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Anotace

Préace prezentuje souhrn poznatk, které maji za cil objasnit zavislosti mezi strukturou povlaki
a jejich tribologickymi vlastnostmi. Zaméfuje se predev§im na tribologické systémy pracujici
v extrémnich podminkach za vysokych teplot nebo v koroznim prostfedi. Pfedstaveny jsou
povlaky se schopnosti samovolné adaptace na pracovni prostiedi. Uvodni ¢ast je zaméfena na
optimalizaci depozi¢nich parametri a jejich pienosu z laboratorniho do primyslového méfitka.
Nasleduje ¢ast vénovana vlivu rostouci teploty na strukturni zmény a tribologické chovani
povlaku. Popsan je také vliv korozniho prostfedi a vliv dopujicich prvka v povlaku. Na zaver

jsou uvedeny aplikace vyuzivajici optimalizované povlaky.

Annotation

The thesis presents a summary of knowledge aimed at clarifying the dependence of tribological
properties of coatings on their structure. It focuses primarily on tribological systems operating
in extreme conditions of high temperatures or corrosive environments. Coatings with the ability
to spontaneously adapt to the working environment are described. The introductory part is
focused on the optimization of deposition parameters and their transfer from laboratory to
industrial scale. The next part deals with the influence of increasing temperature on structural
changes and the tribological behaviour of the coating. The influence of the corrosive
environment and the dopant elements on the coating properties is also described. Finally,

applications using optimized coatings are presented.
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1 Uvod

Tteni a otér jsou déje, které doprovazeji vétsinu pohybujicich se systemu. Muze to byt pohyb
vzduchu nebo vody nesouci abrazivni Castice nebo kontakt dvou navzajem pohybujicich se
povrchi. Dé&je probihajici v dynamickém kontaktu mezi dvéma povrchy je mozné popsat na
makroskopické urovni, napiiklad koeficientem tfeni nebo rychlosti opotiebeni. To vétSinou
plati pro idedlni pfipady za nizkych teplot a na vzduchu. V pfipad¢ vysokych teplot nebo
korozniho prostfedi se zacinaji uplatiiovat tribochemické déje. Pro pochopeni a vysvétleni
takového tribologického chovani je nutné znat mechanismy probihajici na atomarni irovni mezi
pohybujicimi se povrchy. Na zaklad¢é téchto znalosti je potom mozné navrhnout vhodny
tribologicky systém.

Jednim z hlavnich parametra ovliviiujici chovani tribologického systému je chemicke
slozeni povrchu. To urcuje, zda bude tfeci mechanismus zalozen pouze na pfimém kontaktu
dvou povrchi nebo muze byt kontakt zprostiedkovan tieci mezivrstvou vytvofenou mezi
pohybujicimi se povrchy. Vznik takové mezivrstvy je ovlivnén ptsobenim tlaku, rychlosti
pohybu, teploty nebo vlivem prostiedi. Pokud je nové vznikla tfeci mezivrstva mechanicky
odolna a snizuje tfeni, systém se mize dlouhodob¢ chovat stabilné. Podobn¢ mize ke zméné
ttectho mechanismu dojit i za pomoci aditiv obsazenych v kapalném prostiedi, kterd se
chemicky vazou na povrch a méni jeho tfeci vlastnosti. Mluvime tedy o systému schopném
adaptovat se na pasobeni vnéjs$iho prostredi.

Prvnim krokem pti navrhu tribologického systému je volba vhodného zékladniho
materialu tfeci dvojice. K dispozici je ale vétSinou pouze omezeny vybér standardné
pouzivanych materialt. Pokud je potfeba cilené piizpusobit chemické slozeni povrchu, je
mnohem efektivnéj$i pouziti modernich povrchovych uprav. Mezi takové patii naptiklad
aplikace tribologickych povlakt, které umoziuji zménit jak chemické, tak i mechanické
vlastnosti povrchu v misté kontaktu.

Kromé chemického slozeni a pisobeni okolniho prosttedi je nutné brat v Gvahu i dalsi
parametry. Napiiklad elastickou deformaci tribologického systému nebo povrchovou drsnost,
které ovliviluji geometrii kontaktu uréujici sty¢nou plochu a tim i sily ptisobici v misté téeni.
Proto je potfeba k navrhu povlakového systému ptistupovat komplexné a zahrnout celé
spektrum vstupnich parametrtt na mikro i makro drovni.

Vyzkum v této oblasti byl a stale je zaméfen na hledani univerzalniho tribologického
povlaku, ktery by mohl fungovat napiiklad ve vétSingé bézné pouzivanych oleju nebo mohl

obrabét jakékoliv hlinikové nebo titanové slitiny. Pokrok v tomto sméru umoznilo pocitacové



modelovani, kde jsou ziskané poznatky stale vice vyuzivany k modelovani d&jua probihajicich
v misté kontaktu a nasledné ovéfovany na experimentalnich modelech [1], [2], [3], [4], [5], [6].

Piedmétem této prace je souhrn dil¢ich poznatki o rustu a struktute povlakda, které byly
vyuzity pii navrhu vhodného povlakového systému pro tribologicke systémy pracujici v
extrémnich podminkéach za vysokych teplot nebo v koroznim prostiedi. V tivodni ¢asti se prace
vénuje optimalizaci depozicnich parametra a jejich pienosu z laboratorniho do primyslového
meéfitka. Nasleduje ¢ast vénovand vlivu rostouci teploty na strukturni zmény a tribologické
chovani povlaku. Testovan je i vliv korozniho prostiedi a vliv dopujicich prvki v povlaku. Na
zaver jsou uvedeny aplikace vyuzivajici optimalizované povlaky.

Hlavnim zamérem prace bylo nalezeni kli¢ovych parametri, které zasadnim zptisobem
mohou ovlivnit vlastnosti tribologickych povlaka vytvaienych v primyslovém métitku. Proto
byly pro vyse uvedené experimenty provedeny pouze v prumyslovych zatizenich. Tim bylo
mozné zohlednit i pasobeni vn&jSich parametr, které se u povlakl pfFipravovanych
V laboratornim méfitku neuplatiuji, jako je naptiklad vliv rotace na rust povlaku nebo

generovani necistot ze stén zatizeni a rotujicich drzaku.



2 Depozice povlakt

2.1 Depozi¢ni procesy

Tribologické povlaky Ize vytvaiet metodami zahrnujici jak chemické, tak i fyzikalni procesy
[7]. Pokud se zamétime na depozi¢ni procesy zalozené na generovani vyboji v plynech, patii
mezi nejvice rozsifené magnetronové naprasovani a katodové obloukové napatrovani, které patii
do kategorie PVD (physical vapour deposition) metod. V obou piipadech lze vytvofit povlaky
se srovnatelnymi mechanickymi a chemickymi vlastnostmi. Magnetronové napraSovani
(obrézek 2.1) vyuziva ke generovani plazmatu doutnavého vyboje a umoziiuje rozprasovat i
nevodivé materialy (konfigurace s pulznim nebo RF zdrojem). Naopak pro katodové obloukové
naparovani (obrazek 2.2) zalozené na obloukovém vyboji to neni mozné. V nasledujicim textu

budou popsany vyhody a nevyhody téchto metod pro tribologické aplikace.

Magnetronové naprasovani
Metoda magnetronového naprasovani (obrazek 2.1) je vyhodnéjsi pro tribologické aplikace, u
kterych je nezadouci zména vysledné drsnosti povrchu. Povlak je vytvafen tokem neutrali a
iontd z rozprasovaného terce, ktery tvoti katodu. Anodou je cela depoziéni komora z vodivého
materialu, kterd je uzemnéna. Stupeii ionizace mize dosahnout az 10 % v zéavislosti na pouzitém
napajecim zdroji (DC, pulzni DC nebo pro nevodivé materidly RF), ktery udrZzuje napéti na
katodé typicky mezi 500 az 1000 V. Za ideélnich depozi¢nich podminek I1ze docilit kompaktni
struktury povlaku, ktery dokonale kopiruje povrch zékladniho materialu. To plati pro tloustky
povlaku nepiesahujici jednotky mikrometru. V takovém piipadé nemé pievazné sloupcovity
rast povlaku vliv na vyslednou povrchovou drsnost. Jeji zména se zacina projevovat az pro vetsi
tloustky povlaku. Duvodem je formovanim a orientace nové vznikajicich povrchovych zrn.
Vyrazny vliv na iniciaci mechanismu riistu povlaku ma i mikrostruktura zdkladniho materialu.
Snaha ovlivnit tento ristovy mechanismus vede k vyvoji novych vykonnych zdroji pro
efektivni odprasovani a zvySenou ionizaci nanaSen¢ho materidlu. Mezi takové perspektivni
zdroje patti pulzni zdroj HIPIMS (high power impulse magnetron sputtering). Velmi vysoky
vykon je aplikovdn po dobu desitek mikrosekund v kratkém pulzu nepievySujici 10 %
pracovniho cyklu. Tim dojde ke vzniku mnohem vétsi koncentrace jednonasobné i vicenasobné
ionizovanych kovovych iontd a vysledny stupen ionizace plazmatu mize dosahnout hodnoty
mezi 30 % az 70 %. Protoze podstatna ¢ast vykonu je aplikovana ve velmi kratkém pulzu, bude
celkovy pramérny vykon srovnatelny s klasickym magnetronovym napra$ovanim vyuzivajici

DC nebo pulzni DC zdroje. Srovnatelny je i primérny tepelny tok na povlakovany povrch a je
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tedy mozné povlakovat materialy se stejnou teplotni citlivosti jako u klasickeho
magnetronového napraSovani. Jednoznaénym piinosem pouziti HIPIMS zdroji je vysoky
stupeil ionizace umoziujici urychlovat a smérovat tok vétSiny stavebnich ¢astic a tim 1 vyrazné
ovlivnit vyslednou strukturu povlaku [8]. Metodou je mozné docilit husty kompaktni povlaku

s minimem defektii a bez sloupcovité struktury.

DC, pulzni DC, RF, HIPIMS

|~ tert
—
o elektron =
neutral ° J R 2
@ ion kovu ° * b x.
@ ion plynu \ J f‘\
— vzorek

DC, pulzni DC, RF

Obréazek 2.1 Magnetronové naprasovani

Katodové obloukové naparovani

U katodového obloukového napafovani (obrdzek 2.2) je material kovového terce odpafovan
pomoci nizkonapét'ového obloukového vyboje v misté pohybujici se katodové skvrny (cathode
spot) [8]. Pro udrZeni obloukového vyboje ve vakuu se pouzivaji DC nebo pulzni DC zdroje
s pracovnimi parametry typicky kolem 50 V a proudem mezi 50 a 100 A. Material se v tomto
misté natavi a vytvoii tok castic obsahujici jednak neutraly a ionty, ale také makrocastice
odpafovaného materialu (droplets), které zvySuji vyslednou drsnost povrchu a pfispivaji
k nehomogenni struktufe povlaku. Stupen ionizace mize dosahnout hodnoty az 90 %. Velky
podil kladné nabitych iontd umoziuje tidit rast struktury povlaku pomoci zaporneho predpéti
a prispiva k zajisténi velmi dobré adheze rostouciho povlaku k zakladnimu materialu.

Z tribologickych aplikaci je metoda vhodna napftiklad pro fezné nebo lisovaci nastroje,
u kterych se povrchova drsnost tvofena mékkymi makrocéasticemi odpaieného kovu po

zab&hové fazi snizi vlivem otéru. V porovnani s magnetronovym napraSovanim, neni metoda



prili§ vhodnd pro tésnici ¢asti pracujici za vysokych tlakl, naptiklad vstiikovaci systémy
motort, kde makro¢éastice mohou mit vliv na dokonalé dosednuti tésnicich ploch.

Pomoci filtrovaného obloukového napafovani se podaftilo vyiesit separaci makrocastic
v rostoucim povlaku. Silné magnetické pole vychyli pouze tok ionti sméfujicich
k povlakovanému materialu. Makroc¢astice diky své vys$$i hmotnosti nejsou magnetickym
polem vychyleny a usazuji se mimo rostouci povlak. Nevyhodou je snizeni depozi¢ni rychlosti,
typicky o 75 %. Z ekonomického hlediska je tato technologie vhodna napiiklad pro aplikace

v elektrotechnice.

DC, pulzni DC
|~ tert
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Obrazek 2.2 Katodové obloukové napafovani



3 Navrh struktury povlaki

Pouziti povlaku pro tribologické aplikace je zavislé na n¢kolika klicovych parametrech, jako je
naptiklad teplota nebo chemické slozeni okolniho prostiedi, ve kterych bude tribologicky
systém pracovat. Témto podminkam je nutné ptizpisobit mechanické a chemické vlastnosti
povlaku, aby odolaval nebo se adaptoval v dostate¢né Sirokém rozpéti pracovnich podminek.

Existuji tii zakladni sméry pro optimalni navrh takového povlaku [9], [10]. Prvni smér
vyuziva pevné lubrikanty nanesené na povrch, naptiklad Ag, MoS, nebo WS;, které vyrazné
snizuji tfeni a funguji, dokud nedojde k jejich uplnému otéru. Druhy smér vyuziva povlaky na
bazi uhliku (DLC), které mohou byt dopovany prvky F, Si, W. Dochazi k tvorbé tenké
grafitické, v piipadé W oxidické a pro Si polymerni vrstvy s velmi nizkym koeficientem tieni.
Treti smér je zalozen na samovolné tvorbé tribologické oxidické vrstvy na povrchu povlaki.
Tomu musi odpovidat vhodné chemické slozeni, kde z tribologického hlediska je idealni vznik
oxidu prvka Cr, Mo, Ti, V a W. Oproti prvnim dvou smérum je princip oxidace idealni pro
vysokoteplotni aplikace, kde napiiklad DLC nebo MoS; povlaky degraduji.

Abychom mohli navrhnout vhodnou funk¢ni strukturu povlaku pro vysokeé teploty, bude
nejprve nutné analyzovat zménu mechanickych a chemickych vlastnosti povlaku s rostouci
teplotou. Pro tento ucel, byly navrzeny experimenty na modelovém ptipadu vybranych povlaki
[11] a v nésledujicich experimentech byly testovany tribologické vlastnosti povlakta a vliv
prostiedi [12], [13], vliv dopujicich prvkia v povlaku na tieci a otérové vlastnosti [14], [15],
[16], [17], [18] a také korozni odolnost povlaki [19], [20].

3.1 Vliv depozi¢nich parametri
U metod magnetronového napraSovani a katodového obloukového napatovani lze pomoci
depozi¢nich parametrt fidit vysledné mechanické a chemické vlastnosti povlaki, mezi které
patfi naptiklad tloustka, adheze, nanotvrdost nebo stechiometrie. Depozicni parametry lze
meénit na arovni vstupnich veli¢in (teplota, tlak, tok plyni, pifikon na katodach, urychlovaci
predpéti na stolku, proud vnéj§i UBM civky), ale také konfiguraci depozi¢niho systému
(uspotadani magnetického systému katod, stinéni katod, geometrické uspofadani systému). To
jsou parametry, které ndm zaroven pomahaji nastavit a udrzovat vnitini parametry plazmatu,
zejména iontovy tok nebo teplotu elektronti. Bez jejich znalosti by nebylo mozné zajistit
opakovatelnost a ptenositelnost depozi¢niho procesu nebo fidit reaktivni procesy.
Monitorovat vnitini parametry je mozné pomoci diagnostickych metod plazmatu. Mezi

nejpouzivanéjsi metody patii sondova diagnostika a opticka emisni spektroskopie. Pro prvotni



diagnostiku lze pouzit jednoduchou a uCinnou metodu, kterd je zalozena na méieni
prostorového rozlozeni iontového toku v depozi¢nim systému pomoci ploché sondy. Tato
metoda byla pouzita pro pochopeni zavislosti vnitinich parametrti plazmatu na rist a strukturu
povlaku. Byl proto navrZen experiment v laboratornim systému (obrazek 3.1) s konfiguraci pro
DC magnetronové naprasovani [21]. Naprasovan byl povlak TiN z titanového terée ve smési

plynt argonu a dusiku.

GAS

«— COIL

MAGNETS

TARGET

SUBSTRATE
HOLDER

SHIELDING [T

|
v

PUMPING

Obrézek 3.1 Schéma laboratorniho systému pro DC magnetronové napraSovani s plochou
sondou pro méfeni prostorového iontového toku [21]

Pro monitorovani prostorového rozloZeni iontového toku byla pouzita délend plocha
sonda (obrazek 3.2). Skute¢na sbérna plocha pro ionty je na okrajich sondy deformovana a
neodpovida skutecné plose sondy, kterd je ve skute¢nosti mensi. V ptipad€ rozdeleni plochy
sondy na vnitini (d 5 mm) a vnéj$i (d 10 mm) ¢ast mizeme proud (I = U / R) snimat nezavisle
pouze na vnitini sond€. Sbérnéd plocha vnitini sondy je shodna se skute¢nou plochou sondy.
V experimentalnim uspofadani meéla sonda izolovanou zadni sténou a byla umisténa kolmo ke
katod€ v prostoru mezi ter¢em a stolkem. Elektroda sondy byla napéjena zapornym napétim -
100 V (stav saturace) a z méfeného proudu byl prepocitana hustota iontového proudu na plochu

vnitini elektrody.
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Obrazek 3.2 Délena plocha sonda

Z prostorového rozlozeni hustoty iontového proudu v axidlnim i radidlnim sméru byl
potom urcen iontovy tok (rovnice 1) a z depoziéni rychlosti métené v odpovidajicich mistech

Vv radidlnim sméru na rostoucim povlaku byl vypocitan tok kovovych atomi (rovnice 2):

I

gol - e. Aef (1)
g =PI @
TiN

kde v rovnici pro vypocet iontového toku je li proud na sondu o sbérné ploSe Aer a € je naboj
elektronu. V rovnici pro vypocet toku kovovych atomu je prin je hustota TiN, Na Avogadrova
konstanta, Rq depoziéni rychlost a Mrin relativni atomova hmotnost TiN [22].

Zavislost poméru iontového toku a toku kovovych atomi udava pomér poctu iontl
k po¢tu kovovych atomti (ion to metal ratio). V prostoru ureném polomérem tere a
vzdalenosti od terCe je zobrazena na obrazku 3.3. Je zde patrny vliv magnetického pole, které
je tizené pomoci externi UBM civky. S rostoucim proudem UBM civky (obrazek 3.3b) dochazi
k vétsi koncentraci magnetického pole smérem od katody a tim i ke kontaktu povlaku
s plazmou. To mtze byt vyhodné zejména pro zménu mechanismu rastu povlaku, protoze vyssi
pomeér nabitych ¢astic umoznuje jejich urychleni zdpornym piedpétim. Naopak pro povlakovani

plasti je vyssi tok iontd na rostouci povlak nezadouci z divodu lokalniho ptehiati povrchu [23].
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Obréazek 3.3 Prostorové rozloZeni iontového toku: a) s anodovym stinénim katody a proudem na
vnéj$i UBM civce 0 A a b) s anodovym stinénim katody a proudem na vnéjsi civee 2 A

Ov¢éfeni vyse uvedenych méfeni bylo prokazano na experimentu depozice povlaku TiN
S riznym iontovym tokem a zapornym pfedpétim na rostoucim povlaku. Hodnocena byla
vysledna tvrdost a stechiometrie. Na obrézku 3.4 jsou znazornény oblasti, které definuji povlak
TiN jako stechiometricky (ZIut¢), piechodovy (Cervené) a podstechiometricky (modie). Z této
zavislosti Ize potom stanovit rozpéti pro depozi¢ni parametry nutné pro zachovani stechiometrie

pro TiN povlak [24], [25].

144 good

e trans
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12 4

104 e

lon to metal ratio
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0 -100 -200 -300 -400 -500
Substrate bias [V]

Obrazek 3.4 Depozice povlaku TiN v zavislosti na zméné zaporného urychlovaciho piedpéti a
poméru iontd ke kovovym atomim. Znizornéna je oblast stechiometrického (zluté),
prechodového (Cervené) a podstechiometrického (modte) povlaku TiN.
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3.2 Struktura a vliv teploty

Rust teploty ma vyrazny vliv na zménu tribologickych vlastnosti povlaka. Dochazi predevsim
k oxidaci povrchu a fazovym zménam struktury povlaku. Vlivem oxidace mize dojit ke snizeni
tieni nebo otéru nebo naopak k nezadouci degradaci mechanickych vlastnosti. Pro pochopeni
d&jt probihajicich v zavislosti na teploté byla vybrana skupina povlaka na bazi chromu, kde se
predpoklada srostouci teplotou vznik povrchové oxidické vrstvy svelmi dobrymi

tribologickymi vlastnostmi.

Povlaky Cr-N a Cr-C-N

Pro vysokoteplotni tribologické aplikace se velmi Casto pouZivaji povlaky na bazi nitrida
chromu, které za béZnych podminek vykazuji vysokou tvrdost, korozni odolnost, nizké
opotiebeni, ale naopak pomérné vysoky koeficient tfeni proti oceli.

Povlaky Cr-N lze vytvofit s riznou stechiometrii. Nejéastéji se pouZzivaji dva zakladni
typy povlaki, CoN dosahujici vyssi tvrdost az 29 GPa a povlak CrN s tvrdosti 18 GPa. Povlaky
jsou deponovany metodou reaktivniho magnetronového naprasovani nebo katodovym
obloukovym napafovanim z Cr ter¢i. Pomér N2 a pracovniho plynu Ar urcuje, zda se bude
vytvaret faze CrN nebo Cr2N [26].

Nizké opotiebeni a zaroven vysoka odolnost proti oxidaci az do teploty kolem 700 °C
jsou zajistény tvorbou oxidické ochranné vrstvy Cr203 [27]. U povlakia Cr-N dochazi s rostouci
teplotou k difuzi dusiku do vrstvy a na povrchu zistava Cr, ktery reaguje s atmosférickym
kyslikem. Pokud budeme nitridy chromu dopovat uhlikem, bude s rostouci teplotou probihat
oxidicka reakce na povrchu a dojde k nahrazeni atomt N a C v jejich mtizkovych polohach
atomy O (viz obréazek 3.5).

Ruzné mechanismy oxidace maji vliv na prubéh tribologickych vlastnosti s rostouci
teplotou. Pro pochopeni dé€ji vedoucich ke zméné povrchové a vnitini struktury byl navrzen
nasledujici experiment [11]. Povlaky na bazi Cr-N, Cr-C-N a Cr-C byly deponovany metodou
katodového obloukového napatovani za pouziti reaktivnich plyntt N2 a CoH.. Byly pfipraveny
tii typy povlaki s odliSnym chemickym slozenim, které byly oznaceny CreoNao, CraiN27Csz2 a
Cre7Cs3. U povlakl byla analyzovana strukturni stabilita pomoci in situ HTXRD (high

temperature X-ray difraction) v ochranné atmosféie pti zahtivani na teploty do 1000 °C.
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Chromium Oxygen

layer O (at.%) N (at.%) C (at.%) Cr (at.%)

1 449 0.76 12.4 419
2 0.8 6.1 36.0 57.1

Obréazek 3.5 Morfologie povrchu vzorku Cr41N27C32 ze skenovaciho elektronového
mikroskopu a ptislusna mapa elementarniho chemického slozeni ziskand metodou EPMA pro
chrom a kyslik po tepelném zatizeni: vrstva 1 - vnéjsi vrstva Cr302; vrstva 2 - vnitini
neoxidovany

Po depozici povlak CreoNao vykazoval strukturu s nizkym stupném usporadani a
prumérnou velikosti zrn mensi nez 10 nm. Tvofen byl pifevazné hexagonalni fazi B-CrzN, ktera
byla stabilni do 900 °C pted rekrystalizaci a ristem zrn. Po rekrystalizaci byla primérna
velikost zrn 34 nm.

Povlak Cra1N27Cs2 s praimérnou velikosti zrn 4 nm je tvoren metastabilni fazi 5-Cr(N,C),
kterd je stabilni do teploty 600 °C. K fazové pfeméné na orthorhombickou fazi karbonitridu
chromu Cr3(CxN - x)2 dochazi pii teploté do 800 °C a nasledné se s rostouci teplotou méni na
fazi karbidu chromu CrsC.. Nebyly detekovany faze nitridu chromu, piestoze z poméru N a C
Ize takové fazové usporadani ocekavat.

U povlaku Cre7Cas zacina fazovy ptechod pii 700 °C. Po zihani na 1000 °C povlak
rekrystalizoval na smés karbidickych fazi, ptevazné CrzCz a Cr23C.

Obloukové napatené povlaky Cr-N-C maji mén€ kompaktni morfologii nez binarni
povlaky Cr-N a Cr-C. Oxida¢ni proces probihal u povlaku Cr-N-C mnohem intenzivngji nez v

ptipadé¢ binarnich povlaki, jak vyplyva ze srovnavaci analyzy intenzity pikt oxidu [11].

3.3 Tribologické vlastnosti a vliv prostredi

Vliv teploty

Mechanismus tfeni je za pokojové teploty zprostifedkovan pfimym kontaktem mezi dvéma
pohybujicimi se povrchy. To plati, pokud se povrchy chovaji inertné a nereaguji s okolnim
prostfedim nebo mezi sebou. Vlivem puisobiciho tlaku v misté kontaktu dochazi k vyraznému

lokalnimu narustu teploty a tvorbé velmi tenké oxidické vrstvy, kterd je ale vzajemnym
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pohybem opé&tovné naruSovana. Vzniklé otérové produkty mohu fungovat jako pevny lubrikant
nebo naopak mohou zpiisobit nestability tfectho mechanismu.

Pokud d&j probiha za teploty vyssi nez 200 °C, tvoii se oxidicka vrstva rychleji a
dosahuje nékolikanasobné vétsi tloustku. Piimy kontakt dvou povrchi se preméni na kontakt
zprostiedkovany nové vzniklou oxidickou mezivrstvou, ktera je diky své tloustce a
kompaktnosti schopna odolavat danému zatizeni. Pii navrhu povlaku pro vysoké teploty je
snaha tento mechanismus adaptace vyuzit s cilem zachovat nebo dokonce zlepsit tfeni
s rostouci teplotou [10], [28], [29], [3].

Uvedeny tfeci mechanismus zaloZzeny na tvorbé povrchovych oxidd je napiiklad
dominantni pro povlaky Cr-N, kde se primarn¢ vytvaii oxid Cr20s. V teplotnim rozmezi
pohybujicim se od pokojové teploty az k teplotim piesahujicich 700 °C, vykazuji povlaky
velmi dobrou otéruvzdornost, ale pomérné vysoky koeficient tfeni. Pro zlepSeni tiecich
vlastnosti byl proto navrzen povlakovy systém s uhlikem Cr-C-N [12]. Pfedpokladem bylo, Ze
se s rostouci teplotou uhlik transformuje na grafitickou formu a bude se chovat jako samomazna
slozka.

Testovany byly dva systémy Cr-C-N s rozdilnym mnozstvim uhliku (8 % a 19 %).
Chemické slozeni povlaka uvedené v atoméarnich procentech bylo uréovano metodou EPMA
(CregN24aCg a Cre7N1sC19) a metodou RBS (CresN27Cg a CrsgN2iCio).  Z vysledki
vysokoteplotnich tribologickych testi pin-on-disk do teploty 500 °C bylo potvrzeno, ze
s rostouci teplotou dochazi ke snizeni opotiebeni a u povlaku s dvojndsobnym mnozZstvim
uhliku je opotiebeni a koeficient tieni nizsi. Jako téeci protikus byla pouzita kuli¢ka z materialu
Al203 a SiaNg.

Pro jednozna¢né potvrzeni vlivu uhliku byl navrzen vysokoteplotni tribologicky test
pin-on-disk povlaki Cr-C-N suhlikem vrozmezi od0do 31 at.% [14]. Povlaky byly
deponované pomoci katodového obloukového napafovani a jako tfeci protikus byla pouZita
kulicka z materialu Al2O3 a SisNs. Na obrazku 3.6 je vidét, ze povlak CrCN-00 s obsahem
uhliku O at. % byl tvoten B-fazi Cr2N a fazi o-Cr a u povlakia CrCN-12, CrCN-24 a CrCN-48
s obsahem uhliku od 12 do 31 at. % byla detekovéna faze 5-Cr(C,N). Povlaky s vys$sim obsahem
uhlikem se chovaly velmi podobné. Pouze pii kritické teploté 400 °C doslo k naristu rychlosti
opotiebeni, ale s rostouci teplotou az do 700 °C se rychlost otéru vyrazn¢ zmensila. Naopak
povlaky Cr-N a Cr-C-N s nizkym obsahem uhliku se chovaly velmi nestabilné a pii teploté 500

°C vykazovaly vyrazny narust rychlosti opotiebeni.
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Obréazek 3.6 XRD difraktogram povlakti Cr-C-N s riznym obsahem uhliku [14]

Vliv korozniho prostredi

Korozni prostiedi v tribologickych aplikacich muze byt tvofeno agresivnimi plyny nebo
kapalinami. Jedné se naptiklad o spaliny nebo motskou vodu. V naroénych aplikacich se navic
muze vliv prostiedi zesilit ptisobenim vysoké teploty. Piikladem jsou tfeci mechanismy ve
spalovaci ¢asti automobilového nebo leteckého motoru.

Nemusi se jednat pouze o nezivé systémy. Z pohledu tribologie je velmi zajimavym
systémem samotné lidské télo, piesnéji kloubni spojeni. Pokud je ptivodni kloub nahrazen
povlakovanym kovovym implantatem, musi odolavat prostiedi, které je tvofeno Kkloubni
(synovialni) tekutinou slouzici jako lubrikant. Chemické slozeni této tekutiny obsahuje kromé
dalsich slozek, ionty Na*, K™ a Cl'a ptisobi na povlak jako elektrolyt. Za standardnich podminek
se chemickeé slozeni pfili§ neméni, ale v piipadé zanétlivych nebo septickych kloubnich chorob
muze dojit ke zméné viskozity nebo pH a vliv prostiedi se vyrazné zesili.

Pouzité povlaky jsou téméf vzdy korozné uslechtilejsi, nez je zakladni material. M¢ly
by tedy slouzit jako velmi dobra korozni ochrana. Diky rozdilné korozni uslechtilosti mize ale
dojit ke vzniku elektrochemického ¢lanku a urychleni koroze. Kritickd jsou mista ptipadnych
defektd nebo zarostlych necistot v povlaku nebo samotnd struktura povlaku ovlivnéna
sloupcovitym mechanismem rustu (typicky pro PVD metody), ktery snizuje bariérovou funkci
povlaku. To jsou nevyhody dané principem pouzité povlakovaci technologie.

Z korozniho a zaroven tribologického hlediska jsou velmi Casto vyuzivany povlaky
DLC. Jejich chemické slozeni muze byt Cisté uhlikové ta-C (H pod 1 at. %) nebo mohou
obsahovat ur¢ité mnozstvi vodiku a-C:H (H do 50 at. %). Tribologické vlastnosti vyrazné
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zaviseji na okolnim prostiedi a miizou byt ovlivnény napiiklad teplotou nebo vihkosti. Povlaky
DLC mohou byt modifikovany pro urcité prostiedi legovanim prvky jako jsou naptiklad B, F,
N, Si, Cr, Nb, Ti nebo W [30]. Tyto dopujici prvky slouzi ke zméné chemicky inertniho DLC
povlaku na chemicky aktivni. V zavislosti na prostiedi aktivuji tvorbu tribologické mezivrstvy
nebo aktivuji adhezi aditiv k povrchu.

Pro testovani vhodného povlaku pro kloubni spojeni byl vybran povlakovy systém Ti-
C:H s adhezni mezivrstvou Ti a gradientnim pfechodem z Ti na Ti-C:H [13], [15]. Pouzita byla
metoda reaktivniho magnetronového naprasovani z Ti tercl ve smési plynti CoHz a Ar. Zménou
toku C2H> byla piipravena sada vzorka s chemickym slozenim ménicim se od Ti ptes TiC az
po nanokompozitni strukturu TiC/a-C: H. Tribologické testy (obrdzek 3.7) byly provedeny
metodou pin-on-disk na vzduchu, ve fyziologickém roztoku (PS) a v roztoku s fetalnim
hovézim sérem (FBS).

Nejlepsi tieni a otér povlaku bylo dosazeno pro nejvyssi toky CoHz, kterému odpovida
chemické slozeni povlaku tvofené z 9-12 at. % Ti a 88-91 at. % C. Naopak nejhorsi tfeni a otér
povlaku bylo dosazeno pro nejnizsi toky CoH: s prevladajicim obsahem Ti v povlaku, kde

zaroven dochazelo k vysokému otéru protikusu, zejména pii testovani ve fyziologickém

roztoku.
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Obréazek 3.7 Tteni (a) a otér (b) povlaku Ti-C:H na vzduchu, v roztoku 0,9 % NaCl a v 10ti %
roztoku fetalniho hovéziho séra [13]

Mechanismus tfeni za pfitomnosti biologickych roztoki je siln€é ovlivnén tribokorozi.

V roztocich PS nebo FBS se vytvafi tribologickda mezivrstva odlisna od mezivrstvy vytvarené

na vzduchu. Pro testy koroze byly vybrany povlaky s vyrazné odlisnym chemickym sloZzenim,

povlak deponovany pii toku 30 sccm C2H2 (FR30), ktery je tvofeny pfevazné TiC a povlak

deponovany pii toku 52 scem CoHz (FR52) s prevladajici strukturou Ti-C:H. Potencial

otevieneho obvodu (OCP) pro povlak FR30 byl -0,37 V a pro povlak FR52 byl -0,43 V. Povlak
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FR30 je tedy elektrochemicky uslechtilejsi material. Jeho OCP se v priub&hu korozniho testu
snizil na uroven odpovidajici zakladnimu materialu (-0,55 V), zatimco OCP povlaku FR52
dosahla stabilni hladiny -0,52 V poté, co od poloviny testu (300 minut) zastal konstantni. Pokles
OCP muze byt spojen s postupnym rastem existujicich pora. Stabilni OCP pro FR52 indikuje
zastaveni nebo snizeni mnozstvi port, coz je podpofeno mirnym zvySenim kapacity na obrazku
3.8. Na druhé strané kapacita pro povlak FR30 roste a OCP kles4, coz naznac¢uje galvanickou
stimulaci koroze v pérech. Vysledkem je generovani koroznich produktti (oxidy kovii nebo
hydroxidy kovti), které mohou pisobit jako abrazivni material. Povlak FR52 se strukturou Ti-
C:H funguje casteéné jako difuzni bariéra a zaroven vykazuje velmi nizké tieni a otér

v biologickych kapalinéch.
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Obrazek 3.8 Casova zavislost korozniho potencidlu a elektrodové kapacity b&hem
elektrochemickych testti povlaka Ti-C:H [13]

3.4 Role dopujicich prvku
Modifikace chemického slozeni povlaki pomoci dopujicich prvki ma za cil zlepsit jejich
tribologické vlastnosti ve specifickém pracovnim prosttedi, jako je napiiklad agresivni
atmosféra, ktera mize byt umocnéna s rostouci teplotu. Nebo pokud se tieni odehrava v oleji,
je vyhodné chemické slozeni povrchu optimalizovat pro chemické navazani aditiv z oleje, které
slouzi jako tfeci mezivrstva. Na tomto podobném principu funguji také pohybliva spojeni
implantatt v prostiedi lidského téla, kde je zadouci na povrch pohyblivych spojeni implantata
navazat uré¢ité makromolekuly, které vytvari prirozeny lubrikant [31]. Navic musi byt zajisténo,
7e nedojde ke zméné chemického slozeni povrchu béhem celé Zivotnosti povlakovaného
iplantatu.

