatp B
T . S ol AP T
0 10 20 30 40 50 60 70 80 90 100

Composition, Weight Percent Niobium

Fig. 1. Phase diagram of TiNb alloys [9].

Oxidation is frequently used to improve and/or optimize the surface properties of cell adhesion.
Also, the surface of the alloy samples containing Nb related sites improves cell adhesion and
growth. Oxygen creates a thin film of oxides, which at room temperature can be several nanometers
thick. By continuing the process the thickness of oxide layer increases up to micrometer range.
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There are two basic methods of the oxidation of metals: an clectrochemical (anodic) one in an ap-
propriate electrolyte, and a thermal one, at high temperature approximately in the range of hundreds
of degrees of Celsius. The chemical reaction in anodic oxidation can be described by the chemical

equation (1) (M - metal ions, O - oxygen ions) [10]:

aM +3 0, = My0,

The anodic growth of an oxide layer on Ti (i.e., in electrolyte 1 M (NH4)SO4 + 0.5 wt.% NH4F) is
shown in Figs. 2 and 3. In the anodic oxidation of Ti it is necessary to add fluoride ions to obtain a
nanostructured surface (i.e. a surface with a morphology with objects of nanometer size). Simulta-
neously with the growth of the oxide layer, Ti dissolves in the basic material of the anode according

to equation (2) [11].

Ti-> Ti*" + 4e”

The cathodic reaction is described by equation (3), where H>O is decomposed into hydrogen and

hydroxyl anions [11]

4H,0 + 4e~ - 2H, + 40H"

Firstly the interaction of Ti*", OH and O takes place on the surface in contact with the electrolyte
and later also on the interface of the oxide layer and the metal and an oxide layer is created accord-

ing to chemical equation (4); also titanium hydroxide can be created according to (6) [12]:

Ti** + 202" - Ti0,

Ti+ 0, > Ti(0) = TigO = Tiz0 - Ti,0 = Ti0 = Ti,05 = Tiz05 = Ti0,

Ti** + 40H™ - Ti(0OH),

electrode

'Ti”—v «—|0%

ot

H,O

Ti TiO;  Electrolyte

Fig. 2. Formation of an anodic layer of titanium oxide.
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Titanium hydroxide is converted into an oxide according to (7) [12]:

Ti(OH), - TiO, + 2H,0 (7

The whole process of anodic oxidation and creation of the oxide layer is described by equation (8)

(]

Ti + 2H,0 - TiO, + 4H* + 4e™ ()

Elecrolite

Fig. 3 Schematic view of titanium anodization (a) and dissolution of titanium inside pores.

In the case of the formation of the oxide layer, electrons and ions pass through the film, i.e. the elec-
tric current through the oxide necessary for the growth of the film is strongly limited by the thick-
ness of the film. This electric current is influenced by a decrease of the electric field on the film and
approximately follows an exponential law.

Niobium oxidation and the growth of the Nb oxide in layer are given by equations (9) — (11) [13]:

Nb + H,0 — 2e~ — NbO + 2H* ©)
NbO + H,0 — 2e~ — NbO, + 2H* (10)
2NbO, + H,0 — 2e~ — Nb,0s + 2H* (11)

The growth rate of the oxide layer is given by the Faraday law and the rate of the dissolution of the
layer. The Faraday law defines the mass of the TiO> and Nb2Os oxides in the layer assuming zero
production of hydrogen in the process. At simultaneous growth and dissolution the thickness of the
layer practically [13] does not depend on the time and the final thickness depends on the oxidation
potential U

d=k'U (12)

where & — is the constant of the growth of the layer [14]
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In the presence of fluoride ions the behaviour of the dependence of the current on the time of oxida-
tion depends on their content. The dependence is shown in Fig. 4 [14]. In an electrolyte without
fluoride ions we can observe an exponentially decreased current density up to the final equilibrium
state with a certain minimum value of the current density. In an electrolyte with fluoride ions the
current density after a certain minimum value begins to increase again. This is caused by the inter-
action of fluoride ions with the formed oxide layer. This increase also signalizes the creation of
nanostructures on the surface of the specimen [14; 15].

== = [nacidic electrolyte

Current

|
\ In acidic clectrolyte
\ + fluorine ion

Fig. 4. Behaviour of current density in an electrolyte without fluoride ions (dashed line) and with
an addition of fluoride ions (solid line curve).