Na opacném principu funguji povlaky pro vysokoteplotni aplikace, kde chemické

slozeni povlaku mtize urychlit oxidaci nebo vytvofeni samomazného povrchu, tzv. povlaky
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schopné samovolné adaptace (,,self-adaptive coatings®) [32], [33]. VétSinou tak dochazi
ke zlepseni tribologickych vlastnosti s rostouci teplotou a chemické slozeni povrchu povlaku

se zméni okamzit€ nebo jiz po n€kolika teplotnich cyklech.

Viiv uhliku ve strukture povlaki CrCN

Povlaky na bazi nitrida se s uspéchem pouzivaji pro aplikace vyzadujici vysokou teplotni a
oxidaéni odolnost, jako jsou naptiklad fezné a lisovaci nastroje nebo povlaky pro pistni
krouzky. Vysoka tvrdost a otéruvzdornost spolu s korozni odolnosti umoziuji jejich pouziti ve
vetsing tribologickych aplikacich.

Jednou z velkych vyhod povlaku CrN je, Ze se za rostouci teploty vytvaii povrchova
vrstva Cr.0s, kterd pozitivné ovliviiuje tfeni. Na rozdil od pokojové teploty, pii které je
koeficient tfeni pomérné vysoky. Tento vliv na tribologické vlastnosti byl testovan i pro ternarni
povlaky Cr-X-N, u kterych byl analyzovan vliv dopujicich prvka X jako je Al [34], [35], Ti
[36] nebo Si [37] na zménu tiecich a otérovych vlastnosti s rostouci teplotou, ale naptiklad vliv
C byl zatim relativné malo publikovan.

Pro pochopeni vlivu C v povlakovém systému Cr-C-N byl navrzen experiment [14], ve
kterém byly hodnoceny tribologické vlastnosti s rostouci teplotou do 700 °C s riznym obsahem
C. Povlaky byly soucasné€ porovnavany s tribologickymi vlastnostmi povlaku CrN. Predev§im
bylo hodnoceno, zda je mozné pomoci urcitého mnozstvi C zlepsit tieci vlastnosti pti zachovani
vyhovujicich mechanickych vlastnosti povlaku.

Povlaky byly vytvoieny metodou katodového obloukového napatrovani s obsahem C od
0 at. % (CrN) az do 31 at. % (CrCN). Tteni a otér s rostouci teplotou se testovaly pomoci
vysokoteplotniho tribometru pin-on-disk. Jako tieci protikusy slouzily kuli¢ky z Al2Os3 a SizNa4
o praméru 6 mm. Vysledné tribologické vlastnosti testovanych povlakd byly velmi podobné u
povlakli s obsahem uhliku mezi 12-31 at. %. Pti teplote 400 °C dochézelo shodné pro v§echny
povlaky k nartstu opotiebeni povlaki. Dalsi zvyseni teploty vedlo ke zlep$eni odolnosti proti
opotiebeni, coz bylo zpisobeno zménou mechanismu opotiebeni, které bylo ovlivnéno
vzniklou tfeci mezivrstvou. Povlaky CrN a povlaky CrCN s obsahem pod 12 at. % C

vykazovaly horsi tribologické vlastnosti a v pribéhu testovani tfeni se chovaly nestabilné.

Povlaky a-C:H a viiv dopujicich prvkii
Chemicka aktivita DLC povlaku je dana jejich chemickym sloZzenim, které mutize byt na bazi

uhliku ta-C nebo s obsahem uréitého mnozstvi vodiku a-C:H. Obecné plati, Ze se jejich povrch
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chova inertné¢ vuci okolnimu prostiedi. Nelze tedy vyuzit mechanismu navazani aditiv
obsazenych v olejich nebo proteint u l1ékatskych implantatt pro zlepseni jejich tribologickych
vlastnosti.

Konkrétnim ptikladem muze byt implantat kycelniho kloubu, u kterého je kovova
hlavice povlakovana DLC vrstvou a jako protikus slouzi jamka z UHMWPE. V pohybu se
kloubni tekutina dostava mezi tieci plochy a pusobi jako ptirozeny lubrikant. Pokud je implantéat
v klidové poloze, tieci plochy na sebe tésné dosedaji. Kriticka je faze, kdy k pohybu dochazi
z klidové polohy. Tteci dvojice se za¢ina pohybovat a zustava v piimém kontaktu. Dochazi
ke zvySenému namahani a opotiebeni povrchu az do doby, nez se lubrikant dostane mezi tfeci
plochy a prerusi ptimy kontakt [38].

Lubrika¢ni povrchova vrstva se vytvari z kloubni (synovialni) tekutiny, kterd je tvotrena
prevazné z makromolekul (proteoglykany, nekolagenni proteiny, lipidy, kyselina hyaluronova)
[31]. Za normalnich podminek se vaze na kolagenovou sit’ kloubniho spojeni a podili se na jeho
mazani. Pro navazani makromolekul na povrch je nutné zménit chemické slozeni povrchu DLC
povlaku a soucasné i jeho bioaktivitu. Jednou z moznosti je dopovani povlaku kovovymi prvky,
jako je naptiklad Ta, Ti, Nb a Zr.

Aby bylo mozné ovéfit, zda se schopnost vazat makromolekuly na povrch zvysi, je
potieba zvolit vhodnou metodu umoznujici hodnotit pocet, ale 1 kvalitu vazby. V nasem ptipadé
byly navrzeny experimenty, které porovnavaly amorfni uhlovodikové povlaky a-C.H s povlaky
Ti-C:H dopovanymi titanem v rizném mnozstvi [16], [18]. Adsorpce vybraného proteinu,
kterym byl lidsky fibrinogen (HPF), byla hodnocena senzorem zalozeném na difrakénim
optickém elementu (DOE) a metodou optické elipsometrie. Porovnavana byla zména optické
drsnosti a permitivity na povrchu povlakt v elektrolytu s a bez ptidani HPF.

Proteiny HPF nejlépe adsorbovaly na referen¢nich vzorcich z lesténého a chemicky
leptaného titanu, stejné tak jako na povrchu Ti-C:H s chemickym slozenim v poméru Tio.zs-
Cos2 a Tio.09-Co.01. Z pohledu tribologickych vlastnosti [13], [15] vykazuje povlak dopovany Ti
v mnozstvi 9 at. % mensi koeficient tfeni a otér, nez povlak s obsahem 38 at. %, ktery byl
tvofen prevazné z karbidii TiC. Dale bylo potvrzeno, Ze k adsorpci proteinli nedochdzi u
nedopovaného povlaku a-C:H.

Kromé hodnoceni mnozstvi adsorbovanych proteint je mozné hodnotit také silu jejich
adheze k povrchu. K tomu slouzil experiment zalozeny na hodnoceni smykového napéti, pfi
kterem dojde Kk uvolnéni proteinti, pomoci reometru [17]. Mezi rotujici kotou¢ a vzorek
umistény na stacionarnim kotou¢i udrZzovany na konstantni teploté¢ 37 °C je aplikovana

simulovana télni tekutina (SBF). Kotouc¢e maji mezi sebou mezeru 500 pm a po roztoceni se
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vytvaii smykové napéti pusobici na adherované proteiny. Nasledné se vyhodnoti pomoci
analyzy obrazu, zda se proteiny pro dané smykové napéti uvolnily.

Testovany byly povlaky Ti-C:H s povrchovym chemickym sloZenim Ti 4,2, C 77,6 a O
18,2 at. % ve vazebnich stavech Ti-C a C-C, které byly analyzovany metodou XPS.
Porovnavany byly s referen¢nim materialem Ti6Al4V ELI, ktery byl z pohledu adheze proteini
srovnatelny s povlakem Ti-C:H.

3.5 Korozni odolnost

Pracovni prostiedi tribologickych systémt ma zasadni vliv na stabilitu povlakového systému.
Naptiklad v kapalném prostfedi s oxida¢ni schopnosti a piitomnosti depasivujicich
chloridovych iontu (fyziologicky roztok, motska voda atd.), které funguje jako elektrolyt, mize
dochéazet v misté defekt nebo pora v povlaku k pfimému kontaktu elektrolytu se zakladnim
materidlem. V misté poruchy se vytvoii galvanicky ¢lanek, kde katodu tvoti elektrochemicky
uslechtilejsi povlak a anodu dno z elektrochemicky mén¢ uslechtilého zakladniho materialu.
Mala plocha katody vii¢i anodé zpusobi vysokou proudovou hustotu na anodé a vysledkem je
vysoka korozni rychlost vedouci k podkorodovani povlaku a lokalnimu poruseni adheze
povlaku k zakladnimu materidlu. Tento mechanismus je znazornén na obrdzku 3.9b a plati pro
vétsSinu pouzivanych tribologickych povlakl na bazi nitridd a karbidi. Na opaéném principu
znazornéném na obrézku 3.9a funguji elektrochemicky méné uslechtilé povlaky, naptiklad na
bazi hliniku, které ale z hlediska mechanickych vlastnosti nejsou ptili§ vhodné pro tribologické
aplikace [39].
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Obrazek 3.9 Schéma korozniho procesu s kyslikovou depolarizaci, probihajiciho v systému
vodivy porézni povlak (L) - kovovy substrat (Sub) o rizné elektrochemické uslechtilosti; ()
substrat uslechtilejsi nez povlak - v pdrech probiha preferencné katodicky d¢j, (b) povlak
uslechtilejsi nez substrat - anodicky déj probiha preferencné v pérech [39]
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ZlepSeni korozni odolnosti povlakového systému zavisi predevsim na funkci povlaku
jako difazni bariéry, kterd ma za Ukol odstinit vliv zakladniho materialu, zejména v piipadé
volby korozné mén¢ odolného zakladniho material. Naopak pro korozné odolné materialy, které
se pouzivaji pro vyrobu lékaiskych implantat, mtze bariérovy efekt povlaku snizit uvoliiovani
toxickych kovovych iontl ze zdkladniho materialu do prostiedi lidského téla.

Aby povlak mohl fungovat jako u¢inna bariéra je z technologického hlediska nutné
zajistit nasledujici podminky:

a) Dokonala ¢istota depozi¢niho zafizeni, aby nedochazelo k zarstani necistot a prachovych
casti do povlaku. V primyslovém méfitku je to pomémé obtizné dosazitelné, protoze
depozi¢ni komora obsahuje rota¢ni drzaky, které jsou zdrojem necistot.

b) Volba vhodného chemického slozeni adhezni a funkéni vrstvy vzhledem
k elektrochemickému pusobeni okolniho prostiedi. Zohlednéna musi byt i rozdilna
elektrochemicka uslechtilost povlaku a zakladniho materialu.

c) Optimalizace mechanismu rstu povlaku pomoci depozi¢nich parametrt. Struktura povlaki
nandSenych metodami PVD se ve vétSin€ piipadl vyznacuje sloupcovitym ristem
s vyslednou vertikéalni poréznosti vii¢i povrchu. Zména mechanismu riistu povlaku mtze
byt ovlivnéna napiiklad u metody magnetronového naprasovani pouzitim pulzniho zdroje
s vysokoenergetickymi pulzy HIPIMS [40]. Stupen ionizace lze tak zvysit az na 90 %.
Potom budou vétsinu stavebnich ¢astic tvotit kladné ionty, které Ize urychlit k substratu
zapornym predpétim. Moznost fidit energii a smér dopadajicich iontl zajisti vytvofeni

kompaktniho povlaku s minimem ristovych defekti.

Vyse uvedené podminky je nutné splnit souc¢asné, aby byl bariérovy efekt maximalni.
Pro pochopeni, jaky podil maji na bariérové funkci a zaroven korozni odolnosti jednotlivé
podminky, byl nejprve zkouman vliv chemického sloZeni, a to adhezni mezivrstvy a nasledné

funk¢niho povlaku.

Korozni odolnost adhezni mezivrstvy

Pro ovéfeni bariérové funkce povlakoveho systému byl vybran povlakovy systém, ktery je
primarné uréen pro pohybliva spojeni 1ékaiskych implantati nebo pro dentélni implantaty. Byl
navrZzen experiment, ktery mél za kol zhodnotit korozni odolnost adhezni mezivrstvy u DLC

povlakii nanesenych na titan a titanovou slitinu Ti6Al4V ELI [20]. Povlaky DLC byly
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vytvoifeny metodou PACVD s pracovnim plynem acetylenem. Vysledné chemické slozeni
povlaki odpovidalo amorfnimu uhlovodiku a-C:H a pouzity byly dvé varianty adhezni
mezivrstvy. Porovnavany tak byly dva povlakove systémy, prvni Ti/Ti-C:H/a-C:H s adhezni
mezivrstvou Ti a s postupnym gradientnim pfechodem na Ti-C:H a druhy Cr/Cr-C:H/a-C:H,
kde Ti byl nahrazen Cr.

Korozni odolnost byla testovdna metodou EIS (electrochemical impedance
spectroscopy) a mnozstvi uvolnénych kovovych ionti se hodnotilo metodou ICP-MS
(inductively coupled plasma mass spektrometry). Vliv korozniho prostiedi simuloval
fyziologicky solny roztok. Ovéfen byl takeé vliv piidanych fluoridovych iontd, které simuluji
prostiedi dentalnich implantatt.

Oba povlakové systémy na titanu i slitiné Ti6Al4V ELI se chovaly srovnatelné v
prostfedi bez fluoridovych iontii. Pfidavek fluoridi prokazal existenci defektli zasahujici az
k zakladnimu materialu a nejlep$i korozni chovani bylo prokazano u povlakt s chromovou
mezivrstvou. U titanové mezivrstvy byla korozni odolnost povlakti nanesenych na Ti6Al4V
ELI vyss$i nez u povlakl nanesenych na titanu.

Provedené testy uvoliiovani kovovych ionti do fyziologického roztoku potvrdily, Ze
béhem 24 hodin nedoslo k uvolnéni chromu v mnozstvi, které by bylo mozné detekovat
metodou ICP-MS. Provedené biologické testy ukazaly pouzitelnost mezivrstvy chromu pro
implantaty s povlakem DLC [20].

Korozni odolnost funkcniho poviaku

Korozni odolnost povlakového systém zavisi krom& vhodné volby adhezni mezivrstvy a
zakladniho materidlu také na chemickém slozeni a struktufe samotného funk&niho povlaku. Pro
ovéfeni tohoto pfedpokladu byl navrzen experiment, kde byla hodnocena korozni odolnost
DLC povlakt dopovanych Ti a porovnavana s povlakem DLC bez dopovani [19]. Povlaky jsou
uréeny pro pohybliva kloubni spojeni a byly vytvofeny metodou reaktivniho magnetronového
naprasovani z titanovych tercti ve smési plynti acetylenu a argonu. Ve vSech ptipadech adhezni
mezivrstvu tvofil Ti s gradientnim pfechodem na Ti-C:H. Povlak DLC bez legovani byl
nanesen metodou PACVD z acetylenu jak amorfni uhlovodik a-C:H.

Korozni testy byly provedeny na povlakovém systému Ti/Ti-C:H ve téech urovnich
legovéani, kde mnozstvi Ti 3,4; 10,2 a 23,6 uvedené v atomovych % bylo uréeno metodou XPS.
Jako reference pro porovnani slouzil povlakovy systém Ti/Ti-C:H/a-C:H. Jako zékladni
material byla u vSech variant pouzita vzdy titanova p-slitina TiNbTa. Metoda EIS

ve fyziologickém solném roztoku potvrdila, Ze korozni chovani vzorki s legovanou vrstvou se
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vyrazné lisilo od cCistych DLC povlaka. Elektrochemické reakce prostiedi na povrchu grafitu
byly piekryty interakci titanu s elektrolytem. Pro tribologické chovani mize mit legovani
titanem ptiznivy vliv, protoze vedlo k mirnému zvyseni povrchové kolonizace bunék a tim i k

zvySeni bioaktivity povrchu vedouci ke zvyseni adheze proteint fungujicich jako lubrikant.
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4  Aplikace povlaki

Tribologické vlastnosti povlaki 1ze ovéfit pomoci testa simulujici podminky realného prostiedi,
napiiklad na tribometru za vysokych teplot, poptipadé v korozné agresivnim prostiedi. Pfesto
takové testy nemohou zahrnout pisobeni vedlejsich vlivi, které maji zdsadni vliv na zivotnost
povlaku (tuhost celého tribologického systému, vibrace, rychlost a smér pohybu nebo synergie
téchto vlivt). Povlaky je proto nutné testovat bud’ pfimo v provoznich podminkach nebo pouzit
testovaci zatizeni schopné tyto podminky simulovat. V nésledujicim textu budou popsany

vrtaci testy a testy na simultoru pohybu pro vybrané povlaky.

4.1 Povlaky pro obrabéni
Vliv uhliku v povlaku CrCN na obrabéni hlinikovych slitin
Obrabéni hlinikovych slitin pouzivanych pro automobilovy nebo letecky pramysl vyzaduje
ptesné a kvalitni obrobeni povrchu. Vysledny povrch by mél byt bez vneseného povrchového
pnuti nebo defektt, které by mohly iniciovat vznik trhlin [41]. Toho lze dosahnout obrabénim
s relativné nizkou feznou rychlosti a za pouziti feznych kapalin. Snaha snizit naklady a
ekologickou zatéz vede k jejich odstranéni, a proto je stale vice preferované vysokorychlostni
suché obrabéni [42]. Pro jeho Gspésnou aplikaci je nutné optimalizovat tribologické vlastnosti
povrchu nastroje, aby se obrabény material nenalepoval na feznych hranach nebo povrchu
nastroje. Musi byt splnény dvé zékladni podminky a) vhodné zvolend geometrie néstroje
umoznujici plynuly odvod tisky snizujici lokalni piehiati nastroje [43] a b) volba vhodného
chemického slozeni povrchu nastroje zamezujici nalepovani obrabéného materialu [44].
Pouzivaji se naptiklad PCD (polycrystaline diamond) nastroje [45], ale jejich
nevyhodou je vy$$i cena, omezena volba geometrie nastroje a ptitomnost Co v zékladnim
materidlu jako pojiva, které zvySuje riziko nalepovéani hliniku na povrchu nastroje. Pro
univerzalni pouziti mohou byt vhodngjsi standardni nastroje opatiené povlakem
s optimalizovanym chemickym slozenim [46], [47], [48]. Obecné u povrchi obsahujici Cr, Ti,
Co muze dojit pfi suchém nebo MQL (minimum quantity lubrication) obrabéni hlinikovych
slitin K jejich nalepovani nebo navafovani. Vysledkem je lokalni ptehfati nastroje, vedouci
k jeho destrukci nebo zlomeni. V soucasné dobé se pro vySe jmenované aplikace pouZzivaji
pfevazné nepovlakované ndstroje, vétSinou ndstroje S nitridovanou feznou hranou. Pouziti
téchto nastrojl je Casto limitované parametry obrabéni, jako je nizka rychlost obrabéni a nutnost
pouziti MQL chlazeni, aby nedochazelo k degradaci nitridované hrany vlivem vysoké teploty.

Naopak u povlakovanych néstrojt Ize cilenou optimalizaci chemického sloZeni a mechanickych
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vlastnosti povrchu nastroje docilit idedlni tribologické podminky pro obrabéni hlinikovych
slitin.

Z rozsahlého vyzkumu zaméteného na suché obrabéni hlinikovych slitin se nejvice
osveéd¢ily povlaky ZrN a CrCN. Naopak problematické mohou byt povlaky obsahujici pouze
Cr a Al, které mohou za zvySenych teplot vlivem difiize a schopnosti vytvaret smiSené rozhrani,
zvySovat tfeni vedouci az k samotnému svareni.

Cilem navrzeného experimentu bylo objasnit vliv uhliku u povlaku CrCN v pifimém
kontaktu s obrabénou hlinikovou slitinou za meznich podminek, napfiklad bez chlazeni nebo
pii maximalnich doporucenych otac¢kach. Povlaky CrN a CrCN byly naneseny na iontové
nitridované vrtaky z HSS-Co pomoci reaktivniho magnetronového naprasovani. Hodnocena
byla jejich tvrdost H a redukovany modul elasticity E;, které byly testovany pomoci
nanoindentoru. Naméfené hodnoty jsou uvedeny v tabulce 4.1. Vyss§i pomér H/E, pro povlak
CrCN udava vyssi elastickou odolnost proti poskozeni povlaku a vyssi pomér HY/E® zase vyssi
odolnost proti plastické deformaci [4]. Mechanické vlastnosti povlaku CrCN odpovidaji
vlastnostem definovanym pro flexibilni tvrdé povlaky [49].

Tabulka 4.1 Nanotvrdost H a redukovany modul elasticity E; pro povlaky CrN, CrCN a
nepovlakovany z&kladni material HSS-Co (zatizeni 50 mN)

Nanotvrdost [GPa] E, [GPa] H/E, H*/E,?
bez povlaku* 13.03 £ 1.66 245.81 +£16.24 0,05 0,32
CrN 20.25 + 0.46 248.99 + 6.03 0,08 0,49
CrCN 15.03 +£0.50 118.11 £3.51 0,13 0,76

* jontove nitridovano

Pro vrtaci zkousku byla jako vhodny referen¢ni materidl zvolena hlinikova slitina
AISi9Cu3, ktera je pii aplikaci feznych kapalin dobfe obrobitelna. Vrtaci zkouska byla
provedena na stojanové vrtacce s volitelnym posuvem. Abychom mohli vyhodnotit chovéani v
meznich podminkéch, vrtani probihalo za sucha pfi maximalnich ota¢kach 1440 ot./min.
doporucené vyrobcem vrtaki a s konstantni rychlosti posuvu 0.11 mm/ot. pro kazdy test. Vrtaci
hloubka 16 mm odpovidala 2D vrtaku. Hodnocen byl stav povrchu vrtdku a vnitiku dér po
vyvrtani 80ti dér.

Pfi vrtacim testu byl sniman to¢ivy moment, ktery pro povlak CrN dosahoval vice jak
dvojnasobnych hodnot (8,2 Nm) oproti hodnotam povlaku CrCN (3,6 Nm) a nepovlakovanému

vrtaku (3,9 Nm). To odpovidalo také vysledkim z vysokoteplotnich tribologickych testa
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provedenych pomoci tribometru pin-on-disk. Jako tieci protikus byl vyroben pin s polomérem
3 mm ze shodného materidlu AlSi9Cu3, ktery byl pouzit pro vrtaci testy a povlak byl nanesen
na ploché vzorky d 40 x 5 mm z HSS. Testy probihaly pti normalovém zatizeni 5 N a linearni
rychlosti 0,1 m.s™. PfestoZe byl koeficient tfeni velmi podobny pro oba povlaky (obrazek 4.1a),
byla rychlost opotiebeni vyrazné nizsi pro povlak CrCN (obrazek 4.1b). Opotiebeni v piipadé
povlaku CrN je tak vyrazné ovlivnéno vznikem tuhého lubrikantu tvofeného smési abrazivnich

castic, prevazné€ na bazi oxidu hliniku.

Fn
35 AISi9Cu3 ball i
CrN or CrCN coatings 1
30 ! I

. 20
04
15
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02 10
01 5

CrNRT CrN 400°C CrCN RT CrCN 400 °C 0

Coefficient of friction
°
Ball wear rate [10® mm3/mN]

CrNRT CrN 400°C CrCN RT CrCN 400 °C

(@) (b)

Obréazek 4.1 Vysokoteplotni tribologické testy povlakit CrN a CrCN na tribometru pin-on-disk:
a) koeficient tfeni a b) rychlost opotiebeni

Vyrazné odlisny mechanismus obrobeného povrchu uvnité dér na obrazku 4.2 dole
odpovida predchozim tribologickym testim. Pro povlak CrN je povrch obrabén mechanismem
zalozeném na abrazivnim pusobeni formujicich se oxidickych ¢asti za vysokych teplot béhem
vrtani. Pro povlak CrCN a vrtak bez povlaku pievladd adhezni mechanismus opotiebeni a
vysledkem je formovani vétSich Supin vzniklych tazenim obrabéné slitiny.

Vliv uhliku jako blokujici slozky pro potlaceni nalepovani obrabéné hlinikové slitiny je
viditelny na obrazku 4.2 nahofte. Pro povlak CrCN bylo na povrchu vrtaku detekovano nejméné
nalepeného materidlu. Uplatiiuje se zde potlaceni difuze mezi povlakem obsahujici urcité
mnozstvi uhliku a obrabénou slitinou obsahujici hlinik a kfemik. Chemické slozeni povlaku je

tedy mozné optimalizovat pro obrabéni materialu s pfedem ur¢enym chemickym sloZenim.
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CrN CrCN bez povlaku

Obréazek 4.2 Porovnani schopnosti potla¢eni nalepovani obrabéné hlinikové slitiny na vrtacich
s povlaky CrN, CrCN a bez povlaku po vrtacim testu (nahofe) a porovnani obrobeného povrchu
uvniti dér (dole).

Bylo potvrzeno, Ze mechanické vlastnosti povlaku CrCN mohou byt optimalizovany
velmi blizce k vlastnostem flexibilnich tvrdych nanokompozitnich povlaku, kde je definovan
pomér H/E: vyssi nez 0,1. Déle bylo potvrzeno, ze uhlik v povlaku CrCN snizuje adhezi
obrabéné AIl-Si slitiny k povrchu vrtaku a rychlost opotiebeni slitiny Al-Si jednoznaéné

ovlivituje uhlik, ale vliv na koeficient tfeni je pouze minimalni.

4.2 Povlaky pro lékarské implantaty

Pohyblivé kloubni spojeni v lidském téle predstavuje dimyslny tribologicky systém, ktery je
ovlivnén mnoha ¢asové proménnymi parametry. Kromé¢ teploty, kterd se mize pohybovat pro
tribologii v piijatelném rozmezi kolem 37 °C, je mnohem podstatnéjsi pisobeni chemického
slozeni okolniho prostiedi. To je z vétsi Casti tvoieno synoviélni tekutinou s pH bézné se
pohybujicim v rozmezi mezi 7,4-7,6 které se ale v piipadé zanétlivé reakce muze ménit [50],

v v

[51]. Pfi puisobeni tohoto korozné agresivniho prostiedi v kombinaci s tribolgickou zatézi se
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zacCinaji projevovat tribochemické déje. Souhrnné se témito jevy zabyva biotribologie, ktera
byla vy¢lenéna z oblasti tribologie specialné pro zkoumani pohyblivych systému v biologickém
prostiedi.

P#i navrhu kloubniho implantatu je nutné zvolit chemicky stabilni a korozné odolné
materialy. Osvédéené tieci dvojice kloubnich implantatt, které piedstavuji napiiklad CoCrMo
— UHMWPE nebo Al>03 — UHMWPE, jsou sice spolehlivé, ale prodlouzit jejich Zivotnost je
stale pfedmétem vyzkumu. Ne vzdy mize zakladni material splnit naro¢né tribologické
podminky. V takovém piipadé se nabizi aplikace povlaki na povrch tiecich dila.

Volba vhodného povlaku musi zajistit chemicky stabilni povrch a splnit pozadavky na
dlouhodobou adhezi povlaku k zakladnimu materidlu. Kromé toho muze povlak fungovat i jako
diftzni bariéra proti uvoliovani toxickych iontd (napiiklad Co, Cr, Mo, Ni, V nebo Al) ze
zakladniho materialt (CoCrMo, Ti6Al4V ELI nebo korozivzdorné oceli). Nejnovéjsi studie
prokazaly, ze pro dlouhodobou zivotnost kloubnich spojeni implantati je podstatna také
schopnost vazat proteiny na povrch tiecich ploch. Tim dojde k vyraznému snizeni téeni vlivem
zajisténi lubrikace povrchu v meznich stavech nastavajicich pti pohybu z Klidové polohy [52],
[53].

V nésledujicim textu budou popsany experimenty navrzené pro ovéieni funk¢nosti a
Zivotnosti optimalizovanych povlakovych systémd nanesenych na redlnych implantatech.
Zivotni cyklus implantatu byl testovan na simulatoru pohybu. Hodnocen byl také vliv ostatnich

parametrt, jako je korozni odolnost nebo vliv geometrie implantatu.

Test povlaku DLC na simulatoru pohybu

Povlaky DLC pro ortopedické implantaty firmy ProSpon byly testovany na simulatoru pohybu
KKK ELO 2007 (obrazek 4.1) podle normy I1SO 14 243 [54]. Testy probihaly ve fyziologickém
roztoku (PS) obsahujicim 9 g/L chloridu sodného pfi teploté 37,0 = 0,2 °C. Simulator byl
doplnén o moznost online monitorovani korozniho potencialu a pH [55]. Pfedev§im zména
korozniho potencialu mize okamzité signalizovat poruSeni povlaku béhem testu. Po pteruseni
testu lze potom snadnéji nalézt a analyzovat poSkozené misto. To je velkd vyhoda oproti

standardnimu postupu, kde se kontrola provadi az po ub&hnuti piedepsaného poctu cyklu.

29



torque motor ; mounting fixtures  conection to samlpe
: Working Electrode (WE)

— Eqcp signal

silicone "joint capsule"

clevis attachment
femoral componen - .

reservoir
of lubricant

lubricant

fixed IE rotation : P movement

Reference
electrode (RE)

shaft sleeve
from PEEK

torque motor ——

/ .
linear actuator i + TFixed o
¢ AP movement tibial component

pH sensor

Obrézek 4.3 Schéma simulatoru pohybu rozsifeného o monitorovani korozniho potencialu [55]

Ovéfovana byla funkce onkologického implantatu zamcéeného kolene. Implantat
(obrazek 4.2) byl vyroben ze slitiny Ti6Al4V ELI a opatien povlakovym systémem Ti/Ti-
C:H/a-C:H optimalizovanym pro 1ékatské aplikace. Jeden z divodi povlakovani bylo oSettit
povrch titanové slitiny proti otéru pohybujicich se vazi a mékkych tkani. Tento otér dlouhodobé
zpusobuje uvoliiovani kovovych prvkia z povrchu implantatu a jejich usazovani v okolni tkani,
vznika tzv. metal6za. Druhym divodem rozhodujicim pro dlouhodobou funkci implantatu bylo
snizeni téeni a otéru v ¢epu z Ti6A14V ELI a luzka z PEEK (viz obrézek 4.2).
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Krouzek femur
UHMWPE
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Obréazek 4.4 Onkologicky implantat kolenniho kloubu [ProSpon]
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Povlaky byly nanaSeny metodou PACVD z acetylenu pii teploté 200 °C. Celkova
tloustka povlakového systému Ti/Ti-C:H/a-C:H na zvolenych mistech implantatu se
pohybovala kolem 4,9 ym, z toho na funk¢ni povlak a-C:H pripadalo 1,9 um. Nejprve byl
testovan implantéat bez povlaku, kde doslo k totalnimu selhani jiz p¥i 3,00 x 10° cyklech, protoze
tieci kombinace titanovych slitin a materidlu PEEK neni pro tribologické aplikace vhodna.
Pokud byl stejny implantat povlakovan, vyrazné se zvysila jeho zivotnost. Pfesto byl po 1,98 x
10° cyklech test pferusen, protoze na prib&hu korozniho potencialu byla zaznamenana vyrazna
zména, ktera odhalila lokalni poSkozeni povlaku na povrchu ¢epu. Vliv na poskozeni méla pfilis
vysoka drsnost povrchu, kterd zpisobila selhani adheze povlaku v nejvice naméhanych
mistech. Pti vyrobé Cepu se tento poznatek zohlednil a nové byla piedepsana nizsi hodnota
ptipustné drsnosti povrchu ¢epu pred povlakovanim.

Po doporucené tpraveé implantatu byl test na simulatoru zopakovéan. Navrzeny systém
spInil pozadavky dané normou, které nafizuji minimalni Zivotnost implantatu alespon 5 X 10°
cyklt. Test tedy prokazal jednozna¢né zvySeni Zivotnosti povlakovanych implantata a roz$ifeni
0 monitorovani korozniho potencialu umoznilo odhalit problematickd mista povlakovanych
¢asti kratce po jejich vzniku.

Vliv na zivotnost povlakovanych implantatt mohou ovlivnit i dal$i parametry. Volba
vhodne geometrie a elasticita zakladniho materialu maji rozhodujici vliv na naméahani povlaku
a nasledné selhani jeho adheze. Tento problém byl feSen pro totalni endoprotézu kofenového
kloubu palce ruky firmy Beznoska. Novy implantat byl navrzen jako tfeci dvojice kov-kov
oproti ptivodni varianté kov-UHMWPE a to piedevsim s cilem zvétsit primér hlavicky z 5 mm
na 7 mm a tim zvysit stabilitu kloubu.

Pro ovéfeni moznosti pouzit titanovou slitinu Ti6Al4V ELI pro vyrobu implantatu
palce, byly provedeny testy na tribometru pin-on-disk ve fyziologickém roztoku. Testovano
bylo tfeni povlakované kuli¢cky o rizném praméru (6, 10 a 28 mm) proti disku se stejnym
povlakovym systémem Ti/Ti-C:H/a-C:H. Pouzit byl stejny povlakovy systém jako v piedeslém
experimentu s uzaméenym onkologickym kolenem. Pro pruméry 6 a 10 mm dochézelo ke
zvySenému opotiebeni, primér 28 mm vyhovél testim. V pfipad€ malych primért plisobi na
povlak pomérné vysoky bodovy tlak, ale v ptipadé realného implantatu s geometrii dotyku
hlavicka-jamka, bude tlak pro povlak mnohem niZsi.

Na zaklad¢ téchto poznatki byl navrZzen model implantitu palce pro testovani
na simulatoru pohybu (obrézek 4.3). Vyroben byl z titanové slitiny Ti6Al4V ELI, ale béhem
testovani na simulatoru pohybu (pocet cykli 5,00 x 10°, zatizeni 150 N, frekvence 3 Hz, tihel

+ 8°) doslo k totalni destrukci povlaku. Z nasledné analyzy vyplynulo, Ze je potieba zvolit jiny
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material, ktery bude mit pii daném dynamickém zatizeni vétsi tvarovou stalost. Pro dalsi testy
byl model implantatu palce vyroben ze slitiny CoCrMo, ktera je vhodngjsi vzhledem ke své

vy$8i mechanické pevnosti, vy$§imu modulu pruznosti a snadné lestitelnosti.

Obrazek 4.5 Model implantatu totalni endoprotézy koienového kloubu palce ruky pro

testovani na simulatoru pohybu [Beznoska]

Po sérii provedenych testu vyplynuly nasledujici poznatky pro zlepSeni funkce a
Zivotnosti implantatu. Zasadnim parametrem je vliv vyrobnich rozdilt kulové plochy jamky a
hlavice. Rozdil priméra hlavice a jamky by nemél piekroc¢it rozmezi 0,12+0,02 mm. V piipadé
mensiho rozdilu se lubrikant nedostane mezi tfeci plochy a Vv pfipadé vétsiho rozdilu se jiz
vyrazng projevi pusobeni bodového tlaku v misté dotyku hlavicky s jamkou. Pii vyrobé je také

nutné povrch hlavicky a jamky lestit pred povlakovanim na drsnost alespon Ra 0,05 pm.
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S5 Zavér

Prace prezentuje souhrn poznatkii, které maji za cil objasnit zavislosti mezi strukturou povlaki
a jejich tribologickymi vlastnostmi. Vychazi z aktualnich pozadavki na zvySeni vykonu,
snizeni spotieby nebo prodlouzeni zivotnosti tribologickych systému pracujicich za vysokych
teplot nebo v koroznim prostiedi. Experimenty byly provedeny v primyslovych depozi¢nich
systémech zohlednujici vlivy, které v laboratornich depozi¢nich zafizenich nelze simulovat.
Napiiklad vliv viceosé rotace na ristovy mechanismus povlaku nebo vliv necistot a defektt
v povlaku pochézejici pfevazné z pohyblivych ¢asti primyslového zafizeni.

Samotna struktura povlakd neni ovlivnéna pouze v prabéhu depozice, ale také po
depozici, napiiklad po zahfati ve vysokoteplotnich aplikacich. Toho lze s Gispéchem vyuzit
k samovolné tvorbé oxidické tieci mezivrstvy, kterd ma funkci tzv. pevného lubrikantu. Jedna
se 0 povlaky se schopnosti samovolné adaptace na pracovni prostiedi. S Uspéchem byl tento
mechanismus vyuZzit v experimentech zaméefenych na povlaky CrN a CrCN.

Dalsim ptikladem povlakl se schopnosti samovolné adaptace na pracovni prostiedi jsou
amorfni uhlovodikové povlaky a-C:H obsahujici legujici kovové prvky. Samotné povlaky a-
C:H maji velmi dobré tribologické vlastnosti, které jsou siln¢ zavislé na vnéjsich parametrech,
predevs§im na vzdusné vlhkosti. Pro ostatni typy prostiedi, napfiklad fyziologicky roztok nebo
olej s aditivy se chovaji pfevazné inertné. Dopovanim téchto povlaka titanem bylo aspésné
ptizpusobeno bioaktivni chovani povrchu s mozZnosti vazat proteiny na povrchu jako
ptirozeného lubrikantu.

V aplikacich pro fezné nastroje je rozhodujicim parametrem vhodné chemické slozeni
povlaku, které vytvaii barieru pro difuzni d&je probihajici mezi povlakem a obrabénym
materidlem a zaroven snizuje nalepovani obrabéného materiadlu na povrch nastroje. Soucasné
musi byt vzhledem k zakladnimu materialu nastroje zvolena odpovidajici tvrdost a elasticita
tvrdosti a elasticity povlaku dana jejich podilem H/E. Nizsi tvrdost oproti standardnim tvrdym
povlakim a soucasné mnohem niz§i modul pruznosti umoznuje docileni lepsi elastické
odolnosti proti poskozeni povlaku. Pfi obrabéni slitiny Al-Si byla funkce povlakoveého systému
CrCN ovétena béhem vysokorychlostnich vrtacich testi za sucha.

Pro mnoh¢ aplikace je povlak nezbytnou soucasti, bez kterého by nebylo mozné
dosaZeni poZadovaného tfeni a otéru Dalsi zlepSeni mechanickych vlastnosti a funkce povlaku
jako korozni bariery je omezeno mechanismem sloupcovitého rustu povlaku. Soucasny smér

vyvoje je zaméfen na vyuziti zdroju s pulzy o vysokém vykonu pro magnetronové naprasovani,
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které umoznuji vytvaret kompaktni hustou strukturu povlaku a zaroven slouzi pro zlepSeni
adheze povlaku k zékladnimu materialu.

Ziskané poznatky potvrzuji, ze povlak a zdkladni materidl by mély byt navrzeny
soucasn¢ s ohledem na danou aplikaci. Pouhé vylepseni povrchu jiz stavajiciho zakladniho

materidlu nemtize poskytnout maximalni vyuziti tribologickych vlastnosti povlakii.
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Abstract

Dry sliding wear experiments at specific temperatures ranging from 20 to 500 °C were conducted on CrCN coatings
deposited onto steel substrates. The coatings were worn against 100Cr6 bearing steel balls, Si3N, and Al,Oj3 balls, using
a pin-on-disc sliding configuration at a contact load of 5 N. Friction coefficient and coating wear rates were measured,
and wear tracks were analysed using SEM equipped with EDX. Coatings exhibited good wear performance and

unexpected behaviour at elevated temperatures.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: CrCN coatings; Tribological properties; Elevated temperature

1. Introduction

Materials and coatings are often exposed to high
temperatures, due to either frictional heating or
high ambient temperatures. High temperature
strongly influences wear mechanisms because of
softening of the coating and substrate, changes in
internal stress and, particularly, oxidation of the
surface.

Chromium nitride is an excellent protective
coating because of its hardness and corrosive

*Corresponding author. Tel./fax: +4202224352439.
E-mail address: Tomas.Polcar@fs.cvut.cz (T. Polcar).

resistance. However, the tribological behaviour of
CrN coatings is found to vary according to the
substrate material, coating thickness, type of wear
and operating conditions. Although chromium
nitride is brittle, a considerable reduction of yield
stress resulting from a large increase of surface
temperature enhances the plasticity of the coating.
Thus, plastic deformation, brittle fracture and
tribochemical process are reported to be the main
mechanisms involved in chromium nitride wear
[1-3].

CrCN is a relatively less studied coating
promising improved tribological behaviour com-
pared to CrN. Up to now the main attention has

0042-207X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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been to use this coating as a protective coating in
hip prostheses. Wear tests have shown that CrCN
is superior to CrN in some respects [4]. Never-
theless, the friction and wear characteristics of
CrCN coatings are not well known, particularly
at elevated temperatures. In order to remedy
this lack of data, the present study reports on
the friction and wear characteristics of CrCN
coatings.

2. Experiment

HSS substrates mechanically polished to rough-
ness R, =30nm were used in this study. The
coatings were tested on a pin-on-disc high-
temperature tribometer at temperatures ranging
from room temperature to 500°C. The riders
were spheres of either 100Cr6 steel or SisNy or
Al,O3 with a diameter of 6 mm. All measurements
were done with a linear speed of 0.05m/s and a
load of 5N; the number of cycles was 500 and the
relative humidity of the air was in the range
30-40%.

Morphologies of wear tracks were examined
using a scanning electron microscope (SEM) and
an energy-dispersive X-ray spectrometer (EDX).
Phase composition of coatings was checked by
X-ray diffractometry. Wear rates of the tested
balls and coatings were evaluated according to the
method used by Holmberg et al. [5] and the
profiles of wear tracks were measured by a
mechanical profilometer. In order to get an insight
into the morphology of CrCN coatings, X-ray
diffraction (XRD) data were studied. We used a
rotating anode Rigaku R4-300E and a spectro-
meter HZG3 (monochromatic Cu Ko, Bragg-
Brentano geometry).

Table 1
Coating properties

3. Results and discussion
3.1. Coatings characterization

Substrates were arranged in the sputtering
system in a way necessary to obtain a homo-
geneous set of samples with identical coating
thickness and chemical composition. The coatings
were deposited in a HTC-625-Multilab coating
machine, fabricated by Hauzer Techno Coating
Europe BV., Venlo, the Netherlands. We used
reactive arc deposition from Cr targets in an Ar
and N, atmosphere with an addition of C,H,
reactive gas. DC substrate bias voltage was =70V,
working pressure during deposition of the order
was 0.1 Pa and substrate temperature was 220 °C.
Different chemical compositions of coatings were
obtained by varying the C,H, flow rate; for better
adhesion a Cr interlayer was used. Chemical
compositions of coatings were obtained by EPMA
and, for comparison, by RBS, together with other
parameters and are presented in Table 1. The
CrCN-1 samples are nitrogen-rich, while the
CrCN-2 samples have a ratio C:N = 1:1.

The observed XRD lines are too weak for a
complete phase analysis. We expected to be able to
identify at least Cr, CrN and Cr,N and some Cr
carbide phase, but in practice only Cr,N (35-803)
was clearly recognized and maybe Cr,3Cq (35-783)
or Cr;C; (36-1482) can be present (Fig. 1). Of
course there is an indication of pure Cr (6-694) but
it is not clear if this signal is from the coating or
from the interlayer. X-ray experiments also con-
firmed expected relaxation of residual tensile stress
after temperature treatment during wear test at
elevated temperatures.

All coatings exhibited very good adhesion with
minimum critical force L.>50N and class Il in a

Sample Thickness (um) Adhesion (HRc Microhardness Composition Composition
category) HV0.01 (at%)—EMPA (at%)—RBS

CrCN-1 32 Class 11 1750 Cr63N24C3 Cr65N27C8

CrCN-2 39 Class 11 1800 Cr7N14C19 CrsgN, Cyo

A2



T. Polcar et al. | Vacuum 80 (2005) 113-116 115

CrN

S - substrate
Cr,Cy
\\ Cr,Cs
CiN
CrysCe? &ﬁ <
‘ CrgCs  CIN Cr,Cy? O
/ N CrNS

: W i l
1l lllllllllllHIIHHlIHHIl INNNNRNT] \IIHHllIlHIII INANRNENENTAT] \IIIHIIHHlJIlllIIH\IIH

0 40 5 60 [ 0 100 110 120 130

20

Fig. 1. X-ray spectra of CrCN-1 sample and possible phase
composition.

Rc indentation test. All coatings data are collected
in Table 1.

3.2. Friction and wear of coatings sliding against
the 100Cr6 ball

Running-in is characterized by an increase of
the friction coefficient during the first 200 cycles
for all measured temperatures. The friction tests
with 100Cr6 balls show that the average friction
coefficient, stable after the running-up interval, is
almost independent of temperature up to 300 °C,
reaching values 0.6-0.67, and decreases to values
0.56 and 0.48 at 400 and 500 °C, respectively. Wear
of CrCN coating sliding against the 100Cr6 ball
was not measurable. On the contrary, transfer of
ball material to the coating surface was very strong
and the coating surface was fully covered by a
layer of oxidized iron derived from the ball. As a
result, the ball wear rate was very high. Wear
debris was analysed and it was found that it
contained only ball material, particularly iron
oxides. The tribological behaviour described above
is identical for both CrCN coatings.

3.3. Friction and wear against the SizNy and Al,O3
and balls

The friction curves of CrCN-1 sample sliding
against Si;N, ball at room temperature (20 °C) and
400 °C are presented in Fig. 2. In previous studies,
chromium oxides have been shown to act as a
lubricant in sliding wear situations [3,6]. However,
despite the strong presence of chromium oxides
at elevated temperature, the average friction

0.9

o
=]
1

o
o
1

o
o
1

—a—20°C
—+—400°C

o
n
1

Friction coefficient

I
=
1

o
w
1

T T T T T
0 100 200 300 400 500
Number of cycles

Fig. 2. Friction curves of CrCN-1 sample sliding against Si;Ny
ball at 20 and 400 °C.
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Fig. 3. Variation of the friction coefficient with temperature,
Si3Ny balls (S) and Al,O3 balls (A).

coefficient was independent of temperature and it
decreased only at 500 °C to 0.51. Coating wear rate
slightly decreased with temperature. The CrCN-2
sample exhibits a very different friction and wear
behaviour. The friction coefficient reaches the
maximum at 100 °C and then decreases to a stable
value of 0.65. The wear rate is very low at room
temperature, then sharply rises up at a tempera-
ture of 200 °C and decreases again to a relatively
low level in the temperature range 300-500 °C. The
variation of friction coefficient with temperature
for CrCN samples is shown in Figs. 3 and 4; Fig. 4
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Fig. 4. Dependence of coating wear rate on temperature, SizNy4
balls (S) and Al,O; balls (A).

represents coating wear as a function of tempera-
ture. Comparison of X-ray spectra taken at room
temperature and that of the sample heated up to
400°C (and measured at room temperature)
showed an increase in grain size and decrease of
internal stress. Moreover, spectra of heated sample
are simplified: only the Cr,N phase is recognizable.
A possible explanation of the anomalous wear
behaviour of CrCN-2 samples is the change of
structure in the temperature between 200 and
300°C, which can improve wear resistance at
higher temperatures. The wear resistance of CrCN
coatings at elevated temperatures is surprising,
because almost all coatings widely used in
industrial applications have shown a rapid in-
crease of wear with temperature [2].

4. Conclusion

This work has studied the tribological properties
of CrCN coatings. Samples of different coatings
were prepared by reactive arc deposition and the
chemical composition was tuned by changing the
amount of C,H, reactive gas. Prepared coatings

were characterized by SEM and XRD. All samples
exhibited good mechanical properties (i.e. micro-
hardness and adhesion).

Pin-on-disc experiments have shown that the
friction coefficient of CrCN coatings sliding
against Si3sNy and Al,O3 balls is relatively high
and stable at temperatures up to 500°C. The
coatings were not damaged by the sliding against
100Cr6 steel balls. Wear resistance, which does not
increase with temperature, is the most interesting
feature.

Some tribological properties of our coatings are
difficult to understand and therefore a more
detailed study is planned. Mainly we are going to
prepare further CrCN coatings with different
carbon content with the aim of showing the
influence of carbon on tribological performance
and main wear mechanisms of coatings.
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Cr-based coatings were prepared by cathode arc-evaporation technology using N, and C,H, as reactive gases.
Three compositions were investigated, CrgoN4g, Crs1N27Csz and Crg7Css.

The present investigation is centred on the structural stability via coatings tempering up to 1000 °C, by in situ
X-ray diffraction in protective atmosphere. As-deposited coatings present low order structure with a medium
feature size less then 10 nm. The hexagonal 3-Cr,N phase, characteristic of binary CrgoN4o coating, was stable
up to 900 °C, before recrystallization and grain growth takes place. For Cr4;N»7C3, film the phase transition
varies from the metastable 6-Cr(N,C) to orthorhombic chromium carbonitride Cr3(CyN;-y), phase up to

800 °C and then to chromium carbide phase. No chromium nitride phases were detected in spite of the
similar N and C contents after the deposition. The Cr-C coating recrystallizes into a mixture of carbide phases,
mainly Cr3C, and Crp3Cg after 1000 °C annealing treatment.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Chromium nitride coatings, which exhibit high hardness and
excellent wear, corrosion and oxidation resistance, have been
extensively used as protective coating on various tools and dies
[1,2]. The oxidation resistance could be considered as the dominant
factor for the successful application at elevated temperature condi-
tions. The high oxidation limit of CrN coatings, typically about 700 °C
[3], was attributed to the formation of a protective Cr,03 layer.

Ternary Cr-X-N coatings were prepared with the goal to improve
the oxidation resistance and the tribological properties at elevated
temperature. Compared to other alloying elements, such as Al [4,5], Ti
[6], Si [7], V [5] or B [8], Cr-C-N has been relatively less studied.
Cekada et al. [9] analyzed Cr-C-N coatings deposited by evaporation.
The films were subjected to oxidation tests showing the formation of a
thin chromium oxide layer on the top followed by a nitrogen-rich layer
demonstrating that nitrogen diffused towards the surface [9]. The
microstructure and the thermal stability of arc-deposited Cr-C-N
system were complexly analyzed by Almer et al. [10]. The comparison
of the tribological properties between CrN and Cr-C-N coatings [11]
showed the advantage of the latter; however, the difference in the
friction coefficient and the wear rate is only minimal. In our previous
study [12], Cr-C-N coatings were tribologically tested in situ up to
500 °C showing that the wear rate was almost independent on the
temperature and lower than that of CrN coatings deposited and tested
under similar conditions. Thus, in the present paper the thermally
induced phase transitions of Cr-N, Cr-C-N and Cr-C coatings have

* Corresponding author.
E-mail address: albano.cavaleiro@dem.uc.pt (A. Cavaleiro).

0257-8972/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2008.06.102

been undertaken to infer the necessary knowledge to support the
conclusion drawn in our previous studies [12,13].

2. Experimental procedures

Three series of Cr-based coatings were deposited onto high-
temperature resistant Fecralloy substrates (72.8% Fe, 22% Cr, 5% Al,
0.1% Y, 0.1% Zr—Goodfellow) by cathodic arc evaporation from two
rectangular cathodes using the aforementioned apparatus system
[13]. The arc parameters were kept constant for all depositions: the
current 80 A, the substrate bias —70 V and the substrate temperature
350 °C. The chromium was evaporated from a Cr target (99.8% purity)
in Ny (99.999% purity) and C,H, (99.6% purity) atmospheres. For
binary Cr-N and Cr-C coatings a partial pressure reactive gas of 0.17 Pa
was set up at a constant value of 100 sccm, while for Cr-N-C films the
flow of acetylene was fixed at 48 sccm. The corresponding increase of
the total pressure from 0.17 to 0.20 Pa was measured by a capacitance
manometer Leybold CERAVAC Transmitters CTR/91.

High temperature X-ray diffraction (HTXRD) measurements were done
using a Philips X' Pert diffractometer with cobalt radiation K, =0.178897 nm)
in Bragg-Brentano geometry. The samples (12x 10 mm) were fixed on a Pt
plate and heated from RT up to 1000 °C in steps of 100 °C. The heating rate
was 40 °C/min between each temperature step followed by maintenance of
~20 min for XRD acquisition in 35-60° range. The samples were cooled
down to RT and new XRD patterns were acquired in the range 20-110°. The
analyses were performed in a vacuum chamber HT16, coupled to the
diffractometer and specially designed for in situ analysis. The experiments
were performed under continuous gas (Ar-5%H,) flux at low pressure
(1-10 Pa) after evacuating the chamber down to a value lower than 10™> Pa.
The measured profile scans were deconvoluted by Origin program,
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Fig. 1. XRD patterns of CrgoN4o sample: a) as-deposited and post annealing structure, b) structural evolution with annealing temperature; O=Cr,03, Pt=platinum plate.

assuming to be Voigt functions to yield the peak position, integrated
intensity and integrated width (IntW). These parameters allow calculating
the interplanar distance (dj,), preferential orientation and grain size (),
using the Scherrer formula, respectively.

A Cameca SX-50 Electron Probe Microanalysis (EPMA) apparatus
was used to determine the chemical composition of the coatings.

3. Results and discussion

Figs. 1 to 3 present the in situ XRD structural evolution up to
1000 °C of the three Cr-based coatings. The XRD patterns before and
post annealing, acquired at RT in [20-110°] 26 range, are also shown.
The compositions investigated are summarized in Table 1. To facilitate
reading, the coatings were denominated according to their chemical

composition measured by EPMA, e.g. CrgoNyg is coating with 60 and
40 at.% of chromium and nitrogen, respectively.

The structure of the post-deposited binary Cr-N coating is dominated
by the hexagonal 3-Cr,N [ICDD 35-0803] with a mean crystallite size of
12 nm and a preferred (300) orientation. Besides nitride phase, also bcc
o-Cr phase is detected in all coatings. This phase can be attributed to
small Cr-rich droplets. This phenomenon is a characteristic of Cr-based
coatings deposited by arc evaporation [10]. XRD analysis, Fig. 1a), reveals
that the 3-Cr,N phase is thermally stable up to 1000 °C. The only remarks
are: (i) the narrowing of the peaks and (ii) the shift towards the
equilibrium position with increasing temperature in comparison to the
post-deposition state. These two effects could be understood more clearly
by analyzing simultaneously Fig. 1b) and Fig. 4. This last one shows the in
situ structural parameters, calculated after peak fitting of corresponding
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Fig. 2. XRD patterns of Cr-N-C coating: a) as-deposited and post annealing structure, b) structural evolution with annealing temperature; ¢=5-Cr(C,N), ®=Cr3(Cp.92No 08)2, *=Cr3Ca,

0O=Cr,03, Pt=platinum plate.

(110) and (111) planes. The interplanar distance is increasing as a function
of the annealing temperature up to 700 °C followed by an opposite trend
for higher temperatures values. The first trend is well understood due to
the lattice expansion under the heating effect (oen=2.3x10"% K™ [14]).
In this temperature range only small structural rearrangements of a
typical recovery process could exist. This process becomes increasingly
more intense at 700 °C as shown by the decrease in the interplanar
distance (second trend of structural parameters variation in Fig. 4),
suggesting stress relaxation and loosing of either the interstitial
contaminant elements or the exceeding N from the Cr-N structure [15].
No significant crystallite size variation is observed during heating from RT
to 800 °C. For higher temperatures, the 3-Cr,N peaks become narrower,

more intense and the preferential orientation changes from (300) to
(110), features characteristic of a recrystallization and grain growth
processes. However, even though the grain size grows, the CrggN4g film
does not loose its nano-characteristics, presenting a mean grain size of
34 nm after in situ tempering. These results are better than those reported
for CrN coatings, which decompose into B-Cr,N by N, release at
temperatures as low as 400 °C [16-18].

The addition of carbon to binary Cr-N films changes the as-deposited
structure (compare Fig. 1a) with Fig. 2a)). The replacement of N by bigger
C atoms increases the local stresses and leads to the instability of the
hexagonal nitride phase in addition to a strong decrease of the film
crystallinity. The Cr4N,Cs, film presents, after deposition, a broad and
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low intensity XRD patterns with a mean feature size of only 4 nm,
characteristic of a quasi-crystalline or nanocrystalline structure. Taking
into account the 260 maximum peak position, the d values obtained after
peak fitting match quite well with the fcc-CrN [ICDD 76-2494] structure.
Thus, the as-deposited structure of Cr-N-C is dominated by a metastable
cubic phase similar to that reported in others works [9,10] and
denominated as 6-Cr(C,N) phase. After annealing at 1000 °C, the coating
is completely crystallized presenting mainly a mixture of Cr3C, [ICDD 71-
2287] and Cr3(Co92Ngps)2 [ICDD 19-0326] phases, both from the
orthorhombic system (Fig. 2a)). No nitride phases were detected in
spite of the N and C similar contents after the deposition.

During the thermal treatment at increasing temperatures, the initial
5-Cr(C,)N) phase remains unchanged up to 600 °C (Fig. 2b)). The only
remark is the shift of the broad peak position to lower diffraction angles,

similar to that observed for Cr-N coating, due to the expansion of the
lattice under the heating effect. At 700 °C, well defined XRD peaks can be
detected being the new phase indexed as an orthorhombic chromium
carbonitride Cr3(CyN; -x),: the Cr3(Co92No.08)2- The content of this phase
increases with further annealing. However, at 900 °C, an interesting
occurrence can be detected: the intensity of some Cr3(C{N;-,), peaks

Table 1

Chemical composition of the Cr-based coatings (at.%)

Sample Cr N C (0]
CreoNao 60.1 39.7 0.0 0.2
AN 416 268 316 0.0
Crg7Cs3 66.5 - 333 0.2
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increases while others strongly decrease. This behaviour is illustrated in
Fig. 2b (see inset graphic), suggesting a progressive transformation of the
carbonitride phase. As the peaks remain in the same position, a phase of
the same type should be forming: the orthorhombic Cr3C,. This
proposal, which needs further investigation, is supported by the N loss
detected by EPMA analysis on the remaining non-oxidized part of the
coating. Fig. 5 illustrates that in an oxide spalled zone (see discussion
below) only a small amount of the as-deposited N content was found
after 1000 °C. It is reported that Cr3(CyN;-y); are metastable crystal-
lographic structures being stable only at high temperatures and/or
under high N, pressure [19]. Thus, the N content loss could be the driving
force for the Cr3C, phase formation.

Similarly to Cr-N-C coatings, also in Cr-C system broad and low
intensity XRD peaks, with a mean feature size of ~4 nm, can be detected
together with the a-Cr phase (see Fig. 3a)). These low order structured
films have already been deposited by other authors by arc evaporation,
sputtering or electrodeposition processes [20-24]. The quasi-crystalline
phase is stable up to 600 °C, starting to recrystallize at 700 °Cin the Cr5C,
orthorhombic form (see the structural evolution in Fig. 3b)). Further
annealing leads to the formation and growth of another chromium
carbide, the fcc-Crp3Cg [ICDD-85-1281]. This phase transition can be
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expected since originally the C content is not enough to satisfying the
stoichiometry of Cr3C, (33 at.% against 40 at.%). Thus, the tendency for
equilibrium requires the formation of a new carbide phase with lower C
content, as is the case of Cr,3Ce. The occurrence of Crp3Cg instead of Cr,Cs
(the predicted in the binary Cr-C phase diagram) is probably due to its
lower free formation energy. It should be remarked that EPMA analysis
carried out in a clear zone after annealing (analogous to that shown in
Fig. 5) revealed almost exactly the same C content in the coating as post
deposition (34.5 at.% against the as-deposited 33.3 at.%).

Finally, it is important to state that no significant structural changes
were detected on the cubic a-Cr droplets. As can be seen in Fig. 6, the
crystallite size evaluated from the (110) peak reveals no significant
change with increasing temperature up to 1000 °C, whereas the lattice
parameter steadily increases. This phenomenon is much more evident
for a-Cr droplets than for Cr-N phases (see e.g. Fig. 4) due to its higher
thermal expansion coefficient (o, =6.5x 10”6 K~! [[UPAC-Periodic Table]
against aie_n=2.3x10"6 K1 [14]).

The oxidation is a common phenomenon observed in all coatings
during the in situ analysis despite the use of a reducing atmosphere. Even
with all precautions (good initial vacuum—10"3 Pa, 2-3 Ar/H, flushes
before starting the experiments) the formation of an external oxide layer,

Oxygen 100 %

9% e

— 5 pm O %
layer O (at.%) N (at.%) C (at.%) Cr (at.%)
1 449 0.76 124 41.9
2 0.8 6.1 36.0 57.1

Fig. 5. SEM surface top morphology of Cr4;N»7C3, sample and the respective elemental EPMA maps for chromium and oxygen after thermal treatment; layer 1=external Cr30; layer;

layer 2=inner non-oxidised coating.
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indexed as Cr,O3 phase [ICDD 85-0869], could not be avoided for
temperatures higher than 800 °C, as it has already been reported by other
authors [25]. For the oxidation reaction progression it is necessary to
replace N and C by O in their matrix positions. Since arc-evaporated Cr—
N-C films present less compact morphologies than those observed for
binary Cr-N and Cr-C coatings, the increased number of paths facilitates
the N out-diffusion in small N, molecules more easily than C through CO,/
CO gases. The oxidation process seems to be more intense in this coating
in comparison to the binary ones, as can be concluded from the com-
parative analysis of the intensities of the oxide peaks in Figs. 1 to 3. During
cooling down to RT, oxide layer delamination was detected. Parts of the
external oxide layer, shown in Fig. 5 for Cr4;N27Cs;, spalled out readily in
powder form during its subsequent handling. For CrggN4o coating only a
change from grey to a green color was observed.

4. Conclusions

Arc-deposition technique was successfully used to deposit Cr-N,
Cr-N-C and Cr-C coatings. The following conclusions can be drawn
from the HTXRD analysis of these films:

i) Hexagonal p-Cr,N is the major phase deposited for 40 at.% N
coatings, being stable up to 900 °C before recrystallization and
grain growth takes place. The mean grain size is only 34 nm after
treatment.

ii) The deposition with N, and C;H; reactive gases leads to quasi-
crystalline Cr-based coatings with feature size of only 4 nm. The
as-deposited metastable 6-Cr(C,N) phase remains unchanged
up to 600 °C. Further annealing induces phase transition from
chromium carbon nitride Cr3(Cog3Ngog)2 to chromium carbide
Cr3C, phase.

iii) For Cr-C coatings the phase transition starts at 700 °C by forming
Cr5Cy; after in situ treatment a mixture of carbides phases is
presented in accordance to thermodynamic equilibrium.

iv) All coatings exhibit small amounts of Cr-rich droplets, keeping
almost constant their structural characteristics during tempering.

v) Finally, the oxidation of the coatings is detected during in situ
XRD analysis at temperatures higher than 800 °C, despite the
use of reducing atmosphere.
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Abstract:

Adsorption of human plasma fibrinogen (HPF) on 6 differently treated
titanium samples (polished, polished and etched, and 4 titanium carbide
coatings samples produced by using plasma-enhanced chemical vapour
deposition (PECVD) method) is investigated by using diffractive optical
element (DOE) sensor. Permittivity (susceptibility) change and fluctuation
in optical roughness (Rqp) of treated titanium surface in the presence of
background electrolyte without and with HPF molecules are sensed by
using DOE sensor and optical ellipsometry. Correlation between transmitted
light and thickness of molecule layer was found. The findings allow to
sense temporal organization and severity of adsorption of nano-scale HPF
molecules on polished, on polished and etched, and on titanium carbide
surface.

© 2008 Optical Society of America

OCIS codes: (120.6710) Susceptibility; (120.4530) Optical constants; (050.1965) Diffractive
lenses; (120.6660) Surface measurements, roughness; (120.2130) Ellipsometry and polarime-
try; (170.0170) Medical optics and biotechnology.
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1. Introduction

The investigation of the interactions of blood plasma proteins at different surfaces is a challeng-
ing task in biomedicine. Titanium is frequently used as a biomaterial for hard tissue replace-
ment, such as dental and orthopaedic implants. Thus the understanding of the protein adsorption
on titanium surface is of great importance [1, 2, 3, 4]. Biomaterial devices made of titanium give
a satisfactory performance. The surface morphology, which can be varied by different process-
ing methods influence the final interactions of the implant with the surrounding environment.
Rough surfaces promote better oseointegration than smooth surfaces [5, 6, 7, 8].

Soon after implantation - within a few seconds - the biomaterial surface becomes coated with
a film of adsorbed proteins, which mediate the interaction between the implant and the body
environment. Since most implants are exposed to blood during implantation, the initial protein
film is mainly composed of plasma proteins. Human plasma fibrinogen (HPF) is one of the most
relevant proteins that are adsorbed on biomaterial surfaces. HPF takes part in blood coagulation,
facilitates adhesion and aggregation of platelets [9, 10]. The structure and composition of the
adsorbed protein layer determine the type and extent of the subsequent biological reactions,
such as activation of coagulation and immune response and oseointegration [11]. Thus the
initially adsorbed protein layer is a factor conditioning the biocompatibility [12, 13, 14]. The
mechanisms and the factors important for protein adsorption and desorption are still subject of
scientific research and not very well understood. Therefore it is important to investigate how
different titanium surfaces influence the formation and properties of adsorbed protein layers.

The need to develop novel methods for the investigation of biopolymer adsorption at surfaces
is arisen from the observation that conventional surface characterization methods and tools (as
Scanning Electron Microscopy - SEM, Transmission Electron Microscopy - TEM, Environ-
mental Scanning Electron Microscopy - ESEM, diamond stylus and optical profilometer) can
be used in most of the case only for the dry surfaces. There are a restricted number of methods,
which can be applied for the investigation of surfaces immersed into a liquid (like Atomic Force
Microscopy AFM with a special liquid cell). The optical method described in this paper can
provide information on the optical roughness (contrary to the mechanical roughness obtained
from AFM profilometer) and reflectance of the surfaces immersed into a liquid. This method
can be thus used for the study of the interactions of the molecules dissolved in the liquid with
the surface. Previously we have applied diffractive optical element (DOE) based sensor for
inspection of different type of bulk and fragile materials [15], and later the same principle is
applied to investigate quality of electrode surface used in electrochemistry [16, 17].

In this paper we report results from our recent DOE sensor investigations concerning
the organisation of biopolymers as human blood plasma fibrinogen adhered on polished, on
chemically etched titanium surfaces, and on titanium carbide coatings. The titanium carbide
coated surfaces were realized by using plasma-enhanced chemical vapour deposition (PECVD)
method [18, 19, 20]. The data is gained by using the DOE sensor through optical window of a
cuvette to sense permittivity change and fluctuation in optical roughness (R opt) of treated tita-
nium surface, when the surface is subjected to the absorption of the ions of electrolyte without
and with HPF molecules on these treated surfaces.
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2. Experimental

2.1. A diffractive optic sensor setup

In the DOE sensor measurements we investigated the permittivity change and fluctuation in
optical roughness R, of polished, polished and chemically etched titanium surfaces, and sur-
faces with titanium carbide coatings (denoted by complex refractive index N4) in the presence
of buffer (V) without and with HPF molecules (N3) (see Fig. 1). The DOE sensor utilizes ex-
panded and focused laser beam (A = 632.8nm) realized by using the lens system L - L; to
hit treated titanium surface N4 locating in liquid of cuvette via beam splitter BS and cuvette
window V.

N,

Cuvette

Fig. 1. DOE sensor geometry including sample cuvette compartment.

Backscattered laser light is directed by using BS on DOE aperture, which analyzes if the
wavefront is distorted by adsorbed HPF molecules denoted by N3 from buffer N, on treated Ti
surface. Distorted 4 x 4 light spot DOE image is grabbed from two-dimensional (2D) photo-
array of the charge coupled device (CCD) and analyzed by using a personal computer (PC).
The DOE sensor utilizes non-coherent response for permittivity changes and coherent response
for Ropt changes, which relate to surface roughness R, [21].

2.2.  Non-coherent response of DOE sensor

Although the DOE sensor principle and procedure is described in the reference 15 and in the
chapter 8 of the reference 27, we show how the reflectance of normal incidence from the treated
Ti interface depends both on n and « if the interface is immersed in the electrolyte solution (Fig.
2). The complex permittivity € and complex refractive index N, = n — ik is assumed to relate
to each other as follows € = &/ +ie” = (n—ix)?, where ¢’ = n> 4+ k%, &" = 2n«. The loss angle &
denotes the relation tan(8) = €” /€’. The reflectance R is calculated from the relation R = |(1 —
Nux) /(14 Nui)|?. Next we demonstrate how to utilize the pseudo-dielectric function shown in
Fig. 2 to draw out information from a treated Ti interface. In Fig. 2 is also shown a locus of
contour line, which is now an example projection of a contour line from the reflectance surface
on the level of Rrj,,,—c, s = 0.30 at 632.8 nm. The locus of reflectance value of 0.30 includes
also the Tip g — Co.15 reflectance at the complex refractive index Ny, —c, ¢ = 1.54 +i1.96 at
632.8 nm. The origin of the radius of the curvature of the projected circular locus CL Ty, 4,y 5
locates on the n -axis. When the adsorption of HPF molecules from background electrolyte on
the Tig.go — Co.18 surface starts, the reflectance from that interface will also change. This will
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change the curvature and the origin of the projected locus.