If the voltage increases, the structure of the oxide changes from an amorphous into a crystalline one.
During this process the conductivity changes from ionic to electronic one which retards the growth
of the film. The film growth is finished by electrical breakdown of the film [16].

The thermal oxidation of a B-TiNb alloy sample creates on the surface two distinct crystalline oxide
phases: T-Nb2Os and TiO: (usually rutile) [3]. No evidence was found of the presence of the Ti-Nb
mixed oxide phase even though the single-crystalline Tij—NbxO2 with x as large as 0.3 and with
even larger values of x for the nanocrystalline oxide have been reported in literature [16].

The purpose of our work is to compare the surface structure/morphology of TiNb films prepared on
TiNb, Ti and TiAIV substrates using PACVD (cathodic sputtering).

Experiments. Preparation and characterization of samples.

B-Ti39Nb alloy samples were prepared by arc-melting 61 wt.% Ti (ingot, 99.55%, Frankstahl, Aus-
tria) with 39 wt.% Nb (ingot, 99.85%, TIC, Brusscls, Belgium). The melting proceeded cight times
at 800-1000A/ 23V with subsequent solution annealing at 850 °C for 30 minutes and water quench-
ing to achieve the defined homogeneity.

The substrates for the TiNb layer were ground and polished coupons of cpTi ISO 5832-2 and Ti
alloy Ti6Al4V ISO 5832-3 (the basic material was supplied by Beznoska Ltd., Kladno, CR). Using
a SiC cutting wheel the as-prepared ingot was sliced into coupons (diameter either 10.5 mm or 14
mm and thickness ~1.5 mm). The surfaces of the coupons were ground sequentially with abrasive
papers (240, 600, 800, 1000 and 4000 grit) and then polished with a suspension of colloidal SiC
(0.05 pm, Colloidal Sillicat, Leco, CR) into a mirror-like sheen, using a Leco machine.

The TiNb layer was prepared by cathodic sputtering (PVD) in a Hauser Flexicoat 850 unit (Hauser,
Netherlands). The time of deposition was 2.5 hrs, the temperature of the substrate 250°C, rotation of
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the substrate 2 rpm, and the working pressure 2.10° mbar (2 Pa). The thickness of the TiNb layer
was measured by Calotest (CSM, Switzerland).

Surface roughness was measured by a Hommel T1000 Basic roughness tester (Jenaoptic, Germany).

For a general evaluation the surface morphology all samples were observed by a JISM7600F scan-
ning electron microscope (JEOL Ltd, Japan) at several magnifications (usually between 1000 and
50 000x), using SEI detectors and LEI detectors. The SEI detector shows a general overview of the
surface, while the LEI detector shows the irregularities with higher sensitivity.

The samples were oxidized by anodic oxidation in 1M (NH4):SO4 + 0,5 wt% NH4 F, the resultant
pH was 4.7. The potentiostatic process was carried out at constant voltages (DC) 10, 20 and 30 V
using a stabilized voltage source SZ 20 110/400 — 19 12 KZ C230 (NES Nova Dubnica, SR). From
the beginning of oxidation, the potential was increased to the final value approximately at a rate of
100 mV/s. The time dependence of the oxidizing current was measured and recorded by a UT 804
(TIPA Ltd, CR) digital multimeter and the current density was calculated for all samples.

Results and discussion. The parameters of substrates is in table 1.

Table 1. List of substrates.

Substrate | Phases in | Composition Substrate Modulus | Substrate
material substrate roughness of  elas- | hardness
Ra fum] ticity (GPa)
E,[MPa]
TiNb Ti — beta Ti + 39wt.%Nb 0.058+/-0,006 | 95+/-2.5 | 3.14+/-0.09
Ti Ti —alpha Ti 0.047+/-0.005 | 135+/-2.1 | 2.34/-0.1
TiALV Ti -|Ti + 6wt% Al 143+/-1.3 | 4.0+/-0.11
alphatbeta | 4wt%V, 0:0354:-0.003

The PVD coating was 1.45 um thick.

After depositing the TiNb layer on a Ti no grain boundaries were observed on surface of TiNb/Ti
while on the layer of TiNb on a TiAlV substrate both alpha and beta phases and the grain bounda-
ries of the substrate could be observed on electron microscope images.

Next we compared the electron microscope images of the structure and surface morphology of the
oxide film on a bulk Ti39Nb alloy and of an oxidic film on the TiNb layer which was sputtered by
means of the PVD process on different Ti substrates (TiNb/Ti) and Ti6AI4V (TiNb/TiAIV).