Fig. 2. Reflectance from the molecule - titanium carbide (Tig.g» — Co.13) interface as a
function of n and k, when the interface locates inside the electrolyte solution in the cuvette
as shown in Fig. 1. Zero reflection appears at the refractive index of electrolyte solution
as a consequence of complete refractive index matching. Locus of contour line in (, k)
-plane, which is projected from the reflectance surface at the level of R, = 0.30. The locus
CLTjy 4 —C, s Shown in (n,x) -plane is projected from Rrj),—c, ,, = 0.30 and it includes
also reflectance of Tig g» — Co.1g surface, which Nti, —c, , = 1.54+i1.96 at 632.8 nm.

By sensing the reflectance value by the DOE sensor at single wavelength (632.8nm) it is
possible to gain information to plot the reflectance contour line and project it into (n, k) -plane
to be CL,. The data for the reflectance value is captured by using the 2D photo array of the CCD
camera from the DOE image window, which locates at the focal plane of DOE element and is
shown in the inset including the 4 x4 light spot matrix of Fig. 1. The image window shown in
the inset of Fig. 1 includes the non-coherent and coherent image portions. The non-coherent
image portion appears outside the 4x4 light spot matrix whereas the coherent components
perform the spots. The reflectance value is calculated from the non-coherent irradiance / y¢ by
utilizing Eq. (1) as follows

1 Ny My 1 NpiesMpjc
INC = nom bwsjw nom z 1ipk7jpk’ (l)
wilw i =1, =1 PRTD =1, j =1

where n,, and m,, are the dimensions of the DOE image window and /;, ;, is the image irradi-
ance observed by the (i, j,, )" element of the CCD camera array. To be sure that the irradiance
of peaks (coherent response) do not make any uncertainties, the irradiance portion of peaks de-
noted by subscript pk are subtracted from the total irradiance of that DOE image. Here we point
out that the non-coherent response obeys the following procedure for each pixel 7 yc = Y. |4 j|2,
where 4; = A,;exp(i¢;) is the J* complex wavefront amplitude, i denotes the imaginary unit
and ¢; = 27r;/A; is the respective phase angle, where r; is the optical path and A is the wave-
length used.

To find out the changes in n and «k values really caused by the HPF adsorption from elec-
trolyte solution on treated Ti surface, we measured first the fluctuations in optical density (OD)
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respecting the optical path length (OPL), which is used in our DOE experiments. The OD value
respecting the wavelength of 632.8 nm was observed to be negligible being 0.004 + 0.001,

which respects the accuracy limit of the spectrophotometer used in the measurements. On the
other hand, basing on the data reported in the literature, optical properties of soft-tissue [22]

as well as HPF molecules [23, 24] do not have strong absorption anomalies in the visible VIS

regime, which may in turn if the absorption anomalies are strong affect changes in extinction
coefficient x according to Kramers-Kronig relation [25, 26]. Mainly however the strong ab-

sorption appears in ultraviolet UV regime [23, 24]. In the final detection of the changes in n

and k values of N, caused by the molecules attached on the Ti.at surface we made projection
from N, located on CLr;,,, via it’s curvature origin onto CL just compensating the shift of
the curvature origin of CLy,,,-

2.3. Coherent response of DOE sensor

To sense the thickness of the adsorbed portion on treated titanium surface immersed background
electrolyte in the absence or presence of HPF molecules we utilize the coherence response of
DOE sensor. The data to calculate the thickness of adsorbed layer on treated titanium surfaces
is calculated utilizing the captured DOE image data of the 4x4 light spot matrix as already
described in the section 2.2. To calculate the irradiance of the peaks we utilize Eq. (2) as follows

1 N pkesMpe

[C = ]il,k,jl,kv (2)

NpkMpk - A
Pk pk lpkzlafpk:l

where np; and m ;. are the dimensions of each 16 peaks in DOE image and /; , j,, is the image

irradiance observed by the (i, jpk)’h element of the peak in DOE image captured by CCD
camera. Caused by the fact that DOE aperture consist of 16 different diffractive lenses obeying
coherent response for each pixel as follows Ic = | Y. 4 j|2, which satisfies the principle of com-
pact and phase sensitive interferometer. Moreover the DOE images the 4 x4 light spot matrix in
its focal plane. If the reconstructing wavefront do not satisfy the terms of hologram imaginary,
the spot image matrix do not appear in the image plane. The same holds e.g. for the case, where
the radiant exitance from the laser resonator in TEM g9 mode start to suffer from appearance
of side modes, and DOE will spatially filter out those images from its original 4 x4 light spot
image. After tedious numerical simulations it is showed that the irradiance of the 4 x4 spots
will decrease as a function of OPL and disappears when the OPL exceeds A4 /4. This response
is published and appears in the Fig. 8.21(b) of the reference [27]. It is also observed that this
response resembles the response of Beckmann-Spizzichino model [28]. To consider the thick-
ness of the adsorbed portion on treated titanium surface immersed background electrolyte in the
absence or presence of HPF molecules we first measure the irradiance of the peaks and after
that the optical path difference Ar, which is also understood as an optical roughness (R op), is
solved inversely by utilizing this response. In our previous measurements we have noted that
the accuracy of 0.2nm can be achieved by using this one arm interferometric technique [29].
The similar accuracy limits is also reported recently for the coupling dynamics of lasers of
self-mixing interferometers in vibrometer applications ranging from 0.1 nm to 100um [30],
whereas the accuracy of conventional two arm interferometers used in optical diagnostics of
random phase objects [31] as well as in optical diagnostics of rough surfaces [32] are esti-
mated to be ~ 0.005um, which is not reasonable for sensing of adsorption of HPF molecules
on treated titanium surface.
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2.4.  DOE sensor and ellipsometric measurements of treated titanium surfaces

In the experiments six different types of treatments for titanium were used as follows: polish-
ing, polishing and chemical etching with surface material loss of 0.03mm, and plasma-enhanced
chemical vapour deposition (PECVD) method to produce titanium carbide surfaces with four
different concentrations of carbon: Tig go — Co.18; Tip.38 — Co.62; Tig.09 — Co.91 and Tigp g0 — Ci.00
(diamond). The experiments were repeated three times for each treated titanium surfaces im-
mersed in water and in background electrolyte without and with HPF molecules.

The thickness of titanium oxide layer was measured to be down 220 nm of the polished,
and polished and chemically etched titanium surface. The thickness of Ti, — Cj_, coatings
produced by using plasma-enhanced chemical vapour deposition (PECVD) were ranged from
2.5um — 3.5um, which is thick enough in optical sense to consider it as solid bulk layer [20].

In the begin of all measurements the DOE sensor images for reference signal level from
test surface were made in water for 100 seconds, and during that time frame 1000 reference
samples were grabbed. After that the water was removed by syringe from cuvette and the buffer
solution, in turn, was injected in the cuvette. Immediately after injection of buffer, grabbing of
the DOE images was started, and the image grabbing was repeated after two minutes interval.
Before HPF measurement, the cuvette was washed, and after washing the new treated titanium
sample was installed in the sample holder inside the cuvette. The water was injected in the
cuvette, and the DOE image references from the new sample surface were taken. Before adding
the HPF solution in the cuvette, the immersion water was removed, and grabbing process of
DOE images was started. The image grabbing was repeated two times consecutively after two
minutes interval. The diameter of the laser beam waist on the all surfaces was Imm.

Immediately after the DOE sensor measurements in buffer and HPF solutions the samples
were subjected for ellipsometric measurements, which were made during a half hour time frame
(in room temperature) when surface sample is taken out from the solution. The measurements
were performed by using Woollam spectroellipsometer working in the wavelength range from
200nm to 1700nm. The ellipsometric measurements were performed in aim to gain information
about the adsorbability and compare the Nt;,,, values caused by the adsorption of the ions of
electrolyte without and with HPF molecules on the Tiyeat surface already drawn out by the
DOE sensor. The corroborative ellipsometric measurements were performed at the incidence
angle of 75° for probe beam to avoid the harmful effects caused by the possible appearance
of surface roughness [33, 34]. Here we measured the complex refractive index N, of each
treated titanium surfaces (polished, chemically etched and titanium carbide surfaces) used in
our experiments in dry environment. We point out that it is also possible to measure complex
refractive index values from the interface of treated titanium with adsorbed short molecules
in dry environment, and calculate the effective thickness value of adsorbed molecule volume
from the extinction coefficient Kk obtained by ellipsometric measurement. However, in the case
of HPF molecules, which are long molecules, the strong scattering of light will disturb the
determination of thickness of the absorbed HPF molecule volume on treated titanium surface
in dry environment.

2.5. Chemicals

Human plasma fibrinogen (HPF), fraction I, type III was purchased from Sigma. In all exper-
iments the HPF was dissolved in phosphate buffer solution (PBS) + 0.136 M sodium citrate,
which serve as a background electrolyte at a concentration of 500 nM. Measurements were
performed at room temperature.
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3. Results and discussion

In Fig. 3 are shown six respective reflectance bar sets from the polished titanium, from the pol-
ished and chemically etched titanium and from the four titanium carbide Ti, — Ci_, surfaces
immersed in background electrolyte without and with HPF molecules. The mutual concen-
trations of titanium and carbon are consecutively from left to right as follows: Tig gy — Co.13,
Tig.38 — Co.62, Tig.09 — Co.91 and Tig.go — Cy.00, Which respects the diamond structure of carbon.

R ———— T ——
0 5t ( ) I:lTltreat ] 0 5t ( ) DTltreat ]
’ I |:|Electrolyte onTi ’ 1 Electrolyte on Ti
treat treat
. -HPF onTi ., - -HPF onTi .,
0.4f § : 0.4 .
8 03} {1 sog
D LIJ
o o
0.2 1 02}
0.1} 1 0.1 IJ‘ 1
0 = - - 0 |
0o 1 2 3 4 5 6 0 1 2 3 4 5 6
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Fig. 3. Reflectance of treated titanium surfaces immersed in background electrolyte in the
absence or presence of HPF molecules as follows: Njp=1 = polished titanium; Njp=2 =
polished and chemically etched titanium; Njp=3 = Tig.g» — Co.18; Nig=4 = Tig.38 — Co.62;
Nir=5 = Tig.09 — Co.91 and Nyp=6 = Tig 09 — C;.00 (diamond) measured by using (a) DOE
sensor in cuvette (respecting wet environment) and (b) ellipsometry in air (respecting dry
environment).

The responses were calculated from the n and x data (at 632.8nm) sensed with the aid of
the DOE sensor and corroboratively by using ellipsometry. The DOE sensing was performed in
cuvette, which procedure respects the n and k sensing in wet environment and the ellipsometric
measurements were drawn out after DOE measurements in air respecting the sensing in dry
environment. The reflectance responses show decreasing tendency in treated titanium surfaces
from N=1 to Np=5, whereas diamond surface (Nr=6) makes exception from the decreasing
evolution of reflectance. The attachment of electrolyte fractions on the treated titanium surfaces
seems to have insignificant influences to the reflectance. In Rpog responses the attachment of
HPF molecules from electrolyte has extra decreasing influences to reflectance, whereas in R gm
reflectance performed by ellipsometry this trend is even higher when the carbon concentration
in titanium exceeds 18 per cent. The strong decrease in R gy reflectance is believed to be caused
from the higher scattering of light from HPF molecules in air than in electrolyte solution, where
the refractive index matching is more dominate than in air.

Thereafter we compared the optical roughness R, values measured by DOE sensor as a
function of time from the treated titanium surface - electrolyte interface in the absence or pres-
ence of HPF molecules. The threshold of optical roughness of the treated titanium surface
was cancelled out by measuring the base line of Ry in distilled water, which refractive in-
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dex (n = 1.3334) was close to electrolyte [19]. As an example we present here two temporal
responses for the optical roughness R, responses from a polished titanium surface in back-
ground electrolyte with the presence of HPF molecules (Fig. 4(a)), and respectively from a
titanium carbide (Fig. 4(b)).

8 -8
4x 10 ‘ ‘ ‘ 4x 10
(a) (b)
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Fig. 4. Temporal optical roughness in meters sensed from treated titanium surfaces in
background electrolyte (¢;=0-100s) and in background electrolyte with HPF molecules
(#,=220-320s, 13=440-540s and #=660-760s). (a) polished titanium and (b) titanium car-
bide (Tip.38 — Co.62)- To make the temporal trends visible each Ryt raw data sequence
with 1000 points is filtered by using Savitzky-Golay digital filter in MATLAB® with the
parameters K=1 and F=101.

Table 1. Average optical roughness values with standard deviations calculated from each
Ropt non-filtered raw data sequence with 1000 points shown in Fig. 4.

Tipolished Tig.38 — Co.62
Ropt (nm) | ARopt (nm) Ropt (nm) | ARopt (nm)
1 20.4 2.1 8.2 34
) 28.0 7.9 223 9.2
3 20.0 8.7 323 5.5
14 29.4 6.5 20.3 6.6

The temporal response from polished titanium surface in background electrolyte (# {=0-100s)
shows almost two times higher R, level than that from titanium carbide surface (Tig 33 —Co.62)
as also shown in Table 1. When the polished titanium is immersed in electrolyte with HPF
molecules, the Ry levels show rather strong fluctuation as a function of time (Fig. 4(a)). The
temporal increase of Ropi, which is greater than average of R, from the base of polished tita-
nium surface in background electrolyte, indicates that the HPF molecules are attaching to the
polished titanium surface but temporally the R ,,; become lower than the average of R ¢ of pol-
ished titanium surface in background electrolyte, which may indicate that the molecule volume
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get unstuck from the surface as a consequence of the appearance of huge amount of nanobub-
bles [35]. For the appearance of huge amount of nanobubbles the DOE sensor will sense the
decrease of optical roughness less than the average of R op; obtained from treated titanium sur-
faces in background electrolyte. The Ry values from (Tig 33 — Co.62) surface in background
electrolyte with HPF molecules indicate that the HPF molecules are attaching to the titanium
carbide surface but the molecule volume do not get unstuck from the surface, only some re-
modelling in molecule volume appears as a function of time (Fig. 4(b)). The severity of the
attachments of fractions on treated titanium surfaces in background electrolyte in the absence
or presence of HPF molecules was estimated from the six R, bar sets from the polished ti-
tanium, from the polished and chemically etched titanium and from the four titanium carbide
Tiy — Cy_, surfaces (Fig. 5).

x10°

treat

35k .HPF onTi .. |

DEIectrolyte onTi

Fig. 5. Optical roughness of treated titanium surfaces immersed in background electrolyte
in the absence or presence of HPF molecules as follows: Njgp=1 = polished titanium; Njg=2
= polished and chemically etched titanium; Nig=3 = Tig g — Co.18; Nip=4 = Tig.38 — Co.62;
Nir=5 = Tig.99 — Co.91 and Nyg=6 = Tig.g9 — C1.00 (diamond). The numbers shown on the
Ropt axis are in meters, and the vertical lines on the bars denote standard deviations.

The estimates were performed by comparing the differences of the average R oy values with
their standard deviations from surfaces in background electrolyte in the absence or presence of
HPF molecules.

From Fig. 5 we can observe that the averaged R opt values in background electrolyte in the
absence or presence of HPF molecules falls inside the limits of standard deviations in polished
titanium (Npg=1), in titanium carbide Tig g, — Co 13 surface (Njg=3) and in diamond (Nz=6)
surface, and thus do not differ significantly. This can be understood to implicate weak attach-
ments of the HPF molecules on polished titanium, on Tig g, — Cy.1g surface and on diamond
surfaces, whereas the polished and chemically etched (with 0.03mm material loss) (N [p=2) sur-
face and titanium carbide (N p=4-5) surfaces indicate strong attachments of the HPF molecules
on their surfaces. It is quite interesting that the HPF adsorption at the titanium carbide surface
depends on the mutual concentration of titanium and carbon. The HPF adsorption is weak at
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low (sample Nr=3) or high ("diamont like” sample Nr=6) carbon concentrations.

4. Conclusion

In the progress of this work we noted that the DOE sensor is effective in sensing of permittivity
changes, which bear also information from temporal fluctuations of optical roughness R ot of
treated titanium surface, when the HPF molecules modify the surface in wet environment. The
reflectance results related to permittivity changes are also in accordance with the ellipsometer
results, which are gained from the same surfaces in dry environment. Moreover, the observation
of the magnitude of temporal Ry evolution, which relates to the porosity of the molecule
layer or volume revealed information from the dynamic processes of organization of the
molecules on the biomaterial surface. Optical roughness measurements have shown that the
surface treatment of titanium affect the adsorption of HPF molecules. HPF is best adsorbed
at the polished and chemically etched titanium as well as at the titanium carbide surfaces
Tig.38 — Co.62 and Tig.09 — Co.91.
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ARTICLE INFO ABSTRACT

Available online 9 June 2008 Ti-C:H coatings with different carbon content for biomedical applications were deposited by PECVD. Ti was

varied by magnetron sputtering a Ti-target with different power in a dc discharge regime having Ar in the

K?yWOTdS-' ) atmosphere. Ti-C:H coating was tribologically tested reflecting its expected use as an interlayer for
T“Ifii{ coatings improving the adhesion of functional a-C:H coatings. The tribological properties were studied using a pin-on-
Tribology

disc CSM Tribometer in order to ensure stable tribological properties of the whole Ti-C:H/DLC system for any
case of top layer failure. The sliding tests were carried out at room temperature in room environment with
relative air humidity 40+5%, in 0.9% NaCl water solution (physiological solution, PS) and in 10% fetal bovine
serum (FBS) dissolved in Ringer's saline solution using 440C steel balls with a diameter of 8 mm. The
variation of the C;H, flow led to carbon contents in the range [18-91 at.%]. The Ti-rich coatings exhibited
poor wear resistance, while the best tribological properties were achieved for TiC/a-C:H coatings deposited
with the highest C;H, flows. When tested in biological solutions, the friction and wear resistance were

Physiological solution
Fetal bovine serum

analyzed with respect to their corrosion properties.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The carbon coating structures prepared by PECVD - plasma
enhanced chemical vapour deposition - methods are widespread in
engineering applications mainly because of their excellent mechanical
and tribological properties. The a-C:H structure consists usually of a
metastable form of amorphous carbon with a mixture of sp? and sp>
bonds in a proportion dependent on the deposition conditions. In
some cases, high mechanical hardness, excellent wear resistance,
chemical inertness and especially high degree of biocompatibility are
possible to be achieved [1-3]. The a-C:H coatings also show lower
adhesion in relation to the most frequently used materials, such as
steel or Ti alloys, making them suitable for biomedical applications.
However, the commonly used interlayer materials based on WC or Cr
are not biocompatible and, thus, their use in these applications is
disputable [4].

In the aim of this study a suitable interlayer should be developed in
order to improve the adhesion of the upper functional a-C:H coating.

* Corresponding author.
E-mail address: Tomas.Vitu@fs.cvut.cz (T. Vitu).

0257-8972/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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High toughness and biocompatibility were the most desired para-
meters for the interlayer. Moreover, low friction and high wear
resistance were also required for any case of top layer failure.
Therefore, the goal was to design a new stable system using
functionally graded Ti-doped C:H layers deposited as interlayer for
functional diamond-like coating (DLC) for biomedical applications. In
order to avoid possible unstable structures resulting in unsuitable
tribological and mechanical properties, different sample sets with
varying C:H content were prepared. The main scope was to identify
the brittle phases inducing general problems in the functionally
graded system. The adjustment in the tests parameters respected the
results of previous studies on the tribology of Ti-C:H films which
showed that the performance of the coating was dependent on the
deposition parameters, sliding conditions and environment [1,5-8].

2. Experimental details
2.1. Deposition process
The functional Ti-C:H layers were deposited by PECVD using as

reactive gas acetylene (CoH,). Ti is introduced in the coatings by
magnetron sputtering a Ti-target in a dc discharge regime with Ar in
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the atmosphere. Sets of coatings samples were prepared varying the
content of C:H component by controlling the C,H, flow rate during the
deposition process. The deposition parameters were as follows: fixed
Ar flow rate of 75 sccm (1 sccm=1.690 sccm; the values of acetylene
flows were chosen with respect to significant points of the discharge
voltage and pressure vs. C,H, flow rate diagram. The pressure was
recorded using a capacitance manometer Leybold CERAVAC Trans-
mitters CTR/91. The WNTr. 1.2379 steel substrates with a diameter of
20 mm and a thickness of 4 mm were polished to R,<20 nm. The
thickness of Ti—C:H coatings varied from 2.5 to 3.5 pm.

2.2. Coating composition, structure and corrosion measurements

The chemical composition of the coatings was determined in a
Cameca SX-50 electron probe microanalysis apparatus (EPMA), the
microstructure by Raman spectroscopy (Renishaw 2000, Ar laser
514.5 nm). The diamond pyramid hardness measurements (HV) were
performed using a Fischer PICODENTOR HM500 system. The normal
stylus load was 50 mN and the maximum penetration depth did not
exceed 0.2 pm. Each presented hardness value was calculated from at
least five independent indentations. The electrochemical impedance
spectroscopy (EIS) measurements were carried out using a Solartron
1250 frequency response analyser and a Solartron 1287 potentiostat.
All the measurements were performed at room temperature; 0.9%
NaCl water solution was used as electrolyte. The impedance spectra
were collected in regular time intervals mostly over an exposure
period of 10 h.

2.3. Tribological testing

The tribological properties of Ti-C:H coatings were studied using a
pin-on-disc CSM Tribometer. All the tribological measurements were
performed at identical conditions: 5000 cycles, normal load 5 N, linear
speed 0.05 m s~ ! The sliding tests were carried out at room
temperature (RT) using 440C steel spherical counterparts with a
diameter of 8 mm. The tests were performed in room environment
with relative air humidity 40+5%, in 0.9% NaCl water solution
(physiological solution, PS) and in 10% fetal bovine serum (FBS)
dissolved in Ringer's saline solution. The tribological performance was
examined with respect to the friction coefficient, the wear rates of the
coating and the counterparts and the analysis of the wear debris. The
wear rates of the coating were evaluated on the basis of the wear track
profile measurements whereas those of the balls were calculated from
the measurements of the spherical wear cap using optical microscopy.
The calculation of the wear rate was performed following Ref. [9] as
the worn volume per sliding distance and load. Each tribological test
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Fig. 1. Discharge power and total pressure vs. C;H, flow rate diagram.

Table 1
The samples marking, adhesion and chemical composition with respect to the C;H; flow
rate

CoH, flow Sample Chemical Vickers Critical

rate (sccm) marking composition hardness load
(at. %) HV Lez (N)
Ti C

10 FR10 82 18 896 70

15 FR15 71 29 837 60

20 FR20 57 43 1253 70

25 FR25 50 50 1454 70

30 FR30 45 55 1480 70

34 FR34 38 62 1500 70

40 FR40 33 67 1149 70

45 FR45 19 81 1050 65

52 FR52 12 88 954 60

60 FR60 9 91 829 40

was repeated at least three times; the standard deviation was about
10%. In this paper the average values of the friction coefficient and
wear rates are presented.

To determine the dominant wear mechanism, the wear tracks
were studied using optical microscopy, scanning electron microscopy
(SEM — JEOL JSM-6460 LA) and Raman spectroscopy.

3. Results
3.1. Coating deposition

Fig. 1 showed the evolution of the total pressure and target
potential as a function of increasing and decreasing C,H, flow. The
values were recorded 5 min after the pressure was changed. Only a
narrow hysteresis has been observed. The local maximum at about
34 sccm acetylene flow rate (Fig. 1) was attributed to the priority
growth of a hard titanium carbide film. The local minimum at about
52 sccm of CoH; flow could be connected with the polymerisation of
acetylene and the predominant growth of an a-C:H layer. The C;H,
flows selected for depositing coatings for this study combined the
local extremes observed in the discharge voltage curve (34 and
52 sccm) and uniformly distributed flows in the range 10-60 sccm. To
facilitate the coatings description, they were denominated as FRX,
where X was a number corresponding to the C;H, flow. Table 1 shows
the selected C;H, flows, the Ti/C ratios and the results of the critical
load Lc, measurements obtained in the coatings analysis. The
minimum critical load of 40 N (FR60) should be sufficient for the
tribological stability of the coating.

—0— 15 sccm
—O— 30 sccm
—£— 40 sccm
—{— 45 sccm
——52 sccm
—{>— 60 sccm
- C,H, flow --

Intensity (a.u.)

800 1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 2. The part of Raman spectra of Ti-C:H coatings representing carbon peaks.
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Fig. 3. Friction coefficients of Ti-C:H coatings in different environment conditions.

3.2. Coating composition and hardness

Chemical composition measurements clearly showed that the selected
flows covered a wide range of Ti/C ratios (Table 1). The carbon content
increased linearly with increasing C;H, flow from 18 to 91 at.%. The Raman
spectra (Fig. 2) only exhibited a very broad peak close to the typical
position of C-rich phases (up to FR34); D and G peaks were, then, clearly
seen for higher flows. Therefore, it can be concluded that the first C-C
bonds appeared for FR34 and a further increase of the flow promoted the
DLC formation. This result is similar to that reported by Zehnder and
Patscheider, who could identify non-carbidic carbon up to 44 at.% of Ti [ 10].
Two weak peaks positioned at approximately 265 and 420 cm™! and
identified as Ti—C were visible only for FR30-45.

The hardness as a function of the C;H, flow is shown in Table 1. The
maximum hardness was achieved for FR30 and FR34 samples, while a
further increase of the C;H; flow rate led to the drop of the hardness to
the lowest value for FR60 film.

3.3. Tribological behaviour of Ti-C:H coatings

The samples FR10-15 proved to have unsatisfactory tribological
properties and were quickly worn out. The wear tracks and the ball
scars showed clear severe abrasive damage. Therefore, only the
tribological parameters of FR20-60 coatings could be evaluated.

The typical friction curves obtained at humid air were character-
ized by a clearly distinguishable running-in period before the steady
steady-state phase. The running-in period was characterized by
reaching the maximum friction coefficient at about 300 cycles
followed by a decrease of this parameter to the steady-state value,
which started after about 1500 cycles. The local friction maximum
value was progressively reduced with increasing C:H content. The
sliding tests in PS and FBS solutions showed lower friction values
compared to dry sliding and the running-in phase almost disappeared.
FR45-60 coatings showed almost constant friction over the entire
tests, while instability of actual friction was observed for the coatings

-#-dry sliding
-#- 0.9% NaCl solution
-4 10% FBS solution

Ball wear rate
(10 mm*Nm)

20 25 30 35 40 45 50 55 60
C,H, flow rate (sccm)

Fig. 4. Wear rates of 440C steel ball when sliding against different Ti-C:H coatings in
different environment conditions.
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Fig. 5. Wear rates of Ti-C:H coatings in different environment conditions.

deposited with low C,H, flow. In general, the FR20-40 coatings
exhibited much higher friction coefficients compared to FR45-60, as
shown in Fig. 3.

Considering the suggested application for Ti-C:H coatings, the
wear rates of both the counterpart and the coating have been
analyzed. For FR20-30, a significant increase of the ball wear rate was
observed in both dry and liquid environments (Fig. 4), particularly in
the later case. The ball wear rate decreased with further increase of
CoH, flow regardless of the testing environment. The analysis of the
ball wear scars showed a high coverage by wear debris when tested
again the coatings deposited with high flows; the balls did not show
apparent damage when the wear debris layer was mechanically wiped
out.

It should be pointed out that no coating was worn out after the
tests with exception of FR10-15 referred to above. In dry tests the
coating wear rate monotonically decreased with increasing C:H
content up to FR45 (Fig. 5). The tests in PS exhibited similar behaviour
compared to dry sliding; however, the wear rates were slightly lower.
FBS radically changed the coatings wear behaviour showing almost
stable wear rate values regardless of the coating composition.

4. Discussion

The structure, chemical composition, hardness and tribological
properties evaluated at humid air of Ti-C:H coatings showed similar
results to that obtained by Zehnder and Patscheider [10] on their nc-
TiC/a-C:H system deposited by magnetron sputtering. Thus, it could be
expected that our coating would follow the same structure evolution:
the TiC rich coatings (up to FR34) are transformed to nanocomposite
TiC/a-C:H films (FR40-60).

In general, the tested coatings could be divided into three groups
with similar wear mechanism: i) FR10-15, mainly free Ti, ii) FR20-40,
typically Ti+TiC, and ii) FR45-60 representing DLC alloyed with Ti. The
coatings with the high proportion of free Ti were characterized by
unsuitable tribological behaviour. For FR20-40 both friction and ball
wear rates increased due to the increasing proportion of carbides and,
thus, higher hardness of the coatings. The wear tracks observed by
SEM and optical microscopy were characterized by a rough surface
with deep scratches parallel to the relative ball movement. The
analysis of the wear debris produced by sliding revealed the presence
of hard wear debris particles between the sliding surfaces causing a
high counterpart wear and friction coefficient fluctuations, which
corresponds to the results reported by Guu et al. [11]. The FR34 coating
exhibited predominantly the hard TiC phase; however, the Raman
analysis indicated the presence of C-C bonds which can have a
possible positive effect in the friction and wear. In fact, the wear debris
of FR34 analyzed by Raman spectroscopy contained a significant
amount of the graphitic carbon, which was not observed in case of
coatings deposited with lower C;H; flow. The increase of the graphitic
peaks intensity in the wear track suggested as well the formation of a
carbon-rich tribolayer, which facilitated the sliding. The last group of
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Fig. 6. Time dependence of open circuit potential and electrode capacitance during
electrochemical testing of Ti-C:H coatings.

the coatings, FR45-60, showed the lowest friction and wear rate. The
wear tracks were rather smooth with a minimum degree of failure.
The wear debris was clearly identified as graphitic carbon forming
probably a sliding interlayer between the surfaces in the contact. The
adhered wear debris was observed mainly on the counterpart; its
compactness and thickness increased with C content.

The sliding process in the presence of the biological solutions could
be strongly influenced by the tribocorrosion; moreover, the tribolayer
formation and its performance in the presence of PS or FBS is different
from that in air environment [12,13]. Therefore, considering the ball
wear rates shown in Fig. 4, FR30 and FR52 were selected as typical
cases for the corrosion tests. The open circuit potential (OCP) was
-0.37 and -0.43 V for FR30 and FR52, respectively, when the corrosion
tests started. Thus, FR30 is a more noble electrochemical material.
However, its OCP decreased monotonically during the entire test to a
level corresponding to the substrate material (-0.55 V), while the OCP
of FR52 reached a stable level of —-0.52 V after one half of the test
(300 min) remaining constant thereafter. The decrease of OCP could
be connected with the progressive growth of the existing pores. The
stabilization of OCP for FR52 indicated the termination or significant
reduction of the pore growth, which is supported by the slight
increase of the capacity (Fig. 6). On the other hand, FR30 rapid capacity
increases and monotonic OCP decreases suggesting galvanic stimula-
tion of pore corrosion. This conclusion was further supported by the
amount of corrosion products, which were much higher in the case of
FR30. However, the morphology of the coatings must be taken into
account, since higher carbon coatings are denser preventing pitting
corrosion. Therefore, coatings with all carbon content will undergo a
detail corrosion study, which will be discussed in next paper.
Nevertheless, the corrosion products, most of the cases were metal
oxides or hydroxides, could act as abrasive material quickly wearing

the counterpart when the tribological tests are being performed in
solutions. Indeed, the ball wear scars were fully covered by deep
scratches when tested against FR30, while they are quite smooth
when tested against FR52. Obviously, the combination of the abrasive
wear and tribocorrosion of the ball material could lead to the high ball
wear rates, as shown in Fig. 4.

5. Conclusion

Ti-C:H layers were analyzed reflecting their possible use as
interlayer for improving adhesion of functional DLC coatings on Ti-
alloy substrates for biomedical applications, mainly surgical tools and
prostheses. The variation of C,H, flow led to a wide range of chemical
compositions from Ti-rich coatings with predominant TiC phase to
nanocomposite structured TiC/a-C:H. films. The best frictional and
wear properties were achieved for the highest C,H, flows, while
critical wear rate of the coating was observed for the lowest flows. The
moderate flows led to high counterpart damage, particularly when
tested in biological solutions. As a final conclusion, a successful
adhesive interlayer should avoid either a high thickness or low and
moderate carbon contents.
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The development of a mechanically stable, functionally graded Ti-doped a-C:H interface layer in
combination with a functional a-C:H coating requires a reduction of the brittle phases which induce
generally problems in the transitions from Ti to TiC/a-C:H. The core objective of this study was to develop
an optimum interlayer between the substrate and the functional top layer for biomedical applications,
namely for tooth implants. Since the interlayer may be exposed to the sliding process, in the case of local
failure of the top layer it has to fulfil the same criteria: biocompatibility, high wear resistance and low
friction.
The functional Ti-C:H layers with thickness in the range 2.5-3.5 pum were deposited by a magnetron
sputtering/PECVD hybrid process by sputtering a Ti-target in a C;Hy + Ar atmosphere in dc discharge
regime. The sets of coating samples were prepared by varying the C and H concentrations controlled by
the CyH; flow during the deposition process. The tribological properties were evaluated on a pin-on-disc
tribometer at room temperature (RT) and at 100 °C using 440C balls with a diameter of 6 mm. The tests
at 100 °C were performed to investigate the effect of the sterilization temperature on the tribological
properties and the coating lifetime as well. The tribological performance was examined with respect to
the friction coefficient, the wear rates of the coating and the counter-parts and the analysis of the wear
debris. The Ti/C ratio decreased almost linearly from 4.5 to 0.1 with increasing C;H, flow; the hydrogen
content showed a minimum of 5 at.% at C;H; flow of 30 sccm, while for lower flows it was about 10 at.%.
The coatings could be divided into three groups based on the C;H; flow: (i) 10-15 sccm, exhibiting severe
abrasive damage during the sliding tests, (ii) 20-45 sccm, showing the highest hardness and friction
values, and (iii) 52-60 sccm, with moderate hardness and minimal values of the friction coefficient and
the wear rate.

© 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

tribological applications, a-C:H coatings outperform traditional
nitrides and carbonitrides [3]. These referred structures show a very

Nanostructured amorphous hydrogenated carbon coatings
prepared by Plasma Enhanced Chemical Vapour Deposition (PECVD)
are frequently used in engineering applications benefiting from
their excellent mechanical and tribological properties. Their struc-
ture is composed of a metastable form of amorphous carbon with
a significant content of sp> bonds, which leads to high hardness,
chemical inertness and excellent wear resistance [1,2]. In biomedical

* Corresponding author. Department of Control Engineering, Faculty of Electrical
Engineering, Czech Technical University in Prague, Technicka 2, 166 27 Prague 6,
Czech Republic. Tel./fax: +420 224 352 439.

E-mail address: tomas.polcar@dem.uc.pt (T. Polcar).

1293-2558/$ - see front matter © 2008 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.solidstatesciences.2008.10.006

high degree of biocompatibility [4-7]. Since the a-C:H film adhesion
on standard substrate materials, such as steel or Ti-alloy substrates,
is often very low, metal or carbide interlayers are frequently used
[8,9]. From the three widely used elements for an interlayer, Ti, W
and Cr, it is expected that Ti layers should adhere better on the most
typical material for implants, the titanium alloys. Thus, Ti-C:H
coatings exhibit a high potential for biomedical applications [10].
Our study deals with the development of an interlayer for
improving the adhesion of a-C:H coatings used for biomedical
applications. The vital parameters of such a layer are biocompati-
bility, low friction and high wear resistance, which are required for
the case of a failure in the top a-C:H layer. The main aim is to
recognize the brittle phases which induce severe problems in the
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functionally graded system. The tribological properties of these
sample sets were studied in order to ensure stable tribological
properties of the whole Ti-C:H/a-C:H system until the coating
would be almost worn through completely. The adjusted tests
parameters respected the results of the previous studies on Ti-C:H
tribology showing the dependence of the tribological properties on
the deposition parameters, the sliding conditions and the envi-
ronment [1,11,12,13].

2. Experimental details
2.1. Deposition process

The functional Ti-C:H layers were deposited by a hybrid process
involving PECVD and magnetron sputtering where a Ti-target was
sputtered in a C;H; + Ar atmosphere in dc discharge regime. The
sets of coatings samples were prepared by varying the content of
the C:H components controlled by the CoH; flow rate during the
deposition process. The fixed deposition parameters were as
follows: Ar flow rate of 75 sccm, deposition temperature of 350 °C
and d.c. substrate bias voltage of —70 V. The deposition process was
stabilized in the range 10-60 sccm of CoHy flow; several values of
acetylene flow were chosen with respect to significant points
selected in a previously obtained diagram plotting the discharge
power and pressure vs. C;H; flow rate. The coatings were deposited
on polished circular HSS samples with a diameter of 20 mm. The
thickness of Ti-C:H coatings was varied from 2.5 to 3.5 um. To
facilitate the text understanding, the coatings were denominated as
FRX, where X was a number corresponding to the C;H, flow.

2.2. Coating composition, structure and hardness measurements

The chemical composition of the coatings was determined by
electron probe microanalysis (EPMA) and by elastic recoil detection
analysis (ERDA), the structure by X-ray diffraction (XRD) and the
chemical bonding was accessed by Raman spectroscopy (Ar laser
514.5 nm). The hardness measurements were performed using
a Vickers indenter with a nominal applied stylus load of 50 mN,
which led to a maximum penetration depth that did not exceed
0.2 um. Each presented hardness value was calculated from at least
five independent indentations.

2.3. Tribological testing

The tribological properties of the Ti-C:H coatings were studied
using a high temperature pin-on-disc CSM Tribometer. All the
tribological measurements were performed in identical conditions:
5000 cycles, normal load of 5 N, linear speed of 0.05 ms~, relative
air humidity of 40 + 5%. The sliding tests were carried out at room
temperature (RT) and at 100 °C using 440C steel spherical counter-
parts with a diameter of 6 mm. The tests at 100 °C were performed
in air to investigate the effect of the sterilization temperature on the
tribological properties as well as on the coating lifetime.

The tribological performance was examined with respect to the
friction coefficient, the wear rates of the coatings and the counter-
parts and the analysis of the wear debris. The coating wear rates
were evaluated on the basis of profile measurements on the wear
track; the wear rates of the balls were calculated from measure-
ments of the spherical wear cap using optical microscopy. The
calculation of the wear rate was performed following Ref. [14], as
the worn volume per the sliding distance and the load. Each
tribological test was repeated at least three times; the standard
deviation was about 10%. In this paper the average values of the
friction coefficient and the wear rates are presented. To determine
the dominant wear mechanism, the wear tracks were studied using
optical and scanning electron microscopy and Raman spectroscopy.

3. Results
3.1. Coating deposition, chemical composition and adhesion

The evolution of the total pressure and the target potential as
a function of increasing or decreasing C;H, flow has been shown
somewhere else [15]. The ascending discharge voltage curve
showed three main features: (i) a local minimum at 8 sccm C;H
flow attributed to the changes in the metallic phase deposition and
the initial titanium carbide formation, (ii) a local maximum at
about 34 sccm corresponding to the priority growth of titanium
carbide, and (iii) a local minimum at 52 sccm which could be
connected with the decomposition of the acetylene and the
predominant growth of the a-C:H layer. Fig. 1 shows the chemical
composition of the deposited films measured by EPMA. All the
coatings contained about 5 at.% of oxygen originated from the
residual atmosphere. The chemical composition measurements
clearly showed that the selected flows covered a wide range of Ti/C
ratios. The carbon content increased linearly with increasing CoHo
flow from 18 to 91 at%. The preliminary measurement of the
chemical composition by ERDA showed that the hydrogen content
was about 10 at.% for FR15-25 then decreased to a minimum down
to 5 at.% at FR30, and finally linearly increased with C;H; flow up to
a maximum of 25 at.% for FR52, where it remained constant when
acetylene flow was further increased. The coatings exhibited
a sufficient critical load Lc2, see Fig. 1. The lowest critical load of
40 N (FR60) still allowed the tribological testing of the coating
without any adhesion failures being noticed.

3.2. Coating structure and hardness

Fig. 2a shows the part of the Raman spectra of the Ti-C:H
coatings representing the carbon peaks. FR34 exhibited a very
broad peak whereas D and G peaks were clearly seen for higher
flows. Therefore, it can be concluded that amorphous carbon was
detected by Raman spectroscopy for flows higher than 34 sccm.
Two weak peaks positioned at approximately 265 and 420 cm™,
and identified as TiC, were visible only for flows of C;H; in the range
10-40%. The XRD diffractograms of the Ti-C:H coatings are depicted
in Fig. 2b. The FR10 coating exhibited clear titanium peaks as well as
very weak reflections of the titanium carbide phase. For the flow of
25sccm, only the cubic TiC phase (ICDD 73-0472) with two
dominant orientations, (111) and (200), was observed. Three main
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Fig.1. Chemical composition and critical load of failure of Ti-C:H coatings as a function

of the C;H; flow. Note that the chemical composition represents only the Ti/C ratio due
to the O and H exclusion (see text).
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Fig. 2. Raman spectra (a) and XRD diffractograms (b) of Ti-C:H coatings.

features emerged when the C;H, flow was increased from 25 to
40 sccm: (i) the intensity of (111) peak decreased, while that of
(200) increased; (ii) the full width at half maximum (FWHM)
slightly decreased; (iii) the peaks became asymmetric with a longer
tail for the higher 26 angles, being particularly evident in the cases
of FR34 and FR40 samples. Higher CoH; flows led to very broad TiC
peaks. The coatings were under compressive stress, since all peaks
positions were shifted toward lower 26 angles compared to the
ICDD positions.

The hardness and Young’s modulus as a function of C;H; flow
are shown in Fig. 3. The maximum hardness was about 15 GPa for
FR30-34; this value corresponds to the local maximum in the
discharge voltage vs. acetylene flow rate diagram. The hardness of
the samples prepared with higher CoH, flows showed a decreasing
trend with the lowest value being obtained for the FR60 coating,
which reflected the predominance of the a-C:H phase.

3.3. Tribological behaviour of Ti-C:H coatings

The sliding tests carried out on the FR10 and FR15 samples
ended after 5000 laps with the coatings completely worn out. The
inspection of the wear tracks showed a significant abrasive
damage; the friction was very high during all the tests. Based on
these results, the coatings FR10 and FR15 were discarded from
further tribology analysis.

3.3.1. Friction
A typical friction curve was characterized by a running-in period
and a steady-state phase. In all the measurements at RT, the
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Fig. 3. Hardness and Young’s modulus of Ti-C:H coatings as a function of the C;H,
flow rate.

running-in phase took usually about 1500 cycles. At 100 °C the
running-in was slightly shorter; the steady state was reached after
~1000 cycles. The running-in period was characterized by the
reaching of the maximum friction coefficient (~300 cycles) at both
testing temperatures followed by the decrease of the friction
coefficient down to the steady-state value. The local friction
maximum was reduced with increasing a-C:H content. The samples
set could be divided into two groups with different frictional
behaviour: FR20 to FR40 and FR45 to FR60. The first group
exhibited the steady-state friction coefficient in the range 0.22-
0.29; no clear dependency on the coating composition was
observed. The friction coefficients at elevated temperature were
significantly higher than those obtained at RT, varying from 0.35 to
0.49. The maximum value was reached for FR40, which showed the
highest fluctuation of the actual friction coefficient values as well.
For C;H, flow rates above 45 sccm the friction coefficient at RT
decreased slightly to the minimal value of 0.13 for FR60. The same
trend was observed at 100 °C but, inversely to the low C;H; flows,
the general values are lower than at RT; the friction coefficient
dropped from 0.07 (FR45) to 0.02 (FR60). The average friction
coefficient of the Ti-C:H coatings is summarized in Fig. 4.
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Fig. 4. Friction coefficient of Ti-C:H coatings measured at room temperature and
100 °C.
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3.3.2. Wear

Considering the suggested application of the Ti-C:H coatings,
both the wear rates of the counter-part and the coating have been
analyzed. For FR20-30, a significant increase of the ball wear rate
was observed at RT, while it remained almost constant at 100 °C.
Nevertheless, with further increasing of the C;H, flow, the ball wear
rate decreased regardless on the test temperature. The analysis of
the ball wear scars showed a high coverage by wear debris for the
highest CoH; flows (FR45-60).

The average values of the coating wear rate at 100 °C were
generally higher than at RT (Fig. 5). It should be pointed out that no
coating was completely worn out after the tests. The coating wear
rate monotonically decreased at RT with increasing C:H content up
to FR45. The elevated temperature radically changed the wear rate
which showed a sharp maximum for FR40. The lowest wear rate
was achieved in the case of FR52-60 coatings.

4. Discussion

The structure analysis of the Ti-C:H coatings, in the CoHy flow
region of 25-40 sccm, carried out in order to calculate the TiC grain
size, encountered some difficulties due to the asymmetry of the TiC
peaks. The existence of other titanium carbide phases deficient in
carbon, which could match the peak positions (e.g. hexagonal
Ti6C3.75 (ICDD 79-0971)), was not expected since the carbon
content was much higher than their stoichiometry (62 and 67 at.%
for FR35 and FR40, respectively) and the existence of sub-
stoichiometric titanium carbide phases was also highly improbable
considering the deposition method. Moreover, a XRD diffractogram
obtained at grazing incidence of 2° showed that the asymmetry
was slightly lower. Hence, the referred asymmetry could be an
effect of the different stresses between the bulk coating and the
zone close to the coating-substrate interface. As a consequence,
obviously the exact grain size calculation is very difficult and can be
used only for qualitative analysis. The grain size estimated from the
(111) TiC peak was 20 nm for FR25 and it slightly decreased down to
16 nm at the flow of 40 sccm and, then, fell down to 5 nm for higher
flows. Raman spectroscopy showed C-C bonds for a minimum flow
of 40 sccm. Considering the chemical composition of the films, the
Ti-C:H coatings structure can be described as Ti/(TiC) for FR10-15,
TiC for FR20-34 and nanocomposite nc-TiC/a-C:H for higher C:H
contents. The results correspond in general to those obtained by
Zehnder and Patscheider [16] for the nc-TiC/a-C:H system depos-
ited by magnetron sputtering. The influence of the hydrogen
content on the structure was not clear; however, the observed
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Fig. 5. Wear rates of Ti-C:H coatings measured at room temperature and 100 °C.

Fig. 6. SEM micrograph of the FR25 wear track, tested with 440C steel ball at RT.

minimum at the flow of 30sccm could be explained by the
predominant TiC growth, since both free Ti [17] and C [1] could
accommodate the hydrogen more easily.

In general, the coatings could be divided into three groups with
similar wear mechanism at room temperature: (i) FR10-15, (ii)
FR20-40, and (ii) FR45-60. The coatings with the high proportion of
free Ti were characterized by a low hardness and an unsuitable
tribological behaviour. With increasing carbon content the propor-
tion of carbides increased leading to a higher hardness. However,
both the friction and the ball wear rate increased as well. The wear
tracks observed by SEM and optical microscopy were coarse with
deep scratches parallel to the relative ball movement (Fig. 6). The
analysis of the wear debris produced by the sliding revealed the
presence of hard wear debris particles between the sliding surfaces
causing a high counter-part wear and fluctuations on the friction
coefficient [18]. The FR34 coating exhibited predominantly the hard
TiC phase; however, the Raman analysis indicated the presence of C-
C bonds in this coating with a possible positive effect in the friction
and the wear. In fact, the wear debris of FR34 analyzed by Raman
spectroscopy contained graphitic carbon, which was not observed in
the case of the coatings deposited with lower CoH, flows. Never-
theless, the decrease of the friction coefficient and the wear rate due
to the nanocomposite nature reported by other authors for nc-TiC/a-
C:H coatings [16,19] was not observed.

Fig. 7. SEM micrograph of the FR52 wear track, tested with 440C steel ball at RT.
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The last group of the coatings with the highest C;H; flow rates
(45-60 sccm) showed the lowest friction and a decreasing wear
rate despite their lower hardness. The wear tracks were smooth
with a minimum degree of failure (Fig. 7). The wear debris was
clearly identified as graphitic carbon probably forming a sliding
interlayer between the surfaces in the contact. The adhered wear
debris was observed mainly on the counter-part; its compactness
and thickness increased with the C content.

As expected, the increase of the temperature strongly influenced
the friction and the wear behaviour. Nevertheless, the dominant
effect of the used temperature (100 °C) on the sliding process
seems to be the drying of the air, since neither structural changes
nor oxidation was expected and the Raman spectra of the as-
deposited and annealed (i.e. the samples tribologically tested at
100 °C) coatings were identical. The lower friction coefficient of the
FR45-60 coatings at elevated temperature could be explained by
the enhanced formation of the graphite tribolayer [20], while the
absence of moisture facilitated the sliding contributing to the
higher friction of the coatings with predominant TiC phase [21].

5. Conclusion

The Ti-C:H layers were analyzed reflecting their use as an
adhesion improving interlayer for functional DLC coatings on Ti-
alloy substrates for biomedical applications, or, alternatively, as
a functional coating for such applications themselves. The selected
C,H; flow led to a wide range of chemical compositions from Ti-rich
coatings, through films with predominant TiC phase and to nc-TiC/
a-C:H. The best frictional and wear properties were achieved for the
highest C;H, flows, while the critical wear rate of the coating was
observed for the lowest flows. As main conclusion, a successful
adhesive interlayer should be neither thick nor having low or
moderate carbon content.
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Adsorption of the elongated human plasma fibrinogen (HPF) and globular human serum albumin
molecules on a titanium-based surface is monitored by analyzing permittivity and optical roughness
of protein-modified surfaces by using a diffractive optical element (DOE)-based sensor and variable angle
spectro-ellipsometry (VASE). Both DOE and VASE confirmed that fibrinogen forms a thicker and more
packed surface adlayer compared to a more porous and weakly adsorbed albumin adlayer. A linear rela-
tion of the permittivity (¢') and dielectric loss (¢”) was found for some of the dry titanium-doped hydro-
carbon (TDHC) surfaces with excellent HPF adsorption ability. We discuss some aspects of TDHC’s aging
and its possible effects on fibrinogen adsorption. © 2010 Optical Society of America

OCIS codes:

1. Introduction

The most frequently used biomaterial in hard tissue
replacement, such as dental and orthopedic im-
plants, is titanium. Biomaterial devices made of tita-
nium are satisfactory products from a human health
point of view [1-7]. The effective surface tension, as
well as the surface energy related to the topography
of surface, which can be varied by different proces-
sing methods, is assumed to influence the final

0003-6935/10/295583-09$15.00/0
© 2010 Optical Society of America

050.1970, 240.2130, 240.5770, 170.3890, 170.1850.

interactions of the implant with the surrounding en-
vironment. It is also reported that rough surfaces
promote better osseointegration than smooth sur-
faces [8—11]. After implantation, within a few sec-
onds, the biomaterial surface becomes coated with
a film of adsorbed proteins that mediate the interac-
tion between the implant and the body environment.
Since an implant is exposed to blood during implan-
tation, the initial protein layer is mainly composed of
plasma proteins. Human plasma fibrinogen (HPF)
is the relevant protein that adsorbs on biomaterial
surfaces. HPF partakes in blood coagulation, and
facilitates adhesion and aggregation of platelets
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[12,13]. The structure and composition of the ad-
sorbed protein layer determine the type and extent
of the subsequent biological reactions, such as activa-
tion of coagulation and immune response and os-
seointegration [14]. Thus, the initially adsorbed
protein layer is a factor determining biocompatibility
[15—-23]. In recent years, interest has been focused on
preparation of hydrocarbons doped with Ti and re-
searchers have used different methods to analyze
biocompatibility of important proteins [24,25].

However, the mechanisms and factors that are im-
portant for protein adsorption and desorption are
still not well understood. Therefore, it is of interest
to focus scientific research on finding out how differ-
ent surfaces influence the formation of the protein
layers and their properties.

In this paper, we chose two model plasma proteins
with significant differences in their size and shape
[HPF as a rodlike protein having a mass of 340 kDa,
compared to a globular human serum albumin (HSA)
with a mass of 66 kDa]. The aim is to distinguish
their adsorption behavior on mechanically polished
titanium surfaces (frequently used biomaterial in
hard tissue replacement) with the aid of DOE (dyna-
mical measurement of adsorption process of protein
on surface in electrolyte solution—wet measure-
ment) and VASE (measurement of thickness of
adsorbed protein layer on material surface after re-
moval the protein-modified surface from protein
solution followed by half-hour drying in air-dry mea-
surement). Secondly, quite recently we found a signif-
icant correlation between the complex dielectric
constant of dry titanium-doped hydrocarbon surfaces
and ability for HPF adsorption on these treated sur-
faces supposing a linear relation of the permittivity ¢
and dielectric loss &’ of studied surfaces [26,27].
Therefore we start to study how aging process of
TDHC surfaces influenced the fibrinogen adsorption
for possible use the TDHCs as an appropriate mate-
rial for dental implants productions.

2. Materials and Methods

A. Treated Titanium Surfaces

The titanium-doped hydrocarbon (TDHC) surfaces
(Ti,C;_,) and diamondlike carbon (DLC, Tij0oC1 ¢0)
were prepared by the plasma-enhanced chemical va-
por deposition (PECVD) method (see, e.g., [28,29]).
We prepared three Ti,C;_, differing in carbon propor-
tion as follows: Tio'gzco_ls, Ti0'38C0'62, and Ti0.09C0.91-
In the beginning the thickness of titanium oxide
layer was measured with a polished titanium surface
and its depth was about 220 nm. The thickness of
Ti, Cq_, coatings produced by using PECVD ranged
from 2.5 to 3.5 um, which is thick enough in the op-
tical sense to consider it as a solid bulk layer [28,29].
To investigate the biocompatibility of different
TDHC surfaces, we measured the adsorption of
HPF, an elongated protein molecule with dimensions
of 45 nm x 9 nm x 6 nm [12] and mass of 340 kDa, on
these TDHC surfaces either immediately after their

5584 APPLIED OPTICS / Vol. 49, No. 29 / 10 October 2010

preparation or after two-year storage. The adsorp-
tion ability of different TDHC surfaces for HPF
has been compared with the HPF adsorption on me-
chanically polished titanium surfaces (a frequently
used biomaterial in hard tissue replacement), which
serves in this study as a reference surface. With me-
chanically polished titanium, we also studied the ad-
sorption behavior of HSA) a protein with an ellipsoid
shape and dimensions of 14nm x 4 nm (the HSA
molecule is frequently approximated with a sphere
with a radius of about 6 nm [20] and mass 0f 66 kDa).

B. Chemicals

HPF (fraction I, type III) and HSA (97%—99%) were
purchased from Sigma. In all experiments, both pro-
teins were dissolved in a phosphate buffer solution of
+0.136 M sodium citrate, which serves as a back-
ground electrolyte. Measurements were performed
at room temperature.

C. Coherent and Noncoherent Response of DOE Sensor

The thicknesses of the adsorbed protein layers on dif-
ferently treated titanium surfaces were sensed utiliz-
ing the coherence response of a DOE sensor, as shown
in Fig. 1. The DOE sensor utilizes an expanded and
focused laser beam (1 = 632.8 nm), which is realized
by using the lens system L1-L2 to hit on the studied
surface, which has a complex refractive index N,
through a comparison liquid (water) in a cuvette
via a beam splitter (BS) and a cuvette window having
a complex refractive index N ;. The BS directs a back-
scattered laser beam on the DOE aperture (shown in
the lower inset of Fig. 1), which detects if the wave-
front is distorted either after chemical reactions of
the ions of the background electrolyte with studied
surface or adsorption of added proteins (denoted as
complex refractive index N3) on the examined sur-
face, which is immersed in the solution of background
electrolyte (denoted as N5). A distorted 4 x 4 light spot
DOE image is grabbed from two-dimensional photo
array of the charge-coupled device (CCD) and is

PC
N,
j N,
” ) [ N4
L J .
Laser L1 L2 BS
Cuvette
Fig. 1. Geometric setup of DOE sensor with sample cuvette com-

partment for R, measurements. The lower inset denotes the
aperture of the DOE, whereas the upper inset denotes a recon-
structed 4 x 4 spot matrix image of the DOE by using nondistorted
wavefront.
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analyzed using a computer (PC). The changes in Ry,
which relate to surface roughness R, [30,31], are de-
tected utilizing the coherent response of the DOE sen-
sor. The layer thickness adsorbed on treated titanium
surfaces is calculated from the captured DOE image
data of the 4 x 4 light spot matrix, which is shown in
the upper inset of Fig. 1. The irradiance of the peaks
were calculated utilizing Eq. (1) as follows:

1 npk.mpk
Ie=——1 S L (1)
PPk L 1 =1

where n,, and m,;, are the pixel dimensions of each of
the 16 peaks in the DOE image and [ b is the image
irradiance observed by the (i,y,j,)th element of the
peak in the DOE image captured by the CCD camera.
The 16 different diffractive lenses are integrated uti-
lizing the superposition principle in the DOE aper-
ture, obeying coherent response for each pixel with
complex wavefront amplitude A;; as follows I =
|>°A;;|?, which satisfies the principle of compact
and phase sensitive interferometer. The DOE ele-
ment images the 4 x 4 light spot matrix in its focal
plane. Ifthe reconstructing wavefront does not satisfy
the terms of hologram imaginary, the spot image ma-
trix does not appear in the image plane. The same dis-
appearance of spot images holds, for instance, in the
case where the radiant exitance from the laser reso-
nator in the TEM, mode starts to suffer from the ap-
pearance of sidemodes, and the DOE will spatially
filter out those images from its original 4 x 4 light spot
image. It is shown with tedious numerical simula-
tions that the irradiance of the 4 x 4 spots will de-
crease as a function of optical path length (OPL)
and will disappear when the OPL exceeds 1/4. This
response is published and appears in Fig. 8.21(b) of
Ref. [32]. It is also observable that this response re-
sembles the response of the Beckmann—Spizzichino
model [33]. To discover the thickness of the adsorbed
layer Nj, we first calculated the irradiance of the
peaks utilizing Eq. (1) and, after that, the optical path
difference Ar, which can be understood as an optical
roughness (R,), is solved inversely by using this re-
sponse. During our previous measurements, we have
noted that the accuracy of 0.2 nm can be achieved by
using this one-arm interferometric technique [34].
Similar accuracy limits are also reported for the cou-
pling dynamics of lasers of self-mixing interferom-
eters in vibrometer applications ranging from 0.1 nm
to 100 um [35], whereas the accuracy of conventional
two-arm interferometers used in optical diagnostics
of random phase objects [36], as well as in optical di-
agnostics of rough surfaces [37], is estimated to
be ~0.005 pm.

To be sure that the irradiance of peaks (coherent
response) do not contribute any uncertainties in
the noncoherent response, we subtract the irradiance
portion of peaks from the total irradiance of the DOE
image:

1 nsw,Mmsw
Ine=—— > I

ngwmgsw iSW:Iszzl

iswJsw

1 ks Mphe

I

. 2)
IpkJpk* (
TpkMpk ipp=Lyjpp=1

The upper picture of the inset of Fig. 1 shows the to-
tal region of the signal window of the DOE sensor.
Respecting the signal window (SW) the total num-
bers of sensor pixels in Eq. (2) are denoted by ngw
and mgy in the perpendicular direction. Although
the 16 different diffractive lenses are integrated by
utilizing the superposition principle in the DOE
aperture, the noncoherent response (pixel areas out-
side of the coherent peaks) for each pixel with com-
plex wavefront amplitude A;; now satisfies the
relation Iyc = |A; |2, which relates to the gloss
of the surface. Typically the gloss is a function of
(1) reflectance (related to complex refractive index
or complex permittivity), (2) angle of light incidence
in the specular case, and (3) surface texture. If the
angle of light incidence and the texture of a surface
are assumed to be constant, it is possible to sense the
possible permittivity change when the surface is lo-
cated in water or in an electrolyte solution. In the
case of a DOE sensor, the gloss (G) and optical rough-
ness (R,,) are measured simultaneously from the
same surface area by using the respective noncoher-
ent and coherent response of DOE.

D. DOE Sensing of Proteins Adsorption on Treated
Titanium Surfaces

First, DOE sensor images were made from surfaces
immersed in triply distilled water for 100 s; the
images serve as a reference signal for each of the stu-
died materials. Second, the water was removed from
the cuvette and either the background electrolyte or
the protein solution was injected into the cuvette, fol-
lowed by recording of the DOE images during a 600 s
period. The diameter of the laser beam waist on the
all surfaces was 1 mm. Thereafter, we compared the
optical roughness R, values, which were measured
by the DOE sensor as a function of time from the
interface of the treated titanium surface and the elec-
trolyte in the absence or presence of protein mole-
cules. The threshold of optical roughness of the
treated titanium surface was canceled out by mea-
suring the baseline of R, in distilled water, whose
refractive index (n = 1.333) was close to that of the
background electrolyte (n = 1.342.

E. VASE Sensing of Protein Adsorption on Treated
Titanium Surfaces

To compare a dynamic measurement (time depen-
dent) of the adsorption process of model proteins
on the studied material surfaces sensed by the
DOE, VASE was used to corroborate the thicknesses
of the adsorbed protein layers on the studied surfaces
after the protein-modified surfaces were removed
from the protein solution and air dried for a half-
hour.
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The complex refractive index values N, =n + ik
are functions of wavelength 1 and they were utilized
in the calculation of the effective dielectric constant
e=¢ +i" =N2,, where ¢ =n?—-«? and ¢’ = 2n«.
The harmful effects caused by the possible appear-
ance of surface roughness [38,39] were avoided by
performing the ellipsometric measurements at an in-
cidence angle of 75° for the probe beam with a Wool-
lam variable angle spectro-ellipsometer (W-VASE).
The W-VASE was operated in the wavelength range
from 200 to 1700 nm. The complex permittivity va-
lues of all studied surfaces were calculated from the
complex refractive index data, which were obtained
by the spectro-ellipsometer.

3. Results and Discussion

A. Optical Sensing of Adsorbed Model Proteins on
Treated Titanium Surfaces

We chose two model plasma proteins with significant
differences in their size and shape (HPF is a rodlike
protein having a mass of 340 kDa, compared to a glob-
ular HSA with a mass of 66 kDa). The aim is to dis-
tinguish their adsorption behavior on mechanically
polished titanium surfaces with the aid of a DOE
(dynamic measurement of the adsorption process of
protein on surfaces in an electrolyte solution—wet
measurement) and ellipsometry (measurement of
the thickness of the adsorbed protein layer on a
protein-modified surface after it is removed from a
protein solution air dried for a half-hour).

First, we measured the dynamics of the gloss (G)
and optical roughness (R,) of the mechanically po-
lished titanium surface [Fig. 2(a)] in the presence of
either 500 nM HPF or 500 nM HSA solutions using
the DOE sensor within a 10 min period [Figs. 2(b)—
2(e)]. Before measurement of both the G and R,
parameters of the mechanically polished Ti surface
in the presence of proteins, the reference measure-
ments of this surface in water and background elec-
trolyte were made. From Fig. 2, it can be seen that
the ions of the background electrolyte (we can assume
chemical interaction between the ions of the back-
ground electrolyte and the polished Ti surface) af-
fected the permittivity of the mechanically polished
Ti surface (difference of the G parameter for polished
Ti in electrolyte compared to water), but did not
change the surface texture of the polished Ti (the
R,y of polished Ti is practically identical for both
water and electrolyte). A similar dependence for G
and R, parameters after replacing the water with
the background electrolyte was also observed for
the nanostructured Tij g2 C 12 surface Fig. 3. After ad-
dition of both the HPF and HSA molecules (500 nM),
we can recognize the increase of the optical roughness
(R,pt) of the polished Ti surface, which indicates pro-
tein adsorption. The optical roughness of adsorbed fi-
brinogen adlayer was about 5.1 nm, which is about 4
times higher than that of the adsorbed adlayer of al-
bumin, which was 1.3 nm thick [Figs. 2(c) and 2(e)].
The DOE results may indicate that fibrinogen at a
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500 nM concentration initially adsorbs rapidly with
its long axis parallel to the polished Ti surface. This
orientation is usually energetically favorable because
of the possibility that the protein will form additional
bonds to the surface. From the DOE results, we can
assume either that the albumin is weakly adsorbed
on a polished Ti surface in comparison with fibrino-
gen, or that the albumin adlayer is less packaged
(more porous) due to the spherical shapes of albumin
molecules. The presence of both HPF and HSA mole-
cules also caused higher changes in the permittivity
(displayed by means of higher dynamics of the G para-
meter) of the polished Ti surface compared with those
observed for polished Ti surface in contact with either
the water or the background electrolyte, which also
indicates protein adsorption [Figs. 2(b) and 2(d)]. The
presence of lower (500 nM) and higher (4 M) HPF so-
lutions also caused changes of both the G and R,
parameters of the nanostructured Tijg0Cy 1o Surface
[Figs. 3(b) and 3(c)]. Nevertheless, the average optical
roughness of Tij goCy 1o surface is about 55 nm, which
is much higher than the increase of roughness of the
protein-modified TipgeCq 1o [Fig. 3(c)] and implies
only weak HPF adsorption on Tigg,Cg 9. Also, the
relative changes in permittivity of the TipgoCg 1o
surface after addition of protein molecules are very
close to those observed in the presence of the back-
ground electrolyte [Fig. 3(b)]. This can suggest that
chemical interaction between the ions of the electro-
lyte and the Tij g Cy 19 surface have a much higher ef-
fect on the permittivity change of the TipgoCg 1o
interface than the presence of 500 nM HPF molecules
in the solution, which are only weakly adsorbed on the
nanostructured Tij goCy 12 surface. Here we point out
that the extension coefficients of the solutions (water,
electrolyte without and with HPF molecules) are neg-
ligible even in the ultraviolet wavelength range, as
shown in Fig. 4, being x = 1.55 x 1078, 4.87 x 1078,
and 1.30 x 1078 for water and for electrolyte without
and with HPF molecules measured at a photon energy
0f 1.959 eV (632 .8 nm) of the DOE probe laser beam.

Second, we analyzed with the aid of VASE mea-
surement the effective thickness [the effective thick-
ness was calculated from the spectral complex
refractive index (V,,,) by utilizing the Beer—Lambert
law [Ig(n, k) = Iy exp(—4nkz/2)] of both the HPF and
HSA adlayers adsorbed on a polished Ti surface that
was removed from a protein solution and followed by
a half-hour drying process (Fig. 5). The effective
thickness of the HPF and HSA adlayers at the
DOE probe wavelength of 632.8 nm were 1.1 and
0.4 nm, respectively. Both methods thus confirmed
that fibrinogen forms a thicker and more packed sur-
face adlayer compared to a more porous and weakly
adsorbed albumin adlayer on a mechanically po-
lished Ti surface.

B. Effect of Aging of TDHC Samples on Adsorption
Behavior of Fibrinogen

On the basis of our recently published DOE and el-
lipsometry measurements, we found significant
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Fig. 2. (a) SEM image from a mechanically polished titanium surface. The length of the scale bar is 1 ym. Temporal gloss (G) in GU and
optical roughness (R,) in meters of a mechanically polished titanium surface, when the surface, immediately after polishing, is in water,
in electrolyte, and in electrolyte with HPF or HSA molecules with concentration of 500 nM. Gloss of (b) HPF and (d) HSA, optical roughness
of (¢) HPF and (e) HSA.

10 October 2010 / Vol. 49, No. 29 / APPLIED OPTICS 5587

A35



(2)

G (GU)

---(l) Water

—(ll) Electrolyte
--~(ll) HPF(500nM)
—(IV) HPF(4uM)

0 100 200 300 400 500 600

-=~() Water
—(ll) Electrolyte
641 ~=~(lll) HPF(500nM)
—(IV) HPF(4uM)

Ropl (m)

400 500 600

0 100 200

300
Time (s)

©
Fig. 3. (a) SEM image from a nanostructured Ti g,C 12 surface.
The length of the scale bar is 1 ym. (b) Temporal gloss (G) in GU
from a carbon treated titanium surface (Tij g2Cy 12), when the sur-
face is in water, in electrolyte, in electrolyte with HPF (500 nM)
and in electrolyte with HPF (4 yM). (c) Temporal optical roughness
(R,pt) in meters from the same Tijg,Cy 12 surface. Note that the
average optical roughness of the nanostructured surface is 55 nm.

correlation between the complex dielectric constant
of dry TDHC surfaces and the ability for HPF adsorp-
tion on these treated surfaces. The adsorption of fi-
brinogen molecules relates to a slope of dielectric
loss and permittivity (d¢” /d¢’) as follows: ¢’ = a¢’ + b,
wherea = 1.634 and b = —5.877 [26,27]. We observed
that the very good adsorption of HPF can be achieved
on TDHC samples having 34% and 9% Ti content
(these surfaces have, in a ¢—¢" plane, a small dis-
tance deviation from the line ¢’ = 1.634¢ - 5.877,
¢ = -5.877, as shown in Fig. 6) in comparison with
a poor HPF adsorption on surfaces either rich in
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15 3 4 5 6 7

A x 107
Fig. 4. Extinction coefficient of the electrolyte without (dashed
curve) and with HPF molecules (5 uM) (solid curve), whereas
the extinction coefficient of water meets the wavelength axis in
the ultraviolet range. The numbers shown on the 1 axis are in
meters.

titanium (Ti content higher than 50%) or only on
pure DLC coatings (the distances of these surfaces
from the line in the £—¢" plane are at the least 1 order
higher, as shown in Fig. 6). From tribological testing
it has been observed that nanostructured TDHC sur-
faces (Ti content is lower than 15%) have moderate
hardness and minimal values of the friction coeffi-
cient and the wear rate [28,29]. Because of these
mechanical parameters, it seems that these nanos-
tructured TDHC materials could be, in the near
future, used as an appropriate material for dental
implant production. Therefore, we start to study
how the aging process of TDHC surfaces influences
the fibrinogen adsorption.