Table 2. Values of several parameters of TiNb layers on different substrates.

Substrate Modulus of | Film hard- | Substrate | Film grain | Film  rough-
elasticity ness grain size | size ness by
E, [MPa] [GPaj [um] [um] Ra [pm]
TiNb/TiNb 100+/-2.5 3.8+~ 0.14 | 600 600 0.093+/-0.047
TiNb/Ti 116+/-3.37 | 4.1+/-0.22 10 6-7 0.13+/-0.008
TiNb/TiAIV 115+/-3.15 | 4.1+/-0.19 |3 3-5 0.10+/-0.005
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The anodic voltage and time of oxidation was monitored. Different details of the surface morpholo-
gy are apparent on images at various magnifications.

At an anodic voltage of 10 V individual pores with a 10 nm size are clearly apparent (Fig. 5a) in the
oxide film on a TiNb/Ti layer. This is due to the presence of fluoride ions in the electrolyte. The
oxide film on TiNb/TiAlV has a similar structure with pores of comparable size (Fig. 5b).

Fig. 5. SEM images of oxide films prepared at anodic voltage 10 V, magn. 50 000x, time 1 hr, a)
TiNb/Ti, b) TiNb/TiAlV.

During anodic oxidation at a constant 20V voltage a porous layer of titanium and niobium oxides
[3,13] which has a similar surface structure as in the previous experiment at a 10V voltage (Fig.
5,6a) is apparent on the coating deposited on the Ti substrate. A more clearly apparent porous
nanostructure can be seen on the Ti6Al4V substrate (Fig. 5.6b).

s ‘a2 ®ue SOV
e G
S Ca MRS

A FATT e

24
i

Fig. 6. SEM images of oxide films prepared at an anodic voltage of 20V, magn. 50 000x, time 1hr,
a) TiNb/Ti, b) TiNb/TiAlV.

In the TiNb/Ti sample at an anodic voltage of 30 V (Fig. 7a) the arrangement and topography of the
oxide layer is different from previous results. The pores are accumulated into characteristic corruga-
tions which cover the entire surface of the sample. Also the microscope images of the TiNb/TiAIV
samples (Fig. 7b) clearly show the grain boundaries of alpha and beta phases of the substrate which
remained in the layer after deposition.
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Fig. 7. SEM images of oxide films prepared at anodic voltage 30 V, magn. 50 000x, time 1 hr, a)
TiNb/Ti, b) TiNb/TiAlV.

Since maximum pore density and their best regularity were observed at an anodic voltage of 20 V,
the time of oxidation was increased to 2 hrs in the next set of experiments. On TiNb/Ti pores were
present but their density was relatively low. We observed localized growth of nanotubes (Fig. 8a).
On TiNb/TiAlV the oxide layer is formed by a nanoporous selforganized system of oxide nanotubes
(Fig. 8b,c). The diameter of the nanotubes is within the range 50 — 100 nm and they are distributed
uniformly over the sample surface.

Fig. 8. SEM images of oxide films prepared at anodic voltage 20 V, time 2 hrs, a) TiNb/TiAlV,
magn. 30 000x, b) TiNb/TiAlV, magn. 100 000x.

We also can compare the clectron microscope images of an anodic layer of TiNb/TiNb, oxidized at
an anodic voltage of 20 V for 1 hr, taken at different magnifications. The results are in Figs. 9a-f. It
can be seen that on the TiNb layer on bulk TiNb a porous anodic film was not formed and the sur-
face of sample remained practically unchanged. This could be explained by the mechanical treat-
ment of the surface layer during grinding and polishing of the surface of the sample before oxida-
tion, which limited the growth of the porous oxide film.
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Fig. 9. SEM images of oxide films prepared at anodic voltage 20V, time 1hr, a) bulk TiNb,
magn. 10 000x, b) bulk TiNb, magn. 100 000x, ¢) TiNb/Ti, magn. 10 000x, d) TiNb/Ti, magn.
100 000x, e) TiNb/TiAlV, magn. 10 000x, f) TiNb/TiAlV, magn. 100 000x.

Besides the surface structure also the dependence was studied of the oxidation current on the anodic
voltage and on the time. The dependences of the current density on time during the oxidation of the
TiNb layer (both on Ti and TiAlV) at anodic voltages 10, 20 and 30 V in the studied electrolyte are
in Figs. 10a,b. The rate of the voltage increase was 100 mV.s”. We found that the critical pas-
sivation current density ik, on TiNb/Ti and TiNb/TIiAIV is 11.9 — 12.2 mA.cm™ and 10.2 — 10.4
mA.cm, respectively. It can be observed that the magnitude of the anodic voltage has no influence
on the critical passivation current density ixp at the given parameters of the process.

The magnitude of the anodic voltage obviously affects the rate of the decrease of the current densi-

MMSE Jowrnal. Open Access wwiw.mmse.xyz

135



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

ty: at higher voltages the decrease is slower. Also at higher anodic voltages the value of the density
of the passivation current increases (Fig. 10a,b). From the diagram of the dependence of the current
density on the time, the value of the critical passivation current density ik lies within the time inter-
vals 65 — 75 s and 75 — 85 s for TiNb/Ti and TiNb/TiAIV respectively. Using these values and the
rate of growth of the anodic voltage we can calculate the passivation voltages 6.5 + 7.5 Vand 7.5 +
8.5 V for TiNb/Ti and TiNb/TiAIV respectively.
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Fig. 10. The dependence of current density on time during oxidation of a) TiNb/Ti, b) TiNb/TiAlV.

Summary. On anodic oxide films prepared on layers of TiNb on various substrates we found a po-
rous oxide layer. After 1 hour of growth at anodic voltages of 10, 20 and 30 V the layers were po-
rous without apparent nanotubes with a various degree of porosity and different directions of the
growth of the coating. In TiNb/Ti the porous structure is homogeneous over the entire surface of the
substrate. In the oxide layer on TiNb/TiAlV the phase boundaries in the substrate are visible.

After 2 hours of growth at an anodic voltage of 20 V, the oxide film on TiNb/Ti has a relatively low
density of pores. In spite of this in TiNb/TiAlV a nanostructured surface morphology with a regular
set of nanotubes with diameters in the range 50 — 100 nm was observed. The boundaries of phase
grains disappeared.

No nanostructural features were found on TiNb/TiNb samples.

Finally, we can state that the sputtered TiNb layer is not influenced by the mechanical treatment of
the substrate and by the potential impurities due to this treatment. Moreover a nanostructured oxide
layer (without or with nanotubes) can grow at suitable conditions of growth on a deposited layer of
TiNb.
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Abstract. We present here a study of coatings prepared from B-Ti binary alloy Ti-39wt%Nb, a
promising metallic material. TiNb is a highly corrosion-resistant and non-toxic material that is poten-
tially applicable as a biomaterial. TiNb coatings can be prepared on substrates of widely-used materi-
als, and promise not only improved properties but also a less high price of potential TINb implants. A
TiNb film can also be used as a barrier for limiting the potential diffusion of some allergens and toxic
elements from the substrate to the surface, which can be influenced by layer properties. We depos-
ited thin layers of TiNb by magnetron sputtering, which provides excellent layer properties in appli-
cations. These layers were prepared on substrates made from Ti, Ti alloys (Ti39Nb and Ti6Al4V)
and stainless steel AISI316. The aim of our work was to characterize the structure and the mechani-
cal properties of the layers, in dependence on the type of substrate, for application as coatings for
medical implants.

Introduction

Low-modulus B-TiNDb alloys (the TiNb binary system with a BCC structure) with excellent corrosion
resistance are currently under consideration as a surgical implant material [1,2]. The elastic modulus
of bulk TiNb decreases to ~ 60 GPa at about 40 wt.% Nb [3]. The low modulus improves the con-
nection of the material surface with living tissue, and prevents the appearance of “stress shielding”.
The advantage of using of a binary alloy is that it is simpler to preserve the composition than in the
case of ternary and quaternary alloys, which induce obviously non-homogeneous segregation of ele-
ments [4]. We made a study of coatings prepared by the PVD method from a TiNb target with the
same composition as the required films. Until now, the structure of the layers has been studied by X-
ray diffraction and TEM [5,6]. In order to define the mechanical properties of TiNb thin films, both
the hardness and the modulus of elasticity of the films were measured using nanoindentation [5,7].