In Fig. 6 are shown the effective dielectric
constants (dielectric permittivity) from five studied

2 22

(a) (b)
19L ) 2.1
c18 v 2
1.7 1.9
16 18 ‘
630 635 640 630 635 640
A (nm) A (nm)

Fig. 5. Spectral complex refractive index (NV,,) of mechanically
polished titanium surfaces modified by HPF (squares) and HSA
(circles). Ellipsometric measurements were performed in air after
a half-hour of drying to remove the protein-modified surface from
the protein solution (500 nM concentration), where the sponta-
neous adsorptions during 15 min proceed. Dotted curves repre-
sents the response from the titanium surface in the presence of
only background electrolyte. (a) Real part and (b) imaginary part
of N, for the respective interface layers.
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surfaces measured at photon energy E1 = 1.959 eV.
The first value represents the averaged dielectric
constant from the equal numbered sets of mech-
anically polished and polished + heat-treated
(170 ° C/30 min) Ti surfaces, which act as the com-
parison (Ticy,) surface. The standard deviation
of the averaged permittivity ¢=-1.83(1+0.65) -
9.16i(+1.747) is quite wide from sample to sample
due to different mechanical polishing procedures (re-
mains and defects of surface texture and roughness).
The three TDHC samples and the DLC sample were
produced by the PECVD method, controlling the
severity of chemical vapor deposition in plasma en-
hancement to satisfy the carbon concentrations.
The samples are denoted as follows: TipgoCy s,
Tio38Co.62, Tip.09C091 and DLC (TigoCy.0). For
clarity, in the Fig. 6 we indicate the standard devia-
tions in permittivity ¢ and dielectric loss ¢’ by the
horizontal and vertical lines only for the case of
Tigomp reference measurements (the standard devia-
tions in permittivity and dielectric loss for other sur-
faces are plotted in Table 1). Figure 6 and Table 1
show a consecutive increase in permittivity ¢ and di-
electric loss ¢’ values, as well as in water contact an-
gles for all long-term stored TDHC surfaces, except
for the Ti 9Co 91 surface. This behavior might arise
from the consecutive adsorption of carbon oxides
from air on the surface of long-term stored material.
Similar results have been recently published for pat-
terned metal surfaces that were stored about 51 days
in air using the water contact angle measurement
and x-ray photoelectron spectroscopy [40].

The R, values of freshly prepared, differently
treated Ti surfaces in the presence of 500 nM HPF
showed that a significant adsorption of fibrinogen
was detected with Ticompa TiOA3SCOA627 and TiO.OQCOAgl , in
contrast to a weak adsorption detected on Tigg2Cq 15
and DLC (white bars in Fig. 7). From Fig. 7 it can be
also seen that the Tij g,Cy 15 and DLC surfaces show
negative R, values, which means that the surface
has become smoother during contact with the back-
ground electrolyte in the absence and/or in the
presence of HPF. Both the Tij g2Cy 15 and DLC mate-
rials contained, on the top of their surfaces, different
nanometer-scale carbide agglomerates, the growth of

Ti

0 TiO.SBCO.GQ
Tig 0sC0.01
2 1 TiogCoye
T'0.00C1 .00
. 4
* w
' 6
-8
-10
1% -3 2 -1 0 1 2 3 4 5 6

Fig. 6. Complex effective dielectric constants (dielectric permit-
tivity) for the Ti .,y surface and four carbon treated titanium sur-
faces at E;, = 1.959 eV. The markers without (reference surfaces)
and with dots denote the two-year time frame between the mea-
surements. For clarity, the standard deviations in permittivity ¢
and dielectric loss ¢” directions are indicated by horizontal and ver-
tical lines on each dielectric constant marker without a dot. Para-
meters for the line are as follows: ¢’ = a¢’ + b, wherea = 1.634 and
b =-5.8717.

which is probably surface-energy-driven [41]. We can
speculate that (i) a chemical interaction between ions
of the electrolyte and surface can change the distribu-
tion and dimension of these nanometer carbide ag-
glomerates, which is reflected by lowering of R,
values in comparison with those measured in water
as a reference for each of the studied materials or
(ii) a part of fibrinogen molecules can be repeatedly
desorbed from weakly adsorbed, rather porous fibri-
nogen adlayers that formed on these surfaces. Preli-
minary results of Fig. 7 show also that adsorption of
carbon oxides from air on long-term stored surfaces
can affect the surface textures and values of R, of
these surfaces during repetitive measurements in
the presence of background electrolyte without or
with added protein molecules.

When compared the R, data measured after long-
term storage of the surfaces to the R, data mea-
sured from the freshly prepared (reference) surfaces,
HPF is still adsorbed on both the Tij33Cjge and
Tig09Co.91 surfaces, but with smaller magnitude, as
shown by the gray bars in Fig. 7. A water contact

Table 1. Complex Effective Dielectric Constants (Dielectric Permittivity) « = ¢ + i¢” at EA = 1.959 eV and Water Contact Angles
(6 in Degrees) with Standard Deviations for the Five Studied Surfaces®

Treatment

of Samples £€2007 €2009 £2007 £2009
Ticomp - - - -
PECVD -1.49 -6.02; -1.47 -6.50¢ 81.1+26 86.7+ 6.5
Tip.82Co.18

PECVD 0.08 - 5.68; 0.39 - 6.49; 779+3.1 85.7+2.7
Tig 33C0.62

PECVD 2.03 - 2.581 2.23 - 2.681 750+ 04 789+6.5
Tig.09Co.01

DLC Tip00C1.00 4.45-1.57; 4.95-1.721 70.7+2.0 799+29

“The subscripts 2007 and 2009 denote the two-year time frame between the measurements. The dielectric losses ¢” of samples (with
magnitude of standard deviations shown in Fig. 6) are listed according to severity.
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Fig. 7. Optical roughness (R,;) in meters of the Tigp, and four
carbon treated titanium surfaces, when R, of the surface im-
mersed in background electrolyte in the absence of HPF molecules
is subtracted from R,y of the same surface immersed in back-
ground electrolyte in the presence of HPF molecules. The bar le-
gends 2007 and 2009 denote the two-year time frame between the
measurements. The vertical lines denote standard deviations on
the bars, where adsorption of HPF molecules on the surface is
significant.

angle measurement revealed that aged TDHC sur-
faces are characterized by higher water contact an-
gles (about 8%) than those of the freshly prepared
TDHC surface, as shown in Table 1, which suggests
that air aging of TDHC materials produces a slightly
hydrophobic surface. It is well known that fibrinogen
exhibits a less organized secondary structure upon
adsorption onto a hydrophobic surface than onto a
hydrophilic one. Computation of surface energy den-
sity (y) from water contact angles showed that the
TDHC surfaces have a smaller surface energy den-
sity than the surfaces of other carbon/graphite mate-
rials [42,43], which can be connected with the
occurrence of nanometer carbide agglomerates that
decrease the effective contact area of a water droplet
with the TDHC surface and increase the effective
area of the gas—water interface under the droplet.
In addition, the increase of the hydrophobic charac-
ter of aged TDHC surfaces may be contributed to by
the appearance of gaseous nanobubbles [44].

The effective thickness of the HPF molecule layers
on the Tig g2Co.18, Tio.38C0.62, Ti0.09C0.91, and DLC sur-
faces after the long-term storage were 0.47, 0.51,
1.59, and 0.13 nm, which were calculated from the
N, data of the VASE measurements in air utilizing
the Beer—Lambert law at the DOE probe wavelength
of 632.8 nm. These effective thicknesses estimated
for adsorbed HPF adlayers from the VASE measure-
ments are in accordance with the respective R,
values of the HPF layers sensed by the DOE sensor
(see the gray bars in Fig. 7).

4. Conclusion

In this paper, it is shown that a DOE-based sensor
and a VASE can serve as efficient tools for monitor-
ing the adsorption processes of proteins that differ in
size and shape on differently treated titanium sur-
faces. On the basis of a permittivity change and fluc-
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tuation of an optical roughness of differently treated
titanium surfaces, we were able to distinguish be-
tween adsorption behavior of a rodlike protein repre-
sented by HPF and globular HSA. Both methods
confirmed that fibrinogen forms a thicker and more
packed surface adlayer compared to a more porous
and weakly adsorbed albumin adlayer. In addition,
we found a significant correlation between the com-
plex dielectric constant of dry TDHC surfaces and
the ability of fibrinogen adsorption on these surfaces,
supposing a linear relation of the permittivity ¢ and
dielectric loss ¢” of the surfaces studied. The fibrino-
gen adsorbs well on the following surfaces: mechani-
cally polished titanium and TDHC samples having
34% and 9% Ti content. Poor fibrinogen adsorption
was observed either on hydrocarbons rich in Ti con-
tent (higher than 50%) or on pure DLC coatings.
After two years of storage, favorable fibrinogen ad-
sorption was still detected on a TDHC surface having
9% Ti. The hydrocarbons with low Ti content have
moderate hardness and a minimal wear rate, which
increases the focus of these materials for a new den-
tal implant production.
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Elevated temperature

Chromium nitride-based coatings are often used in application at high temperature. They possess high
wear and oxidation resistance; however, the friction coefficient is typically very high. Therefore, we
doped CrN coatings by carbon with the aim to improve tribological properties at elevated temperature,
particularly to lower the friction. CrCN coatings were prepared by cathode arc evaporation technology
using constant N, flow and variable C,H; flow. The coatings with a thickness of 3-4 um were deposited
on hardened steel substrates and high-temperature resistant alloy. The carbon content varied from
Oat.% (i.e. CrN) up to 31at.%. The standard coating characterization included the nano-hardness,
adhesion, chemical composition and structure (including hot X-ray diffraction). Wear testing was done
using a high temperature tribometer (pin-on-disc); the maximum testing temperature was 700 °C. The
coatings with carbon content 12-31 at.% showed almost identical tribological behaviour up to 700 °C.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Chromium nitride coatings have been extensively used as
protective coating on various tools and dies due to high hardness
and excellent wear, corrosion and oxidation resistance [1,2]. The
oxidation resistance could be considered as the dominant factor
for the successful application at elevated temperature conditions.
The high oxidation limit of CrN coatings, typically about 700 °C
[3], was attributed to the formation a protective Cr,03 layer.

Ternary CrXN coatings were prepared with the goal to improve
the oxidation resistance and the tribological properties at
elevated temperature. Compared to other alloying elements, such
as Al [4,5], Ti [6], or Si [7], Cr—C-N has been relatively less studied.
Cekada et al. [8] analyzed Cr-C-N coatings deposited by
evaporation. The films were subjected to oxidation tests showing
the formation of a thin chromium oxide layer on the top followed
by a nitrogen-rich layer demonstrating that nitrogen diffused
towards the surface [8]. The microstructure and the thermal
stability of arc-deposited CrCN system were complexly analyzed
by Almer et al. [9]. The comparison of the tribological properties
between CrN and CrCN coatings [10] showed the advantage of the
latter; however, the difference in the friction coefficient and the
wear rate was negligible. Tribological properties of gradient CrCN
films measured by pin-on-disc films outperformed CrN coating

* Corresponding author.
E-mail address: polcar@fel.cvut.cz (T. Polcar).

0301-679X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.triboint.2009.12.010

[11]; CrCN showed promising protection to Ti6Al4V interfaces
[12]. CrCN is a potential coatings for duplex treated steels [13] or
as a supporting layer for carbon-based films [14]. In our previous
study [15], CrCN coatings were tribologically tested in situ up to
500 °C showing that the wear rate was almost independent of the
temperature and lower than that of CrN coatings deposited and
tested under similar conditions [16].

The aim of this work was to determine whether changes in the
carbon content of CrN-based coatings would result in improved
friction and wear behaviour at temperatures up to 700 °C.

2. Experimental details

CrCN coatings were deposited onto steel substrates (WNTr.
1.2379-DIN X153CrMoV12) and high-temperature resistant Fe-
cralloy™ substrates (in wt.%: Fe 72.8, Cr 22, Al 5, Y 0.1, Zr
0.1—Goodfellow, Ermine Business Park, England) by cathodic arc
evaporation from two rectangular cathodes using the commercial
Hauzer’s HTC-35 plant with two cathodes. The arc parameters
were kept constant for all depositions: the current 80A, the
substrate bias —70V and the coating temperature 350°C. The
chromium was evaporated from a Cr target (99.8% purity) in N,
(99.999% purity) and C,H, (99.6% purity) atmospheres. For binary
CrN coating a reactive gas partial pressure of 0.17 Pa was set up at
a constant value of 100sccm, while for CrCN films the flow of
acetylene was increased up to 48 sccm.
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High temperature X-ray diffraction (HTXRD) measurements
were done using a Philips X' Pert diffractometer with cobalt
radiation (K,=0.178897 nm) in the Bragg-Brentano geometry. The
samples (12 mm x 10 mm, Fecralloy substrate) were fixed on a Pt
plate and heated from RT up to 1000 °C in steps of 100°C. The
heating rate was 40°C/min between each temperature step
followed by maintenance of ~20min for XRD acquisition in
35-60° range. The analyses were carried out in a vacuum
chamber, coupled to the diffractometer and specially designed
for in situ analysis. The experiments were performed under
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Fig. 1. Chemical composition of CrCN coatings.
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Fig. 2. SEM micrograph of the CrCN-06 coating cross-section. The Cr droplets are
clearly visible (see highlighted parts).

Table 1
Thickness, adhesion and mechanical properties of CrCN coatings.

continuous gas (Ar—>5% Hj) flux at low pressure (1-10Pa) after
evacuating the chamber down to a value lower than 1073 Pa.

A Cameca SX-50 Electron Probe Microanalysis (EPMA) appa-
ratus was used to determine the chemical composition of the
coatings. The hardness and Young’s modulus of the coatings was
evaluated by depth-sensing indentation technique using Picoin-
dentor® HM500(Fischer Instruments). The indentation load was
increased in 60 steps up to 50 mN and the same steps were used
during unloading. The testing procedure includes the correction of
the experimental results for geometrical defects in the tip of the
indenter, thermal drift of the equipment, and uncertainty in the
initial contact. The maximum indentation depth was 340 nm
(about 10% of the coating thickness). Wear testing was done using
a high temperature pin-on-disc tribometer (CSM Instruments,
Switzerland). Based on our previous experience with tribological
testing of CrN and CrCN coatings at elevated temperature [15,16],
where the steel balls were not suitable for testing due to their
high wear and transfer of ball material (mainly iron oxides) to the
coating surface, only ceramic sliding partners were selected: SizN4
and Al,O3 balls with a diameter of 6 mm. The applied load was
5N, the sliding speed was 50mms~'. The morphology of the
coating surface, ball scars, wear tracks and wear debris were
examined by scanning electron microscopy (SEM). The profiles of
the wear tracks were measured with a mechanical profilometer
(AlphaStep 500). The wear rates of the ball and coating were
calculated as the worn material volume per sliding distance and
normal load. The average value of three profiles measured in each
wear track was used to calculate the coating wear rate. Every test
was repeated three times; average value of the three test is
presented as the friction coefficient or the wear rate.

To facilitate reading, the CrCN coatings will be denominated as
CrCN-A, where A is the C;H, flow in sccm.

3. Results and discussion
3.1. Synthesis of CrCN coatings and chemical composition

Chemical composition of the CrCN coatings is presented in
Fig. 1. The CrN coating, i.e. film deposited without C,H, reactive
gas, showed a very high Cr/N ratio (about 1.8). Increasing flow of
C,H, led to an increase of carbon content mainly on expense of
chromium, while the nitrogen content decreased only slowly. The
C,H, flow 48 sccm could be considered as a functional limit for
our experimental setup, since further rise in C;H; flow led to a
disintegration of a cathodic spot. The SEM analysis of the coating
surface and cross-section identified a large number of chromium
droplets, see Fig. 2. The size and number of droplets was
significantly lower when the coatings were prepared with
higher C,H, flows. It should be pointed out that the chemical
composition was measured in the areas with no evident presence
of Cr droplets. The coating thickness is shown in Table 1.

C,H; flow (sccm) Thickness (pm) Adhesion

Young’s modulus (GPa)

Scratch-test Lc2/Lc1 (N) Rockwell — Hardness (GPa)
0 3.40 40/30 2 23.9+1.2 292 +9
6 3.54 70/60 1 25.8+23 297 +15
12 3.15 80/30 2 293 +1.1 331+10
24 3.57 70/30 1 254 +1.8 305+ 10
48 4.05 50/20 2 281+1.3 305+9
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3.2. Coating structure

The XRD diffractograms of selected as-deposited CrCN coatings
are shown in Fig. 3. The structure of the CrN coating was
dominated by the hexagonal -Cr,N [ICDD 35-0803] with a mean
crystallite size of 12 nm and a preferred (300) orientation. Besides
nitride phase, also bcc o-Cr phase was detected in all coatings.
This phase was attributed to Cr-rich droplets, typical
phenomenon of Cr-based coatings deposited by arc evaporation
[9]. Since the chemical composition was measured in the areas
without Cr droplets, the coating was slightly over-stoichiometric
considering Cr,N phase, as referred to above. However, no
vestiges of CrN phase were observed.

The addition of carbon to binary CrN films changed the as-
deposited structure. The film produced with 48 sccm CoH, flow
showed, after deposition, a broad and low intensity XRD patterns
with a mean feature size of only 4 nm. Taking into account the 20
maximum peak position, the d values obtained after peak fitting
matched quite well with the fcc-CrN [ICDD 76-2494] structure.
Thus, the as-deposited structure of CrCN was dominated by a
metastable cubic phase similar to that reported in Ref. [9] and
denominated as 5-Cr(C,N) phase.

The thermal stability of the CrN and CrCN-48 coatings
was described in detail in Ref. [17]; therefore, only summary
will be presented here. The coatings were analyzed by XRD at
elevated temperature in situ in protective atmosphere, which
significantly minimized surface oxidation. The -Cr,N phase in
CrN film was thermally stable up to 900 °C. Only narrowing of the
peaks and the shift towards the equilibrium position with
increasing temperature in comparison to the post-deposition
state was observed. Up to 800 °C, no significant grain size increase
was observed. Further rise in temperature led to changes in the
preferential orientation (from (300) to (110) and peaks became
narrower and more intense, which was attributed to recrystalli-
zation and grain growth process. Nevertheless, the grain size
increased from 12nm at room temperature to only 34nm at
1000 °C.

During the thermal treatment of CrCN-48 film, the initial
0-Cr(C,N) phase remained unchanged up to 600 °C. At 700 °C, well-
defined XRD peaks can be detected being the new phase indexed
as an orthorhombic Cr3(Cog2Ngos)2. The content of this phase
increases with further annealing up to 900 °C, where the intensity
of some Cr3(Cpg92Ngog)> peaks increased while others strongly
decreased. At this temperature, a new phase was formed: the
orthorhombic Cr3Cs.

m- 5-Cr(C,N)

0 - 0-Cr; ®-B-Cr,N;

Intensity (a.u.)

95

2 theta (°)

Fig. 3. XRD diffractograms of CrCN coatings.

Almost no structural changes were detected on the cubic o-Cr
droplets. The crystallite size evaluated from the (110) peak
showed no significant change with increasing temperature up to
1000°C; only the lattice parameter steadily increased due to
thermal expansion.

3.3. Mechanical properties and adhesion

The hardness of CrCN coatings varied from ~24 to ~29GPa
with no relation to coating carbon content. Therefore, a decrease
of hardness with increased carbon content reported in Ref [18]
was not observed in our study. On the other hand, one of the
important factors influencing hardness was the presence of Cr
droplets. As referred to above, the size and number of droplets
changed significantly for different coatings and it is difficult to
quantify droplets effect on composite coating hardness. Adhesion
measured by scratch-tests was high enough for following
tribology testing; Rockwell C indents showed a very good
adhesion with grade 1 or 2. Mechanical properties and adhesion
of the coatings are summarized in Table 1.

3.4. Tribology

The results of CrCN-00 (CrN) and CrCN-06 tribological tests
showed unsatisfactory wear resistance. Both films were pene-
trated when tested with SisN4 and Al,05 balls at 500 °C. Moreover,
the friction exhibited strong fluctuations compared to CrCN films
with higher carbon content. This behaviour could be attributed to
high number of Cr droplets. High wear rate of CrN films at 500 °C
was observed as well in our previous studies [16,19]. Therefore,
we will focus only on the tribological properties of CrCN coatings
prepared with C;H, flow of 12-48 sccm. Since there were only
small differences in tribological properties among CrCN coatings
with different carbon content, we will describe general evolution
of friction and wear of all CrCN films (CrCN-12 to 48) as a function
of temperature.

3.4.1. Friction and wear against SizN4 balls

Typical friction curves at room temperature were character-
ized by gradual growth of friction coefficient during first 4000
cycles to a value of 0.6 (Fig. 4). With increasing carbon content a
slightly higher mean value of friction coefficient was observed.

In general, the average friction increased with the temperature
reaching maximum values for ~0.9 at 300 or 400 °C. Finally, the
friction decreased in the temperature range 500-700 °C exhibiting
significant fluctuations.

The ball wear rates were negligible at room temperature and
remained very low up to 200 °C. Regardless on coating composi-
tion, the ball wear sharply increased at 300 °C reaching maximum
at 400 °C. The ball wear scars examination showed very rough
surface in this temperature range, particularly compared to
smooth worn surface at room temperature. We suppose that the
extensive damage of SisN, balls was caused by accelerated
tribochemical reaction between the ball and coating, as described
in our previous work [16]. The sudden decrease of ball wear at the
highest temperatures was attributed to a formation of third-body
consisting of small and fine wear debris particles, as confirmed by
SEM observations of the wear debris adhered to ball surface.
Therefore, the wear mechanism changed at approx. 400 °C from
two-body to three-body wear resulting in significant decrease of
coating and ball damage. The formation of tribolayer was
probably enhanced by progressive oxidation; the presence of
oxides in the contact reduced friction.

The coating wear track showed only superficial damage when
tested at room temperature. The shallow scratches did not change
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the wear track profile enough to measure wear rate by
profilometer. The critical wear was observed at 400 °C, where
the films were almost penetrated (Fig. 5). Further rise in testing
temperature was followed by a strong decrease in coating wear
due to formation of a thick third-body between surfaces in the
contact (Fig. 6).

Friction coefficient

3.4.2. Friction and wear of CrCN coatings against Al;O3 balls
Tribological measurements with Al,O3 counterparts showed
significantly different features. The ball wear scars were com-
pletely covered by adhered wear debris forming a thick layer;
therefore, a third-body wear occurred when CrCN coatings
were sliding against Al,Os balls. Typical friction curves were

T

f T
0 1000
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2000

T T T

T
3000

Number of cycles (-)

Fig. 4. Friction curves of CrCN-24 coating, tests with SizNy4 balls at different temperatures.

Fig. 5. SEM micrograph of the wear tracks produced by sliding with Si3Ny4 (left) and Al,O3 (right) ball; coating CrCN-12, testing temperature 400 °C. The insets show optical
photographs of the corresponding ball wear scars. Note that insets are in a different scale.
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characterized by short running-in period and consequent stabi-
lization of friction coefficient at steady state value, as shown in
Fig. 7. The friction curves at room temperature were very smooth
with mean friction values about 0.4, then increased to reach
maximum 0.6-0.7 at 400 °C and again decreased to 0.3-0.4 at the
highest temperature (700 °C). Compared to SisNy4 balls, the Al,03
counterparts showed significantly lower wear. Consequently, the
wear track width was lower and the contact pressure during the
tests was higher.

The evolution of coating wear rate with temperature is shown
in Fig. 6. The maximum coating wear was observed in tempera-
ture region 300-500 °C; the wear track depth reached in some
place even Cr interlayer. However, at 700 °C, only polishing of the
initial ball and coating surfaces was observed with negligible
volumes of worn material.
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Fig. 6. CrCN coating wear rates as a function of temperature.

3.4.3. Running-in characteristics of CrCN coatings and dominant
wear mechanisms

As referred to above, the friction curves exhibited distinctive
running-in period. We observed that the friction stabilization was
strongly temperature dependent. The running-in at lower tempera-
tures (up to 200 °C) was characterized by gradual growth of friction
coefficient reaching the maximum value representing the steady
state wear regime. On the other hand, higher temperatures (300-
500 °C) exhibited either hardly distinguishable running-in period or
progressively decreasing friction coefficient before steady state was
reached. At highest temperatures (600-700 °C), the friction during
running-in was again lower than that of steady state. This feature
was more evident for sliding with Al,O3 balls, see Fig. 8.

The analysis of ball wear scars and wear tracks indicated
general aspects of the wear process. The main wear mechanisms
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Fig. 8. Difference between friction at steady state regime (FC(SS)) and mean
friction calculated from entire test (FC).
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of CrCN coatings when sliding with SisN, balls at elevated
temperatures could be described as follows: (i) 25 to 200°C
—two-body wear; abrasive wear; (ii) 300-400°C —two-body
wear; combination of abrasive and tribochemical wear; (iii) 500-
700 °C —three-body wear, mild wear. Similar description could
be applied to sliding with Al,O3 balls: 25 to 200 °C —three-body
wear; abrasive wear; (ii) 300-400 °C —three-body wear; abrasive
wear; (iii) 500-700°C —three-body wear, mild wear. The
oxidation tests of CrCN coatings and analysis of wear debris
particles, which are now in progress, will shed more light on the
tribological characteristics of CrCN coatings.

4. Conclusions

Arc-deposition technique was used to deposit CrN and CrCN
coatings with carbon content from 0 to 31 at.%. CrN film showed
mixture of f-CryN phase and o-Cr; the latter indicated presence of
chromium droplets, which was confirmed by SEM. Increase of
carbon content led to formation of metastable 6-Cr(C,N) phase.
Tribological properties of tested coatings with carbon content
12-31 at.% were remarkably similar. The critical testing tempera-
ture was 400 °C with the highest wear rates of both balls and
coatings observed. Further increase in temperature resulted in
improved wear resistance, which was attributed to change in
dominant wear mechanism.
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Abstract

Properties of DLC layers provide for their broad use in medical applications. Their tribological
properties are frequently utilized in big joint implants. Another benefit is offered by their barrier effect.
In the frame of presented work corrosion behavior of DLC-Ti alloyed coatings formed on TiNbTa alloy
in environments to which dental implants may be exposed was studied. Electrochemical impedance
spectroscopy, XPS and a cell colonization test were employed in the study.

Influence of DLC alloying by titanium was tested on samples with 3 levels of titanium amount.
According to results of XPS analysis, surface concentration of titanium was 3.4, 10.2 and 23.6 % at.
Unambiguous and marked peak of titanium carbide was detected only in the case of highest
concentration of titanium. Corrosion resistance of TiNbTa/Ti/DLC and TiNbTa/Ti/DLC-Ti was in low-
aggressive physiological solution slightly different nevertheless very high in both cases.
Electrochemical behaviour of carbon was significantly suppressed by titanium; character of EIS
spectra was more capacitive than in the case of pure DLC. Decrease of pH did not influence the level
of charge transfer resistance (polarization resistance). The main disadvantage of titanium - sensitivity
to fluorides - was emphasized by alloying. Colonization by cells was slightly increased on alloyed
samples in comparison with unalloyed DLC.

Keywords: DLC layer, titanium, alloying, corrosion properties, EIS, XPS

1. INTRODUCTION

Layers of the DLC (diamond-like carbon) type are used in human medicine in the treatment of implants
surfaces [1]. They offer basically two ways of application: their excellent tribological properties are
used on friction areas of big joint replacements, and they may also serve as bio-inert barrier layers on
implants made of materials likely to cause a negative response of the organism (e.g. alloys containing
nickel, TiAIV, etc.). In the latter case they are able to eliminate the corrosion process relating to the
release of soluble corrosion products into the body environment. However, one of the current aims in
the field of transplantology is to achieve the fastest possible osseointegration, which requires that the
implanted surfaces should be bioactive.

B-titanium alloy Ti36Nb6Ta is a material that might be used in the construction of both orthopaedic and
dental implants in the future. In the case of joint replacements, the advantage of coating rests in good
tribological properties of DLC layers because a direct combination of titanium and its alloys with, e.g.,
UHMWPE is not suitable for long-term exposure [2-4]. A pure DLC coating is bio-inert, yet for its
application it would be desirable to ensure its bioactivation while preserving its tribological properties.
DLC alloying with titanium might represent one of the possible solutions [5]. The use of a bioactive
barrier DLC layer also seems to be a good choice for dental implants made of materials of the
CoCrMo type because part of their surface gets in contact with the soft tissue. It is specific for
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stomatology and important from corrosion point of view that the implants may get in contact with
medical preparations containing high amounts of fluorides which destabilize titanium [6].

The presented work studied corrosion behavior of DLC coatings alloyed with titanium on experimental
titanium alloy Ti36Nb6Ta. Corrosion behavior in a physiological solution with two pH levels and an
addition of fluoride ions was evaluated. The surface colonization with cells was also tested within the
study.

2, MATERIALS AND METHODS

Flat substrates with a diameter of 14 mm and thickness of 3 mm made of B-titanium alloy Ti36Nb6Ta
(UJP Prague) were used for the coating. The surface was treated to 2 levels of roughness: polished
specimens (P) with a roughness of R, = 0.08 um modelling the sliding surfaces of implants, and
specimens jet-blasted with corundum (JB) with R; = 1.00 um corresponding to one of the possible
surface treatments of implants.

Ti-C:H coatings were deposited in Hauzer Flexicoat 1200 equipment (configuration with five planar
magnetrons, chamber volume 1000 L). The substrates were first degreased in an alkaline ultrasound
bath, and subsequently rinsed in deionized water and dried in vacuum. Prior to their placement in the
deposition equipment, the substrates surface was cleaned in argon plasma. The deposition itself
started with the preparation of an adhesion inter-layer of pure Ti, followed by a gradient layer with a
composition changing from Ti to Ti-C:H. This layer was deposited by way of non-equilibrium
magnetron sputtering from Ti targets (99.5 %) in an Ar atmosphere (99.999%), with C,H, (99.6%)
added step by step. After achieving the selected flow of C,H,, deposition of the functional Ti-C:H layer
for the selected flows of 60, 100 and 140 sccm C,H, followed. A bias of -200 V, deposition
temperature of 200°C, an achieved limiting pressure of 2.10° Pa, and a deposition pressure of 0.8 Pa
were applied. The layers thickness was determined using the calotest method, adhesion to the coated
substrate was measured by way of the scratch test (CSEM Revetest).

XPS spectra were measured using an EscaProbe P (Omicron) spectrometer with an excitation
monochromatic Al K, (E = 1486.6 eV) source. Survey spectra in the binding energies range of 280-

550 eV and detailed spectra of Ti 2p, C 1s and O 1s were scanned. Energy was normalized to a gold
peak 4f7/2 (binding energy E, = 83.98 eV [7]).

CPEqus CPE,,

a) b) c)
Fig. 1 Equivalent circuits used in EIS spectra analysis.

Electrochemical impedance measurements were conducted in a standard way (measurement at E,
frequency range 100 kHz - 1 mHz, excitation ac signal 20 mV), using potentiostat PCI4/750 with an
ECM 8 multiplexer (both Gamry). A silver/silver chloride electrode with a chloride ions concentration
of 3 mol/L was used as a reference electrode. An aerated physiological solution (9 g/l NaCl),
physiological solution with pH adjusted by way of phthalate buffer to a value of 4.2, and the same
solution with 200 ppm fluoride ions added served as exposure environments. The specimens were
sterilized (120°C/20 minutes) prior to the exposure. Measurements were conducted in PTFE cells at
37°C for 168 hours, with periodical spectra scanning once in 24 hours. Equivalent circuits shown in
Fig. 1 a-c were used for the spectra course analysis. The equivalent circuit a) is a simple circuit
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generally used in analyzing corrosion systems with one porous layer, b) is a circuit applied in
analyzing corrosion systems with one non-porous layer, and c) describes a corroding/passive system.
Re stands for the electrolyte resistance [Qcmz]. Ry [Qcmz]-CPEX [Ss‘”°m2] are RC elements
corresponding to the respective phase boundary.

Biological tests were conducted on sterilized specimens. Cell line MG 63 cultivated in a MEM medium
with 5% fetal bovine serum added was used for the colonization test. Cells were inoculated directly on
the surface of the studied material, and the area colonized by the cells after 72 hours of cultivation was
evaluated. After the end of exposure, the cells were fixed and stained using the Giemsa stain diluted
10x with distilled water. The area occupied by the cells on the specimen surface was microscopically
evaluated on ten picture fields as minimum, the field of view was 1.29x10° pixels. An area of identically
cultivated cells on an unalloyed DLC layer was used for control.

3. RESULTS AND DISCUSSION

The Ti inter-layer thickness was 0.4-0.5 ym for all coating variants with the structure Ti/gradient Ti-
C:H/Ti-C:H. The overall thickness of the Ti-C:H 60 coating was 1.5 um, of which 0.8 ym accounted for

p.s.
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p.

1 © 1T " T 1T "1 L L I I L L T T T T T T T T
250 300 350 400 450 500 550 250 300 350 400 450 500 550 250 300 350 400 450 500 550
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T T T T T T T T T L | L e e L
272 276 280 284 288 292 296 272 276 280 284 288 292 296 272 276 280 284 288 292 296
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Ti 2p spectra
3,4 % at. Ti (Ti-C:H 140) 10,2 % at. Ti (Ti-C:H 100) 23,6 % at. Ti (Ti-C:H 60)

Fig. 2 XPS spectra of DLC layers alloyed by titanium.
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the upper functional layer. For the Ti-C:H 100 coating, the overall thickness was 1.6 uym including a
functional layer of 0.8 ym, and for Ti-C:H 140 it was 1.4 ym including a functional layer of 0.6 ym. The
coating adhesion was impaired at a critical load of 30 N in all cases.