Experiment and methods

Four types of identically prepared substrates made of different materials were used for the TiNb lay-
ers. The basic material of the Ti39wt%NDb substrates was prepared by UJP Ltd., Prague, CR, and the
material for the other substrates was supplied by Beznoska Ltd., Kladno, CR. The substrates were
ground and polished coupons of bulk TiNb, cpTi, Ti6Al4V and austenitic stainless steel AISI316,
denoted as TiNDb, Ti, TiAlV and Fe, respectively. The substrates were ground sequentially with abra-
sive papers (from 240 up to 4000 grid), and were then polished with a suspension of colloidal silica.
The TiND layers were prepared by magnetron sputtering in a Hauser Flexicoat 850 unit (Hauser,
Netherlands) from a single target Ti39wt%NDb (Safina, Vestec, CR). The time of deposition was 2.5
hrs, the substrate temperature was 250°C, and the working pressure was 2 Pa. The samples rotate at
a rate of 2 rpm. Before sputtering, ion etching in Ar was performed for approximately 15 min. The
thickness of the layer was measured by Calotest (CSM, Switzerland) and the value was 2.4+0.1 um.
X-ray diffraction (parallel beam (PB) and Brag-Brentano (BB) geometry) was used for crystallo-
graphic observations of the layer structure. The analysis was performed on Seifert XRD7 (Germany)

138



Oxidickeé vrstvy na titanovych slitinach pro Iékarské aplikace

and PANanalytical X’Pert MPD Pro (Netherlands) powder diffractometers, both PB and BB geome-

try, using CuKo. radiation. PB was set to an angle of incidence of 1.0 deg.
The hardness of the substrates and of the evaporated layers were measured using

the Nanotest

system (Micro Materials Ltd., UK) with a Berkovich indenter. The nanohardness measurements also
give the values of the modulus of elasticity. The hardness and the reduced modulus of elasticity were
given by the software of the device. For the measurements of the substrates near to the surface, we

applied a load of 200 mN;, the maximal depth for this load was between 1.5 and 2.0 pm.

Results and discussion

Structure. The measured parameters of the TiND layers on four types of substrates are presented in
Table 1. The BB arrangement of the X-ray measurement shows preferentially the crystallographic
planes parallel to the substrate. The BB diffractograms show the BCC structure and the strong (110)
texture on all the films. This is usual for TiND layers and for other similar layers [5,6]. The PB ge-
ometry utilized a constant angle of incidence of the primary beam, and only a detector scan (2theta
scans) was made. This allows a constant penetration depth of the X-ray beam into the sample to be

held. In PB geometry, mainly the lines of the B-phase of the TiNb layers appeared in

the diffracto-

grams (Fig.la), and the same texture appeared for the BB configuration. The size of the coherently
diffracted area (CDO) and the mean stress values in the layers were also obtained in this arrange-
ment. Moreover, the (002) and (112) lines of the ® phase of Ti appeared for all the films measured

using PB geometry (Fig.1b).

Table 1 Values of several parameters of TiND layers on different substrates

Sub- Stress Film hard- | Substrat grain | Film grain | Substrate rough- | Film roughness
strate [MPa] ness [GPa] size [um] size [um] ness Ra [um] Ra [um]
TiNb 7104220 3.80+0.14 600 600 0.058+0.006 0.093+0.047
Ti 1700+£200 | 4.10+0.22 10 6-—7 0.047+0.005 0.13+0.008
TiAIV 1250+£230 | 4.10+0.19 3 35 0.035+0.003 0.10+0.005
Fe 1500+£730 | 4.38+0.28 5 - 0.013+0.005 0.08+0.012
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Fig.1 A comparison of X-ray diffractograms of TiNb films measured by the PB arrangement a) on

several substrates (T=Ti, TN=TiND), and b) on a TiAlV substrate (green p—phase, blue

Modulus of elasticity and hardness. The so-called reduced modulus of elasticity E’ is

E:": Ei -,
1-v*

®-phase).

given as

M
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E being the modulus of elasticity, index 1 being for s for the film and for the substrate, respectively.

Three strategies for measuring the hardness and the elasticity modulus of the layers were com-
pared: first, we measured the hardness and the modulus of the films 25 times at a low load of 10 mN.
In low load mode, the indentation depth was about 1/10 of the layer thickness. This depth is recom-
mended for practical measurements of real layer hardness [9]. The second method uses an increase of
the load from 5SmN to about 250mN to obtain the depth dependence of the hardness; the hardness
and the modulus of the film can be read from the regression equation. The third strategy is based on
linearization of this dependence according to [8].

Table 2 presents the values of the supposed and measured moduli of elasticity of a layer on sev-
eral substrates. The measured hardness of the bulk TiNb substrate was 3.18+0.18 GPa, and the sup-
posed value of the modulus of bulk B-Ti39wt%NDb, as-quenched, is quoted in the literature to be
about 60 GPa [3]. Using a Poisson ratio of 0.31-0.37, the reduced film modulus according to (1)
should be about 66—70 GPa. However, the measured values of thin film moduli in low load mode are
not only somewhat different from the supposed value but they also depend on the type of substrate.

Table 2 Values of the educed modulus of elasticity of TiNb layers on different substrates.

Sub- Substrate modulus | Supposed modulus | Measured modulus of | Modulus of elas-
strate of elasticity E of elasticity E, elasticity E, —low ticity according to
[GPa] [GPa] [3] load mode [ GPa] (4) E, [GPa]
TiNb 95+2.5 100+2.5 89.2
Ti 2 +3. 2
? 135+2.1 66 =70 116+3.4 114
TiAIV 143+1.3 115432 106.2
Fe 216+2.6 127+3.9 59.2
@) TIAIV - AN
% ﬁg . o 45 y=-0.0008x + 36043
5120 L e ST 4 ot R®= 05292
36100 s 35
E2 80 . i
g5 60 y =-2E-05x + 0.0506x + 93.066 g28
2% 40 R?= 07179 2
€ 20 Meas. Film Modulus 115+/-3.15 1.5
0 . ; ; ) 1 ; ‘ - ‘
0 500 1000 1500 2000 0 500 1000 1500 2000
Indentation depth [nm] Indentation depth [nm]

Fig. 2 The dependence of (a) modulus of elasticity, (b) quantity In(E’- E’,), on depth of indentation.

Fig.2a shows an example of the dependence of the measured reduced modulus of the TiNb film
on TiAlV on the depth of indentation. This dependence makes it possible to calculate the value of the
modulus of the layer from the regression equation, included in the figure, at a selected depth.

In [8], the supposed depth dependence was given by the empirical function (2)

E'=E +(E' ', )exp(- cx), @
¢ being a constant. Subtracting E’; and taking logarithims we obtain the equation for a straight line,
y=pB+n 3

with y = In(E’- E’) and constants = In(E’r - E’;) and y = - ¢. The independent variable x can be
taken as the contact depth. This method often gave reasonable results in fitting the experimental data
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which were obtained with non-indentation measurements. The regression constants were determined
using the least squares method, and the film modulus was calculated as

E';=E' +exp(B) “

The exponential function (2) has several advantages. The linearized equation (3) enables one to
use standard statistical procedures, and to determine the confidence interval for B and (via Eq. (4)
for E’r. The proposed dependences have been checked in Fig. 2b, and the calculated values of E’r are
given in the last column of Table 2. There is reasonable agreement between the measured values of
the modulus for the TiNb layer on Ti and TiAlV substrates and the modulus for the low load meas-
urement near the film surface. Unfortunately, the calculation of the modulus of elasticity of the film
gives a fully incorrect value for TiNb on Fe.

The measured modulus of elasticity is substantially higher than the proposed modulus of the as-
quenched material [3]. Due to [3,4], this can be caused by the presence of o phases in the structure
during and after preparation of the layer. The temperature of the substrates during layer growth is
about 520-570K, and the sputtering and cooling of the films continues for about 3 hours. At this
temperature, the ® phase can nucleate and the o precipitates considerably increase the modulus of
the film. Although the mechanical working could reduce the modulus, no such process took place
during or after sputtering. The presence of o phases is also connected with an increase in layer hard-
ness (the hardness of the layer increases from 3.18 GPa for bulk to 3.80 to 4.38 GPa for thin films on
various substrates). Also the modulus of the film on our substrates was higher than the film modulus
of the TiNDb film of the same composition on a glass substrate (about 80 GPa) [5]. This indicates that
the modulus also has a strong influence on the mechanical and thermal properties of the substrate.

Conclusion

The aim of our work was to prepare a suitable substrate for coatings of implants and to characterize
its mechanical properties for a subsequent study of biocompatibility. It was found that the mechanical
properties of the layer depend on the type of substrate. The reason for this lies in the thermal and
mechanical influencing of layer growth, mainly due to the different modulus of elasticity of the sub-
strates, and also the coefficient of thermal conductivity. The relatively high modulus of elasticity of
the films probably appeared due to the formation of the ® phase in growing films. The SEM and
EBSD results will be presented elsewhere, and the dependence of biocompatibility on surface charac-
teristics will be studied with the use of biological tests.
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