Using the XPS method, titanium content in individual specimens was found on the level 3.4 % at. (Ti-
C:H 140), 10.2 % at. (Ti-C:H 100), and 23.6 % at. (Ti-C:H 60). In addition to carbon, oxygen and
titanium, nitrogen presence was also recorded on the specimens surface. The state of the surface is
documented by way of survey and regions C1s and Ti 2p spectra in Fig. 2. At the lowest titanium
concentration in the DLC layer, doublet Ti 2p corresponds to a set of oxides TiO, Ti,O3 and TiO,, with
concentration increasing in this order. The carbon peak (C 1s) is not in this case deformed in any
significant way. An increasing Ti concentration in the layer brings about a change both in titanium Ti
2p and C 1s spectra. In the case of Ti 2p, the signal grows disproportionately at an energy of 455 eV,
where the contributions of TiO (455.2 eV) and TiC (454.9 eV), and possibly also sub-stoichiometric
carbides overlap [7]. TiC existence in the layer can be clearly detected in the C 1s spectrum, where a
signal appears on the binding energy 281.6 eV, corresponding to the carbon bond in TiC [7, 8]. On
binding energies higher than 285 eV, the C 1s peak of the specimen with the highest Ti content is
deformed by a number of hydrocarbon contributions. In terms of the surface state, specimens with the
lowest level of alloying were the “purest’. Nevertheless, based on the assumed applications,
specimens alloyed with 10.2 % at. of titanium (Ti-C:H 100) were chosen for further study. The decision
was also affected by the technological point of view. Stability of the process of forming a layer with the
lowest level of alloying is rather problematic, which might also cause problems in the reproducibility of
layers preparation.

—z, 200 == -2, 2h

003 1E-002 1E-001 1E+000 1E+001 1E+002 1E+003 1E+004 1E+005 1E-003 1E-002 1E-001 1E+000 1E+001 1E+002 1E+003 1E+004 1E+005 1E-003 1E-002 1E-001 1E+000 1E+001 1E+002 1E+003 1E+004 1E+005 1E-003 1E-002 1E-001 1E+000 1E+001 1E+002 1E+003 1E+004 1E4005
f [Hz] f [Hz] f [Hz] f [Hz]

surface state P, surface state P, surface state JB, surface state JB,
pH non-modified pH=4.2 pH non-modified pH=4.2

Fig. 3 EIS spectra of Ti36Nb6Ta with unalloyed DLC layer.

Fig. 3 shows electrochemical impedance spectra of Ti36Nb6Ta specimens with unalloyed DLC coating
deposited on both evaluated surfaces (P and JB), exposed at both pH levels of the physiological
solution. The course of all dependences — spectra measured at the 24th and 168th hour — makes it
clear that the behavior of coated systems was stable, with spectra practically unchanged throughout
the exposure. Impedance dependences of specimens with a polished surface correspond to a system
with two time constants. This behavior is an expectable response of the layered structure. The spectra
were analyzed using two types of equivalent circuits as shown in Figs 1 a) (porous layer) and 1 b)
(non-porous layer). Success of the analysis was on a comparable level in both cases. The selected
models of the phase boundary were able to describe the behavior of systems with minimum deviations
of calculated values from experimental data. The course of the spectra clearly indicates systems with
a very low rate of electrochemical reactions. In the ideal case — in view of graphite inertness - these
should be only reactions of the environment components. The basically identical result of analysis
conducted using both selected equivalent circuits indicates that this type of EIS measurement does
not allow for a clear decision on the layers porosity.

The situation of specimens with a jet-blasted surface was different. In this case the spectra reflect the
layered character of the structure (the course of the phase clearly changes at frequencies below 1 Hz),
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with the coatings porosity clearly manifesting itself in this case. The quality of experimental data fitting
by way of an equivalent circuit as shown in Fig. 1 a) was higher and the errors of parameters
estimates were lower as compared with the application of the model shown in Fig. 1 b).

Alloying of a DLC layer with titanium led to a change in the impedance response, mainly in the case of
layers deposited on the polished surface. The spectra were formally identical with dependences
measured on jet-blasted specimens with an unalloyed DLC layer. Titanium presence in the DLC layer
led to prevailing interaction of titanium with the environment on the DLC-electrolyte phase boundary. In
terms of medical applications, this fact is positive as it indicates the possibility of affecting the
bioactivity of the layer-body environment phase boundary. Unalloyed DLC coatings are bio-inert while
titanium oxides may be

—z, 200 == -2, 2
—— 7,680 — — -7, 168h

______

—z,2h == -2, 2h

—z.2h ===z, 20
— -z, 1680 ——2,,168h — — -2, 1680
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Fig. 4 EIS spectra of Ti36Nb6Ta coated by DLC layer alloyed by titanium (physiological
solution, 37°C).

(bio)activated by way of chemical-thermal treatment. The spectra reflect the layered character of the
specimens, with a clear change in their course at frequencies below 1Hz. The EIS spectra analysis of
specimens with a polished surface led to the same result as that recorded for unalloyed layers —
success of experimental data fitting with functions generated on the basis of both equivalent circuits
was comparable. In contrast, the effect of porosity was unambiguous in the case of jet-blasted
surfaces. DLC layers deposited on a jet-blasted surface displayed porosity regardless of the alloying.

Consequently, they cannot be applied as barrier layers.
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Addition of fluoride ions to the
physiological  solution  with
pH=4.2 resulted in a dramatic
change in the course of the
spectra. A drop in impedance
confirmed instability of titanium
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oxides in an environment
containing fluorides/hydrofluoric
acid [6], which also applied in
the case of titanium bound in a
DLC layer. Quite surprisingly,
spectra may be in all cases
(both P and JB) successfully
fitted only by way of an equivalent circuit modeling a non-porous layered system. This may be due to
the layer pores being closed with corrosion products [9]. Based on these results and given the
common use of fluorides in medicinal preparations, the application of Ti-alloyed layers in stomatology
is likely to be rather limited.
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Fig. 5 EIS spectra of TiNbTa
with a DLC layer alloyed with
titanium (surface state P,
physiological solution
pH=4.2/200 ppm F, 37°C).

Fig. 6 EIS spectra of TiNbTa
with a DLC layer alloyed with
titanium (surface state JB,
physiological solution
pH=4.2/200 ppm F, 37°C).
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Fig. 7 shows the results of the colonization test. The alloyed
. T T T specimens were not treated in any way in order to increase their
+ bioactivity prior to the biological testing. The colonization test

showed a slight increase in the occupation of the alloyed DLC layer
o~ surfaces with cells as compared with unalloyed layers. However,
the difference of values was not statistically significant. At the same
1 time, higher colonization was noted on specimens whose surface
° T T was jet-blasted prior to the coating in comparison with polished
surfaces, yet no statistically significant difference was proved in

this case either. These results give hope that subsequent treatment
may lead to a more distinct growth of colonization on the alloyed

colonization [%]
!

Fig. 7 Surface colonization
with cells.

specimens surface.

4, CONCLUSIONS

DLC coatings alloyed with titanium at a level of 3.4 % at. to 23.6 % at. were deposited on a titanium (-
alloy Ti36Nb6Ta within the study. At the highest titanium concentration, its significant amount was
bound in TiC carbide. Corrosion behavior of specimens with an alloyed layer was significantly different
from pure DLC coatings. Electrochemical reactions of the environment on graphite surface were
overlapped by titanium interaction with the electrolyte. This fact is rather promising as far as
application on implants is concerned as it indicates the possibility of modifying the bioactivity of
titanium oxides by way of subsequent treatment. Alloying with titanium led to a slight increase in the
surface colonization with cells.
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A coating of Ti—-C:H was investigated for potential applica-
tions as artificial joint materials. Herein, we conducted experi-
mental study using fluid shear method and tribolgoical study to
evaluate and analyze the adhesive strength of proteins on Ti-
C:H coatings and Ti6Al4V. Sample surfaces were worn against
a steel bearing (E52100) under the lubrication of egg white
protein solution. The following wear track and debris analysis
helped further understand their wear mechanism. Research
results showed that Ti—C:H coatings on silicon substrate had a
porous topography that enhanced its adhesion with the protein.
The friction coefficient and wear rate for Ti-C:H was much
lower than Ti6Al4V. This can be attributed to the chemical
inertness and functional diamond-like features of Ti—-C:H coat-
ings enhancement in wear resistance, making it superior to
Ti6Al4V.

I. Introduction

C ELL and protein adhesion on different bio-materials is
one of the most important aspects for long lasting
implants.' When a foreign material enters into our body
and contacts body tissue or bio-fluid, protein adhesion
occurs.'* Without protein adhesion, cells cannot attach on
the implant surface and form a good interface with the
implant. The protein adhesion is especially important for
materials used for artificial joints.

High wear resistance and protein adhesion on the surface
of the materials used for femoral head and femoral stem of
artificial joints are also very important. That is because, first,
artificial joints are under the lubrication of synovial fluid (SF).
SF is the natural lubricant for human’s articular joints. SF is
mainly composed of protein. Therefore, a material that has
higher adhesive strength with protein will benefit the lubrica-
tion of artificial joints. Secondly, the patient’s activity will
wear the femoral head and release debris particles into the tis-
sue around the joint. The accumulation of debris will cause
tissue irritation and finally lead to osteolgrsis and to the loos-
ening of the artificial joint components.>® So, a material with
lower wear rate could elongate the life span of artificial joints.

Currently, the widely used material for artificial femoral
head and stem is titanium-alloy, Ti6Al4V.” This material is
successful because of its outstanding mechanical properties
and chemical inertness. Ti6Al4V can aid in the successful
osseointegration after the implantationof artificial joints. Ti—
C:H is a functional diamond-like coating (DLC), the struc-
ture of which usually consists of an amorphousmetastable
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carbon with a high concentration of sp®> bonds.®® This struc-
ture leads to chemical inertness, high hardness, and outstand-
ing wear resistance. All its properties meet the demands of
biomedical implant materials, especially artificial joints.

The aim of this study was to find suitability of Ti—C:H as
a biologic coating for artificial joint. The friction and wear
resistance of the coating as well as the protein adhesion will
be evaluated. Fluid shear stress tests and tribology tests will
be carried out for adhesive strength of albumen to Ti-C:H
coating and Ti6AI4V, and their wear properties.'® The com-
parison of these results will allow the design and selection of
biomaterials.

II.

(1) Ti-C:H Coating

Titanium hydrocarbon coating was fabricated using PECVD
(plasma enhanced chemical vapor deposition) process with
acetylene (C,H,) as a reactive gas. Ti was sputtered on a sili-
con substrate by magnetron sputtering in an argon atmo-
sphere. In our previous works, the series of Ti—C:H films were
deposited with carbon content in the range 18-91%at;* the
films were characterized with respect to structure, mechanical
properties, and tribology. The coating deposited with a C,H,
flow 45 sccm was selected for this study due to its high adhe-
sion. The chemical composition of the surface film was mea-
sured using X-ray photoelectron spectra (XPS) on Omicron
Nanotechnology ESCAProbeP spectrometer with resulting
composition (%at): Ti4.2, C77.6, O18.2. Ti-C, and C-C
bonds were identified, whereas Raman spectroscopy showed
D and G bands of carbon confirming existence of C—C bond.
X-Ray diffraction analysis showed very broad peaks of TiC
phase with orientations (111) and (200); the grain size of TiC
was estimated to ~5 nm using Sherrer formula. The results
suggest nanocomposite coating structure with TiC nano-
grains embedded in amorphous carbon matrix. The microh-
ardness of the film measured by nanoindentation on Fischer
PICODENTOR® HM500 (Helmut Fischer GmbH, Sindelfin-
gen, Germany) was 10.20 + 1.06 GPa. Adhesion of layers to
the substrate material (tool steel X153CrMoV12) was tested
using the standard scratch test device CSEM Revetest, and
critical load was measured 65 N.

Materials

(2) Sample Preparation for Tribological Test

Ti6Al4V grade 2 (McMaster-Carr, Elmhurst, IL) was pol-
ished with grinding papers. To make the titanium-alloy sur-
face having a similar surface roughness as the Ti-C:H
coating, the Ti-alloy were cut into 28 mm x 28 mm pieces
and polished by three types of grinding papers. Samples were
polished using the Polisher Ecomet IT Grinder (Buehler Ltd.,
Lake Bluff, IL). Tapwater was used as the lubricant. Samples
were firstly polished by a 400-grit silicon carbide grinding
paper (Buehler Ltd.), followed by a 600 grit grinding paper
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(AlliedHigh Tech Products Inc., Compton, CA). Finally, the
sample surface was finished using an 800 grit grinding paper.
The optical profilometer scans show that the titanium-alloy
sample surface polished using this procedure has a macro-
scale surface roughness similar to the Ti—C:H coating.

(3) Protein Coating for Shear Stress Test

As Ti—C:H could be used for artificial joint coating, the shear
stress test is designed to imitate the behavior of artificial
joints once implanted into the body. Rheometer has been
used to carry out the shear stress experiments, because it is
similar to the working conditions of artificial joints. Artificial
joints are a ball-cup bearing system, whereas the rheometer
is a rotating and stationary disk system. The rotating disk
comparable to the femoral head of artificial joint and the sta-
tionary disk are similar to the acetabular cup positioned in
the pelvic bone. In this research, distilled water is used to
imitate the bio-fluid in the body.

Egg white protein (albumen) is coated on the sample sur-
face to imitate the protein adhesion on the surface in an arti-
ficial joint. When the surface of a foreign material contacts a
bio-fluid or body tissue, protein adsorption takes place. Cells
start to grow on that layer of protein. Finally, the body
forms an interface with the material.'Without protein
adsorption, cell does not adhere to material surface, and the
body will reject the implants. A SF, which is the natural
lubricant for human’s articular joints, is composed of lipids,
hyaluronic acid (HA), and lubricin. Lubricin is a water-solu-
ble glycoprotein, and it plays an important role in joint lubri-
cation. Egg white protein contains 54%wt ovalbumin and
12%wt ovotransferrin, both glycoproteins.'""!? Furthermore,
collagen fibers, proteoglycan, and elastin fibers are major
components of cartilage. All these components are proteins
similar to albumen. Egg white protein has sufficient similari-
ties with SF and cartilage. It is valid to use it in this study.
Overall, using a rheometer, the combination of water and
egg white albumen is a good simulation of the working con-
ditions of artificial joints.

The sample preparation process for the shear stress test is
nearly the same as the tribology test, but added with some egg
white protein coating steps. First, samples were cleaned with
DI (deionized) water and allowed to air dry in individual petri-
dishes to prevent further contamination. The sample surface
was then coated with an albumen solution. The 2.91%wt albu-
men solution was prepared by mixing 0.300 + 0.005 g albumen
powder into 10 mL DI water. It was stirred for 20 min using a
magnetic stirrer. The amount of 100 pL of albumen solution
was coated on the surface of each Ti—C:H coating or Ti6Al4V
sample using a pipette. In case of low humidity, the protein
coating would crack and/or peel off the surface prior to testing.
To prevent this, each sample, along with two DI water satu-
rated facial tissues, was paced into a partially covered petri-
dish and allowed to air dry for 12 h.

III. Experiments

(1) Surface Characterization

An AFM (Nano R; Pacific Nanotechnology, Inc., Santa
Clara, CA) was operated with close-contact mode to scan the
surface of each sample. Scan sizes of 5 um x 5 um were
obtained using a silicon cantilever with scan rates of 1 Hz
and a resolution of 256 x 256 pixels. Images were analyzed
by NanoRule to obtain the surface roughness on the micro-
meter scale.

The macro-scale surface roughness of all samples, Ti—-C:H
coating and Ti6Al4V, was measured, respectively, using a
profilometer (ZygoNewView 600s optical; Zygo Corporation,
Middlefield, CT) in 0.14 mm x0.11 mm scale. An optical
profilometer uses a noncontact mode to measure surface
roughness and its profile. The average value for each group
was used to represent its macro-scale surface roughness.
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(2) Contact Angle Measurement

Contact angle was tested in the following method. The
amount of 0.05 mL distilled water was dropped onto the
sample surface from a 5 mm height. Once the drop was on
the surface, a digital camera was used to take an image.
Finally, contact angle was calculated through image analysis.
Each measurement was repeated 12 times. Contact angle test
is necessary because protein had some preference to hydro-
philic surface.’ Doing so enabled us to study how the contact
angle affects the adhesion of protein to a surface.

(3) Shear Stress Measurement
The AR-G2 Rheometer (TA Instruments, New Castle, DE)
carried out shear stress experiments by controlling maximum
shear stress applied on the sample. The rotating disk was a
25-mm diameter spindle, whereas the sample was fixed on
the stationary disk below (Fig. 1).

The stationary plate is a Peltier plate for temperature con-
trol. The temperature was maintained at 37°C. The amount
of 200 + 1uL of simulated body fluid (SBF) was poured on
the sample to fill the 500 pm gap between the spindle and
the sample, and SBF was prepared according to ISO 23317.
When lowering the spindle, it was rotated at a lower speed
to form an evenly distributed water layer without air
bubbles. Each shear stress test ran for 5 min. Shear strain,
spindle speed, torque, and temperature were recorded. Imme-
diately after testing, an image of the sample was taken with a
digital camera for image analysis (Image-J). Six samples in
one group were exposed to different controlled shear stress,
namely 25, 26.5, 28, 29.5, 31, and 32.5 Pa.

After each test, proteins were wiped off and rinsed with DI
water, followed by 10 min sonication with acetone and etha-
nol, respectively. After cleaning, the samples were allowed to
air dry before being recoated with albumen and retested. For
repeatability, each test was repeated three times.

(4) Tribological Tests

A CSM tribometer was used to carry out a linear reciprocal
pin-on-disk tribological test. A bearing ball (E52100) of
6 mm diameter was fixed on the top pin to wear against the
sample surface. The tribological test for Ti-C:H and
Ti6Al4V were conducted in following conditions: 4800 cycles,
5 N normal load, maximum linear speed 2.5 cm/s, and half
amplitude 3 mm. The sliding tests were performed at room
temperature under the lubrication of the egg white solution.
The concentration of albumen solution used here is the same
as the solution used for protein coating during the sample
preparation process of the shear stress test. The tribological

spindle disk

Fig. 1. Therheometer system for adhesive strength measurement.
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test of each sample was repeated twice to verify its repeat-
ability.

The tribological characteristics, including the friction coef-
ficient, wear rate of the sample, and wear volume of the bear-
ing ball were investigated. The wear rate of the sample
surface was quantified through analysis of the wear track pro-
file tested by using a contact profilometer. The wear volume
of the bearing ball was calculated from the diameter of the
spherical wear cap on the ball observed by optical micro-
scope. To further determine the wear mechanism, the wear
tracks on samples were also studied using optical microscopy.

(5) Debris Analysis
The wear debris for Ti—-C:H and Ti6Al4V samples was
analyzed using JEOL transmission electron microscope

22 4

1 m TiBA4V
20+ e Ti-C:H

Critical shear stress (Pa)

Applied shear stress (Pa)

Fig. 2. Comparison of Ti6Al4V (down) in 5 pm x 5 um and Ti-C:
H (up) in 1.5 pm x 1.5 pm.
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(TEM). As it was an albumen solution lubricated wear test,
the debris was mixed into the albumen solution. The debris—
albumen solution was collected and mixed with acetone.
Then surfactant was added, and the solution was placed in a
sonicator for 3 h to separate the debris particles. Finally, the
debris—albumen—acetone—surfactant solution was applied on
copper TEM grids. The acetone was evaporated, leaving only
the debris for TEM imaging.

IV. Results and Discussion

(1) Protein Adhesion

Critical shear stress was used to represent the adhesive
strength of egg white protein to a surface. The comparison
between Ti—C:H coating and Ti6Al4V shows that protein has
similar, but slightly stronger adhesive strength with Ti6AI4V
(Fig. 2) than that of Ti—C:H. In comparing both materials,
the latter is considered more electron negative, and yet its
surface has nanoporous structures (Fig. 3). These effects were
somehow suppressed by the hydrophilic nature of the
Ti6Al4V (Fig. 4). It has been found that hydrophilic surfaces
preferentially adsorb protein than do hydrophobic surfaces.’
Our result (Fig. 4) is in correlation with the report.

(2) Tribological Characteristics

Figure 5 shows the friction coefficient against time during
the tests for Ti—-C:H and Ti6Al4V. Figure 5(a) is that of Ti—
C:H showing the friction coefficient fluctuated in the range
of 0.12 and 0.18, whereas the Ti6Al4V (Fig. 5b) fluctuated
between 0.24 and 0.30 . The Ti—C:H coating not only had a
lower friction but also is more stable than Ti6Al4V under
the protein solution lubrication condition. The friction coeffi-
cient for Ti—C:H was slightly increased during the experiment
and was featured with a visible running in period. This
means that the Ti—C:H surface is better lubricated, which
might be due to the adhered proteins on the porous struc-
ture. The friction coefficient of Ti6AI4V slightly decreased
without a well defined running-in period.

150.00 pm

100,00 pm

50.00 pm|

0.00 pm 1.67 pm 3.34 ym 5.00 pm

Fig. 3. An AFM scan for Ti-C:H coating (1.5 pm x 1.5 um).
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Fig. 5. Friction coefficient against time for (a) Ti-C:H and (b)
Ti6Al4V.

The wear rate of Ti—-C:H and Ti6Al4V and the wear vol-
ume of their bearing ball are shown in Figs. 6(a) and (b),
respectively. The chemical inertness and high hardness made
the wear rate of Ti-C:H one thousand times less than
Ti6Al4V. The excellent properties of Ti—C:H coating also led
to the lower wear volume of its bearing ball, which was
nearly one hundred times less than the wear volume of the
bearing ball worn against Ti6AI4V.

From the optical microscope view of the wear track and
wear cap of the ball bearing (Figs. 7 and 8), it was found
that the dominant wear mechanism for Ti—C:H and Ti6Al4V
was abrasive wear. Some green to blue color spots, however,
were observed on the bearing balls that wore against
Ti6Al4V and at the end of the Ti6Al4V wear track (Fig. 7).
This finding proved tribochemical reactions happened during
the tribological experiments. This further showed the out-
standing chemical inertness of Ti—C:H. The tribochemical
reactions could attribute to the high wear rate of the
Ti6Al4V sample and high wear volume of its bearing ball.

(3) Debris Analysis
Figure 9 is the TEM image of the wear debris for Ti-C:H
and Ti6Al4V samples. The wear debris of Ti—-C:H coating
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Fig. 6. (a) Wear rate of Ti—-C:H and Ti6Al4V samples. (b) Wear
volume of ball bearing against Ti—-C:H and Ti6Al4V samples.

Fig. 7. Optical microscope image for ball bearing wear against (a)
Ti—C:H and (b) Ti6Al4V.

was featured with crystalline structures around 1-2 um. Deb-
ris particles for Ti6Al4V samples are much smaller than Ti—
C:H, and have amorphous structures. The amorphous debris
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Fig. 8. Optical microscope image for (a) Ti-C:H and (b) Ti6Al4V
left and right.

Ti-C:H Ti6Al4V

Fig. 9. TEM images of debris collected from Ti-C:H (left) and
Ti6Al4V (right).

of Ti6Al4V may be responsible for its higher friction coeffi-
cient compared with the Ti—-C:H sample under protein lubri-
cation condition. The relation between debris and friction
coefficient found in this study correlate with Ribeiro’s
findings.'*"3

V. Conclusion

This research used a rheologic methodology to quantitate the
adhesive strength of albumen to Ti-C:H coating and
Ti6AISV sample surfaces. Tribological test and related analy-
sis were performed to compare the wear resistance and wear

A Ti-C:H Coating and its Bio-Applications 2745

mechanism of Ti—-C:H and Ti6Al4V. It was found that pro-
tein had similar adhesive strength on both the Ti—-C:H and
Ti6Al4V surfaces. The Ti—-C:H coating reduces the friction
significantly, and its hardness and chemical inertness made it
wear resistant in comparison with Ti6Al4V. Moreover, the
wear debris of Ti—C:H coating showed a crystalline feature
that could be deformable with a frictional force.

In summary, the outstanding tribological and protein
interaction properties of Ti—-C:H over Ti6Al4V indicate that
it could be a suitable coating for and artificial joints. The Ti—
C:H coating can help improve the service life and perfor-
mance of these biomedical implants.
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The properties of DLC layers provide for their broad use in medical applications. Their tribological properties
are frequently utilized in big joint implants, and their barrier effect offers another benefit. The present work
studied corrosion behavior of DLC coatings formed on titanium and Ti6AI4V alloy with a titanium or chromi-
um inter-layer, in environments to which dental implants may be exposed. Electrochemical impedance spec-
Keywords: troscopy, XPS surface analysis, ICP/MS chemical analysis method and a set of standard biological tests were
DLC employed in the study.

The behavior of both coated systems, regardless of the basic material, was comparable in an environment that

Adhesive inter-layer

Corrosion did not contain fluoride ions. An addition of fluorides revealed the occurrence of pores as deep as the DLC
Impedance spectroscopy layer even in specimens with a surface polished prior to coating. Porosity of layers was clearly evident on
Biology jet-blasted specimens. The best corrosion behavior was recorded in specimens with a chromium inter-

layer on both types of the basic material. With the titanium inter-layer applied, coatings on TiAIV exhibited
higher corrosion resistance than those on commercial-pure titanium. The conducted biological tests indicat-

ed applicability of a chromium inter-layer on DLC coated implants.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Coating with layers of the diamond-like carbon (DLC) type repre-
sents a technology with a considerable potential for application in
the area of biomaterials. DLC layers display good wear behavior,
cytocompatibility and do not increase the risk of post operation
infections [1-7]. Their barrier behavior offers another application
benefit. Implants are currently made of wide spectrum of materials,
e.g. titanium-aluminum-vanadium alloy. In this case the release of
mainly vanadium corrosion products may induce immune response
in sensitive patients [8,9]. The same problem relates to the release
of nickel from a shape-memory nickel-titanium alloy [10]. A DLC
coating forms barrier which is able to eliminate the adverse corrosion
process linked with the release of soluble corrosion products into the
human body environment [9,11].

A DLC layer is always deposited on an adhesive inter-layer. This
may be formed by many ways as a simple or multi-component sys-
tem [12,13]. The corrosion and biological behavior of materials coated
with DLC layers have been studied by a number of authors, but the ef-
fect of an inter-layer on the overall corrosion behavior of coated sys-
tems attracts only limited attention [14,15]. However, its corrosion

* Corresponding author. Tel.: 4+420 220444204; fax: +420 220444400.
E-mail address: Ludek Joska@vscht.cz (L. Joska).

0257-8972/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2012.05.089

properties may be of essential significance, particularly in the case
of porous coatings. The use of a titanium inter-layer seems to be the
most appropriate for systems applied in medicine from the possible
release of corrosion products and subsequent negative reaction of
the organism points of view.

The application of a barrier DLC layer on the surface of titanium
based materials which are commonly used for dental implants seems
to be a good choice because part of their surface gets into contact with
the soft tissue. Dentistry is rather specific as it employs preparations
with a high content of fluorides which destabilize titanium passive
layer [16]. Chromium inter-layer might be of advantage in this case.
Chromium is a component of many materials commonly used in
human medicine [17] — e.g. implants of big joints made of austenitic
stainless steel containing 20% chromium have been successfully used
for decades, yet some cases of allergic reactions to implants have been
documented [8,18,19]. In general, more attention needs to be paid to
materials containing nickel, chromium and other components which
may be risky in view of a possible negative response of the organism
[20].

The present work studied corrosion behavior of DLC coatings
formed using titanium or chromium inter-layer on titanium and
Ti6Al4V alloy, in a saline solution modeling environment to which
materials used for dental implants may be exposed. Samples coated
with a chromium adhesive inter-layer were evaluated by a battery
of standard biological tests.
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2. Material and methods

Flat specimens with a diameter of 16 mm and a thickness of 3 mm
made of commercially pure titanium (Ti grade 2) and titanium alloy
Ti6Al4V (Ti grade 5 ELI) and chromium (purity 99.9%, R, = 0.08 pm)
were used for measurements. The surface was treated in two levels of
roughness: R, =0.08 pm modeling the implants' sliding surfaces, and
R,=1.00um (jet blasting with corundum and subsequent etch
cleaning), corresponding to one of the possible treatments of dental im-
plant surface. Corrosion behavior of both materials is not influenced by
roughness in principle [21].

Ti/Ti-C:H/a-C:H(DLC) coatings were deposited in a Hauzer
Flexicoat 1200 device with chamber volume 1000 . Prior to the depo-
sition, the substrates were degreased in an alkaline ultrasonic bath,
rinsed with de-ionized water, and dried in a vacuum. The specimens,
cleaned in argon plasma, were subsequently coated with a gradient
adhesive inter-layer. It was deposited by unbalanced magnetron
sputtering from titanium targets (purity 99.5%) in an argon atmo-
sphere (99.999%), with the flow of acetylene (purity 99.6%) increas-
ing simultaneously. The composition of the gradient adhesive inter-
layer was changing from pure titanium to Ti-C:H. The conditions
applied in the chromium adhesive inter-layer preparation process
were identical, with a chromium target used in this case (purity
99.8%). The layer composition was changing gradiently from Cr to
Cr-C:H. A functional a-C:H layer was deposited on inter-layers
created in this way using the PACVD (Plasma Assisted Chemical
Vapor Deposition) method. Pulsed bias voltage was applied on the sub-
strate holder with a frequency of 50 kHz and a peak voltage of 200 V.
Deposition temperature was 200 °C, C;H, flow rate was 500 sccm,
base pressure was 2.10~ 3 Pa and deposition pressure was 1 Pa.

The layers' thickness was determined using the calotest method;
adhesion to the coated substrate was measured by way of a scratch
test (CSEM Revetest). A second adhesion measurement, so-called
Mercedes-Rockwell adhesion test, was conducted for comparison. It
consisted an optical evaluation of the surroundings of an indentation
formed in consequence of a hardness measurement using the Rock-
well method at a load of 150 kg (HRC). It is evaluated with a param-
eter from 1 to 6. Microhardness was measured using the Picodentor
HM500 (Fischer) measuring system.

Electrochemical impedance spectroscopy (EIS) measurements
were conducted in the standard way (measurement at E,p, frequency
range 100 kHz-1 mHz, 7 points per decade, excitation ac signal
20 mV), using potentiostat PCI4/750 with a multiplexer ECM
8 (Gamry). All potential-related data in the text refer to the used ref-
erence silver-silver chloride electrode (chloride ions concentration
3 mol/l). An aerated physiological saline solution (9 g/l NaCl) with
pH buffered to 4.2 using a solution based on potassium hydrogen
phthalate and sodium hydroxide [22], and an identical solution with
200 ppm fluoride ions added served as the exposure environments.
The specimens were degreased and sterilized prior to exposure
(120°C/20 min). Measurements were conducted in PTFE cells at
37 °C for 168 h, with spectra scanned periodically once in 24 h.

X-ray photoelectron spectra (XPS) were measured using an
EscaProbe P (Omicron) spectrometer with an excitation monochro-
matic Al K, source (E=1486.6 eV). The analyzed area was 1.3 mm?.
When studying the surface state after the corrosion exposure, the
delay between the specimen's withdrawal from the corrosion cell
and its insertion in the spectrometer was 120 s maximum. The
amount of chromium released to the exposure environment was de-
termined using the inductively coupled plasma-mass spectrometry
method (ICP/MS, Elan DRC-e, Perkin-Elmer). Each specimen was ex-
posed individually in 20 ml of the respective solution at 37 °C for
24 h. Measurements were repeated four times.

Prior to biological tests, the specimens of the studied materials
coated with a DLC layer on a chromium adhesive inter-layer were
sterilized. The MG 63 cell line (from human osteosarcoma) was

used for the tests, cultivated in a MEM (Minimum Essential Medium
with Earle's balanced salts, without L-glutamine, Sigma-Aldrich)
with 5% bovine fetal serum added. In order to determine the adher-
ence and cytotoxicity, each specimen was exposed independently
and dynamically (by way of shaking) in 4.7 ml of the MEM at 37 °C
for 5 days. The resulting leach was sterilized by filtration and used
for measurements. Cell cultures were cultivated under standard con-
ditions (37 °C, air with 5% carbon dioxide added, relative humidity of
95%).

In the colonization test, the cells were inoculated directly onto the
studied material surface and the area occupied by the cells after 72 h
of cultivation was evaluated. After the end of exposure, the cells were
fixed and colored with Giemsa stain, diluted with distilled water 10-
times. The area occupied by the cells on the specimen surface was
evaluated in ten picture fields minimum. The field of view was
1.29% 10 pixels. An area of cells cultivated in the same way on
glass was used for control.

In order to determine adhesion, the cells were inoculated into a
leach prepared by the above procedure, and their adhesion to the bot-
tom of the cultivation vessel was monitored. The test resulted in the
quantification of the number of adhered cells, expressed by the ad-
herence index (I, =number of adhered cells/number of all cells in
the picture). The cells' behavior in a MEM prepared without the test-
ed material served as a negative control. An extract of a copper spec-
imen prepared in the same way as that applied for coated materials
served as a positive control. The environment is cytotoxic if the adhe-
sion index range from 0.05 to 0.40.

Cytotoxicity and clastogeneity (chromosomal aberrations) were
determined in accordance with the CSN EN ISO 10 993-5 and 10
993-3 standards. In order to evaluate the cytotoxicity, the growth
curve was measured in a medium prepared by exposing the speci-
mens. The number of cells was evaluated in a Burker counting cham-
ber in individual time intervals. The cells' behavior in a MEM was
used as a negative control while a copper extract in a MEM medium
served as a positive control. For the test of chromosomal aberrations,
the specimen was deposited in a Quantum PBL (PAA Laboratories)
medium added with peripheral blood from a donor, in which the
cells were cultivated. In conclusion, the environment was treated in
a standard way (inhibition of cell division in the metaphase,
hypotonization and fixation). Methotrexate was used as a positive
control while the medium itself with peripheral blood added served
as a negative control.

3. Results

The total thickness of the Ti/Ti-C:H/DLC layer was 3.20 um, with
the DLC coating itself accounting for 2.2 um. In the Cr/Cr-C:H/DLC
layer with a total thickness of 4.6 um, the DLC layer accounted for
1.9 um. In both cases the coating adhesion failed at a critical load of
30 N. The result of Mercedes-Rockwell indentation test was 2. Adhe-
sion was found to be good and satisfactory for the assumed future ap-
plications [23,24]. At a load of 20 mN, the microhardness reached a
value of HV=2200.

For the sake of simplification, the individual types of specimens
are designated by abbreviations in the following text: Material/Cr/
DLC or Material/Ti/DLC used for specimens coated by DLC on individ-
ual inter-layers, polished surface is abbreviated P and jet-blasted ]B.

The course of EIS spectra measured on both types of substrate ma-
terials with layers deposited on a polished or jet-blasted surface in an
environment with a non-adjusted pH and pH =4.2 was almost iden-
tical. The effect of fluoride ions on the impedance response of coated
systems is summarized in Figs. 1-4. The course of the EIS spectrum
measured at the end of exposure in an electrolyte with pH = 4.2 with-
out any fluoride ions added is shown for comparison. In the process of
spectrum analyses, several equivalent circuits modeling layered
structures were tested. Finally, equivalent circuits shown in Fig. 5
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Fig. 1. EIS spectrum of polished specimens (PS, pH=4.2, 200 ppm F~ — 24 and 168 h,
0 ppm F~ — 168 h); a. Ti/Ti/DLC, b. Ti6Al4V/Ti/DLC.

were used. The first (Fig. 5a) models a non-porous layered structure
while the second (Fig. 5b) takes into account the effect of pores
[25-27]. In equivalent circuit 5a, the charge is transferred via a “com-
pact” layer while model 5b assumes the influence of electrolyte in the
coating defects. The RC element designated with the index “out” rep-
resents the layer-electrolyte phase boundary while the index “in”
designates the phase boundary DLC-interlayer (5a) or electrolyte (in
pores)-interlayer (5b). The RC element with the index “s” is a correc-
tion to surface processes [28]. Tables 1 and 2 show the overall resis-
tance calculated as a sum of individual contributions determined by
way of spectrum analysis (Rsym =Rout+ Rin). The value of Ry part
was at the level of tens to hundreds of ohms. Unambiguousness of
the EIS spectrum description using an equivalent circuit was decided
based on the convergence criterion value (at a distinctly lower level
in the case of one of the equivalent circuits). Also, errors in determin-
ing the parameters of this equivalent circuit were lower. In other
cases the result was considered to be ambiguous.

The effect of fluoride ions on the impedance response of the coat-
ed specimens indicated influence layer failures. EIS spectra of the
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Fig. 2. EIS spectrum of jet-blasted specimens (PS, pH=4.2, 200 ppm F~ — 24 and
168 h, 0 ppm F~ — 168 h); a. Ti/Ti/DLC, b. Ti6Al4V/Ti/DLC.

substrate materials and chromium are shown in Fig. 6, Rgym values
are summarized in Table 3.

The XPS analysis of titanium and Ti6AI4V alloy exposed in physio-
logical solution with pH=4.2 confirmed the assumable presence of
titanium, aluminum and vanadium oxides. After exposure in the
same environment electrolyte with 200 ppm fluoride ions added, po-
tassium and fluorine were detected on the surface besides titanium
and oxygen. In the case of TiAlV, vanadium concentration increased
significantly — the ratio of atomic percentage was Ti/Al=6.1 in an
environment without fluoride ions, it changed to 0.69 in a fluoride-
containing environment.

The amount of chromium released into both types of exposure
environment (pH=4.2 and pH=4.2+4200 ppm F) was less than
0.5 ng/ml, i.e. below the ICP/MS method detection limit for all spec-
imen variants (Ti, TiAlV, surface P, ]B).

Figs. 7-9 and Table 3 summarize the results of the biological tests.
In all cases, the colonization of the coated specimens' surface was
higher than that recorded for control. It was easier on rougher sur-
faces, which is a positive fact in relation to implants. MG 63 cell adhe-
sion to individual specimens differed by its dynamics in the course of
the measurement, but the results were in the range of negative
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control in 1 h. Extracts from individual coated systems were non-
cytotoxic, and they did not cause any chromosomal aberrations.

4. Discussion

Implants made of titanium or titanium-based alloys are exposed
to the impact of acetylene atmosphere at a temperature of 200-
250 °C during their coating. In the course of this process, hydrogen
may diffuse into the material causing degradation of the surface me-
chanical properties due to hydride formation-hydrogen embrittle-
ment [29-31]. It is thus necessary to carefully control the C;H, flow
rate at the start of the gradient transition from Ti to Ti-C:H so as to
eliminate the origin of a TiH phase. In terms of technology, this proce-
dure is more demanding than the process related to the formation of
a chromium inter-layer, which does not allow for the formation of a
brittle hydride phase. Technological reasons together with a de-
creased risk of unacceptable results give preference to chromium as
an adhesive inter-layer for DLC coatings on titanium and its alloys.

EIS spectra of a nonporous DLC, i.e. carbon layer, should corre-
spond solely to oxidation-reduction reactions of the environment,

L. Joska et al. / Surface & Coatings Technology 206 (2012) 4899-4906
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Table 1
Overall resistance of titanium with a DLC coating.
Surface  Time [h]  Average Reum [ cm?]  Behavior

Cr inter-layer, pH =4.2, 0 ppm F

P 24 6.26-10° Ambiguous, comparable fit quality
P 168 1.28-10° Ambiguous, comparable fit quality
JB 24 3.73-10° Ambiguous, comparable fit quality
JB 168 1.07-108 Ambiguous, comparable fit quality

Cr inter-layer, pH =4.2, 200 ppm F

p 24 5.15-10° Porosity
P 168 1.56-10° Porosity
JB 24 490-10° Porosity
B 168 1.32-10% Porosity

Ti inter-layer, pH =4.2, 0 ppm F

P 24 1.46-108 Ambiguous, comparable fit quality
P 168 1.60- 108 Ambiguous, comparable fit quality
JB 24 6.33-10° Ambiguous, comparable fit quality
JB 168 3.94-10° Ambiguous, comparable fit quality
Ti inter-layer, pH =4.2, 200 ppm F

p 24 5.39-10° Porosity

p 168 9.95-10° Porosity

JB 24 9.90-10° Porosity

1B 168 3.98-10° Porosity

in this case to electrochemical processes of oxygen in which carbon
participates only as a charge carrier. Impedance spectra of titanium
and titanium grade 5 with both types of inter-layers exposed in a
physiological saline solution are similar. These are systems with a
high resistance to charge transfer, as evident from Figs. 1-4, and
Tables 1 and 2. The effect of an adhesion inter-layer on the course
of these dependences did not really express itself. Based on imped-
ance spectra it is not possible to say definitely whether the layers ex-
hibit porosity. Both applied equivalent circuits can fit data very well,
the convergence criterion values were comparable.

The total resistance to the charge transfer (Rs,,) was higher than
1x10° Q cm? for all specimens with a coating formed on a polished
surface in the PS environment, which corresponded to the corrosion
rate, calculated for titanium, lower than 1 pm/a. The electrochemical
behavior could differ only if the electrolyte got in contact with a
phase boundary of a different composition — in our case it could
have been contamination of the coating with chromium or titanium.
XPS analysis nevertheless did not prove the presence of chromium

Table 2
Overall resistance of Ti6Al4V with a DLC coating.

Surface Time [h]  Average Rym [ cm?]  Behavior

Cr inter-layer, pH =4.2, 0 ppm F

P 24 6.20-10° Ambiguous, comparable fit quality
P 168 8.91-10° Ambiguous, comparable fit quality
JB 24 6.23-10° Ambiguous, comparable fit quality
JB 168 1.25-10° Ambiguous, comparable fit quality

Cr inter-layer, pH =4.2, 200 ppm F

P 24 9.57-10° Ambiguous, comparable fit quality
P 168 1.24-107 Ambiguous, comparable fit quality
B 24 6.94-10° Porosity

JB 168 1.43-10° Porosity

Ti inter-layer, pH =4.2, 0 ppm F

P 24 3.15-108 Ambiguous, comparable fit quality
P 168 2.88-10% Ambiguous, comparable fit quality
1B 24 6.91-10° Porosity

JB 168 2.26-107 Porosity

Ti inter-layer, pH =4.2, 200 ppm F

P 24 4.93-10° Ambiguous, rather porosity
P 168 9.61-10° Ambiguous, rather porosity
JB 24 8.43-10* Porosity
B 168 1.24-10° Porosity

a)Ti .
10 ;Z:%oo uuuuunn:ujnu_un\
10° =
E 10° = N
2 10% = &
(<]
2 Q
N
101 T IIIIIIII T IIIIII1 T IIIIII1 T IIIIII1 T IIIIIIII T IIIIIIII T IIIIIIII T 1T '90
10° 102 10" 10° 10" 102 10® 10* 10°
f [Hz]
e Z,p24h . Z ,168h —_ Z . OppmF,168h
©Z,,24h o Z ,168h ---Z ,0ppmF168h
b) Ti6AI4V
107 Foo, I
ERRCCN e
10° =5 —-15
& 10° 3 — -30
£ E N
8 ] i )
= I -45 E"
F re
N - -60
- - -75
101 T IIIIIII| T IIIIII1 T IIIIII1 T IIIIII1 T IIIIIII| T IIIIIII| T IIIIIII| T 1T -90
10° 102 10" 10° 10' 102 10° 10* 10°
f [Hz]
e Z,p24h . Z ,168h —_ Z . OppmF,168h
o me, 24h o thz, 168h = - - thz, O0ppmF, 168 h
C) Cr
107 —0
::. Eaag.un‘
6 \ P | .
_ 10 P 15
] Y3 -
E pD
o 5 o L -
g 10 . 30
= In L =
< b N
N1 e - g
o r Q
103 ° 1° | -60
102 A :°q - b3 — -75
0000, 288 A anaaanaaaacEaRRE L L

10° 102 10" 10° 10" 10®> 10® 10* 10°
f [Hz]

o Z p»24h o Z ,168h ——_ Z

'mod? 'mod?’

0ppmF,168 h

'mod?

o thz, 24h © thz, 168h - - - thz, 0 ppm F, 168 h

Fig. 6. Ti, Ti6Al4V and Cr EIS spectra (PS, pH=4.2, 0 ppm F~, 200 ppm F7).

or titanium (in the case of a chromium or titanium adhesive inter-
layer, respectively) on the specimens surface. The signal on the re-
spective binding energy (Ti 2p, 452-468 eV; Cr 2p, 570-582 eV)
was always on the level of the background. The only signals detected
were carbon (C 1s) and oxygen (O 1s) lines. Explanation of the
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Table 3
Overall resistance of titanium, Ti6Al4V alloy and chromium.
Material Environment Rsum Character
[Q cm?]
Tigrade2, pH=4.2,0ppmF 11-10% Passive
polished pH=4.2,200 ppm F 447 Active, layer of corrosion products
Ti 6Al4V, pH=4.2,0ppmF 43-10% Passive
polished pH=4.2,200ppmF 620 Active, layer of corrosion products
Cr, polished pH=4.2,0ppm F 13-10° Passive
pH=42,200ppm F 32-10° Passive

differences in Rg,y, on polished specimens with a chromium/titanium
interlayer, which, however, are of no great significance from the prac-
tical point of view, would have to be sought in a more detailed eval-
uation of the properties and electrochemical behavior of DLC layers.

Carbon is stable/inert in an environment containing fluoride ions
at a concentration level tested in this work. Consequently, increase
of environment aggressiveness toward titanium, resulting from the
presence of fluorides, should have any impact on the course of the
EIS spectra of specimens coated by a nonporous layer. Measurements
showed that this assumption was not confirmed for any of the stud-
ied systems.

Charge transfer resistance of Ti/Ti/DLC specimens with a polished
surface dropped about five-times in the course of exposure in a
fluoride-containing environment, and the spectra character changed.
A far more distinct change was recorded for the same system with a
jet-blasted surface. After the first 24 h of exposure, spectra were dia-
metrically different from the dependences measured in an electrolyte
without fluoride ions. The system's behavior did not change in any
significant way in the course of the further exposure. For both types
of surfaces, data fitting was significantly more successful with the
use of an equivalent circuit modeling a porous layer. Similar but less
distinct changes were recorded for Ti6Al4V/Ti/DLC specimens. The
overall resistance of polished specimens did not practically change
after the initial decrease, preserving its high value. Specimens with
a layer deposited on a jet-blasted surface behaved in a similar way.
The overall resistance dropped by about an order of magnitude in
comparison with the dependences measured in an electrolyte with-
out fluoride ions. Unlike the spectra character, however, it did not
change in the course of exposure.

It is a generally well-known that the presence of fluoride ions,
more strictly speaking the presence of hydrofluoric acid originating
by hydrolysis, in an environment destabilizes titanium oxides
[32-34]. These oxides form the passive layer which is the bearer of
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Fig. 8. Cytotoxicity test (samples with chromium interlayer).

corrosion resistance. Changes in the character of the spectra of spec-
imens with a titanium inter-layer recorded in a fluoride-containing
environment proved that even layers formed on polished surface con-
tained through-thickness defects. The electrolyte may have got in
contact with the inter-layer or with the bulk material through these
defects.

EIS spectra of non-coated titanium, Ti6Al4V and chromium (Fig. 6,
Table 3) exposed in a physiological saline solutions without fluorides
represent passive materials with an almost identical behavior. Spec-
tra may be fitted using a simple model containing only one R-CPE el-
ement [35]. An addition of fluoride ions led to a sharp change in the
corrosion behavior of titanium. Impedance dropped by three orders
of magnitude as soon as after 24 h of exposure, but it did not change
in any significant way afterwards. XPS analysis of exposed samples
confirmed the presence of fluorine and potassium, in addition to the
predictable elements. This fact was explained formerly by the forma-
tion of a low-soluble saline layer containing fluoride ions [36]. The re-
sponse of the Ti/Ti/DLC specimens with a jet-blasted surface to the
presence of fluorides in the electrolyte roughly corresponded to this
behavior. The electrolyte got in contact with titanium, which intensi-
fied the corrosion process and decreased overall resistance. In speci-
mens of the same type but with a polished surface, the response
intensity rate was less pronounced due to a lower number of
through-layer thickness defects. Non-coated Ti6Al4V alloy responded
to the presence of fluoride ions in a different way. The initial imped-
ance drop was less distinct, but spectra were changing permanently
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Fig. 9. Colonization test (samples with chromium interlayer).
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for the whole time of exposure. In its final stage, i.e. after 168 h, the
spectra of the alloy and titanium were basically identical. XPS analysis
of a non-coated TiAlV specimen exposed in a fluoride-containing en-
vironment for 24 h showed that the surface concentration of alumi-
num rose to a level exceeding its content in the alloy several times.
The signal of potassium and fluorine indicating the origin of a com-
pound was detected again. The drop in the coated system corrosion
resistance slowed down due to the change in the character of passive
layer. At the same time, communication with the electrolyte volume
was probably limited due to the compound origin.

The effect of a change in the environment's corrosion aggressive-
ness was far less evident in both titanium and Ti6Al4V samples coated
with a system containing a chromium inter-layer. The presence of
fluorides had practically no effect on the behavior of specimens
with a DLC coating deposited on a polished surface. The overall resis-
tance stayed high, with no change in the spectra character recorded.
The behavior of jet-blasted specimens with different substrates was
different. A lasting impedance decrease was recorded for specimens
on titanium. The effect of porosity was unambiguous in this case. Im-
pedance of specimens with a Ti6Al4V substrate dropped by an order
of magnitude at the beginning of exposure, but it did not change in
any way afterwards. Basic explanation may be deduced from the be-
havior/corrosion resistance of chromium in an environment con-
taining fluorides. Pure chromium, as shown in Fig. 6¢, is highly
corrosion-resistant in the given environment. The electrolyte in
pores of polished samples gets in contact with a corrosion-resistant
chromium inter-layer and, probably also due to a limited electrolyte
exchange through pores, the corrosion process does not significantly
continue. A number of factors may be expected to manifest them-
selves in the case of layers formed on jet-blasted surfaces, such as
an easier electrolyte exchange, probable existence of chromium part-
ly in the form of carbide, and the substrate effect.

The above results indicate that coated systems with both types of
the adhesive inter-layer display comparable behavior in a common
chloride containing environment. Under critical conditions of corro-
sion exposure, which may occur when a patient with dental implants
is treated with fluoride preparations, the properties of systems with a
chromium inter-layer are better.

Tests of biological acceptability of coated systems with a chromi-
um inter-layer are inevitable for their use in biomaterial applications,
in which titanium is applied without any problems. A basic test of the
release of soluble corrosion products showed that during a 24-hour
exposure, chromium was not released at a level that would be
detected by the highly sensitive ICP/MS analytical method, this apply-
ing even to an electrolyte containing fluorides. A set of standard bio-
logical tests led to similar conclusions. According to the results
(Fig. 7), the cells’ primary contact with the material, evaluated by
the adherence test whose kinetics was slightly different on different
surfaces in the course of the measurement, led to comparable coloni-
zation of the specimen surfaces with cells at the end of the measure-
ment, with the adherence index corresponding to the negative
control (Fig. 7). The growth of the cell culture, characterized by the
cytotoxicity test (Fig. 8), was again almost identical and comparable
with the negative control. In general we may say that the cell culture
colonized the surface and the products of the specimen's interaction
with the cultivation environment did not have any negative effect
on its development. According to the results of the colonization test
(Fig. 9) colonization by a comparable number of cells, according to
the adherence test results, was much easier on a rougher surface,
again regardless of the interlayer or the substrate material composi-
tion. The occurrence of chromosomal aberrations ascertained by the
measurement (Table 4) corresponded to the general level in the pop-
ulation. The studied materials did not have any negative effect on
their frequency. As to the applicability of a chromium inter-layer in
human implantology, the results of all the conducted measurements
were positive. Based on this data we may assume that the use of a

Table 4
Chromosomal aberration test.

Sample Aberrated cells [%]
Ti P 4
TiJB 3
Ti6Al4V P 4
Ti6Al4V |B 4
Positive control 18

chromium inter-layer in implant coatings should not represent health
risk for patients.

5. Conclusions

The present work studied the effect of a titanium or chromium
adhesive inter-layer on the interaction of DLC-coated titanium and
Ti6Al4V with a physiological saline solution with a decreased pH
and fluoride ions added. Both coated systems regardless of the
basic material behaved comparably in an environment without fluo-
ride ions. An addition of fluorides proved the existence of through-
layer thickness defects even in specimens with a surface polished
prior to coating. The best corrosion behavior was recorded for spec-
imens with a chromium inter-layer on both types of substrates. In
the case of a titanium inter-layer, corrosion resistance of coatings
on Ti6Al4V was higher than that on titanium. The conducted biolog-
ical tests indicated applicability of a chromium inter-layer for DLC-
coated implants.
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The primary goal was to compare model replacements with and without DLC layer. Components were
made of the Ti6Al4V alloy and coated with a DLC layer, the sliding sleeve made of a PEEK polymer.
Testing was done in the saline physiological solution (9 g/L NaCl). The measuring system was
supplemented with the corrosion behavior monitoring.

The results show that the applied DLC coating significantly increases the service life of the implant.
Based on the results it is possible to state that an accurate mechanical load together with corrosion
behavior monitoring shifts testing in the given field to a qualitatively higher level.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The hinge type of total knee replacement stands away from the
main stream of related research due to its non-anatomic joint
movements, yet it is the only possible option for some medical
indications. A great part of implantations are conducted on
patients after a bone tumor operation in the vicinity of the knee
joint. Given the ever growing rate of success in the field of tumor
treatment, mechanical and tribological requirements on implants
are increasing accordingly. Similarly as in the case of anatomic
replacements, younger patients in particular wish to preserve
their active life style in spite of the seriousness of their illness, and
perform their everyday activities with the aid of total replace-
ment. From patients’ point of view, joint replacement implanta-
tion represents a radical medical intervention in their body
followed by convalescence. Consequently, their logical and justi-
fied requirement is for the implant to fulfill its function in the
body as long as possible even after the primary illness has been
cured. In vitro simulations may serve as an important tool in
predicting the abrasive behavior of the implant and/or of new
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Engineering, Department MBM, Technicka 4, 166, 07 Prague, Czech Republic.
Tel.: +420 224352746; fax: +420 233322482.
E-mail address: frantal@biomed.fsid.cvut.cz (L. Franta).

0301-679X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.triboint.2012.02.014

materials applied in the implant contact pair. Since a simulation
cannot provide for entirely identical conditions as those of the
joint dynamic movement after implantation, in vitro testing of
implant components is conducted with some sets of movement
and load parameters simplified [1]. However, this modification
must not decrease the informative value of experiments with
regard to the clinical practice [2].

Mechanical load may significantly affect the properties of
materials applied in orthopedic implants. Consequently, scientists
search for ways allowing for the use of current materials, well-
tested in a number of other biological applications, in highly
loaded implants as well. DLC layers (Diamond-Like-Carbon layers)
represent a suitable choice for bio-tribological applications due to
their high wear resistance [3]. Another reason for using these
layers in biomedical applications rests in their bio-inert character,
low friction coefficient, high hardness, and good wear and corro-
sion resistance. DLC coating may be obtained by way of various
coating technologies [4-6]. Lasting interest is devoted to asses-
sing the efficacy of DLC coating and the mechanisms of its wear.

While testing real components, it is usually impossible to fix
the time of the damage initiation and then interrupt the test in
order to evaluate the implant state and search for its cause. It is
therefore desirable to supplement the obtained set of monitored
values with a quantity that would sensitively react to the implant
surface conditions/corrosion behavior. Corrosion resistance of
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titanium and its alloys is based on their ability to passivate, which
ensues from the existence of the passive layer. In the given case it
is a thin (thickness in the order of nanometers) oxide layer which
forms very quickly in the air or in electrolytes containing
oxygen [7]. Coating with a DLC layer, aimed primarily at improv-
ing tribological properties, has a neutral or positive effect on the
corrosion properties of a coated Ti-DLC system. The DLC layer
takes over part of the cathodic process (oxygen reduction), thus
increasing the passive state stability in layer pores.

Corrosion behavior of metallic materials, or layers deposited on
a metallic base, can be monitored by way of a number of methods
providing good-quality information about corrosion behavior as
well as corrosion rate quantification. Open circuit potential mon-
itoring is the simplest method of examining passive materials. Its
changes (decrease) at a passive layer breakdown may range in the
order of several hundreds of millivolts. The instrumental part of
such monitoring system is relatively simple. Its outcome is the
open circuit potential time dependence, on which the passive
layer degradation manifests itself by a gradual decrease in the
measured value or, in case of a local breakdown, by jumps of the
potential. Similarly, electrochemical noise measurement method
also provides rather qualitative information about the state of the
passive layer. This method consists of scanning the oscillation of
the same quantity as in the preceding case, i.e. the open circuit
potential (frequency in the order of 10! Hz and lower), around its
mean value. Passivity breakdowns are indicated by increasing
electrochemical noise. More quantitative information about the
rate of corrosion processes, even in systems with a changing
mechanical load, can be provided by polarization resistance
measurement [8]. However, application of the last mentioned
methods requires more sophisticated instrumentation.

The presented study is aimed to assess the DLC layer effect on
the tribological properties of a model knee joint prosthesis, and to
ascertain applicability of open circuit potential measurement in
identifying an early stage of damage.

2. Material and methods
The tested implants were coated with a DLC layer using

Hauzer Flexicoat 1200 equipment (chamber volume 10001). Prior
to deposition, the implants were degreased in an ultrasound
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alkaline bath, rinsed in deionized water and dried in vacuum.
Ti6Al4V (Ti Grade 5 ELI) was used for the implants. Then the
implants were cleaned in argon plasma and coated with an
adhesive interlayer with a gradient composition changing from
Ti to Ti-C:H. The interlayer was deposited by way of nonequili-
brium magnetron sputtering from Ti (99.5) targets in Ar (99.999%
purity) and CH, (99.6% purity) atmosphere. The upper layer
a-C:H was deposited using the PACVD (Plasma Assisted Chemical
Vapor Deposition) method, with a pulsed bias 50 kHz applied on
the substrates holder and peak voltage 200 V. Deposition tem-
perature was 200 °C, C;H- flow 500 sccm, base pressure 2.10~3 Pa
and exposition pressure 1.0 Pa.

The measurement of the layers mechanical properties was carried
out on metallographically polished DIN X153CrMoV12 steel speci-
mens hardened to 62 HRC. They were placed in the same positions as
the coated implants. The thickness of the deposited layers was
determined using a calotest method, the layers adhesion to the
coated material was tested on CSEM Revetest equipment using the
standard scratch test method. A second adhesion measurement,
Mercedes test, was conducted for comparison. The surroundings of
the stab created by the hardness measuring device with a diamond
Rockwell tip at a load of 150 kg (HRC) was optically assessed, and
evaluated using a parameter from 1 to 6. The Fischer PICODENTOR®
HM500 device was used to measure the layers hardness. The
measurement was carried out at a load of 20mN. HV values
corresponding to the standard Vickers hardness were calculated.

The simulator—KKK ELO 2007 (Fig. 1) was developed for the
testing according to the ISO standard for knee joint prostheses [9].
The knee joint simulator was designed so as to simulate flexion, AP
movement (forward-backward) and IE rotation (internal-external).
This means that the simulator had three controlled kinematical
degrees of freedom. The component movements were controlled by
one linear and two torsion independent motors. The exposed
component was placed in a cell closed with a flexible latex element
coated with a layer of silicon rubber. Saline solution containing 9 g/L
sodium chloride was used as the testing medium at 37.0 + 0.2 °C. The
cell diagram is shown in Fig. 1. The hinge, the femoral section and the
tibial components of the studied implants were made of the Ti6AI4V
alloy (Ti Grade 5). The pair of sliding sleeves placed in the tibial
component was made of PEEK polymer.

In terms of the load kinematics and dynamics, the experiment
was designed in agreement with requirements on the real range

mounting fixtures ~ conection to samipe
Working Electrode (WE)

= Eocp signal

clevis attachment

Reference
electrode (RE)

shaft sleeve
from PEEK

pH sensor pivot

tibial component

Fig. 1. Exposure system diagram.
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of motion and the loading force. Loading close to the real move-
ments could be performed either on the basis of a movement
analysis or, in a more simple way, according to the ISO 14 243
standard [9]. The latter alternative was chosen for measurements
due to the absence of movements in the anatomic direction of the
AP displacement and IE rotation. Contact pairs Ti Grade 5 with a
DLC coating (pivot, fork of femoral component and rod eye of
tibial component) set against PEEK polymer (joint bearing sleeve)
were tested. A comparative measurement was carried out with
the same non-coated components of Ti Grade 5, again set against
PEEK polymer.

The damage of the replacement contact pairs was evaluated
periodically after every 0.5 x 108 cycles, according to the standard
requirements. The measurement was interrupted at the moment
of evident damage or an overall mechanical failure of the implant.

The open circuit potential of the implant was scanned on a
continuous basis (period 5 s) in the course of its exposure. The
implant pivot was monitored where the highest load and conse-
quently the most probable damage of the coating was assumed.
The open circuit potential was measured against a silver-silver
chloride-chloride electrode (Ag/AgCl/KCl 3 mol/L), to which all
potentials given in the presented work are related. The measure-
ments were performed using the Magic XBC E (Gryf HB) system
allowing to record the open circuit potential, temperature and the
pH value of the exposure environment.

3. Results and discussion

In the first part of the testing, the reference specimen of a non-
coated replacement was exposed in order to verify the function-
ality of the applied evaluation methods. The measurement was
performed using an implant made of Ti6Al4V in combination with
PEEK sleeves. As evident from available literature [10-13], com-
bination of material based on a Ti alloy and PEEK sleeves is not
really suitable for similar construction elements. The model thus
indicated possible behavior of an implant in case the coating
failed. According to expectations, continuous evaluation of con-
tact areas revealed clear damage as early as after 1.5 x 10° loading
cycles. The experiment conducted with this reference model knee
replacement was terminated after 3.0 x 10° cycles due to total
damage of the surface of frictional elements causing loss of
functionality.

In the course of measurements, three risk points were identi-
fied in terms of tribology. The first was sliding contact (o)
between the pivot and the inner cylindrical surface of the bearing
sleeve made of a PEEK polymer. In terms of construction, this
contact was designed primarily to provide for interrelated move-
ment. The second point of risk was sliding contact () between
the outer cylindrical surface of the PEEK sleeve and the rod eye of
the tibial component. The primary purpose of this contact was not
to provide for interrelated movement. The third risk point was
sliding contact (y) between the surface of the sleeve perpendi-
cular to the rotational axis and the adjacent fork surface of the
femoral component.

The immobile contact (A4) of the pivot or the locking screw in
the fork turned out to be an entirely specific point in the course of
the experiment. The implant pivot is secured against rotation in
relation to the fork by a shape lock. However, a micro-movement
in this connection is possible as a result of production and
assembly tolerance. We may thus say that in terms of tribology,
this type of construction represents a complicated connection
with various possible mechanisms of surface damage, due to a
considerable number of risky points of contact. Fig. 2(a-c)
illustrates two types of implant pivot damage which occurred in
the course of exposure. The first mechanism affected the place of

Fig. 2. Non-coated model implant damage—(a) pivot, (b) pivot detail 1, (c) pivot
detail 2, and (d) clevis attachment fork.

contact () where abrasive damage of the sliding cylindrical
surface occurred. Contact (/) was damaged identically, with
characteristic circular traces of degradation recorded on the pivot
and inside the PEEK bearing sleeves. Point (4) displayed char-
acteristic adhesive wear (Fig. 2d—inner cylindrical surface of the
fork). The damage was traced on the surface of that part of the
contact where the transfer of the dynamic force effect occurred.
At sliding contact (y) between the sleeve surface perpendicular to
the rotational axis and the adjacent surface of the femoral
component fork, the surface degradation was of a smaller extent.
It was in the form of circular traces on one side of the fork, caused
by the sleeves rotation during movement. This asymmetrical
damage was due to the dynamic effect resultant. The anatomic
inclination of the femoral component axis caused asymmetrical
load which resulted in axial dynamic effect acting on the inner
(medial) side of the femoral component. PEEK sleeves damage
was evident on contacts (o), () and (). The performed surface
geometry analyses revealed that the most serious damage
occurred in contact (o). After the experiment, the original circular
cross section of the sleeves inner holes turned into an elliptical
one in consequence of the load. The difference between the main
and the side semi-axis of the fitted ellipsis was at a level of
0.1 mm in order of magnitude.

In the course of exposure, the open circuit potential of the
implant was scanned. On-line monitoring of the potential was
applied in order to allow for interrupting the experiment when
surface damage occurred, indicated by a significant decrease in
the open circuit potential. This procedure allowed for subsequent
visual evaluation of the surface at the very moment of damage
occurrence. It is a great advantage over the standard procedure
evaluating the state of the implant after a previously set number
of simulator cycles. In that case the surface damage could be
rather extensive and the identification of the damage initiation
point ambiguous.

The open circuit potential of the Ti6Al4V alloy in a saline
physiological solution, unexposed to a tribological load, ranged at
a level of 12.0 +4.5 mV. This value corresponds to a material in
the stable passive state in a relatively - for titanium and its alloys
- non-aggressive aerated environment [14]. Fig. 3 shows a section
of the recorded open circuit potential of the implant reference
specimen without DLC coating. Region I of the diagram shows
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Fig. 3. Time dependence of the non-coated implant open circuit potential.

part of the data scanned in the course of the experiment, i.e. with
the simulator running. It is obvious that the open circuit potential
ranged at a considerably negative level, its mean value was
740 + 71 mV. The given region of values, corresponding to still
passive titanium [14] indicates continuous damage and reverses
formation of a passive layer on the material. This damage
evidently occurred in consequence of interrelated movement of
the construction individual components. This kept the open
circuit potential at the noted relatively negative value. Region Il
of the diagram shows the course of this quantity after the
simulator shutdown. The potential grew in consequence of the
surface repassivation by oxygen contained in the electrolyte. After
a sufficiently long delay, its value would reach the level corre-
sponding to the specimen non-exposed to a tribological load.

In the second phase of measurements, another model replace-
ment with a DLC coating was exposed. The tested system was
produced in the same way as in the case of replacement discussed
above. The total thickness of the coating was 4.9 pm, with the DLC
coating itself accounting for 1.9 um. The coating adhesion eval-
uated by the scratch method was broken at a critical load of 30 N,
this values of results were published in previous works [15,16]. In
the Mercedes test, the area surrounding the stab was evaluated with
parameter 2. This adhesion was found satisfactory for the given
application. The coating micro-hardness reached HV 2200 + 78 at a
load of 20 mN.

The testing was carried out under the same conditions as
applied in the reference specimen study. The state of the surface
was evaluated after 0.5 x 10°, 1.0 x 10° and 1.5 x 10° cycles. The
implant components did not show any problems visually. The
stabilized open circuit potential of the Ti6Al4V alloy coated with a
DLC layer and exposed in a saline physiological solution without
any mechanical load ranged from 140 to 190 mV. This value
corresponded to the reactions of the environment, just as in the
case of the passive surface of the titanium alloy, but here it was
mainly on the DLC layer. The open circuit potential of the system
shifted to a slightly more negative region of 190 + 20 mV in the
course of the implant exposure under load, as evident from Fig. 4.
This was probably due to different availability of oxygen from the
electrolyte to all the exposed parts of the implant. Fig. 4 illustrates
three regions of the open circuit potential. Regions I and III show
its course with the simulator running while Region II shows it
during the simulator shutdown—from the electrochemical point
of view, the system was returning to the stationary state.
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Fig. 5. Open circuit potential of a coated implant at coating damage.

The value of the potential at this level and its course did not
testify to any damage of either the coating or the basic material.
Its decrease occurred in the fourth part of the measurement (from
1.5 to 2.0 x 10° cycles). Based on these changes, the test was
terminated after 1.98 x 10° cycles, and the state of the implant
components was analyzed.

Fig. 5 shows part of the open circuit potential as recorded for
the implant coated with a DLC layer. Its repeated decrease by
about 100 mV is clearly evident at the simulator reaching
1.9766 x 10° loading cycles. This testifies to a local damage of
the surface which, however, was eliminated by the system—the
increase corresponded to the damaged surface repassivation.

The conducted analysis of the state of the implant at this stage
of measurements revealed that there were three critical points of
contact between the individual parts of the implant. The pivot
with a DLC coating in contact with the PEEK bearing sleeve
showed only negligible surface damage at border of contacts (o)
and (4) throughout the experiment (Fig. 6). In contrast, contact
(p), at which the construction allows for the rotation of bearing
sleeves in the tibial component—the rod of the pivot connection,
is not suited for interrelated sliding mounting in terms of either
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Fig. 6. Pivot damage of the coated implant.

construction or technology. From the tribological point of view,
this is another risky point where coating would be difficult to
apply for technological reasons. In addition, the applied technol-
ogy cannot ensure the same properties on the entire area of the
inner cylindrical surface. The most effective solution in this case
seems to be avoidance of interrelated movement of bearing
sleeves. Preliminary measurements with blocked sleeves showed
this approach to be rather promising. No damage of contact (y)
was noted on the coated implant in the course of the test. The
results of tribological measurements reveal that both the coating
adhesion and its tribological properties are very good and
significantly improved model implant properties.

4. Conclusion

A sliding pair made of the Ti6Al4V alloy covered by DLC coating
and a PEEK bearing sleeve represents a solution enhancing the
application potential of this combination of materials in joint
prosthetics. The conducted measurements proved a qualitative
increase in the service life at sliding contact (o) between the pivot

and the bearing sleeves of the applied joint implant construction. In
order to avoid defects during practical exposure, it has to be
ensured that interrelated movement is performed solely by surfaces
designed primarily for this purpose. Small damage was indicated on
the border of contact surfaces (o) and (4) only. Problem free
application also requires avoidance of movement on inner surfaces
(B), where a corresponding layer quality cannot be guaranteed for
technological reasons.

Continual monitoring of the open circuit potential during
tribological measurements represents a qualitative shift in detect-
ing the damage of contact surfaces of passivable materials. The
obtained results prove the possibility to identify the initial phase
of damage and thus make the process of testing more effective.
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